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Preface 

Almost a decade has passed since the last textbook on the science of cryobiology and
the most common methods of cryopreservation was published [Fuller et al, 2007], to
which we will refer as “the previous book” here and below. When it was published, it 
became a useful guide for both “seasoned” cryobiologists and those who had just
started their journey to this fascinating science. 

However, there have been some serious tectonic shifts in cryobiology, which were 
perhaps not seen on the surface but may have a profound effect on both the future of
cryobiology and on the development of new cryopreservation methods. We feel that it
is time to revise the previous paradigms and dogmas, discuss the conceptually new 
cryobiological ideas and introduce the recently emerged practical methods of 
cryopreservation. The present books, Current Frontiers in Cryobiology [Katkov, 2012A]
(referred here as Book 1) and Current Frontiers in Cryopreservation [Katkov, 2012B] (Book 
2), will serve the purpose. These two books are not a substitute for the previous book but
are rather complementary, so we highly recommend to all readers who want to know 
the background on which the current books were written to read the previous book as 
well.

Before we describe the current books, let us first briefly compare them to the previous 
book in retrospective. First of all, there were some very promising directions a decade
ago that unfortunately did not meet the expectations. Molecular biology and genetics,
particularly in regards to expression of stress proteins and other pathways related to 
the cell injury, have not introduced any serious breakthroughs except for the use of
ROCK inhibitors for cryopreservation of human embryonic and induced pluripotent
stem cells. The latter really was a revolutionary discovery, which however, was not 
made by cryobiologists; it was just “picked up” by them from the Watanabe’s seminal
work [Watanabe et al, 2007] (see the Chapter by Martin- Ibáñez in Book 1 for details). In
general, however, all those molecular biology tools have helped the solution but have 
not solved the cryopreservation problems per se. One of the backlashes of this new era
is that the “traditional” cryobiologists now have little chances of getting a grant from
many funding agencies such as NIH, whose panels are dominated by molecular 
biologists and geneticists, unless the applicant is willing to study those pathways and
use of transcriptomics, proteomics, metabolomics, and other “omics”. Yet, all those
very expensive tools have so far added a little to the science of cryobiology, and
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especially to the practices of cryopreservation. Moreover, it is sad to see the how some 
new publications “rediscover the wheel”, repeating many achievements of 
cryobiologists that had been done one or two decades before but were not referred as 
full size papers on PubMed, and these novel rediscoveries are often done at a much 
greater cost. We must agree with the author of Foreword of the previous book, who 
insightfully wrote “I see now much of the early ground being replowed, often by equally 
empirical methods, albeit as far greater expenses…The concept of science as a community of 
colleagues engaged in public service … has been eroded by the cost of research and the 
emergence of industry as not only a major source of research funding but as the ultimate 
exploiter of the results, and we have no choice but to play the game” (Foreword in [Fuller et 
al, 2007] by H. Meryman). However, we hope that might change in the future and that 
an alliance between cryobiology and molecular and cellular biology will bring real 
practical fruits. 

The slogan “Let Us Learn from Mother Nature”, while being attractive per se (it is 
actually imbedded in the title of our first Chapter by Katkov et al in Book 1), must be 
taken with a grain of salt. Yes, Mother Nature has liquid crystals in biological 
membranes, but LCD TV screens were invented by man. Yes, there are rotifers and 
other “molecular motors” in cells, but the wheel was discovered and built by the 
human race. And finally, there are TV, radio, internal combustion engines, and many 
other devices and apparatuses that have no close analogy in wildlife. Similarly, while 
some robust creatures are well adapted to survive for short time at up to -20OC, there 
is no place on Earth that cools down below the glass transition temperature of water (-
136OC), and there is no place on Earth where liquid nitrogen is present. Ergo, 
practically no one natural biosystem can adapt to such low temperatures just by 
natural selection, it needs human help to be stabilized for infinite time at -196OC. Thus, 
while learning something from the natural phenomena, it is our strong opinion that 
we should not rely on them too much: the money for supplying an Antarctica deep 
lake drilling or a Mars expedition can be spent much more efficiently and usefully for 
humankind if channeled to the development of a new controllable freezer for 
cryopreservation of large tissues and organs, similar for instance, to the described in 
our Book 1 by Butler and Pegg. 

The next large area where the progress has been quite slower than it was expected a 
decade ago is lyophilization and desiccation of cells of vertebrates. So far, there is no 
compelling evidence that would convince us that there is a method of freeze-drying or 
desiccation that has produced viable mammalian cells that can be stored for sufficient 
amount of time (> 2 years) at temperature above +4OC despite the fact that the opposite 
was claimed many times in the last 50 years. We briefly explored this aspect in our 
Chapter 1 of Book 1. We think that this field has remained to be trapped in a set of 
scientific misconceptions, such as the possibility of drying the sample to the glass 
transition Tg that is above the final temperature or drying Tdr,f, or the related 
misleading concept of the possibility of substantial movement of water in a sample 
below its glass transition. We think that such statements violate the laws of 
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thermodynamics and the definition of the vitreous phase as the state with enormous
viscosity, as well as that it is in contradiction with the Stokes-Einstein Law of 
diffusion. Numerous reports, which state Tg of the sample as high as + 60OC while
drying was stopped at, say, Tdr,f = +20OC are incorrect. Such overestimation of Tg (which 
in fact is 20-25 degrees lower than Tdr,f) lead to unsubstantiated expectations of long
stability at supra-zero, even ambient temperatures at relatively high water content of 
the sample, which has never proven the case in thorough experiments (with some 
reservation to platelets as rather “cell debris” than true cells). All these data, if checked
properly, are in fact either artifacts - the results of incorrect gravimetrical 
measurements or the use of inaccurate methods such as DSC. We are confident that 
the real viscosity, not those mysterious high temperature DSC peaks, should be
measured for correct determination of the biostabilization Tg (defined as the point at
which viscosity reaches 10 x 1013.6 Pa x sec).

And as the last but not the least in our list is the notion that all those ice-blockers, freeze
and shock proteins, and other promising from a decade ago classes of molecules have 
not so far shown to be used in cryopreservation protocols alone but always in a 
concert with ole good permeable cryoprotectants and impermeable sugars, and other 
low molecular weight molecules, which have been around for decades. This is
especially true in regards to vitrification, specifically of organs: “the promise of the 21st

century medicine” has remained as far from the completion as it was 25+ years ago with 
the report on equilibrium vitrification of a kidney by Fahy and colleagues. On the other 
hand, the assisted reproduction cryobiology is rapidly moving toward kinetic
vitrifcation, the very method of cryopreservation described by the most prominent 
pioneer of cryopreservation, Father Basil Luyett, more than 7 decades ago. We
specifically dedicated our Chapter 1 both to the memory of this brilliant scientist and to
the detailed analysis of the situation, the difference between the two approaches to 
vitrifcation (kinetic vs. equilibrium), and to a quite opposite foreseeable future for them. 

On the other hand, there are new directions (or the old ones, replowed with deeper 
and more thorough plowing techniques) on the horizon of cryobiology. Among them,
we can mention the attractiveness of cryopreservation of adherent cells (often in 
monolayers) not only for the benefit of the cells per se (by avoiding anoikis triggered
apoptosis, etc), but mainly for the convenience of the rapidly emerging field of cell
based high throughput and high content analyses, where cells can be frozen, stored, 
shipped, and ready-to-go after thawing directly in multi-well plates (see Chapter by 
Martín-Ibáñez in Book 1). 

The other serious breakthrough that was missed by many authors a decade ago is the 
kinetic vitrifcation of sperm and the emergence of what we call “Race for the Pace”, a set 
of new devices for ultra-fast cooling of samples such as Open Pulled Straws, 
Microdroplets, Vitrification on the Solid Surface, VitMaster (slush cooling), Cryogenic
Oscillating Heat Pipes, Quartz Capillaries, and some others (see Chapter by Cipri et al
in Book 1). We think that many of these devices are rather transient to a new generation
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Chapter 1 of Book 1. We think that this field has remained to be trapped in a set of 
scientific misconceptions, such as the possibility of drying the sample to the glass
transition Tg that is above the final temperature or drying Tdr,f, or the related 
misleading concept of the possibility of substantial movement of water in a sample 
below its glass transition. We think that such statements violate the laws of
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thermodynamics and the definition of the vitreous phase as the state with enormous 
viscosity, as well as that it is in contradiction with the Stokes-Einstein Law of 
diffusion. Numerous reports, which state Tg of the sample as high as + 60OC while 

drying was stopped at, say, Tdr,f = +20OC are incorrect. Such overestimation of Tg (which 
in fact is 20-25 degrees lower than Tdr,f) lead to unsubstantiated expectations of long 
stability at supra-zero, even ambient temperatures at relatively high water content of 
the sample, which has never proven the case in thorough experiments (with some 
reservation to platelets as rather “cell debris” than true cells). All these data, if checked 
properly, are in fact either artifacts - the results of incorrect gravimetrical 
measurements or the use of inaccurate methods such as DSC. We are confident that 
the real viscosity, not those mysterious high temperature DSC peaks, should be 
measured for correct determination of the biostabilization Tg (defined as the point at 
which viscosity reaches 10 x 1013.6 Pa x sec). 

And as the last but not the least in our list is the notion that all those ice-blockers, freeze 
and shock proteins, and other promising from a decade ago classes of molecules have 
not so far shown to be used in cryopreservation protocols alone but always in a 
concert with ole good permeable cryoprotectants and impermeable sugars, and other 
low molecular weight molecules, which have been around for decades. This is 
especially true in regards to vitrification, specifically of organs: “the promise of the 21st 
century medicine” has remained as far from the completion as it was 25+ years ago with 
the report on equilibrium vitrification of a kidney by Fahy and colleagues. On the other 
hand, the assisted reproduction cryobiology is rapidly moving toward kinetic 
vitrifcation, the very method of cryopreservation described by the most prominent 
pioneer of cryopreservation, Father Basil Luyett, more than 7 decades ago. We 
specifically dedicated our Chapter 1 both to the memory of this brilliant scientist and to 
the detailed analysis of the situation, the difference between the two approaches to 
vitrifcation (kinetic vs. equilibrium), and to a quite opposite foreseeable future for them. 

On the other hand, there are new directions (or the old ones, replowed with deeper 
and more thorough plowing techniques) on the horizon of cryobiology. Among them, 
we can mention the attractiveness of cryopreservation of adherent cells (often in 
monolayers) not only for the benefit of the cells per se (by avoiding anoikis triggered 
apoptosis, etc), but mainly for the convenience of the rapidly emerging field of cell 
based high throughput and high content analyses, where cells can be frozen, stored, 
shipped, and ready-to-go after thawing directly in multi-well plates (see Chapter by 
Martín-Ibáñez in Book 1). 

The other serious breakthrough that was missed by many authors a decade ago is the 
kinetic vitrifcation of sperm and the emergence of what we call “Race for the Pace”, a set 
of new devices for ultra-fast cooling of samples such as Open Pulled Straws, 
Microdroplets, Vitrification on the Solid Surface, VitMaster (slush cooling), Cryogenic 
Oscillating Heat Pipes, Quartz Capillaries, and some others (see Chapter by Cipri et al 
in Book 1). We think that many of these devices are rather transient to a new generation 
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of hyper-fast coolers and warmers, but yet, the rapid ascent of kinetic vitrification is 
the phenomenon that has been largely missed and often simply ignored by the 
“classical cryobiologists “at the end of the last century and the beginning of the current 
one. Our books dedicate a lot of space to those aspects and their future directions. 

There are also some other differences between our books and the previous book 
published by CRC, which are mainly determined by the very nature of how the Open 
Access operates. To begin with, our books are closely related but yet are different. Book 
1 contains mainly reviews that were written by the leaders in the field and were 
solicited by the Editor. In contrast, Book 2 (in general, with some exceptions) is 
dedicated mostly to the reports of concrete methods of cryopreservation, and its 
chapters are often written by young or emerging scientists who want to make their 
discoveries public as soon as possible. The Editor is well aware of how discouraging 
and often devastating the reviewing process in “standard’ journals can be just because 
the reviewer(s) did not share innovative ideas proposed by the author, even though 
the experimental or mathematical aspects of the manuscript raised no questions. The 
Editor of these books has reviewed all submitted chapters, about a dozen of them has 
been rejected, and among 41 published chapters, many were revised one, two, or 
sometimes three times. But that was always regarding the quality of the manuscripts, 
not the quality of the author’s science; if I sometimes disagreed with the author’s 
opinion, I then “let the cryo people go” with their perception, not mine or the one of 
some external reviewer. In the revolutionary spirit of Open Access, let the common 
reader, not an elitist reviewer, be the judge in the end! 

Another “democratic” aspect in our books in the times of globalization is that the 
contributions were made by people from 27 countries from all continents (except 
Antarctica). Editor greatly appreciates the invaluable contribution of the American, 
Australian, British, Canadian, and New Zealand scientists to the field, and 10 out of 42 
Chapters in our books were contributed by authors from those countries. However, 
cryobiology has long existed in many other languages and cultures. We found the tone 
of some, especially “historical” reviews written by prominent cryobiologists that may 
make an impression that the scientists of that linguistic domain have predominantly 
contributed to cryobiology quite uncomfortable; in other words: “If it is not published in 
English - it doesn’t exist” so to speak. In contrast to such biases, the seminal works of 
Luyett, Smirnov, Jahnel, Boutron, Milovanov, Cassou, Ostashko, Sumida, Kopeika, 
and many other scientists whose first language of publication and/or mother tongue 
were not English, but whose pioneering contribution to the theory and practice of low 
temperature stabilization has been recognized over the World, is also highly regarded 
in our books. 

Yet another difference is that the chapters of our books are grouped into topics 
(Sections) that are “subject oriented” rather than loosely flocked to the “Themes” so 
none would wonder why one chapter on freezing of plants is in one section, while 
another one ends up in another. The sections are the same for both our books, the only 
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difference is the type of the paper as described earlier, yet in many cases, this
difference is rather vague: we do not consider chapters in Book 2 as “second class” at 
all: Books 1 and 2 are inseparable. The sections and chapters of the books are as follows: 

Section “Basic Cryobiology and Kinetic Vitrification” opens Book 1. The first, and the two
following chapters are dedicated to kinetic vitrification as the re-emerging method of 
cryopreservation. Chapter 1 by Katkov and colleagues reiterates the idea that basically 
all methods of long-term stabilization of cells are in fact different ways (the authors
identify 5 of them) of vitrifcation of the intracellular milieu. The chapter gives a 
detailed thermodynamical description and analysis of the methods. The second part of
the chapter is dedicated to the kinetic vitrification of human and animal spermatozoa, 
the concept of the “Universal Cryopreservation Protocol” and what the author called 
“Race for the Pace”, though the last one needs a separate chapter and is only mentioned
briefly as one of the future directions. The chapter by Isachenko and colleagues tells the 
story of successful vitrification of human and animal spermatozoa, and its emerging as
a valuable tool applied to the assisted reproduction technologies. The third chapter, by 
a Canadian group (Moskovtsev et al) is an independent report of the success of
vitrifcation of human sperm without permeable (and potentially toxic) cryoprotectants 
(vitrificants) with certain modifications of the Isachenko’s method. The chapter by Gao
& Zhou is dedicated to the basic cryobiology of osmotic effects, prevention of the
osmotic injury, as well as to the equipment for the optimal addition and elution of 
osmotically active permeable cryoprotective agents (CPAs). 

Section “Stem Cells and Cryopreservation in Regenerative Medicine” in Book 1 is presented 
by a review by Martín-Ibáñez on cryopreservation of human pluripotent stem cells; it is
the cutting edge of the contemporary cryobiological science where major discoveries 
have been made very recently. Cryopreservation of adult rat mesenchymal stem cells
by vitrification is the theme of the chapter by Bahadori et al in Book 2. It is the one of 
the chapters when the Editor disagrees with the evaluation of the convenience of 
cryopreservation of stem cells by vitrification in small containers such OPS, but as we 
said before, we judged the experimental science, not the concept, and the former one
was self-evidently good. The chapter by Campbell & Brockbank reports very
interesting results on cryopreservation of adherent smooth muscle and endothelial 
cells, a direction that, as we mentioned before, may bring about some interesting
practical applications. The other two chapters in Book 2 are the one by U. Santos and
colleagues, dedicated to cryopreservation of musculoskeletal cells and tissues, and the
other application of regenerative medicine - cryopreservation of allograft for knee
ligament construction is the theme of the Chapter by Bitar et al. 

Section “Human Assisted Reproduction Techniques (ART)” opens with a review by
Liebermann on vitrifcation of embryos and oocytes, a fast developing method of ART. 
Juergen and Michael Tucker have edited an excellent book dedicated to the use of
vitrifcation in human ART [Liebermann & Tucker, 2007] that we highly recommend
for reading to the specialists in the field. This review in Book 1 summarizes the latest 
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of hyper-fast coolers and warmers, but yet, the rapid ascent of kinetic vitrification is
the phenomenon that has been largely missed and often simply ignored by the 
“classical cryobiologists “at the end of the last century and the beginning of the current
one. Our books dedicate a lot of space to those aspects and their future directions. 

There are also some other differences between our books and the previous book
published by CRC, which are mainly determined by the very nature of how the Open
Access operates. To begin with, our books are closely related but yet are different. Book 
1 contains mainly reviews that were written by the leaders in the field and were 
solicited by the Editor. In contrast, Book 2 (in general, with some exceptions) is 
dedicated mostly to the reports of concrete methods of cryopreservation, and its 
chapters are often written by young or emerging scientists who want to make their 
discoveries public as soon as possible. The Editor is well aware of how discouraging 
and often devastating the reviewing process in “standard’ journals can be just because 
the reviewer(s) did not share innovative ideas proposed by the author, even though 
the experimental or mathematical aspects of the manuscript raised no questions. The 
Editor of these books has reviewed all submitted chapters, about a dozen of them has
been rejected, and among 41 published chapters, many were revised one, two, or 
sometimes three times. But that was always regarding the quality of the manuscripts,
not the quality of the author’s science; if I sometimes disagreed with the author’s 
opinion, I then “let the cryo people go” with their perception, not mine or the one of
some external reviewer. In the revolutionary spirit of Open Access, let the common 
reader, not an elitist reviewer, be the judge in the end!

Another “democratic” aspect in our books in the times of globalization is that the
contributions were made by people from 27 countries from all continents (except 
Antarctica). Editor greatly appreciates the invaluable contribution of the American, 
Australian, British, Canadian, and New Zealand scientists to the field, and 10 out of 42 
Chapters in our books were contributed by authors from those countries. However,
cryobiology has long existed in many other languages and cultures. We found the tone
of some, especially “historical” reviews written by prominent cryobiologists that may 
make an impression that the scientists of that linguistic domain have predominantly 
contributed to cryobiology quite uncomfortable; in other words: “If it is not published in
English - it doesn’t exist” so to speak. In contrast to such biases, the seminal works of 
Luyett, Smirnov, Jahnel, Boutron, Milovanov, Cassou, Ostashko, Sumida, Kopeika, 
and many other scientists whose first language of publication and/or mother tongue
were not English, but whose pioneering contribution to the theory and practice of low 
temperature stabilization has been recognized over the World, is also highly regarded
in our books. 

Yet another difference is that the chapters of our books are grouped into topics 
(Sections) that are “subject oriented” rather than loosely flocked to the “Themes” so 
none would wonder why one chapter on freezing of plants is in one section, while
another one ends up in another. The sections are the same for both our books, the only 
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difference is the type of the paper as described earlier, yet in many cases, this 
difference is rather vague: we do not consider chapters in Book 2 as “second class” at 
all: Books 1 and 2 are inseparable. The sections and chapters of the books are as follows: 

Section “Basic Cryobiology and Kinetic Vitrification” opens Book 1. The first, and the two 
following chapters are dedicated to kinetic vitrification as the re-emerging method of 
cryopreservation. Chapter 1 by Katkov and colleagues reiterates the idea that basically 
all methods of long-term stabilization of cells are in fact different ways (the authors 
identify 5 of them) of vitrifcation of the intracellular milieu. The chapter gives a 
detailed thermodynamical description and analysis of the methods. The second part of 
the chapter is dedicated to the kinetic vitrification of human and animal spermatozoa, 
the concept of the “Universal Cryopreservation Protocol” and what the author called 
“Race for the Pace”, though the last one needs a separate chapter and is only mentioned 
briefly as one of the future directions. The chapter by Isachenko and colleagues tells the 
story of successful vitrification of human and animal spermatozoa, and its emerging as 
a valuable tool applied to the assisted reproduction technologies. The third chapter, by 
a Canadian group (Moskovtsev et al) is an independent report of the success of 
vitrifcation of human sperm without permeable (and potentially toxic) cryoprotectants 
(vitrificants) with certain modifications of the Isachenko’s method. The chapter by Gao 
& Zhou is dedicated to the basic cryobiology of osmotic effects, prevention of the 
osmotic injury, as well as to the equipment for the optimal addition and elution of 
osmotically active permeable cryoprotective agents (CPAs). 

Section “Stem Cells and Cryopreservation in Regenerative Medicine” in Book 1 is presented 
by a review by Martín-Ibáñez on cryopreservation of human pluripotent stem cells; it is 
the cutting edge of the contemporary cryobiological science where major discoveries 
have been made very recently. Cryopreservation of adult rat mesenchymal stem cells 
by vitrification is the theme of the chapter by Bahadori et al in Book 2. It is the one of 
the chapters when the Editor disagrees with the evaluation of the convenience of 
cryopreservation of stem cells by vitrification in small containers such OPS, but as we 
said before, we judged the experimental science, not the concept, and the former one 
was self-evidently good. The chapter by Campbell & Brockbank reports very 
interesting results on cryopreservation of adherent smooth muscle and endothelial 
cells, a direction that, as we mentioned before, may bring about some interesting 
practical applications. The other two chapters in Book 2 are the one by U. Santos and 
colleagues, dedicated to cryopreservation of musculoskeletal cells and tissues, and the 
other application of regenerative medicine - cryopreservation of allograft for knee 
ligament construction is the theme of the Chapter by Bitar et al. 

Section “Human Assisted Reproduction Techniques (ART)” opens with a review by 
Liebermann on vitrifcation of embryos and oocytes, a fast developing method of ART. 
Juergen and Michael Tucker have edited an excellent book dedicated to the use of 
vitrifcation in human ART [Liebermann & Tucker, 2007] that we highly recommend 
for reading to the specialists in the field. This review in Book 1 summarizes the latest 
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achievements in the area. Another chapter in Book 1 (Bigelow & Copperman) is also 
dedicated to cryopreservation of human oocytes, and altogether, both chapters 
provide a good glance at the comparative advantages of slow freezing vs. vitrifcation 
in cryopreservation of human eggs. As the background in cryopreservation of human 
spermatozoa is extensively covered by three chapters of the first section in Book 1, the 
third chapter of this section written by Honaramooz discusses the recent advances in 
cryopreservation of testicular tissues. The chapter in Book 2 by Criado covers a very 
“hot” topic of contamination associated with vitrifcation in the so called “open 
systems”, in which there is a direct contact (or a possibility of such) of the vitrified 
sample with liquid nitrogen. The chapter also provides a comprehensive review of 
current containers used for vitrifcation in human ART. 

The section “Farm / Pet/ Laboratory Animal ART” is generically related to the previous 
section, but with an emphasis on animal reproductive cells and tissues. The first 
chapter in Book 1 by Rodriguez-Martinez covers the cryopreservation of porcine (pig) 
gametes, embryos and genital tissues. It is followed by a chapter on cryopreservation 
of embryos of model animals, written by Tsang & Chow. Book 2 contains a series of 
reports and mini-reviews on cryopreservation of boar (Kaeoket) and rat (Yamashiro & 
Sato) spermatozoa, cryopreservation of genetic diversity (sperm, oocytes, embryos, 
somatic cells) of rabbit species by Jolly et al, cryopreservation of ovarian tissues of 
large domestic animals (cow, pig and sheep) and non-primates (macaque) by 
Milenkovic and colleagues, and cryopreservation of reproductive cells of domestic 
animals (Neto et al). While there is a certain overlap in the coverage among those 
chapters, we feel that such diversity enriches the Book 2 as different points of view are 
considered. 

Section titled “Cryopreservation of Wildlife Genome”, particularly of terrestrial vertebrate 
species, is comprehensively covered by Saragusty and is supplemented by a review on 
cryopreservation of genome of wild Felidae by Paz in Book 1. 

Section “Cryopreservation of Aquatic Species” lacks a general review but several aspects 
are covered in a variety of chapters. Zilli & Vilella (Book 1) discuss the effect of 
cryopreservation on bio-chemical parameters, DNA integrity, protein profile and 
phosphorylation state of proteins of seawater fish spermatozoa, with a similar topic, 
but at a different angle and with their own recent experimental results, covered by Li 
and colleagues in Book 2. This book also contains several experimental reports on 
cryopreservation of sperm of freshwater species, such as European pikeperch and 
catfish (Bokor et al), a variety of Malaysian freshwater species (Chew), brown trout 
and koi carp (Bozkurt et al) and African giant catfish (Omitogun et al). 

The section titled “Cryopreservation in Plants” is the most populous and is represented 
by four chapters in Book 1 and five chapters in Book 2. Two extensive reviews by 
Kaczmarczyk et al and by Kami cover general aspects of plant cryopreservation. 
Again, while those two chapters overlap in many aspects, they are rather 
complementary. The third chapter in Book 1, written by Babu and colleagues, is 
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dedicated to cryopreservation of species of spices plants, while the review by Quain et
al discusses the current advances in cryopreservation of vegetatively propagated
tropical crops. Similar subject (vegetatively propagated crops), but with an emphasis
on the thermal analysis of the cryopreservation methods using DSC, is covered by 
Zámečník et al in Book 2. In the same book, Martinez-Montero and colleagues cover
current frontiers in cryopreservation of sugarcane and pineapple, C. Santos reports the 
results of cryopreservation of cork oak, and Radha et al discuss cryopreservation of a 
medicinal Indian plant of Icacinaceae species. The Chapter by Burritt covers an 
interesting topic of action of proline as a “natural” multi-functional cryoprotectant that
is accumulated in higher plants under stress, and can be considered as an attractive 
CPA candidate for cryopreservation in general.

Section “Equipment and Assays” is the last but definitely not the least important section
of these two books, as the entire progress of cryobiology and cryopreservation 
depends on the development of devices and containers for cryopreservation, and
proper and adequate assays of cryopreserved cells after resuscitation. The first chapter 
in Book 1, by Butler & Pegg, covers the precision in and control of cryopreservation, the 
pivotal components in the modern cryopreservation technologies.  While this chapter 
covers mostly slow (equilibrium) programmed freezing, it is supplemented by a 
review by Cipri et al, which discusses some novel equipment and carriers, particularly
for vitrification. To some extent it complements the last sub-section of our chapter 1,
but we have to emphasize that none of the devices described in the Cipri’s chapter can 
achieve the very rapid rates of cooling as many of the inventors claim. For example, 
the notion that VitMaster can achieve as high as 135,000 OC/min is largely 
overestimated even for very small samples, as slush freezing does not completely
eliminate the Leidenfrost effect. In regard to assays, Partyka and colleagues review the 
methods of assessment of viability of cryopreserved sperm, many of which can be
adapted to other types of cells as well. Finally, Pérez Campos et al present some 
interesting ideas on using X-ray diffraction for the assessment of quality of
cryopreserved tissues in tissue banks in Book 2. 

In conclusion, Books 1 and 2 cover a vast variety of topics regarding the current 
development of both fundamental cryobiology and practical aspects of
cryopreservation, and we hope they will help the researches to grasp the background,
state of the art, and future of this captivating and very important field of Life Sciences.

Igor I. Katkov, Ph.D.
Head of Cryobiology and Biostabilization

Stem Cell Center 
Burnham-Sanford Institute for Medical Research 

and  
Chief Scientific Officer of CELLTRONIX

San Diego, California, 
USA
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achievements in the area. Another chapter in Book 1 (Bigelow & Copperman) is also 
dedicated to cryopreservation of human oocytes, and altogether, both chapters 
provide a good glance at the comparative advantages of slow freezing vs. vitrifcation
in cryopreservation of human eggs. As the background in cryopreservation of human
spermatozoa is extensively covered by three chapters of the first section in Book 1, the 
third chapter of this section written by Honaramooz discusses the recent advances in 
cryopreservation of testicular tissues. The chapter in Book 2 by Criado covers a very 
“hot” topic of contamination associated with vitrifcation in the so called “open
systems”, in which there is a direct contact (or a possibility of such) of the vitrified
sample with liquid nitrogen. The chapter also provides a comprehensive review of 
current containers used for vitrifcation in human ART.

The section “Farm / Pet/ Laboratory Animal ART” is generically related to the previous
section, but with an emphasis on animal reproductive cells and tissues. The first 
chapter in Book 1 by Rodriguez-Martinez covers the cryopreservation of porcine (pig) 
gametes, embryos and genital tissues. It is followed by a chapter on cryopreservation
of embryos of model animals, written by Tsang & Chow. Book 2 contains a series of 
reports and mini-reviews on cryopreservation of boar (Kaeoket) and rat (Yamashiro & 
Sato) spermatozoa, cryopreservation of genetic diversity (sperm, oocytes, embryos, 
somatic cells) of rabbit species by Jolly et al, cryopreservation of ovarian tissues of
large domestic animals (cow, pig and sheep) and non-primates (macaque) by 
Milenkovic and colleagues, and cryopreservation of reproductive cells of domestic
animals (Neto et al). While there is a certain overlap in the coverage among those
chapters, we feel that such diversity enriches the Book 2 as different points of view are
considered. 

Section titled “Cryopreservation of Wildlife Genome”, particularly of terrestrial vertebrate 
species, is comprehensively covered by Saragusty and is supplemented by a review on 
cryopreservation of genome of wild Felidae by Paz in Book 1. 

Section “Cryopreservation of Aquatic Species” lacks a general review but several aspects
are covered in a variety of chapters. Zilli & Vilella (Book 1) discuss the effect of 
cryopreservation on bio-chemical parameters, DNA integrity, protein profile and 
phosphorylation state of proteins of seawater fish spermatozoa, with a similar topic, 
but at a different angle and with their own recent experimental results, covered by Li 
and colleagues in Book 2. This book also contains several experimental reports on
cryopreservation of sperm of freshwater species, such as European pikeperch and
catfish (Bokor et al), a variety of Malaysian freshwater species (Chew), brown trout
and koi carp (Bozkurt et al) and African giant catfish (Omitogun et al). 

The section titled “Cryopreservation in Plants” is the most populous and is represented
by four chapters in Book 1 and five chapters in Book 2. Two extensive reviews by 
Kaczmarczyk et al and by Kami cover general aspects of plant cryopreservation. 
Again, while those two chapters overlap in many aspects, they are rather 
complementary. The third chapter in Book 1, written by Babu and colleagues, is 
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dedicated to cryopreservation of species of spices plants, while the review by Quain et 
al discusses the current advances in cryopreservation of vegetatively propagated 
tropical crops. Similar subject (vegetatively propagated crops), but with an emphasis 
on the thermal analysis of the cryopreservation methods using DSC, is covered by 
Zámečník et al in Book 2. In the same book, Martinez-Montero and colleagues cover 
current frontiers in cryopreservation of sugarcane and pineapple, C. Santos reports the 
results of cryopreservation of cork oak, and Radha et al discuss cryopreservation of a 
medicinal Indian plant of Icacinaceae species. The Chapter by Burritt covers an 
interesting topic of action of proline as a “natural” multi-functional cryoprotectant that 
is accumulated in higher plants under stress, and can be considered as an attractive 
CPA candidate for cryopreservation in general. 

Section “Equipment and Assays” is the last but definitely not the least important section 
of these two books, as the entire progress of cryobiology and cryopreservation 
depends on the development of devices and containers for cryopreservation, and 
proper and adequate assays of cryopreserved cells after resuscitation. The first chapter 
in Book 1, by Butler & Pegg, covers the precision in and control of cryopreservation, the 
pivotal components in the modern cryopreservation technologies.  While this chapter 
covers mostly slow (equilibrium) programmed freezing, it is supplemented by a 
review by Cipri et al, which discusses some novel equipment and carriers, particularly 
for vitrification. To some extent it complements the last sub-section of our chapter 1, 
but we have to emphasize that none of the devices described in the Cipri’s chapter can 
achieve the very rapid rates of cooling as many of the inventors claim. For example, 
the notion that VitMaster can achieve as high as 135,000 OC/min is largely 
overestimated even for very small samples, as slush freezing does not completely 
eliminate the Leidenfrost effect. In regard to assays, Partyka and colleagues review the 
methods of assessment of viability of cryopreserved sperm, many of which can be 
adapted to other types of cells as well. Finally, Pérez Campos et al present some 
interesting ideas on using X-ray diffraction for the assessment of quality of 
cryopreserved tissues in tissue banks in Book 2. 

In conclusion, Books 1 and 2 cover a vast variety of topics regarding the current 
development of both fundamental cryobiology and practical aspects of 
cryopreservation, and we hope they will help the researches to grasp the background, 
state of the art, and future of this captivating and very important field of Life Sciences. 

Igor I. Katkov, Ph.D. 
Head of Cryobiology and Biostabilization 

Stem Cell Center 
Burnham-Sanford Institute for Medical Research 

and  
Chief Scientific Officer of CELLTRONIX 

San Diego, California, 
USA 
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1. Introduction 
Bone marrow (BM) is a complex tissue containing populations of progenitor and stem cells 
(1). One type, hematopoietic stem cells (HSCs), can renew circulating blood elements such 
as red blood cells, monocytes, platelets, granulocytes and lymphocytes. The other is 
mesenchymal stem cells (MSCs), which possess two important properties of long-term self 
renewal and differentiate into osteoblasts, chondroblasts, adipocytes and hematopoiesis 
supporting stroma (2, 3). Their mesenchymal differentiation potential is retained even after 
repeated subcultivation in vitro (4, 5). Besides originating the forming mesenchymal tissue, 
many studies have demonstrated that MSCs could differentiate into various non-
mesenchymal tissue lineages under appropriate experimental conditions in vitro and in vivo, 
such as hepatocytes (6, 7), cardiomyocytes (8, 9), lung alveolar epithelium (10), olfactory 
epithelium (11), inner hair cells (12), neurons and neuroglia (1, 4, 13). MSCs are spindle 
shaped fibroblast-like cells that are easily isolated, cultured and expanded in vitro due to 
their adherent characteristics, and not associated with any ethical debate (14). Thus, MSCs 
may be used in the treatment of a diverse variety of clinical conditions (15) such as 
engraftment of various organs (16). The long-term cultivation of MSCs may fail for many 
reasons: genotypic drift, senescence, transformation, phenotypic instability, and 
contamination or incubator failure. The inability to cultivate MSCs will result in the lack of 
MSCs for both experimental and clinical use (17). Therefore, it is necessary to cryopreserve 
MSCs as cell seeds. Although increasing telomerase expression of cells may overcome cell 
senescence (18), cryopreservation of hMSCs may be more practical in order to save time and 
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freezing medium containing DMSO at 5-20%, transferred into glass or plastic cryovials and 
then frozen by cooling at 1.0 to 2.0 °C/min (28). Slow freezing reduces ice crystal formation 
and eliminates toxic and osmotic damage to cells through exposure to low concentrations of 
cryoprotectants while slowly decreasing temperatures (29). However, it is difficult to 
completely eliminate injury by intracellular ice formation. Damage by ice crystal formation 
in the cytoplasm during the freezing process is one of the possible causes of cell death; such 
conventional methods, are not applicable to hMSC cells because many of these cells die 
immediately after thawing (28). Alternately, vitrification, a rapid cooling method using a 
high concentration of cryoprotectant, could also be used. Vitrification can completely 
eliminate damage caused by ice crystal formation in the cytoplasm of cells during freezing 
(29, 30). It is also advantageous because the procedure takes a relatively short time and a 
programmable temperature decreasing container is not required (31). 

Vitrification has been used for the cryopreservation of oocytes, fertilized eggs and embryos 
of several mammalian species including humans in order to prevent ice crystal formation 
(32). There have been some reports demonstrating that embryonic stem (ES) cells could be 
successfully cryopreserved by vitrification in recent years (27, 33,34). Moon et al. tested 
vitrification of the human amnion-derived mesenchymal stem cells (HAMs) by using a two-
step exposure to equilibration and vitrification solutions (21). They used an EG-based 
cryoprotectant and their findings were in line with previous reports that showed the 
superiority of EG. EG has been proven to be less toxic on fibroblast and other somatic cells 
in comparison with permeating agents such as DMSO and propylene glycol (PROH) that 
have been used on murine and human embryos (35). However, as a long-term preservation 
method for HAMs, a well-defined protocol of cryopreservation needs to be established for a 
human bone marrow derived mesenchymal stem cell bank. In the present study, to confirm 
the proliferative capability and pluridifferentiation of cryopreserved adult hMSCs; we chose 
ethylene ficoll sucrose (EFS) 40 that contained 40% v/v EG for the vitrification solution. 
hMSCs that were cryopreserved for two months were resuscitated and cultivated for 15 
passages. An analysis of their expansion, morphological and pluridifferentiation 
characteristics was undertaken. Finally, under induction conditions, adipogenic and 
osteogenic potentials have been discussed. 

2. Materials and methods 
2.1 Preparation and culture of MSCs 

For isolation of rat MSCs; female Sprague-Dawley rats (weighing 200-250 g) with the 
approval from the Institute for Animal Care were obtained from the Animal Center, Faculty 
of Medicine, Guilan University of Medical Sciences. Rats were killed by intraperitoneal 
administration of a lethal dose of sodium pentobarbital. The femurs and tibias were 
carefully dissected away from attached soft tissue as previously reported with modification 
(1). The ends of the bones were cut, and the bone marrow was aseptically extruded with 5 
ml PBS solution by using a syringe with a 21G needle and flushing the shaft ten times. The 
marrow tissue was dissociated by pipetting. The cell suspension was then centrifuged at 500 
× g for 5 minutes and the supernatant was discarded. Bone marrow mesenchymal stem cells 
(BMSCs) were then mechanically dispersed into a single-cell suspension so that the density 
of BMSCs reached 106 cells/ml. At this point, marrow cells were plated in a 25 cm² plastic 
flask in Dulbecco’s modified eagle medium (DMEM) containing 20% fetal bovine serum 
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(FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. All cells were incubated at 37 °C, 
in an atmosphere of 5 % humidified CO2. After 48 hours incubation, the nonadherent cell 
populations were removed and the medium was added and replaced every three or four 
days for about two weeks. When the cells grew to 80% confluency they were harvested with 
0.25% trypsin and 1 mM EDTA (Gibco, UK) for 5 minutes at 37°C, replated and diluted 1:3 
on a 25 cm² plastic flask, again cultured to the next confluency and harvested. Prior to their 
use in inducing differentiation and vitrification MSCs that were passaged approximatly 15 
times were morphologically evaluated. 

2.2 Cryopreservation of MSCs 

MSCs at passage 4 of pre-cryopreservation were harvested and centrifuged at 400 × g for 15 
minutes as mentioned above. Approximately 1 ×106 cells/ml of randomly selected batches 
were cryopreserved by using the vitrification method or OPS vitrification. 

2.3 Vitrification and thawing procedure 

MSCs were cryopreserved by using a two-step exposure to the equilibration and 
vitrification solutions (34). The equilibration solution was 20% ethylene glycol (EG; Sigma) 
and the vitrification solution was composed of 40% EG, 18% Ficoll - 70 (Sigma) and 0.3 M 
sucrose (Sigma). All solutions were based on PBS (Sigma) containing 20% FBS. A pellet of ~1 
× 106 MSCs (~10 μl) was first suspended in 50 μl equilibration solution for 5 minutes and 
then mixed with 500 μl vitrification solution for 40 seconds. Suspended MSCs were 
immediately transferred to 1.2 ml cryovials (Nunc) and plunged directly into liquid 
nitrogen. The OPS vitrification method was carried out according to Reubinoff et al. (33). For 
OPC, a pellet of ~1 × 106 MSCs (~10 μl) was first suspended in 50 μl equilibration solution 
for 5 minutes and then mixed with 500 μl vitrification solution for 40 seconds. Suspended 
MSCs were at once transferred to 0.25 ml plastic straws (IMV, L’Aigle, France). Immediately 
afterwards, the straws were immersed in liquid nitrogen for two months. Following storage, 
the cells were thawed by rapidly immersing the vials and straws in a water bath at 37 °C. 
After warming for about 7 seconds, (at approx. 1800 °C/min) the contents of the vials and 
straws were suspended serially in 0.5, 0.25 and 0 M sucrose in PBS containing 20% FBS. 
After thawing, the survival rate was evaluated by the trypan blue staining method. After 
removing some of the cell pellet and adding 0.4% trypan blue (Sigma), the cells were plated 
onto a slide and unstained cells were counted as live cells (26). The remaining cells were 
centrifuged at 200 × g for 10 minutes and washed three times with DMEM medium 
supplemented with 20% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin. Cells were 
immediately plated at a density of 1 × 106 cells/ml in a 25 cm2 culture flask and subcultured 
over seven days in the above described condition.  

2.4 Evaluation of the differentiation potential of cryopreserved MSCs 

2.4.1 Adipogenic induction 

Pre and post-cryopreserved MSCs were seeded on coverslips in a six-well plate and 
cultured in DMEM with 10% FBS. Cells with nearly 80% confluency were exposed to DMEM 
supplemented with 5μg/ml insulin, 1 μM dexamethasone, 100 nM indomethacine, 0.5 mM 
methylisobutylxanthine (Sigma), and 10% FBS for 48 hours. Cells were then incubated in the 
same medium without dexamethasone. For control, cells were cultured in regular medium 
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as above. The medium was changed every third or fourth day. One week after induction, 
adipogenic differentiation was evaluated by the cellular accumulation of neutral lipid 
vacuoles that were stained with oil-red O (Sigma) and observed under an inverted 
microscope (17). Briefly, after fixation in 5% metanol, induced MSCs were stained in filtered 
oil red O for 2-3 hours and then rinsed with 60% isopropyl alcohol. 

2.4.2 Osteogenic induction 

To identify osteogenic differentiation, thawed and non-cryopreserved MSCs were cultured 
in 100 nM dexamethasone, 10 mM ß-glycerol phosphate and 50 μM ascorbic acid-2-
phosphate in 400 μl DMEM-LG supplemented with 10% FBS on coverslips in a six-well plate 
for subsequent staining. During the culture period, the medium was changed once per 
week. After 14 days, osteogenic differentiation was evaluated by staining the coverslips with 
fresh 0.5% alizarin red solution (1). 

2.4.3 Colony-forming unit assays 

For these assays, both thawed and non-cryopreserved cells were plated at 1 × 106 cells per ml 
and cultured for 14 days in 25 cm² tissue culture flasks. After 14 days, the cultures were stained 
with giemsa for 5 minutes. The formations of colonies were considered acceptable until 
passage 15 (P15) and those less than 2 mm in diameter or faintly stained were excluded. 

2.4.4 Statistical analysis 

Statistical analysis for comparison of the postthaw survival rate was performed using the χ2 
test. Statistically significant values were defined as p<0.05. All experiments were conducted 
in triplicate. 

3. Results 
The growth and morphology of MSCs appeared rather heterogeneous in primary culture as 
seen in Fig 1A. Under a phase contrast microscope, the cells appeared fibroblast-like, 
elongated and spindle shaped with a single nucleus (Fig 1B). These cells showed the ability 
to form colonies with the occasional cell sphere formation giving an impression of embryoid 
bodies (Fig 1C). However, they progressively showed homogenous fibroblast-like features 
following subsequent subculture (Fig 1D). 

3.1 Morphology and growth of vitrified-thawed MSCs 

The duration of storage in frozen state for MSCs was two months. Post-cryopreserved MSCs 
from both the vitrification method and OPS vitrification had similar cellular morphology 
and colony-formation. Resuscitated MSCs first grew as isolated colonies after initial plating. 
Subsequently these adherent cells grew as typically fibroblastic or spindle shaped. 

As the cells approached confluence, they assumed a more spindle-shaped, fibroblastic 
morphology (Fig 2A, B). The thawed and non-cryopreserved MSCs were subcultured until 
P15. Until the P9, fibroblast-like morphology was consistently observed in both the thawed 
and non-cryopreserved MSCs. At the P10, cells in both cultures became large and flat, 
suggesting senescence. 

Cryopreservation of Rat Bone Marrow Derived Mesenchymal  
Stem Cells by Two Conventional and Open-Pulled Straw Vitrification Methods 7 

  

  
Fig. 1. Morphology and growth of MSCs. (A) Primary (x 40), (B) Passage 4 (14 days, x 100), 
(C) Passage 4 (35 days, x 100) and (D) Passage 4 (40 days, x 100). In primary culture, cell 
growth was scattered with some colony formation. Followin subsequent subculture, the 
cells changed into spindle-like fibroblasts. 

  
Fig. 2. Morphology and growth of vitrified-thawed MSCs. Phase contrast images of MSCs 
two months after thawing from: (A) vitrification method (x 100) and (B) OPS vitrification (x 
40). MSCs had a similar morphology to fibroblasts and were indistinguishable from non-
cryopreserved MSCs. 



 
Current Frontiers in Cryopreservation 6 

as above. The medium was changed every third or fourth day. One week after induction, 
adipogenic differentiation was evaluated by the cellular accumulation of neutral lipid 
vacuoles that were stained with oil-red O (Sigma) and observed under an inverted 
microscope (17). Briefly, after fixation in 5% metanol, induced MSCs were stained in filtered 
oil red O for 2-3 hours and then rinsed with 60% isopropyl alcohol. 

2.4.2 Osteogenic induction 

To identify osteogenic differentiation, thawed and non-cryopreserved MSCs were cultured 
in 100 nM dexamethasone, 10 mM ß-glycerol phosphate and 50 μM ascorbic acid-2-
phosphate in 400 μl DMEM-LG supplemented with 10% FBS on coverslips in a six-well plate 
for subsequent staining. During the culture period, the medium was changed once per 
week. After 14 days, osteogenic differentiation was evaluated by staining the coverslips with 
fresh 0.5% alizarin red solution (1). 

2.4.3 Colony-forming unit assays 

For these assays, both thawed and non-cryopreserved cells were plated at 1 × 106 cells per ml 
and cultured for 14 days in 25 cm² tissue culture flasks. After 14 days, the cultures were stained 
with giemsa for 5 minutes. The formations of colonies were considered acceptable until 
passage 15 (P15) and those less than 2 mm in diameter or faintly stained were excluded. 

2.4.4 Statistical analysis 

Statistical analysis for comparison of the postthaw survival rate was performed using the χ2 
test. Statistically significant values were defined as p<0.05. All experiments were conducted 
in triplicate. 

3. Results 
The growth and morphology of MSCs appeared rather heterogeneous in primary culture as 
seen in Fig 1A. Under a phase contrast microscope, the cells appeared fibroblast-like, 
elongated and spindle shaped with a single nucleus (Fig 1B). These cells showed the ability 
to form colonies with the occasional cell sphere formation giving an impression of embryoid 
bodies (Fig 1C). However, they progressively showed homogenous fibroblast-like features 
following subsequent subculture (Fig 1D). 

3.1 Morphology and growth of vitrified-thawed MSCs 

The duration of storage in frozen state for MSCs was two months. Post-cryopreserved MSCs 
from both the vitrification method and OPS vitrification had similar cellular morphology 
and colony-formation. Resuscitated MSCs first grew as isolated colonies after initial plating. 
Subsequently these adherent cells grew as typically fibroblastic or spindle shaped. 

As the cells approached confluence, they assumed a more spindle-shaped, fibroblastic 
morphology (Fig 2A, B). The thawed and non-cryopreserved MSCs were subcultured until 
P15. Until the P9, fibroblast-like morphology was consistently observed in both the thawed 
and non-cryopreserved MSCs. At the P10, cells in both cultures became large and flat, 
suggesting senescence. 

Cryopreservation of Rat Bone Marrow Derived Mesenchymal  
Stem Cells by Two Conventional and Open-Pulled Straw Vitrification Methods 7 

  

  
Fig. 1. Morphology and growth of MSCs. (A) Primary (x 40), (B) Passage 4 (14 days, x 100), 
(C) Passage 4 (35 days, x 100) and (D) Passage 4 (40 days, x 100). In primary culture, cell 
growth was scattered with some colony formation. Followin subsequent subculture, the 
cells changed into spindle-like fibroblasts. 

  
Fig. 2. Morphology and growth of vitrified-thawed MSCs. Phase contrast images of MSCs 
two months after thawing from: (A) vitrification method (x 100) and (B) OPS vitrification (x 
40). MSCs had a similar morphology to fibroblasts and were indistinguishable from non-
cryopreserved MSCs. 



 
Current Frontiers in Cryopreservation 8 

4. Viability of vitrified-thawed MSCs 
Live/dead viability of MSCs was determined by the trypan blue staining test. The number 
of MSCs was counted and compared to that of the control. After thawing, the viability rates 
were 81.33% ± 6.83 for the vitrification method and 80.83% ± 6.4 for the OPS vitrification, 
while values with the pre-vitrification control group were 88.16% ± 6.3, respectively (Table 
1). There were no differences in viability between them. 
 

No. Before vitrification  
(%) 

Vitrification method  
(%) 

OPS method  
(%) 

1 85 81 82 
2 93 92 90 
3 78 77 70 
4 96 81 79 
5 89 72 81 
6 88 85 83 

Mean ± SD 88.16(SD ± 6.30) 81.33 (SD ± 6.83) 80.83(SD ± 6.40) 

OPS: open-pulled straw, student t-test (p<0.05). 

Table 1. Percentage of cell viability of non-cryopreserved and two different cryopreserved 
vitrification methods by the trypan blue staining test. 

5. Colony forming unit assay 
For these assays, cells of both thawed and noncryopreserved MSCs or cultures were plated 
at 1× 106 cells/ml and MSCs in culture showed a colony formation consisting of 40-80 cells 
in 25 cm² flasks for 14 days (Fig 3). After P9, the cells showed no colony forming ability 
which illustrated that colony forming ability decreases with increasing passages. 

 

  
Fig 3. Phase contrast images of typical MSCs colony morphology before (A) and after (B) 
cryopreservation. Cell sphere formation in the MSCs culture produced colony formation 
units that stained with giemsa (A and B: x 40). 
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6. Differentiation of post-cryopreserved MSCs 
After culturing for adipogenic differentiation, the accumulations of numerous neutral lipid 
vacuoles were detectable in the cytoplasm of vitrified-thawed cells (Fig 4A). Following three 
weeks of induction, oil Red O staining showed the lipid droplets with orange red color, 
which demonstrated the committed differentiation of MSCs into adipocytes (Fig 4B). The 
control cells showed no detectable lipid vacuoles. Under culture with osteogenic induction 
medium, resuscitated MSCs detached and floated in the medium. After three weeks, 
mineral accumulations were observed by alizarin red staining (Fig 5A, B). Similar results 
were observed in the group of non- cryopreserved MSCs when osteogenically induced 
under the same condition (Fig 5C, D). 

  
Fig 4. Evaluation of adipogenesis potential of MSCs under a phase-contrast microscope. 
Both the non cryopreserved MSCs and vitrified-thawed MSCs after treatment by adipogenic 
medium showed numerous neutral lipid vacuoles which accumulated in the cytoplasm. (A) 
Confirmed by oil red O staining (oil red O + hematoxiline, which one is the top right one: oil 
red without hematoxiline, x 100), (B). 

7. Discussion 
Cryopreservation is an important method to maintain cells for biological research and 
medical applications such as tissue engineering, gene therapy, cell transplantation, 
pharmacological testing and future therapeutic indications (17, 28). A study on the long-
term storage of BM-derived MSCs is of critical importance (1). The objective of the current 
investigation was to test the possibility that vitrification could be a useful method for the 
cryopreservation of MSCs. Thus, in the present study, we isolated MSCs from bone marrow 
of adult female rats. In culture; MSCs are characterized by their capacity to adhere to a 
plastic culture surface and form a fibroblast-like shape (Fig 1). Our data corroborated 
previous findings from other groups which showed homogenous fusiform features with 
oval vesicular nuclei (36) and the colony forming ability of MSCs, which decreased with 
increasing passages (37). The achievement of pure fibroblastic clones from murine bone 
marrow was first reported by Wang and Wolf (38). 

Furthermore, Eslaminejad et al. obtained an average of 15-17 clones, each one consisting of 
several fibroblastic cells per 24-well plate (39). This approach yielded both the number and  
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under the same condition (Fig 5C, D). 

  
Fig 4. Evaluation of adipogenesis potential of MSCs under a phase-contrast microscope. 
Both the non cryopreserved MSCs and vitrified-thawed MSCs after treatment by adipogenic 
medium showed numerous neutral lipid vacuoles which accumulated in the cytoplasm. (A) 
Confirmed by oil red O staining (oil red O + hematoxiline, which one is the top right one: oil 
red without hematoxiline, x 100), (B). 

7. Discussion 
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medical applications such as tissue engineering, gene therapy, cell transplantation, 
pharmacological testing and future therapeutic indications (17, 28). A study on the long-
term storage of BM-derived MSCs is of critical importance (1). The objective of the current 
investigation was to test the possibility that vitrification could be a useful method for the 
cryopreservation of MSCs. Thus, in the present study, we isolated MSCs from bone marrow 
of adult female rats. In culture; MSCs are characterized by their capacity to adhere to a 
plastic culture surface and form a fibroblast-like shape (Fig 1). Our data corroborated 
previous findings from other groups which showed homogenous fusiform features with 
oval vesicular nuclei (36) and the colony forming ability of MSCs, which decreased with 
increasing passages (37). The achievement of pure fibroblastic clones from murine bone 
marrow was first reported by Wang and Wolf (38). 

Furthermore, Eslaminejad et al. obtained an average of 15-17 clones, each one consisting of 
several fibroblastic cells per 24-well plate (39). This approach yielded both the number and  
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Fig 5. Differentiation potency of nonvitrified and vitrified-thawed MSCs observed under a 
phase-contrast microscope. (A) Nonvitrified MSCs after osteogenic induction. (B) Alizarin 
red staining, x 100. (C) Vitrified MSCs after osteogenic induction. (D): Alizarin red staining, 
x 100. After induction of differentiation for 2-3 weeks in respective induction media, the 
mineralized extracellular matrix of pre and post-vitrification MSCs stained positively with 
alizarin red (arrows). 

cellular densities of colonies that were dependent upon the number of the cells plated per 
culture dish and was the method employed in this investigation. We also successfully 
vitrified MSCs and confirmed the morphology, viability rate and differentiation capacity of 
post-vitrification MSCs as compared with non-cryopreserved controls. Generally, most 
comprehensive studies on the cryopreservation of MSCs were carried out by using slow-rate 
cooling methods (17, 22-24). Slow-rate cooling methods using dimethylsulfoxide (DMSO) as 
a cryoprotectant are effective for a wide variety of cell lines, including ES cell lines (27, 28). 
This method by decreasing temperature slowly with a low concentration of cryoprotectant is 
used to balance damage caused by various factors including ice crystal formation, fracture, 
toxic and osmotic damage (29). 

It is difficult to completely eliminate injuries from intracellular ice formation, which is the 
main source of fracture and damage to the cytoplasm (29). It is also a time-consuming 
procedure and requires an expensive programmable freezer (31). On the other hand, there 
are some reports that stem cells are highly sensitive to cryoinjury and the vitrification 
method is a better choice for HES cell cryopreservation than conventional slow freezing and 
rapid thawing (28, 33). This method has been previously applied for cryopreservation  
of oocytes, fertilized eggs and embryos of several mammalian species, including humans 
(32).  
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In vitrification method, the concentrations of cryoprotectants seem to be dangerously high at 
the final phases, it happens at low temperatures, where the real toxic effect is minimal. 
Moreover, the high cooling and warming rates applied at vitrification provide an unique 
benefit compared to the traditional freezing (40). 

Umbilical cord blood-derived mesenchymal stem cells (UCB-derived MSCs) were vitrified 
by vitrification and by programmed freezing without dimethyl sulfoxid (DMSO) by Wang et 
al. (2011). Their results showed that the viability of thawed UCB-derived MSCs was 
enhanced from 71.2% to 95.4% in the presence polyvinyl alcohol (PVA) for vitrification, but 
only < 10% to 45% of viability was found for programmed freezing (41). While, Kim et al. 
reported that Post-thaw colony-formation of embryonic stem cells (ESCs) was detected only 
after a slow freezing using DMSO by stepwise placement of a freezing container into a -80°C 
deep freezer and subsequently into -196°C liquid nitrogen, while no proliferation was 
detected after vitrification (42). Also, hMSCs from pre- and post-cryopreservation by slow 
freezing had similar colony-formation and cellular morphology similar to our resuls (17). 
Low survival of human ESCs has been also reported when they are frozen slowly with 
DMSO (43). There have been several reports to demonstrate the superiority of vitrification to 
other freezing programs for human ESCs, because it is able to avoid cell injury resulted from 
ice crystal formation (42, 44).Carvalho et al. (2008) reported that viability of frozen BM-
MSCs by slow freezing which was to added 5% DMSO was 94.76% and 90.58% viability 
before versus after cryopreservation (45). Also, the high survival rate (81.8%) is obtained 
after cryopreservation of human ESCs by programmed freezing (46). Our result showed 
81.33% and 80.83% cell viability of two different cryopreserved vitrification methods versus 
88.16% viability of non-cryopreserved cells. Nevertheless, we are not able to deny the 
feasibility of vitrification program for effective cryopreservation of SCs (42). 

Also Fujioka et al. vitrified ESCs using EFS40; ethylene glycol, 18% ficoll 70,000 MW and 0.3 
M sucrose (similar to this work) and slow-freezed in freezing medium containing 10% 
DMSO. Their results indicated that the vitrification methods yielded higher cell recovery 
and survival rates than did the slow-rate freezing methods (28).   

DMSO has been well known as a toxic agent for stem and progenitor cells, and particularly 
for human embryonic stem cells. It is also known as a powerful differentiation agent that 
may interact with the chromatin structure (47). 

Therefore, the selection of suitable cryoprotectants is essential. Cryopreservation procedure 
ought to become different according to cell type and cellular characteristics. So, all 
components consisting of freezing and thawing procedures should specifically be 
determined in each case of cryopreservation (42). 

This study was DMSO-free vitrification of MSCs using cryovial and straw. Straws, 
preferably thin straws, even in sealed form, can be cooled safely with an increased cooling 
rate (40). There was any report about vitrification of MSCs without DMSO.   

So that in the present experiment, we have observed the viability and proliferation 
capability as well as differentiation potential of cryopreserved MSCs in vitro. Inverted 
microscope findings showed that, after culturing for seven days, numerous MSCs adhered 
well to the surface culture dish (Fig 1). In a study by Moon et al. on human amnion-derived 
mesenchymal stem cells (HAMs), they observed that slow freezing resulted in a lower 
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It is difficult to completely eliminate injuries from intracellular ice formation, which is the 
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procedure and requires an expensive programmable freezer (31). On the other hand, there 
are some reports that stem cells are highly sensitive to cryoinjury and the vitrification 
method is a better choice for HES cell cryopreservation than conventional slow freezing and 
rapid thawing (28, 33). This method has been previously applied for cryopreservation  
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(32).  
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survival rate compared with vitrification, indicating a high efficiency of the vitrification 
procedure (21). 

Moreover, Heng (48) demonstrated that 39.8 ± 0.9% of the hMSCs could be recovered after 
cryopreservation using a conventional slow freezing method which was lower than that our 
result (Table 1). Here, resuscitated MSCs kept a high proliferative potential. They first grew 
as clones after limiting dilution and then expanded rapidly with the typical features of 
spindle-shaped cell bodies and confluence after a lag phase of 6-14 days. There were no 
differences among the pre and post-cryopreservation of colony formation at the same 
passage (Fig 2). In addition, the results showed that the passage procedure was selective for 
MSCs and it could be inferred that the passaging of resuscitated MSCs increased cellular 
homogeneity.  

Ji et al. demonstrated that cryopreservation of encapsulated HES cells offers better cellular 
viability, higher colony recovery, and less differentiation than the slow-freezing techniques 
most commonly used to preserve HES colonies. Therefore, this difference in recovery may 
be due to differences in cell lines, freezing and thawing protocols, or growth substrate (49). 

On the other hand, previous studies have shown that cyropreservation had no effect on 
either the proliferation or osteogenic and adipogenic differentiation of human MSCs in vitro 
(5, 22). In agreement with these reports, Liu et al. using slow cooling with Me2SO as a 
cryoprotectant and rapid thawing demonstrated that thawed cryopreserved human MSCs 
had higher survival rates in comparison with non-cryopreserved MSCs and differentiated 
into osteoblasts when cultured in osteogenic media. Also they found that cryopreserved 
hMSCs could not differentiate into osteoblasts spontaneously when cultured in basic culture 
media (50). In addition to the characteristics described above, our present study 
demonstrated that post-cryopreserved MSCs from bone marrow were still pluripotential 
and differentiated into osteoblasts and adipocyte under appropriate culture conditions (Fig 
3, 4). These observations suggest that the "memory" of proliferation and differentiation in 
MSCs is not affected by the process of vitrification. The ability of frozen BM-MSCs by slow 
freezing to differentiate into mesenchymal derivatives (such as osteogenic and adipogenic) 
reported by Lee et al. (4).  In this study, we established a two-step vitrification protocol for 
MSCs using EFS containing 40% v/v EG for the vitrification solution, which is widely used 
for successful vitrification of mouse embryos (30), human blastocysts (32) and ESCs (34). 
Our findings are in line with the reports by Gajda et al. who used the same methods for 
somatic cells which have been proven to be less toxic on bovine skin fibroblast and cumulus 
cells (35). 

EG is the most commonly used cryoprotectant for vitrification due to its low molecular 
weight and low toxicity (35). In addition, additives with high molecular weights, such as 
sucrose, can significantly reduce toxicity by decreasing the concentration of permeating 
agents required for the vitrification solution. We also used ficoll as a macromolecule to 
promote permeation by cryoprotectants, which seems to have the advantages of lower 
toxicity, higher solubility and lower viscosity (30). In a study by Moon et al. on HAMs, they 
observed that the combination of EG with either PROH or DMSO resulted in a very low 
survival rate of HAMs as compared with EFS alone (21). Also, Kuleshova and Lopata 
ascertained the advantages of vitrification when compared with earlier applied 
cryopreservation techniques (51). These advantages include the control of solute penetration 
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and dehydration rates, prevention of prolonged temperature shock and damage from ice 
formation, and inexpensive equipment and running costs. Vitrification is a process where 
glass-like solidification of a solution occurs without the formation of ice crystals inside 
living cells, by exposure to a high concentration of cryoprotectant with a higher cooling rate 
(52). This procedure is a simple method to circumvent the obstacles of slow freezing without 
the need for a freezing container to modulate the reduction of temperature in a deep freezer 
before storing in liquid nitrogen (21). 

8. Conclusion 
In the present experiment, it was shown that vitrification can be an efficient storage method 
for MSCs without losing their activity and usual properties. Such a system will be 
exceedingly helpful for both experimental research and medical applications. 
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1. Introduction  
There is a need for mammalian cell cryopreservation methods that either avoid or improve 
upon outcomes employing dimethyl sulfoxide (DMSO) as a cryoprotectant. DMSO was the 
second effective cryoprotectant to be discovered (Lovelock, 1959). Cell cryopreservation 
usually involves slow rate freezing with DMSO in culture medium and storage below -135°C 
for later use. Typically as long as there are enough cells surviving to start an expanding 
proliferating culture the yield of viable cells after thawing is not an important consideration. 
However, there are instances where cell yield and viability can be very important. Examples 
include minimization of expensive delays when starting cultures for bioreactor protein 
manufacturing runs and cellular therapies that involve administering cells into patients for 
treatment of various diseases, such as cancer. While some cells, for example fibroblasts, are 
easily cryopreserved other cell types like keratinocytes, hepatocytes, and cardiac myocytes do 
not freeze well and cell yields are often <50%. Furthermore, current opinion is that DMSO 
should be removed before cells are infused into patients (Caselli et al., 2009; Junior et al., 2008; 
Mueller et al., 2007; Otrock et al., 2008; Schlegel et al., 2009). The mechanism for DMSO 
cytotoxicity has not been determined, however, it is thought to modify membrane fluidity, 
induce cell differentiation, cause cytoplasmic microtubule changes and metal complexes 
(Barnett 1978; Katsuda et al., 1984, 1987; Miranda et al., 1978). DMSO also decreases expression 
of collagen mRNAs in a dose-dependent manner (Zeng et al., 2010).  

One strategy for finding interesting new cryoprotectants and cryopreservation strategies is 
by evaluating what happens in nature (Brockbank et al., 2011). No examples of organisms 
synthesizing DMSO to survive freezing conditions have been found to date, however 
several creatures have been found that employ glycerol (Brockbank et al., 2011) the first 
effective cryoprotectant to be discovered (Polge, 1949). Nature has developed a wide variety 
of organisms and animals that tolerate low temperatures and dehydration stress by 
accumulation of large amounts of disaccharides, particularly trehalose, including plant 
seeds, bacteria, insects, yeast, brine shrimp, fungi and their spores, cysts of certain 
crustaceans, and some soil-dwelling animals. While the cryoprotective capabilities of 
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accumulation of large amounts of disaccharides, particularly trehalose, including plant 
seeds, bacteria, insects, yeast, brine shrimp, fungi and their spores, cysts of certain 
crustaceans, and some soil-dwelling animals. While the cryoprotective capabilities of 
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sucrose and trehalose has been known for years, conventional cryopreservation protocols 
have generally not employed them even though early work with them demonstrated their 
ability to protect proteins and membrane vesicles during freezing (Rudolf & Crowe, 1985; 
Crowe et al., 1990). Trehalose has both major advantages and disadvantages for potential 
preservation of mammalian cells. On the negative side mammalian cells do not have an 
active trehalose transport system for uptake of trehalose from the extracellular environment, 
while on the plus side if you can get it in mammalian cells it is not metabolized giving the 
opportunity for trehalose to be accumulated to potentially effective preservation 
concentrations. The purpose of the studies presented here were; 1) to assess or review 
alternative strategies for delivery of trehalose into mammalian cells, and; 2) to determine 
whether the benefits were specific to trehalose by investigating alternative sugars 
employing the same loading strategies. 

2. Materials and methods 
2.1 Cell culture 

Cells used in these studies are described in Table 1. All were grown and maintained at 37oC 
in 5% carbon dioxide.  

 
Description Acronym Culture conditions 

Rat aortic myofibroblast cells 
A10 

(ATCC# CRL-
1476) 

DMEM* (4.5 g/L) 
10% FCS 

1.0 mM sodium pyruvate 

Bovine calf pulmonary artery endothelial 
cells 

CPAE 
(ATCC# CCL-209) 

EMEM** 
10% FCS 

1 mM sodium pyruvate 
2 mM glutamine 

1X non-essential amino 
acids 

Rat aortic smooth muscle cells 
A7R5 

(ATCC# CRL-
1444) 

DMEM (4.5 g/L) 
10% FCS 

1.0 mM sodium pyruvate 

Bovine corneal endothelial cells 
BCE 

(ATCC# CRL-
2048) 

DMEM (4.5 g/L) 
10% FCS 

1 mM sodium pyruvate 
4 mM glutamine 

*Dulbecco’s Modified Eagle’s Medium 
**Eagle’s Minimum Essential Medium 

Table 1. Cell types  

2.2 Cell poration with H5 

The pore-forming protein H5 was obtained from the lab of Hagan Bayley  (Bayley, 1994). It 
is derived from the bacterial toxin α-hemolysin, which forms constitutively opened pores in 
cell membranes. The modified bacterial toxin has been engineered to form pores in the 
membrane that can be opened and closed by the addition of Zn+. More specific details are 
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presented in the discussion. Cells were plated at 10,000-20,000 cells/well the night before in 
96 well microtiter plates. The next day, the cells were washed with DMEM containing 1 mM 
EDTA for 2 minutes and then again with DMEM to remove the EDTA. 0.2M trehalose was 
added and incubated for 20 minutes at 37oC followed by the appropriate concentration of 
H5 for the respective cell type. Cells were porated and loaded with trehalose for 1 hour at 
37oC before addition of DMEM with 25 µM ZnSO4 or 10% serum to close the pores. 
Trehalose in DMEM was then added to the wells followed by cryopreservation using a 
controlled rate freezer (Planar) at ~-1.0oC/min from 4ºC to -80ºC with a programmed 
nucleation step at -5.0oC. Cryopreserved cells were stored overnight at <-135oC. The next 
day, the cells were placed at -20oC for 30 minutes followed by rapid thawing at 37oC 
(Campbell et al., 2003; Taylor et al., 2001). The cell cultures were washed twice and then 
placed at 37oC for 1 hour to recover under normothermic cell culture conditions before 
assessment of cell viability. 

2.3 Pretreatment (Incubation) with trehalose 

Cells were plated at 10,000-20,000 cells/well and placed in culture. The next day, the culture 
medium was replaced with EMEM or DMEM containing trehalose (0-0.6M) and cultured at 
37oC for varying periods of time. After culture, the solution was replaced with fresh 
medium containing trehalose (0-0.6M) and the cells were cryopreserved using a controlled 
rate freezer as described for H5 above.  

2.4 Cell poration with ATP 

Cells were plated at 10,000-20,000 cells/well and placed in culture. The next day, the cells 
were washed with poration buffer (phosphate-buffered saline [PBS] with 1X essential amino 
acids, 1X Vitastock, 5.5 mM glucose) designed to optimize binding of ATP4- to the receptor 
and facilitate formation of the pore. The cells were then placed in 50 µl poration buffer, pH 
of 7.45, with 0.2M trehalose. A stock solution of 100 mM ATP4-, pH of 7.45, was made fresh 
and added to each well to achieve a final concentration of 5 mM. After addition of the ATP4-, 
the cells were left at 37oC for 1 hour to allow sugar uptake. Following incubation, 200 µl of 
DMEM plus 1 mM MgCl2 was then added to the cells at 37oC to close the pores. After 1 hour 
of recovery from the loading procedure cryopreservation was initiated. 

2.5 Assessment of cell viability 

Cell viability was determined using the non-invasive metabolic indicator alamarBlue™ 
(Trek Diagnostics). A volume of 20 µl was added to cells in 200 µl of DMEM (10%FCS) and 
the plate was incubated at 37oC for 3 hours. Plates were read using a fluorescent microplate 
reader (Molecular Dynamics) at an excitation wavelength of 544 nm and an emission 
wavelength of 590 nm. Viability was measured before and after sugar loading, immediately 
after thawing and at several later time points post-thaw. 

2.6 Statistical methods 

All experiments were repeated at least four times with four replicates in each experiment. 
Statistical differences were assessed by two way analysis of variance.  P-values 0.05 were 
regarded as significant.  
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3. Results 
3.1 H5 poration 

One of the first strategies for utilizing disaccharide sugars as cryoprotectants involved the use 
of a modified pore forming complex. In our initial studies we evaluated the H5 mutant α-
hemolysin (Bayley, 1994) using two adherent cell lines, A10 and CPAE. The earlier studies had 
been done with cells in suspension (Eroglu et al., 2000). We also evaluated sucrose, another 
disaccharide sugar that is commonly found in nature, for its potential usefulness as a 
cryoprotectant. Using the protocol of Eroglu et al as a starting point, a protocol was established 
for adherent cells. Several parameters were evaluated and included the H5 concentration, time 
of poration, concentration of trehalose loaded, and time for loading trehalose. Conditions that 
worked best with adherent cells included 20 minutes for poration followed by 60 minutes for 
trehalose loading. The highest concentration of trehalose that caused the least drop in cell 
viability was 0.2M. The optimum H5 concentration varied according to cell type. The A10 
smooth muscle cells were porated with 12.5 µg/mL of H5 while the endothelial CPAE cells 
were porated with 50 µg/mL. In contrast, the fibroblasts and keratinocytes in the literature 
were porated with 25 µg/mL (Eroglu et al., 2000). Other changes to the protocol were made 
that benefited viability for adherent cells specifically and included addition of trehalose prior 
to the addition of H5, the base solution used for poration, and the amount of EDTA (1 mM 
versus 10 mM) for the removal of Zn+ prior to poration. After cryopreservation, however, poor 
viability was obtained with both cell types. A10 cells demonstrated a viability of 5.57±0.17%. 
The endothelial cells demonstrated similar viabilities. These values were not as good as those 
observed when suspended cells were cryopreserved with sugars in the literature. However, it 
is our experience that adherent cells are generally more difficult to cryopreserve regardless of 
the cryoprotectant used.  

3.2 Trehalose exposure without poration 

When we started adding the trehalose to cells in the H5 experiments, control cells were 
exposed to trehalose by addition to the culture medium prior to cryopreservation. An 
unanticipated observation of cell survival was made with slow rate cryopreserved CPAE 
cells prompting further investigation. The cells exposed to trehalose overnight were 
observed to develop vacuoles (Fig 1) suggesting a possible pinocytotic uptake mechanism.  

  
Fig. 1. CPAE cells after exposure to trehalose. Left: no sugar, Right: 0.1M trehalose. 40X 
magnification 
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After these observations were made, further experiments were designed to examine cell 
viability after extended trehalose exposure. CPAE cells were exposed to 0.2M trehalose in 
Dulbecco’s Modified Eagle’s Medium (DMEM) buffered with 25 mM Hepes for 0-72 hours 
at 37oC. After exposure the cells were left in 0.2M trehalose and cryopreserved at ~-
1.0oC/min (Fig. 2). CPAE cell viability was observed immediately after thawing. An 
exposure time of 24 hours provided the best overall cell survival. Extracellular exposure 
alone during cryopreservation failed to produce any cell survival. In contrast, A10 smooth 
muscle cells generally did not survive cryopreservation after trehalose exposure as well as 
the CPAE endothelial cells.  Examination of optimal concentrations of trehalose during 
incubation and during cryopreservation showed that a concentration of 0.1-0.2M trehalose 
for incubation produced the best viability with a similar concentration being required 
during the freezing process.  

 
Fig. 2. Impact of cell culture time with trehalose on cryopreservation. CPAE cells were 
cultured with 0.2M trehalose for up to 72 hours followed by cryopreservation with 0.2M 
trehalose. Percent viability was calculated based on the pre-cryopreservation controls. 
(p<0.05)  

Several other parameters were also examined to further improve cell viability. Other studies 
have shown that not only the concentration and choice of cryoprotectant but also the vehicle 
solution for the cryoprotectant can have a significant impact on cell viability after 
cryopreservation (Campbell & Brockbank, 2007; Mathew et al., 2004; Sosef et al., 2005). 
Initial experiments were performed using DMEM, however, it was observed that CPAE 
cells, which are grown in EMEM medium, actually preferred exposure to trehalose in 
EMEM medium. Further experiments examined the buffers used to maintain the pH of the 
system. Four cell lines were evaluated. CPAE cells demonstrated decreased viability when 
the zwitteronic buffer, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was 
used while the other 3 cell lines did not show decreased viability. Rather a combination of 
HEPES and sodium bicarbonate was preferred by the CPAE cells. This unusual choice of 
buffer prompted examination of solution pH during incubation, a pH of 7.4 was optimal for 
all the 4 cell lines tested. Once loaded with sugar, the cells could either be left in the 
extracellular sugar at another concentration or an alternative cryoprotectant for 
preservation. 
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These studies were then extended to include other sugars, sucrose, raffinose, and stachyose 
(Fig. 3). The potential cryoprotective benefits of these sugars were evaluated and it was 
found that stachyose was as good as trehalose using an identical protocol, sucrose was not 
quite as good and raffinose had very little benefit. All cell lines showed evidence of some 
cell survival days after cryopreservation and thawing. The second smooth muscle cell line, 
A7R5, demonstrated low levels of viability with stachyose. Both endothelial cell lines, CPAE 
and BCE, showed good viability after exposure and freezing with sucrose. Overall, the 
CPAE cell line had the best viability in these experiments. Use of an optimized protocol with 
trehalose produced excellent post cryopreservation results with 10-14mM intracellular 
trehalose (Campbell, 2011). Conditions included 24 hours of cell culture with 0.2M trehalose 
followed by cryopreservation with 0.2-0.4M trehalose in sodium bicarbonate buffered 
EMEM at pH 7.4 resulting in ~75% post-preservation cell viability (Campbell et al., 
2011).These experiments confirmed that this technique is more effective for endothelial cells 
than smooth muscle cells and demonstrated that stachyose is effective for cryopreservation.  

 
Fig. 3. Cell viability for A10 (A), CPAE (B), A7R5 (C) and BCE (D) cells after exposure and 
freezing in the presence of sugars. 

3.3 ATP poration 

In addition to the H5 mutant α-hemolysin poration strategy, we sought other poration 
techniques that could be used to permeate mammalian cells with disaccharides. Cells 
expressing the P2X7 purinergic cell surface receptor, also known as the P2z receptor, may be 
permeabilized by the formation of a channel/pore that allows passage of molecules into and 
out of the cell when the active form of ATP (ATP4-) binds to the receptor. Our initial studies 
focused on determination of whether or not the P2X7 was expressed on smooth muscle and 
endothelial cells. Experiments using the ELICA assay demonstrated the presence of the P2X7 
receptor on both endothelial and smooth muscle cell lines to varying degrees (Fig 4). The 
smooth muscle cell lines demonstrated the greatest density of the receptor.  
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Fig. 4. Detection of the P2X7 receptor by ELICA. Cells were probed for the presence of the 
P2X7 receptor using antiserum specific for the receptor at a dilution of 1:25. The graph 
represents the average absorbance (±SEM) for 10 replicates. 

ATP-permeabilized cells retained better viability than untreated cells both immediately after 
thawing and five days later (Fig 5). Immediate metabolic activity in A7R5 and CPAE cells 
demonstrated dependence upon increasing ATP concentrations, while for A10 and BCE cells 
immediate metabolic activity was increased at all ATP concentrations with only slight 
improvement at the higher concentrations tested. However, survival at five days 
demonstrated that intermediate concentrations of ATP (0.5-2.5mM) were best.  Further 
cryopreservation studies were performed to optimize cell survival resulting in at least 25% 
cell survival for both endothelial cell lines but only low levels of survival for the smooth 
muscle cells.   

 
Fig. 5. Cell viability after poration and freezing with increasing concentrations of ATP. Cells 
were loaded with 0.2M trehalose using the P2X7 receptor and the indicated concentrations of 
ATP. After poration and cryopreservation, cell viability was evaluated by alamarBlue. (A) 
A10, (B) A7R5, (C) CPAE, (D) BCE.  
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4. Discussion 
As cryopreservation has been applied to cells and tissues for clinical use, concerns about 
toxicity relating to the various cryoprotectants being used, particularly DMSO, have 
developed. Because of this, there has been renewed interest in finding less toxic 
cryoprotectants. The cryoprotective capabilities of some sugars, disaccharide sugars in 
particular, has been known for years and early work with them demonstrated their ability to 
protect proteins and membrane vesicles during freezing (Crowe et al., 1990; Rudolph & 
Crowe, 1985). Coupled with these early studies are observations made in nature regarding 
organisms that can survive extremes in temperature and desiccation due to their ability to 
accumulate large amounts of disaccharide sugars, specifically trehalose and sucrose, until 
more favorable conditions are available. The protective effects of trehalose and sucrose have 
been determined and may be classified under two general mechanisms: (1) “the water 
replacement hypothesis” or stabilization of biological membranes and proteins by direct 
interaction of sugars with polar residues through hydrogen bonding, and (2) stable glass 
formation (vitrification) by sugars in the dry state (Crowe et al., 1987, 1988, 1998, 2001; Slade 
& Levine, 1991).  

Two primary stresses that destabilize membranes have been defined, fusion and lipid phase 
transition. Studies have shown that when the water that hydrates the phospholipid 
molecules of the membrane is removed, packing of the head groups increases. The result is 
an increase in van der Waals interactions and a dramatic increase in the phase transition 
temperature (Tm) (Crowe et al., 1987, 1988, 1990, 1991). At the phase transition the 
phospholipid bilayer shifts from a gel phase to a liquid crystalline phase, the state normally 
observed in fully hydrated cells. For example, the Tm of a cell membrane might be -10oC 
when fully hydrated but when water is removed the Tm increases to over 100oC. Thus, the 
membrane is in the gel phase at room temperature. As the membrane shifts between the gel 
phase and the liquid crystalline phase it becomes transiently leaky allowing its intracellular 
contents to leak out. Therefore it would be advantageous to avoid the lipid phase transition 
as this can compromise the health of a rehydrated cell. Addition of disaccharide sugars, in 
particular trehalose, depresses Tm allowing the membrane to remain in the liquid crystalline 
state even when dried, so that upon rehydration no phase transition takes place and no 
transient leaking. During cryopreservation water is not necessarily lost, but it undergoes a 
phase change forming ice as the temperature drops and depending upon the rate of cooling, 
the cells become more or less dehydrated rendering the cells vulnerable to damage by 
mechanisms similar to those proposed for desiccated cells.  

The stabilizing effect of these sugars has been shown in a number of model systems 
including liposomes, membranes, viral particles, and proteins. The mechanism by which 
disaccharide sugars are able to decrease the Tm for a given bilayer has been elucidated. 
Interactions take place between the sugars and the –OH groups of the phosphate in the 
phospholipid membrane preventing interaction or fusion of the head groups as the 
structural water is removed (Crowe et al., 1986, 1988, 1989a, 1989b). Although not as well 
understood, a similar mechanism of action stabilizes proteins during drying (Carpenter et 
al., 1986, 1987a, 1987b, 1989). Despite their protective qualities, the use of these sugars in 
mammalian cells has been somewhat limited mainly because mammalian cell membranes 
are impermeable to disaccharides or larger sugars and there is strong evidence that sugars 
need to be present on both sides of the cell membrane in order to be effective (Crowe et al., 

Cryopreservation of Adherent Smooth Muscle and Endothelial Cells with Disaccharides 25 

2001; Eroglu et al., 2000; Beattie et al., 1997). This is why, in addition to loading sugars, we 
added sugars to the cryopreservation solution just before initiating cooling. 

In addition to trehalose and sucrose, we were interested in other sugars that could be used 
as cryoprotectants avoiding monosacharides that would likely be degraded in the cell. 
Larger more complex sugars such as disaccharides or larger would be less likely to be 
degraded and utilized inside cells and might therefore be more stable as cryoprotectants. 
The comparative structures of the sugars we considered for preservation of mammalian cells 
are illustrated in Figure 6. Three other sugars were evaluated besides trehalose and included 
sucrose, raffinose and stachyose. Sucrose and trehalose are both non-reducing sugars, so 
they do not react with amino acids or proteins and should be relatively stable under low pH 
conditions and at temperature extremes. Raffinose is a trisaccharide and stachyose is a 
tetrasaccharide. 

 
Sucrose (mw: 342.30) 

 
Trehalose (mw: 342.30) 

 
 

Stachyose (mw: 684.59) 
 

Raffinose (mw: 504.44) 

Fig. 6. Sugar structure 

Before going further, it is important to point out that the cells we have employed were 
cryopreserved and thawed while adherent in 96-well plates using cooling and warming 
conditions defined and reported at the turn of the century (Campbell et al., 2003; Taylor et 
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al., 2001). We have since used these conditions to cryopreserve several adherent cell types 
(Campbell et al., 2007, 2010, 2011). Our rationale for using this adherent model was two-
fold. First, due to our interest in regenerative medicine we thought that adherent cells more 
closely mimicked cells in tissue engineered devices. Second, we thought there might be a 
market for cells cryopreserved on plates for research and cytotoxicity testing, CryoPlate™.  
More recently another group has been using adherent cells for investigation of preservation 
by vitrification and drying and have reported on cryopreservation of adherent pluripotent 
stem cells (Katkov et al., 2006;  Katkov et al., 2011;). Katkov et al. presented results for 
preservation of human embryonic stem cells in 4-well plates and pointed out several 
advantages of cryopreservation in adherent mode. These included elimination of possible 
bias due to selective pressure within a pluripotent stem cell line after cryopreservation and 
distribution of multiwell plates for immediate use for embryotoxicity and drug screening in 
pluripotent stem cell-based toxicology in vitro kits (Katkov et al., 2011). 

There are several methods in the literature that could be employed for intracellular delivery 
of these sugars including those already discussed (Campbell et al., 2011; Table 2). Many 
drugs, therapeutic proteins and small molecules have unfavorable pharmacokinetic 
properties and do not readily cross cell membranes or other natural physiological barriers 
within the body. This has resulted in the search for and discovery of alternative methods to 
transport materials, like sugars, across mammalian cell membranes.  

Some of these strategies have been presented in depth in the results sections. The first 
involved the use of the Staphylococcus aureus toxin, α-hemolysin. This toxin is produced as a 
monomer by the bacteria. It then oligomerizes to form pores on mammalian cell 
membranes. Hagan Bayley and his group modified the wild type α-hemolysin protein by 
replacing 4 native residues with histidines, termed H5. In addition to pore formation on cell 
membranes, the H5 mutant also enabled it to be opened and closed at will. When inserted 
into the membrane, it is open and molecules up to 3000 daltons are able to pass through. 
Then the pores are closed in the presence of Zn+. To reopen the pore, addition of a chelating 
agent such as EDTA will remove the Zn+ and the pore is ready to be used again (Bayley, 
1994; Walker et al., 1995). Early studies showed that H5 could create pores in mammalian 
cell membranes and that they could be used for efficient intracellular loading of trehalose 
(Eroglu et al, 2000; Acker et al., 2003). Our experiments with H5 worked well initially using 
adherent cells. The results demonstrated good poration and loading of trehalose into cells. 
However, after adherent cells were cryopreserved, their viability was not very good (<6%). 
At this point in our studies, several issues arose that prevented further studies using H5. 
First, the H5 pore was derived from the bacterial toxin α-hemolysin so there were concerns 
raised whether regulatory approval could be obtained if it was ever to be used clinically 
with human cells and tissues. There were some indications during these studies that the 
pores were shed from the membrane over time. However, H5 was still detectable in 
picogram quantities after 7 days in culture. Finally, as new batches of H5 were delivered the 
activity varied greatly and more H5 was required to achieve the same level of poration 
compared with earlier batches. Ultimately the batch variation was attributed to a protein 
stability issue. When these issues were not resolved other strategies for introducing 
trehalose into cells were explored. 

An unexpected outcome of our H5 experiments was the development of a new, simple 
strategy for introduction of trehalose into cells which involved incubating cells in sugar for 
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extended periods of time at physiological temperature (Brockbank, 2007). One possible 
mechanism to explain this observation was that the trehalose is substituting for water 
molecules in the cell membranes keeping the membrane stable and preventing it from going 
through a phase transition (Crowe et al., 1988, 1989). A second mechanism is most likely an 
active uptake mechanism involving endocytosis similar to that proposed for loading of 
trehalose by Oliver et al (Oliver et al., 2004). Her results suggested that human MSCs are 
capable of loading trehalose from the extracellular space by a clathrin-dependent fluid-
phase endocytotic mechanism that is microtubule-dependent but actin-independent (Oliver 
et al., 2004). Further research is required to elucidate the mechanism by which culture in the 
presence of trehalose facilitates cell cryopreservation and determine the degree of cell 
viability retention under different storage conditions.  

The last method presented was poration using the P2z receptor and ATP. This was a 
somewhat unique strategy in that it took advantage of the cell’s own machinery. It was 
shown that cells expressing the P2X7 purinergic cell surface receptor, also known as the P2z 
receptor, could be permeabilized when the receptor binds to ATP4-. The interaction with 
ATP resulted in the formation of a non-selective pore that allows molecules up to ~900 
Daltons to pass through (Nihei et al., 2000). The P2X7 receptor selectively binds to only ATP4- 
whose presence in solution is dependent on temperature, pH, and the concentration of 
divalent cations such as Mg2+. Closure of the pore after activation by ATP is achieved by 
simply removing ATP from the system or adding exogenous Mg2+ that has a high affinity 
for the active form of ATP, ATP4-. The P2z receptor is found on a number of cell types 
including cells of hematopoietic origin (Nihei et al, 2000). There were several factors that 
likely affected the cell viability and survival of cells after ATP poration. First, is the density 
of the receptor on the cells which directly affects the amount of trehalose that can be loaded 
into the cells and how long it takes. Another factor is that poration with ATP tends to 
promote the detachment of adherent cells from their substrate. Part of the protocol requires 
a recovery period of 1 hour at 37oC to allow cells that may have been perturbed by the 
poration process the chance to settle back onto their substrate.  Finally, cell loss is at least in 
part due to apoptosis. There is evidence in the literature that poration with ATP induces 
apoptosis in some cell types (Murgia et al., 1992). 

In marked contrast the human stem cell line, TF-1, demonstrated excellent post 
cryopreservation survival (Buchanan et al., 2004; 2005). We have exposed TF-1 cells to ATP 
with trehalose for 1 hour followed by a 10-fold dilution of the ATP and inactivation of the 
active form of ATP (ATP 4-) by the addition of 1 mM MgCl2 followed by a 1-hour recovery 
period at 37oC (Brockbank et al., 2011). When the cells were compared to cells cryopreserved 
with 10% DMSO, the DMSO group demonstrated greater initial viability close to 100% that 
steadily declined over days in culture post thaw. However by day 4 of culture post-
cryopreservation cells cryopreserved in disaccharides were similar to the viability of cells 
cryopreserved in DMSO. Similarly colony forming assays with TF-1 cells demonstrated 
similar outcomes compared with DMSO. Furthermore, the use of disaccharides, trehalose 
and sucrose, appeared to result in similar results at both slow (1°C/min) and rapid 
(100°C/min) cooling rates. Buchanan et al (Buchanan et al., 2010) have extended these 
studies obtaining excellent TF-1 cell line and cord blood-derived multipotential 
hematopoietic progenitor cell survival after freeze drying and storage at room temperature 
for 4 weeks! It is studies such as Buchanan’s that keep us optimistic that disaccharide 
introduction/preservation strategies can be developed for preservation of other mammalian 
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al., 2001). We have since used these conditions to cryopreserve several adherent cell types 
(Campbell et al., 2007, 2010, 2011). Our rationale for using this adherent model was two-
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by vitrification and drying and have reported on cryopreservation of adherent pluripotent 
stem cells (Katkov et al., 2006;  Katkov et al., 2011;). Katkov et al. presented results for 
preservation of human embryonic stem cells in 4-well plates and pointed out several 
advantages of cryopreservation in adherent mode. These included elimination of possible 
bias due to selective pressure within a pluripotent stem cell line after cryopreservation and 
distribution of multiwell plates for immediate use for embryotoxicity and drug screening in 
pluripotent stem cell-based toxicology in vitro kits (Katkov et al., 2011). 

There are several methods in the literature that could be employed for intracellular delivery 
of these sugars including those already discussed (Campbell et al., 2011; Table 2). Many 
drugs, therapeutic proteins and small molecules have unfavorable pharmacokinetic 
properties and do not readily cross cell membranes or other natural physiological barriers 
within the body. This has resulted in the search for and discovery of alternative methods to 
transport materials, like sugars, across mammalian cell membranes.  

Some of these strategies have been presented in depth in the results sections. The first 
involved the use of the Staphylococcus aureus toxin, α-hemolysin. This toxin is produced as a 
monomer by the bacteria. It then oligomerizes to form pores on mammalian cell 
membranes. Hagan Bayley and his group modified the wild type α-hemolysin protein by 
replacing 4 native residues with histidines, termed H5. In addition to pore formation on cell 
membranes, the H5 mutant also enabled it to be opened and closed at will. When inserted 
into the membrane, it is open and molecules up to 3000 daltons are able to pass through. 
Then the pores are closed in the presence of Zn+. To reopen the pore, addition of a chelating 
agent such as EDTA will remove the Zn+ and the pore is ready to be used again (Bayley, 
1994; Walker et al., 1995). Early studies showed that H5 could create pores in mammalian 
cell membranes and that they could be used for efficient intracellular loading of trehalose 
(Eroglu et al, 2000; Acker et al., 2003). Our experiments with H5 worked well initially using 
adherent cells. The results demonstrated good poration and loading of trehalose into cells. 
However, after adherent cells were cryopreserved, their viability was not very good (<6%). 
At this point in our studies, several issues arose that prevented further studies using H5. 
First, the H5 pore was derived from the bacterial toxin α-hemolysin so there were concerns 
raised whether regulatory approval could be obtained if it was ever to be used clinically 
with human cells and tissues. There were some indications during these studies that the 
pores were shed from the membrane over time. However, H5 was still detectable in 
picogram quantities after 7 days in culture. Finally, as new batches of H5 were delivered the 
activity varied greatly and more H5 was required to achieve the same level of poration 
compared with earlier batches. Ultimately the batch variation was attributed to a protein 
stability issue. When these issues were not resolved other strategies for introducing 
trehalose into cells were explored. 

An unexpected outcome of our H5 experiments was the development of a new, simple 
strategy for introduction of trehalose into cells which involved incubating cells in sugar for 
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extended periods of time at physiological temperature (Brockbank, 2007). One possible 
mechanism to explain this observation was that the trehalose is substituting for water 
molecules in the cell membranes keeping the membrane stable and preventing it from going 
through a phase transition (Crowe et al., 1988, 1989). A second mechanism is most likely an 
active uptake mechanism involving endocytosis similar to that proposed for loading of 
trehalose by Oliver et al (Oliver et al., 2004). Her results suggested that human MSCs are 
capable of loading trehalose from the extracellular space by a clathrin-dependent fluid-
phase endocytotic mechanism that is microtubule-dependent but actin-independent (Oliver 
et al., 2004). Further research is required to elucidate the mechanism by which culture in the 
presence of trehalose facilitates cell cryopreservation and determine the degree of cell 
viability retention under different storage conditions.  

The last method presented was poration using the P2z receptor and ATP. This was a 
somewhat unique strategy in that it took advantage of the cell’s own machinery. It was 
shown that cells expressing the P2X7 purinergic cell surface receptor, also known as the P2z 
receptor, could be permeabilized when the receptor binds to ATP4-. The interaction with 
ATP resulted in the formation of a non-selective pore that allows molecules up to ~900 
Daltons to pass through (Nihei et al., 2000). The P2X7 receptor selectively binds to only ATP4- 
whose presence in solution is dependent on temperature, pH, and the concentration of 
divalent cations such as Mg2+. Closure of the pore after activation by ATP is achieved by 
simply removing ATP from the system or adding exogenous Mg2+ that has a high affinity 
for the active form of ATP, ATP4-. The P2z receptor is found on a number of cell types 
including cells of hematopoietic origin (Nihei et al, 2000). There were several factors that 
likely affected the cell viability and survival of cells after ATP poration. First, is the density 
of the receptor on the cells which directly affects the amount of trehalose that can be loaded 
into the cells and how long it takes. Another factor is that poration with ATP tends to 
promote the detachment of adherent cells from their substrate. Part of the protocol requires 
a recovery period of 1 hour at 37oC to allow cells that may have been perturbed by the 
poration process the chance to settle back onto their substrate.  Finally, cell loss is at least in 
part due to apoptosis. There is evidence in the literature that poration with ATP induces 
apoptosis in some cell types (Murgia et al., 1992). 

In marked contrast the human stem cell line, TF-1, demonstrated excellent post 
cryopreservation survival (Buchanan et al., 2004; 2005). We have exposed TF-1 cells to ATP 
with trehalose for 1 hour followed by a 10-fold dilution of the ATP and inactivation of the 
active form of ATP (ATP 4-) by the addition of 1 mM MgCl2 followed by a 1-hour recovery 
period at 37oC (Brockbank et al., 2011). When the cells were compared to cells cryopreserved 
with 10% DMSO, the DMSO group demonstrated greater initial viability close to 100% that 
steadily declined over days in culture post thaw. However by day 4 of culture post-
cryopreservation cells cryopreserved in disaccharides were similar to the viability of cells 
cryopreserved in DMSO. Similarly colony forming assays with TF-1 cells demonstrated 
similar outcomes compared with DMSO. Furthermore, the use of disaccharides, trehalose 
and sucrose, appeared to result in similar results at both slow (1°C/min) and rapid 
(100°C/min) cooling rates. Buchanan et al (Buchanan et al., 2010) have extended these 
studies obtaining excellent TF-1 cell line and cord blood-derived multipotential 
hematopoietic progenitor cell survival after freeze drying and storage at room temperature 
for 4 weeks! It is studies such as Buchanan’s that keep us optimistic that disaccharide 
introduction/preservation strategies can be developed for preservation of other mammalian 
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cell types. Further development work is required with the cell culture and P2x7 methods 
with the promise of preservation by freezing and freeze-drying.  
 

Existing 
Techniques Description Pitfalls References 

H5 

Derived from α-hemolysin, 
which normally forms a 

constitutively opened pore 
in the membrane. 

Engineered to close in the 
presence of Zn+ or serum. 

Derived from a 
bacterial toxin. 
Batch to batch 
variation and 

instability. 

Acker et al. 2003 
Bayley, 1994 
Eroglu et al. 

2000 

ATP 

The naturally occurring 
p2x7 receptor forms a non-
specific pore upon binding 

of ATP4- able to allow 
molecules <900 daltons to 

pass through. 

P2x7 receptor found 
on some but not all 

cell types. 

Buchanan et al. 
2005 

Culture 
methods 

1) Prolonged incubation of 
cells in the presence of 

disaccharide sugars at 37oC. 
2) Fluid phase endocytosis: 

disaccharide sugars are 
taken up by cells via a 

clathrin dependent 
endocytotic mechanism. 

Works better with 
some cells but not 

others. 

Brockbank et al. 
2007 

Oliver et al. 
2004 

Temperature 
manipulation 

A shift in temperature can 
cause a lipid phase 

transition which 
temporarily changes the 
membrane permeability 
and allows molecules to 

pass through. 

Has been 
demonstrated with 

pancreatic islets and 
kidney cells. 

Requires 
optimization by cell 

type. 

Beattie et al. 
1997 

Mondal 2009 

Table 2. Strategies for Loading Disaccharide Sugars  

There are still other methods in the literature that could lead to intracellular delivery of 
disaccharides in addition to those already discussed (Campbell et al., 2011; Table 2). One 
method takes advantage of the lipid phase transition described above when the cell 
membrane is exposed to changes in temperature. As the membrane changes from the liquid 
crystalline phase to the gel phase it becomes leaky providing an opportunity to introduce 
molecules into the cell that would not normally cross like trehalose. Beattie used this 
method to cryopreserve pancreatic islets by introducing DMSO and trehalose into the islets 
during the thermotropic phase transition between 5 and 9oC. The islets were then 
cryopreserved in combination with DMSO and the viability of the islets after thawing was 
greater than when DMSO alone was used, 94% versus 58% (Beattie et al., 1997). In a related 
study, Mondal et al, cryopreserved kidney cells (MDBK) using 264 mM trehalose. The cells 
were suspended in trehalose with 20% fetal bovine serum in culture medium then incubated 
at 40oC for 1 hour before slow rate cooling for storage at -80oC. Viability was measured 
using Trypan Blue exclusion at 74% upon thawing (Mondal, 2009).  
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In another variation for loading molecules into cells, a number of proteins have been 
discovered that possess the ability to cross the cell membrane. These protein transduction 
domains (PTDs) generally correspond to portions of native proteins. Examples of PTDs 
include the Tat protein from the human immunodeficiency virus type I, the envelope 
glycoprotein Erns from the pestivirus and the DNA binding domains of leucine zipper 
proteins such as c-fos, c-jun and yeast transcription factor GCN4 (Futaki et al., 2001, 2004; 
Langedijk, 2002; Langedijk et al., 2004; Lindgren et al., 2000; Richard et al., 2003; Vives et al., 
1997). These PTDs are short cationic peptides that cross the cell membrane in a 
concentration-dependent manner that is independent of specific receptors or other 
transporters. The exact mechanism of translocation has not been defined. Enrichment of 
basic amino acids, particularly arginine and in some instances lysine, have been shown to be 
important for the translocation activity (Futaki et al., 2001, 2004; Vives et al., 1997). Some 
studies have suggested that endocytosis is involved (Lundberg & Johansson, 2002; Richard 
et al., 2003), however, the current theory includes interaction with glycosaminoglycans and 
uptake by a non-endocytotic mechanism that may involve the charged heads of the 
phospholipid groups within the cell membrane. (Langedijk, 2002; Langedijk et al., 2004; Mai 
et al., 2002).  

While most of these peptides need to be cross linked to the molecule of interest, there are 
peptides that can move proteins and other peptides across the membrane without the 
requirement for cross-linking. Examples include Pep-1, a 21-residue peptide which contains 
three domains; a tryptophan rich region (5 residues) for targeting the membrane and 
forming hydrophobic interactions; a lysine rich domain to improve intracellular delivery 
whose design was taken from other nuclear localization sequences from other proteins like 
the simian virus 40 large T antigen, and, a spacer region with proline that provides 
flexibility and maintenance of the other two regions. When mixed with other peptides or 
proteins, Pep-1 rapidly associates and forms a complex with the protein of interest by 
noncovalent hydrophobic interactions to form a stable complex. Once in the cytoplasm the 
peptide dissociates from the protein that has been carried across the membrane causing little 
if any interference regarding the protein’s final destination or function. The process occurs 
by an endocytosis independent mechanism (Morris et al., 1999, 2001). We anticipate that 
such peptides may eventually lead to methods for introduction of disaccharides into 
mammalian cells (Campbell et al., 2011). 

Another alternative method is electroporation, also called electropermeabilization, which 
involves the application of an electric pulse that briefly permeabilizes the cell membrane. 
Since its introduction in the 1980’s it has been primarily used to transfect mammalian cells 
and bacteria with genetic material. Initially electroporation tended to kill most cells. 
However, further work and development of the electroporation process, such as alternate 
electrical pulses like the square wave pulse, have refined the process so that better 
permeabilization and cell viability can be achieved (Gehl, 2003; Hapala, 1997; Heiser, 2000). 
The formation of pores, their size and the recovery of the membrane are important factors 
that influence the success of an electroporation protocol (Gehl, 2003; Hapala, 1997; Heiser, 
2000). Most importantly, electroporation is applicable to all cell types. 

It was hypothesized that trehalose provided protection during electropermeabilization in a 
manner similar to chelating agents such as EDTA or lipids like cholesterol (Katkov, 2002; 
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cell types. Further development work is required with the cell culture and P2x7 methods 
with the promise of preservation by freezing and freeze-drying.  
 

Existing 
Techniques Description Pitfalls References 

H5 

Derived from α-hemolysin, 
which normally forms a 

constitutively opened pore 
in the membrane. 

Engineered to close in the 
presence of Zn+ or serum. 

Derived from a 
bacterial toxin. 
Batch to batch 
variation and 

instability. 

Acker et al. 2003 
Bayley, 1994 
Eroglu et al. 

2000 

ATP 

The naturally occurring 
p2x7 receptor forms a non-
specific pore upon binding 

of ATP4- able to allow 
molecules <900 daltons to 

pass through. 

P2x7 receptor found 
on some but not all 

cell types. 

Buchanan et al. 
2005 

Culture 
methods 

1) Prolonged incubation of 
cells in the presence of 

disaccharide sugars at 37oC. 
2) Fluid phase endocytosis: 

disaccharide sugars are 
taken up by cells via a 

clathrin dependent 
endocytotic mechanism. 

Works better with 
some cells but not 

others. 

Brockbank et al. 
2007 

Oliver et al. 
2004 

Temperature 
manipulation 

A shift in temperature can 
cause a lipid phase 

transition which 
temporarily changes the 
membrane permeability 
and allows molecules to 

pass through. 

Has been 
demonstrated with 

pancreatic islets and 
kidney cells. 

Requires 
optimization by cell 

type. 

Beattie et al. 
1997 

Mondal 2009 

Table 2. Strategies for Loading Disaccharide Sugars  

There are still other methods in the literature that could lead to intracellular delivery of 
disaccharides in addition to those already discussed (Campbell et al., 2011; Table 2). One 
method takes advantage of the lipid phase transition described above when the cell 
membrane is exposed to changes in temperature. As the membrane changes from the liquid 
crystalline phase to the gel phase it becomes leaky providing an opportunity to introduce 
molecules into the cell that would not normally cross like trehalose. Beattie used this 
method to cryopreserve pancreatic islets by introducing DMSO and trehalose into the islets 
during the thermotropic phase transition between 5 and 9oC. The islets were then 
cryopreserved in combination with DMSO and the viability of the islets after thawing was 
greater than when DMSO alone was used, 94% versus 58% (Beattie et al., 1997). In a related 
study, Mondal et al, cryopreserved kidney cells (MDBK) using 264 mM trehalose. The cells 
were suspended in trehalose with 20% fetal bovine serum in culture medium then incubated 
at 40oC for 1 hour before slow rate cooling for storage at -80oC. Viability was measured 
using Trypan Blue exclusion at 74% upon thawing (Mondal, 2009).  
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In another variation for loading molecules into cells, a number of proteins have been 
discovered that possess the ability to cross the cell membrane. These protein transduction 
domains (PTDs) generally correspond to portions of native proteins. Examples of PTDs 
include the Tat protein from the human immunodeficiency virus type I, the envelope 
glycoprotein Erns from the pestivirus and the DNA binding domains of leucine zipper 
proteins such as c-fos, c-jun and yeast transcription factor GCN4 (Futaki et al., 2001, 2004; 
Langedijk, 2002; Langedijk et al., 2004; Lindgren et al., 2000; Richard et al., 2003; Vives et al., 
1997). These PTDs are short cationic peptides that cross the cell membrane in a 
concentration-dependent manner that is independent of specific receptors or other 
transporters. The exact mechanism of translocation has not been defined. Enrichment of 
basic amino acids, particularly arginine and in some instances lysine, have been shown to be 
important for the translocation activity (Futaki et al., 2001, 2004; Vives et al., 1997). Some 
studies have suggested that endocytosis is involved (Lundberg & Johansson, 2002; Richard 
et al., 2003), however, the current theory includes interaction with glycosaminoglycans and 
uptake by a non-endocytotic mechanism that may involve the charged heads of the 
phospholipid groups within the cell membrane. (Langedijk, 2002; Langedijk et al., 2004; Mai 
et al., 2002).  

While most of these peptides need to be cross linked to the molecule of interest, there are 
peptides that can move proteins and other peptides across the membrane without the 
requirement for cross-linking. Examples include Pep-1, a 21-residue peptide which contains 
three domains; a tryptophan rich region (5 residues) for targeting the membrane and 
forming hydrophobic interactions; a lysine rich domain to improve intracellular delivery 
whose design was taken from other nuclear localization sequences from other proteins like 
the simian virus 40 large T antigen, and, a spacer region with proline that provides 
flexibility and maintenance of the other two regions. When mixed with other peptides or 
proteins, Pep-1 rapidly associates and forms a complex with the protein of interest by 
noncovalent hydrophobic interactions to form a stable complex. Once in the cytoplasm the 
peptide dissociates from the protein that has been carried across the membrane causing little 
if any interference regarding the protein’s final destination or function. The process occurs 
by an endocytosis independent mechanism (Morris et al., 1999, 2001). We anticipate that 
such peptides may eventually lead to methods for introduction of disaccharides into 
mammalian cells (Campbell et al., 2011). 

Another alternative method is electroporation, also called electropermeabilization, which 
involves the application of an electric pulse that briefly permeabilizes the cell membrane. 
Since its introduction in the 1980’s it has been primarily used to transfect mammalian cells 
and bacteria with genetic material. Initially electroporation tended to kill most cells. 
However, further work and development of the electroporation process, such as alternate 
electrical pulses like the square wave pulse, have refined the process so that better 
permeabilization and cell viability can be achieved (Gehl, 2003; Hapala, 1997; Heiser, 2000). 
The formation of pores, their size and the recovery of the membrane are important factors 
that influence the success of an electroporation protocol (Gehl, 2003; Hapala, 1997; Heiser, 
2000). Most importantly, electroporation is applicable to all cell types. 

It was hypothesized that trehalose provided protection during electropermeabilization in a 
manner similar to chelating agents such as EDTA or lipids like cholesterol (Katkov, 2002; 
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Mussauer et al., 2001). Effective electroporation protocols are a balance between how much 
material can be loaded into the cells and cell survival after membrane permeabilization. So, 
while it cannot be predicted how well certain cell types will respond to electroporation, 
there is ample evidence that electroporation can be used with a reasonably certainty of 
success. A short culture period may be all that is required to permit restabilization of 
membranes post-electroporation. Additionally, like trehalose which interacts with 
membranes under stressful conditions such as drying, other compounds, such as cholesterol 
and unsaturated fatty acids, can also interact with membranes and may facilitate resealing 
of the membranes increasing overall cell survival (Katkov, 2002). Efficient resealing of cell 
membranes after permeabilization is thought to be essential for promoting cell recovery 
(Gehl et al., 1999) and compounds such as Poloxamer 188 facilitate membrane resealing (Lee 
et al., 1992).  

5. Conclusion 
In conclusion, there are multiple potential ways to introduce trehalose into mammalian cells 
and in some cases excellent cell preservation can be achieved. However, it is clear that 
methods for each cell type will need to be diligently developed and many years of work 
remain before we can replace DMSO as the lead cryoprotectant. In the mean time, we must 
not forget that there are other relatively low molecular weight sugars available.  Preliminary 
evidence suggests that with further work sucrose and stachyose may, in some cases, be 
equally effective for cell preservation. 
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Mussauer et al., 2001). Effective electroporation protocols are a balance between how much 
material can be loaded into the cells and cell survival after membrane permeabilization. So, 
while it cannot be predicted how well certain cell types will respond to electroporation, 
there is ample evidence that electroporation can be used with a reasonably certainty of 
success. A short culture period may be all that is required to permit restabilization of 
membranes post-electroporation. Additionally, like trehalose which interacts with 
membranes under stressful conditions such as drying, other compounds, such as cholesterol 
and unsaturated fatty acids, can also interact with membranes and may facilitate resealing 
of the membranes increasing overall cell survival (Katkov, 2002). Efficient resealing of cell 
membranes after permeabilization is thought to be essential for promoting cell recovery 
(Gehl et al., 1999) and compounds such as Poloxamer 188 facilitate membrane resealing (Lee 
et al., 1992).  

5. Conclusion 
In conclusion, there are multiple potential ways to introduce trehalose into mammalian cells 
and in some cases excellent cell preservation can be achieved. However, it is clear that 
methods for each cell type will need to be diligently developed and many years of work 
remain before we can replace DMSO as the lead cryoprotectant. In the mean time, we must 
not forget that there are other relatively low molecular weight sugars available.  Preliminary 
evidence suggests that with further work sucrose and stachyose may, in some cases, be 
equally effective for cell preservation. 
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1. Introduction 
Maxillary and mandibular bone loss has long been a challenge to dental surgeons who seek 
to reconstruct these lost segments. These lesions lead to deformation of some maxillary and 
mandibular areas which interferes in the functional rehabilitation process of these 
structures. The most common cause of these lesions is prolonged use of total prostheses in a 
large part of the Brazilian population and the searches for surgical techniques and bone 
substitutes are today proposed and studied by the academic class. In this context, Brazil is 
starting to distribute allogeneic tissue obtained, processed and qualified by musculoskeletal 
tissue banks. Such banks already have experience in dispensing tissue to the orthopedic 
area, which has been using reconstructive techniques with allografts for many years. The 
first studies proposing the use of bone substitutes for replacement of these faulty parts 
commenced in the decades subsequent to 1860. (Carrel, 1912;Groves, 1917; Sharrard, Collins, 
1961; Urist, 1965; Fischer, 1998; Tomford, 2000). 

After the verification of the disadvantages in the use of autologous tissues for this purpose, 
such as the increase in donor morbidity, greater risk of nerve lesion and of infection inherent 
to the second surgical procedure and limitation in the availability of the tissue in quantity 
and variety, the use of homologous tissue became another option that was gradually 
indicated (Cunningham, Reddi, 1992; Tomford, 2000). 
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The good results with the clinical application of allografts in dentistry motivate their use on 
an increasing scale, until in 2005 Dentistry came into the scene with the use of tissues in 
maxillary and mandibular pre-prosthetic surgery. A consensus between the National 
Transplant System and the Federal Board of Dentistry allows the use of allografts by 
specialists in the areas of Implant Dentistry, Periodontics and Oral and Maxillofacial. The 
tissue banks, in turn, prepare a tissue processing line geared toward dental needs with a 
focus on quality control and traceability. 

Thus usage has become both abrupt and a tendency in the last 5 years (RBT, 2006-2010). In 
spite of a significant number of bone transplants in the dental area with good clinical results, 
the dental profession is still lacking information about activities that involve the area of 
tissue banks, particularly in the rigid quality control and traceability. Such activities are 
founded on international standards2, literature3 and legislation4 and implemented according 
to Good Manufacturing Practice- GMP.  

We consider it very important to gather epidemiological data on bone transplants in 
dentistry, elucidating the size and the limits of this type of treatment that is already 
considered a tendency in our field. In addition, to report on our perspectives of 
investigation into the efficacy and safety of the use of allografts, with tests that can enable us 
to expand our knowledge about the osseointegration of allografts. In other words, 
knowledge that allows us to reach what we consider most important in dental treatments: 
the predictability of treatment. 

2. Bone tissue 
Bone tissue is composed of two portions: 1. Organic, consisting of intrinsic bone cells 
(osteoblasts, osteoclasts and osteocytes) and the organic matrix synthesized thereby; 2. 
Inorganic, consisting of hydroxyapatite, deposited amorphously in an initial phase and that 
in a short space of time is converted into another crystalline hydroxyapatite. Organic matrix 
corresponds to 35% of the bone volume and inorganic matrix to 65%.  

In spite of the resistance and hardness, bone tissue is very plastic and has a high capacity to 
remodel through various situations to which it is submitted, such as fractures, lesions and 
bone loss. The bone tissue regeneration process starts from important biological reactions, 
triggered by the actual tissue lesion. Grafting triggers a mechanism of migration of the bone 
cells belonging to the receptor bed to the inside of the graft, with the purpose of resorbing it 
and replacing it with neoformed bone.  

                                                                          
2European Association of Tissue Banks. Common Standards for Tissues and Cells Banking: Berlin: 
European Association of Tissue Banks; 2004. 
American Association of Tissue Banks. Standards for Tissue Banking. 11th ed. McLean : American 
Association of Tissue Banks; 2007 
3Phillips GO, Strong DM, Versen RV, Nather A.  Advances in Tissue Banking. Vol. 4. World Scientific . 
New Jersey, 2000. 
Bancroft JD, Stevens A. Theory and practice of histological techniques. Fourth Edition. Churchill 
Livingstone.  United Kingdom, 1999. 
4Law n.9434 of February 5, 1997; Decree n.2268 of June 30, 1997;Administrative Ruling n.1686 of 
September 20, 2002; Resolution n. 220 of December 27, 2006; Administrative Ruling n. 2600 of October 
21, 2009. 
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The cells belonging to the bone tissue are the osteoblasts, osteocytes and osteoclasts. 

The osteoblasts are cuboid, elongated cells of mesenchymal origin that are located in the 
bone margins; their function is to produce the organic matrix of the bone tissue. In reduced 
activity these cells assume a more slender shape. The osteocytes are encapsulated 
osteoblasts, which after maturation became imprisoned inside the mineralized matrix, but 
that still maintain contact with other cells through cytoplasmic ramifications, thus 
maintaining physiologic functionality of the tissue (Junqueira, Carneiro, 1999; Davies 2000). 
This contact with surface cells such as the osteoblasts and lining cells is related bone 
structure maintenance and to the physiological responses that lead to tissue formation or 
resorption (Aubin et al., 2006). 

The osteoclasts are giant cells with multiple nuclei and their function is related to resorption. 
In synergy with the osteoblasts they promote bone remodeling. 

The interaction and the synergism among bone cells is called creeping substitution, and this 
occurs through three essential cellular events: osteogenesis (cellular event that favors the 
synthesis of bone matrix by the osteoblasts), osteoinduction (ability to induce the migration 
of mesenchymal cells and their differentiation into osteoblasts) and osteoconduction (ability 
of the tissue to serve as a mold or guide for the cellular processes involved in bone tissue 
repair). 

Moreover, as is the case with others, the bone cells pass through the stages of the cell cycle, 
which range from formation to cell division (mitosis). Mitosis is susceptible to external 
interferences, and the cell can either enter a state of rest or continue to split cyclically (Urist, 
1965; Enneking et al., 1975; Junqueira, Carneiro, 1999; Perren, Claes, 2002). 

3. Bone transplantation 
The term transplant is not widely used by the dental community to refer to the use of bone 
tissue. The common term is bone grafting. The bone graft can receive a nomenclature and be 
classified according to the origin of its obtainment and on the implant site (Table 1). 

 

Autologous graft or autograft Graft of tissue from one site to another in the same 
individual 

Isograft Graft between people with the same genotype 
(homozygotes; e.g. identical twins) 

Allograft or homologous graft Graft between individuals of the same species with 
disparate genotype 

Xenograft or heterologous graft Graft from one individual of a species onto a  
different species 

Table 1. Classification of grafts according to their nature. Source: Drumond, 2000 

4. Clinical application of grafts over the years 
The use of bone tissue for replacement of bone losses is not a recent procedure. Since last 
century there have been accounts of the use of these tissues in humans and in experiments 
with animals as a means of assessing their efficacy. 
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In these studies, many treatments with the use of bone grafts of autologous and homologous 
nature have been proposed over the years. The first homologous bone transplant is 
described by William MacEwen in 1878 (Giovani, 2005). At this time the treatment of 
osteomyelitis was performed by means of surgical resections of the infected segments. 
Homologous tibial segments (obtained from patients submitted to osteotomies) were used 
in the reconstruction of a bone defect caused by the resection of part of the humerus of a 
young man suffering from osteomyelitis (Tomford, 2000). Encouraging results of the 
consolidation of the bone graft with the receptor bed (MacEwen, 1909) motivated 
researchers back then. In this period, there was no consensus about which bones can 
specifically be used for transplantation. Tissues were obtained randomly from donors that 
were victims of fractures, resections and amputations. For the storage and processing of 
these tissues, professionals used protocols and equipment that today are not the best suited 
to this purpose (Tomford, Mankin, 1999; Tomford, 2000). Nowadays a large portion of these 
studies has only historical value with respect to the pioneer spirit of these researchers.  

The clinical use of allografts during this period was in low demand, and occurred on an 
experimental basis at some centers from all around the world. With the availability of 
antibiotic therapy, changes occurred in the indication of these tissues, and patients with 
osteomyelitis were then submitted to pharmacological treatments, to the detriment of 
surgical procedures (Tomford, 2000). Thus surgical resections of infected segments cease to 
be a priority, and allografts are then used in the reconstructions of bone defects caused by 
tumor resections. This change causes the studies from the time to evolve as well, and to give 
more detailed accounts of the cellular processes involved in the osseointegration of grafts. 
The consensuses of these first studies serve as guidelines for the first grafts performed at 
that time.  

The use of cryopreserved allografts presents some advantages over autologous tissue, such 
as the availability of the necessary quantity of tissue and a decrease in postoperative 
morbidity. As regards morphology, there are some differences in the vascularization process 
of the cortical and spongy bone grafts. In the cortical bone, the repair is started by the action 
of osteoclasts and in the spongy bone, by the osteoblasts. Another difference lies in the 
revascularization time, which is slower for cortical bone and faster for spongy bone.  

At that time, Urist (1965) was already describing that the osteoprogenitor cells responsible 
for the bone repair process are derived from monocytes, present in an elevated number in 
the repair zone coming from the bone marrow, and that the osseointegration of grafts is 
achieved, since primitive cells not yet differentiated can differentiate into viable osteoblasts 
from osteoinductive substances. Perivascular mesenchymal cells disaggregate and migrate 
to the grafting area, where they reaggregate, proliferate and differentiate to form new bone. 
(Urist et al, 1983) 

Some substances secreted by certain cell types interfere in or even modulate the cellular 
processes of osseointegration, today known as Cytokines or growth factors.  

Urist made important discoveries in this area back in 1965, even proposing a new bone 
processing procedure aimed at the removal of a calcified layer (demineralization) from the 
matrix, making this graft more osteoinductive. At the time this kind of tissue was called 
Demineralized Bone Matrix (DBM), and the name is still in use today. Later, it was 
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understood that part of this capacity is the responsibility of the superfamilies of proteins 
(TGF), including the morphogenetic protein (BMP) present in the bone matrix. (Malafaya et 
al, 2002). 

The decade of 1980 was marked by the advent of the acquired immunodeficiency syndrome 
(AIDS) that gives rise to discussions on the safety of the clinical use of homologous tissues. 
The biological risk of disease transmission between tissue donors and recipients is the topic 
of greatest relevance and importance in the period. The tissue banks existing at that time 
were encouraged to review donor selection protocols with the objective of avoiding the 
transmission of these diseases. This encouragement was provided mainly by the 
international public health regulatory agencies, such as the FDA (Food and Drug 
Administration) and other institutions related to the Haemovigilance and tissue 
transplantation systems. The result was a standardization of the internal processes of banks 
with respective preparation of standards by the main global tissue bank associations 
(American Associating of Tissue Banks - AATB and European Association of Tissue Banks- 
EATB), which contributes to the gain of quality of tissue made available by these services 
(Nather, 1991; Galea, Kearney, 2005; Santos, 2007). 

With the availability of more reliable grafts by the tissue banks, their use, biological 
behavior and indication by surgeons become a viable treatment option. (Santos, 2011).  

Similar to the repair process in fractures and in the development of the musculoskeletal 
system, the osseointegration of grafts takes place after a selection of primordial cells that are 
differentiated into osteoblasts under the influence of osteogenic factors. (Thies et al., 1992). 
The main objective expected in the use of grafts is the ability to selectively induce the 
primordial events of the integration process, such as osteoinduction, osteoconduction and 
osteogenesis (Lindhe et al., 1997). 

According to Tomford and Mankin (1999), for cortical bone grafts to be incorporated into 
the receptor bed, there must be revascularization of this bed. When this process does not 
occur, the repair area loses balance in resorption and the graft might suffer fatigue fractures. 
Spongy grafts are consolidated more quickly.  

Boldt et al. (2001) evaluate the use of frozen bone graft in 173 acetabular reconstructions and 
79 femoral reconstructions in humans. Femoral heads obtained from a local bone bank are 
particulated and impacted in the faults. After a mean follow-up period of four years, they 
report acetabular clinical stability in 97.2 % of the cases, graft incorporation in 74% in the 
acetabula and 61% in the femurs, according to radiological analysis. They conclude that the 
results obtained with the use of impacted grafts are promising, except for the reconstruction 
of type III acetabular defects, where a reinforcement cage is recommended. 

Janssen et al. (2001) studied the use of homologous cortical rings obtained from femoral 
diaphysis for reconstruction of intervertebral discs of the lumbar spine in 137 patients. The 
results show that arthrodesis was achieved in 94% of the cases and they do not report signs 
of resorption. 

Weyts et al. (2003) analyze samples of femoral heads collected after the primary arthroplasty 
of two human donors. The tissues are cryopreserved at - 80 °C for a minimum period of six 
months, according to the protocols of the American and European Tissue Bank Associations. 
After this period, these tissues are biopsied and submitted to cell culture (for survival 
observation) and PCR (polymerase chain reaction) for genetic screening. The results show 
the presence of live cells belonging to the donors in the analyzed samples. 
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Lavernia et al. (2004) researched the adoption and use of allografts by orthopedic surgeons 
in 340 U.S. hospitals. The frozen graft from tissue banks certified by the American 
Association of Tissue Banks - AATB is used the most often by orthopedists for the treatment 
of knee and hip bone loss. 

Schreurs et al. (2005) conduct a study to evaluate the use of homologous bone graft from a 
tissue bank in the reconstruction of 33 femoral defects. Bone graft impaction precedes the 
fixation of the femoral nail. After a minimum follow-up of eight years there is functional 
improvement of the joint according to the Harris hip score (from 49 to 85 points from pre- to 
postoperative period) and good survival according to the Kaplan-Meier method. Although 
four patients have had femoral fractures, the authors conclude that the graft impaction 
technique and use of cemented femoral nail results in excellent survival for eight to thirteen 
years. 

Cabrita (2007) studies the treatment of infected hip arthroplasties with and without the use 
of the antibiotic-impregnated cement spacer. For the reconstruction of bone stock, Cabrita 
uses the massive particulated homologous graft in 60.9% of the patients treated and does 
not report complications related to their use. 

In a review of concepts, Giannoudis et al. (2005) emphasize the advantages of the use of 
bone grafts in the area of orthopedics and traumatology. They describe the cellular events 
present in literature that involves the osseointegration process of autologous, homologous 
grafts and of biocompatible synthetic substitutes. They stress the osteoinductive 
characteristic of fresh grafts and the osteoconductive characteristic of frozen and lyophilized 
grafts. Heyligers and Kleim (2005) verify the presence of live cells with growth potential in 
samples of femoral heads cryopreserved at - 80 ºC, over a minimum period of six months. 
The authors stress the importance of discussing the osteoconductive potential of grafts and 
highlight the need to investigate the role of these surviving cells from the frozen tissue in the 
bone formation process after its implantation. Besides the bone cells, other cells and 
inflammatory factors play a vital role in the bone repair process. The macrophages and 
substances such as interleukin one, six, eleven (IL-1, IL-6, IL-11), RANKL and 
osteoprotegerin (OPG) are found during the first three days after the lesion (Gerstenfeld, 
Einhorn, 2006). As far as macrophages are concerned, Knighton et al. (1982) explain that 
these cells are present in the repair zone and are capable of producing growth factors, 
which, in turn, stimulate the neovascularization, proliferation and migration of other cell 
types, such as the fibroblasts. 

5. Evolution of musculoskeletal tissue banks in Brazil 
Considering the satisfactory results in the use of allografts obtained from multiple donors of 
organs and tissues with brain death besides studies showing revascularization, 
osteointegration and bone formation at sites of graft ( Barros Filho, et al., 1989; Croci et al., 
2003, Zhang et al., 2004; Dallari et al., 2006, Bitar et al, 2010), an increasing number of 
orthopedic surgeons and dentists currently opt to use of homologous grafts in our country. 
This fact is corroborated by the disadvantages already known in the use of autologous 
tissues, such as the increase in postoperative morbidity, greater risk of infection inherent to 
the second surgical procedure required for their obtainment, risk of nerve lesion and 
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limitation of the quantity and variety of graft obtained (Smith et al. 1984; Cunningham, 
Reddi, 1992; Drumond, 2000). 

This tendency, combined with the growing number of patients with bone loss that seek 
specialized orthopedic and dental services, leverages the creation of some Tissue Banks in 
the country in an experimental manner. 

In Brazil, the standardization of Musculoskeletal Tissue Banks is linked to specific laws of 
our country. We have a General Coordination Office for the National Transplant System – 
SNT of the Ministry of Health that discusses and prepares, together with technical 
chambers, legislations involving the use of tissue by the medical and dental community. The 
guidelines are based on protocols already developed by some centers and on the standards 
of international associations (European Association of Tissue Banks - EATB and American 
Association of Tissue Banks-AATB). The creation of the first reference centers in the large-
scale capture, processing and distribution of musculoskeletal tissue and some of these 
experiences are described. (Amatuzzi et al., 2000, Amatuzzi et al., 2004). Tissue Banks in 
Brazil are controlled by the General Management of Blood, other Tissues, Cells and Organs - 
GGSTO of the National Health Surveillance Agency - ANVISA, an institution similar to the 
U.S. FDA. This agency focuses its activities on health surveillance and on quality control, 
traceability, appraisal of risks and of adverse effects involving tissue transplants in the 
country and its guidelines are published in the form of legislation5 that also defines 
Musculoskeletal Tissue Bank as “the service that, with physical facilities, equipment, human 
resources and adequate techniques, has as its duties the performance of clinical, laboratory 
and serological triage of tissue donors, the removal, identification, transportation, 
processing, storage and delivery of bones, soft tissues (cartilage, fasciae, serous membranes, 
muscle tissue, ligaments and tendons) and their derivatives, of human origin for therapeutic 
purposes, research and teaching”. 

6. Activities of a musculoskeletal tissue bank 
The description of activities of a musculoskeletal tissue bank is summarized in the algorithm 
below ( Illustration 01). 

Every activity related to the bank should also be based on the ethical principles inherent to 
the activities of any organ transplantation. They are: 

 Autonomy and self-determination: The recipient of tissue from the musculoskeletal 
system should be provided with information in accessible language about the entire 
tissue obtainment process, the risks and the chances of success or failure of the 
treatment. The following stage is the patient's decision, after their evaluation of the 
information received, set out in an informed consent form.  
Professionals with specific training provide all the required information, using 
language exempt from complex or technical terms, enabling the patient to achieve easy 
understand in order to make the final decision. For this document to be authentic, the 
consent must be free, that is, not caused by coercion. The professionals of a 
musculoskeletal tissue bank should be objective and impartial while providing 
guidance to recipients. Every process is recorded in the Recipient’s Form.  

                                                                          
5Administrative Ruling no. 211, of March 24, 2003 
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Illustration 01. Algorithm of the Musculoskeletal Tissue Donation and Transplantation 
Process  
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 Justice – The principle of equal opportunities for the use of available tissues. The 
definition of ethical parameters in distribution is imperative. 

 Symbolism of the body – This principle is employed mainly in the reconstruction of 
the deceased donor’s body after removal, which should be performed carefully, with 
the apparent anatomical parameters respected, thus ensuring that the family receives a 
body in adequate conditions. 

7. Obtaining musculoskeletal tissues 
The main source of musculoskeletal tissues is the notification of deceased donors to the 
Transplant Centers, Organ Service Services, and Hospital Transplant Departments. The 
teams that receive the organs and tissues are only notified after a series of procedures and 
exams has been carried out to ascertain brain death and obtain the family’s consent for the 
process of organ and tissue donation. Brain death is initially verified by a neurologist, using 
techniques of physical and imaging (doppler) exams, which are repeated after six hours in 
the presence of a family member of the potential donor. Once there is no doubt as to the 
irreversible diagnosis of brain death, the family members are asked whether they would 
consider donating their loved one’s organs. The family interview is done by trained 
members belonging to an intra-hospital committee, or by an organization that looks for 
organs. The entire donation process should be recorded and legally signed before the teams 
are notified to remove each organ (heart, liver, kidney, pancreas, lung, intestine) and tissues 
(osteochondral and fascial-ligamentous, skin, vessels, cornea, heart valves). Each team 
should have clearly-defined criteria for selecting, and at the time of notification, accepting or 
refusing the donor in question. 

For donors of musculoskeletal tissue, the selection follows a rigorous control process, with 
serological tests for antigens and HIV antibodies, Hepatitis A, B and C, HTLV-1 and 2, 
Syphilis, Chagas disease, Toxoplasmosis and Cytomegalovirus, as well as state-of-the-art 
tests for evidenciation of D (Nucleic Acid Amplification – NAT) HIV and Hepatitis B and C, 
bone marrow aspirate smear of the sternum and iliac crest sample, both for 
histopathological investigation. 

Donors with the following criteria were excluded: orthopedic pathologies, such as 
osteoporosis, osteonecrosis, rheumatoid arthritis, lupus erythematosus, neoplasias, age 
group that compromises that characteristics of the tissues, blood transfusions, tattoos or 
piercings within the period of the immunological window, use of illegal drugs, travel to 
endemic zones, generalized or localized infections, fractures, open sores on the limbs from 
which the musculoskeletal tissues are to be removed, or any other situation that places in 
doubt the quality of these tissues, pursuant to the Brazilian legislation. 

The whole procedure is carried out in totally antiseptic conditions, just as in surgery. Special 
gowns made from synthetic material are used, and all the surgical stages of antisepsis are 
followed. 

The removed tissues are immediately packaged in triple packaging, hermetically sealed, and 
delivered, under refrigeration (-4ºC) to the Tissue Bank.  

A very important stage of the capture process is donor reconstruction. The body should be 
delivered to the family free from any deformation and as close as possible to its appearance 
before the tissue removal. This is because the fear of deformation has been one of the main 
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causes of refusals of bone donation by the family. For a perfect reconstruction the 
professionals use prostheses especially developed for this purpose, plaster, sutured and 
gauze. (Illustration 02). This rigorous reconstruction is the most laborious stage in the 
removal procedure. Areas possibly visible during the funeral (face, anterior side of arm, 
anterior side of shoulder, etc.) are not approached. All the anatomical parameters are 
respected, and therefore donor deformation does not occur. 

 
Illustration 02.Limbs reconstructed with prostheses after tissue removal. 

8. Processing the musculoskeletal tissues 
Once the tissues and organs have been obtained, they are delivered to the BTME in portable 
refrigerators, with temperature monitoring throughout the transport process. The 
processing stage is preceded by a planning of the activities necessary to accomplish it, such 
as provision of materials and instruments, summoning the processing team, defining the 
preparation and dimensions, according to the needs of the service (waiting list) and requests 
for orthopaedic and odontological surgeons. This stage is done in a special, classified 
operating theater (class 100 or ISO 5) equipped with a laminar flow module. (Illustration 03). 
A Class 100 room means it has purity of 100 particules per m3 of air. For the purposes of 
comparison, an operating theater should have 10,000 particles/m3 of air. 
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Illustration 03. Classified processing room (100 particles/m3 air: Class 100/ISO 5; HEPA 
Filters 99.9 %) 

The room also has a pass-through anti-chamber, and all the environments have rigorous 
control of air particles and positive pressure, to ensure the quality of the tissues processed in 
it. Specific gowning of the professional team is also necessary, using only non-fabric 
clothing (Spunbond - Meltblown – Spunbond - SMS) to prevent the dispersion of particles 
given off by conventional cotton clothing. (Illustration 04) 

In addition to non-fabric gowning; the team must also adopt certain behaviors. For example, 
sudden movements, use of cosmetic products and exposure of the skin should be avoided 
while in this room. Adequate conduct is ensured through special training, not only for the 
processing team that actually carries out the procedure, but also for other professionals who 
enter the environment (e.g. for cleaning and maintenance purposes). 

A BTME carries out various types of tissue, for use in orthopedic and odontological surgery, 
and each procedure requires careful planning. (Illustrations 05 ,06 and 07) 

For the processing of fresh, frozen tissues, a process called mechanical processing is carried 
out, i.e. removal of the adventitious tissues such as the blood, periosteum, subcutaneous 
tissue, muscles, fasciae, and fibrotic tissue.  

The fragments are then submitted chemical processing, where they are immersed in 
hydrogen peroxide based emulsifying solutions and alcoholic solutions under ultrasound 
stirring. (Illustrations 08 and 09) 
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Illustration 04. Specific gowning to work in the classified room. 

   
Illustration 05 and 06. Processing of grafts for use in odontological surgery. The photograph 
on the left shows modeling of maxillary bone defects based on a resin prototype. The one on 
the right shows fragments of allografts for use in odontological surgery. 
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Illustration 07. Modeling of a jaw bone from a segment of proximal femur. 

 
Illustration 08. Ultrasound washing in emulsifying solution. 
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Illustration 09. Processing Team at work. 

Immediately afterwards, samples of bone marrow from the long bones and fragments of 
each tissue submitted to processing are collected from these resulting solutions, and 
submitted to microbiological processing (general culture, anaerobic and fungal culture) 
using the direct inoculation technique. Samples are also obtained for histopathological 
analysis.  

Finally, the packaging procedure is begun for all the grafts processed, which are measured 
(length, height, diameter, weight volume, perimeter), packed in sterile, triple packaging, 
vacuum sealed, and duly labeled as analysis tissue. (Figure 8). The tissues are labeled with 
the following information: donor, exams carried out, batch number, item, validity period, 
type of conservation, and bar code.  

 
Illustration 10.  Vacuum sealing and labeling. 
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Once they have been labeled, the tissues are submitted to radiography at the BTME, then 
sent for cryopreservation.  

9. Cryopreservation of the musculoskeletal tissues 
The musculoskeletal tissue cryopreservation process at - 80◦C is described in chapter 1 
(VALIDATION OF PRIMARY PACKAGING FOR CRYOPRESERVED 
MUSCULOSKELETAL TISSUES) 

10. Lyophilization of musculoskeletal tissue 
The bones can also be processed in their lyophilized form. The lyophilization process should 
be validated and be, like all the tissue handling procedures, in conformity with the Manual 
of Good Manufacturing Practice - GMP and in accordance with international standards6, 
literature7 and legislation. The procedure involves the use of an automated lyophilization 
system composed of a Labconco® (Illustration 11) freeze drying, or lyophilization chamber 
with Condensation Chamber/Vacuum. During lyophilization the tissues remain frozen for 
the prevention of ice crystal liquefaction inside the matrix. The sublimation process should 
be validated by analyses of the Residual Moisture by automated thermogravimetric method. 
The lyophilization process is divided into 2 stages: Primary and Secondary Drying. In the 
primary phase, the largest fraction of water present in the matrix in its solid state (ice 
crystals) is removed by sublimation induction and gaseous migration. This induction is 
achieved by the driving force resulting from the difference of pressure gradient between the 
lyophilization chamber and condenser. The heat generated by this gaseous transportation 
should be controlled continually by digital sensors strategically positioned inside the 
lyophilization chamber. 

At the end of the sublimation, the aliquot of unfrozen water linked to the organic 
components of the matrix (proteins) is then removed in the secondary phase, with an 
increase of pressure in the lyophilization chamber followed by the gradual increase of 
temperature at positive levels.  

The analysis and control of residual moisture are essential to ensure the integrity of the 
protein matrix. The residual moisture is determined by thermogravimetric method, using an 
Ohaus® (Illustration 12,13) moisture analyzer.  This method analyzes the initial weight of 
the sample on precision scales, followed by the promotion of heating with continuous 
recording of evaporation and weight. The percentage of residual moisture (RM), solid mass 
(SM), initial weight (IW) and final weight (FW) are analyzed in this method. The limit of 
RM is < 6 % as described by literature (Phillips, 2000). 

                                                                          
6European Association of Tissue Banks. Common Standards for Tissues and Cells Banking: Berlin: 
European Association of Tissue Banks; 2004. 
American Association of Tissue Banks. Standards for Tissue Banking. 11th ed. McLean : American 
Association of Tissue Banks; 2007 
7 Phillips GO, Strong DM, Versen RV, Nather A.  Advances in Tissue Banking. Vol. 4. World Scientific . 
New Jersey, 2000. 
Bancroft JD, Stevens A. Theory and practice of histological techniques. Fourth Edition. Churchill 
Livingstone.  United Kingdom, 1999. 
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Illustration 11. Lyophilization chamber: Labconco® equipment from the Tissue Bank of 
Hospital das Clínicas – Universidade de São Paulo. 

   
Illustrations 12,13. Residual Moisture Analyzer: Ohaus® equipment belonging to the Tissue 
Bank of Hospital das Clínicas – Universidade de São Paulo. 
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The result of the lyophilization is a dry tissue, conservable at room temperature and that should 
receive final sterilization by radiation. The lyophilized tissue radiation process is carried out in a 
Multi-purpose Irradiator, with gamma radiation from sources of 60CO. The appropriate radiation 
dose is 25 kGy, with a dose rate of approximately 7 kGy/h. In order to avoid temperature 
variation, the samples are radiated in the presence of cooling elements, keeping the temperature 
between 4 and 8 °C. Red Perspex dosimeters are used for dose control. 
 

Time Interval Process Indicators Sample 
Temperature  

2 hours Pre-freezing of the 
lyophilization 
chamber 

Temp. Chamber:  – 40 ◦C – 80 ◦C 

10 minutes Vacuum  Chamber Temp.:  – 30 ◦C 
Chamber Vacuum : 8 x 10 -3 
mBar 
Condenser Vacuum : 2 x 10 -3 
mBar 

– 65 ◦C 

6 hours Primary Drying Chamber Temp.:  – 30 ◦C 
Chamber Vacuum: 8 x 10 -3 
mBar 
Condenser Vacuum : 1 x 10 -3 
mBar  
Analysis Final Moisture of 
Phase 01 
RM: 6.26% 
Initial Weight: 0.527g 
Final Weight: 0.494g 
Solid: 93.74% 
Analysis Temperature: 105◦C 
 

– 40 ◦C 

4 hours Secondary Drying Chamber Temp.: up to + 5 ◦C 
 
Chamber Vacuum: 7 x 10 -3 
mBar 
Condenser Vacuum: 1 x 10 -3 
mBar  
 
 
Analysis Final Humidity of 
Phase 02 
RM: 2.32% 
Initial Weight: 0.732g 
Final Weight: 0.715g 
Solid: 97.68% 
Analysis Temperature: 105◦C 

+ 5 ◦C 
 

Table 1. Primary and Secondary Drying Process 
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11. Storage, distribution and quality control of tissue 
At the end of any processing mode, the procedures should be documented in a specific file. 
This file is used to contain all the documentation related to the process, including records of 
the participant team, inputs used, documents evidencing sterility of instruments and other 
records that are part of the quality control program and that provide subsidies for 
traceability of the processes. This stage is imperative in the legislation and recommended by 
the Standards and Quality Control Manuals. 

The tissue stock can be kept both frozen and at room temperature (lyophilized) following 
the same standards used by the global tissue banks and associations. Other processing 
methods have been investigated with the purpose of reducing the costs related to banking 
and maintenance. The glycerolization of bone tissue is presented as a processing 
methodology able to maintain the viability of the matrix and to prevent bacterial growth, 
besides enabling storage at room temperature (Giovani, 2006). 

Until the transplantation occurs, all the processed tissues should be submitted to rigid 
quality assurance criteria. It is necessary to have an evaluation of all the data pertaining to 
the donor, results of exams, maintenance and control of equipment, material and 
instruments used in all the phases of each procedure. Management software can be used to 
record all the stages, allowing the fast retrieval of information such as the particulars of the 
donor, lot, shelf life, exams and status of the tissue (analysis, released, excluded, used) 
making it easier to trace each graft processed and made available, especially in the presence 
of evidence of an adverse effect and implementation of corrective and preventive actions. 

For a lot of grafts under analysis to be released for use, the qualified technical professional 
from the Tissue Bank must analyze the results of all the exams performed: NAT or PCR 
serology for HIV, HBC and HCV, General Culture, Anaerobic Culture, Fungal Culture, 
Anatomopathological Exam and radiology reports. These exam reports are ultimately 
evaluated and released by the Qualified Clinical Professional of the service.  

Besides exams, it is necessary to consider an evaluation of the printed records of 
temperature during the banking period. The service should have equipment that detects 
temperature oscillations even at a distance (satellite monitoring system). 

Moreover, the installation of buzzers at strategic points of the hospital as well as Co2 
backups ensures the reliability of the system. 

After the release of each lot, there should also be a final inspection of each tissue, besides the 
substitution of tags of tissues under analysis by replaced. The banking logistics of the tissues 
in the ultra-low temperature (ULT) freezers considers the tissue type and search agility.  

Services that execute rigorous quality control use annotation systems featuring checklists 
with double checking and consent.  

All the data pertaining to the donor and to the lot, in compliance with the legislation, should 
be kept in single folders and stored in specific files of the musculoskeletal tissue bank for a 
minimum period of 25 years. 

A serum bank with samples of donor plasma should also be made available by the 
musculoskeletal tissue bank in case of the need for counterproof exams. 
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As soon as the quality criteria have been evaluated and approved, the tissues are made 
available for use. 

The tissues are distributed to the various specialties (Hip, Knee, Shoulder, Tumors and 
Dentistry) according to the availability of and requests for grafts.  

The transplanter (physician or dentist) places the order for the tissue through a discussion of 
cases and by sending a specific form. The tissue reservation takes into account the demand 
for each type of transplant, waiting list and stock. The waiting list for transplantations 
performed within the Unified Health System - SUS complies with the prevailing legislation 
and today is organized and managed by the musculoskeletal tissue banks themselves, 
observing an order by date of inclusion. Urgent cases appointed by the medical team, such 
as malignant tumors and situations with a risk of severe complications, are communicated 
to the musculoskeletal tissue bank through an Emergency Form, for immediate response. 

In dentistry, transplants have evolved differently and their distribution features some 
particularities that will be described further on. 

12. Global data on tissue transplantation activities in Brazil 
Today it can be seen that tissue transplantations in general are on the rise. Events such as 
officialization in the legislation and the creation of public promotion policies corroborate 
this evolution. Considering bone transplants alone, 30x growth has been observed in the last 
5 years (Brazilian Transplantation Register, 2010), a fact motivated by the start of large-scale 
distribution of tissues for dental surgery. Although statistics show the number of tissues to 
be growing, the quantity of donors is still a concern. The vast majority of donors in Brazil 
are still for the removal of perfused solid organs (heart, kidney, liver, etc. A minority (6% on 
an average) accept the donation of musculoskeletal tissues. Of these, just 8% on average, 
become effective donors and the rest are discarded due to the presence of exclusion criteria 
such as infections, blood transfusion, and inadequate profile (Graph 1). 

 
Graph 1. Reasons for refusals of bone donors between 2006-2010. 
(Source: File BTME-HC-USP) 
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13. Homologous tissue transplants in dentistry 
Dentistry has also sought biomaterials usable in the replacement of mandibular and 
maxillary bone loss over the years. The transplantation of bone portions taken from the iliac 
crest and menton (autologous transplant) has been broadcast in recent years, yet similarly to 
what happened in the orthopedic area, the disadvantages related to donor morbidity and 
the good results observed in the use of allografts in orthopedic patients, motivated 
professionals and patients to adopt this form of treatment. 

In Brazil the use of bone transplants in dentistry started in 2005 after a consensus regarding 
the need for use and administrative mobilizations with the National Transplant System, 
Federal Council of Dentistry and Musculoskeletal Tissue Banks. This consensus serves as a 
starting point for the definition of criteria for requests for these tissues at the existing banks, 
where the professional must be a specialist in the areas of Implant Dentistry, Periodontics or 
Oral and Maxillofacial. 

Rules related to logistics and traceability were incorporated into the activities of existing 
tissue banks, which then started to implement the bone tissue processing and distribution 
programs for dental purposes. In this program it is crucial to record the entire process with a 
focus on health control, including adverse deeds and traceability from the request to the 
actual transplantation. Specific forms are used for this purpose, including the Request Form, 
Terminated Transplantation Form, Non-Conformity Term and Adverse Effect Form. 

Once standardized, this type of transplant is initiated in the country with widespread 
adoption by dentists, as observed in the Brazilian transplantation records. (RBT, 2006-2010) 

Naturally, the Maxilla and Mandible are today the main bone tissue receptor areas in 
dentistry that have very distinctive characteristics when submitted to the osteolysis 
processes, which, in turn, require distinctive techniques during the bone transplant. The size 
and shape of the bones are influenced by several factors, which range from the genetic 
conditions of the individual to the environment in which they live. In other words, age, sex, 
physical characteristics, health, diet, race and place of residence are aspects to be considered 
(Moore, 1990). 

Maxillary and Mandibular development and growth are determined by the appearance of 
teeth from the first months of life. It is interesting to note that the mandibular and maxillary 
bone tissue responds to intrinsic and extrinsic factors throughout the lifetime of an 
individual, and, therefore is very plastic, which counteracts its rigid and inert appearance.  
 

Pathophysiology of Bone Loss 
Metabolic Factors: 

  Age; 
  Gender; 
  Hormone balance; 
  Osteoporosis; 
  Nutritional disorders. 

Mechanical Factors: 
 Functional (force applied to edge (pressure, compression, tension, 

shearing)): 
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 Frequency; 
 Direction; 
 Quantity. 

Prosthetic Factors: 
 Type of prosthesis base; 
 Shape and type of teeth. 

Table 2. Factors related to the bone loss process (Source: Fonseca & Davis, 1995) 

One of the factors most closely related to the indication of bone reconstructions in dentistry 
are maxillary and mandibular resorptions due to lack of the dental element.  

The resorption of the alveolar edge is a chronic, progressive, irreversible and cumulative 
alteration. This condition, observed in the toothless individual, becomes faster in the first six 
months after exodontias or dental extractions. Once the function of providing support to the 
teeth has been lost, the alveolar process tends to undergo resorption due to disuse (Mecall & 
Rosenfeld, 1991). And this resorption can be exacerbated by local factors (traumatism, 
infections and pathologies), systemic factors (osteopenia, osteoporosis, osteomalacia, 
endocrine and nutritional alterations), systemic health problems, prosthetic treatments and 
others (Fonseca & Davis, 1995; Gassen et al, 2008) 

Projections by the Brazilian Institute of Geography and Statistics (IBGE) show that the 
elderly population in Brazil is set to increase considerably in future years. Life expectancy in 
2020 is estimated at 71.2 years (men) and 74.7 years (women) and will represent 13% of the 
population (IBGE, 2011). Data from the Epidemiological Survey indicate the elderly age 
bracket as having the highest rates of edentulism and of prosthesis use for prolonged 
periods. (Ministério da Saúde, 2003) 

The previous use not only of total prostheses but also of removable partial prostheses is 
identified as a predisposing factor of tissue resorption (odds ratio = 2.4), and the flaccid 
tissue from the edge is related to the severity of resorption (odds ratio = 2.4). (Watzek, 1996, 
Xie et al, 1997) 

In this context, it is noted that the majority of atrophic edentulous cases (total or partial) has 
increasingly resorted to the adoption of dental implants and for this reason, bone grafts 
appear as an option of biomaterial used in pre-prosthetic surgery (Galea, 2005). 

Frozen homologous bone tissue is biocompatible and can be used successfully in treatments 
that require maxillary sinus lifting. Its use favors bone neoformation, integration, and 
absence of inflammatory infiltrate as well as an increase in the percentage of bone volume 
(Stacchi et al, 2008). In the long term, it is possible to observe the formation of viable and 
mature bone tissue, providing adequate reconstruction techniques are adopted. (Contar et 
al, 2009) 

Some studies in the dental area have evaluated the efficacy of the use of allografts through 
an analysis of the biomechanics of implants placed in the grafting zone. This is possible 
through a resonance frequency analysis (RFA) and removal torque (RT) analysis. The results 
show that there is no difference in stability between implants installed with autogenous and 
allogeneic grafts. (Ribeiro, 2009) It is also possible to evaluate the osseointegration process 
through an evaluation of the neoformed bone volume. Lima (2010) studied homologous 
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The previous use not only of total prostheses but also of removable partial prostheses is 
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tissue from the edge is related to the severity of resorption (odds ratio = 2.4). (Watzek, 1996, 
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appear as an option of biomaterial used in pre-prosthetic surgery (Galea, 2005). 
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that require maxillary sinus lifting. Its use favors bone neoformation, integration, and 
absence of inflammatory infiltrate as well as an increase in the percentage of bone volume 
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bone grafts processed in a tissue bank with different methods (lyophilized, demineralized 
and radiated (ALD); mineralized frozen (ACM) besides autogenous grafts (AT) and blood 
clot (CG). In the Guided Bone Regeneration (GBR) technique, samples of the groups of 
grafts were placed in 32 cylinders fastened to the calvaria of 08 animals. After 13 weeks the 
cylinder fill rates (bone volume of the ALD group) were similar to the ACM and superior to 
the autogenous graft). Bone neoformation also occurs during the use of homologous grafts 
in maxillary sinus lifting surgery, besides affording lower morbidity levels (Viscioni et al, 
2010). Hence it should be considered a valid alternative for the replacement of autologous 
grafts in patients submitted to implant therapy. 

14. Prospects in the application of osseointegration investigation 
methodologies in grafting areas 
Some techniques can be used today in the analysis of interface sites between receptor and 
donor bone, which generate information capable of providing subsidies for a greater 
understanding of the osseointegration process. 

14.1 Histomorphometry 

Histomorphometry aims to analyze bone morphology and its components (measurements 
of volume, area, perimeter etc.). This technique is developed primarily for rock analysis, and 
is currently employed to analyze cellular behaviors of tissues starting from their structural 
conformity, expressed in thin slices on a slide. The histological reading and the definition of 
elements that compose the bone microtexture is the main goal of this procedure. The 
method can be manual, semiautomatic and automatic. A microscope coupled to a 
micrometer ruler is used in the first. In the semiautomatic version the microscope is coupled 
to a computer, which in turn uses software that allows users to record and to quantitatively 
analyze the images of a slide, seen through the microscope lenses, which are projected onto 
a digitizing board and drawn manually. The definition of each histological structure is 
performed by a professional. Finally, the automatic technique allows users to capture the 
images from the microscope using video cameras and the definition of each structure is 
determined by the actual computer, which automatically analyzes the coloration of each 
structure. Although the latter is the fastest technique, it is also the least sensitive. (Jorgetti, 
2003; Aaron, Shore, 2003) 

This technique permits the analysis of primary or static parameters (extension, number and 
distance) and the derived parameters, which are divided into structural (analyze bone 
structure) and kinetic (analyze the dynamics of the bone tissue). 

The histomorphometric parameters are measured at 125x zoom. The choice of the analysis 
area should consider the contact surface of the receptor bone with the allograft. 

A microscope equipped with objective, micrometer ruler, cursor, digitizing board and image 
analysis software is used to quantify the structural static, bone tissue formation and 
resorption histomorphometric parameters. (Illustration 22) 

The static histomorphometric parameters are classified as: 

STRUCTURAL PARAMETERS 

 Total area (T.Ar mm2): total area measured; 
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 Bone Volume (BV/TV %): percentage of bone tissue formed by mineralized or 
unmineralized trabecular bone; 

 Thickness of the woven bone (Tb.Th m): thickness of the bone trabeculae expressed in 
micra; 

 Trabecular number (Tb.N/mm): the number of bone trabeculae, by millimeter of tissue, 
which is also an index that expresses trabecular density; 

 Trabecular separation (Tb.Sp m): the distance between the bone trabeculae expressed 
in micra; 

 Number of osteocytes (N.Ot): number of osteocytes present in the area of the bone 
tissue evaluated. 

 
Illustration 14. Equipment used for histomorphometric analysis (microscope coupled to 
digitizing board and Osteomeasure® software) 

FORMATION PARAMETER 

 Osteoid volume (OV/BV %): percentage of osteoid matrix in relation to the trabecular 
bone; 

 Osteoid surface (OS/BS %): percentage of trabecular surface covered by osteoid matrix; 
 Osteoblast surface (Ob.S/BS %): percentage of the trabecular surface that presents 

osteoblasts; 
 Osteoid thickness (O.Th m): the thickness of the osteoid matrix deposited on the bone 

trabeculae, expressed in micra; 
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 Number of osteoblasts (N.Ob): absolute number of osteoblasts present in the measured 
area; 

 Number of osteoblasts by tissue area (N.Ob/T.Ar): number of osteoblasts by tissue area 
analyzed, expressed in square millimeters; 

 Number of osteoblasts by bone perimeter (N.Ob/B.Pm): number of osteoblasts by bone 
perimeter analyzed, expressed in millimeters. 

RESORPTION PARAMETER 

 Osteoclast surface (Oc.S/BS%): percentage of trabecular surface that presents 
osteoclasts; 

 Number of osteoclasts (N.Oc): number of osteoclasts present in the area of the bone 
tissue evaluated; 

 Resorption surface (ES/BS %): percentage of surface that presents bone resorption 
lacunae with or without the presence of osteoclasts. 

The histomorphometric parameters adopted in this technique should follow a universal 
nomenclature agreed upon by the American Society of Bone and Mineral Research - ASBMR 
(Parfitt et al., 1987).  

14.2 Immunohistochemistry 

With the advent of osseointegrated dental implants it is extremely important for us to know 
the cellular processes involved in the osseointegration of allografts, as already mentioned, 
and this is possible with the immunohistochemistry technique. In vivo mineralization on the 
implant surface is directly related to the components of the extracellular bone matrix, both 
collagen and non-collagen components. The bone structure is composed of about 70% of 
inorganic matter (hydroxyapatite), while the rest is the organic matrix, predominantly 
consisting of collagen (95%), which is responsible for its flexibility and resistance whereas 
type I collagen provides support to the mineral structure. The non-collagen components 
include osteocalcin, osteonectin and osteopontin. 

Osteocalcin is related to bone matrix mineralization, and is exclusively expressed by 
osteoblasts (Ducy et al. 1995). Osteonectin influences the synthesis of extracellular matrix 
components (Bradshaw et al. 2003) and the calcification of the organic matrix as it is 
selectively linked to hydroxyapatite and type I collagen fibrils (Termine et al. 1981). 
Osteopontin is strongly linked to hydroxyapatite crystals and is involved in the anchoring of 
the osteoclasts in the inorganic bone matrix, controlling crystal nucleation and growth. 

Hence the evaluation of these proteins in the osseointegration process can provide us with 
important information about how the allogeneic bone graft used can corroborate for better 
interaction of the cellular mechanisms between donor and recipient focusing on the 
maintenance of the bone tissue after the implant installation. 

Moreover, the remodeling of this matrix needs specialized enzymes. Matrix 
metalloproteinases (MMPs) are an important family of endopeptidases, with 25 known 
human members, and represent the largest class of enzymes that, collectively, are 
responsible for the degradation or resorption of extracellular matrix components, and are 
the only enzymes capable of cleaving fibrillar collagens (Curran et al. 1999), several proteins 
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from the cellular surface and from the pericellular environment and some intracellular 
proteins.  

This technique makes it possible to evaluate bone matrix proteins (type I collagen, 
osteocalcin, osteopontin and osteonectin) and the MMPs during the osseointegration 
process of bone grafts in patient to be submitted to future dental implants. 

14.3 Peripheral quantitative computed bone tomography (pQCT) 

Peripheral quantitative computed tomography - pQCT is a method used to measure the 
appendicular skeleton that, besides furnishing a broad range of data, also makes it possible 
to evaluate the cortical and trabecular bones separately. 

The obtainment of images is performed by a scanner (ex Stratec XCT Research M instrument 
scanner (Norland Medical Systems, Fort.) specifically for the analysis of small grafting sites. 

The parameters evaluated in this technique are: 

- total BMC – total bone mineral content, mg/mm; 
- total BMD - total bone mineral density, mg/cm3; 
- trabecular BMC - trabecular mineral content, mg/mm; 
- trabecular BMD - trabecular mineral density, mg/cm3;  
- cortical content, mg/mm; 
- cortical density, mg/cm3; 
- total area, mm2; 
- trabecular area, mm2. 
- periosteal circumference, mm; 
- endosteal circumference, mm. 

15. Discussion 
There have been many differences in bone tissue preparation techniques since the first tests 
in the 30s, yet the desire for the recovery of lost bone tissue among physicians and dentists 
still remains. The Ministry of Health has recently expressed interest in increasing and 
promoting this kind of transplant in the country. It is a fact that an increasing number of 
patients with bone loss for various reasons have approached specialized orthopedics and 
dentistry services in pursuit of reconstructive solutions. This context includes procedures 
involving the use of allografts made available by musculoskeletal tissue banks. 

In dentistry, the officialization of allograft use arrives very late in 2005. Dental transplanters 
were curtailed in their use of this kind of treatment for more than a decade. Public policies 
of oral health were also very late in arriving. The result is perceptible in the statistics that 
evidence a high rate of edentulism in our population. (Ministerio da Saúde, 2003). In 
response to this situation, we can also observe high rates of prosthetic rehabilitations in the 
Brazilian population. 

Data from the Epidemiological Oral Health Survey in Brazil (2003) shows that about 67% of 
the population between 65 and 74 years of age use some kind of prosthesis as a form of 
edentulism treatment. We know that edentulism and the prolonged use of these prostheses 
lead to maxillary and mandibular bone resorption over the years (Davis, 1995; Gassen et al, 
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from the cellular surface and from the pericellular environment and some intracellular 
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process of bone grafts in patient to be submitted to future dental implants. 
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Peripheral quantitative computed tomography - pQCT is a method used to measure the 
appendicular skeleton that, besides furnishing a broad range of data, also makes it possible 
to evaluate the cortical and trabecular bones separately. 

The obtainment of images is performed by a scanner (ex Stratec XCT Research M instrument 
scanner (Norland Medical Systems, Fort.) specifically for the analysis of small grafting sites. 
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15. Discussion 
There have been many differences in bone tissue preparation techniques since the first tests 
in the 30s, yet the desire for the recovery of lost bone tissue among physicians and dentists 
still remains. The Ministry of Health has recently expressed interest in increasing and 
promoting this kind of transplant in the country. It is a fact that an increasing number of 
patients with bone loss for various reasons have approached specialized orthopedics and 
dentistry services in pursuit of reconstructive solutions. This context includes procedures 
involving the use of allografts made available by musculoskeletal tissue banks. 

In dentistry, the officialization of allograft use arrives very late in 2005. Dental transplanters 
were curtailed in their use of this kind of treatment for more than a decade. Public policies 
of oral health were also very late in arriving. The result is perceptible in the statistics that 
evidence a high rate of edentulism in our population. (Ministerio da Saúde, 2003). In 
response to this situation, we can also observe high rates of prosthetic rehabilitations in the 
Brazilian population. 

Data from the Epidemiological Oral Health Survey in Brazil (2003) shows that about 67% of 
the population between 65 and 74 years of age use some kind of prosthesis as a form of 
edentulism treatment. We know that edentulism and the prolonged use of these prostheses 
lead to maxillary and mandibular bone resorption over the years (Davis, 1995; Gassen et al, 
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2008). The high rate of individuals with this necessity, the greater economic access of the 
population to treatments with osseointegrated implants and to the start of authorization of 
allograft use in dentistry, corroborated the abrupt growth of bone transplants in dentistry at 
around 600% in these last 5 years (Graph 2).  

 
Graph 2. Annual Distribution of homologous tissues made available by a tissue bank that 
serves as a national reference for Dental Transplants (2006 to 2010). 

Such a situation was also observed in our study in relation to the number of transplanting 
dentists, whose number climbed steeply from 22 to 3585 also in 5 years (Graph 3).  

 
Graph 3. Absolute Frequency of dentists accredited for transplants over the years (2006-
2010) 
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In the next few years we will observe growth of the elderly population in our country 
(around 13% in 2020), motivated by the increase in life expectancy. It is estimated that in 
2020 this expectancy will be 71.2 years for men and 74.7 years for women (IBGE, 2011). 
Considering that the elderly population is exposed to factors accumulated during their 
lifetimes that lead to the need for pre-prosthetic reconstructive bone interventions 
(edentulism, prolonged use of prostheses, osteoporosis, hypothyroidism) we can reflect here 
on a possible influence over prosthetic rehabilitations of the elderly population in future 
years, and that in some of them the use of biomaterials (including allograft) may be 
indicated. 

What then has become an obvious trend gives rise to the need to discuss the future of dental 
transplants. Public health surveillance policies seek, together with trade associations 
(Regional Federal Council of Dentistry) and tissue banks, the assurance of traceability in 
procedures of this nature. This is undoubtedly the major challenge for tissue banks. Unlike 
other kinds of transplants, where the data are compiled and made available by hospitals, in 
dental transplantations there is the need for total involvement of the transplanting 
professional in disclosing and informing the adverse effects detected in the treatment. 
Following the example of the national policy implemented by ANVISA in the area of 
hemoderivates transfusion, the intention is to create a similar system for the surveillance of 
tissue transplants in the country, which will include dental transplants. In this model, the 
adverse effects can be notified nationwide (electronically), enabling the construction of a 
database that will serve as a source for the definition of corrective and preventive actions of 
complications in dental surgeries with the use of allografts. Such information is extremely 
valuable to banks, particularly in the quality control of the tissues produced thereby. 

After a more detailed analysis of dental transplants, we detected that approximately 76% are 
related to the use of cortical tissues, which in our understanding is expected due to the 
greater availability of this type of tissue at banks. While a spongy segment of a long bone 
such as the femur and tibia (metaphyseal region) yields 10 to 15 units of spongy blocks, 50 to 
60 units of cortical blocks are processed from a diaphysis. It should also be considered that 
due to the lesser availability of spongy tissues, surgeons have opted in particular for cortical 
blocks, especially for use in sinus lifting surgery preceding implant installation. 
 

GRAFT MORPHOLOGY Relative Frequency  (%) 
Cortical 75.64 % 
Spongy 15.86 % 

Cortico-Spongy 8.5 % 
TOTAL 100.00 

Table 3. Distribution of Grafts in Terms of Morphology. BTM (musculoskeletal tissue bank) - 
HCFMUSP, 2006 to 2010. 

The most frequent surgical site was undoubtedly the maxilla (98.2%- Graph 4) and we 
hereby emphasize the main reasons for this finding. Firstly, edentulism in the Brazilian 
population has appeared to affect the maxilla more than the mandible which certainly leads 
to the greater use of upper prostheses (57.9%) versus lower prostheses (34.18%) by the 
population aged between 65 and 74 years (Ministério da Saúde, 2003). Secondly, the actual 
anatomy of the maxilla due to the presence of maxillary sinuses that are grafted during the 
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2008). The high rate of individuals with this necessity, the greater economic access of the 
population to treatments with osseointegrated implants and to the start of authorization of 
allograft use in dentistry, corroborated the abrupt growth of bone transplants in dentistry at 
around 600% in these last 5 years (Graph 2).  

 
Graph 2. Annual Distribution of homologous tissues made available by a tissue bank that 
serves as a national reference for Dental Transplants (2006 to 2010). 

Such a situation was also observed in our study in relation to the number of transplanting 
dentists, whose number climbed steeply from 22 to 3585 also in 5 years (Graph 3).  

 
Graph 3. Absolute Frequency of dentists accredited for transplants over the years (2006-
2010) 
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such as the femur and tibia (metaphyseal region) yields 10 to 15 units of spongy blocks, 50 to 
60 units of cortical blocks are processed from a diaphysis. It should also be considered that 
due to the lesser availability of spongy tissues, surgeons have opted in particular for cortical 
blocks, especially for use in sinus lifting surgery preceding implant installation. 
 

GRAFT MORPHOLOGY Relative Frequency  (%) 
Cortical 75.64 % 
Spongy 15.86 % 

Cortico-Spongy 8.5 % 
TOTAL 100.00 

Table 3. Distribution of Grafts in Terms of Morphology. BTM (musculoskeletal tissue bank) - 
HCFMUSP, 2006 to 2010. 

The most frequent surgical site was undoubtedly the maxilla (98.2%- Graph 4) and we 
hereby emphasize the main reasons for this finding. Firstly, edentulism in the Brazilian 
population has appeared to affect the maxilla more than the mandible which certainly leads 
to the greater use of upper prostheses (57.9%) versus lower prostheses (34.18%) by the 
population aged between 65 and 74 years (Ministério da Saúde, 2003). Secondly, the actual 
anatomy of the maxilla due to the presence of maxillary sinuses that are grafted during the 
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sinus lifting technique. This technique is very frequent in the branch in implant dentistry. 
Thirdly, the lower bone quality of the maxilla in comparison to the mandible, focusing on 
the primary stability of implants and propensity for resorption after the prolonged use of 
prostheses. (Mezzomo et al, 2010) It is also worth emphasizing that the maxilla appears as a 
more esthetic area that demands more attention from individuals concerned about its 
rehabilitation. 

Graph 4. Distribution of Type and Surgical Site of use of the tissues made available by a 
bank that serves as a national reference from 2006 to 2010. 

Although epidemiological data shows the increasing use of homologous tissues in dental 
surgery, few studies in our field assess their efficacy, hence the need to establish consensuses on 
their applicability and more importantly, predictability of treatments with the use of allografts. 
We take predictability to mean knowledge of the responses of bone tissue to the interventions 
performed in our areas of specialty. Thus in this study we have highlighted a chapter on possible 
lines of investigation enforceable in our field, which can help us in our search for answers related 
to the osseointegration process of allografts at sites of dental interest.  

The analysis of grafting area by histomorphometry allows us to accurately quantify the 
structure of the grafted tissue (area, volume) and how much tissue was formed after 
interaction with the recipient’s body (osteoid volume, osteoid surface), to judge the 
participation of each bone cell (number of osteoblasts and osteocytes) and also to quantify 
resorptions that have occurred (resorption surface) as a result of this interaction. This data is 
supplemented by peripheral quantitative computed tomography – pQCT, which unlike 
histomorphometry, allows us to evaluate the density of the tissue before and after the 

Cryopreserved Musculoskeletal Tissue Bank in Dentistry: State of the Art and Perspectives 65 

grafting period. Data of extreme importance, in view of the need for assurance of 
mechanical stability of dental implants, when implanted in the newly formed bone. 

And finally, immunohistochemistry solves some mysteries related to the cellular processes 
involved in osseointegration. The technique allows us to evaluate, by means of reaction by 
selected antibodies, the expression of proteins related to the mineralization process 
(osteocalcin, collagen) and remodeling of bone grafts (osteopontin, osteonectin). 

As the basis for all these cellular events, the use of specific antibodies (Tartrate-resistant Acid 
Phosphatase - TRAP, Osteoprotegerin, Rank-L and Cd34) also allows us to evaluate the 
inflammation and the vascularization of grafting areas throughout the osseointegration period. 

Nowadays in Brazil we are experiencing a time of transition in the indication of these 
transplants, and studies with this information content are certainly necessary for better 
knowledge and indication of allografts in dentistry, as well as the criteria and 
methodologies that can be used to analyze osseointegration. 
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1. Introduction 
Bones and tendons are obtained from donors who have been pronounced brain dead after a 
rigid and extensive screening process. The tissues obtained are sent to a Tissue Bank and 
submitted to processing steps, packaging and cryopreservation at -80◦C. It is vital to 
maintain sterility and integrity, so that no tissue is discarded.These precautions also extend 
to the packaging, which should promote containment and protection. Although minimum 
technical criteria have already been defined for the food industry, this has still not been 
regularized in Brazil. We emphasize, therefore, the need to study this subject, focusing on 
maintaining the quality of the musculoskeletal tissues produced by tissue banks. All 
procedures developed byTissue Banks currently present in the country have rigid control 
over the quality and the traceability of tissues made available, based on international 
standards (EATB, 2004; AATB, 2007) on the legislation (BRASIL, 1997-2006) and in 
conformity with Good Manufacturing Practices - GMP. 

2. Cryopreservation of musculoskeletal tissues 
In the cryopreservation room, the tissues are stored according to their status in the process. 
Thus, there are designated areas for tissues under analysis or in quarantine (where they 
remain for around 60 days before the result of all the exams) and for those that have been 
liberated for use. both areas are equipped with ultra-low temperature freezers, with 
temperatures ranging from minus 80 to minus 100 degrees Celsius. 
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The room is also equipped with an air conditioning system, its own energy generator, and 
carbon gas backup as protection against defrosting, as well as a rigorous temperature 
monitoring system that generates 24-hour printed temperature recordings, and a satellite 
alarm system, which ensures adequate maintenance of the temperature and early detection 
of any flaws.  

Depending on the results of the analyses, the tissues are transferred to the room designated 
for materials liberated for use. The maximum cryopreservation period is 5 years for bone 
tissue and 2 years for soft or tendinous tissues. 

It is vital to maintain sterility and integrity, in order to avoid disposal of any material. 
This is the purpose of packaging, which is aimed at containment and protection. In Brazil, 
there are no specific regulations for packaging of sterile, cryopreserved tissues for 
transplants, and in this chapter, we present our experience in the definition and validation 
of a type of packaging used for this purpose. Our proposal is to characterize a coextruded 
plastic film structure used for packaging of musculoskeletal tissues at low temperatures, 
in regard to the aspects sterility, cytotoxicity, migration, mechanical resistance and 
oxygen permeability.  

 

 
Fig. 1. Cryopreservation of tissues at -80 ◦C in drawers, separated by batches. 

3. Validation of packaging for use in tissue cryopreservation. 
3.1 Description of our sample 

A roll of transparent, unprinted seven layers, coextruded plastic:  
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Layer 01: LLDPE – 1-octene comonomer Linear Low-Density Polyethylene 
Layer 02: LLDPE – 1-octene comonomer Linear Low-Density Polyethylene and 1-octene 
comonomer Linear Low-Density Polyethylene modified with anhydride maleic 
Layer 03: PA – hexamethylenediamine, adipic acid e caprolactam copolyamide 
Layer 04: LLDPE – 1-octene comonomer Linear Low-Density Polyethylene and 1-octene 
comonomer Linear Low-Density Polyethylene modified with anhydride maleic 
Layer 05: PA – hexamethylenediamine, adipic acid e caprolactamcopolyamide 
Layer 06: LLDPE – 1-octene comonomer Linear Low-Density Polyethylene and 1-octene 
comonomer Linear Low-Density Polyethylene modified with anhydride maleic 
Layer  07: LLDPE – 1-octene comonomer Linear Low-Density Polyethylene 

In relation to the physicomechanical and barrier properties characteristics, we investigated 
the alterations that occurred in the packages after 30, 60, 90, 120, and 150 days of 
cryopreservation at -80◦C.  For the cytotoxicity and sterility analysis, two groups (before and 
after sterilization by ethylene oxide) were analysed. 

3.2 Physicomechanical and barrier properties tests 

A) Characterization of coex film in relation to its thickness and water vapor transmission 
rate (WVTR) 

The thickness of each layer of plastic material in the film sample was determined through 
images captured by a Metaval inverted microscope operating at a magnification of 200x, 
using the image analysis system Axio Vision (Zeiss®). The cross-section of the sample was 
obtained using a Leica microtome, model RM2245, with section thickness set to 40 μm. To 
facilitate visualization of the barrier layer, 2% iodine solution was used as a contrasting 
agent. Five cross-section samples of the material were obtained; five measurements were 
performed for each sample, totalling 25 thickness measurements. The test was carried out 
at a temperature of around 23°C, after packaging of the sample in a controlled 
environment at 23°C ± 2°C and (50 ± 3)% relative humidity for a minimum period of 48 
hours. 

The water vapor transmission rate was determined using a MOCON PERMATRAN-W 3/31 
device, following the procedure described in regulation ASTM F1249-06 - Standard test 
methods for water vapor transmission rate through plastic film and sheeting using a 
modulated infrared sensor. In this test, the water vapor that passes through the film is 
carried to the infrared sensor by ultra-dry nitrogen flow. The sensor measures the fraction of 
energy absorbed by the water vapor, and emits an electrical signal with amplitude 
proportional to the concentration of water vapor. The range of this signal is compared with 
that of the signal produced by the water vapor that passes through a calibration film with a 
known water vapour transmission rate. The effective permeation area of each sample was 
50cm2. The assay was performed at 38oC/100%RH and in this condition, the calibration 
standard showed water vapour transmission rate of 4.54g water.m-2.day-1. The water vapor 
transmission rate of the sample was corrected for the condition 38oC/90%RH, multiplying 
the results by a factor of 0.9. 

The total thickness of each layer of coextruded film is shown in Table 1. Figure 10 shows an 
example of a cross-section image of the sample obtained for the assay. 
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obtained using a Leica microtome, model RM2245, with section thickness set to 40 μm. To 
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agent. Five cross-section samples of the material were obtained; five measurements were 
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The water vapor transmission rate was determined using a MOCON PERMATRAN-W 3/31 
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methods for water vapor transmission rate through plastic film and sheeting using a 
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proportional to the concentration of water vapor. The range of this signal is compared with 
that of the signal produced by the water vapor that passes through a calibration film with a 
known water vapour transmission rate. The effective permeation area of each sample was 
50cm2. The assay was performed at 38oC/100%RH and in this condition, the calibration 
standard showed water vapour transmission rate of 4.54g water.m-2.day-1. The water vapor 
transmission rate of the sample was corrected for the condition 38oC/90%RH, multiplying 
the results by a factor of 0.9. 

The total thickness of each layer of coextruded film is shown in Table 1. Figure 10 shows an 
example of a cross-section image of the sample obtained for the assay. 
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Determinations 
Thickness (µm) 

Mean Variation Interval Coefficient of variation (%) 

Total 91.1 90.0 – 92.9 0.9 

LLDPE (A) 27.3 26.2 – 28.5 2.4 

LLDPE blend (B) 7.6 7.0 – 8.0 3.8 

PA (C) 5.6 5.1 – 5.9 4.8 

LLDPE blend (D) 6.8 5.3 – 7.8 11 

PA (C) 5.6 5.0 – 6.0 5.6 

LLDPE blend (F) 7.7 7.1 – 8.6 5.9 

LLDPE (G) 31.0 30.1 – 32.1 1.9 

Values for 25 measurements 
A-G: Text for visualization in Figure 10 

Table 1. Total thickness of each layer of sample of coextruded plastic film. 

Thus, by optical microscopy, it was observed that it is a coextruded material with seven 
layers, with two intermediate layers of PA of approximately 6µm each. The other LLDPE 
layers totalled 80µm. 

 
 
 

 
 
 
 

Fig. 2. Example of cross-section image of the sample obtained with the microscope operating 
at a magnification of 200x. 

The characterization of the film in relation to water vapor transmission rate is shown in 
Table 2. 
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Sample 
WVTR (g water . m-2.day-1) 

Mean VI CV (%) 
Coextruded film 

LLDPE / LLDPE / PA / LLDPE / PA / 
LLDPE / LLDPE 

3.30 3.2 – 3.4 4.4 

Values relate to four measurements 
VI – variation interval; CV – coefficient of variation 

Table 2. Water vapor transmission rate (WVTR) of the coextruded plastic film at 
38C/90%RH – Permatran-W 3/31 method. 

The WVTR depends on the thickness of the LLDPE layers of the coex film (80µm).  

B) Penetration resistance 

The penetration resistance of the coextruded film was determined based on Standard ASTM 
F 1306-90 (2008) e1 - Standard test method for slow rate penetration resistance of flexible 
barrier films and laminates, on an Instron 5500R universal testing machine, using load cells 
of 100 N. The speed of penetration, performed with a spherical-tipped metal probe with 
diameter of approximately 3.2 mm, was 25 mm/min. The penetration was performed from 
the inner surface to the outer surface of the material. The test was conducted in an 
environment of 23°C ± 2°C and (50 ± 3)% relative humidity, after leaving the packaged 
samples for a minimum period of 48 hours in this environment. 

The evaluation of penetration resistance was carried out on samples in their original or non-
frozen condition (0) and 30, 60, 120 and 150 days after freezing at  -80 ◦C. The data are 
shown in Table 3 and Figure 3. 
 

Penetration  
resistance 

Evaluation periods (days) 
0 30 60 90 120 150 

Force at break 
(N) 

Mean 12.1 ab 12.6 bc 12.9 c 12.6 bc 11.1 d 11.8 a 
VI 11.5–12.7 11.8– 13.5 11.9– 14.2 11.2– 14.1 9.4 – 12.3 10.9– 12.4 

CV (%) 3.1 3.6 4.7 6.9 9.1 3.7 

Deformation 
at break (mm) 

Mean 9.4 a 11.0 b 10.0 c 9.8 c 8.3 d 9.0 e 
VI 9.2 – 9.8 10.7– 11.4 9.5 – 10.5 8.9 – 10.6 7.4 – 9.1 8.2 – 9.5 

CV (%) 2.3 2.3 2.6 5.2 5.5 3.7 

Energy at 
break (mJ) 

Mean 70 ad 76 b 78 b 73 ab 62 c 69 d 
VI 64 – 74 70 – 84 72 – 85 64 – 86 52 – 73 62 – 73 

CV (%) 4.6 5.5 5.4 8.6 11 5.6 

Values relate to 10 measurements: 1 N = 0.102 kgf 
VI/CV: Variation interval/Coefficient of variation 
a,b,c,d: for an analyzed property, mean values on the same line accompanied by the same superscript 
letter did not show any difference between them in the least significant difference (LSD) test, at a level 
of error of 5%. 

Table 3. Penetration resistance of the sample during storage at -80°C. 
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Determinations 
Thickness (µm) 

Mean Variation Interval Coefficient of variation (%) 

Total 91.1 90.0 – 92.9 0.9 

LLDPE (A) 27.3 26.2 – 28.5 2.4 

LLDPE blend (B) 7.6 7.0 – 8.0 3.8 

PA (C) 5.6 5.1 – 5.9 4.8 

LLDPE blend (D) 6.8 5.3 – 7.8 11 

PA (C) 5.6 5.0 – 6.0 5.6 

LLDPE blend (F) 7.7 7.1 – 8.6 5.9 

LLDPE (G) 31.0 30.1 – 32.1 1.9 

Values for 25 measurements 
A-G: Text for visualization in Figure 10 

Table 1. Total thickness of each layer of sample of coextruded plastic film. 

Thus, by optical microscopy, it was observed that it is a coextruded material with seven 
layers, with two intermediate layers of PA of approximately 6µm each. The other LLDPE 
layers totalled 80µm. 

 
 
 

 
 
 
 

Fig. 2. Example of cross-section image of the sample obtained with the microscope operating 
at a magnification of 200x. 

The characterization of the film in relation to water vapor transmission rate is shown in 
Table 2. 
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Mean VI CV (%) 
Coextruded film 

LLDPE / LLDPE / PA / LLDPE / PA / 
LLDPE / LLDPE 

3.30 3.2 – 3.4 4.4 

Values relate to four measurements 
VI – variation interval; CV – coefficient of variation 

Table 2. Water vapor transmission rate (WVTR) of the coextruded plastic film at 
38C/90%RH – Permatran-W 3/31 method. 

The WVTR depends on the thickness of the LLDPE layers of the coex film (80µm).  

B) Penetration resistance 

The penetration resistance of the coextruded film was determined based on Standard ASTM 
F 1306-90 (2008) e1 - Standard test method for slow rate penetration resistance of flexible 
barrier films and laminates, on an Instron 5500R universal testing machine, using load cells 
of 100 N. The speed of penetration, performed with a spherical-tipped metal probe with 
diameter of approximately 3.2 mm, was 25 mm/min. The penetration was performed from 
the inner surface to the outer surface of the material. The test was conducted in an 
environment of 23°C ± 2°C and (50 ± 3)% relative humidity, after leaving the packaged 
samples for a minimum period of 48 hours in this environment. 

The evaluation of penetration resistance was carried out on samples in their original or non-
frozen condition (0) and 30, 60, 120 and 150 days after freezing at  -80 ◦C. The data are 
shown in Table 3 and Figure 3. 
 

Penetration  
resistance 

Evaluation periods (days) 
0 30 60 90 120 150 

Force at break 
(N) 

Mean 12.1 ab 12.6 bc 12.9 c 12.6 bc 11.1 d 11.8 a 
VI 11.5–12.7 11.8– 13.5 11.9– 14.2 11.2– 14.1 9.4 – 12.3 10.9– 12.4 

CV (%) 3.1 3.6 4.7 6.9 9.1 3.7 

Deformation 
at break (mm) 

Mean 9.4 a 11.0 b 10.0 c 9.8 c 8.3 d 9.0 e 
VI 9.2 – 9.8 10.7– 11.4 9.5 – 10.5 8.9 – 10.6 7.4 – 9.1 8.2 – 9.5 

CV (%) 2.3 2.3 2.6 5.2 5.5 3.7 

Energy at 
break (mJ) 

Mean 70 ad 76 b 78 b 73 ab 62 c 69 d 
VI 64 – 74 70 – 84 72 – 85 64 – 86 52 – 73 62 – 73 

CV (%) 4.6 5.5 5.4 8.6 11 5.6 

Values relate to 10 measurements: 1 N = 0.102 kgf 
VI/CV: Variation interval/Coefficient of variation 
a,b,c,d: for an analyzed property, mean values on the same line accompanied by the same superscript 
letter did not show any difference between them in the least significant difference (LSD) test, at a level 
of error of 5%. 

Table 3. Penetration resistance of the sample during storage at -80°C. 
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Fig. 3. Penetration resistance of the sample during the period of storage at -80°C ( days). 

The results shown in Table 3 and Figure 3 demonstrate that the process of sterilization and 
packaging of human bone, and storage for 150 days at -80°C, did not alter the penetration 
properties of the coextruded film. Variations were observed in the results of the three 
properties evaluated, including statistical differences in some periods/properties, but as 
these variations were small, without any clearly-defined trend, no alteration is expected in 
penetration resistance of the film during packaging and storage of human tissue for a period 
of 150 days at -80 °C. 

C) Seal strength 

The seal strength of the packaging was determined according to ASTM F 88/F 88M-09 - 
Standard test method for seal strength of flexible barrier materials. Samples of 25.4 mm in 
width were submitted to tensile test in a 5500R Instron universal testing machine, operating 
with load cells of 50N and 100N, at a speed of 300mm/min. The distance between the fixing 
clamps and the sample was 25mm. The test was conducted in an environment of 23 °C ± 2 
°C and (50 ± 3)% relative humidity, after leaving the pre-prepared, packaged samples in this 
same environment for at least 48 hours. 

The strength of the side seal is different from that of the top seal, because the top seal of the 
packaging was made after the bone tissue packaging process, while the side seals were 
made by the package manufacturer. 

Despite this, there was no statistical difference between the results obtained for both seals. 
Thus, the sterilization and packaging process of human tissue, and storage for 150 days at -
80°C did not alter the seal strength. 
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Maximum seal strength 
(kgf/25.4 mm) 

Evaluation periods (days) 
0 30 60 90 120 150 

Side seal 

Mean 3.60 ab 3.65 b 3.60 ab 3.73 b 3.73 b 3.44 a 

VI 3.36 – 
3.95

3.41 – 
3.83

3.38 – 
3.80

3.34 – 
3.97

3.43 – 
3.96

3.12 – 
3.78 

CV (%) 4.4 4.0 4.4 5.7 4.5 7.0 

Top seal 

Mean - 4.69 a 4.75 a 5.07 a 5.09 a 4.84 a 

VI - 3.65 – 
5.20

3.20 – 
5.85

4.31 – 
5.95

4.68 – 
5.54

4.48 – 
5.44 

CV (%) - 9.6 15 9.6 5.1 6.6 
Values relate to ten determinations: 1 kgf/25.4 mm = 386.1 N/m 
VI/CV: Variation interval/Coefficient of variation 
a,b: for a seal type, mean values on the same line accompanied by the same superscript letter did not 
show any difference between them in the least significant difference (LSD) test, at a level of error of 5%. 

Table 4. Seal strength during storage at -80°C. 

 
Fig. 4. Maximum seal strength during the period of storage at -80°C ( days).  

D) Oxygen transmission rate 

The oxygen transmission rate at humid was determined by the coulometric method, 
according to the procedure described in ASTM F 1927 - Standard test method for 
determination of oxygen gas transmission rate, permeability and permeance at controlled 
relative humidity through barrier materials using a coulometric detector, on MOCON 
OXTRAN device, model 2/20, operating with pure oxygen as permanent gas. The tests were 
carried out at 23oC to 75%RH, with the samples packaged for 88 to 112 hours in a 
temperature-controlled room at 25ºC and 75%RH. The effective area of permeation of each 
sample was 50cm2. The result obtained was corrected for 1 atm of partial pressure gradient 
of oxygen. 
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Fig. 3. Penetration resistance of the sample during the period of storage at -80°C ( days). 

The results shown in Table 3 and Figure 3 demonstrate that the process of sterilization and 
packaging of human bone, and storage for 150 days at -80°C, did not alter the penetration 
properties of the coextruded film. Variations were observed in the results of the three 
properties evaluated, including statistical differences in some periods/properties, but as 
these variations were small, without any clearly-defined trend, no alteration is expected in 
penetration resistance of the film during packaging and storage of human tissue for a period 
of 150 days at -80 °C. 

C) Seal strength 

The seal strength of the packaging was determined according to ASTM F 88/F 88M-09 - 
Standard test method for seal strength of flexible barrier materials. Samples of 25.4 mm in 
width were submitted to tensile test in a 5500R Instron universal testing machine, operating 
with load cells of 50N and 100N, at a speed of 300mm/min. The distance between the fixing 
clamps and the sample was 25mm. The test was conducted in an environment of 23 °C ± 2 
°C and (50 ± 3)% relative humidity, after leaving the pre-prepared, packaged samples in this 
same environment for at least 48 hours. 

The strength of the side seal is different from that of the top seal, because the top seal of the 
packaging was made after the bone tissue packaging process, while the side seals were 
made by the package manufacturer. 

Despite this, there was no statistical difference between the results obtained for both seals. 
Thus, the sterilization and packaging process of human tissue, and storage for 150 days at -
80°C did not alter the seal strength. 
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Maximum seal strength 
(kgf/25.4 mm) 

Evaluation periods (days) 
0 30 60 90 120 150 

Side seal 

Mean 3.60 ab 3.65 b 3.60 ab 3.73 b 3.73 b 3.44 a 

VI 3.36 – 
3.95

3.41 – 
3.83

3.38 – 
3.80

3.34 – 
3.97

3.43 – 
3.96

3.12 – 
3.78 

CV (%) 4.4 4.0 4.4 5.7 4.5 7.0 

Top seal 

Mean - 4.69 a 4.75 a 5.07 a 5.09 a 4.84 a 

VI - 3.65 – 
5.20

3.20 – 
5.85

4.31 – 
5.95

4.68 – 
5.54

4.48 – 
5.44 

CV (%) - 9.6 15 9.6 5.1 6.6 
Values relate to ten determinations: 1 kgf/25.4 mm = 386.1 N/m 
VI/CV: Variation interval/Coefficient of variation 
a,b: for a seal type, mean values on the same line accompanied by the same superscript letter did not 
show any difference between them in the least significant difference (LSD) test, at a level of error of 5%. 

Table 4. Seal strength during storage at -80°C. 

 
Fig. 4. Maximum seal strength during the period of storage at -80°C ( days).  

D) Oxygen transmission rate 

The oxygen transmission rate at humid was determined by the coulometric method, 
according to the procedure described in ASTM F 1927 - Standard test method for 
determination of oxygen gas transmission rate, permeability and permeance at controlled 
relative humidity through barrier materials using a coulometric detector, on MOCON 
OXTRAN device, model 2/20, operating with pure oxygen as permanent gas. The tests were 
carried out at 23oC to 75%RH, with the samples packaged for 88 to 112 hours in a 
temperature-controlled room at 25ºC and 75%RH. The effective area of permeation of each 
sample was 50cm2. The result obtained was corrected for 1 atm of partial pressure gradient 
of oxygen. 
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O2TR 

mL (STP).m-

2.day-1 at 
23°C/75%RH 

Evaluation periods (days) 

0 30 60 90 120 150 

Mean 69.75 a 75.95 a 74.97 a 82.57 a 76.98 a 113.67 b 

VI 68.63–
70.87 

71.77-
80.14 

74.48-
75.46 

79.34-
85.80 

73.83-
80.13 

105.05-
122.29 

CV (%) 2.3 7.8 0.9 5.5 5.8 10.7 

values relate to two determinations 
VI – variation interval; CV – coefficient of variation 
a,b: for a seal type, mean values on the same line accompanied by the same superscript letter did not 
show any difference between them in the least significant difference (LSD) test, at a level of error of 5%. 

Table 5. Oxygen transmission rates (O2TR) during storage at -80°C.   

 
Fig. 5. Oxygen transmission rates (O2TR) during storage at -80°C. 

The results of the oxygen permeability rates shown in Table 5 and Figure 5 indicate a mean 
increase of 10% in permeability after the process of sterilization, vacuum packaging of the 
bone, and storage at -80°C, which was observed after 30 days of storage. This tendency to 
increase, probably due to humidification of the PA, led to a small loss of barrier which was 
maintained throughout the storage period of 120 days.  Meanwhile, in the analysis of 
samples from 30 days of storage at -80°C, a high oxygen transmission rate of was observed, 
which was not expected, and as we did not have any more stored samples, it was not 
possible to re-evaluate this result. This higher O2TR may be the result of some variation in 
thickness of the PA in the samples evaluated in this period. In any case, the level of oxygen 
transmission rate of the film did not lead to loss of vacuum in the samples stored in the 
Tissue Bank for 150 days at -80°C. 
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E) Overall Migration 

The evaluations of overall migration were performed according to Resolution 51 of 26 
November 2010 published by Agência Nacional de Vigilância Sanitária do Ministério da Saúde 
(National Agency of Sanitary Surveillance of Health Ministry) in Diário Oficial da União 
(official journal of the Brazilian Government) on 30 November 2010. This Resolution 
internalizes Mercosul Technical Regulation GMC 32/10. 

The methodology to quantify the overall migration was according to the method of the 
European Standard EN 1186-1: materials and articles in contact with foodstuffs. Plastics. 
Part 1: guide to the selection of conditions and test methods for overall migration, EN 1186-
3: Materials and articles in contact with foodstuffs. Plastics. Test methods for overall 
migration into aqueous food simulants by total immersion and EN 1186-14: materials and 
articles in contact with foodstuffs. Plastics. Part 1: Part 14: test methods for "substitute tests" 
for overall migration from plastics intended to come into contact with fatty foodstuffs using 
test media isooctane and 95% ethanol and consists of the sample contact with extraction 
solutions in certain periods and temperatures that simulate their actual condition of use. The 
residues of overall migration were determined by the weight difference after the contact and 
evaporation of the solutions through an analytical scale with 0.01mg of accuracy. The 
sample was evaluated under the contact conditions shown in Table 6. 
 

Model Solution Contact condition 
Ultra purified water 40oC/10 days

Acetic acid solution in Ultra purified 
water at 3% (w/v) 40oC/10 days 

Isooctane 40oC/10 days

Table 6. Conditions of time and temperature used in the overall migration. 

The results of the overall migration tests performed on the transparent coextruded plastic film, 
obtained using the model solutions and the specific contact conditions are shown in Table 7. 
 

Model 
Solution/Contact 

Condition 

Maximum 
limit of 
overall 

migration

Sample Mean Standard 
Deviation 

Variation 
interval 

Ultra purified
water/ 

40oC/10 days
8.0 

Before EtO  0.72 0.21  0.50(2) - 1.00 

After EtO  0.51 0.02  0.50(2) - 0.55 

3% Acetic acid 
solution (w/v)/ 

40oC/10 days
8.0 

Before EtO  0.54 0.09  0.50(2) – 0.67 

After EtO 0.92 0.19 0.72 – 1.12 

Isooctane/ 
20oC/48 hours 8.0 Before EtO  1.21 0.64  0.50(2) – 1.85 

After EtO  1.50 0.72  0.50(2) – 2.05 

(1) Result of four determinations. 
(2) Limit of quantification of the method in the analytical conditions used. 
(3) Not applicable. 

Table 7. Residues of overall migration obtained for the transparent coextruded plastic film, 
before and after the application of EtO, in mg/dm2 (1). 
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O2TR 

mL (STP).m-

2.day-1 at 
23°C/75%RH 

Evaluation periods (days) 
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Mean 69.75 a 75.95 a 74.97 a 82.57 a 76.98 a 113.67 b 
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CV (%) 2.3 7.8 0.9 5.5 5.8 10.7 

values relate to two determinations 
VI – variation interval; CV – coefficient of variation 
a,b: for a seal type, mean values on the same line accompanied by the same superscript letter did not 
show any difference between them in the least significant difference (LSD) test, at a level of error of 5%. 

Table 5. Oxygen transmission rates (O2TR) during storage at -80°C.   

 
Fig. 5. Oxygen transmission rates (O2TR) during storage at -80°C. 

The results of the oxygen permeability rates shown in Table 5 and Figure 5 indicate a mean 
increase of 10% in permeability after the process of sterilization, vacuum packaging of the 
bone, and storage at -80°C, which was observed after 30 days of storage. This tendency to 
increase, probably due to humidification of the PA, led to a small loss of barrier which was 
maintained throughout the storage period of 120 days.  Meanwhile, in the analysis of 
samples from 30 days of storage at -80°C, a high oxygen transmission rate of was observed, 
which was not expected, and as we did not have any more stored samples, it was not 
possible to re-evaluate this result. This higher O2TR may be the result of some variation in 
thickness of the PA in the samples evaluated in this period. In any case, the level of oxygen 
transmission rate of the film did not lead to loss of vacuum in the samples stored in the 
Tissue Bank for 150 days at -80°C. 
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E) Overall Migration 

The evaluations of overall migration were performed according to Resolution 51 of 26 
November 2010 published by Agência Nacional de Vigilância Sanitária do Ministério da Saúde 
(National Agency of Sanitary Surveillance of Health Ministry) in Diário Oficial da União 
(official journal of the Brazilian Government) on 30 November 2010. This Resolution 
internalizes Mercosul Technical Regulation GMC 32/10. 

The methodology to quantify the overall migration was according to the method of the 
European Standard EN 1186-1: materials and articles in contact with foodstuffs. Plastics. 
Part 1: guide to the selection of conditions and test methods for overall migration, EN 1186-
3: Materials and articles in contact with foodstuffs. Plastics. Test methods for overall 
migration into aqueous food simulants by total immersion and EN 1186-14: materials and 
articles in contact with foodstuffs. Plastics. Part 1: Part 14: test methods for "substitute tests" 
for overall migration from plastics intended to come into contact with fatty foodstuffs using 
test media isooctane and 95% ethanol and consists of the sample contact with extraction 
solutions in certain periods and temperatures that simulate their actual condition of use. The 
residues of overall migration were determined by the weight difference after the contact and 
evaporation of the solutions through an analytical scale with 0.01mg of accuracy. The 
sample was evaluated under the contact conditions shown in Table 6. 
 

Model Solution Contact condition 
Ultra purified water 40oC/10 days

Acetic acid solution in Ultra purified 
water at 3% (w/v) 40oC/10 days 

Isooctane 40oC/10 days

Table 6. Conditions of time and temperature used in the overall migration. 

The results of the overall migration tests performed on the transparent coextruded plastic film, 
obtained using the model solutions and the specific contact conditions are shown in Table 7. 
 

Model 
Solution/Contact 

Condition 

Maximum 
limit of 
overall 

migration

Sample Mean Standard 
Deviation 

Variation 
interval 

Ultra purified
water/ 

40oC/10 days
8.0 

Before EtO  0.72 0.21  0.50(2) - 1.00 

After EtO  0.51 0.02  0.50(2) - 0.55 

3% Acetic acid 
solution (w/v)/ 

40oC/10 days
8.0 

Before EtO  0.54 0.09  0.50(2) – 0.67 

After EtO 0.92 0.19 0.72 – 1.12 

Isooctane/ 
20oC/48 hours 8.0 Before EtO  1.21 0.64  0.50(2) – 1.85 

After EtO  1.50 0.72  0.50(2) – 2.05 

(1) Result of four determinations. 
(2) Limit of quantification of the method in the analytical conditions used. 
(3) Not applicable. 

Table 7. Residues of overall migration obtained for the transparent coextruded plastic film, 
before and after the application of EtO, in mg/dm2 (1). 
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The maximum limit of overall migration provided by Resolution nº105/99 is of 8mg of 
residue per dm2 of contact plastic material, with an analytical tolerance of 10%. Therefore 
8.8mg/dm2 is the maximum tolerable value. 

The overall migration values found in the samples analyzed, in the analytical conditions 
used, were below the established limit. There was no statistical significance with 
sterilization with ethylene oxide (EtO). 

E 1.) Physicochemical tests – According to USP 33 

The physicochemical tests were conducted based in the methodology describe in the 
Chapter <661> Containers – Plastics - Physicochemical Tests of the United States 
Pharmacopeia (USP 33). 

In accordance to the United States Pharmacopeia, physicochemical tests are designed to 
determine physical and chemical properties of plastic materials. The extracts methodology 
consists of the sample contact with a extraction solution (deionized water) at 70ºC during 24 
hours, maintaining the ratio area / volume of 120 cm2 total surface area of plastic material 
for each 20 mL of extraction solution. 

The analyzed sample was received in the form of the film cut into strips with dimensions of 
5.0 cm long, 0.3 cm wide and thickness less than 0.1 cm. In this case, the thickness of the 
material to determine the total area was not considered and was maintained the ratio of 120 
cm2 for each 20 mL of extraction solution. Water was used as extraction solution. 

After the contact, the extraction solution and blank reagent were analyzed by the following 
tests:  

Buffering Capacity: Titrate 20 mL of the extraction solution potentiometrically to a pH of 
7.0, using 0.01 N sodium hydroxide. Treat a 20.0 mL portion of the blank reagent similarly. 
The difference between the two volumes can not be greater than 10.0 mL. 

Nonvolatile Residue: 50 mL of the extraction solution were evaporated on a hot plate, after 
the residue was dried at 105ºC for 1 hour on a oven and finally the nonvolatile residue was 
weighted through an analytical balance with 0.01mg of accuracy. Treat a 50.0 mL portion of 
the blank reagent similarly. The difference between the two volumes can not be greater than 
15.0 mg. 

Residue on Ignition: in the residues obtained in nonvolatile residues test, add sulfuric acid 
and burn on the muffle furnace until constant weight. Treat the blank reagent similarly. The 
difference between the two volumes should not be greater than 5.0 mg. It is not necessary to 
perform this test when the nonvolatile residue test result does not exceed 5.0 mg.  

Heavy Metal, as lead: an aliquot of extraction solution has been transferred to a volumetric 
flask and acidified with nitric acid and the volume was completed with the extraction 
solution. After treating the sample, the lead content was quantified by atomic emission 
spectrometry induced by plasma, with an optical detector, in a Perkin Elmer equipment, 
model OPTIMA 2000DV, using appropriate calibration curves for the analyses.  This test 
was conducted in replacement to the heavy metal test stablished by American 
Pharmacopeia, whose result is expressed as lead (and is based on the colour comparison 
among the test solution and a solution of lead with concentration of 1.0 mg / kg). 
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Physicochemical 
Assay 

Limit based on 
USP Sample Mean Standard 

deviation 
Variation 
interval 

Buffering capacity 
(mL) 10.0 mL 

Before EtO  0.5(2) (3) (3) 

After EtO  0.5(2) (3) (3) 

Non-volatile residue:
(mg) 15 mg 

Before EtO  1.0(2) (3) (3) 

After EtO  1.0(2) (3) (3) 

Heavy Metals (as 
lead) 

(mg/kg (ppm)) 

1 mg/kg 
(ppm) 

Before EtO  0.05(2) (3) (3) 

After EtO  0.05(2) (3) (3) 

(1) Results of three determinations. 
(2) Corresponds to the limit of quantification of the method in the analytical conditions used. 
(3) Values no applicable 

Table 8. Physicochemical assays of the analyzed samples(1). 

E 2.) Assays According to the European Pharmacopoeia 

The tests acidity or alkalinity, sulfated ash, absorbance, extractable aluminum, chromium, 
titanium, vanadium, zinc, zirconium and extractables from heavy metals, expressed as 
lead were conducted based in the methodology described in the European 
Pharmacopoeia, Chapters “3.1.3 Polyolefines”, “3.1.4 Polyethylene without Additives for 
Containers for Parenteral Preparations and for Ophthalmic Preparations” and “3.1.5 
Polyethylene with Additives for Containers for Parenteral Preparations and for 
Ophthalmic Preparations”. 

Extractables of aluminium, chromium, titanium, vanadium, zinc and zirconium 

The methodology for quantification of extractables aluminum, chromium, titanium, 
vanadium, zinc and zirconium involved contact of 100 grams of sample with a solution of 
0.1 M hydrochloric acid for one hour at the reflux temperature. After treating the sample, 
the metals contents were quantified by atomic emission spectrometry induced by plasma, 
with an optical detector, in a Perkin Elmer equipment, model OPTIMA 2000DV, using 
appropriate calibration curves for the analyses.   

Extractables of Heavy Metals, expressed as lead 

The same procedure described for quantification of extractable aluminum, chromium, 
titanium, vanadium, zinc and zirconium was used. The method for quantification of 
extractable lead was used instead of the colorimetric method of determination of heavy 
metals established by the European Pharmacopoeia, which is based on color comparison 
between the extracting solution and a solution of lead at a concentration of 2.5 mg/kg. 

Alkalinity or Acidity, and Absorbance 

The method for quantification of alkalinity or acidity and absorbance involved contact of 
12.5 grams of sample with 250 mL of deionized water for five hours at the reflux 
temperature. 

After the extraction time, both the extracting solution in contact with the samples and a 
blank solution (reference) were assessed as to the following tests:  
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The maximum limit of overall migration provided by Resolution nº105/99 is of 8mg of 
residue per dm2 of contact plastic material, with an analytical tolerance of 10%. Therefore 
8.8mg/dm2 is the maximum tolerable value. 

The overall migration values found in the samples analyzed, in the analytical conditions 
used, were below the established limit. There was no statistical significance with 
sterilization with ethylene oxide (EtO). 

E 1.) Physicochemical tests – According to USP 33 

The physicochemical tests were conducted based in the methodology describe in the 
Chapter <661> Containers – Plastics - Physicochemical Tests of the United States 
Pharmacopeia (USP 33). 

In accordance to the United States Pharmacopeia, physicochemical tests are designed to 
determine physical and chemical properties of plastic materials. The extracts methodology 
consists of the sample contact with a extraction solution (deionized water) at 70ºC during 24 
hours, maintaining the ratio area / volume of 120 cm2 total surface area of plastic material 
for each 20 mL of extraction solution. 

The analyzed sample was received in the form of the film cut into strips with dimensions of 
5.0 cm long, 0.3 cm wide and thickness less than 0.1 cm. In this case, the thickness of the 
material to determine the total area was not considered and was maintained the ratio of 120 
cm2 for each 20 mL of extraction solution. Water was used as extraction solution. 

After the contact, the extraction solution and blank reagent were analyzed by the following 
tests:  

Buffering Capacity: Titrate 20 mL of the extraction solution potentiometrically to a pH of 
7.0, using 0.01 N sodium hydroxide. Treat a 20.0 mL portion of the blank reagent similarly. 
The difference between the two volumes can not be greater than 10.0 mL. 

Nonvolatile Residue: 50 mL of the extraction solution were evaporated on a hot plate, after 
the residue was dried at 105ºC for 1 hour on a oven and finally the nonvolatile residue was 
weighted through an analytical balance with 0.01mg of accuracy. Treat a 50.0 mL portion of 
the blank reagent similarly. The difference between the two volumes can not be greater than 
15.0 mg. 

Residue on Ignition: in the residues obtained in nonvolatile residues test, add sulfuric acid 
and burn on the muffle furnace until constant weight. Treat the blank reagent similarly. The 
difference between the two volumes should not be greater than 5.0 mg. It is not necessary to 
perform this test when the nonvolatile residue test result does not exceed 5.0 mg.  

Heavy Metal, as lead: an aliquot of extraction solution has been transferred to a volumetric 
flask and acidified with nitric acid and the volume was completed with the extraction 
solution. After treating the sample, the lead content was quantified by atomic emission 
spectrometry induced by plasma, with an optical detector, in a Perkin Elmer equipment, 
model OPTIMA 2000DV, using appropriate calibration curves for the analyses.  This test 
was conducted in replacement to the heavy metal test stablished by American 
Pharmacopeia, whose result is expressed as lead (and is based on the colour comparison 
among the test solution and a solution of lead with concentration of 1.0 mg / kg). 
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Physicochemical 
Assay 

Limit based on 
USP Sample Mean Standard 

deviation 
Variation 
interval 

Buffering capacity 
(mL) 10.0 mL 

Before EtO  0.5(2) (3) (3) 

After EtO  0.5(2) (3) (3) 

Non-volatile residue:
(mg) 15 mg 

Before EtO  1.0(2) (3) (3) 

After EtO  1.0(2) (3) (3) 

Heavy Metals (as 
lead) 

(mg/kg (ppm)) 

1 mg/kg 
(ppm) 

Before EtO  0.05(2) (3) (3) 

After EtO  0.05(2) (3) (3) 

(1) Results of three determinations. 
(2) Corresponds to the limit of quantification of the method in the analytical conditions used. 
(3) Values no applicable 

Table 8. Physicochemical assays of the analyzed samples(1). 

E 2.) Assays According to the European Pharmacopoeia 

The tests acidity or alkalinity, sulfated ash, absorbance, extractable aluminum, chromium, 
titanium, vanadium, zinc, zirconium and extractables from heavy metals, expressed as 
lead were conducted based in the methodology described in the European 
Pharmacopoeia, Chapters “3.1.3 Polyolefines”, “3.1.4 Polyethylene without Additives for 
Containers for Parenteral Preparations and for Ophthalmic Preparations” and “3.1.5 
Polyethylene with Additives for Containers for Parenteral Preparations and for 
Ophthalmic Preparations”. 

Extractables of aluminium, chromium, titanium, vanadium, zinc and zirconium 

The methodology for quantification of extractables aluminum, chromium, titanium, 
vanadium, zinc and zirconium involved contact of 100 grams of sample with a solution of 
0.1 M hydrochloric acid for one hour at the reflux temperature. After treating the sample, 
the metals contents were quantified by atomic emission spectrometry induced by plasma, 
with an optical detector, in a Perkin Elmer equipment, model OPTIMA 2000DV, using 
appropriate calibration curves for the analyses.   

Extractables of Heavy Metals, expressed as lead 

The same procedure described for quantification of extractable aluminum, chromium, 
titanium, vanadium, zinc and zirconium was used. The method for quantification of 
extractable lead was used instead of the colorimetric method of determination of heavy 
metals established by the European Pharmacopoeia, which is based on color comparison 
between the extracting solution and a solution of lead at a concentration of 2.5 mg/kg. 

Alkalinity or Acidity, and Absorbance 

The method for quantification of alkalinity or acidity and absorbance involved contact of 
12.5 grams of sample with 250 mL of deionized water for five hours at the reflux 
temperature. 

After the extraction time, both the extracting solution in contact with the samples and a 
blank solution (reference) were assessed as to the following tests:  
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Alkalinity and Acidity: measurement of pH in a Micronal pHmeter, model B 474 and 
titration of 100 mL of extracting solution with sodium hydroxide 0.01M or hydrochloric acid 
0.01M up to pH 7.0.  

Absorbance: absorbance of the extracting solution was measured in the 220 nm to 340 nm 
wavelength range, using a quartz cuvette with 10 mm pathlenght in a UV / VIS 
spectrophotometer, using an Analytik Jena instrument, model Specord 210. 

Sulphated Ash 

Sulfated ash were assessed per requirements in European Pharmacopoeia 6.0, Chapter 2.4.14 
- Sulfated Ash. The method for quantification of sulfated ash consisted in weighing 5.00 g  
0.01 g of sample on an analytical scale with 10-5 g resolution and incineration at a 
temperature of  600 °C  20 ºC using a Milestone microwave heating furnace, model Pyro. 
After incinerating the sample, the ash were determined gravimetrically, using an analytical 
scale with 10-5 g resolution. There was not need to use sulfuric acid. 

Extractable aluminum, chromium, titanium, vanadium, zinc and zirconium 

The results of the extractable aluminum, chromium, titanium, vanadium, zinc and 
zirconium tests for the analyzed sample are shown in Table 9. 
 

Extractables 
Limit based on 

European 
Pharmacopeia 6.0 

Sample Mean Standard 
Deviation 

Variation 
interval 

Al 1.0 
Before EtO 0.71 0.08 0.62 – 0.78 
After EtO 0.74 0.06 0.70 – 0.81 

Cr 0.05 
Before EtO 0.03 0.00 0.02 – 0.03 
After EtO 0.33 0.05 0.27 – 0.37 

Ti 1.0 
Before EtO  0.10(2) (3) (3) 

After EtO  0.10(2) (3) (3) 

V 0.10 
Before EtO  0.10(2) (3) (3) 

After EtO  0.10(2) (3) (3) 

Zn 1.0 
Before EtO 0.05 0.00 0.05 – 0.06 
After EtO 0.05 0.01 0.05 – 0.06 

Zr 0.10 
Before EtO  0.05(2) (3) (3) 

After EtO  0.05(2) (3) (3) 

(1) Result of four determinations.  
(2) Corresponds to the limit of quantification of the equipment in the analytical conditions used. 
(3) Not applicable. 

Table 9. Extractables of the metals aluminum (Al), chromium (Cr), titanium (Ti), vanadium 
(V), zinc (Zn) and zirconium (Zr), in mg/kg(1). 

Extractable Heavy Metal, Expressed as Lead 

The results of the extractable heavy metals, expressed as lead, acidity, absorbance and 
sulphated ash tests, for the analyzed sample are shown in Table 10. 
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Physicochemical 
Assay 

Limit based on 
European 

Pharmacopeia 6.0
Sample Mean Standard 

Deviation 
Variation 
interval 

Extractables of Heavy 
Metals, expressed as 

lead 
(ppm) 

2.5mg/kg (ppm) 
Before EtO  0.1(2) (3) (3) 

After EtO  0.1(2) (3) (3) 

Acidity 
(mL of NaOH 0.01 M)

1.5 mL de sodium 
hydroxide 0.01 M

Before EtO  0.5(2) (3) (3) 

After EtO  0.5(2) (3) (3) 

Absorbance 
(UA) 0.2 UA 

Before EtO 0.23 0.01 0.22 – 0.23 

After EtO 0.24 0.04 0.22 – 0.26 

Sulphated Ash 
(%) 0.02% and 1.00%(4)

Before EtO 0.29 0.01 0.28 – 0.30 

After EtO 0.25 0.12 0.11 – 0.33 

UA- Unit of Absorbance. 
(1) Results of three determinations. 
(2) Corresponds to the limit of quantification of the method in the analytical conditions used. 
(3) Values no applicable 
(4) Varies according to the presence of additives 

Table 10. Results for heavy metals, expressed as lead, acidity, absorbance and ash of the 
samples analyzed (1). 

The lead values, volume of 0.1 M sodium hydroxide used, and sulphated ash values found 
in the samples analyzed were below the maximum limits established in the European 
Pharmacopeia 6.0. In relation to absorbance, the values obtained in the two samples 
analyzed, before and after the application of sterilization with ethylene oxide (EtO), were 
slightly higher than the maximum limits established. 

A038-2/11 – Packaging for human tissue – Final Report 17/20 This means that some 
substance of the coextruded film may have migrated to the extraction solution in contact 
with the sample (deionized water), a fact that requires further investigation. 

It should be emphasized that the methodology of the American and European Pharmacopeias 
apply to single-layer packaging, and that substances from internal layers of the film analyzed 
may have been extracted, slightly increasing the absorbance of the extraction solution. 

E 3.) Specific migration 

The extruded film before and after sterilization with ethylene oxide was evaluated in 
relation to specific migration of 1-octene and ε-caprolactam. The evaluations of specific 
migrations of 1-octene, ε-caprolactam and hexamethylenediamine were carried out 
according to the Brazilian legislation. 

E 3.1) Specific migration of 1-octene 

The quantification of specific migration of 1-octene was evaluated based on Standard CEN/ 
TS 13130-26: materials and articles in contact with foodstuffs – Plastics substances subject to 
limitation – Part 26: 
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Alkalinity and Acidity: measurement of pH in a Micronal pHmeter, model B 474 and 
titration of 100 mL of extracting solution with sodium hydroxide 0.01M or hydrochloric acid 
0.01M up to pH 7.0.  

Absorbance: absorbance of the extracting solution was measured in the 220 nm to 340 nm 
wavelength range, using a quartz cuvette with 10 mm pathlenght in a UV / VIS 
spectrophotometer, using an Analytik Jena instrument, model Specord 210. 

Sulphated Ash 

Sulfated ash were assessed per requirements in European Pharmacopoeia 6.0, Chapter 2.4.14 
- Sulfated Ash. The method for quantification of sulfated ash consisted in weighing 5.00 g  
0.01 g of sample on an analytical scale with 10-5 g resolution and incineration at a 
temperature of  600 °C  20 ºC using a Milestone microwave heating furnace, model Pyro. 
After incinerating the sample, the ash were determined gravimetrically, using an analytical 
scale with 10-5 g resolution. There was not need to use sulfuric acid. 

Extractable aluminum, chromium, titanium, vanadium, zinc and zirconium 

The results of the extractable aluminum, chromium, titanium, vanadium, zinc and 
zirconium tests for the analyzed sample are shown in Table 9. 
 

Extractables 
Limit based on 

European 
Pharmacopeia 6.0 

Sample Mean Standard 
Deviation 

Variation 
interval 

Al 1.0 
Before EtO 0.71 0.08 0.62 – 0.78 
After EtO 0.74 0.06 0.70 – 0.81 

Cr 0.05 
Before EtO 0.03 0.00 0.02 – 0.03 
After EtO 0.33 0.05 0.27 – 0.37 

Ti 1.0 
Before EtO  0.10(2) (3) (3) 

After EtO  0.10(2) (3) (3) 

V 0.10 
Before EtO  0.10(2) (3) (3) 

After EtO  0.10(2) (3) (3) 

Zn 1.0 
Before EtO 0.05 0.00 0.05 – 0.06 
After EtO 0.05 0.01 0.05 – 0.06 

Zr 0.10 
Before EtO  0.05(2) (3) (3) 

After EtO  0.05(2) (3) (3) 

(1) Result of four determinations.  
(2) Corresponds to the limit of quantification of the equipment in the analytical conditions used. 
(3) Not applicable. 

Table 9. Extractables of the metals aluminum (Al), chromium (Cr), titanium (Ti), vanadium 
(V), zinc (Zn) and zirconium (Zr), in mg/kg(1). 

Extractable Heavy Metal, Expressed as Lead 

The results of the extractable heavy metals, expressed as lead, acidity, absorbance and 
sulphated ash tests, for the analyzed sample are shown in Table 10. 
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Physicochemical 
Assay 

Limit based on 
European 

Pharmacopeia 6.0
Sample Mean Standard 

Deviation 
Variation 
interval 

Extractables of Heavy 
Metals, expressed as 

lead 
(ppm) 

2.5mg/kg (ppm) 
Before EtO  0.1(2) (3) (3) 

After EtO  0.1(2) (3) (3) 

Acidity 
(mL of NaOH 0.01 M)

1.5 mL de sodium 
hydroxide 0.01 M

Before EtO  0.5(2) (3) (3) 

After EtO  0.5(2) (3) (3) 

Absorbance 
(UA) 0.2 UA 

Before EtO 0.23 0.01 0.22 – 0.23 

After EtO 0.24 0.04 0.22 – 0.26 

Sulphated Ash 
(%) 0.02% and 1.00%(4)

Before EtO 0.29 0.01 0.28 – 0.30 

After EtO 0.25 0.12 0.11 – 0.33 

UA- Unit of Absorbance. 
(1) Results of three determinations. 
(2) Corresponds to the limit of quantification of the method in the analytical conditions used. 
(3) Values no applicable 
(4) Varies according to the presence of additives 

Table 10. Results for heavy metals, expressed as lead, acidity, absorbance and ash of the 
samples analyzed (1). 

The lead values, volume of 0.1 M sodium hydroxide used, and sulphated ash values found 
in the samples analyzed were below the maximum limits established in the European 
Pharmacopeia 6.0. In relation to absorbance, the values obtained in the two samples 
analyzed, before and after the application of sterilization with ethylene oxide (EtO), were 
slightly higher than the maximum limits established. 

A038-2/11 – Packaging for human tissue – Final Report 17/20 This means that some 
substance of the coextruded film may have migrated to the extraction solution in contact 
with the sample (deionized water), a fact that requires further investigation. 

It should be emphasized that the methodology of the American and European Pharmacopeias 
apply to single-layer packaging, and that substances from internal layers of the film analyzed 
may have been extracted, slightly increasing the absorbance of the extraction solution. 

E 3.) Specific migration 

The extruded film before and after sterilization with ethylene oxide was evaluated in 
relation to specific migration of 1-octene and ε-caprolactam. The evaluations of specific 
migrations of 1-octene, ε-caprolactam and hexamethylenediamine were carried out 
according to the Brazilian legislation. 

E 3.1) Specific migration of 1-octene 

The quantification of specific migration of 1-octene was evaluated based on Standard CEN/ 
TS 13130-26: materials and articles in contact with foodstuffs – Plastics substances subject to 
limitation – Part 26: 
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Determination of 1-octene and tetrahydrofuran in food simulants, and consists of contact of 
the sample with solutions of extraction with times and temperatures that simulate its real 
condition of use. 

The internal sides of the samples were placed in contact with the simulants, obeying an 
area:volume ratio of 600 cm2 to 1000 mL. The same was evaluated in the contact conditions 
shown in Table 11. 
 

Simulants/Contact 
Condition 

Maximum limit of 
specific migration 

of 1-octene 
Sample Mean (1)

Standar
d 

Deviatio
n 

Variation 
Interval 

Ultra purified water/
40oC/10 days 15 Before EtO ≤2.8(2) (3) (3) 

After EtO ≤2.8(2) (3) (3) 
3% Acetic acid solution 
in  ultra purified water 

(w/v)/ 
40oC/10 days 

15 
Before EtO 1.6(2) (3) (3) 

After EtO 1.6(2) (3) (3) 

Olive oil/ 
40oC/10 days 15 

Before EtO 8.7(2) (3) (3) 
After EtO 8.7(2) (3) (3) 

(1) Result of  three determinations. 
(2) Quantification Limit of the method under the analytical conditions. 
(3) Not applicable. 

Table 11. Specific migration of 1-octene obtained for transparent coextruded plastic film, 
before and after the application of EtO, in mg/dm2. 

The specific limit of monomer migration of 1-octene established in Resolution 105/99 of the 
National 

Health Surveillance Agency – ANVISA of 19 May 1999 is 15 mg/kg of simulant. The values 
for specific migration of 1-octene found in the samples analyzed, in the analytical conditions 
used, were below the established limit. Sterilization with ethylene oxide (EtO) did not affect 
the monomer migration potential of 1-octene. 

E 3.2) Specific migration of ε-caprolactam 

The quantification of specific ε-caprolactam was evaluated based on Standard CEN/ TS 
13130-16: materials and articles in contact with foodstuffs – Plastics substances subject to 
limitation - Part 16: Determination of caprolactam and caprolactam salt in food simulants. 

The internal surfaces of the samples were placed in contact with the simulants, obeying an 
area:volume ratio of 600 cm2/1000 mL. The samples were evaluated under the contact 
conditions shown in Table 12. 

The specific limit of monomer migration of ε-caprolactam established in Resolution 105/99 
of the National Health Surveillance Agency – ANVISA of 19 May 1999 is 15 mg/kg of 
simulant. The values for specific migration of ε-caprolactam found in the samples analyzed, 
in the analytical conditions used, were below the established limit. Sterilization with 
ethylene oxide (EtO) did not affect the potential monomer migration of ε-caprolactam for 
the fatty simulant, but was significantly lower (probability of 95% confidence – Tukey Test) 
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for the ultrapure water simulants and 3% acetic acid solution (m/v) in ultrapure water after 
sterilization with ethylene oxide. 
 

Simulants/Contact 
Condition 

Maximum limit of 
specific migration of 

-caprolactam 
Sample Mean (1) Standard 

Deviation 
Variation 
Interval 

Ultra purified water/
40oC/10 days 15 

Before EtO 2.4 0.3 1.9 - 2.7 

After EtO 1.7 0.2 1.3 - 1.9 

3% Acetic acid solution 
in  ultra purified water 

(w/v)/ 
40oC/10 days 

15 
Before EtO 2.7 0.1 2.6 - 2.8 

After EtO 2.2 0.3 1.8 - 2.6 

Olive oil/ 
40oC/10 days 15 

Before EtO 3.4 0.4 3.0 - 4.0 

After EtO 3.2 0.2 2.9 - 3.5 

(1) Result of  three determinations. 

Table 12. Specific migration of -caprolactam obtained for transparent coextruded plastic 
film, before and after the application of EtO, in mg/dm2. 

E 3.3) Specific migration of hexamethylenediamine 

The quantification of specific hexamethylenediamine migration was evaluated based on 
Standard CEN/ TS 13130-21: materials and articles in contact with foodstuffs - Plastics 
substances subject to limitation – Part 21: Determination of ethylenediamine and 
hexamethylenediamine in food simulants. The sample of hexamethylenediamine, adipic 
acid e caprolactam copolyamide in the form of a film, was placed in contact with the 
simulants, obeying an area:volume ratio of 600 cm2  to 1000 mL. The sample was evaluated 
under the contact conditions shown in Table 13. 
 

Simulants/Contact Condition 
Maximum limit of specific 

migration of 
hexamethylenediamine 

Mean (1) Standard 
Deviation 

Variation 
Interval 

Ultra purified water/
100 ºC/30 minutes + 40 oC/10 

days 
2,4 1.2(2) (3) (3) 

3% Acetic acid solution  in  ultra 
purified water (w/v)/ 

100 ºC/30 minutes + 40 oC/10 
days

2,4 1.1(2) (3) (3) 

Olive oil/
100 ºC/30 minutes + 40 oC/10 

days
2,4 2.0(2) (3) (3) 

(1) Result of three determinations. 
(2) Quantification Limit of the method under the analytical conditions. 
(3) Not applicable. 

Table 13. Specific migration of hexamethylenediamine obtained for a 42 m film 
copolyamide, in mg/kg. 
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Determination of 1-octene and tetrahydrofuran in food simulants, and consists of contact of 
the sample with solutions of extraction with times and temperatures that simulate its real 
condition of use. 

The internal sides of the samples were placed in contact with the simulants, obeying an 
area:volume ratio of 600 cm2 to 1000 mL. The same was evaluated in the contact conditions 
shown in Table 11. 
 

Simulants/Contact 
Condition 

Maximum limit of 
specific migration 

of 1-octene 
Sample Mean (1)

Standar
d 

Deviatio
n 

Variation 
Interval 

Ultra purified water/
40oC/10 days 15 Before EtO ≤2.8(2) (3) (3) 

After EtO ≤2.8(2) (3) (3) 
3% Acetic acid solution 
in  ultra purified water 

(w/v)/ 
40oC/10 days 

15 
Before EtO 1.6(2) (3) (3) 

After EtO 1.6(2) (3) (3) 

Olive oil/ 
40oC/10 days 15 

Before EtO 8.7(2) (3) (3) 
After EtO 8.7(2) (3) (3) 

(1) Result of  three determinations. 
(2) Quantification Limit of the method under the analytical conditions. 
(3) Not applicable. 

Table 11. Specific migration of 1-octene obtained for transparent coextruded plastic film, 
before and after the application of EtO, in mg/dm2. 

The specific limit of monomer migration of 1-octene established in Resolution 105/99 of the 
National 

Health Surveillance Agency – ANVISA of 19 May 1999 is 15 mg/kg of simulant. The values 
for specific migration of 1-octene found in the samples analyzed, in the analytical conditions 
used, were below the established limit. Sterilization with ethylene oxide (EtO) did not affect 
the monomer migration potential of 1-octene. 

E 3.2) Specific migration of ε-caprolactam 

The quantification of specific ε-caprolactam was evaluated based on Standard CEN/ TS 
13130-16: materials and articles in contact with foodstuffs – Plastics substances subject to 
limitation - Part 16: Determination of caprolactam and caprolactam salt in food simulants. 

The internal surfaces of the samples were placed in contact with the simulants, obeying an 
area:volume ratio of 600 cm2/1000 mL. The samples were evaluated under the contact 
conditions shown in Table 12. 

The specific limit of monomer migration of ε-caprolactam established in Resolution 105/99 
of the National Health Surveillance Agency – ANVISA of 19 May 1999 is 15 mg/kg of 
simulant. The values for specific migration of ε-caprolactam found in the samples analyzed, 
in the analytical conditions used, were below the established limit. Sterilization with 
ethylene oxide (EtO) did not affect the potential monomer migration of ε-caprolactam for 
the fatty simulant, but was significantly lower (probability of 95% confidence – Tukey Test) 
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for the ultrapure water simulants and 3% acetic acid solution (m/v) in ultrapure water after 
sterilization with ethylene oxide. 
 

Simulants/Contact 
Condition 

Maximum limit of 
specific migration of 

-caprolactam 
Sample Mean (1) Standard 

Deviation 
Variation 
Interval 

Ultra purified water/
40oC/10 days 15 

Before EtO 2.4 0.3 1.9 - 2.7 

After EtO 1.7 0.2 1.3 - 1.9 

3% Acetic acid solution 
in  ultra purified water 

(w/v)/ 
40oC/10 days 

15 
Before EtO 2.7 0.1 2.6 - 2.8 

After EtO 2.2 0.3 1.8 - 2.6 

Olive oil/ 
40oC/10 days 15 

Before EtO 3.4 0.4 3.0 - 4.0 

After EtO 3.2 0.2 2.9 - 3.5 

(1) Result of  three determinations. 

Table 12. Specific migration of -caprolactam obtained for transparent coextruded plastic 
film, before and after the application of EtO, in mg/dm2. 

E 3.3) Specific migration of hexamethylenediamine 

The quantification of specific hexamethylenediamine migration was evaluated based on 
Standard CEN/ TS 13130-21: materials and articles in contact with foodstuffs - Plastics 
substances subject to limitation – Part 21: Determination of ethylenediamine and 
hexamethylenediamine in food simulants. The sample of hexamethylenediamine, adipic 
acid e caprolactam copolyamide in the form of a film, was placed in contact with the 
simulants, obeying an area:volume ratio of 600 cm2  to 1000 mL. The sample was evaluated 
under the contact conditions shown in Table 13. 
 

Simulants/Contact Condition 
Maximum limit of specific 

migration of 
hexamethylenediamine 

Mean (1) Standard 
Deviation 

Variation 
Interval 

Ultra purified water/
100 ºC/30 minutes + 40 oC/10 

days 
2,4 1.2(2) (3) (3) 

3% Acetic acid solution  in  ultra 
purified water (w/v)/ 

100 ºC/30 minutes + 40 oC/10 
days

2,4 1.1(2) (3) (3) 

Olive oil/
100 ºC/30 minutes + 40 oC/10 

days
2,4 2.0(2) (3) (3) 

(1) Result of three determinations. 
(2) Quantification Limit of the method under the analytical conditions. 
(3) Not applicable. 

Table 13. Specific migration of hexamethylenediamine obtained for a 42 m film 
copolyamide, in mg/kg. 
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The specific limit of monomer migration of hexamethylenediamine established in 
Resolution 105/99 of the National Health Surveillance Agency – ANVISA of 19 May 1999 is 
2.4 mg/kg of simulant. The values for specific migration of hexamethylenediamine found in 
the analysis of the 42 µm film copolyamide, under the analytical conditions used, were 
below the established limit. 

3.3 Cytotoxicity assay  

Assay performed in accordance with Standard ISO 10993-5: Biological evaluation of 
medical devices – Part 5: Cytotoxicity Assays: in vitro methods in samples of coextruded 
plastic film. 

3.3.1 Cytotoxicity 

Definitions of cytotoxicity vary, depending on the nature of the study and whether cells are 
killed or simply have their metabolism altered. Cytotoxicity is the toxicological effect that a 
substance can cause in vitro, at cellular level (Freshney, 2000). 

As defined in ISO 10993, “the numerous methods used and end-points measured in 
cytotoxicity determination can be grouped into categories of evaluation type, like 
assessments of cell damage by morphological means; measurements of cell damage; 
measurements of cell growth and measurements of specific aspects of cellular metabolism” 
[IOS, 2010]. The cells can be exposed to the samples or their extracts. 

3.3.2 The protocols 

Cell culture 

Chinese hamster ovary cell line (CHO-k1) was standardized for cytotoxicity and 
genotoxicity tests. Cells were maintained in RPMI medium supplemented with antibiotics 
and antimycotics (100 units/mL penicillin, 100 µg/mL streptomycin and 0.025 µg/mL 
amphotericin), 2mM glutamine, and 10% calf serum, at 37o C in a humidified 5% CO2 
atmosphere until they reached confluence. For subculturing and for experiments, cells were 
harvested using 0.05% trypsin and 0.02% EDTA in phosphate-buffered saline, pH 7.4. 

Extract preparation 

Samples of packaging, before and after sterilization, were submitted to this assay. The 
samples were immersed separately in RPMI culture medium at a final concentration of 1 
cm2 / mL and left in an incubator at 37oC for 72 hours to fulfil the extraction condition. The 
first concentration was sterilized by filtration and the subsequent dilutions were performed 
in sterile RPMI medium at a ratio of 1:2. 

Cytotoxicity test 

A colorimetric method that uses the tetrazolium compound MTS was used to determine the 
number of viable cells in proliferation (Cory et al, 1991). 96-well microplates were prepared 
with 50 µL of extract diluted from 100 to 6.25% in RPMI medium in quadruplicates. The 
positive control was a phenol solution (0.5% v/v) as 100% concentration and the negative 
control was a high density polyethylene (HDPE) extract. The 100% concentration was the 
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non-extract well A suspension of CHO-k1 (from second to fourth passages after thawing) 
with 6 x 104 cell/mL was prepared and 50 µL/well was pipetted into the microplates. The 
microplates were incubated for 72 hours at 37oC in a humidified 5% CO2 atmosphere. Blank 
and controls of the cells were also prepared. Cell viability was measured by adding 20 µL of 
MTS/PMS (20:1) solution to the humidified 5% CO2 incubator, followed by incubation for 2 
hours at 37oC. The microplates were read in a spectrophotometer reader at 490 nm.  

Cell viability was calculated by the equation: 

ODsampleCV%= ×100
ODnonextract  

Where: CV% = cell viability, OD sample = optical density at 490 nm of the extract dilution, 
OD non extract = optical density at 490 nm of the well without extract. 

The results consider the following parameters: 

a. Controls (positive and negative) 

Positive control: 0.5% Phenol solution  

Negative control: HDPE (high-density polyethylene) extract. 

b. Observations: definitions of some terms. 
 Positive control: material which, when tested according to Standard ISO 10993-5, 

promotes a cytotoxic response. 
 Negative control: material which, when tested according to Standard ISO 10993-5, 

does not promote a cytotoxic response. 
 IC50(%): cytotoxicity index 50%, concentration of extract that kills 50% of the viable 

cell population. 

The results of the assay showed that the samples of packaging material, before and after 
sterilization by ethylene oxide (EtO), resulted in viability of over 90%, and therefore do not 
become cytotoxic. 

3.4 Sterility assay and ethylene oxide residues 

The samples were classified according to their position (0 to 5a; 0 to 5b) during exposure to 
EtO, for the penetration analysis. The outermost or surface position corresponds to the 
number 5, and the innermost position to the number 0. (Figure 6) 

Sterility tests were carried out through the analyses of two biological indicators (bi 3M - 
ATTEST –TM Bacillus atrophaeus and Terragene – Bionova BT40 - Bacillus atrophaeus). 
Incubation time was 48 h at a temperature of 35°C ± 1.5.  

Samples of packaging were also submitted to direct incubation for 7 days with TSB liquid 
culture at a temperature of 35°C ± 1.5. The methodology used is in accordance with the 
Brazilian Pharmacopoeia. The analyses of the three sterility tests (biological indicator 
Bionova BT40, 3Mattest and direct incubation) confirm the sterility of the packaging 
material after being submitted to ethylene oxide gas. 



 
Current Frontiers in Cryopreservation 84

The specific limit of monomer migration of hexamethylenediamine established in 
Resolution 105/99 of the National Health Surveillance Agency – ANVISA of 19 May 1999 is 
2.4 mg/kg of simulant. The values for specific migration of hexamethylenediamine found in 
the analysis of the 42 µm film copolyamide, under the analytical conditions used, were 
below the established limit. 

3.3 Cytotoxicity assay  

Assay performed in accordance with Standard ISO 10993-5: Biological evaluation of 
medical devices – Part 5: Cytotoxicity Assays: in vitro methods in samples of coextruded 
plastic film. 

3.3.1 Cytotoxicity 

Definitions of cytotoxicity vary, depending on the nature of the study and whether cells are 
killed or simply have their metabolism altered. Cytotoxicity is the toxicological effect that a 
substance can cause in vitro, at cellular level (Freshney, 2000). 

As defined in ISO 10993, “the numerous methods used and end-points measured in 
cytotoxicity determination can be grouped into categories of evaluation type, like 
assessments of cell damage by morphological means; measurements of cell damage; 
measurements of cell growth and measurements of specific aspects of cellular metabolism” 
[IOS, 2010]. The cells can be exposed to the samples or their extracts. 

3.3.2 The protocols 

Cell culture 

Chinese hamster ovary cell line (CHO-k1) was standardized for cytotoxicity and 
genotoxicity tests. Cells were maintained in RPMI medium supplemented with antibiotics 
and antimycotics (100 units/mL penicillin, 100 µg/mL streptomycin and 0.025 µg/mL 
amphotericin), 2mM glutamine, and 10% calf serum, at 37o C in a humidified 5% CO2 
atmosphere until they reached confluence. For subculturing and for experiments, cells were 
harvested using 0.05% trypsin and 0.02% EDTA in phosphate-buffered saline, pH 7.4. 

Extract preparation 

Samples of packaging, before and after sterilization, were submitted to this assay. The 
samples were immersed separately in RPMI culture medium at a final concentration of 1 
cm2 / mL and left in an incubator at 37oC for 72 hours to fulfil the extraction condition. The 
first concentration was sterilized by filtration and the subsequent dilutions were performed 
in sterile RPMI medium at a ratio of 1:2. 

Cytotoxicity test 

A colorimetric method that uses the tetrazolium compound MTS was used to determine the 
number of viable cells in proliferation (Cory et al, 1991). 96-well microplates were prepared 
with 50 µL of extract diluted from 100 to 6.25% in RPMI medium in quadruplicates. The 
positive control was a phenol solution (0.5% v/v) as 100% concentration and the negative 
control was a high density polyethylene (HDPE) extract. The 100% concentration was the 

 
Validation of Primary Packaging for Cryopreserved Musculoskeletal Tissues 85 
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culture at a temperature of 35°C ± 1.5. The methodology used is in accordance with the 
Brazilian Pharmacopoeia. The analyses of the three sterility tests (biological indicator 
Bionova BT40, 3Mattest and direct incubation) confirm the sterility of the packaging 
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Fig. 6. Samples of packaging positioned from 0 to 5 for EtO penetration analysis.  

 
Fig. 7 and 8. Performance of the sterility test by direct incubation in samples submitted to 
ethylene oxide. 
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The analysis of ethylene oxide residues was performed by the Gas Chromatography test, 
determining the levels of Ethylene chlorohydrin and Ethylene glycol. The data are shown in 
Figure 9 and show that the levels are within the limits accepted by our legislation. 

 
 

 
 
 

Note. Maximum limits according to the Brazilian legislation. [ ETO up to 25/ ETCH up to 25/ETG up to 
250] 

Fig. 9. Residues (ETO, ETCH, ETG) found in the samples submitted to sterilization. 

4. Final considerations 
Analyses of the packaging used in this study demonstrated that it is a good option for 
cryopreservation of tissues at a temperature of – 80ºC.  

Our experience with assays to validate coextruded polyethylene and polyamide plastic film 
shows that the mechanical properties of this material are not altered by cryopreservation 
and sterilization. Penetration resistance of the thermal seal remained unaltered after all the 
processes carried out in a tissue bank, such as sterilization and cryopreservation. 

We found a loss of barrier due to increased oxygen permeability of around 10% after 
sterilization and cryopreservation, which can be explained by the humidification of the 
polyamide. However, this slight alteration in oxygen permeability does not compromise the 
inner vacuum of the packaging, and does not place at risk the tissue packaged in it. 

In relation to total migration, we did not observe any alterations in the assays, i.e. once 
again, sterilization and cryopreservation did not lead to monomer migration at levels above 
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those required by our legislation. This is also valid for specific migrations of 1-octene, ε-
caprolactam and hexamethylenediamine. 

The application of ethylene oxide is safe for sterilization of this type of packaging, as it results 
in good penetrability and safe levels of Eto, Etch and Etg residues at the end of the procedure. 

In the cytotoxicity test, we observed levels of cell viability of over 90%, therefore they do not 
become cytotoxic. 

Thus, analyses of coextruded plastic polyethylene and polyamide film used in this study 
proved to be a good option for cryopreservation of tissues at temperatures of –80ºC, even for 
prolonged periods of 150 days. 
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Cryopreservation – A Viable Alternative in 
Preparation for Use of Allografts in Knee 
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1. Introduction 
The use of allogenic tissues is growing in orthopedic practice, as well as the number of 
studies on methods for processing, sterilization and cryopreservation that interfere as 
little as possible with the original physiological properties of the tissues (Nutton et al., 
1999). 

In addition to bone tissue, other tissues of the locomotor system can be captured, processed 
and stored in tissue banks with the purpose of transplantation. Therefore a strict quality 
control must be implemented and set after discussions compiled by international 
organizations such as AATB e EATB. 

The rst report of the use of allografts in humans dates back to 1881. The rst tissue bank of 
bone grafts was created in 1940 in the United States and the initial clinical results were 
published in 1942 by Inclan, 1942. Since then a series of regulations and studies has emerged 
relating to the use of grafts in orthopedic practice19. Currently, tendon allografts are used in 
knee surgeries, in elbow ligament reconstructions and in revisions of the acromioclavicular 
joint (Costic et al., 2004). 

In our country we have few tissue banks. The tissue bank (BTME) from the Institute of 
Orthopedics and Traumatology (IOT), Hospital das Clínicas da Faculdade de Medicina da 
Universidade de Sao Paulo was the first and is the biggest bank in activity nowadays. It thas 
been in operation since 1999 and is governed by local legislation (Amatuzzi et al., 2000). 
With the restructuring of our service in 2005, we initiated a new technique aimed at the 
provision of the tendon with a well-structured quality program in line with other centers of 
excellence nationally and internationally. Today our service is provided by a series of 
tendons (tibial tendon, Achilles, patellar and peroneal) taken from different regions with 
very specific applications. Thus, we can then follow the technological trend in the use of 
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1. Introduction 
The use of allogenic tissues is growing in orthopedic practice, as well as the number of 
studies on methods for processing, sterilization and cryopreservation that interfere as 
little as possible with the original physiological properties of the tissues (Nutton et al., 
1999). 
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tissues already practiced in other global centers of excellence in orthopedics and 
traumatology. 

In our medical service, Vita Institute (private use), and in the Institute of Orthopedics and 
Traumatology (public and private use), allografts are used mainly in knee surgeries, ACL 
reconstruction, multiple ligament reconstructions, ligament surgery in skeletally immature 
patients and with double bundle reconstruction.  

2. Importance of allografts in knee ligament reconstructions 
Grafts are used in various procedures in different branches of orthopedics, including 
ligament reconstruction. The literature shows the importance of the use of allografts in knee 
surgery, especially in revision surgeries, multiple ligament reconstructions and, more 
recently, surgery for primary reconstruction of the anterior cruciate ligament (ACL) in active 
patients and in those aged over 40 years (Marrale et al., 2007;  Sherman & Banffy, 2004). 
There have been at least 11 clinical studies comparing the use of auto and allografts in the 
reconstruction of the ACL (Chang  et al., 2003; Marrale et al., 2007). Most of these show little 
difference between the two techniques with respect to long-term results. However, there has 
been few prospective randomized studies , and the comparison methods (scores), types of 
graft, as well as methods of preparing and xing the graft are highly variable.  

Furthermore, most studies use the patellar tendon graft; therefore, it may not be possible to 
generalize the conclusions of these studies to the exor tendon. Some authors, such as 
Lawhorn and Howell, suggest the use of allografts without a bone plug because of the 
potential for slower incorporation of the bone due to immunogenicity and smaller cross-
sectional area of transplants with bone plugs (Lawhorn & Howell, 2003). Recently, Sun et al. 
(2011) published a prospective randomized study comparing non-irradiated allograft with 
flexors autograft showing similar results between groups in terms of subjective clinical 
scores, goals, rate of return to sports and incidence of complications (Sun et al., 2011). 

However, compared with autologous transplants, allografts do have some advantages. For 
example, they do not increase morbidity for the donor, they require a shorter surgery time, 
and they are available without restriction on size and morphology. In ligament 
reconstruction surgeries, the possibility exists of an immune response from the recipient 
tunnel enlargement, and delayed incorporation of the allograft (Marrale et al., 2007). The 
risk of disease transmission and the potential for immunogenicity are the major 
disadvantages of allografts, but these complications can be controlled (Albert  et al., 2006; 
Barrios  et al., 1994, Urabe et al., 2007).  

3. Controversy of methods of preparation of allografts 
The increased frequency of the use of allografts in traumato-orthopedics requires the adoption 
of storage techniques that interfere as little as possible in the quality of the parts (Vangsness et 
al., 2003). Allografts can be stored in different ways; they can be chilled in residential 
mechanical freezers at temperatures of + 2ºC to - 4ºC for up to ve days. In freezers with 
temperatures of -20ºC to -40ºC, they can be stored for up to six months14. At these 
temperatures, the enzymes present in the tissue are still active and can destroy the tissue. 
Therefore, storage periods of longer than a few months are not recommended. The methods of 
sterilization used at low temperatures are effective against fungi and do not seem to change 
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the mechanical characteristics of the grafts. The period of 40 days chosen in our service for 
cryopreservation coincides with the period of incubation necessary for microbiological 
investigations for bacteria and fungi (Vangsness et al., 2003). The deep-freezing process 
enables storage for up to ve years, and this is the method we use in our service19.  

Many services prefer to carry out the manipulation of tissues under aseptic conditions from 
acquisition through clinical use, and the samples are discarded when microbiological assays 
show positive bacterial cultures (20 to 30%) (Zimmerman et al., 1994). Sterilization methods, 
therefore, are not completely safe. They can alter the biomechanical characteristics of tissues 
or fail to penetrate tissue layers, resulting in the protection of microorganisms rather than 
their destruction. Irradiation with gamma rays is the most common method of sterilization 
(Sterling  et al., 1995). However, to achieve safer sterilization in frozen tissues, high-dose 
irradiation is necessary, which can alter the biomechanical properties of the tissue in a dose-
dependent manner (Curran et al., 2004; Fideler et al., 1995). 

Doses as low as 2 Mrad resulted in a statistically significant reduction in biomechanical 
properties, outcomes, or physical examination measures. Rappe et al. (2007) studied the 
effect of irradiation on clinical outcomes of ACL reconstruction, they found the irradiated 
group had an unacceptable higher rate of failure (33%) than the non- irradiated group 
(2.4%). Fideler et al. (1995) found that the dose of 2.5 Mrad, which was a dose commonly 
used by tissue banks for sterilization, was just bacteriocidal but ineffective in eliminating 
viruses such as human immunodeficiency virus (HIV) (Sterling et al., 1995). Doses of 3 to 4 
Mrad were necessary to inactivate the virus. Grieb et al. also proved that lower levels of 
radiation may be inadequate to kill hepatitis and HIV viruses, with a dose of 5 Mrad being 
necessary (Grieb et al., 2006). When dosage is increased, its clinical implications increase 
correspondingly. We must question the use of gamma irradiation as there are so many 
adverse effects and it fails to sterilize the allograft as required.  

Also, the sterilization effectiveness against viruses is low (Vangsness et al. 2003). Ethylene 
oxide sterilization requires strict control of the levels of waste gas in contact with the 
allograft and is no longer used by tissue banks, due to the possibility of toxic effects for the 
recipient (dissolution of the graft and articular inammatory reactions) (Vangsness et al. 
2003). The processing techniques used in the preparation and preservation of grafts have 
been questioned as potentially altering the initial resistance and mechanical properties of the 
graft prior to implantation. 

Two studies carried out in Brazil address the biomechanical properties of patellar and 
calcaneus tendons of cadavers with the same preparation method as that used in our study, 
comparing fresh and cryopreserved allografts (Giovani et al., 2006; Reiff et al., 2007). They 
found no differences. A study on metric measurements and attachment levels of the medial 
patellofemoral ligament shows this to be a distinct structure (Zimmerman et al., 1994). 
Although there have been studies on the biomechanical behavior of tendons, the literature 
does not address histological changes of tendons cryopreserved at -80ºC under aseptic 
conditions (Pearsall et al., 2003). During cryopreservation at -80ºC, thedestruction of the 
allograft enzyme appears to be minimal and at least one enzyme, collagenase, which can 
destroy the tissue, is inactive (Tomford, 1997). Furthermore, with cryopreservation there is no 
intracellular free water, which is thought to be necessary for enzymatic activity, bacterial 
proliferation and lipid oxidation (Galea & Keamey, 2005; Laitinien et al., 2006). Lipid 
oxidation inside the tissues induces apoptosis and inhibits cell differentiation; such oxidation 
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can be minimized or avoided with cryopreservation at temperatures of at least -70º C (Laitinien 
et al., 2006). The literature refers to histological changes due to cryopreservation only in 
cartilage (one of the most commonly used grafts in surgical practice), concluding that during 
freezing, the vitality of the cells is threatened ( Schchar & McGann, 1986). Other injuries may 
also occur, such as the formation of extracellular ice crystals, intracellular ice nucleation, 
collapse of the matrix, and breakage of intercellular bridges.  

In our study, the histological study of one tendon (not cartilage) was carried out, and none 
of these histological phenomena were observed with cryopreservation at -80ºC. Freezing 
with liquid nitrogen at -179ºC has also been used as a storage method with similar results 
but higher cost (Zimmerman et al., 1994). Another widespread storage method is 
lyophilization. Cryopreservation and lyophilization have been related to a reduction in 
allograft antigenicity (Jackson et al., 1990). The use of chilled saline solution is not a 
guaranteed method because the stock can only be kept safely for short periods (Zimmerman 
et al., 1994). Treatment with paraformaldehyde and fixation with glutaraldehyde are no 
longer recommended because of the toxicity of these solutions to the recipient tissue.     

We recently published a study in which we proved the histological properties of the flexor 
tendons of the knee from cadavers subjected to cryopreservation and experience with the 
use of allografts of the Knee Group from IOT (Bitar et al., 2010; Damasceno et al., 2009).  

4. Cryopreservation: Our method 
4.1 Tendinous tissue removal 

The attainment of the musculoskeletal tissues has as its source deceased donors with brain 
death reported by the Committees Intra-hospital - CIHDOTs, Organ Procurement 
Organizations - OPOS and by the twenty-three central of notification and collection of 
organs and tissues - CNCDOs, logistically spread throughout country. Notifications for 
teams pickups are made after the execution of a series of procedures and tests that aim 
beyond the evidence of brain death, family consent of the donation of organs and tissues. 

The donor selection follows a rigorous research with control antigen and antibody serology for 
HIV, Hepatitis A, B and C, HTLV-1 and 2, syphilis, Chagas disease, toxoplasmosis and 
cytomegalovirus in addition to testing of last generation for evidencing of DNA (Nucleic Acid 
Amplification - NAT) for HIV and Hepatitis B and C, required of musculoskeletal tissues. The 
capture of musculoskeletal tissues (bone and tendons) is performed after the initial screening 
of donors of multiple organs and tissues (heart, kidney, liver, pancreas, lung, cornea, etc.). 

In our specific field, we follow a protocol of evaluation of the donor that counts with a 
written anamnesis of a term to capture and physical examination. Are excluded donors with 
orthopedic disorders such as osteoporosis, osteonecrosis, rheumatoid arthritis, lupus 
erythematosus, malignancy, age that compromises characteristic of tissues, blood 
transfusion, tattoos or adornments (piercings) within the window period, users of illicit 
drugs, permanence in endemic areas, generalized or localized infections, fractures, bruises 
on the limbs which are absorbed in the musculoskeletal tissues or any other situation that 
would call into doubt the quality of these tissues, as arranged in the existing laws. The 
tissues removed are immediately packed in triple enclosures, hermetically sealed and sent 
under refrigeration (- 4 ° C) to the Tissue Bank. 
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A very important step of the process of capture is the reconstruction of the donor and for 
this matter we use prosthesis specially designed using plaster, wire suture, gauze. This 
reconstruction is done rigorously and is characterized as the most laborious phase of the 
procedure. All anatomical parameters are respected, and therefore the deformation of the 
donor does not occur (Figures 1 and 2). 

 
Fig. 1. Pre-operative preparation of the potential musculoskeletal tissues doner. 

 
Fig. 2. Tissue removal: bone and tendon dissecation under asseptic conditions. 

4.2 Processing and cryopreservation of musculoskeletal tissues 

At the end of the uptake, the tissues are sent to BTME chilled in coolers with temperature 
monitoring throughout the period of transportation. The processing step is preceded by a 
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planning of activities needed for its implementation, such as provision of materials and 
instruments, convocation of the processing team, definition of preparation and 
dimensioning according to the need for service (queue) requests from orthopedic and dental 
surgeons. This step is performed in the operating room properly rated (class 100 or ISO 5)  
equipped with integrated laminar flow (Figure 3). The room also has an antechamber and 
pass-through and all environments have strict control of air particles and positive pressure 
for quality assurance of tissues processed there. 

 
Fig. 3. Tissue cryopreservation área. Ultrafreezer with a temperature of -80ºC. 

In addition, specific attire is required of the professional team that should only use non-
woven clothes to avoid dispersion of particles that emit the cotton clothes (Figure 4). Not 
only the non-woven attire is required but the team's behavior should be differentiated. 
Thus, sudden movements, use of cosmetics and hair exposure should be avoided during the 
permanence in this room. Ensuring an appropriate approach is not only a result of training 
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of the nursing staff that performs the procedure, but also other professionals who access the 
environment (cleaning  maintenance). 

 
Fig. 4. Processing team in activity in the controlled área (ISO 5: Class 100). 

The BTME conducts various types of processing of these tissues with the purpose to use in 
orthopedic and dental surgeries, each of which requires a specific plan. For the processing of 
fresh frozen tissues it is performed what we call mechanical processing, ie removal of 
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adventitial tissue such as blood, periosteum, subcutaneous tissue, muscle, fascia and fibrotic 
tissue. Then, these tissues are immersed in emulsifying solutions based on hydrogen 
peroxide and alcohol under ultrasonic agitation (Figure 5). 

 
Fig. 5. Tissue’s chemical processing. Ultrasonic clining with emulsifying solution. 

Then, a sampling of these resultant solutions, of bone marrow of long bones and fragments 
of each tissue processing are subjected to microbiological examination (General Knowledge, 
and Culture of Anaerobic Fungi). Furthermore, it is also obtained samples to 
histopathological analysis. 

Finally starts the procedure of packaging of all the processed grafts which are measured 
(length, height, weight, volume, perimeter) and kept in sterile triple wrappers, vacuum 
sealed and properly identified as tissue in analysis. The label contains information from the 
donor, examination, lot number, item, expiration date, type of conservation and barcode. 

Once all the tissues are identified, they are x-rayed at the very BTME and referred to 
cryopreservation. 

The bones can also be processed in its lyophilized form, where all water is removed with the 
tissue still frozen. The process involves placing the tissue in a lyophilizer chamber where ice 
crystals sublimate by the action of the high pressure, not passing through the liquid phase 
and thus maintaining the viability of bone matrix. The result is a dry tissue, conservable at 
room temperature that must receive final sterilization by irradiation.  

At the end of the processing it is performed the  documentation of the procedure in the  
Processing and archived in the donor's chart. The stock of tissues can be kept either frozen 
or dried, if necessary, according to the same standards used by the Global Association of 
Tissue Banks . Other forms of processing have been investigated in order to reduce costs 
related to storage and maintenance. The glicerolization of bone tissue is presented as a 
processing methodology capable of maintaining the viability of the matrix and prevent 
bacterial growth, and allows storage at room temperature (Giovani et al., 2006). 
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4.3 Tissue cryopreservation 

In the room of cryopreservation tissues are stored according to their status in the process. 
Thus, there is a space for tissues in analysis or in quarantine (where they remain for about 60 
days until the results of all examinations) and those already released for use. Both rooms are 
equipped with ultrafreezers with temperatures ranging from 85 to 110 degrees below zero 
(Amatuzzi et al., 2000). 

The room is also equipped with air-conditioning system, own power generator  and the 
unfreezing protection of carbon dioxide (CO2 Backup), and a rigorous system of monitoring 
the temperature, with printed record of temperature for 24 hours and alarm system via 
satellite, which guarantees the right temperature and early detection of complications. 

Depending on the outcome of the analysis, the tissues are transferred to the room of 
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adventitial tissue such as blood, periosteum, subcutaneous tissue, muscle, fascia and fibrotic 
tissue. Then, these tissues are immersed in emulsifying solutions based on hydrogen 
peroxide and alcohol under ultrasonic agitation (Figure 5). 

 
Fig. 5. Tissue’s chemical processing. Ultrasonic clining with emulsifying solution. 
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examinations are assessed and ultimately released by the Technical Director of the Tissue 
Bank. 

Besides examinations, evaluation of the printed record of temperature during the storage 
period is considered. The temperature oscillations are quickly detected and reported to the 
team members from the BTME even remotely by cell phones. In addition, audible alarms at 
strategic points in the hospital and the presence of CO2 backups, ensure system reliability.  

After the release of each lot, the nurses carry a detailed examination of integrity of each 
tissue during the replacement of tissues in analysis labels to  released labels and posterior 
transfer of the sector. The logistics of storage of tissues in ultrafreezers considers the type of 
tissue and speed up the search. 

We emphasize that for a rigorous quality control all steps of each procedure are carried out 
through check-lists with double checking and approval.All relevant data of the donor or lot 
records are filed in a single file and stored at the BTME  for a minimum of 25 years. 

A serum bank with plasma samples of donors are offered by BTME if necessary examination 
of counterproof. 

5. Our experience 
In the last five years, we have performed 35 knee ligament reconstructions, including 
multiple ligament, and isolated ACL and PCL reconstructions with single and double 
bundle techniques, and ACL reviews. Twenty seven men and eight women underwent 
surgery with the employment of the following grafts from the tissue bank: anterior tibial 
tendon (48 units), patellar tendon (4 units), quadriceptal tendon (5 units), semitendinosus 
tendon (4 units), calcaneus tendon (1 units) and fibular tendon (1 units). The patients follow-
up range from 6 to 57 months and we are still collecting data from this cases. Our first 
results showed that there no viral or bacterial infection associated to the use of allografts in 
any of the cases or other complications, and clinical outcome of these patients has shown 
good results with the use of tendons from the tissue bank. 

A study conducted in another service, in which we colaborate, revised the records of 46 
patients who were submitted to ligament reconstructions between 1999 and 2007 using 
grafts supplied by the same tissue bank (Damasceno et al., 2009). Thirty-four male patients 
and 12 female patients were reviewed, with follow-up time ranging from 10 months to 9 
years (mean: 3.1 years).The surgical procedures used 9 units of patellar tendons, 9 units of 
anterior tibial tendons, 8 units of calcaneal tendons, 6 units quadriceptal tendons and 1 unit 
of fibular tendon, mainly for multiple ligamentar reconstructions and ACL reviews41. There 
were also no viral or bacterial infection cases41. 

The decrease in morbidity and postoperative complications allied to good results obtained 
in our samples reinforces the idea that the use of allografts is a good and safe option in knee 
ligament reconstruction. 

6. References  
Albert, A; Leemrijse, T; Druez, V; Delloye, C; Cornu, O. (2006) Are bone autografts still 

necessary in 2006? A three-year retrospective study of bone grafting. Acta Orthop 
Belg, 72, 734-40. ISSN 0001-6462. 

Cryopreservation – A Viable Alternative in 
Preparation for Use of Allografts in Knee Ligament Reconstruction 101 

Amatuzzi, MM; Croci, AT; Giovani, AMM; Santos, LAU. (2000) Banco de tecidos: 
estruturação e normatização. [Tissue bank: structure and organization]. Rev Bras 
Ortop, 35, 165-72. ISSN 0102-3616. 

Barrios, RH; Leyes, M; Amillo, S; Oteiza, C. (1994) Bacterial contamination of allografts. Acta 
Orthop Belg, 60, 293-5.  

Bitar, AC; Santos, LAU; Croci, AT; Pereira, JARM; França Bisneto, EM; Giovani, AMM; 
Oliveira, CRGCM. (2010) Histological Study of Fresh versus Frozen Semitendinous 
Muscle Tendon Allografts. CLINICS, 65(3),297-303 ISSN 1807-5932. 

Chang, SK; Egami, DK; Shaieb, MD; Kan, DM; Richardson, AB. (2003) Anterior cruciate 
ligament reconstruction: allograft versus autograft. Arthroscopy, 19, 453-62. ISSN 
0749-8063. 

Costic, RS; Labriola, JE; Rodosky, MW; Debski, RE. (2004) Biomechanical rationale for 
development of anatomical reconstructions of coracoclavicular ligaments after 
complete acromioclavicular joint dislocations. Am J Sports Med, 32, 1929-36. ISSN 
1552-3365. 

Curran, AR; Adams, DJ; Gill, JL; Steiner, ME; Scheller, AD. (2004) The biomechanical effects 
of low-dose irradiation on bone-patellar tendon-bone allografts. Am J Sports Med, 
32, 1131-1135. ISSN 1552-3365. 

Damasceno, ML; Ferreira, TF; D’Elia, CO; Demange, MK; Pécora, JR; Hernandez, AJ; 
Camanho, GL; Croci, AT; Santos, L; Helito, CP. (2009) Use of Allograft in 
Ligamentar Reconstruction of Knee. Acta Ortop Bras, 17(5), 265-8 ISSN 2176-7521. 

Fideler, BM; Vangsness, CT Jr; Lu, B; Orlando, C; Moore T. (1995) Gamma irradiation: effects 
on biomechanical properties of human bone-patellar tendon-bone allografts. Am J 
Sports Med, 23, 643-646. ISSN 1552-3365. 

Flahiff, CM; Brooks, AT; Hollis, JM; Vander Schilden, JL; Nicholas, RW. (1995) 
Biomechanical analysis of patellar tendon allografts as a function of donor age. Am 
J Sports Med, 23, 354-8. ISSN 1552-3365. 

Galea, G; Kearney, JN. (2005) Clinical effectiveness of processed and unprocessed bone. 
Transfus Med. 15:165-74.  

 Giovani, AM; Croci, AT; Oliveira, CR; Filippi, RZ; Santos, LA; Maragni, GG. (2006) 
Comparative study of cryopreserved bone tissue and tissue preserved in a 98% 
glycerol solution. CLINICS, 61, 565-70. ISSN 1807-5932. 

Grieb, TA; Forng, RY; Bogdansky, S. (2006) High-dose gamma irradiation for soft tissue 
allografts: high margin of safety with biomechanical integrity. J Orthop Res, 24, 
1011-1018. ISSN 0736-0266. 

Inclan A. (1942) The use of preserved bone graft in orthopaedic surgery. J Bone Joint Surg 
Am, 24, 81-96.  

Jackson, DW; Corsetti, J; Simon TM. (1996) Biologic incorporation of allograft anterior 
cruciate ligament replacements. Clin Orthop, 324, 126-33.  

Jackson, DW; Windler, GE; Simon, TM. (1990) Intraarticular reaction associated with the use 
of freeze-dried, ethylene oxide-sterilized bone-patella tendon-bone allografts in the 
reconstruction of the anterior cruciate ligament. Am J Sports Med, 18, 1-10. ISSN 
1552-3365. 

Laitinen, M; Kivikari, R; Hirn M. (2006) Lipid oxidation may reduce the quality of a fresh-
frozen bone allograft. Is the approved storage temperature too high? Acta Orthop, 
77, 418-21. ISSN 1745-3674. 

Lawhorn, KW; Howell, SM. (2003) Scientic justication and technique for anterior cruciate 
ligament reconstruction using autogenous and allogenic soft-tissue grafts. Orthop 
Clin North Am, 34, 19-30. ISSN 0030-5898. 



 
Current Frontiers in Cryopreservation 100 

examinations are assessed and ultimately released by the Technical Director of the Tissue 
Bank. 

Besides examinations, evaluation of the printed record of temperature during the storage 
period is considered. The temperature oscillations are quickly detected and reported to the 
team members from the BTME even remotely by cell phones. In addition, audible alarms at 
strategic points in the hospital and the presence of CO2 backups, ensure system reliability.  

After the release of each lot, the nurses carry a detailed examination of integrity of each 
tissue during the replacement of tissues in analysis labels to  released labels and posterior 
transfer of the sector. The logistics of storage of tissues in ultrafreezers considers the type of 
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up range from 6 to 57 months and we are still collecting data from this cases. Our first 
results showed that there no viral or bacterial infection associated to the use of allografts in 
any of the cases or other complications, and clinical outcome of these patients has shown 
good results with the use of tendons from the tissue bank. 

A study conducted in another service, in which we colaborate, revised the records of 46 
patients who were submitted to ligament reconstructions between 1999 and 2007 using 
grafts supplied by the same tissue bank (Damasceno et al., 2009). Thirty-four male patients 
and 12 female patients were reviewed, with follow-up time ranging from 10 months to 9 
years (mean: 3.1 years).The surgical procedures used 9 units of patellar tendons, 9 units of 
anterior tibial tendons, 8 units of calcaneal tendons, 6 units quadriceptal tendons and 1 unit 
of fibular tendon, mainly for multiple ligamentar reconstructions and ACL reviews41. There 
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1. Introduction 
The Development of cryopreservation techniques, the increase in demand for cryopreserved 
cells or tissues and the use of these techniques in cells or tissues from patients with 
infectious diseases, has forced us to reduce the risk of contamination during the freezing 
process and the risk of cross-contamination during the storage of this material. Recent 
publications that demonstrate the survival of pathogens at low temperatures and possible 
contamination of the cells or tissues stored have changed the laws of each country and the 
customs and protocols used so far in the cryopreservation. 

To understand the problem of contamination in cryopreservation we need to have an 
overview of the current problem in which all researchers are concerned about, seeking a 
cryopreservation protocol with good results but without contamination problems. 
Discussing the cryopreservation’s different techniques such as slow freezing, vitrification, 
kinetic vitrification (extra-, hyper-, super-, ultra-fast vitrification) and the various 
components that help us understand the difficult balance between technique, device used 
and the risk of contamination. We need to use new products and new protocols’ to have 
good results ensuring biological samples and patient safety. 

Dr. Katkov’s idea of find the  “Universal crypreservation protocol” (see the other Chapter in the 
Book) by Katkov at al. that we can use worldwide with all the possible biological samples 
would lower considerably the price of cryopreservation process and we would have better 
results because everybody would work with the same protocol and the same results. 

We have to comprehend the difference between open, closed or semi-closed devices and the 
importance of choosing one device or another both in morphological survival post thaw cell 
or tissue as on non-contamination of these samples. The device used, the protocol used and 
the cooling solution used can change the outcome of cryopreservation and therefore we 
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of the sample by freezing or by direct contact with the cooling solution and the second refers 
to the contamination of the sample within the common container which is in contact with all 
cryopreserved samples, some samples may be contaminated or the liquid nitrogen (LN2) 
might be contaminated producing a possible cross-contamination. The potential for disease 
transmission and pathogen survival through contaminated LN2 has been proposed by 
many authors (1-3), and the evidence of contamination in human patients has been 
described for different pathogens (4-10). It has to be stated that none of the reported 
infections after insemination or ET in humans and domestic animals can be clearly 
attributed to the applied cryopreservation and storage procedure but the use of safe 
cryopreservation protocol is very important to avoid human cell contamination or cross-
contamination in common LN2 tanks. 

Although cryopreservation had a boom in the mid 70's and early 80's with the opening of 
the first sperm banks in America and Europe, it was not until the mid-80's when we saw the 
need for biological samples cryopreserved in quarantine and the lack of screening leads to 
infection of several recipients that had been inseminated with semen samples from donors 
HIV+ those unaware of their disease (11). In these cases it was found that samples stored in 
the same containers with frozen HIV+ samples were not contaminated, otherwise in 1995, 
six patients undergoing cytotoxic treatments hermetic problems developed an outbreak of 
acute hepatitis B after undergoing an autologous cryopreserved material that had been 
stored in the same cryogenic container as other patients infected with hepatitis B (12). 

2.1 Cells and tissue contamination 

In the field of assisted reproduction, although it hasn’t been detected any contamination in 
the cryopreservation of gametes and embryos, the probability and the occurrence is low, the 
risk is not zero so it is recommended to follow the rules in biosecurity manuals for both the 
physical and chemical risk as well as the risk of contamination and cross contamination of 
samples. 

The case in 1985 where there was infection with hepatitis B in the cryopreserved samples 
(12) the infection was due to an error in packaging and storage of samples. With time a 
deterioration of the bags containing infectious material causing the infection of the LN2 and 
other samples was observed. 

Further studies have shown that the storage of samples is decisive. There is evidence that 
frozen samples in hermetically sealed straws are not contaminated even if they are in 
contaminated containers with contaminated LN2 and LN2 does not contaminate infective 
biological samples that were frozen in a sealed container (13,14)  

During the cryopreservation, biological samples go through many processes before being 
cryopreserved. In the case of IVF cells are subjected to a phase of procurement, fertilization, 
development, transfer and finally cryopreservation. This represents an approximate 6-day 
process in which many factors can affect the contamination of the sample at the end of the 
process. We can find contamination or cross-contamination in the following cases (15): 

 Handling contaminated biological samples (semen, follicular fluid, tissue, etc.). Without 
precautions to avoid contamination outside the base plate to be used for conservation 
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(cryotube, straw, etc.). It is very important to disinfect and clean the container before 
filling it with LN2 (16). In this regard to ensure an adequate level of biosafety a study is 
needed of infectious diseases transmissible from any patient or donor who wants to 
freeze any samples. According to Castilla (17) the clinic policy for a donor with 
infectious diseases is radically different to that of a patient with any of these diseases 
wanting to freeze biological material for autologous use. In the first situation, the 
biological material at hand will not freeze. In the second, the biological material should 
be frozen but with measures that we discuss later. Screenings for infectious diseases 
that normally must be submitted are: To analyse serological studies for syphilis, 
hepatitis and HIV. To analyse the clinical studies infective clinical phases: 
toxoplasmosis, rubella, herpes virus, cytomegalovirus (CMV), Neisseria gonorrhoeae 
and Chlamydia trachomatis. These tests are required for donors of semen every 6 
months. As the risk of disease transmission during storage in LN2 is mainly viral. 
Interestingly, the American Society of Fertilisation (18), ESHRE (19), British Andrology 
Society (BSA) (20) and the Spanish Association of Tissue Banks (AEBT) (21) also 
recommend serologic screening for CMV, not just clinical. The presence of CMV in 
semen has been associated with active disease (anti-CMV IgM + or recent 
seroconversion anti-CMV IgG +). Similarly, these companies recommend performing 
serologic tests for HTLV-I and HTLV-II. But although it is clearly demonstrated the 
transmission of human papilloma virus by using LN2 cryotherapy and has been shown 
IUI transmission of herpes simplex virus (HSV) (22), none of the scientific associations 
mentioned above recommend a culture for detection or serological studies of HPV 
donors or patients with infection who are going to freeze biological material because 
the analysis to detect these deceases are not very sensitive. As rubella serologic 
screening of donors, its low prevalence in this population means that serological tests 
have a low positive predictive value, making it unadvisable. Finally, we believe a 
patient who needs to freeze some reproductive biological material should have at least 
one serology for HIV, hepatitis B and C. This proposal is consistent with the 
recommendations of the AEBT for cryopreservation of semen (21). 

 Use of contaminated culture media. In these cases the degree of cross-contamination 
would reach very high levels having an impact on many patients. Although the 
preparation of embryo culture media and sperm extenders from specific ingredients are 
avoided in human clinics, it continues to be a common practice in animal ART (23). 
Nevertheless, many ingredients of embryo culture media and sperm extenders act as 
stabilizers for many micro-organisms at freezing temperatures ( milk, serum or serum 
albumin, sucrose, sorbitol and other sugars). Unfortunately, the most common 
cryoprotectors (CPs) in applied oocyte cryopreservation and embryo (glycerol, DMSO, 
ethylene glycol, propylene glycol, methanol etc.) are toxic for cells. Also bacteria and 
viruses efficiently protect from cryoinjuries, eg Concentrations of DMSO as low as 5% 
enveloped viruses defend against the trauma of freezing (24). The Fact That micro-
organisms survive in association with germplasm is not only important from the 
potential of disease transmission by embryo transfer to recipients, but also in 
approaches to the storage of samples for testing and health certification of embryos for 
international movement. On the other hand we must also bear in mind that all culture 
media containing antibiotics to prevent or limit survival of microorganisms. 
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 Conservation of contaminated material or straws cryotubes closed or sealed badly 
flawed causing the breakdown of the frozen straw, leaving the contaminated sample 
directly exposed to the LN2 tank risking contaminating the other samples. Closed 
systems can be sealed in many ways (thermal sealer, ultrasound sealer, radiofrequency 
sealer, polyvinyl alcohol powders, and solid caps). Given the sealing time and the 
temperature reached does not affect the cryopreserved sample, we have to ensure that 
the seal is airtight and that the device is built of resistant material to low temperatures 
of LN2 (Ionomeric resins, quartz glass capillary, Polyvinyl chloride, Polyethylene glycol 
tetralato, etc). 

 Using contaminated LN2 during the freezing process. In this case we have proposed 
some solutions that we will see later. 

 Poor source management of LN2 from our supplier contaminating commercial LN2 that 
comes to our lab in the process of manufacture or transportation and filling our 
containers. 

 For transportation of contaminated material in containers. Storage containers should be 
emptied and cleaned periodically due to the risk of lost straws or small particles of 
contaminated material that falls to the bottom of a large container (25,26). Most of the 
companies of LN2 containers provide cleaning protocols. The main problem is the 
cleaning of transport cylinders called "dry" because the material that absorbs the LN2 in 
these bottles is difficult to sterilize. Bielanski (27) describes a method of disinfection of 
commercial dry shippers with two different types of a LN absorbent. Based on the 
results presented, it appears that solutions of sodium hypochlorite and ethylene oxide 
are equally useful for the disinfection of dry shippers constructed with a hydrophobic 
LN absorbent. In contrast, for dry shippers without a hydrophobic LN absorbent it is 
advisable to use gas only for decontamination in order sterilization to avoid their 
damage by liquid disinfectants. 

 The air in the room. If the air that reaches the lab comes from another area that could be 
contaminated and there isn’t a good filter. Some laboratories do not have filtration 
systems or positive pressure to prevent air contamination. 

 Operators. If they are infected then that can lead to contamination by contact or peeling 
during processing of samples or the handling of cryogenic tanks. Staff must meet 
certain health and hygiene conditions: negative serology for HIV, HCV, HBV and 
vaccination against hepatitis B and other viral diseases for which there is a vaccine 
available. We must also have a detailed description of their jobs, tasks and 
responsibilities. In addition the centre must provide the worker training in freezing 
techniques for updating and improving procedures. 

 Use of open devices. In recent times there is much talk of closed or open system and the 
possibility of contamination, so many countries have banned open systems and the 
trend is to ban the high risk of sample contamination. In a closed or semi-closed device 
the nitrogen of common container is never in contact with biological material frozen on 
the inside so cross-contamination cannot produced. In the open system, the biological 
material is in contact with the common nitrogen so contamination from the sample is 
very easy if the LN2 is contaminated or contamination of LN2 if the sample is 
contaminated. The latest study done by Criado and his group (28) showed 45% of 
contamination in an open device (Cryotop) Vs 0% of contamination in a semi-close 
device (Ultravit) equal and using a contaminated laboratory LN2. 
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2.2 Cooling solution contamination 

The cooling solution plays a significant role in avoiding contamination of biological 
samples. It means that we will freeze the sample and we will deposit it for a long storage 
until thawed and used. Normally the LN2 cooling solution is the most widely used in 
cryopreservation and survival of pathogens at high temperatures (-196 º C) has already been 
proven by many studies (1-3,27,28) cases also involved in seeing cross-contamination of 
human papillomavirus (14,29). 

The need for better cooling rates to avoid formation of crystals in cryopreservation has 
resulted in the discovery and use of new cooling solutions (slush, slurry, etc.). So there are 
more components to consider when contamination is to be avoided. Using these new 
cooling solutions gives a lower temperature than the LN2 temperature and much faster 
transmission. The Slush nitrogen is obtained by a vacuum pump (Telstar TOP-3; Telstar 
S.A., Terrassa, Spain) that solidifies part of the LN2 in a few minutes. On return to normal 
atmospheric pressure, the nitrogen collapses, and the subcooled LN2 has solid particles in it 
commonly referred to as ‘‘slush’’ (30).The advantage of Slush nitrogen lies not only in the 
temperature difference with respect to LN2 (-196ºC Vs -210ºC) but also in the reduction of 
the Leiden frost effect, which is the formation of a layer of vapor around the sample when 
immersed in the cryogenic liquid from room temperature decreasing the cooling rate (31,32). 
It has not yet been demonstrated the survival or non survival of pathogens in this cooling 
solution of 15-20 ° C difference in LN2, this is obtained by vacuum pressure, which can lead 
to rupture of the cell wall of pathogens to balance internal and external pressure of these in 
the process of forming Slush. The ‘Slurry’ nitrogen is a mix of LN2 with different particles 
for example copper powder. At present investigations are being carried out as an alternative 
to LN2 to increase the cooling rate because with this cooling solution the thermal conduction 
is increased. Likewise, experiments are ongoing with various solutions to increase the 
thermal conduction and the cooling rate. 

These cooling solutions "alternatives" are only used at the time of freezing the sample and 
once frozen, it passes to the general container that is filled with LN2, although these 
solutions where they freeze cool samples have to be sterile we have to ensure that the 
general LN2 container does not have contact with the frozen sample in order to not 
contaminate the sample and the LN2 if the sample is positive for any pathogen. 

Retrospective studies in which commercial LN2 cryotanks were examined after 35 
continuous years of service revealed various bacterial and fungal contaminations in the LN2 
detritus (23). Many of the identified bacteria isolated in these studies were ubiquitous 
environmental micro-organisms and were rare opportunistic pathogens of low significance 
in producing disease in humans or animals (Table I). It should be acknowledged that some 
of the isolates may have been derived from laboratory contamination during semen and 
embryo processing for cryopreservation rather than genuinely being present within the 
sample. In agreement with Bielansky and Vajta the risk of contamination by human 
pathogens seems to be rather low. Components of the standard LN2 production system 
comprise a compressor, a cryogenerator and containers. From a practical point of view, the 
complete sterilization and maintenance of sterility in such a robust system might be a very 
demanding task, if possible at all. Accordingly, some ubiquitous bacterial agents can be 
expected in any commercially produced LN2. Nevertheless, it is an ‘in and out’ system and 
only air-borne contaminants are supposed to enter it (LN2 compressor) via air used for LN2 
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production. As they are not air-borne, it is unlikely that viral agents of human concern such 
as HIV, hepatitis and herpes viruses would enter the LN2 production system.  

 
Table 1. Microbiological contamination of embryos and semen during storage in LN2 (23) 

One of the biggest discussions recently in the world of cryopreservation focuses on the 
importance of the sterility of LN2. As shown in Table I and in total agreement with 
Bielansky and Vajta and many other authors the commercial LN2 reaching our lab is not 
contaminated enough to cause any infection to freeze biological material. The major 
problem is common containers where the samples are deposited with a LN2 stored for 
months, years or even decades in contact with many samples, which, many clinics do not 
empty and do not disinfect, so it is in common containers where we can find the highest risk 
of contamination and cross contamination. 

As a possible solution to minimize the risk of freezing biological material some systems 
have been proposed where we sterilize the LN2 and where we ensure that the sample is not 
in contact with LN2 with the use of semi-close devices or devices that are the only ones that 
guarantee a hermetic sealing of the device and avoid any risk of breakage of the solder thus 
ensuring the aseptic samples. The fact that LN2 can be quickly and safely sterilized could 
encourage the clinical application of human cell/tissue vitrification, both with open carriers 
and with closed systems. The problem is that if this device is an open device and is passed 
to the general container where all the other cryopreserved samples there is a huge risk of 
cross contamination, so it has not helped. 

 LN2 Filtration: One of the solutions that have been developed is the filtration of LN2. 
Air Liquid has marketed CERALIN a liquid filtration system through LN2 ceramic 
filters. The CERALIN ON LINE consists of two elements of liquid filtration connected 
in series and inserted into a section of vacuum transfer line. The ceramic membrane is 
made from multiple layers formed into a multi-channel element. It is housed in a 
vacuum insulated pipe, itself installed close to the end-use point. The filter minimizes 
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the pressure drop and avoids the vaporization of the LN2. Thus it avoids nitrogen 
losses. Several sizes are available, depending on the nitrogen flow. The efficiency of this 
equipment was investigated and proved in laboratory. The filter is located downstream 
of the nitrogen vessel. During operation, LN2 flows through the filter and over the 
ceramic membrane. The result is high-purity LN2 with a bacteria count of less than 1 
CFU/L gas. Additionally, the large filtration area of the membrane and low level of 
contamination of LN2 means it is likely to be several decades before filter saturation. 
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 UV Sterilization: This method is based on emitting the minimum dose on UV radiation 
necessary to kill micro-organisms that can survive at the boiling point of nitrogen (-
196°C) and which is irradiated in a temperature-controlled regimen, within a short time 
interval, before the LN2 completely evaporates. The extremely radiation-resistant 
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bacterium Deinococcus radiodurans is inactivated (>- 4log) by administe-ring 400.000 
µWs/cm² per each sterilization cycle.  An adequate amount of UV radiation de-
activates the growth of all kinds of micro-organisms, from viruses like Hepatitis (which 
require an 8.000 UV dose) to fungi like Aspergillus Niger (330.000 UV dose) (33). At 
CRYO 2011 Dr. Parmegiani spoke about a new dispositive of UV sterilization of the 
common containers with cells or tissues inside but the scientific community thinks that 
is too dangerous biological samples exposed to UV rays without any protection. 
Although his group is proposing special canisters "not transparent" I think they have to 
do many more tests to rule out damage to the samples because the common view is 
confirmed that UV light is harmful, even if used just overnight decreased embryo 
developmental rates. 

 LN2 Steam: As an alternative to hermetical storage in LN2, cryostorage contamination 
might be avoided by storing the carrier containing the vitrified oocytes in LN2 vapour 
(34, 35). However, Grout and Morris (36) maintain that storage in the vapour phase of 
LN2 still carries a risk of sample contamination. Storage of semen in LN2 vapours was 
discarded early in the development of sperm cryopreservation techniques and it was 
found that long-term viability of sperm was reduced compared with LN2 storage 
(37,38). However, recent experiments with new materials have succeeded in developing 
the technique with acceptable results for both semen and embryos (39,40) and in our 
last experiment we demonstrated 0% of contamination in vapor nitrogen in a 
experimental contaminated laboratory LN2 (non published). The drawback of the 
generalization of this form of storage is the need for careful monitoring of temperature 
in different parts of the container, which makes the marketing of these containers type 
(40) more difficult.  

 Before entering discussions regarding the sterility in LN2 used for vitrification, we 
should debate the use of communal containers, which is where cross-contamination can 
be found, as there is a possibility that the “contaminated cells” could come into contact 
with each other, and where a number of viruses and bacteria are found, which would 
never be found in the commercial LN2. 

2.3 Contamination in transport 

To carry out a safe transportation of biological material we should clearly distinguish a 
number of concepts (17). 

1. Infectious substances: those that contain viable microorganisms (bacteria, virus, prions, 
parasite, fungus) or bacterial toxins that are known or believed to cause disease in 
animals or humans. 

2. Diagnostic specimens: human or animal materials (body fluids, blood, tissue, tissue 
fluids, etc.). Obtained for diagnostic or investigational (41). 

Most often transported biological reproductive materials are cryopreserved semen donor 
and follicular fluid when the laboratory is separated from the follicular puncture site. In 
both cases, we consider the recommendations to follow are those of diagnostic specimens. 
There are several documents related to the transport of biological material, such as the 
Universal Postal Union (UPU), the International Aviation Organization (ICAO) and 
International Air Transport Association (IATA) (42-44). 
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At European level, all documents related to transport are based on the recommendations of 
the Committee of Experts of the United Nations Dangerous Goods (UN) (45). There is also a 
european agreement on international transport of dangerous goods by road (ADR), approved 
by RD 2115/9838 (46). We will describe some aspects of the mentioned regulations on the 
transport of diagnostic specimens. The basic system consists of packaging: 

1. Primary container, watertight, leak proof, labeled and contains the sample. This 
container should be wrapped in absorbent material. In terms of labeling, according to 
AEBT, if it is a semen sample from a donor, must contain an alphanumeric code that 
identifies the donor and the sample number of the donor. On the other hand, if the 
sample is for autologous use may be noted also the surname of the patient (21). 

2. Secondary container, sealed, leak-proof and protects the primary container. You can 
place multiple primary containers wrapped in a secondary container. This should be 
sufficient absorbent material used to protect all primary containers and avoid collisions 
between them. 

3. Outer shipping container: the secondary container is placed in a shipping package that 
protects the secondary container and its contents from outside elements, such as 
physical damage and water. 

The data forms, letters and other identifying information of the sample should be placed 
taped outside the secondary container. The label for submitted materials consists of: 

1. Basic triple packaging. 
2. Does not require signs from United Nations (UN). 
3. No substances require pictogram or declaration from the sender. 
4. "Biological material for clinical use" must be indicated.  
5. Tag address: 

 Name, address of destination, as detailed as possible, and phone number. 
  Name, address, telephone number and contact person at the semen bank. 

6. The documents included with the storage conditions and special instructions for 
shipping. One of the special considerations that we must have in mind when 
transporting a sample of semen is not breaking the cold chain, so you must use a 
container or LN2 as well as avoiding the possible use of dry ice. 

7. Permission for import / export and declaration. 
8. Label orientation. 
9. Date and time of departure of Semen Bank (21). 

The requirements to be met for local transport are as follows: 

1. Sealed and resistant containers. 
2. Threaded tubes upright (rack, tray ...). 
3. Use of resistant boxes and perfect closure. 
4. Secured box in the transport vehicle. 
5. Appropriate Labeling. 
6. Have the forms with necessary details. 
7. Vehicle with kit (gloves, absorbent material, disinfectant, waste container, etc.). 

You must ensure perfect coordination of transport between the sender, carrier and recipient 
to ensure delivery. Thus, each party involved should carry out its part perfectly and 
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appropriately. So stand out from other actions that the sender must ensure the proper 
identification, packaging, labeling and documentation according to established biosafety 
guidelines in the "Recommendations of the Committee of Experts of the United Nations 
Transport of Dangerous Goods" transporting must be kept in appropriate conditions 
(temperature, light ...) the material from which the sender receives it until it is delivered to 
your destination and have the appropriate licenses to perform this type of transport, and 
finally, the recipient must confirm with national authorities that the material can be legally 
imported. 

According to AEBT (21), the possibility of returning a material that hasn’t been used should 
be avoided, as a rule, the return of the semen that has been provided by the Bank, as it will 
only accept the return of the displayed when you meet the following 3 conditions: 

1. The sample wasn’t thawed. 
2. You can demonstrate the integrity of the packaging (the seals are intact). 
3. The temperature of the sample was maintained throughout the transport. 

3. Open device 
Following recent studies of cell and tissue contamination in freezing and the recent debates 
regarding the sterility of LN2 in vitrification processes the devices play an important role in 
the asepsis of the frozen sample. There are many different types of device and of various 
materials but from the point of view of sterility, devices can be divided into Open, Closed 
and Semi-closed devices. 

There is a lot of controversy and confusion about the concept of Open device. For most 
cryobiologists Open devices are devices that allow direct contact of the biological sample to 
be frozen with the cooling solution but when there is contact with the interior of the device 
but not with the sample to be frozen it would not be considered an open device. Once inside 
the common cooling containers the cooling solution enters and leaves the device keeping all 
frozen samples in contact. 

 
Fig. 2. Risk of Contamination with open devices (47) 

The Problem of Contamination: Open vs. Closed vs. Semi-Closed Vitrification Systems 115 

Generally, using open devices the achieved cooling rates are approximately 20.000-30.000 
° C / min which favor good vitrification of the sample. The problem is that being in direct 
contact with the cooling solution there is a risk of pathogen transmission to the biological 
sample at the time of freezing and a high risk of cross contamination in the common 
cooling containers. They have been prohibited in many countries for this high risk of 
contamination and the global trend is to ban them for use with human samples. Recent 
microbiological studies indicate a 45% pathogen contamination (Pseudomonas and E-coli) 
with a simple 10-second contact with the open device (Cryotop) with contaminated 
cooling solution (28). 

The most known and used open devices are the following: 

Open pulled straw 

In the OPS method, 0.25 mm standard insemination plastic mini-straws were heat-softened 
over a hot plate and pulled manually, as originally described by Vajta et al. (48). The inner 
diameter and the wall thickness of the pulled part of the straw are approximately 0.8 and 0.07 
mm respectively. Cells are load into the pulled straws by placing the narrow end of the pulled 
straw in the third droplet of medium and aspirating oocytes within a 2–3 mm long liquid 
column (1–1.5 μl) using capillarity. The straws are then cooled by being plunged directly into 
LN2 and stored briefly. For warming, the open end of the straw is immersed vertically into 4.5 
ml of the warming solution at 37°C. The solidified vitrification solution became liquid within 
1–2 s. A cooling rate of 16.700ºC/min is obtained with this device (49). 

 
Fig. 3. A) The 0.25 ml conventional straw is loaded with 1 cm of vitrification medium, 0.5 cm 
of air, 2 cm of vitrification medium containing oocytes, 0.5 cm of air, and 3.5 cm of 
vitrification medium using a syringe. (B) The open pulled straw is loaded with vitrification 
solution (1–2 μl) containing oocytes by means of the capillary effect by a simple touch. 

Cryoloop 

The Cryoloop (Hampton Research, Aliso Viejo, CA, USA ), used as a vessel in vitrification, is 
a thin nylon loop used to suspend a film of cryoprotectant containing the oocytes and 
directly immerse them in LN2. Vitrification of oocytes using the Cryoloop has advantages 
over conventional vitrification procedures in that the open system lacks a thermo insulating 
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layer, together with the small volume of <1μl, results in both rapid and uniform heat 
exchange during cooling. A cooling rate of 20000ºC/min is obtained with this device. 

 
Fig. 4. Cryoloop 

Hemi-straw 

The Hemi-straw (Astro-Med-tec, Salzburg, Austria) is an embryo carrier that consists of a 
large gutter on which a small quantity of CPAs (<1µl) containing the cell is deposited. The 
Hemi-straw is subsequently inserted into a larger pre-cooled 0.5 ml straw (CBS, Cryo Bio 
System, Grenoble, France) under LN2. Prior to the commencement of the warming process 
the Hemi-straw is pulled out of the larger straw under LN2 and the tip of the Hemi-straw is 
immediately immersed into a petri dish containing a sucrose solution. A rapid cooling rate of 
>20.000ºC/min is achieve by allowing direct contact of the biological material with LN2. (50) 

 
Fig. 5. Scheme of the Hemi-Straw: (A) loading the cell on the tip of the Hemi-Straw; (B) 
insertion of the Hemi-Straw into a larger ‘CBS’ straw. (51) 

Cryotop 

(Kitazato Supply Co, Fujinomiya, Japan) Individual oocytes were picked up in an extremely 
small volume (<0.1 μl) of vitrification  solution and placed on top of a very fine 
polypropylene strip (0.4 mm wide × 20 mm long × 0.1 mm thick) attached to a hard plastic 
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handle specially constructed according to specifications by Kitazato. The droplet volume 
was estimated from the length of the fluid column within the pipette tip. As soon as the 
oocyte was placed onto the thin polypropylene strip of the Cryotop, it was immediately 
submerged vertically into filtered LN2. Then, the thin strip was covered with a hard plastic 
cover (3 cm long) on top of the Cryotop sheet to protect it during storage in LN2 containers. 
For warming, the protective cover was removed from the Cryotop while it was still 
submerged in LN2, and the polypropylene strip of the Cryotop was immersed directly into 
the solution at 37°C for 1 min. A cooling rate of 23.000ºC/min is obtained with this device 
(49). 

 
Fig. 6. Cryotop 

Cryoleaf 

The McGill Cryoleaf™ is very similar to Cryotop but with a number of features designed to 
improve the loading and storage of cells. Safety during storage has been improved, as the 
cells are double protected from stress and contamination through a closed cover system but 
not hermetically sealed leaving cells in direct contact with LN2. The McGill Cryoleaf™ and 
the vitrification media have been developed by Dr. Chian and Prof. Tan at McGill 
University, Montreal. 

 
Fig. 7. Cryoleaf 

Cryolock 

(Biodiseño, Colombia) With this device, cells are deposited near the black mark using the 
minimal amount possible of vitrification solution (2 μl aprox.) The black mark eases the 
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cover up. The Cryolock® is immediately plunged into LN2, whilst holding the Cryolock®. 
After this the cap is grasped with forceps and plunged into LN2 until bubbling stops, be 
aware to not take the Cryolock® out of the LN2 whit covered up, twist and lock gently. 
Finally, place the Cryolock® in the goblet with the cap downward facing and store for the 
desired time. For warming, remove the patients canister form the dewar and place in a 
styrofoam box completely cover the Cryolock® with LN2. Grasp the Cryolock® body at the 
indentation with forceps and remove from the goblet. Grasp the cap at the indentation with 
forceps, twist and pull down without taking the Cryolock® body out of the LN2, it must 
always remain in LN2. Finally remove the Cryolock® from the LN2 quickly and pass into 
thawing solution at 37ºc and follow the protocol. 

 
Fig. 8. Cryolock® 

Vitri-Inga 

The Vitri-Inga vitrification strip is an apparatus that consists of a fine, very thin 
polypropylene strip (0.7 mm thick) with a specially designed round tip, in which there is a 
minute hole to receive the cell; the strip is connected to a hard and thicker plastic handle. 
Vitri-Inga´ plastic sheaths are 0.5 ml semen straws with a cut in the middle. The total time 
from when the oocyte was placed into the vitrification solution till its immersion into LN2 is 
between 50 and 60 seconds. The plastic sheaths, which had been previously cooled for at 
least 2 min in LN2 vapor on the metal rack inside in the Vitri-Equip, are vertically immersed 
into LN2. The Vitri-Inga strip with the vitrified oocyte is then inserted into the plastic 
sheaths for storage, and transferred to a LN2 tank. (52) 
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Plastic-blade 

A serum Tube (Sumitomo Bakelite, Tokyo) was employed as a vessel for cryopreservation. 
A clear polyethylene terephthelate film (50 mm in thick) was cut into a T-shaped piece. As 
shown in Fig. 10, the horizontal arm of the “T” shape was rolled and fit securely to the inner 
wall of the cap. After equilibration with cryo-medium, the embryo for vitrification was 
placed at the center of a plastic blade, the vertical limb projected from the cap, and five 
embryos were the maximum allowed on one blade. The width of the plastic blade was 
significantly wider than that of the Cryotop which was commercially available tool for the 
storage of the vitrified human embryo. The blade was submerged directly into LN2 and 
inserted into the tube that was pre-cooled with LN2, then the cap was fastened on the serum 
tube, which accomplished preservation in the LN2 container. For warming, the serum tube 
that contained the plastic blade was submerged under LN2, and the serum tube was opened 
and the plastic blade containing vitrified cells was removed from the LN2 and placed 
directly into the well of the base medium at 37°C. (53) 

 
Fig. 10. Plastic-Blade 

4. Closed device 
Closed systems were born as a need to solve this direct contact with the open devices. The 
pioneer and first major proponent of close systems for freezing embryos, oocytes or sperm was 
F. Ostashko in 1960 as an aseptic alternative to the Cassou method. In such systems the 
biological sample is not in contact with the cooling solution at the time of freezing or at the 
time of storage in the common containers. This prevents contamination by contact and cross 
contamination from shared containers. The main feature is that the cooling rate is much lower 
with these closed devices. By lowering the cooling rate most vitrification protocols with closed 
systems have a high concentration of cryoprotectants to prevent crystal formation making 
them ”dangerous" protocols for the cell due to the cytotoxicity of the cryoprotective 
substances. Many comparative studies of open and closed devices listing very similar results. 

In the market there are many closed systems to vitrify and more appear daily due to the 
emphasis that cryobiologists put into to finding the perfect vitrification system that will 
prevent contamination of the sample and cross-contamination allowing a survival and cell 
viability with a protocol free or low of cryoprotective substances. The closed devices can be 
closed or sealed in many ways but most importantly a hermetic seal must be made, 
preventing entry to the inside and leakage of pathogens to the outside. Thermo seal, 
radiofrequency seal and ultrasound seal are some of the most used systems that ensure that 
the stalled sample remains suspended in time. 
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Fig. 8. Cryolock® 
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Fig. 11. Risk of Contamination with closed devices (47) 

Amongst the most commonly used closed systems are the following: 

25 to 0.5 ml Straw 

This was one of the first devices used to freeze semen, oocytes, embryos or tissues. If the 
device is not hermetically sealed they are open devices, but if they are hermetically sealed 
they are closed systems, as the sample does not come into contact with the cooling solution. 
The main problem is the cooling rate, as the device is constructed from PVC or ionomeric 
resin and having a substantional wall thickness there is little temperature transmission 
(CBS). The cooling rate achieved by these straws is approximately 2.500 ° C / min (49) 

 
Fig. 12. straw 

CVM Ring Fibre Plug 

CVM™ (Cryologic, Australia) involves the rapid cooling of specimens without their 
immersion in, or direct contact with the cooling solution. This reduces the risk of any 
potential contamination by pathogenic microorganism that may be present in the cooling 
solution. The specimens are put into a droplet which is transferred to the hook at the end of 
a custom designed fibre called a Fibreplug™.  The Fibreplug™ is then transferred to the 
specially treated surface of a CVM™ Block that has been chilled to LN2 temperature. The 
droplet vitrifies into a glassy bead and the Fibreplug™ is placed securely into a pre-cooled 
CVM™ sleeve. A cooling rate of 10.000ºC/min is obtained with this device. Besides the 
cooling rate, another main problem with this method is that to cool the CVM block the 
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surface makes contact with LN2 thus “contaminating” the surface, which could then 
provoke a contamination of the sample. 

 
Fig. 13. CVM Ring Fibre Plug 

Rapid-i™ 

Rapid-i (Vitrolife, Sweden) is based on the same principle as the open vitrification system of 
the Cryoloop meaning that the embryos are place in a minute volume of vitrification 
solution in a hole and held there by surface tension. The Rapid-i™ holding the embryos is in 
turn placed in a pre-cooled RapidStraw™ sitting in the container filled with LN2. This 
unique feature of the Rapid-i™ vitrification System means that vitrification actually takes 
place in super-cooled air reducing contamination risks. The straw is sealed after vitrification 
making the critical time frames of the dehydration steps easier to keep and creating an 
aseptic vitrification system without any contact between vitrified material and LN2. The 
main problem is that a cooling rate of 1.200ºC/min is achieved with this device (54). 

 
Fig. 14. Rapid-i 

Vitrisafe 

Is a modification of the previous Hemi-straw vitrification plug that allows a complete 
insertion in high security 0.5 ml straw. The Vitrisafe consists of a large gutter that is totally 
inserted into a larger pre-cooled 0.5 ml straw (CBS, Cryo Bio System, Grenoble, France). 
Only after welding both ends of the 0.5 ml straw to ensure the complete isolation of the 
biological sample is the complete straw plunged into LN2. For warming, the gutter is 
removed from the outer straw without contact with LN2 and the tip containing the 
biological material is directly plunged into the dilution solution in order to archive a rapid 
warming. A cooling rate of 1.300ºC/min is archived in the vitrification process (50). 
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Fig. 15. Vitrisafe 

High security vitrification straw 

The CBS™ High Security vitrification straws are made from an ionomeric resin that is 
chemically inert, biocompatible and has physical characteristics resistant to ultra low 
temperatures and pressures created by expanding liquids and LN2. Sealed straws are 
resistance tested to 150 kg/cm2 (2133 lb/sq.inch), both the seals and the material should 
resist in order to have the batch approved. The HSV (High Security Vitrification) kit is 
composed of a High Security ionomeric resin straw, a capillary tube with a pre-formed 
gutter attached to a colored handling rod and a blue plastic insertion device. For freezing 
the sample is deposited into the gutter a few millimeters from the end using a micropipette. 
The drop holding the sample must be under 0.5 µL. immediately place the capillary rod and 
handler into the straw and push until the rectangular portion of the handler comes in 
contact with the flared end of the straw. While still holding the straw in place, seal the open 
end, hold the straw using tweezers in the area of the handling rod and quickly plunge the 
entire straw into LN2 vertically. For thawing lift the straw enough to expose the colored 
handling rod. Make sure the end with the sample remains immersed in the LN2. Holding 
the straw, use the opening device for HSV kit to section the straw and immediately (within 2 
seconds), plunge the gutter into the first dilution media. A cooling rate of 2.000ºC/min is 
archived in the vitrification process (55). 

 
Fig. 16. High security vitrification straw 

CryoTip 

(Irvine Scientific) A plastic straw container which can be sealed as a closed device to hold 
gametes or embryos in a specialized medium during cryopreservation procedures and 
subsequent long term storage in a LN2 tanks. CryoTip consist of a drawn plastic straw with 
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an ultra fine tip and a protective metal cover sleeve. This device has been optimized as a 
closed system for cryopreservation procedures. For freezing aseptically remove one CryoTip 
when ready to use. Aseptically attach the wide end of the CryoTip to an aspiration tool, 
such as a luer tip syringe, using the Connector. When specimens are ready to load into the 
CryoTip, aseptically slide the metal cover sleeve carefully along the straw to expose the fine 
tip end. Gently load the specimens into the CryoTip by aspiration using the plunger on the 
syringe to control the uptake of medium and specimens. Heat seal the fine tip below the 1st 
mark, then slide the metal cover sleeve down over the fine tip to protect it and  plunge the 
sealed CryoTip into the LN2 reservoir. A cooling rate of 12.000ºC/min is obtained with this 
device (49) 

 
Fig. 17. Cryotip 

Cryopette® 

(Origio) It is derived from the original STRIPPER® family of denudation tools. It includes a 
sterile STRIPPER® tip with an integrated bulb to facilitate loading. This eliminates awkward 
external handles, rods, and pick-up tools required with other devices and guarantees 
simplicity, speed and ease of use. The bulb is designed to deliver the sample to the desired 
location every time. The maximum load volume is 1.2 µl, producing a cooling rate of 
approximately 23.700ºC/min. 

 
Fig. 18. Cryopette 

These last two devices have been criticized by Parmegiani and his group’s latest articles and 
in the last CRYO congress 2011, for the “potential danger” they have in his opinion: In the 
thawing process the external part of the device is in direct contact with the warming 
solution and any pathogen that could be on the exterior could pass onto the sample. In my 
opinion it is a very remote hypothesis and the probability that this could occur is minimal in 
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comparison with potential contamination of an open device, a bacteriological study would 
be necessary that could demonstrate that with a high % of contamination, a simple contact 
of the end of the device with the warming solution is sufficient to contaminate the sample. 

 
Fig. 19. Risk of Contamination with some closed devices (47) 

Ultravit 

Ultravit is a novel device composed of a 0.3 mm internal diameter quartz glass 
microcapillary tube and a flexible, transparent inert sheath that has been designed to protect 
and prevent it floating in the LN2. Loading the internal microcapillary tube and removing 
the cells from the device is very simple and easy using a syringe. Before warming, the 
protective sheath is cut and the internal microcapillary tube is placed in a sterile medium at 
37ºC after the thawing protocol. The open end of the sheath can be sealed ultrasonically in 
milliseconds without affecting the temperature inside the microcapillary tube, closing the 
system and ensuring a hermetic seal, thus preventing cross-contamination. The last 
microbiological control of Ultravit showed that the 5-10 seconds contact of Ultravit’s 
internal part with contaminated LN2 (E.Coli and Psudomonas) is not sufficient to produce 
direct contact of cells with the cooling solution and does not result in contamination (0% of 
Ultravit Vs 45% of Cryotop) (28).  In this study we didn’t find contamination in the 
microdrops into which we emptied the contents of the microcapillary, also submerging the 
end of this (0.2mm diameter, 0.01mm of wall thickness and 1 mm in contact with the 
warming drop). There is a great difference between thawing with an open device (in which 
the entire strip is submerged in the warming solution with a surface of 42-50 mm2) and 
thawing with Ultravit with 95.5% less of surface in contact with the warming solution at 
37ºC (1.7-1.9 mm2). With Ultravit protocol, only the end of the microcapillary touches the 
base of the dish used to thaw, but at no time does the external part touch the warming drop 
(56). The following diagram shows the use of Ultravit, presuming that the cooling solution is 
contaminated: 
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Fig. 20. Risk of Contamination with Ultravit 

Our work has demonstrated that the microorganisms that may be in the cooling solution, on 
the outside of the microcapillary, cannot come into contact with ultra-vitrified cells inside 
due to the loading procedure, the contact time with the cooling solution and the diameter 
and surface of Ultravit making it a secure device and is enough to exclude the theoretical 
danger of contamination. The cooling rate obtained with Ultravit was 250.000 Cº/min (57) 
with Slush nitrogen allowing ultra-vitrification with low concentration of CPA (1.5-2 M) and 
a morphological survival rate of 92% of human mature oocytes and 59.1% of blastulation 
rate in mouse embryos. 

5. Semi-closed device 
As a consequence of the necessity of a device which avoids contact of the biological sample 
with the cooling solution but that would achieve cooling rates high enough to ensure a high 
rate of vitrification, semi-closed devices were designed. Gabor Vajta was one of the first to 
hypothesize the enclosure of open carriers (after direct contact of cells/LN2) in pre cooled 
hermetical containers  (48). There are systems in which there is direct contact of the 
biological sample with the cooling solution only at the time of vitrification. Once the sample 
is vitrified , the device is placed in a protective sheath which is hermetically sealed before 
being passed to the communal container. This ensures no cross-contamination in the tanks. 
As stated earlier in this chapter, microbiological studies performed (23) showed that many 
of the Identified bacteria isolated  in the  commercial tanks are ubiquitous environmental 
micro-organisms and  are rare opportunistic pathogens of low significance in producing  
disease in humans or animals so these devices are an important tool for high survival of 
biological samples to avoid cross-contamination. Theoretically all open systems can become 
semi-closed systems to protect the biological sample from cross-contamination with a high 
cooling rate but the most important is:  

OPS safe method 

Vajta in 1997 devised a vitrifying system with OPS, but once submerged in LN2, the OPS 
straw is transferred to a 0.5ml CBS straw. Using this method a cooling rate of approximately 
16.700 ºC/min is achieved, but once passed into the 0.5ml CBS straw it is protected from 
cross-contamination in the common tanks. 
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A summary of the cooling rates obtained with each device is as follows: 

DEVICE VOLUME COOLING RATE 
CRYOLOOP >1 µl 20.000  ºC/min 

HEMI-SATRAW >1 µl >20.000 ºC/min 
CRYOLEAF >1 µl 23.000 ºC/min 
VITRI-INGA 1 µl 20.000 ºC/min 
CVM-RING >1 µl 10.000 ºC/min 
VITRISAFE >1 µl 1.300 ºC/min 

HSS 0.5 µl 2.000 ºC/min 
0.25 ML STRAW 25 µl 2.500 ºC/min 

OPS 1 µl 16.700 ºC/min 
CRYOTOP 0.1 µl 23.000 ºC/min 
CRYOTIP 1 µl 12.000 ºC/min 
RAPID-I 0.5 µl 1.200 ºC/min 

CRYOPETTE 1.2µl 23.700 ºC/min 
ULTRAVIT 0.2 µl 250.000 ºC/min 

Table 2. Different cooling rates 

6. Cooling rate Vs closed systems 
Today the differences between Slow freezing and Vitrification are known worldwide. We all 
know that slow freezing is characterized by a prolonged cooling curve and the use of low 
concentrations of cryo-protectors generally ‘‘non-toxic’’ for the cells (1–2 M) with cell injury 
due to ice formation (58) and that Vitrification is characterized by the rapid procedure and 
the use of a high concentration of cryo-protectors (4-6M) to prevent cell damage that is toxic 
to most mammalian cells (59-67).Thus, vitrification with a semi-close devices have a better 
cooling rate without cross-contamination or novel cyopreservation techniques are needed 
that allow rapid cooling to achieve vitrification in the absence of high concentration of CPA 
or if is possible without CPA. 

The requirements and relationships for conditions to achieve satisfactory vitrification in the 
area of mammalian ART are well displayed in the equation of Yavin and Arav (68) 

Probability of
vitrification 

Cooling and warming rates ×
Viscosity (CPA concentration)= 

Volume
 

Fig. 21. Probability of vitrification by Yavin and Arav (68) 

The main points to be gathered from this relationship are that the smaller volume of the 
vitrification solution in which the cellular material is placed for the vitrification process, the 
faster cooling and warming rate that can be achieved and the lower concentration of CPAs 
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needed reducing the detrimental effect of the inherent toxicity of CPAs and increasing the 
overall success of the procedure (50).   

 
Fig. 22. necessary cooling rate to have a good probability of vitrification 

What would happen if We could vitrify without CPA’s or with a low concentration of 
CPA’s? What would happen if We could combine the advantages of Slow freezing and 
Vitrification and vitrify with low concentrations of CPA’s with a secure and free 
contamination device? That is Kinetic vitrification (Ultra-vitrification). Perfecting the 
techniques of Vitrification has been achieved a morphological survival rate comparable to 
normal Vitrification protocol (30) or a 59.1% of blastulation rate in mouse embryo (69) with 
Kinetic vitrification and concentrations of CPA’s typical of Slow freezing.  

Previous studies have tried to achieve high cooling rates for cell vitrification. However, none 
of them utilized low CPA concentrations (1.5-2 M). In 1985, Rall and Fahy successfully 
vitrified mouse embryos in 6.5 M cryoprotectant cocktail solution (70). In that case the 
method consisted in a 0.25 ml straw container plunged into LN2; the cooling rate was 2.500 
ºC/min. When this container was plunged into Slush nitrogen, the cooling rate increased up 
to 4000 ºC/min (71). The use of OPS (instead of the 0.25 ml straw) in LN2 increases this 
cooling rate up to 5.300 ºC/min (71) and to 10.000–20.000 ºC/min if plunged in Slush 
nitrogen (71,72). Similar cooling rates were achieved in the case of a Cryoloop quenched in 
Slush nitrogen (73). The use of electron microscope copper grids has also been investigated, 
but the cooling rates were in the same order of magnitude that the afore mentioned works: 
11.000–14.000 ºC/min in the case of plunging the grid in LN2 (74) and 24.000–30.000 ºC/min 
if plunged in Slush nitrogen (74,75). From Boutron’s theory, none of these approaches 
reaches the critical cooling rate to achieve vitrification with low concentration of CPA (1.5-
2M). It´s impossible to use open devices with Slush nitrogen as the cell is on the outside and 
there is a possibility of detaching from the device. 

Adjusting to Yavin and Arav formula the Ultra-vitrification technique arose achieving a 
cooling rate above 250.000 ºC/min and of 90.000 ºC/min in thawing. This rate is one order 
of magnitude higher than the highest cooling rate achieved in different strategies (electron 
microscope copper grids in Slush nitrogen (74,75), whilst keeping all the  advantages of a 
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straw-like form for the container and being in the range of the necessary cooling rate to 
achieve vitrification. To have this increase in the cooling rate a few changes were made to 
the normal vitrification process: 

Slush Nitrogen 

As a cooling agent this technique uses Slush nitrogen, much colder than LN2 (-196ºc Vs -
210ºC) and with the property of avoiding the Leiderfrost Effect. When something is 
submerged in LN2, bubbles rise to the surface through the device, varying the thermal 
conductivity from the outside into the inside of the device. This does not happen with Slush 
nitrogen. Slush nitrogen is achieved with a vacuum pump in 5 to 10 minutes and it remains 
slush for a further 5 – 10 minutes before returning to liquid. 

It was shown for oocytes and embryos that increasing the cooling rate would improve 
survival rates by up to 37% (76) 

 
Table 3. Effect of cooling rate on survival; comparison between LN2 and Slush nitrogen (75) 

Quartz Micro-capillary 

Another determining factor to achieve a high cooling rate is the device used. To increase the 
thermal conductivity and minimize the volume, this technique has used a quartz micro-
capillary. This has a 0.2-0.3 diameter allowing to ultra-vitrify 0.1-0.2 µl with a 0.01mm wall, 
a lot thinner than any other device (0.075 mm in OPS). Another important characteristic is 
the material it is made from: Quartz. The thermal conductivity of quartz glass is a lot higher 
than that of plastic of which other devices are made of. This converts it in one of the 
materials that best conducts the temperature (77) 
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Fig. 23. Xiaoming He et al (77) 

In a thermal performance of quartz capillaries for vitrification done by Risco and his group 
(57) a commercially available version of the OPS (MTG Medical Technological Vertriebs, 
GmbH) was used. The thermal conductivity of these PVC straws was 0.19 W m_1 K_1. The 
inner diameter is 0.800 mm and the thickness of its wall is 0.075 mm (Fig. 1a). The QC used 
(The Charles Supper Company, Inc.) have an inner diameter of 0.180 mm and a wall 
thickness of 0.010 mm. These geometrical improvements (4.44 times smaller in diameter and 
7.50 times thinner) translate not only into a faster heat transfer, but also into a 20 times 
reduction in volume of the contained solution (for a given height). This is beneficial because 
the thermal conductivity of the quartz glass is 1.3 W m_1 K_1, that is almost one order of 
magnitude higher than that of PVC. 

 
Fig. 24. (a) Thermal history for the OPS when filled with a 1.5M propane-1,2-diol and 0.3M 
sucrose cryoprotectant solution quenched in LN2 and then thawed in a water bath at 37ºC. 



Current Frontiers in Cryopreservation 128 

straw-like form for the container and being in the range of the necessary cooling rate to 
achieve vitrification. To have this increase in the cooling rate a few changes were made to 
the normal vitrification process: 

Slush Nitrogen 

As a cooling agent this technique uses Slush nitrogen, much colder than LN2 (-196ºc Vs -
210ºC) and with the property of avoiding the Leiderfrost Effect. When something is 
submerged in LN2, bubbles rise to the surface through the device, varying the thermal 
conductivity from the outside into the inside of the device. This does not happen with Slush 
nitrogen. Slush nitrogen is achieved with a vacuum pump in 5 to 10 minutes and it remains 
slush for a further 5 – 10 minutes before returning to liquid. 

It was shown for oocytes and embryos that increasing the cooling rate would improve 
survival rates by up to 37% (76) 

 
Table 3. Effect of cooling rate on survival; comparison between LN2 and Slush nitrogen (75) 

Quartz Micro-capillary 

Another determining factor to achieve a high cooling rate is the device used. To increase the 
thermal conductivity and minimize the volume, this technique has used a quartz micro-
capillary. This has a 0.2-0.3 diameter allowing to ultra-vitrify 0.1-0.2 µl with a 0.01mm wall, 
a lot thinner than any other device (0.075 mm in OPS). Another important characteristic is 
the material it is made from: Quartz. The thermal conductivity of quartz glass is a lot higher 
than that of plastic of which other devices are made of. This converts it in one of the 
materials that best conducts the temperature (77) 

The Problem of Contamination: Open vs. Closed vs. Semi-Closed Vitrification Systems 129 

 
Fig. 23. Xiaoming He et al (77) 

In a thermal performance of quartz capillaries for vitrification done by Risco and his group 
(57) a commercially available version of the OPS (MTG Medical Technological Vertriebs, 
GmbH) was used. The thermal conductivity of these PVC straws was 0.19 W m_1 K_1. The 
inner diameter is 0.800 mm and the thickness of its wall is 0.075 mm (Fig. 1a). The QC used 
(The Charles Supper Company, Inc.) have an inner diameter of 0.180 mm and a wall 
thickness of 0.010 mm. These geometrical improvements (4.44 times smaller in diameter and 
7.50 times thinner) translate not only into a faster heat transfer, but also into a 20 times 
reduction in volume of the contained solution (for a given height). This is beneficial because 
the thermal conductivity of the quartz glass is 1.3 W m_1 K_1, that is almost one order of 
magnitude higher than that of PVC. 

 
Fig. 24. (a) Thermal history for the OPS when filled with a 1.5M propane-1,2-diol and 0.3M 
sucrose cryoprotectant solution quenched in LN2 and then thawed in a water bath at 37ºC. 



Current Frontiers in Cryopreservation 130 

A clear heat release peak is present during cooling as well as melting during rewarming. (b) 
Thermal history for QC when filled with a 1.5M propane-1,2-diol and 0.3M sucrose 
cryoprotectant solution quenched in LN2 and then thawed in a water bath at 37ºC. 
Crystallization of water is not obvious during cooling, but melting is shown during 
rewarming. (c) Thermal history for OPS when filled with a 1.5M propane-1,2-diol and 0.3 M 
sucrose cryoprotectant solution quenched in Slush nitrogen and then thawed in a water bath 
at 37ºC. In this case, crystallization during cooling and melting during rewarming was not 
recorded. However, visual inspection reveals the presence of ice. (d) Thermal history for QC 
when filled with a 1.5Mpropane-1,2-diol and 0.3 Msucrose cryoprotectant solution 
quenched in Slush nitrogen and then thawed in a water bath at 37ºC. The sample keeps its 
transparency over all the cooling–rewarming cycle, an indication of the capability of this 
approach to vitrify the studied solution. 

All these changes have allowed us to maintain a concentration of cryoprotectors typical of 
slow freezing, 2 M PrOH+0.5 M sucrose, obtaining a morphological survival rate of 92 % in 
human oocytes (31). Dr. Ho-Joon Lee et al (69) tested this new technique on mouse ooctyes 
and they saw that using Ultra-vitrification with low concentrations of cryoprotectors 
improved the fertilization rate and above the blastulation rate. Only the use of Ultravit 
device in this technique ensures the non contamination of the sample or cross-contamination 
in communal containers. 

% Slow 
Freezing (78) Vitrification (78) 

Ultra-
vitrification 

mourine oocytes 
(69) 

Ultra-
vitrification 

human oocytes 
(31) 

Surv. rate 61 91,8 92.5 92 

Fert. rate 61,3 67,9 75 ? 

Blast. 
rate 12 33.1 59.1 ? 

Table 4. Comparison between slow Freezing, Vitrification and Ultravitrification (78, 69, 31) 

This comparison demonstrates the use of low concentration of cryoprotectant in the Ultra-
vitrification protocol favours the morphological survival (92%) and increases the 
blastulation rate (59.1%). Thus confirming the hypothesis that cryoprotectants are toxic to 
the biological sample and if we could find a vitrification protocol that would allow us to 
vitrify without cryoprotectant, we would achieve a better embryo development and a 
greater chance of pregnancy in the case of freezing eggs or embryos. A lot more studying is 
needed regarding this new technique but a priori the results indicate that we can hopefully 
lower the concentration of the cryoprotectants decreasing the toxicity in cells. 

7. Conclusion 
Cryopreservation protocols have improved and resulted in a much higher efficiency in 
outcomes in the last years. However, it remains important to always seek for amelioration 
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on cryopreservation protocols and devices to ensure a major benefit and patients’ safety 
during procedures. We need to find a method that combines a high cooling and warming 
rate, high survival and function of cells and tissues and is made in a way that ensures 
patient safety.  

We must be clear that survival after a vitrification process is a "morphological survival" and 
that this cell has to fertilize perfectly and develop normally to rule out any damage in the 
process of cryopreservation and to consider a real survival. 

With so much variety of devices and many different protocols, laboratories have to find the 
protocol and the device that best suits their skills, provided they ensure the sterility of 
vitrified samples and prevent cross-contamination in general containers. It has created an 
exaggerated paranoia about the vitrification cell and tissue contamination of the cooling 
solution that everything can contaminate our samples. In my opinion we must think 
scientifically, leaving aside the commercial interests of many of us and worrying about more 
logical things and research data: the probability of contamination must be demonstrated 
with % of contamination and leave a little aside science fiction and theoretical assumptions. 
For many cryobiologists avoiding cross-contamination of samples in the general containers 
is the most important matter as it has been proven that commercial LN2 does not have a 
high enough risk to have to sterilize it. The use of a closed or semi-closed device that would 
allow us a high cooling rate and a sealing prior to being deposited in the general container 
should be enough to ensure sterility and good survival and development results. 

We must centre all of our interest in more practical things like finding a vitrification protocol 
that allows us to a vitrify without cryoprotectant, discovering new cooling solutions, 
discovering new materials, new devices, new procedures in which we can safely freeze 
samples without cryoprotectants toxicity problems, thus ensuring a good development cell 
after thawing, all in secure systems which ensure sterility of the sample and avoid cross-
contamination. Finding an “Universal Protocol” risen several times by Dr. Katkov (79), 
allowing us to use the same protocol worldwide, as movement of frozen specimens around 
the world has increased dramatically and the lack of component preparation in the 
laboratory that is to thaw the frozen sample with a protocol and a device different to those 
they know, would not give us 100% guarantee of sample survival. Today freezing has 
become a luxury and not all patients can afford the excessive cost of the freezing products, if 
we could find a protocol without the need of cryoprotectants or a universal protocol that all 
could use, the price of products would decrease and the patients would benefit 
economically. 
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1. Introduction 
Artificial insemination (AI) is one of the first reproductive biotechnologies has been 
established and developed in the pig production system. In most case, liquid stored semen 
or fresh semen is used for AI in commercial swine herds (Wagner and Thibier, 2000). The 
use of FT boar semen for AI is limited due to the low fertility outcomes compared to 
extended fresh semen (Johnson et al., 2000; Wagner and Thibier, 2000). The first success of 
boar semen cryopreservation was reported in 1956 (Polge, 1956) and the first pregnancy was 
achieved with FT boar semen using surgical insemination in 1970 (Polge, 1970). Currently, 
the attempt to develop the boar semen cryopreservation technique is ongoing. Nevertheless, 
the success of boar semen cryopreservation is relatively variable because the factors 
responsible for the cryosurvival of boar spermatozoa have not been entirely elucidated. 

Cryopreservation of boar semen is useful for preservation of genetic resources, improve the 
genetic progress and enhance the transportation of genetic material across countries (Almlid 
and Hofmo, 1996; Johnson, 1998). In addition, the frozen-thawed (FT) boar semen is also 
used with other reproductive technologies, such as in vitro fertilization (IVF), embryo 
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obtained even using FT boar semen with a sufficient motility and number of spermatozoa 
for insemination (Johnson et al., 2000, Eriksson et al., 2002). 

The use of frozen-thawed (FT) boar semen has been developed for artificial insemination 
(AI) in pig long time ago in Europe and USA (Larsson and Einarsson, 1976). In Thailand, 
few studies on boar semen cryopreservation have been established (Buranaamnuay et al., 
2006 a,b). However, a great variation on the survival rate of post-thawed spermatozoa are 
obtained, due to the lack of biological background concerning the cryopreservation 
technique (Buranaamnuay et al., 2006 a,b). During the recent years,  studies on FT boar 
semen have dramatically improved boar semen cryopreservation technique, for instance, 
optimum freezing protocols (Eriksson and Rodrigrez-Martinez, 2000), types of freezing 
package (Bwanga et al., 1991;Berger and Fisherleitner, 1992; Bwanga et al., 1991; Eriksson 
and Rodriguez-Martinez, 2000), semen centrifugation methods (Carvajal et al., 2004), 



7

Cryopreservation of Boar Spermatozoa: 
 An Important Role of Antioxidants 

Kampon Kaeoket 
Faculty of Veterinary Science, Semen laboratory, Department of  

Clinical Science and Public Health, Mahidol University 
Thailand 

1. Introduction 
Artificial insemination (AI) is one of the first reproductive biotechnologies has been 
established and developed in the pig production system. In most case, liquid stored semen 
or fresh semen is used for AI in commercial swine herds (Wagner and Thibier, 2000). The 
use of FT boar semen for AI is limited due to the low fertility outcomes compared to 
extended fresh semen (Johnson et al., 2000; Wagner and Thibier, 2000). The first success of 
boar semen cryopreservation was reported in 1956 (Polge, 1956) and the first pregnancy was 
achieved with FT boar semen using surgical insemination in 1970 (Polge, 1970). Currently, 
the attempt to develop the boar semen cryopreservation technique is ongoing. Nevertheless, 
the success of boar semen cryopreservation is relatively variable because the factors 
responsible for the cryosurvival of boar spermatozoa have not been entirely elucidated. 

Cryopreservation of boar semen is useful for preservation of genetic resources, improve the 
genetic progress and enhance the transportation of genetic material across countries (Almlid 
and Hofmo, 1996; Johnson, 1998). In addition, the frozen-thawed (FT) boar semen is also 
used with other reproductive technologies, such as in vitro fertilization (IVF), embryo 
transfer (ET) and sex pre-selection (Gerrits et al., 2005). Unfortunately, the advancement of 
sperm cryopreservation in pigs is slow, partly due to the pig producer is satisfied with the 
liquid stored semen and low conception rate and litter size remain the major problems when 
using FT boar semen (Eriksson et al., 2002.). Under field conditions, low fertility is still 
obtained even using FT boar semen with a sufficient motility and number of spermatozoa 
for insemination (Johnson et al., 2000, Eriksson et al., 2002). 

The use of frozen-thawed (FT) boar semen has been developed for artificial insemination 
(AI) in pig long time ago in Europe and USA (Larsson and Einarsson, 1976). In Thailand, 
few studies on boar semen cryopreservation have been established (Buranaamnuay et al., 
2006 a,b). However, a great variation on the survival rate of post-thawed spermatozoa are 
obtained, due to the lack of biological background concerning the cryopreservation 
technique (Buranaamnuay et al., 2006 a,b). During the recent years,  studies on FT boar 
semen have dramatically improved boar semen cryopreservation technique, for instance, 
optimum freezing protocols (Eriksson and Rodrigrez-Martinez, 2000), types of freezing 
package (Bwanga et al., 1991;Berger and Fisherleitner, 1992; Bwanga et al., 1991; Eriksson 
and Rodriguez-Martinez, 2000), semen centrifugation methods (Carvajal et al., 2004), 



 
Current Frontiers in Cryopreservation 140 

thawing process (Eriksson and Rodrigrez-Martinez, 2000; Córdova-Izquierdo et al., 2006) 
and the supplement of some additives to the semen extender (Peña et al., 2003,  Gadea et al., 
2004; Roca et al., 2004, 2005). 

Boar semen differs in several aspects from the semen of other domestic animals, for instance, 
the semen is produced in a large volume and highly sensitive to cold shock, the viability of 
the sperm cells is dramatically reduced when expose to temperatures below 15 C (Gilmore 
et al., 1996). Therefore, the manipulation of boar semen requires special consideration 
during cryopreservation process (Johnson et al., 2000). Many factors that should be 
concerned for the boar semen cryopreservation included composition of diluents, type and 
concentration of cryoprotective agent, equilibration time, cooling rate and thawing 
procedure. 

The relatively low fertility of FT boar semen is associated with many factors including a 
highly sensitive plasma membrane of boar spermatozoa against the changing in 
temperature during cooling, freezing and thawing process (Holt, 2000; Watson, 2000). This 
problem is related to the lipid composition of the sperm plasma membrane. The plasma 
membrane of the boar spermatozoa contains a high level of polyunsaturated fatty acids 
(PUFAs) i.e., docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA), and had a low 
cholesterol to phospholipids ratio. DPA and DHA are dominant fatty acids in the plasma 
membrane of boar spermatozoa (Johnson et al., 1969). 

During cryopreservation, PUFAs decrease dramatically due to lipid peroxidation. This is 
initiated when the spermatozoa is attacked by reactive oxygen species (ROS) (De Lamirande 
and Gagnon, 1992; Sikka et al., 1995). In mammals, the major sources of ROS formation 
include leucocyte, defective and dead spermatozoa (Aitken et al., 1994; Silva, 2006). The 
excessive ROS formation influence sperm motility, mid-piece abnormalities and sperm-
oocyte fusion (Chatterjee et al., 2001; Agarwal et al., 2005). 

The supplement of antioxidant compounds and some fatty acid to the semen extender, to 
minimize ROS formation and protect the plasma membrane function, have been used in 
many species (Peña et al., 2003; Gadea et al., 2004; Roca et al., 2004; 2005; Maldjian et al., 
2005). It has been demonstrated that the proportion of DHA was significantly higher in the 
semen diluted with an extender supplemented with n-3 enriched hen egg yolks compared 
with the semen diluted with normal hen egg yolks (Maldjian et al., 2005). However, no 
study has been demonstrated clearly whether or not the supplement of DHA could improve 
the quality of the boar spermatozoa after cryopresevation. Rooke et al. (2001) found that 
DHA supplement in the boar feed increase progressive motility and normal acrosome and 
decrease abnormal spermatozoa. Recently, Kaeoket et al. (2008) reported that the 
supplement of DHA-enriched fish oil improved the FT boar semen quality. It has been 
shown that the supplement of cryoprotective agents (e.g., glycerol and Equex®), cholesterol 
analogue (Zeng and Terada, 2001) and antioxidants (e.g., Vitamin E, alpha-tocopherol, 
glutathione, taurine, cysteine, butylated hydroxytoluene, superoxide dismutase and 
catalase) in the semen extenders does improve the freezing ability of spermatozoa of many 
species such as stallion (Aurich et al., 1997; Ball et al., 2001), bull (Beconi et al., 1993; 
Bilodeau et al., 2001), ram (Uysal and Bucak, 2007; Bucak et al., 2007), avian (Donoghue and 
Donoghue, 1997), boar (Cerolini et al., 2000) and some wildlife (Leibo and Songsasen, 2000). 
Studies have demonstrated that the supplement of alpha-tocopherol (Peña et al., 2003), 
butylated hydroxytoluene (Roca et al., 2004), superoxide dismutase and catalase (Roca et al., 
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2005) in the semen extenders reduces the ROS formation and improve post-thawed sperm 
motility and viability of FT boar semen. In addition, it was found that the supplement of 
extended boar semen with 5 mM of cysteine improved the viability and functional status of 
the chilled boar spermatozoa (Funahashi and Sano, 2005).  

2. History of cryopreservation 
Nowadays, there are 2 techniques for cryopreservation in boar semen, traditional nitrogen 
method and controlled rate freezing method. Verheyen (1993) reported a significantly better 
post-thaw sperm outcome when computer controlled rate freezing was used compared to 
non-controlled rate freezing. In human, it has been reported that controlled rate freezer 
method provided significant superior post-thaw sperm motility, viability, and cryosurvival 
rate, compared with traditional nitrogen method (Petyim and Choavaratana, 2006). 
However, the study of Thalchil (1981) did not confirm the different outcome of these 2 
methods. Besides breed-specific fertility, data from field trials found that the mean motility 
of frozen–thawed semen between Norwegian Landrace and Duroc boars was difference. In 
the different breeds of boars found the differences in membrane lipid composition, can 
neither explain the major differences in post-thaw survival and fertility between breeds 
(Waterhouse et al., 2006). 

Major limitation of frozen-thawed semen (FT-boar semen) have been observed, i.e. low 
conception rate and low litter size after AI (Johnson et al., 2000; Buranaamnuay et al., 2006). 
The relatively low fertility of FT-boar is associated with many factors. It has been reported 
that reactive oxygen species (ROS) generation, induced by the cryopreservation process, can 
be responsible for mammalian sperm damage (Griveau and Le Lannou, 1997) ROS 
production has been associated with reduction of sperm motility and decreased capacity for 
sperm–oocyte fusion. Spermatozoa are sensitive to lipid peroxidation due to their high 
content of polyunsaturated fatty acids, and are unable of resynthesizing their membrane 
components, although this may not be the sole mechanism by which sperm function is 
impaired by ROS. Many studies have shown that the supplementation of antioxidants in 
extenders improved the qualities of both fresh boar semen (Bamba and Cran, 1992; 
Funahashi and Sano, 2005) and frozen boar semen (Breininger et al., 2005; Gadea et al., 2005; 
Pena et al., 2003; Roca et al., 2004; Roca et al., 2005). Earlier studies showed that the 
supplementation of some antioxidant such as, water soluble Vitamin E 200 µM to semen 
extenders for freezing boar spermatozoa reduced post-thaw ROS generation and improved 
sperm motility and viability (Pena et al., 2003). Funahashi and Sano (2005) reported that 
supplementation extended boar semen with glutathione or L-cysteine of 5 mM improved the 
viability and functional status of boar spermatozoa during liquid storage at 10 C for at least 
14 day. A recent report (Gadea et al., 2005) demonstrated that supplementation with 1 mM 
of reduced glutathione to freezing media resulted in a protective effect on sperm function.

3. Cryopreservation of animal spermatozoa 
Cryopreservation of boar semen need to be developed for AI in the pig industry due to a 
number of reasons including preservation of a good genetic resource, increase genetic 
improvement, distribution of genetic lines across countries and reduce boar transportation 
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during cryopreservation process (Johnson et al., 2000). Many factors that should be 
concerned for the boar semen cryopreservation included composition of diluents, type and 
concentration of cryoprotective agent, equilibration time, cooling rate and thawing 
procedure. 

The relatively low fertility of FT boar semen is associated with many factors including a 
highly sensitive plasma membrane of boar spermatozoa against the changing in 
temperature during cooling, freezing and thawing process (Holt, 2000; Watson, 2000). This 
problem is related to the lipid composition of the sperm plasma membrane. The plasma 
membrane of the boar spermatozoa contains a high level of polyunsaturated fatty acids 
(PUFAs) i.e., docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA), and had a low 
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include leucocyte, defective and dead spermatozoa (Aitken et al., 1994; Silva, 2006). The 
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2005). It has been demonstrated that the proportion of DHA was significantly higher in the 
semen diluted with an extender supplemented with n-3 enriched hen egg yolks compared 
with the semen diluted with normal hen egg yolks (Maldjian et al., 2005). However, no 
study has been demonstrated clearly whether or not the supplement of DHA could improve 
the quality of the boar spermatozoa after cryopresevation. Rooke et al. (2001) found that 
DHA supplement in the boar feed increase progressive motility and normal acrosome and 
decrease abnormal spermatozoa. Recently, Kaeoket et al. (2008) reported that the 
supplement of DHA-enriched fish oil improved the FT boar semen quality. It has been 
shown that the supplement of cryoprotective agents (e.g., glycerol and Equex®), cholesterol 
analogue (Zeng and Terada, 2001) and antioxidants (e.g., Vitamin E, alpha-tocopherol, 
glutathione, taurine, cysteine, butylated hydroxytoluene, superoxide dismutase and 
catalase) in the semen extenders does improve the freezing ability of spermatozoa of many 
species such as stallion (Aurich et al., 1997; Ball et al., 2001), bull (Beconi et al., 1993; 
Bilodeau et al., 2001), ram (Uysal and Bucak, 2007; Bucak et al., 2007), avian (Donoghue and 
Donoghue, 1997), boar (Cerolini et al., 2000) and some wildlife (Leibo and Songsasen, 2000). 
Studies have demonstrated that the supplement of alpha-tocopherol (Peña et al., 2003), 
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method and controlled rate freezing method. Verheyen (1993) reported a significantly better 
post-thaw sperm outcome when computer controlled rate freezing was used compared to 
non-controlled rate freezing. In human, it has been reported that controlled rate freezer 
method provided significant superior post-thaw sperm motility, viability, and cryosurvival 
rate, compared with traditional nitrogen method (Petyim and Choavaratana, 2006). 
However, the study of Thalchil (1981) did not confirm the different outcome of these 2 
methods. Besides breed-specific fertility, data from field trials found that the mean motility 
of frozen–thawed semen between Norwegian Landrace and Duroc boars was difference. In 
the different breeds of boars found the differences in membrane lipid composition, can 
neither explain the major differences in post-thaw survival and fertility between breeds 
(Waterhouse et al., 2006). 

Major limitation of frozen-thawed semen (FT-boar semen) have been observed, i.e. low 
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The relatively low fertility of FT-boar is associated with many factors. It has been reported 
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content of polyunsaturated fatty acids, and are unable of resynthesizing their membrane 
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(Almlid and Hofmo, 1996; Johnson, 1998). The widespread exchange of genetic material 
between breeding populations with liquid stored semen is difficult because of the short life 
span of the spermatozoa (Wagner and Thibier, 2000; Johnson et al., 2000). The first FT boar 
spermatozoa have been reported since 1956 (Polge, 1956). Unfortunately, the FT 
spermatozoa has a very low fertilizing ability. In 1970, the first pregnancy was achieved 
with FT boar semen using a surgical insemination technique (Polge et al., 1970). In 1971, 
many studies have reported the pregnancies after intra-cervical insemination using FT boar 
semen in pig (Crabo et al., 1971; Pursel et al., 1971).  

In general, there are many important factors in the process of FT boar semen that affect the 
post-thawed semen quality. For instance, the semen collection technique, equilibration time, 
type of semen extender, type and concentration of cryoprotectant, freezing package, 
freezing rate and thawing procedure (Johnson et al., 2000). Many types of freezing package 
have been used for frozen boar semen,  such as medium straws, maxi straws (Bwanga et al., 
1991; Berger and Fisherleitner, 1992), plastic bags (Bwanga et al., 1991) and 
FlatPack®/MiniFlatPack® (Eriksson and Rodriguez-Martinez, 2000). Most containers has 
been developed for suitable storage, transport, post thawed semen quality and practical 
insemination. 

The freezing and thawing procedure have a significant impact on the survival rate of sperm 
after cryopreservation (Johnson et al., 2000). However, optimal freezing and thawing rates 
vary depending on the type and concentration of the cryoprotectant (Mazur et al., 1970; 
Fiser et al., 1993). Currently, the optimal rates for boar sperm freezing appear to be 
30C/min with 3% glycerol as cryoprotectant when freezing in 0.5 ml straws (Fiser et al., 
1990) and 16C/min with 3.3% glycerol in 5 ml straws (Pursel et al., 1985). For both these 
methods the optimal thawing rate is 1200 C/min (Westerndorf et al., 1975; Fiser et al., 
1993). Eriksson and Rodriguez-Martinez, (2000) found that the optimal freezing rate was 50 
C/min in 3% glycerol with a 900 C/min thawing rate for flattened plastic bags (FlatPack®) 
container. A variety of cryoprotectants are used in the freezing extender of different in 
species. Glycerol, egg yolk and sodium dodecyl sulphate (SDS) (Equex STM or Orvus ES 
paste) is commonly used as cryoprotectants for the cryopreservation of boar semen 
(Westerndorf et al., 1975; Pursel et al., 1978; Holt, 2000b). The optimal concentration of 
glycerol was approximately 3 % in pig (Holt, 2000a). Egg yolk and SDS are non-permeable 
cryoprotectant used in freezing extender and provide protective effect to spermatozoa and 
improved post thawed sperm quality (Pursel et al., 1978). It has been suggested that SDS 
enhances the cryoprotective properties of the egg yolk to protect the sperm membrane from 
cryoinjuries (Buhr et al., 1996)  

4. Boar semen cryopreservation methods 
4.1 Semen collection 

Three ejaculates from each boar are collected using gloved-hand method. During collection 
the semen is filtered through gauze and only sperm rich fractions are collected. Within 30 
min after collection, semen volume, pH, sperm motility, concentration, percentage of live 
and dead sperm and morphology are determined. Only ejaculates with motility of ≥70% and 
≥80 % morphologically normal are used for cryopreservation. 
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Fig. 1. Flow chart of the boar semen freezing processes, thawing and evaluation 
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enhances the cryoprotective properties of the egg yolk to protect the sperm membrane from 
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Three ejaculates from each boar are collected using gloved-hand method. During collection 
the semen is filtered through gauze and only sperm rich fractions are collected. Within 30 
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4.2 Semen freezing and thawing procedures 

Shortly after collection, the semen is diluted (1:1 v/v) with extender I (Modena™, Swine 
Genetics International, Ltd., Iowa, USA). The diluted semen is transferred to 50 ml 
centrifuge tubes, equilibrated at 15 ºC for 120 min and centrifuged at 800x g for 10 min. The 
supernatant is discarded and the sperm pellet was re-suspended (about 1-2:1) with extender 
II (80 ml of 11% lactose solution and 20 ml egg yolk) to a concentration of 1.5x109 
spermatozoa/ml. The diluted semen is cooled to 5 ºC for 90 min. Then, two parts of the 
semen are mixed with one part of extender III (89.5% of extender II with 9% glycerol and 
1.5% Equex-STM®). The final concentration of semen is approximately 1.0x109 
spermatozoa/ml and contained 3% glycerol (modified after modified after Westerndorf et 
al., 1975 and Gadea et al., 2004). The processed semen is loaded into 0.5 ml straws (Bio-Vet, 
Z.I. Le Berdoulet, France). The straws are sealed with PVC powder before being placed in 
contact with nitrogen vapour about 3 cm above the liquid nitrogen level for 20 minutes in an 
expandable polystyrene box. Then the straws are plunged into liquid nitrogen (-196 ºC) for 
storage. Thawing is achieved by immersing the straws in water at 50C for 12 sec (Selles et 
al., 2003). Immediately after thawing, the semen is diluted (1:4) with a Modena™ extender. 
Post-thawed sperm qualities are evaluated after incubation in a 37C water-bath for 15 min.  

4.3 Semen extender  

After incubation in extender I, the semen is divided into 4 groups according to the 
composition of extender II. Group I, extender II containing 80 ml of 11% lactose solution and 
20 ml egg yolk. Group II, extender II is supplemented with 0.29 g of fish oil (Fish oil 1000; 
Blackmores LTD, New Southwell, Australia; containing DHA 120 mg g fish oil) per gram of 
egg yolk. Normal egg yolk contains approximately 3.15 mg DHA per gram of egg yolk, as 
was analyzed at the Institute of Nutrition, Mahidol University (AOAC, 2007).  Group III is 
supplemented with a combination of fish oil 0.29 g and L-cysteine 5 mM (Fluka Chemie 
GmbH, Sigma-Aldrich, Switzerland). Group IV is supplemented with a combination of fish 
oil 0.29 g and L-cysteine 10 mM. 

5. Harmful effect of cryopreservation to spermatozoa  
The use of FT boar semen under field conditions results in low conception rate and reduced 
number of total piglets born per litter (Eriksson et al, 2002). These problems occur because of 
the poor post-thawed semen quality and low survival rate of boar spermatozoa after 
cryopreservation (Hammerstedt et al., 1990; Curry et al., 2000). The detrimental effects of 
cooling, freezing and thawing caused subsequently impaired the membrane integrity, 
structure and function of the spermatozoa, eventually fertilizing ability (Hammerstedt et al., 
1990; Guthrie and Welch, 2005). 

It is well documented that the boar spermatozoa are highly susceptible to temperatures 
below 15 C. The viability of the spermatozoa are dramatically reduced within a few hours 
after expose to cooling below 15 C, so call ‘cold shock’ (Gilmore et al., 1996). Cold shock 
caused the damage of plasma membranes and alterations in the metabolism of the 
spermatozoa. This caused by changes in the arrangement of plasma membrane 
compositions especially phospholipids (reviewed by Medeiros et al., 2002).The sperm 
damage cause by cold shock is characterized by an irreversible loss of motility and the loss 
of sperm permeability. Boar spermatozoa seem to acquire a cold shock resistance when the 

 
Cryopreservation of Boar Spermatozoa: An Important Role of Antioxidants 145 

semen is held at room temperature in seminal plasma for 1-5 hours (Pursel et al., 1972). It 
was found that viability and fertilizing ability of the boar spermatozoa was significantly 
improved when the fresh semen was held at 15 C for over 3 hours before cryopresenvation 
(Almlid and Johnson, 1988; Eriksson et al., 2001) 

During the process of freezing, the decrease of temperature from -15 C to -60 C causes 
sperm damage (Mazur, 1985). This causes by the intracellular ice formation and cellular 
dehydration (osmotic stress). The subsequent physical events depend on the cooling rates. 
Intracellur ice formation occur during a rapid cooling when intracellular water does not 
leave the cell to maintain equilibration. If cooling is slow, the spermatozoa will lose water 
rapidly avoid to intracellular ice formation. However, if spermatozoa are cooled too slowly, 
they will expose to high concentration of solutes which caused intracellular water to diffuse 
out of the cell, dehydration both the cell and plasma membrane ( also known as solution 
effects) (Mazur, 1970; Parks and Graham, 1992). Gilmore et al. (1996) demonstrated that the 
boar spermatozoa are sensitive to osmotic stress. Similar findings were also found in dog 
(Songsasen et al., 2002), cat (Pukazhenthi et al., 2000), ram (Curry and Watson, 1994), stallion 
(Ball and Vo, 2001) and bull (Liu and Foote, 1998). 

Cellular damage due to intracellular ice formation and dehydration, oxidative stress is 
another important cause of sperm damage leading to abnormal sperm structure and 
function and subfertility. Currently, several studies have been reported oxidative stress 
affect the damage of sperm membrane, proteins and DNA in human (Agarwal et al., 2003), 
stallion (Baumber et al., 2000; 2003), bull (Bilodeau et al., 2001) and boar (Roca et al., 2004; 
2005)(Fig. 2). 

 
Fig. 2. Scanning electron microscopic (SEM) picture of fresh boar semen with normal plasma 
membrane (A) as compare with SEM picture of frozen boar semen with plasma membrane 
damage (B). 

6. Capacitation like changes of the frozen-thawed boar semen and its 
influence on in vivo fertility 
After ejaculation, the spermatozoa are not able to fertilize the oocyte. They undergo the 
activation process that called ‘ capacitation’ and acrosome reaction which spermatozoa will 
able to reach the ampulla of the oviduct, penetrate the cumulus oophorus, bind to the zona 
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4.2 Semen freezing and thawing procedures 
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of sperm permeability. Boar spermatozoa seem to acquire a cold shock resistance when the 
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semen is held at room temperature in seminal plasma for 1-5 hours (Pursel et al., 1972). It 
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pellucida, activate the acrosome reaction and eventually fertilize the oocyte (Yanagimachi, 
1994). Normally, capacitation in vivo occurs in the female reproductive tract, but capacitation 
can also be induced in vitro by the incubation in capacitating media which the most of 
media contain the bicarbonate, calcium and serum albumin (Yanagimachi, 1994). 
Furthermore, It has been demonstrated that the cooling and freezing process can also 
induced the capacitation like change which affect to the low fertilizing capacity of 
spermatozoa in boar and other mammalian species (Maxwell and Johnson, 1997; Green and 
Watson, 2001; Barrios et al., 2000). During cooling, freezing and rewarming process, it is 
hypothesized that change in low temperature cause the modification and destabilization of 
the lipid content in the sperm plasma membrane, reducing the selective permeability  
resulted in the cholesterol efflux and intracellular calcium uptake leading to the capacitation 
like change (Green and Watson, 2001; Tardif et al., 2001). To improve the the FT 
spermatozoa, there are some studies about the addition of cholesterol-loaded cyclodextrins 
increased the cryosurvival of boar, ram and bovine spermatozoa because cyclodextrins used 
to deliver cholesterol to the sperm plasma membrane which against cold shock (Purdy and 
Graham, 2004; Bailey et al., 2008; Mocé et al., 2009). In addition, the supplement of 
antioxidants such as vitamin E or alpha-tocopherol decreased the capacitation like change of 
cryopreserved boar spermatozoa (Satorre et al, 2007). Furthermore, the addition of seminal 
plasma to boar spermatozoa has been shown to reduce the capacitated spermatozoa in 
chilled and FT boar semen (Kaneto et al., 2002; Suzuki et al., 2002; Vadnais et al., 2005a,b; 
Okazaki et al., 2009, Garcia et al., 2009). 

7. Laboratory method for semen quality assessment 
7.1 Sperm concentration and progressive motility 

Sperm concentration will be assessed by direct cell count using a Bürker haemocytometer 
(Boeco, Humburg, Germany) (Beardon and Fuquay, 1997). The visual progressive motility 
of both fresh and FT sperm is evaluated at 38C under a phase contrast microscope at 200x 
and 400x magnification. The motility is assessed by the same person throughout the 
experiment. 

7.2 Computer-assisted sperm analysis (CASA) 

The motility patterns of diluted FT semen are assessed using the CASA system (Halminton 
Thorne Biosciences IVOS, Version 12 TOX IVOS, Beverly, USA). Each FT thawed semen 
samples is diluted with pre-warmed Modena extender (37°C) to obtain a final concentration 
of 50x106 spermatozoa/ml. A 5 µl of diluted semen is pipetted into the chamber and allowed 
the 1 min before analysis fore sample distribution and pre-warming (Iguer-Ouada and 
Verstegen, 2001). After the first assessment (T0), the diluted semen is evaluated after 
incubation at 37 C for 30 min (T30) and 60 min (T60). The camera will recognize the 
position of the sperm heads in successive frames. Spermatozoa heads are marked with a 
different color to enable the observer and the analyzer to differentiate between the different 
motility patterns. Each semen sample is measured twice, 3 fields are evaluated and counted 
at least 1000 cells per analysis. Motility patterns including  (1) Curvilinear velocity (VCL, 
µm/s), the average velocity measured in the progression line along the whole track of cell 
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path; (2) Average pathway velocity (VAP, m/s) , the average velocity of the smoothed cell 
path; (3) Straight line velocity (VSL), the average velocity measured in a straight line from 
the beginning to the end of the track (m/s); (4) The amplitude of the lateral head 
displacement (ALH), the mean width of the head oscillation as the sperm cells swim (m); 
(5) The beat cross-frequency (BCF, Hz), frequency of the sperm head crossing the average 
path in either direction; (6) The straightness (STR, %) = average value of the ratio VSL/VAP; 
(7) The Linearity (LIN, %) = average value of the ratio VCL/VAP. 

7.3 Sperm viability 

The percentages of sperm viability will be determined by 2 methods. The first one is eosin-
nigrosin staining (Dott and Foster, 1972). The semen sample (50 µl) are mixed well with a 
drop of eosin-nigrosin dyes (Fluka Chemie GmbH, Sigma-Aldrich, Switzerland), and the 
mixture (10 μl) is smeared and dried on a glass slide. Evaluation is undertaken by counting 
200 spermatozoa with 1000x magnification. Spermatozoa with an unstained head are 
regarded as l ive spermatozoa.  The second method is  evaluated by SYBR-
14/Ethidiumhomodimer-1 (EthD-1) (Fertilight®, Sperm Viability Kit, Molecular Probes 
Europe, Leiden, The Netherlands). This technique is modified after Axnér et al. 2004 and 
Garner and Johnson, 1995). Ten µl of diluted semen are mixed with 2.7 µl of the user 
solution of SYBR-14 and 10 µl of EthD-1. The user solution is SYBR-14 diluted (1:100) in 
dimethyl sulfoxide (DMSO), fractionated and frozen in eppendorfs. After incubation at 37 
C for 20 min, two hundred spermatozoa will be assessed (x1000) under fluorescent 
microscope. The nuclei of the spermatozoa with an intact plasma membrane are stained 
green with SYBR-14, while those with damaged membranes stained red with EthD-1.  

 
Fig. 3. Spermatozoa stained with SYBR-14/EthD-1 or PI: live spermatozoa stained green 
with SYBR-14 while dead spermatozoa stained red with EthD-1 or PI. 
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of both fresh and FT sperm is evaluated at 38C under a phase contrast microscope at 200x 
and 400x magnification. The motility is assessed by the same person throughout the 
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The motility patterns of diluted FT semen are assessed using the CASA system (Halminton 
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of 50x106 spermatozoa/ml. A 5 µl of diluted semen is pipetted into the chamber and allowed 
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Verstegen, 2001). After the first assessment (T0), the diluted semen is evaluated after 
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C for 20 min, two hundred spermatozoa will be assessed (x1000) under fluorescent 
microscope. The nuclei of the spermatozoa with an intact plasma membrane are stained 
green with SYBR-14, while those with damaged membranes stained red with EthD-1.  
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Spermatozoa are classified into three types; live spermatozoa stained green with SYBR-14, 
dead spermatozoa stained red with EthD-1 and moribund spermatozoa stained both green 
and red (Axnér et al. 2004; Garner and Johnson, 1995).The results are expressed as the 
percentage of live spermatozoa with intact plasma membranes. 

7.4 Acrosome integrity 

Acrosome integrity will be assessed using fluorescein isothiocyanate–labeled peanut 
(Arachis hypogaea) agglutinin (FITC-PNA) staining. Ten µl of the diluted semen is mixed 
with 10 µl of Ethidiumhomodimer-1 and incubated at 37 ºC for 15 min. Five µl of the 
mixture is smeared on a glass slide and fixed with 95 % ethanol for 30 second. Fifty µl Fit C-
PNA (dilute Fit C-PNA with PBS 1:10 v/v) is spread over the slide and incubated in a moist 
chamber at 4 ºC for 30 min. After incubation, it is rinsed with cold PBS and air dried. Two 
hundred spermatozoa are assessed under fluorescent microscope at 1000x magnification 
and classified as intact acrosome, damaged acrosome and missing acrosome (Cheng et al., 
1996; Axner et al., 2004). The results are scored as the percentage of intact acrosome 
spermatozoa. 

7.5 The functional integrity of the sperm plasma membrane 

The functional integrity of the sperm plasma membrane will be assessed using a short hypo-
osmotic swelling test (sHOST) (Perez-Llano et al., 2001). Spermatozoa are incubated, at 38 C 
for 30 min, with 75 mOsm/kg a hypo-osmotic solution that consist of 0.368 % (w/v) Na-
citrate and 0.675 % (w/v) fructose (Merck, Germany) in distilled water. Following this 
incubation time, 200 µl of the semen-hypo-osmotic solution is fixed in 1000 µl of a hypo-
osmotic solution plus 5 % formaldehyde (Merck, Germany), for later evaluation. Two 
hundred spermatozoa are assessed under a phase contrast microscope at 400x 
magnification. The coiled tail (sHOST positive) spermatozoa found following incubation are 
functional intact plasma membrane. 

7.6 DNA damage  

DNA damage can be evaluated by Acridine orange (AO) staining or Halomax staining 
method (Fig. 4). The technique is modified after Thuwanut et al. (2008). Briefly, two smears 
from each sample were prepared on glass slide and air-dried. Each smear is fixed overnight 
in Carnoy’s solution, freshly prepared with methanol and glacial acetic acid (3:1 v/v). The 
slide is removed from the fixative solution, air-dried, and then stained with 1% (100 mg/ml) 
AO (Sigma) in distilled water for 10 min. The AO staining solution is prepared by adding 10 
ml of 1% AO in distilled water to 40 mL of 0.1 M citric acid (Merck, Darmstadt, Germany) 
and 2.5 ml of 0.3 M Na2HPO4.7H2O (Merck, Darmstadt, Germany) pH 2.5. The AO staining 
solution will be prepared daily and stored in the dark at room temperature until use. After 
staining, the slide is gently washed by distilled water and covered with the cover slip. One 
thousand spermatozoa are evaluated under the fluorescence microscope. The heads of the 
sperm cells with normal DNA (double-stranded) have green fluorescence, while those with 
damaged or single stranded DNA showed orange or red fluorescence. The results are 
expressed as the proportion of the damage/single stranded DNA per 1,000 counted 
spermatozoa.  
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Fig. 4. Sperm DNA damage (black circle) stained with a commercial kit (Halomax staining) 

7.7 Chlortetracycline (CTC) assay 

The CTC assay is slightly modified from as described previously (Harayama et al., 2000). 
The CTC staining solution containing 750 μm CTC, 5 mM DL-cysteine, 130 mM NaCl and 
20mM Tris (hydroxymethyl aminomethane) (pH 7.8) is prepared immediately before use. 
This solution is protected from light until analysis. Briefly, 50 μl of sperm suspension will be 
mixed with 50 μl of CTC staining solution for 30 sec, followed by the addition of 10μl 12.5% 
paraformaldehyde in 0.5 M Tris-HCl (pH 7.4) as a fixative. Then, 10 μl of the sperm 
suspension is mixed well with equal volume of antifade solution (0.22 M of 1,4-
diazabicyclo[2,2,2]octane ;DABCO) in glycerol:PBS (9:1) on the microscopic slide and gently 
compressed with coverslip. Two slides are prepared from each sample and stored in the 
dark at at 4 °C until evaluation. Two hundred spermatozoa per slide will be under a Nikon 
fluorescence microscope at 400x under blue-violet illumination (excitation at 400–440 nm 
and emission at 470 nm). The spermatozoa are classified in to three staining patterns 
described by Fraser et al. (1995). F-pattern, fluorescence over the whole region of the sperm 
head are considered to be “non-capacitated spermatozoa”. B-pattern, fluorescence in the 
acrosomal region except post-acrosomal region are considered to be “capacitated 
spermatozoa”. AR-pattern, low or no fluorescence over the whole head except thin bright 
ban in the equatorial segment are considered to be “acrosome-reacted spermatozoa”. 

7.8 Annexin-V/PI assay 

Apoptosis will be evaluated by apoptosis detection kit ApopNexin™ (Chemicon Int., USA) 
using a fluorescent microscope. This assay will detect the phosphatidylserine translocation 
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from inner to outer leaflet of cell plasma membrane which is the hallmark of apoptosis 
during the degradation phase. Following manufacturer instructions, sperm cells are washed 
twice with PBS (pH 7.4) by centrifugation at 400 g for 5 min. Sperm pellet are resuspended 
with HEPES buffer (10mM HEPES/NaOH, pH7.4, 150mM NaCl, 5mM KCl, 1mM MgCl2, 
1.8mM CaCl2, 2x106 sperm/ml). One hundred l of sperm suspension are mixed well with 
5 l annexinV-FITC conjugate and 3 l of Propidium iodide (PI;20g/ml) and incubated for 
15 min at room temperature in the dark. Two hundred spermatozoa are assessed under 
fluorescent microscope at 400x magnification. The apoptotic sperm cells will fluorescence 
green while necrotic sperm cells fluorescence red. Alternatively, flow cytometry analysis can 
also be used instead of fluorescent microscope (Fig. 5). 

 
Fig. 5. FCS/SCC two-dimensional histogram, flow cytometry analysis of frozen-thawed 
boar spermatozoa (supplemented with L-cysteine) stained with Annexin-V/PI: Q3 represent 
the viable spermatozoa with intact plasma membrane, while Q2 represent dead 
spermatozoa with non-intact plasma membrane 

8. Lipid composition of sperm plasma membrane 
The lipid compositions of the plasma membrane of the mammalian spermatozoa are 
markedly different from those of somatic cells. In general, the sperm plasma membrane 
contains approximately 70% phospholipids, 25% neutral lipids, and 5 % glycolipids (Flesch 
and Gadella, 2000). All lipid components located in the sperm membranes responsible for 
the fluidity of membrane lipid bilayers, regulation of sperm maturation, spermatogenesis, 
capacitation, acrosome reaction and membrane fusion (Parks and Hammerstedt, 1985; 
Martinez and Morros, 1996; Sanocka and Kurpisz, 2004).  

Sperm plasma membrane are made up of a phospholipids bilayer, with the major 
phospholipids were choline phosphoglycerides (CP), ethanolamine phosphoglycerides (EP) 
and sphingomyelin which their proportions differed between species. These phospholipids 
contain a high proportion of long chain, polyunsaturated docosapentanoyl (22:5) and 
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docosahexanoyl (22:6) groups which both lipids represent approximately 50 to 60 % of total 
phospholipids in boar and bull spermatozoa (Pursel and Graham, 1967; Johnson et al., 1969; 
Parks and Lynch, 1992). Cholesterol was the major sterol in sperm lipids of all species. 
Cholesterol to phospholipid molar ratios were 0.26, 0.30, 0.36, and 0.45 for sperm plasma 
membrane of the boar, rooster, stallion, and bull, respectively (Parks and Lynch, 
1992).Glycolipids represented less than 10% of total polar lipids for all species. 

The susceptibility of spermatozoa to cold shock differ among species because of the 
differences of lipid composition of the sperm plasma membrane among species (Flesch and 
Gadella, 2000).The resistance of the mammalian spermatozoa to cold shock was high in 
species in which the cholesterol to phospholipids molar ratio and the phospholipids 
saturation is high (Darin-Bennett and White, 1977). The avian spermatozoa have a high level 
of cold shock resistant and have a higher level of saturated phospholipids compared to 
mammalian sperm (Parks and Lynch, 1992). The plasma membrane of the boar spermatozoa 
is characterized by a high protein, low cholesterol and high proportion of EP compared to 
other species (Parks and Lynch, 1992; Nikolopoulou et al., 1985). In contrast, the protein 
content and EP proportion of rooster sperm plasma membrane is low while the cholesterol 
content is intermediate (Parks and Lynch, 1992).  

As mentioned above the sperm plasma membrane has a very high amounts of 
polyunsaturated fatty acids (PUFAs) especially docosapentaenoic acid (DPA) and 
docosahexaenoic acid (DHA) (Johnson et al., 1969; Parks and Lynch, 1992). It has been 
suggested that the proportion of unsaturated fatty acid influence the properties of sperm 
plasma membrane (Miller et al., 2005). High levels of long chain PUFAs, DPA and DHA, are 
associated with an increased membrane fluidity (Quinn, 1985). During cryopreservation, the 
fluidity of the plasma membrane from boar spermatozoa is significantly decreased when 
compared to fresh spermatozoa which tend to restrict the post-thawed sperm quality (Buhr 
et al., 1994). In human, sperm with a high level of membrane fluidity had a higher post-
thawed motility compared to sperm with a low level of membrane fluidity after 
cryopreservation (Giraud et al., 2000). 

9. Docosahexaenoic acid (DHA)  
Docosahexaenoic acid (commonly known as DHA; 22:6 (n-3)) is an omega-3 essential 
polyunsaturated fatty acid. DHA is most often found in cold water fatty fish (salmon fish, 
tuna fish) and in fish oil supplements, along with eicosapentaenoic acid (EPA). DHA is the 
main fatty acid composition of the spermatozoa as well as the brain and the retina 
(Neuringer et al., 1988). For the sperm plasma membrane, DHA play a major role in 
regulating membrane fluidity in sperm and in the regulation of spermatogenesis (Haidl and 
Opper, 1997; Ollero et al., 2000). DHA content is significantly higher in immature 
spermatozoa than mature spermatozoa. 

Studies have demonstrated that the supplement of PUFAs in the feed of the boar improve 
the quality of the boar spermatozoa (Paulenz et al., 1999; Rooke et al., 2001; Strezezek et al., 
2004 ;Maldjian et al., 2005). In addition, Rooke et al. (2001) found that tuna oil supplemented 
in the boar diet increase viability, progressive motility and normal morphology. The 
supplementation of PUFAs also enhanced the survival rate of post-thawed boar 
spermatozoa (Strezezek et al., 2004). DHA improved the reproductive performance of the 
male turkey (Blesbois et al., 2004). Maldjian et al. (2005) found that the use of DHA-enriched 
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from inner to outer leaflet of cell plasma membrane which is the hallmark of apoptosis 
during the degradation phase. Following manufacturer instructions, sperm cells are washed 
twice with PBS (pH 7.4) by centrifugation at 400 g for 5 min. Sperm pellet are resuspended 
with HEPES buffer (10mM HEPES/NaOH, pH7.4, 150mM NaCl, 5mM KCl, 1mM MgCl2, 
1.8mM CaCl2, 2x106 sperm/ml). One hundred l of sperm suspension are mixed well with 
5 l annexinV-FITC conjugate and 3 l of Propidium iodide (PI;20g/ml) and incubated for 
15 min at room temperature in the dark. Two hundred spermatozoa are assessed under 
fluorescent microscope at 400x magnification. The apoptotic sperm cells will fluorescence 
green while necrotic sperm cells fluorescence red. Alternatively, flow cytometry analysis can 
also be used instead of fluorescent microscope (Fig. 5). 

 
Fig. 5. FCS/SCC two-dimensional histogram, flow cytometry analysis of frozen-thawed 
boar spermatozoa (supplemented with L-cysteine) stained with Annexin-V/PI: Q3 represent 
the viable spermatozoa with intact plasma membrane, while Q2 represent dead 
spermatozoa with non-intact plasma membrane 

8. Lipid composition of sperm plasma membrane 
The lipid compositions of the plasma membrane of the mammalian spermatozoa are 
markedly different from those of somatic cells. In general, the sperm plasma membrane 
contains approximately 70% phospholipids, 25% neutral lipids, and 5 % glycolipids (Flesch 
and Gadella, 2000). All lipid components located in the sperm membranes responsible for 
the fluidity of membrane lipid bilayers, regulation of sperm maturation, spermatogenesis, 
capacitation, acrosome reaction and membrane fusion (Parks and Hammerstedt, 1985; 
Martinez and Morros, 1996; Sanocka and Kurpisz, 2004).  

Sperm plasma membrane are made up of a phospholipids bilayer, with the major 
phospholipids were choline phosphoglycerides (CP), ethanolamine phosphoglycerides (EP) 
and sphingomyelin which their proportions differed between species. These phospholipids 
contain a high proportion of long chain, polyunsaturated docosapentanoyl (22:5) and 
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docosahexanoyl (22:6) groups which both lipids represent approximately 50 to 60 % of total 
phospholipids in boar and bull spermatozoa (Pursel and Graham, 1967; Johnson et al., 1969; 
Parks and Lynch, 1992). Cholesterol was the major sterol in sperm lipids of all species. 
Cholesterol to phospholipid molar ratios were 0.26, 0.30, 0.36, and 0.45 for sperm plasma 
membrane of the boar, rooster, stallion, and bull, respectively (Parks and Lynch, 
1992).Glycolipids represented less than 10% of total polar lipids for all species. 

The susceptibility of spermatozoa to cold shock differ among species because of the 
differences of lipid composition of the sperm plasma membrane among species (Flesch and 
Gadella, 2000).The resistance of the mammalian spermatozoa to cold shock was high in 
species in which the cholesterol to phospholipids molar ratio and the phospholipids 
saturation is high (Darin-Bennett and White, 1977). The avian spermatozoa have a high level 
of cold shock resistant and have a higher level of saturated phospholipids compared to 
mammalian sperm (Parks and Lynch, 1992). The plasma membrane of the boar spermatozoa 
is characterized by a high protein, low cholesterol and high proportion of EP compared to 
other species (Parks and Lynch, 1992; Nikolopoulou et al., 1985). In contrast, the protein 
content and EP proportion of rooster sperm plasma membrane is low while the cholesterol 
content is intermediate (Parks and Lynch, 1992).  

As mentioned above the sperm plasma membrane has a very high amounts of 
polyunsaturated fatty acids (PUFAs) especially docosapentaenoic acid (DPA) and 
docosahexaenoic acid (DHA) (Johnson et al., 1969; Parks and Lynch, 1992). It has been 
suggested that the proportion of unsaturated fatty acid influence the properties of sperm 
plasma membrane (Miller et al., 2005). High levels of long chain PUFAs, DPA and DHA, are 
associated with an increased membrane fluidity (Quinn, 1985). During cryopreservation, the 
fluidity of the plasma membrane from boar spermatozoa is significantly decreased when 
compared to fresh spermatozoa which tend to restrict the post-thawed sperm quality (Buhr 
et al., 1994). In human, sperm with a high level of membrane fluidity had a higher post-
thawed motility compared to sperm with a low level of membrane fluidity after 
cryopreservation (Giraud et al., 2000). 

9. Docosahexaenoic acid (DHA)  
Docosahexaenoic acid (commonly known as DHA; 22:6 (n-3)) is an omega-3 essential 
polyunsaturated fatty acid. DHA is most often found in cold water fatty fish (salmon fish, 
tuna fish) and in fish oil supplements, along with eicosapentaenoic acid (EPA). DHA is the 
main fatty acid composition of the spermatozoa as well as the brain and the retina 
(Neuringer et al., 1988). For the sperm plasma membrane, DHA play a major role in 
regulating membrane fluidity in sperm and in the regulation of spermatogenesis (Haidl and 
Opper, 1997; Ollero et al., 2000). DHA content is significantly higher in immature 
spermatozoa than mature spermatozoa. 

Studies have demonstrated that the supplement of PUFAs in the feed of the boar improve 
the quality of the boar spermatozoa (Paulenz et al., 1999; Rooke et al., 2001; Strezezek et al., 
2004 ;Maldjian et al., 2005). In addition, Rooke et al. (2001) found that tuna oil supplemented 
in the boar diet increase viability, progressive motility and normal morphology. The 
supplementation of PUFAs also enhanced the survival rate of post-thawed boar 
spermatozoa (Strezezek et al., 2004). DHA improved the reproductive performance of the 
male turkey (Blesbois et al., 2004). Maldjian et al. (2005) found that the use of DHA-enriched 
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hen egg yolk for the semen extender and the supplement of 3% fish oil in the boar feed 
increased the DHA content of the boar spermatozoa post-thawed. However, the authors 
could not demonstrate the improvement of the quality of post-thawed spermatozoa.  

10. Oxidative stress and sperm function 
Oxidative stress is a condition associated with an increasing rate of cellular damage, 
induced by oxygen and oxygen-derived oxidants, commonly known as ROS (Sikka et al., 
1995). ROS are highly reactive oxidizing agents belonging to the class of free-radicals, which 
contains one or more unpaired electrons. Normally ROS included superoxide anion (O2-), 
hydrogen peroxide (H2O2), peroxyl radical (ROO-) and the very reactive hydroxyl radicals 
(OH-). The nitrogen-derived free radical nitric oxide (NO) and peroxynitrite anion (ONOO-) 
play an important role to the fertilization. Two main resources of ROS in semen include 
leukocytes and immature or defective spermatozoa (Aitken et al., 1992; Silva, 2006). 

It is known longtime ago that ROS harm the spermatozoa (Macleod, 1943). Nowadays, studies 
have shown that the cryopreservation of spermatozoa induces the ROS formation and led to 
lipid peroxidation as well as DNA oxidation. These events attribute to the decrease of sperm 
function and infertility (Aitken et al., 1991; Alvarez and Storey, 1992; Agarwal, 2003). 
Nevertheless, spermatozoa normally produce a small amounts of ROS, needed for capacitation 
and acrosome reaction (Agarwal et al., 2005; De Lamirande and Gagnon, 1993). 

Oxidative stress is the result of an imbalance between ROS generation and scavenging 
activities (Sikka et al., 1995; Sharma and Agarwal, 1996). Spermatozoa are sensitive to 
oxidative stress because of low concentrations of scavenging enzymes in the cytoplasm (de 
Lamirande and Gagnon, 1995; Saleh and Agarwal, 2002) and the plasma membranes contain 
high amounts of PUFAs (Alvarez and Storey, 1995). ROS act as triggers a chain of reaction. 
Lipid peroxidation (LPO) (De Lamirande and Gagnon, 1992; Sikka et al., 1995). LPO of 
sperm plasma membrane is the key mechanism of ROS-induced sperm damage (Alvarez et 
al., 1987)..??. 

LPO of sperm membranes is an autocatalytic self-reaction composed of 3 steps. Firstly, 
initiation step, this is the abstraction of a hydrogen atom from an unsaturated fatty acid. 
Secondly, propagation step, this is the formation of alkyl radical which followed by its rapid 
reaction with oxygen to form a peroxyl radical is capable of abstracting a hydrogen atom 
from an unsaturated fatty acid with the concomitant formation of a lipid radical and lipid 
peroxide such as hydrogen peroxide(H2O2). Since the peroxyl and alkyl radicals are 
regenerated, the cycle of propagation could continue indefinitely. Finally, the termination 
step, the substrates is consumed or stopped by the radical-radical reaction which produce a 
non-radical species (Sanocka and Kurpisz, 2004). LPO has been reported to affect the sperm 
dysfunction associated with decreased membrane fluidity, loss of membrane integrity and 
function of spermatozoa (Sanocka and Kurpisz, 2004). Furthermore, LPO also damage DNA 
and proteins resulted in an increased the susceptibility to be attacked by the macrophage 
(Aitken et al., 1994).  

10.1 Effect of antioxidants on oxidative stress and sperm function 

Antioxidants are compounds that suppress the formation of ROS and protect spermatozoa 
against ROS (Sikka, 1995). Studies have demonstrated that seminal plasma contains a 
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number of enzymatic antioxidants such as superoxide dismutase (SOD; Alvarez et al., 1987), 
glutathione peroxidase/glutathione reductase (GPX/GRD) and catalase. These antioxidants 
protect the spermatozoa against LPO (Lenzi et al., 1996; Sikka et al., 1996; Saleh and 
Agarwal, 2002). SOD spontaneously dismutates (O2-) anion to form O2 and H2O2. Catalase 
converts H2O2 to O2 and H2O. In addition, glutathione peroxidase, a selenium-containing 
antioxidant enzyme with glutathione, is an electron donor removes peroxyl (ROO¯) radicals 
from various peroxides including H2O2 (Sikka et al., 1996). In addition, seminal plasma 
contains a variety of non-enzymatic antioxidants such as ascorbic acid (vitamin C), alpha-
tocopherol (vitamin E), and reduced glutathione (Lenzi et al., 1994;Saleh and Agarwal, 2002; 
Silva, 2006).  

Vitamin C is a major chain–breaking antioxidant present in the extracellular fluid (Saleh and 
Agarwal, 2002). It neutralized hydroxyl, superoxide and hydrogen peroxide radicals and 
prevent sperm agglutination (Agarwal et al., 2004). Vitamin E is a chain-breaking 
antioxidant in the cell membrane, inhibits LPO by scavenging peroxyl and alkoxyl radicals. 
Glutathione is the most abundant antioxidant , plays a role in protecting lipids, proteins and 
nucleic acids against oxidative stress. 

Studies have shown that the supplementation of antioxidants in extenders both chilled and 
frozen-thawed semen such as alpha-tocopherol, butylated hydroxytoluene, superoxide 
dismutase and catalase, cysteine or glutathione have been reported to improve the semen 
quality in boar (Pursel, 1979; Bamba and Cran, 1992; Brezezinska-Slebodzinska E, 1995; 
Cerolini et al., 2000; Penã et al., 2003; Gadea et al., 2004, Roca et al., 2004, 2005; Funahashi 
and Sano, 2005; Breininger et al., 2005; Satorre et al., 2007), bull (Bilodeau et al., 2001), turkey 
(Donoghue and Donoghue, 1997), stallion (Aurich et al., 1997; Ball et al., 2001) and ram 
(Uysal and Bucak, 2007).  

10.2 Effect of L-Cysteine on frozen boar semen 

L-cysteine, an amino acid containing a sulphydryl group, is a precursor of intracellular 
glutathione biosynthesis. L-cysteine plays a role in the intracellular protective mechanism 
against oxidative stress, membrane stabiliser and capacitation inhibitor (Johnson et al., 
2000). Glutathione is the most common non-thiol protein in mammalian cells which protects 
plasma membrane from LPO, scavenges superoxide and minimized O2- formation. It has 
been demonstrated that the supplementation of L-cysteine in the semen extender prevents 
the loss of sperm motility by minimizing hydrogen peroxide of FT semen in the bull 
(Bilodeau et al., 2001). Funahashi and Sano (2005) found that the supplement of L-Cysteine 
for 5 mM improved the viability and functional status of the boar spermatozoa during 
chilled storage. 

During the past few years, many studies have been carried out by supplementation of 
various antioxidants (e.g. Vitamin E, Glutathione, Taurine) in the freezing extenders of 
frozen boar semen in order to minimize the detrimental effect of ROS which occurred 
during the freezing process (Pena et al., 2003; Roca et al., 2004; Breininger et al. 2005; Gadea 
et al., 2005). Funahashi and Sano (2005) demonstrated that supplement of L-cysteine (5 mM) 
could improve the viability and progressive motility in fresh boar semen, and also the same 
case found in frozen bovine semen (Bilodeau et al., 2001). This L-cysteine is also improve 
survival time of semen and sperm chromatin structure in fresh chilled boar semen at 15oc 
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hen egg yolk for the semen extender and the supplement of 3% fish oil in the boar feed 
increased the DHA content of the boar spermatozoa post-thawed. However, the authors 
could not demonstrate the improvement of the quality of post-thawed spermatozoa.  

10. Oxidative stress and sperm function 
Oxidative stress is a condition associated with an increasing rate of cellular damage, 
induced by oxygen and oxygen-derived oxidants, commonly known as ROS (Sikka et al., 
1995). ROS are highly reactive oxidizing agents belonging to the class of free-radicals, which 
contains one or more unpaired electrons. Normally ROS included superoxide anion (O2-), 
hydrogen peroxide (H2O2), peroxyl radical (ROO-) and the very reactive hydroxyl radicals 
(OH-). The nitrogen-derived free radical nitric oxide (NO) and peroxynitrite anion (ONOO-) 
play an important role to the fertilization. Two main resources of ROS in semen include 
leukocytes and immature or defective spermatozoa (Aitken et al., 1992; Silva, 2006). 

It is known longtime ago that ROS harm the spermatozoa (Macleod, 1943). Nowadays, studies 
have shown that the cryopreservation of spermatozoa induces the ROS formation and led to 
lipid peroxidation as well as DNA oxidation. These events attribute to the decrease of sperm 
function and infertility (Aitken et al., 1991; Alvarez and Storey, 1992; Agarwal, 2003). 
Nevertheless, spermatozoa normally produce a small amounts of ROS, needed for capacitation 
and acrosome reaction (Agarwal et al., 2005; De Lamirande and Gagnon, 1993). 

Oxidative stress is the result of an imbalance between ROS generation and scavenging 
activities (Sikka et al., 1995; Sharma and Agarwal, 1996). Spermatozoa are sensitive to 
oxidative stress because of low concentrations of scavenging enzymes in the cytoplasm (de 
Lamirande and Gagnon, 1995; Saleh and Agarwal, 2002) and the plasma membranes contain 
high amounts of PUFAs (Alvarez and Storey, 1995). ROS act as triggers a chain of reaction. 
Lipid peroxidation (LPO) (De Lamirande and Gagnon, 1992; Sikka et al., 1995). LPO of 
sperm plasma membrane is the key mechanism of ROS-induced sperm damage (Alvarez et 
al., 1987)..??. 

LPO of sperm membranes is an autocatalytic self-reaction composed of 3 steps. Firstly, 
initiation step, this is the abstraction of a hydrogen atom from an unsaturated fatty acid. 
Secondly, propagation step, this is the formation of alkyl radical which followed by its rapid 
reaction with oxygen to form a peroxyl radical is capable of abstracting a hydrogen atom 
from an unsaturated fatty acid with the concomitant formation of a lipid radical and lipid 
peroxide such as hydrogen peroxide(H2O2). Since the peroxyl and alkyl radicals are 
regenerated, the cycle of propagation could continue indefinitely. Finally, the termination 
step, the substrates is consumed or stopped by the radical-radical reaction which produce a 
non-radical species (Sanocka and Kurpisz, 2004). LPO has been reported to affect the sperm 
dysfunction associated with decreased membrane fluidity, loss of membrane integrity and 
function of spermatozoa (Sanocka and Kurpisz, 2004). Furthermore, LPO also damage DNA 
and proteins resulted in an increased the susceptibility to be attacked by the macrophage 
(Aitken et al., 1994).  

10.1 Effect of antioxidants on oxidative stress and sperm function 

Antioxidants are compounds that suppress the formation of ROS and protect spermatozoa 
against ROS (Sikka, 1995). Studies have demonstrated that seminal plasma contains a 

 
Cryopreservation of Boar Spermatozoa: An Important Role of Antioxidants 153 

number of enzymatic antioxidants such as superoxide dismutase (SOD; Alvarez et al., 1987), 
glutathione peroxidase/glutathione reductase (GPX/GRD) and catalase. These antioxidants 
protect the spermatozoa against LPO (Lenzi et al., 1996; Sikka et al., 1996; Saleh and 
Agarwal, 2002). SOD spontaneously dismutates (O2-) anion to form O2 and H2O2. Catalase 
converts H2O2 to O2 and H2O. In addition, glutathione peroxidase, a selenium-containing 
antioxidant enzyme with glutathione, is an electron donor removes peroxyl (ROO¯) radicals 
from various peroxides including H2O2 (Sikka et al., 1996). In addition, seminal plasma 
contains a variety of non-enzymatic antioxidants such as ascorbic acid (vitamin C), alpha-
tocopherol (vitamin E), and reduced glutathione (Lenzi et al., 1994;Saleh and Agarwal, 2002; 
Silva, 2006).  

Vitamin C is a major chain–breaking antioxidant present in the extracellular fluid (Saleh and 
Agarwal, 2002). It neutralized hydroxyl, superoxide and hydrogen peroxide radicals and 
prevent sperm agglutination (Agarwal et al., 2004). Vitamin E is a chain-breaking 
antioxidant in the cell membrane, inhibits LPO by scavenging peroxyl and alkoxyl radicals. 
Glutathione is the most abundant antioxidant , plays a role in protecting lipids, proteins and 
nucleic acids against oxidative stress. 

Studies have shown that the supplementation of antioxidants in extenders both chilled and 
frozen-thawed semen such as alpha-tocopherol, butylated hydroxytoluene, superoxide 
dismutase and catalase, cysteine or glutathione have been reported to improve the semen 
quality in boar (Pursel, 1979; Bamba and Cran, 1992; Brezezinska-Slebodzinska E, 1995; 
Cerolini et al., 2000; Penã et al., 2003; Gadea et al., 2004, Roca et al., 2004, 2005; Funahashi 
and Sano, 2005; Breininger et al., 2005; Satorre et al., 2007), bull (Bilodeau et al., 2001), turkey 
(Donoghue and Donoghue, 1997), stallion (Aurich et al., 1997; Ball et al., 2001) and ram 
(Uysal and Bucak, 2007).  

10.2 Effect of L-Cysteine on frozen boar semen 

L-cysteine, an amino acid containing a sulphydryl group, is a precursor of intracellular 
glutathione biosynthesis. L-cysteine plays a role in the intracellular protective mechanism 
against oxidative stress, membrane stabiliser and capacitation inhibitor (Johnson et al., 
2000). Glutathione is the most common non-thiol protein in mammalian cells which protects 
plasma membrane from LPO, scavenges superoxide and minimized O2- formation. It has 
been demonstrated that the supplementation of L-cysteine in the semen extender prevents 
the loss of sperm motility by minimizing hydrogen peroxide of FT semen in the bull 
(Bilodeau et al., 2001). Funahashi and Sano (2005) found that the supplement of L-Cysteine 
for 5 mM improved the viability and functional status of the boar spermatozoa during 
chilled storage. 

During the past few years, many studies have been carried out by supplementation of 
various antioxidants (e.g. Vitamin E, Glutathione, Taurine) in the freezing extenders of 
frozen boar semen in order to minimize the detrimental effect of ROS which occurred 
during the freezing process (Pena et al., 2003; Roca et al., 2004; Breininger et al. 2005; Gadea 
et al., 2005). Funahashi and Sano (2005) demonstrated that supplement of L-cysteine (5 mM) 
could improve the viability and progressive motility in fresh boar semen, and also the same 
case found in frozen bovine semen (Bilodeau et al., 2001). This L-cysteine is also improve 
survival time of semen and sperm chromatin structure in fresh chilled boar semen at 15oc 
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(Szczesniak-Fabianczyk et al. 2003). In frozen dog semen, Micheal et al. (2007) reported that 
supplement of L-cysteine resulted in increased viability and rapid steady forward movement 
(RSF movement). Recently, Kaeoket et al. (2008b) also found that addition of 5 mM L-cysteine 
(the same concentration used for fresh boar semen preservation by Funahashi and Sano, 2005) 
has a tendency (not significant difference) to improve post-thawed semen quality when 
compare with the addition of glutathione and water-soluble vitamin E.   

10.3 Effect of L-Cysteine x DHA on frozen boar semen 

The characteristics of the sperm cryoinjury included the destabilization of lipid bilayer of the 
sperm plasma membrane, change in permeability of plasma membrane and a reduction of 
the viability of sperm. It is well documented that the boar sperm are highly susceptible to 
temperature below 15 °C mainly due to a relatively poor lipid composition and structure of 
plasma membrane compared to other domestic species. The boar sperm plasma membrane 
consisted of a high levels of polyunsaturated fatty acids (PUFAs) especially 
docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA) and low level of cholesterol: 
phospholipids ratio. It has been shown that the level of PUFA content play an important 
role in the sperm membrane fluidity and cause sperm susceptible to lipid peroxidation 
(LPO). During frozen-thawed (FT) process, sperm are attacked by reactive oxygen species 
(ROS) owing to LPO and leading to significantly decrease in the PUFAs content of their 
plasma membrane. ROS were mainly produced by the defective or dead spermatozoa and 
result in a reduction of sperm motility, sperm viability and eventually fertilizing ability. In 
order to minimize the sperm cryoinjury, the supplement of antioxidant compounds and 
some fatty acid to the semen extender have been reported to minimize ROS formation and 
enhance the plasma membrane function in many species. L-cysteine, a precursor of 
intracellular glutathione, plays an important role in the protecting sperm from oxidative 
stress and act as capacitation inhibitor. Earlier studies have demonstrated that L-cysteine 
supplement in the semen extender improve the motility of FT bull semen, prolonged sperm 
survival time and reduced chromatin damage in FT boar sperm. In addition, the use of n-3-
enriched hen egg yolk in the semen extender increased the proportion of DHA content in 
the boar sperm. Our previous study found that the addition of L-cysteine directly into 
lactose egg yolk (DHA-enriched) base extender significantly improves the sperm motility 
and intact acrosome of FT boar sperm. In addition, Kaeoket et al. (2010) found that the 
supplement of DHA (fish oil) improves the sperm motility, viability and acrosome integrity 
of the FT boar sperm.  

10.4 Effect of seminal plasma on post-thawing semen quality and reproductive 
performance after artificial insemination 

Seminal plasma is the liquid constituent of an ejaculate, comprising a combination of fluids 
secreted by the male accessory glands (i.e., mainly from the seminal vesicle in boars) during 
an ejaculation. There is evidence that seminal plasma is able to arrest or reverse cryoinjury 
and perhaps extend the longevity of the sperm by inhibiting or reversing capacitation and 
acrosome reactions, and also by its antioxidant activity (Brzezińska-Ślebodzińska et al. 1995; 
Strzezek et al. 1999; Suzuki et al. 2002; Vadnais and Roberts 2007; Bailey et al. 2008). During 
the cryopreservation process of boar semen, seminal plasma is normally not required, and 
discarded by the centrifugation at the beginning of semen preparation, which may result in 
a lack of a significant contribution (i.e., antioxidant property, inhibiting or reversing 
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capacitation, inhibiting and acrosome reaction and binding ability of its protein to the sperm 
plasma membrane) of seminal plasma in protecting sperm from cryoinjury. It has been 
demonstrated in rams that seminal plasma protein is able to revert the cold shock damage 
on the sperm membrane (Barrios et al. 2000). This effect has also been reported in boars, in 
that holding boar spermatozoa in its seminal plasma before cooling and freezing defends 
against the cold shock (Pursel et al. 1973). In addition, it has been shown that adding 
seminal plasma to the post-thawing solution increased the percentage of stallion sperm 
motility (Alghamdi et al. 2005). In dogs, it has been shown that frozen semen diluted with 
their prostatic fluid yielded a higher post-thawing motility (Rota et al. 2007). As a result, it 
seems likely that seminal plasma or prostatic fluid constituents have a positive effect on 
post-thawing sperm motility. In addition, semen with a high percentage of progressive 
motility illustrates their plasma membrane integrity and superb metabolism (Johnson et al., 
2000) and also reflects their ability for fertilization (Vyt et al. 2004; Estienne et al. 2007). It can 
be hypothesized that the presence of supernatant (semen plasma plus semen extender) 
during the thawing process may improve frozen-thawed boar sperm motility.  

Seminal plasma is the liquid constituent of an ejaculate, comprising a combination of fluids 
secreted by the male accessory glands (i.e. seminal vesicle) during an ejaculation. It is 
evidence that seminal plasma able to arrest or reverse cryoinjury and perhaps extend the 
longevity of the sperm by inhibiting or reversing capacitation and acrosome reaction 
(Suzuki et al., 2002).  Besides, seminal plasma appears to play an important role in the 
female reproductive tract after insemination, e.g.  attenuate the post insemination 
inflammatory response in the uterus of the sow which may influence the chances of 
conception (Rozeboom et al.,1999) and its component such as hormone estrogen may also 
resulted in a release of prostaglandins from the pigs endometrium to the utero-ovarian veins 
and lymphatic vessels which in turn  decrease duration time from standing oestrus to 
ovulation in gilts (Clause et al.,1987,1990; Weitze et al.,1990), Therefore, it seems likely that 
seminal plasma constituents (both the oestrogen and the protein fraction) have an effect on 
ovulation time in sows (Waberski  et al.,1995; Kaeoket and Tummaruk, 2002b). 

Generally, limitations to achieve a high reproductive performance in swine arise from a 
failure of sows to express estrus, failure to accurately determine onset of estrus for artificial 
inseminations and failure to determine the ovulation time after standing oestrus. The best 
predictor for time of ovulation is frequent detection of oestrus, because time of ovulation 
occurs approximately 38 to 48 h after onset of estrus (Anderson et al., 1993; Weitze et al., 
1994; Soede et al., 1995). The effects of the timing of insemination relative to ovulation on 
fertilization rate has been study by Soede et al.(1995).Targeting insemination within 24 h 
before ovulation seems optimal to achieve a high farrowing rate and large little size (Nissen 
et al., 1997). Insemination between 0 and 24 h before ovulation results in high fertilization 
rates and consequently, a low number of re-breeders and a slightly higher litter size (Kemp 
et al., 1996; Kaeoket et al., 2002a, 2005).  

10.5 Effect of long term versus short term extenders as freezing extender I on quality 
of frozen boar semen 

In pig industry, the boar semen used for artificial insemination is extended with semen 
extender and kept in cold storage at 18-20C for few days before artificial insemination. It 
has been recently reported that using of long term extenders (i.e. Androstar®Plus, 
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(Szczesniak-Fabianczyk et al. 2003). In frozen dog semen, Micheal et al. (2007) reported that 
supplement of L-cysteine resulted in increased viability and rapid steady forward movement 
(RSF movement). Recently, Kaeoket et al. (2008b) also found that addition of 5 mM L-cysteine 
(the same concentration used for fresh boar semen preservation by Funahashi and Sano, 2005) 
has a tendency (not significant difference) to improve post-thawed semen quality when 
compare with the addition of glutathione and water-soluble vitamin E.   

10.3 Effect of L-Cysteine x DHA on frozen boar semen 

The characteristics of the sperm cryoinjury included the destabilization of lipid bilayer of the 
sperm plasma membrane, change in permeability of plasma membrane and a reduction of 
the viability of sperm. It is well documented that the boar sperm are highly susceptible to 
temperature below 15 °C mainly due to a relatively poor lipid composition and structure of 
plasma membrane compared to other domestic species. The boar sperm plasma membrane 
consisted of a high levels of polyunsaturated fatty acids (PUFAs) especially 
docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA) and low level of cholesterol: 
phospholipids ratio. It has been shown that the level of PUFA content play an important 
role in the sperm membrane fluidity and cause sperm susceptible to lipid peroxidation 
(LPO). During frozen-thawed (FT) process, sperm are attacked by reactive oxygen species 
(ROS) owing to LPO and leading to significantly decrease in the PUFAs content of their 
plasma membrane. ROS were mainly produced by the defective or dead spermatozoa and 
result in a reduction of sperm motility, sperm viability and eventually fertilizing ability. In 
order to minimize the sperm cryoinjury, the supplement of antioxidant compounds and 
some fatty acid to the semen extender have been reported to minimize ROS formation and 
enhance the plasma membrane function in many species. L-cysteine, a precursor of 
intracellular glutathione, plays an important role in the protecting sperm from oxidative 
stress and act as capacitation inhibitor. Earlier studies have demonstrated that L-cysteine 
supplement in the semen extender improve the motility of FT bull semen, prolonged sperm 
survival time and reduced chromatin damage in FT boar sperm. In addition, the use of n-3-
enriched hen egg yolk in the semen extender increased the proportion of DHA content in 
the boar sperm. Our previous study found that the addition of L-cysteine directly into 
lactose egg yolk (DHA-enriched) base extender significantly improves the sperm motility 
and intact acrosome of FT boar sperm. In addition, Kaeoket et al. (2010) found that the 
supplement of DHA (fish oil) improves the sperm motility, viability and acrosome integrity 
of the FT boar sperm.  

10.4 Effect of seminal plasma on post-thawing semen quality and reproductive 
performance after artificial insemination 

Seminal plasma is the liquid constituent of an ejaculate, comprising a combination of fluids 
secreted by the male accessory glands (i.e., mainly from the seminal vesicle in boars) during 
an ejaculation. There is evidence that seminal plasma is able to arrest or reverse cryoinjury 
and perhaps extend the longevity of the sperm by inhibiting or reversing capacitation and 
acrosome reactions, and also by its antioxidant activity (Brzezińska-Ślebodzińska et al. 1995; 
Strzezek et al. 1999; Suzuki et al. 2002; Vadnais and Roberts 2007; Bailey et al. 2008). During 
the cryopreservation process of boar semen, seminal plasma is normally not required, and 
discarded by the centrifugation at the beginning of semen preparation, which may result in 
a lack of a significant contribution (i.e., antioxidant property, inhibiting or reversing 
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capacitation, inhibiting and acrosome reaction and binding ability of its protein to the sperm 
plasma membrane) of seminal plasma in protecting sperm from cryoinjury. It has been 
demonstrated in rams that seminal plasma protein is able to revert the cold shock damage 
on the sperm membrane (Barrios et al. 2000). This effect has also been reported in boars, in 
that holding boar spermatozoa in its seminal plasma before cooling and freezing defends 
against the cold shock (Pursel et al. 1973). In addition, it has been shown that adding 
seminal plasma to the post-thawing solution increased the percentage of stallion sperm 
motility (Alghamdi et al. 2005). In dogs, it has been shown that frozen semen diluted with 
their prostatic fluid yielded a higher post-thawing motility (Rota et al. 2007). As a result, it 
seems likely that seminal plasma or prostatic fluid constituents have a positive effect on 
post-thawing sperm motility. In addition, semen with a high percentage of progressive 
motility illustrates their plasma membrane integrity and superb metabolism (Johnson et al., 
2000) and also reflects their ability for fertilization (Vyt et al. 2004; Estienne et al. 2007). It can 
be hypothesized that the presence of supernatant (semen plasma plus semen extender) 
during the thawing process may improve frozen-thawed boar sperm motility.  

Seminal plasma is the liquid constituent of an ejaculate, comprising a combination of fluids 
secreted by the male accessory glands (i.e. seminal vesicle) during an ejaculation. It is 
evidence that seminal plasma able to arrest or reverse cryoinjury and perhaps extend the 
longevity of the sperm by inhibiting or reversing capacitation and acrosome reaction 
(Suzuki et al., 2002).  Besides, seminal plasma appears to play an important role in the 
female reproductive tract after insemination, e.g.  attenuate the post insemination 
inflammatory response in the uterus of the sow which may influence the chances of 
conception (Rozeboom et al.,1999) and its component such as hormone estrogen may also 
resulted in a release of prostaglandins from the pigs endometrium to the utero-ovarian veins 
and lymphatic vessels which in turn  decrease duration time from standing oestrus to 
ovulation in gilts (Clause et al.,1987,1990; Weitze et al.,1990), Therefore, it seems likely that 
seminal plasma constituents (both the oestrogen and the protein fraction) have an effect on 
ovulation time in sows (Waberski  et al.,1995; Kaeoket and Tummaruk, 2002b). 

Generally, limitations to achieve a high reproductive performance in swine arise from a 
failure of sows to express estrus, failure to accurately determine onset of estrus for artificial 
inseminations and failure to determine the ovulation time after standing oestrus. The best 
predictor for time of ovulation is frequent detection of oestrus, because time of ovulation 
occurs approximately 38 to 48 h after onset of estrus (Anderson et al., 1993; Weitze et al., 
1994; Soede et al., 1995). The effects of the timing of insemination relative to ovulation on 
fertilization rate has been study by Soede et al.(1995).Targeting insemination within 24 h 
before ovulation seems optimal to achieve a high farrowing rate and large little size (Nissen 
et al., 1997). Insemination between 0 and 24 h before ovulation results in high fertilization 
rates and consequently, a low number of re-breeders and a slightly higher litter size (Kemp 
et al., 1996; Kaeoket et al., 2002a, 2005).  

10.5 Effect of long term versus short term extenders as freezing extender I on quality 
of frozen boar semen 

In pig industry, the boar semen used for artificial insemination is extended with semen 
extender and kept in cold storage at 18-20C for few days before artificial insemination. It 
has been recently reported that using of long term extenders (i.e. Androstar®Plus, 
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ModenaTM, Vitasem LD) to preserve fresh semen for 7 days yield a superior fresh boar 
semen qualities compare with those using of short term extender (Kaeoket et al., 2010d). In 
addition, the different in extended fresh semen qualities were also found depending on each 
type of long term extender used. This indicated that some constituents in each long term 
extender may assist sperm to overcome cold shock during cold storage. Generally, the 
difference between the short term and long term extenders are the ingredients contained in 
the extenders. Long term extenders contain complex buffering agent (i.e. HEPES, Tris, TES 
and MOPs) and antioxidants (i.e., bovine serum albumin (BSA), beta-carotene, cysteine, 
taurine, vitamin E and ascorbic acid) (Alvarez and Storey, 1995; Gadea, 2003; Funahashi and 
Sano, 2005), which can maintain semen qualities during cold storage for a longer period 
than short term extender.  

10.6 Effect of differents sugars in LEY freezing extender on frozen boar semen quality 

During cryopreservation, both physical and chemical factors including the rapid change in 
temperature or thermal stress, the intracellular ice formation, oxidative stress and osmotic 
stress led to the sperm plasma membrane damage (Meideros et al., 2000). Generally, the 
freezing extender consists of cryoprotectant, sugars, buffer, and some antibiotics (Johnson et 
al., 2000). Glycerol is the most common permeable cryoprotectant used for cryopreservation 
of boar semen (Holt, 2000). Egg yolk is a common non-permeable cryoprotectant. Different 
types of sugars, such as, trehalose, lactose, fructose, have been used in the freezing extender 
of boar semen (Purdy et al., 2006). Sugar is not only a source of energy but also protects the 
spermatozoa from dehydration and intracellular ice formation during the cryopreservation 
process (Watson, 2000). In general, lactose is the most common sugar used for the 
cryopreservation of boar semen (Johnson, 1985; Buranaamnuay et al., 2009; Chanapiwat et 
al., 2009; Chanapiwat et al., 2010; Kaeoket et al., 2010a; Kaeoket et al., 2010b; Kasettrut and 
Kaeoket, 2010). The effect of either type or concentration of sugar supplement in the freezing 
extender on the post-thawed semen qualities has been reported in dog (Yildiz et al., 2000; 
Yamashiro et al., 2007), ram (Aisen et al., 2002), bovine (Woelders, et al., 1997; Hu et al., 2010) 
and boar (Roca et al., 2008; Gutiérrez-Pérez et al., 2009; Malo et al., 2010; Mercado et al., 2010). 
For instance, the supplement of 55 mM glucose improved the motility pattern of the FT boar 
spermatozoa compared to 0 and 180 mM (Roca et al., 2008). Hu et al. (2009) found that the 
addition of 100 mM trehalose in the extender improved post-thawed boar sperm motility, 
viability and acrosome integrity compared to 0, 25, 50 and 200 mM. In addition, Malo et al. 
(2010) found that the trehalose-based freezing extender enhances the sperm survival rate and 
the fertilization rate by in vitro fertilization (IVF) compared to lactose and glucose based 
freezing extender. In order to improve the post-thawed boar sperm quality, it is important to 
investigate the influence of different sugars on FT boar sperm.  

11. Phytosterol on frozen boar semen quality 
During the past decade, several studies have focused on supplementation with a variety of 
antioxidants (e.g. vitamin E, vitamin C, L-cysteine, glutathione, taurine, pyruvate, SOD, 
catalase) in the freezing extenders of frozen boar semen with an attempt to minimize the 
detrimental effects of ROS, which occur during the freezing process.  

Gamma-oryzanol, a phytosteryl ferulate mixture extracted from rice bran oil, has received a 
great deal of attention because of its significant various health-promoting functions such as 
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antioxidant activity, inhibition of lipoperoxidation by its scavenging activity, reduction in 
LDL cholesterol and induction of HDL cholesterol, inhibition of platelet aggregation [20], its 
potential implications as a UV-A filter in sunscreen cosmetics, treatment of type 2 diabetes 
mellitus and allergic reactions. These data suggest that gamma-oryzanol, especially, with its 
antioxidant and scavenging activities can be useful as an antioxidant and lipid peroxidation 
inhibitor (i.e., membrane stabilizing) during cryopreservation. Rice bran oil is widely used 
in salad dressing and cooking oil in Asian countries including China, India, Japan and 
Thailand. At present, it is becoming to gain acceptance in Western countries as well. 
However, no scientific information is available on its antioxidant and scavenging activities 
in minimizing the detrimental effects of ROS during the cryopreservation of semen.  

12. Artificial insemination with frozen boar semen 
In pigs, it is well-documented that the optimal insemination time for fresh semen to 
maximize the good fertilisation rate is within 24 h before ovulation. It has been shown that 
the fertile life span of the pig oocyte is limited to between 8-12 h after ovulation. At 
suboptimal times for artificial insemination (AI) leads to inferior FR and litter sizes results. 
In addition, Kaeoket et al. (2002; 2005) demonstrated that when sows were inseminated after 
ovulation, fertilised oocytes and developed embryos were observed up to Day 11 but no 
embryos were found at Day 19. Subsequently, these sows returned to oestrus with a 
prolonged interval.  

It has been demonstrated that the duration of oestrus is related to the WOI, i.e., sows with a 
short WOI (3-4 days) on average have a long oestrus duration, which is associated with a 
longer time from onset of oestrus to ovulation. On the contrary, sows with a WOI of 5-6 
days or longer, have a shorter time from onset of oestrus to ovulation, and therefore should 
be inseminated (with fresh semen) sooner after the onset of oestrus to ensure that the first 
insemination occurs before ovulation. This recommendation is in accordance with the 
observation that the average timing of ovulation varies between 64 and to 72% of the 
duration of oestrus. 

For frozen boar semen, it is predictable that insemination with frozen-thawed semen will 
result in lower PR, low FR and litter sizes. During the last decade, most of the experiments 
with fertility tests (field trial) of frozen-thawed boar semen have been carried out by using 
deep intrauterine insemination (DIUI, dose ranged from 150 million to 1 billion 
spermatozoa). Nevertheless, for fresh semen, an intrauterine insemination (doses ranging 
from 1-3 billion) has been performed with a high fertility results (i.e., high PR, FR and litter 
sizes). Recently, it has been shown that a satisfactory fertility outcome was accomplished by 
performing IUI (doses raning from 1.5-3 billion) together with fixed-time insemination 
(using a correlation of WOI-Oestrus duration-Ovulation time). This strategy may improve 
fertility of frozen boar semen when one performs insemination in a commercial pig farms (a 
field trial).  

13. Conclusion 
Based on above review, the conclusion can be drawn as follows: (I) some antioxidants, such 
as, Oryzanol, L-cysteine and its combination with DHA from fish oil, Vitamin E, Vitamin C, 
can be used in order to improve the quality of frozen boar semen” (II) the artificial 
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ModenaTM, Vitasem LD) to preserve fresh semen for 7 days yield a superior fresh boar 
semen qualities compare with those using of short term extender (Kaeoket et al., 2010d). In 
addition, the different in extended fresh semen qualities were also found depending on each 
type of long term extender used. This indicated that some constituents in each long term 
extender may assist sperm to overcome cold shock during cold storage. Generally, the 
difference between the short term and long term extenders are the ingredients contained in 
the extenders. Long term extenders contain complex buffering agent (i.e. HEPES, Tris, TES 
and MOPs) and antioxidants (i.e., bovine serum albumin (BSA), beta-carotene, cysteine, 
taurine, vitamin E and ascorbic acid) (Alvarez and Storey, 1995; Gadea, 2003; Funahashi and 
Sano, 2005), which can maintain semen qualities during cold storage for a longer period 
than short term extender.  

10.6 Effect of differents sugars in LEY freezing extender on frozen boar semen quality 

During cryopreservation, both physical and chemical factors including the rapid change in 
temperature or thermal stress, the intracellular ice formation, oxidative stress and osmotic 
stress led to the sperm plasma membrane damage (Meideros et al., 2000). Generally, the 
freezing extender consists of cryoprotectant, sugars, buffer, and some antibiotics (Johnson et 
al., 2000). Glycerol is the most common permeable cryoprotectant used for cryopreservation 
of boar semen (Holt, 2000). Egg yolk is a common non-permeable cryoprotectant. Different 
types of sugars, such as, trehalose, lactose, fructose, have been used in the freezing extender 
of boar semen (Purdy et al., 2006). Sugar is not only a source of energy but also protects the 
spermatozoa from dehydration and intracellular ice formation during the cryopreservation 
process (Watson, 2000). In general, lactose is the most common sugar used for the 
cryopreservation of boar semen (Johnson, 1985; Buranaamnuay et al., 2009; Chanapiwat et 
al., 2009; Chanapiwat et al., 2010; Kaeoket et al., 2010a; Kaeoket et al., 2010b; Kasettrut and 
Kaeoket, 2010). The effect of either type or concentration of sugar supplement in the freezing 
extender on the post-thawed semen qualities has been reported in dog (Yildiz et al., 2000; 
Yamashiro et al., 2007), ram (Aisen et al., 2002), bovine (Woelders, et al., 1997; Hu et al., 2010) 
and boar (Roca et al., 2008; Gutiérrez-Pérez et al., 2009; Malo et al., 2010; Mercado et al., 2010). 
For instance, the supplement of 55 mM glucose improved the motility pattern of the FT boar 
spermatozoa compared to 0 and 180 mM (Roca et al., 2008). Hu et al. (2009) found that the 
addition of 100 mM trehalose in the extender improved post-thawed boar sperm motility, 
viability and acrosome integrity compared to 0, 25, 50 and 200 mM. In addition, Malo et al. 
(2010) found that the trehalose-based freezing extender enhances the sperm survival rate and 
the fertilization rate by in vitro fertilization (IVF) compared to lactose and glucose based 
freezing extender. In order to improve the post-thawed boar sperm quality, it is important to 
investigate the influence of different sugars on FT boar sperm.  

11. Phytosterol on frozen boar semen quality 
During the past decade, several studies have focused on supplementation with a variety of 
antioxidants (e.g. vitamin E, vitamin C, L-cysteine, glutathione, taurine, pyruvate, SOD, 
catalase) in the freezing extenders of frozen boar semen with an attempt to minimize the 
detrimental effects of ROS, which occur during the freezing process.  

Gamma-oryzanol, a phytosteryl ferulate mixture extracted from rice bran oil, has received a 
great deal of attention because of its significant various health-promoting functions such as 
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antioxidant activity, inhibition of lipoperoxidation by its scavenging activity, reduction in 
LDL cholesterol and induction of HDL cholesterol, inhibition of platelet aggregation [20], its 
potential implications as a UV-A filter in sunscreen cosmetics, treatment of type 2 diabetes 
mellitus and allergic reactions. These data suggest that gamma-oryzanol, especially, with its 
antioxidant and scavenging activities can be useful as an antioxidant and lipid peroxidation 
inhibitor (i.e., membrane stabilizing) during cryopreservation. Rice bran oil is widely used 
in salad dressing and cooking oil in Asian countries including China, India, Japan and 
Thailand. At present, it is becoming to gain acceptance in Western countries as well. 
However, no scientific information is available on its antioxidant and scavenging activities 
in minimizing the detrimental effects of ROS during the cryopreservation of semen.  

12. Artificial insemination with frozen boar semen 
In pigs, it is well-documented that the optimal insemination time for fresh semen to 
maximize the good fertilisation rate is within 24 h before ovulation. It has been shown that 
the fertile life span of the pig oocyte is limited to between 8-12 h after ovulation. At 
suboptimal times for artificial insemination (AI) leads to inferior FR and litter sizes results. 
In addition, Kaeoket et al. (2002; 2005) demonstrated that when sows were inseminated after 
ovulation, fertilised oocytes and developed embryos were observed up to Day 11 but no 
embryos were found at Day 19. Subsequently, these sows returned to oestrus with a 
prolonged interval.  

It has been demonstrated that the duration of oestrus is related to the WOI, i.e., sows with a 
short WOI (3-4 days) on average have a long oestrus duration, which is associated with a 
longer time from onset of oestrus to ovulation. On the contrary, sows with a WOI of 5-6 
days or longer, have a shorter time from onset of oestrus to ovulation, and therefore should 
be inseminated (with fresh semen) sooner after the onset of oestrus to ensure that the first 
insemination occurs before ovulation. This recommendation is in accordance with the 
observation that the average timing of ovulation varies between 64 and to 72% of the 
duration of oestrus. 

For frozen boar semen, it is predictable that insemination with frozen-thawed semen will 
result in lower PR, low FR and litter sizes. During the last decade, most of the experiments 
with fertility tests (field trial) of frozen-thawed boar semen have been carried out by using 
deep intrauterine insemination (DIUI, dose ranged from 150 million to 1 billion 
spermatozoa). Nevertheless, for fresh semen, an intrauterine insemination (doses ranging 
from 1-3 billion) has been performed with a high fertility results (i.e., high PR, FR and litter 
sizes). Recently, it has been shown that a satisfactory fertility outcome was accomplished by 
performing IUI (doses raning from 1.5-3 billion) together with fixed-time insemination 
(using a correlation of WOI-Oestrus duration-Ovulation time). This strategy may improve 
fertility of frozen boar semen when one performs insemination in a commercial pig farms (a 
field trial).  

13. Conclusion 
Based on above review, the conclusion can be drawn as follows: (I) some antioxidants, such 
as, Oryzanol, L-cysteine and its combination with DHA from fish oil, Vitamin E, Vitamin C, 
can be used in order to improve the quality of frozen boar semen” (II) the artificial 
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insemination (i.e. timing, dose and AI techniques) by using frozen boar semen on pig farm 
need further investigations. 
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1. Introduction 
The laboratory rat, Rattus norvegicus, was the first mammalian species domesticated for 
scientific research, which work dating back to before 1850. From this auspicious beginning, 
the rat has become the most widely studied experimental animal model for biomedical 
research (Jacob, 1999). Since the development of the first inbred rat strain by King 1909, over 
500 inbred rat strains have been developed for a wide range of biochemical and 
physiological phenotypes and different disease models (Aitman et al., 2008, Canzian. 1997). 
In the last decade, there has been an extraordinary increase in rat genomic resources (Gibbs 
et al., 2004, Pennisi. 2004), and the advent of knock-out technology allow the insertion or 
deletion of individual genes into the rat by advances in stem-cell technology (Geurts et al., 
2009, Izsvak et al., 2010, Tong et al., 2010). Thus, a wide array of research opportunities now 
open up, especially in studies involving the laboratory rat (Hamra. 2010). However, protocol 
for sperm cryopreservation and oocytes fertilized in vitro by using cryopreserved sperm are 
still under development for preservation of most rat strains. Therefore, greater use of the 
cryopreservation of rat sperm may provide an essential resource to preserve and increase 
the number of valuable genetic strains for research and application.  

In this chapter, we will introduce several of these approaches to cryopreserving the rat 
sperm. It will be valuable for developing new freezing extender for cryopreservation of rat 
sperm, and might be applied to other reproductive technologies in this species for 
preservation of valuable rat strains.  

2. Reporting studies of rat sperm cryopreservation 
The first live-born rat derived from frozen-thawed sperm were successfully reported 
artificial insemination (AI) by using frozen-thawed rat sperm, and also reported 
cryopreservation of several strains of rat sperm, including those from mutant and transgenic 
rats (Nakatsukasa et al., 2001, Nakatsukasa et al., 2003). More recent publication by same 
group confirmed that cryopreserved rat sperm can be revitalized and result in the birth of 
live offspring through embryo transfers after in vitro fertilization (IVF) (Seita et al., 2009a). 
Although the authors mentioned by another publication that intracytoplasmic sperm 
injection (ICSI) is the only way to routinely obtain offspring routinely derived from oocytes 
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for sperm cryopreservation and oocytes fertilized in vitro by using cryopreserved sperm are 
still under development for preservation of most rat strains. Therefore, greater use of the 
cryopreservation of rat sperm may provide an essential resource to preserve and increase 
the number of valuable genetic strains for research and application.  

In this chapter, we will introduce several of these approaches to cryopreserving the rat 
sperm. It will be valuable for developing new freezing extender for cryopreservation of rat 
sperm, and might be applied to other reproductive technologies in this species for 
preservation of valuable rat strains.  

2. Reporting studies of rat sperm cryopreservation 
The first live-born rat derived from frozen-thawed sperm were successfully reported 
artificial insemination (AI) by using frozen-thawed rat sperm, and also reported 
cryopreservation of several strains of rat sperm, including those from mutant and transgenic 
rats (Nakatsukasa et al., 2001, Nakatsukasa et al., 2003). More recent publication by same 
group confirmed that cryopreserved rat sperm can be revitalized and result in the birth of 
live offspring through embryo transfers after in vitro fertilization (IVF) (Seita et al., 2009a). 
Although the authors mentioned by another publication that intracytoplasmic sperm 
injection (ICSI) is the only way to routinely obtain offspring routinely derived from oocytes 
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fertilized in vitro using fresh and cryopreserved sperm (Seita et al., 2009b). Hagiwara et al, 
(2009) also pointed out that only one group has reported successful cryopreservation of rat 
sperm, subsequently used for AI and yielding live offspring. This result has not yet been 
repeated by other investigators and labs, and further investigation of the ability to yield 
viable rat sperm after cryopreservation is urgently needed. Further, each of 
cryopreservation procedures has not been completed for several mammalian species to date, 
the basic science and technology required to do so is rapidly becoming available and this 
should be completed for a number of species, in the future (Agca and Critser, 2002). Those 
of the information will also allow further improvements in cryopreservation of rat sperm 
from various mammalian species. 

3. Cryodiluent for rat sperm 
The characteristics of rodent sperm in vitro differ from that of other mammalian sperm 
largely due to differences in sperm membrane lipid content or composition (Parks and 
Lynch, 1992). The morphology of rodent sperm shows a longer tail when compared to that 
of sperm from domestic animals (Cardullo and Baltz, 1991). Rat sperm is extremely sensitive 
to a number of environmental changes, such as centrifugation, pH, viscosity, osmotic stress 
(Varisli et al., 2009a: Nakatsukasa et al., 2003: Chularatnatol, 1982: Si et al., 2006). Rat sperm 
have therefore proven to be more difficult to cryopreserve than other mammalian sperm, 
including that of the mouse, and current survival rates for sperm cryopreservation are still 
inadequate for AI, IVF and safe preservation of most rat strains. Important factors affecting 
sperm cryopreservation are cooling, freezing, thawing, and the composition of 
cryoprotectant in the freezing extender. In the rat, Nakatsukasa et al. (2001) employed a 
freezing medium that contained lactose monohydrate, Equex STM, and egg yolk solution. 
Based on the experimental conditions and extender components described in the current 
study, we offer the following suggestions to those attempting to cryopreserve epididymal 
rat sperm. Moreover, Varisli et al., (2009b) investigated that effect of chilling on the motility 
and acrosomal integrity of rat sperm in the presence of various extenders. They found that 
the addition of glycerol or propylene glycol to either Tris–citrate or TEST extender or of 
DMSO into lactose monohydrate, Tris–citrate, or TEST extender resulted in optimal motility 
rates.  

4. Identified optimal energy substrates and other components of rat sperm 
cryodiluent  
4.1 Freezability of rat sperm induced by raffinose in modified Krebs–Ringer 
bicarbonate (mKRB) based extender solution. 

We first studied to develop an ideal freezing extender and method for rat sperm 
cryopreservation (Yamashiro et al., 2007). Experiments were conducted to study its post-
thaw characteristics when freezing with raffinose-free buffer or various concentrations of 
raffinose and egg yolk dissolved in distilled and deionised water, PBS, or mKRB based 
extender. Different concentrations of glycerol, or Equex STM dissolved in either PBS or 
mKRB containing egg yolk were also tested. Based on the data from these experiments, 
further experiments tested how different sugars such as raffinose, trehalose, lactose, 
fructose, and glucose dissolved in mKRB with Equex STM and egg yolk supplementation 
affected the post-thaw characteristics of cryopreserved sperm. Beneficial effects on the post-
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thaw survival of sperm were obtained when raffinose in mKRB was used with Equex STM, 
and egg yolk (Fig.1).  

 
Fig. 1. Motility of frozen-thawed rat sperm which were frozen in different sugars dissolved 
in an mKRB egg yolk, and then subjected to a thermal resistance test at 37°C. Values are the 
mean ±SEM (n=3). a-b Different superscripts within the same column denote significant 
differences (P < 0.05). 

Mammalian sperm provide energy for metabolic requirements by both mitochondrial 
oxidative respiration and glycolysis, and sperm motility is driven by the flagellum and is 
dependent on the availability of an adequate and continued supply of ATP (Cummins and 
Woodall, 1985). ATP is used by the dynein ATPases that function as the flagellar motors and 
in protein kinase A-mediated signal transduction pathways to regulate motility throughout 
the tail (Cao et al., 2006). In the mouse sperm, Mukai and Okuno (2004) reported that 
glycolysis has an important role in providing the ATP required for mouse sperm motility 
than mitochondrial respiration throughout the length of the flagellum. Bunch et al. (1998) 
also suggested that mouse sperm utilize glycolysis to generate ATP in the principal piece of 
the tail. While, Odet et al., (2011) demonstrated that lactate dehydrogenase (LDH) is 
responsible for the maintenance of energy metabolism in progressive and hyperactivated in 
mouse sperm. In rat sperm, Gallina et al. (1994) was studied the operation of shuttle 
functions for the ATP reconstituted systems in the mitochondria present in the middle place 
of rat, mouse and rabbit. They showed that the redox couple lactate/pyruvate and lactate 
dehydrogenase are active with rat and rabbit mitochondria, and it does not work with 
mouse. From these examining the energy metabolism of sperm, the glycolytic activity is 
exclusively responsible for the generation of mouse sperm metabolism, and mitochondrial 
metabolism seems to interacted with motility activity of rat sperm. These findings in 
conjunction with the present study indicate that successful cryopreservation of rat sperm in 
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oxidative respiration and glycolysis, and sperm motility is driven by the flagellum and is 
dependent on the availability of an adequate and continued supply of ATP (Cummins and 
Woodall, 1985). ATP is used by the dynein ATPases that function as the flagellar motors and 
in protein kinase A-mediated signal transduction pathways to regulate motility throughout 
the tail (Cao et al., 2006). In the mouse sperm, Mukai and Okuno (2004) reported that 
glycolysis has an important role in providing the ATP required for mouse sperm motility 
than mitochondrial respiration throughout the length of the flagellum. Bunch et al. (1998) 
also suggested that mouse sperm utilize glycolysis to generate ATP in the principal piece of 
the tail. While, Odet et al., (2011) demonstrated that lactate dehydrogenase (LDH) is 
responsible for the maintenance of energy metabolism in progressive and hyperactivated in 
mouse sperm. In rat sperm, Gallina et al. (1994) was studied the operation of shuttle 
functions for the ATP reconstituted systems in the mitochondria present in the middle place 
of rat, mouse and rabbit. They showed that the redox couple lactate/pyruvate and lactate 
dehydrogenase are active with rat and rabbit mitochondria, and it does not work with 
mouse. From these examining the energy metabolism of sperm, the glycolytic activity is 
exclusively responsible for the generation of mouse sperm metabolism, and mitochondrial 
metabolism seems to interacted with motility activity of rat sperm. These findings in 
conjunction with the present study indicate that successful cryopreservation of rat sperm in 
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the presence of glucose, lactate and pyruvate in mKRB egg yolk extender solutions may be 
achieved through the ability to synthesize ATP, which could have profound effects on 
sperm metabolism and thereby impart a greater endurance against freeze–thawing damage. 

4.2 Lactate and adenosine triphosphate in the extender enhance the cryosurvival of 
rat sperm 

On the basis of the results of the previous experiments, we hypothesized that the metabolic 
state of sperm before cryopreservation would influence their survival during this stressful 
process (Yamashiro et al., 2010a). We evaluated the cryosurvival of rat sperm preserved in 
raffinose–mKRB egg yolk extender supplemented with various energy-yielding substrates 
(glucose, pyruvate, lactate, and ATP) and assessed the effect on sperm oxygen consumption. 
The incubation of sperm in lactate-free extender decreased sperm motility and oxygen 
consumption before and after thawing compared with those of sperm in glucose- and 
pyruvate-free mediums. We then focused on the effect of supplementing the extender with 
lactate and found that sperm frozen and thawed in extender supplemented with lactate 
exhibited the highest motility (Fig. 2). When we supplemented extender containing lactate 
with ATP, sperm frozen and thawed in the extender supplemented with ATP exhibited 
considerably higher motility and viability than those of sperm frozen and thawed in ATP-
free extender (Fig. 3). Especially, exogenous ATP was observed that it dramatically induced 
the cryosurvival of rat sperm (Fig.4). Moreover, this may involve a lactate-transport system  

 
 

Fig. 2. Effect of the substrates in raffinose-mKRB egg yolk extender on the characteristics of 
after collected and frozen-thawed rat sperm (A) and oxygen consumption of after collected 
sperm during incubation at 37°C for 10 min (B). Indicates C; control, G; glucose, P; pyruvate, 
L; lactate. Values are mean ± SEM (n=5), respectively. Statistical difference (P<0.05) in 
comparison to the control is indicated by asterisk (*).  

Cryopreservation of Rat Sperm 169 

for regenerating cytoplasmic ATP throughout the principal piece of rat sperm in Fig.5 
(Yamashiro et al., 2009). This thought is also in concert with the presence of a unique 
pathway that utilizes lactate and extracellular ATP in the rat sperm; this suggests new 
possibilities for energy production and translocation mechanisms related to motility, 
fertility, and freezability of rat sperm. These results provide the first evidence that 
supplementation of the raffinose–mKRB egg yolk extender with lactate and ATP increases of 
number of motile sperm before freezing and enhances the cryosurvival of rat sperm. 

 

 
Fig. 3. Effect of different concentrations of ATP in raffinose-mKRB- gg yolk extender 
containing lactate on the characteristics of after collected and frozen-thawed rat sperm (A) 
and oxygen consumption of after collected sperm during incubation at 37°C for 10 min (B). 
Values are mean±SEM (n=5), respectivaly. Statistical difference (P < 0.05) in comparison to 
the control is indicated by asterisk (*). 

The sperm-specific enzyme LDH isozyme C4 is located in the cytosol and the matrix of the 
mitochondria in the midpiece of rat sperm. Further, a study (Gallina et al., 1994) has 
revealed that both a shuttle involving the redox couple lactate–pyruvate and LDH C4 are 
active in rat sperm mitochondria. In another study (Harris et al., 2005), the lactate 
concentration in oviductal fluids was 10-fold higher than the glucose concentration, and the 
lactate concentration in the uterine fluids was 15-fold higher than the glucose concentration 
during the murine estrous cycle. Therefore, it is very likely that lactate is used by rat sperm 
as an essential substrate to maintain highly regulated ATP production and dissipation: 
lactate in the cytosol and mitochondrial matrix is oxidized to pyruvate by mitochondrial 
LDH isozyme C4, and pyruvate is oxidized through the Krebs cycle and electron transport 
chain (Brooks et al., 1994, Brooks. 2002, Montamat et al., 1988, Poole and Halestrap, 1993). To 
our knowledge, our findings are the first evidence showing that rat sperm can use 
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exogenous lactate in the cryodiluent as an essential substrate to maintain highly regulated 
metabolic capacity and that this lactate acts as an energy substrate for mitochondria to the 
mobilization of fresh and frozen–thawed sperm. 

 
Fig. 4. Effect of different concentrations of ATP in raffinose-mKRB egg yolk medium 
containing lactate on the motility (A), straight line velocity (B), curvilinear velocity (C), and 
amplitude of lateral head displacement (D) of frozen-thawed rat sperm during incubation at 
37 °C for 3 h. Values are represented as mean ± SEM (n = 3). Statistical difference (P<0.05) in 
comparison to the control is indicated by asterisk (*). 

Mitochondria, the site of ATP generation due to oxidative phosphorylation, are localized 
solely in the midpiece of sperm (Millette et al., 1973). The oxidative production of ATP 
through the Krebs cycle is an essential function of the midpiece mitochondria for motility 
(Suarez et al., 2007). The mitochondrial biochemical pathways of oxidative phosphorylation 
are 15 times more efficient than is anaerobic glycolysis for ATP production (Cardullo and 
Baltz. 1991, Ruiz-Pesini et al., 2007).  These findings also support our arguments that the 
energy production and dissipation in rat sperm are highly dependent on the mitochondria.  

The present study showed that supplementation of raffinose–mKRB egg yolk extender with 
lactate and exogenous ATP considerably increases sperm motility before freezing, thus 
improving the survivability of sperm after cryopreservation. Exogenous ATP in the freezing 
medium may be responsible for the generation of multiple metabolic signals that appear to 
be related to the sperm motility through a rise in calcium levels (Gibbons.1963, Kinukawa et 
al., 2006, Litvin et al., 2003, Luria et al., 2002, Ren et al., 2001, Rodriguez-Miranda et al., 
2007); this reaction increases de novo ATP synthesis before freezing and may contribute to 
the remobilization of sperm after freezing–thawing. The motility of ram sperm was restored 
by exogenous ATP that crossed plasma membrane when the membrane was damaged by 
cryopreservation (Holt et al., 1992). In light of that finding, we cannot discount that our 
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result is caused by the facultative transport of ATP across plasma membrane because of 
damage during freezing, thereby allow ing substrates to directly access ATP and allowing 
adenosine triphosphatase to use ATP directly to generate energy for the mobilization of rat 
sperm. 

 
Fig. 5. Hypothesis of lactate-transport system for energy production and translocation in the 
rat sperm. 

4.3 Extracellular ATP and dibutyryl cAMP enhance the freezability of rat sperm 

The basic mechanochemical event underlying sperm motility is ATP-induced microtubule 
sliding (Brokaw. 1972). ATP associated with the dynein arms on outer-doublet microtubules 
provides the energy required for this process (Warner and Mitchell, 1980). ATP, calcium, 
and cAMP have received considerable attention as potential primary regulators of sperm 
motility in several species of animals (Aoki et al., 1996, Lindemann. 1978, Lindemann and 
Gibbons. 1975). Extracellular ATP acts on sperm by triggering a purinergic receptor-
mediated increase in the intracellular calcium level; this increase may produce several 
downstream effects that enhance sperm motility (Luria et al., 2002, Rodriguez-Miranda et 
al., 2008). Increased calcium levels presumably activate soluble adenylyl cyclase, thereby 
increasing the cAMP concentration in sperm (Cook and Babcock. 1983, Garbers. 2001, Ren et 
al., 2001). cAMP induces protein phosphorylation by activating protein kinase A (Fujinoki et 
al., 2004, Kinukawa et al., 2006) and mediates calcium influx into sperm via the CatSper 
calcium ion channels (Cook and Babcock, 1983, Garbers. 2001, Ren et al., 2001). In addition, 
cAMP may elevate mitochondrial calcium levels (Degasperi et al., 2006), thereby activating 
the calcium-dependent dehydrogenases involved in the Krebs cycle and providing ATP 
required for sperm motility.  

Previously, we showed that rat sperm become freezable when diluted in ATP-containing 
raffinose–mKRB egg yolk extender (Yamashiro et al., 2010a). This finding indicates the 
existence of a unique pathway that utilizes extracellular ATP in rat sperm and suggests that 
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calcium ion channels (Cook and Babcock, 1983, Garbers. 2001, Ren et al., 2001). In addition, 
cAMP may elevate mitochondrial calcium levels (Degasperi et al., 2006), thereby activating 
the calcium-dependent dehydrogenases involved in the Krebs cycle and providing ATP 
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Previously, we showed that rat sperm become freezable when diluted in ATP-containing 
raffinose–mKRB egg yolk extender (Yamashiro et al., 2010a). This finding indicates the 
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extracellular ATP produces several downstream effects that improve sperm motility by 
increasing calcium levels or by activating cAMP signal transduction pathways. Further 
elucidation of the role of extracellular ATP in the energy-synthetic processes and motility-
regulation system of rat sperm could lead to improved motility, freezability, and fertilizing 
ability of the sperm. We, therefore, evaluated the freezability of rat sperm preserved in 
raffinose–mKRB egg yolk extender with ATP, ionomycin (a calcium ionophore), and 
dibutyryl cAMP (dbcAMP; a membrane-permeable cAMP analog) under various conditions. 
We also determined the effects of these agents on oxygen consumption by sperm. Sperm 
cryopreservation was considered successful if frozen–thawed sperm fertilized oocytes. To 
improve the effectiveness of in vitro fertilization (IVF), we determined whether ATP- and 
dbcAMP-supplemented IVF media improve the fertilizing ability of sperm. We also 
attempted artificial insemination with frozen–thawed rat sperm.  

Results showed that rat sperm become freezable when diluted in ATP, and dbcAMP-
containing raffinose–mKRB egg yolk extender (Yamashiro et al., 2010b). This finding 
indicates the existence of a unique pathway that utilizes extracellular ATP in rat sperm and 
suggests that extracellular ATP produces several downstream effects that improve sperm 
motility by increasing calcium levels or by activating cAMP signal transduction pathways. 
Further elucidation of the role of extracellular ATP in the energy-synthetic processes and 
motility-regulation system of rat sperm could lead to improved motility, freezability, and 
fertilizing ability of the sperm (Fig. 6). The results showed that the cryopreservation of rat  

 
 
 

 
 

 
 

Fig. 6. Hypothesis of utilization of exogenous ATP pathway in the rat sperm. 
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sperm in raffinose–mKRB egg yolk extender supplemented with ATP and dbcAMP 
rendered sperm from rats freezable. This finding indicates that ATP- and dbcAMP-
containing extenders improved the postthaw motility and fertilizing ability of 
cryopreserved rat sperm. Moreover, the IVF medium developed in the current study may be 
effective for the in vitro production of embryos from cryopreserved rat sperm. More 
recently, Vasudevan et al., (2011) reported that treatment of mouse sperm with extracellular 
ATP enhanced IVF rates in outbred and hybrid mice. Thus, this chapter was introduced how 
we identified optimal energy substrates and  of rat sperm cryodiluent and IVF medium. 

5. Concluding remarks  
In this chapter described in detail the effects of the various components of cryodiluent that 
are used for rat sperm cryopreservation. We found that lactate, ATP and dbcAMP conferred 
freezability on rat sperm and enhanced oocyte fertilization by frozen-thawed sperm. In 
addition, if the rat sperm can be controlled flagellar movement in a way that changed by 
energy-yielding substrates such as lactate, it would be possible to enhance their fertilizing 
ability of rat sperm for in vitro fertilization by using a both of the fresh and frozen-thawed 
sperm (Fig. 7). However, there is still a lack of information for physiological trigger 
  

 
 

Fig. 7. Representative patterns of rat sperm movement which were extended in the presence 
（A) or absence （C and D) of lactate in raffinose-mKRB egg yolk solution. In B, sperm was 
incubated at 37°C for 3 h in the lactate containing solution. Panels a to l indicate the turn. 
Scale bars = 50μm 
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extracellular ATP produces several downstream effects that improve sperm motility by 
increasing calcium levels or by activating cAMP signal transduction pathways. Further 
elucidation of the role of extracellular ATP in the energy-synthetic processes and motility-
regulation system of rat sperm could lead to improved motility, freezability, and fertilizing 
ability of the sperm. We, therefore, evaluated the freezability of rat sperm preserved in 
raffinose–mKRB egg yolk extender with ATP, ionomycin (a calcium ionophore), and 
dibutyryl cAMP (dbcAMP; a membrane-permeable cAMP analog) under various conditions. 
We also determined the effects of these agents on oxygen consumption by sperm. Sperm 
cryopreservation was considered successful if frozen–thawed sperm fertilized oocytes. To 
improve the effectiveness of in vitro fertilization (IVF), we determined whether ATP- and 
dbcAMP-supplemented IVF media improve the fertilizing ability of sperm. We also 
attempted artificial insemination with frozen–thawed rat sperm.  
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containing raffinose–mKRB egg yolk extender (Yamashiro et al., 2010b). This finding 
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motility by increasing calcium levels or by activating cAMP signal transduction pathways. 
Further elucidation of the role of extracellular ATP in the energy-synthetic processes and 
motility-regulation system of rat sperm could lead to improved motility, freezability, and 
fertilizing ability of the sperm (Fig. 6). The results showed that the cryopreservation of rat  

 
 
 

 
 

 
 

Fig. 6. Hypothesis of utilization of exogenous ATP pathway in the rat sperm. 

Cryopreservation of Rat Sperm 173 

sperm in raffinose–mKRB egg yolk extender supplemented with ATP and dbcAMP 
rendered sperm from rats freezable. This finding indicates that ATP- and dbcAMP-
containing extenders improved the postthaw motility and fertilizing ability of 
cryopreserved rat sperm. Moreover, the IVF medium developed in the current study may be 
effective for the in vitro production of embryos from cryopreserved rat sperm. More 
recently, Vasudevan et al., (2011) reported that treatment of mouse sperm with extracellular 
ATP enhanced IVF rates in outbred and hybrid mice. Thus, this chapter was introduced how 
we identified optimal energy substrates and  of rat sperm cryodiluent and IVF medium. 

5. Concluding remarks  
In this chapter described in detail the effects of the various components of cryodiluent that 
are used for rat sperm cryopreservation. We found that lactate, ATP and dbcAMP conferred 
freezability on rat sperm and enhanced oocyte fertilization by frozen-thawed sperm. In 
addition, if the rat sperm can be controlled flagellar movement in a way that changed by 
energy-yielding substrates such as lactate, it would be possible to enhance their fertilizing 
ability of rat sperm for in vitro fertilization by using a both of the fresh and frozen-thawed 
sperm (Fig. 7). However, there is still a lack of information for physiological trigger 
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regarding how rat sperm switches on their flagellar movement at the real-time of 
fertilization, such as “hyper-activation” or “ultra-activation” (Yamashiro et al., 2009). 
Further, we believe that the IVF medium developed in our study is effective for the in vitro 
production of embryos from cryopreserved rat sperm. These results not only indicate that 
the cryopreservation of rat sperm with the present method can be applied to reproductive 
technologies but also indicate that exogenous lactate, rather than glucose and pyruvate, 
exerts a mediating effect on energy-dependent synthetic processes. 

In conclusion, this is one of the very few information in the field that actually test the 
components of a cryodiluent in a logical manner for rat sperm cryopreservation. From this 
point of view, the chapter is likely to be important not only for freezing of rat sperm but also 
for freezing of sperm of other species in general.  
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1. Introduction 
After the ratification of the international convention on the biodiversity in Rio, a National 
Cryobank was created in France in 1999 to preserve the genetic resources of domestic 
animals (www.cryobanque.org). Particular attention was carried on Oryctolagus cuniculus 
species with the extension of the national cryobanking to the rabbit (Joly et al., 1998). 
Nowadays, this tool is very useful for the management of animal diversity in France.  

Cryopreservation corresponds of all the steps of collection and long term storage of animal 
populations, preserved as live cells and able to generate live animals. 

Cryopreservation is not a museology action to freeze the products of the past. Contrary to 
that, it corresponds to the practical implementation of new biotechnologies of reproduction. 
It includes also all the technical means to maintain the evolutionary potential of population. 
So, the French National Cryobank was created to secure the biological material stored at -
196°C in liquid nitrogen. It constitutes a real tool to serve all stakeholders to manage the 
animal diversity as part of the National Charter supported by the Genetic Resources Office 
(www.fondationbiodiversite.fr). 

2. Genetic diversity in rabbit species 
The archaeological origins of rabbit are located in Spain (Bolet et al., 2000). Actually, rabbit 
is widely spread all around the world and can be considered according situations as wild 
animal, domestic animal, pets and laboratory models. The rabbit populations can be 
classified into 3 categories according to their genetic originality, their specific uses and the 
motivations of breeders involved in the in situ management of populations (figure 1). 

2.1 “Type I” material 

Type I regroups the breeds identified according to an official standard, as well as for large 
breeds (Butterfly, Champagne Argente, Fauve de Bourgogne...) and endangered breeds with 
less than 100 females (Brun Marron de Lorraine ...). These breeds are reared by fancy 
breeders and animals are presented regularly in local or regional meetings supported by 
FFC the federation of French fancy rabbit breeders (www.ffc.asso.fr). These breeds must be 
preserved for their patrimonial values and socio cultural interests. 
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2.2 “Type II” material 

Type II concerns animals with one or more specific character: 

- Animals carrying an identified gene (The recessive gene Sam in “jumper Alfort rabbit” 
evidenced by a modified walking on anterior legs; new transgenic lines recently 
created)  

- Animals showing a specific combination of genes (histocompatible lines; allotypic 
strains from Basel having used as model for histocompatibility major complex studies) 

- Animals with a particular genotype from a high selected population but not from the 
actual breeding schemes (black Orylag rabbit and Rex albinos presenting colours 
differing from the selected population, the divergent strain Inra 1029 made of two foetal 
mortality rate-diverging lines). 

Most of Type II populations mainly have a scientific interest with high experimental values. 
Some populations could be promoted in biomedical research and by the pharmaceutical 
industry. 

2.3 “Type III” material 

Type III regroups all the populations of rabbits selected for meat production (female lines 
and male lines) or fur production with high economic value.  

Some strains are today completely extinct and subsist only under embryo-frozen form 
waiting for a possible perspective of reuse or selection scheme reorientation (Dutch 
hymalayan, Orylag, INRA 1077  female strains…).  

Other populations are still selected and the frozen biologic material represents a selection 
control to measure genetic progress precisely. Moreover, for security, several populations 
commercially spread are subject to regular cryoconservation in order to save the selection 
core from a sanitary risk (Inra 2066, commercial lines of Hypharm and Hycole societies…) 
 

Rabbit « Fauve de 
Bourgogne » (type I) 

adapted to a 
traditionnal breeding 

system 

Rabbit « Brun Marron 
de Lorraine » (type I), 

endangered breed 

Rabbit « Orylag® 
castor (type III) bred 

for its “Rex” fur 

Rabbit “Sauteurs 
d’Alfort” (type II). 

They move on forlegs 
when they are 

stressed 

Fig. 1. Examples of different categories of rabbits 

3. Principal ways of cryoconservation of rabbit genetic resources 
To keep rabbit genetic resources, we can distinguish three principal ways according to the 
nature of frozen biological material (Figure 2). 
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3.1 Germinal cells 

Based on the conservation of germinal cells, this way helps to conserve the gene pool of 
particular male or female individuals. 

Mature spermatozoids (sperm collected in artificial vaginas) or immature (epididymal 
spermatozoids, spermatogonies in gonadic tissue) helps to save the male line. The freezing 
of an individual’s semen (n generation) helps to obtain progeny (n+1 generation) after 
thawing and artificial insemination (AI) of females. 

Semen samples of bad quality can be promoted by new technologies of in vitro fertilization 
(FIV) or intracytoplasmic sperm injection (ICSI), which then permits in vitro embryo 
production and progeny delivering after embryo transfer in synchronized recipient female 
(Daniel et al, 2007). Nowadays, semen freezing is not a reliable or repeatable method yet, 
and results after AI with rabbit frozen semen are still too inconstant to plan a routine 
utilization of this technique (Vicente et al, 1996; Moce et al, 2003). Only half of the sampled 
males can produce semen with freezable quality and approximately 50% of females give 
birth after insemination of thawed semen with a large variability [15%~80%]. However, this 
is the only available method to preserve precious males semen, mainly for type I and II. 

Mature oocytes (picked up in oviduct 15 hours after ovulation) or immature oocytes (present 
in follicles of ovarian tissue) permits to save genetic resources by female way and to preserve 
cytoplasmic heredity. Mature oocytes freezing of a female individu (n generation) would 
permit to obtain progenies (n+1 generation) after FIV or ICSI, but no young rabbit has been 
obtained from thawed oocytes yet (Salvetti et al, 2010). But, recently, young rabbits obtained 
from frozen ovarian tissue are born from females transplanted by orthotopic autograft 
(Almodin et al., 2004; Neto et al., 2007). In emergency situations (sanitary problems, injured 
animals), ovarian cortex freezing, even if this method is not yet completely under control 
(Neto et al., 2008), can be proposed to save the heredity pool of an important female of type II. 

 
Fig. 2. Biotechnologies of reproduction applied to the cryopreservation of the rabbit genetic 
resources  
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3.2 Embryonic cells 

Embryo freezing, allowing the preservation of both male and female ways, is the main way 
to recreate quickly a population from thawed embryo transfer. Most of the time, embryos 
are frozen at compacted morula stage (65h~72h post coïtum) even if freezing at earlier stage 
(4 cells stage) is possible. They can be produced in vivo from superovulated females or not, 
or in vitro after In Vitro Fertilization and in vitro culture. Embryos freezing from a planned 
mating ( at n generation) permits to obtain progenies (at n+1 generation) after thawing and 
transfer in recipient females. 

3.3 Somatic cells 

This way has the main advantage of being easy to do, which permits to sample tissues 
quickly and simply on a large number of individuals. But the main difficulty is the 
recreation of animals after somatic cloning, still not well controlled. The cells can be isolated 
from different tissues: skin, cartilage, bones, blood… These cells, present in a large number 
in each organism, would allow the reconstitution of an individual of the same generation 
than the tissues giver after somatic cloning (Chesne et al., 2002). 

More recently, a new opportunity came with induced pluripotent stem cells, which are able 
to differentiate in many tissues. These cells are potential vectors for genetic traits 
transmission and could be used after thawing as an important core source to regenerate 
many individuals after nuclear transfer (Honda et al, 2010).  

4. Frozen embryo, the main way for rabbit cryoconservation 
The embryo is the favored biological material to conserve most of rabbit populations, by 
both male and female ways, and then preserve cytoplasmic heredity. This method has been 
widely proved for 15 years with more than 32 000 produced embryos but can only be 
applied to living and fertile animals. 

4.1 Embryos production 

As rabbit is naturally prolific species, two methods can be used to produce embryos: 

- Without ovarian stimulation: one single injection of a GnRH analog (gonadotropic 
hormon) induces females ovulation at the same time as artificial insemination. 
Sometimes, an injection of 20-30 UI of eCG (equine chorionic gonadotrophin) three days 
before mating increases the females receptivity, especially the sexual resting ones; 

- With ovarian stimulation by superovulation: a three days treatment of FSH injection 
stimulates the ovarian activity and increases the number of produced embryos per 
donor female ( Kauffman et al, 1998; Salvetti et al., 2007). 

Overall, 73% of the treated and collected females are embryos donors and produce an 
average of 9.2 embryos without ovarian stimulation or with a slight eCG stimulation, and 
two to three times more (21.2 embryos) after a superovulation treatment (table 1). The 
embryo recovering rates (number of collected embryos/number of corpus luteum) are 
between 70% and 80% and those of freezable embryos (number of frozen embryos/number 
of collected embryos) are from 75% to 85%. 
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Treatment Nb of treated 
females % donor Nb of frozen 

embryos 
Nb of embryos 

per donor 

No ovarian 
stimulation 1226 77% 8633 9.2 

Superovulation 
(FSH) 1589 71% 23833 21.2 

Total 2815 73% 32466  

Table 1. Method of embryo production (activity from 1998 to 2011) 

4.2 Embryos recovering and freezing 

Slaughter the females with uterine tract washing is the most effective method to collect 
rabbit embryos. This method is simple and easy to implement directly on the breeding place 
of the animals. Cryoconservation of a population, about 40 to 50 females is feasible in one 
single day. The method is to keep for large population of type I and III because of systematic 
slaughter of females. 

In addition, a new method of embryos collection by endoscopy allows renewing about four 
times the operation on the same female, preserving the female’s integrity (Garcia et al., 1991; 
Besenfelder et al., 1998). A lot heavier to implement, it is reserved to rare and precious 
animals of type II or to small effective populations of type I. 

Embryos were frozen in the same cryoprotective solution containing 1.5 M DMSO and by 
the same slow freezing process, even more vitrification could provide good results but this 
method is not totally under control (Mehaisen et al., 2006). 

4.3 Embryo transfer and births 

After thawing of a part of these embryos, the embryo transfer results vary according to the 
environmental conditions defined by the recipient female genotype and breeding conditions 
(table 2). 

 

Transfer 
conditions 

Nb of 
recipients 

% of 
delivering 

female 

Nb of thawed 
embryos 

Nb of 
borned pups 

Embryo 
developmental 

rate 
Standard 

controlled 277 82% 2746 1118 41% 

On Field 
transfer 87 56% 846 176 21% 

Total 364 76% 3592 1294 36% 

Table 2. Pups production after transfer of thawed embryos (activity from 1998 to 2011) 

The optimal environmental conditions are defined by the recipient from a mother female 
line placed in a control environment in an aboveground breeding (16 hours of light per day), 
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while uncontrolled conditions are defined by a recipient placed in an uncontrolled 
environment (sanitary, light, temperature) in a traditional farm’s breeding conditions. 

Globally, 76% of the recipients give birth to young rabbits after thawed embryo transfer 
with an embryo development rate of 36%. It is particularly important to control the 
recipient’s genotype and the breeding conditions in order to guarantee the population 
recreation after cryoconservation. 

The efficiency of the cryoconservation method has been concretely proved after transfer of 
embryos stored for more than 15 years in liquid nitrogen. In November 2006, 69 Brun 
Marron de Lorraine young rabbits got born after thawing and transfer of 134 embryos in 
recipients. The young rabbits born from frozen embryos of 1992 were presented to public at 
the international agriculture show in Paris in March 2007, in collaboration with fancy 
breeders and the FFC (Salvetti et al., 2007). 

5. The national cryobank: A saving tool of rabbit genetic resources 
In March 2008, the rabbit collections presented a large genetic diversity, which could be 
ranged according to three types of materials previously defined. Nearly sixty of rabbit 
populations have been cryopreserved. More than 19.000 embryos from about 1.300 rabbit 
doe donor have been frozen and are currently stored in liquid nitrogen at -196°C. For all 
these populations, three methods of embryos production have been applied according to the 
situation and the physiological state of rabbit does (superovulation, eCG, simple induction 
of ovulation). Then, all these embryos were treated according to the same freezing protocol 
(Joly et al, 1998). All the actors working for the rabbit populations management are 
henceforth convinced of the interest of this tool. They have actively participated to the 
building of the rabbit French cryobank. Public and private selectors, associations of fancy 
breeders and different groups of independent breeders are regular depositor. 

6. A reality 
The patrimonial cryobank for rabbit species is henceforth a reality. It allows to satisfy the 
expectations of breeders, selectors and the actors of research and biomedical industries. This 
last actor takes a more and more important rules in the rabbit production.  

A standard method of rabbit embryos cryopreservation has been routinely applied for 15 
years. Its implementation is performed on the field with a portative controlled rate freezer. 
This method requires a simple stimulation of the females before the collection, and an 
appropriate choice of the males for the breeding combinations. However, the complete 
conditions are not always encountered and this method is not efficient in emergency 
situation (for example, when an animal is rugged or during sanitary crisis). 

So, another complementary methods are studied. These new way of research includes the 
cryopreservation of testicular tissue and epididymal spermatozoa in the male which are 
dead for less than two days. It includes also the cryopreservation of the rabbit ovarian 
tissue. Nowadays, the freezing of ear’s fibroblasts is studying to produce Induced 
Pluripotent Stem Cells  in order to use it for chimaeric animal production as tool of 
regeneration of initial population without genetic drift. 
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1. Introduction 
The ultimate aim of ovarian cryopreservation research is naturally to increase the 
effectiveness of this fertility preservation procedure in female cancer victims and much of 
this research on whole ovary cryopreservation, ovarian cortex cryopreservation and 
transplantation has been performed in animal models. However, ovarian cryopreservation 
could also be used in the future in programs with the purpose to rescue endangered species 
(Santos et al., 2010) and certain specific strains of animals (Dorsch et al., 2004). Due to the 
ethical barriers in the research on human tissue and the shortage of human premenopausal 
ovarian tissue for research purposes, there is a need to find animal models that are 
reasonably analogous to the human. As a general rule, animal models have to be 
comparable in biochemical, physiological and anatomical characteristics to the human so 
that the results can be applicable to human conditions (VandeBerg, 2004). Regarding 
research of ovarian cryopreservation for human fertility preservation, a similar tissue 
architecture and size of the ovary (Table 1) as well as being a mono-ovulatory species with 
the primordial follicles located superficially in the cortex would be of advantage (Gerritse et 
al., 2008). The previous research on ovarian cryopreservation using bovine, porcine, sheep 
and non-human primate models will be presented in this chapter. 
 

Species Ovarian volume Tissue architecture Ovulation pattern Cycle length 
(days) 

Cow 14.3 (+/- 5.7) cm3 

(Gerritse et al. 2008) 
Similar to the 

human 
Mono, di-
ovulatory 21 

Pig 7.3 (+/- 2.2) cm3  

(Gerritse et al. 2008) 
Less fibrous than 
the human ovary Multi ovulatory 18-24 

Sheep 1.0 (+/- 0.4) cm3 

(Gerritse et al. 2008) 
Similar to the 

human 
Mono, tri-
ovulatory 16-17 (Seasonal) 

Non-human 
primate 

(cynomolgus 
macaque) 

0.258 (+/- 0.159) cm3 

(Jones, 2011) 
Similar to the 

human Mono-ovulatory 28-32 

Table 1. Ovarian characteristics of different large animal models 
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2. Cow 
Cow ovaries may be used in research on ovarian cryopreservation. They are much larger 
(14.3+/- 5.7 cm3) (Gerritse et al., 2008) as compared to the human, but on the other hand the 
tissue architecture is similar. The function (Yang&Fortune, 2006) and the structure 
(Rodgers&Irving-Rodgers, 2010) of the bovine ovary has been extensively studied. Also, the 
granulosa cells and the extracellular matrix of bovine follicles of various developmental 
stages are well described (Lavranos et al., 1994; Irving-Rodgers et al., 2006). 

There exist one report of avascular ovarian transplantation in the cow after cryopreservation 
by vitrification using a solution consisting of 20% ethylene glycol (EG) and 20% 
dimethylsulphoxide (DMSO) in TCM-199 medium (Kagawa et al., 2009). In this study, 
vitrification was performed using the Cryotissue method (Kagawa et al., 2007), where the 
ovarian cortex was positioned on a thin metal strip that was plunged into liquid nitrogen 
(LN) and inserted into a protective container for storage in LN. Rapid post-thaw warming 
was done with immersion of the metal strip into TCM-199, supplemented with sucrose at 
40ºC followed by washing in the identical solution but with decreasing sucrose 
concentration. After warming, the tissue was grafted subcutaneously to the neck or 
orthotopically to oophorectomized cows, and resumed cyclicity was seen in both groups 
within two months. Histological analysis of grafted tissue showed normal morphological 
appearance and about 80% viability among preantral follicles, as demonstrated by 
fluorescent staining. These results may be regarded as encouraging towards clinical 
application of the vitrification procedure for ovarian cortex cryopreservation. 

In another study, aimed towards in vitro follicle maturation of bovine follicles, slow-frozen 
bovine ovarian cortical pieces were incubated after thawing for durations between 1 and 48 
h (Paynter et al., 1999). The major finding was that the thawed tissue had a capacity to 
recover from damage during the subsequent incubation period. This idea was further 
utilized in later research, where bovine ovarian cortical pieces were cultured for six days 
followed by isolation of secondary follicles and culture in the presence of inhibin 
(McLaughlin&Telfer, 2010) showing significant estradiol (E2) secretion and oocytes growth 
up to a diameter > 100 μm. 

The notion that antioxidants may enhance survival of frozen-thawed tissue was studied 
using bovine ovarian cortex (Kim et al., 2004). After cryopreservation by slow freezing with 
1.5 M DMSO, bovine ovarian cortex was in vitro cultured for periods up to 48 h in minimal 
essential medium (MEM) with or without ascorbic acid. Interestingly, there was no 
difference between the two groups in apoptosis rate evaluated by terminal deoxynucleotidyl 
transferase dUTP nick end labelling test (TUNEL) or deoxyribonucleic acid laddering. 
Nevertheless, protective effects by ascorbic acid were seen in stromal cells that were 
cultured for 24 h. In addition, this study also demonstrated that stromal cells are more 
susceptible to damage mechanisms than primordial follicles, which is a finding also 
observed in frozen-thawed human ovarian tissue (Gook et al., 1999; Hreinsson et al., 2003). 
The model of supplementation of antioxidant agents to the cryoprotectant (CPA) should be 
investigated further. 

The toxic effect of various concentrations and types of CPAs that are frequently used for 
slow freezing was compared using bovine ovarian cortical strips (Lucci et al., 2004; Celestino 
et al., 2008). Among other CPAs, DMSO at 1.5 M and 3 M were evaluated in both studies. 
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While the study by Celestino and colleagues (Celestino et al., 2008) showed increased 
toxicity with rising concentration of DMSO, the other study (Lucci et al., 2004) showed 
slightly higher proportion of normal follicles in the 3 M DMSO group when assessed by 
conventional histology. However, ultrastructural analysis by transmission electron 
microscopy (TEM) revealed some irregularities in the cytoplasm of granulosa cells when 3 
M DMSO was applied (Lucci et al., 2004). 

There is one study on bovine ovarian cortical strips comparing slow freezing with 
vitrification and this study demonstrated higher efficiency of slow-freezing (Gandolfi et al., 
2006). Furthermore, another study also demonstrated advantages of the slow-freezing 
method as compared to vitrification, when bovine ovarian cortical pieces were used, but on 
the other hand an advantage of the vitrification method was seen when whole ovaries with 
vasculature were used as the model system (Zhang et al., 2011). In the latter study, the 
effectiveness of the different cryo techniques was evaluated by Trypan blue test, histology as 
well as E2 and progesterone levels obtained from supernatant after in vitro culture of the 
tissue. The same research group (Zhang et al., 2011) performed controlled-rate slow freezing 
with DMSO of whole bovine ovary and compared different cooling rates and ice seeding 
temperatures. The cooling rate of 0.2ºC/min and ice seeding temperature of -5ºC showed 
superiority in comparison to different combinations of the cooling rates of 2ºC/min and 
0.1ºC/min and the ice-seeding temperatures of -2ºC, -5ºC and -8ºC. 

Additionally, one study on bovine ovarian tissue was designed to evaluate the effect of the 
thickness of the ovarian cortex strip on follicular morphology after incubation for 20 min 
and slow freezing with 1.5 M propylene glycol (PROH) (Ferreira et al., 2010). Ovarian cortex 
pieces of 10 x 3 mm, with a thickness of either 2 or 4 mm, were compared and considerably 
higher proportion of normal follicles were found in the 2 mm group compared to the 4 mm 
in both fresh and cryopreserved tissue. This result may be explained by superior tissue 
impregnation with CPA in the 2 mm group, but the exact mechanisms remain to be clarified.  

3. Pig 
The pig is a species that has been used in biomedical research, particularly regarding 
development and training of surgical techniques for later use in the human. The 
reproductive cycle of the pig lasts for 18-24 days and generally 8-15 oocytes are released 
from each ovary at ovulation (Soede et al., 2011). The size of the pig ovary is about 7.3 (+/- 
2.2) cm3 (Gerritse et al., 2008), which is comparable to the human ovarian size of 6.5 (+/- 2.9) 
cm3 (Munn et al., 1986). The equal ovarian size of the sow and human female, as well as the 
possibility to get fresh pig ovaries from slaughterhouses, renders the pig as a good model 
for ovarian cryopreservation research. Nevertheless, a fairly low number of studies in this 
area with the pig ovary as an experimental model have been performed, as shown below.  

One recent study on pig ovarian tissue evaluated whether the size of ovarian cortical pieces 
is important for the cryopreservation outcome (Jeremias et al., 2003). Cortical strips were all 
of 1 mm thickness but either 1x1 mm or 5x1 mm in surface area. The pieces were 
cryopreserved by slow freezing in 1.5 M DMSO and after rapid thawing the size of the 
surviving primordial follicle pool, was compared to fresh tissue (1x1 mm) (Jeremias et al., 
2003). The freezing method was uncontrolled-rate freezing with the cryovials containing 
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for ovarian cryopreservation research. Nevertheless, a fairly low number of studies in this 
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One recent study on pig ovarian tissue evaluated whether the size of ovarian cortical pieces 
is important for the cryopreservation outcome (Jeremias et al., 2003). Cortical strips were all 
of 1 mm thickness but either 1x1 mm or 5x1 mm in surface area. The pieces were 
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Current Frontiers in Cryopreservation 190 

ovarian tissue were placed in a freezer at -20ºC for 30 min followed by plunging in LN 
vapor for 30 min and then stored in LN. The results of the experiment showed similar 
density of primordial follicles of the 5x1x1 mm group as compared to the fresh tissue, while 
lower number of primordial follicles was observed in the small (1x1 mm) frozen-thawed 
pieces. It was not further discussed why the larger pieces were more resistant to cryoinjury.  

In one study, using porcine ovarian cortex samples, programmed slow-freezing was 
performed with four different CPAs (glycerol (GLY)-10%; DMSO-1.5 M, EG-1.5 M, PROH-
1.5 M) (Borges et al., 2009). The ovarian cortex pieces were incubated after thawing, and 
histological analysis, including light microscopy and TEM, demonstrated that the follicular 
viability was decreased after freezing with better results obtained by DMSO and EG as 
compared to PROH and GLY. This result correlates to that pregnancies in the human so far 
only have been demonstrated after ovarian cryopreservation in either DMSO or EG as CPAs 
(Donnez et al., 2004; Andersen et al., 2008). However, it should be emphasized that species 
differences exist in this regard, as demonstrated in a comparative study between ovarian 
cortex of human, bovine and porcine ovarian tissue (Gandolfi et al., 2006). In that study, 
Gandolfi and colleagues study showed that DMSO and PROH were equally effective to 
protect primordial and primary follicles of the pig ovary to cryoinjury and the pig ovarian 
tissue was also more resistant to cryoinjury as compared to the bovine and the human 
ovarian tissue. 

The pig model was also used to study vitrification procedures (Gandolfi et al., 2006; 
Moniruzzaman et al., 2009). In one study, ovarian strips from 15-day old pigs, were vitrified 
using 15% EG, 15% DMSO and 20% fetal calf serum with addition of either 0 M, 0.25 M or 
0.5 M sucrose (Moniruzzaman et al., 2009). Histological evaluation after warming showed 
higher percentage of healthy primordial follicles when CPA solution with 0.25 M sucrose 
was applied as compared to 0 M and 0.5 M solution. Moreover, the higher oocyte shrinkage 
was observed with the sucrose supplementation of 0.5 M and these results can be explained 
by unsatisfactory cell dehydration without sucrose as well as to excessive dehydration at 0.5 
M sucrose. In one study, xenografting of vitrified ovarian tissues under the kidney capsule 
of nude mice was performed (Moniruzzaman et al., 2009). Histological evaluation, two 
months after grafting, revealed decrease of the primordial follicle density by around 20% in 
both fresh and vitrified grafts, but in the vitrified grafts, the follicles did not developed 
beyond the secondary stage. Hence, it may be that follicular development is disturbed after 
vitrification or that a follicular stage dependant developmental blockage is incurred by 
cryoinjury. Another study using pig ovarian cortex demonstrated low survival rate of 
primordial follicles with either EG or a combination of EG and DMSO as CPA (Gandolfi et 
al., 2006)  

The pig ovary has been used in one study of whole ovary cryopreservation (Imhof et al., 
2004). The ovary was perfused through the ovarian artery with 1.5 M DMSO and 
cryopreserved with a slow freezing protocol. Light microscopy evaluation after thawing at 
25ºC demonstrated a lower proportion of viable primordial follicles in the frozen-thawed 
ovaries (84%) as compared to fresh controls (98%). Furthermore, about 20% of healthy 
primordial follicles were seen when the ovaries were positioned directly into LN without 
previously perfusion with CPA. Noteworthy is that TEM did not demonstrate any major 
cellular difference between the fresh and frozen-thawed tissue.  
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4. Sheep
A variety of in vivo and in vitro sheep models have been used in research on both ovarian 
cortex cryopreservation and whole ovary cryopreservation, most probably due to the large 
knowledge about the physiology of the sheep ovary. In addition, the sheep ovary has, 
similarly to the human ovary, a collagen-dense outer stroma containing the pool of 
primordial follicles (Arav et al., 2005). Nevertheless, the size of the sheep ovary is only 
around 20% of the human premenopausal ovary (Munn et al., 1986; Gerritse et al., 2008) and 
this fact has to be taken into consideration, particularly in comparative studies concerning 
whole ovary cryopreservation.  

The pioneering study in ovarian cryopreservation was published in 1994 by the Edinburgh 
group (Gosden et al., 1994), where live births (Table 2), after ovarian cortex cryopreservation 
and transplantation in a large experimental animal, were reported for the first time. In fact, 
this study opened up the field for future clinical fertility preservation and this is also 
accentuated in its conclusion by stating “that frozen storage and replacement of a patient´s 
own ovarian tissue might be practicable when fertility potential is threatened by 
chemotherapy/radiotherapy”. The cryopreservation protocol applied in that study has 
subsequently been widely used in research and clinical practice, often with minor 
modifications. It should be emphasized that this slow freezing-thawing protocol was 
adapted from a study on cryopreservation of mouse primordial follicles (Carroll&Gosden, 
1993) and the authors also wrote that they “have no evidence whether it is optimal”. In the 
Gosden study, ovarian cortex pieces were positioned in cryovials with Leibowitz L-15 
solution containing donor serum and 1.5 M DMSO and the cryovials were held on ice for 15 
min. The ovarian cortex strips were then considered equilibrated in the CPA and cooled in a 
programmable freezer at a rate of 2ºC/min to -7ºC and maintained at -7ºC for 10 min before 
seeding. Freezing was performed further by reducing the temperature at a rate by 
0.3ºC/min to -40ºC following by 10ºC/min until -140ºC before plunging into LN. Thawing 
was performed by exposure of frozen tissue to air temperature for 2 min and then placed in 
a water bath at room temperature for an unspecified time. The frozen-thawed slices were 
attached adjacent to the left ovarian pedicle at the second laparoscopy of the sheep. High 
progesterone level four months later indicated reestablished normal cyclicity. Eight months 
after grafting, one sheep gave birth and one more lamb was delivered by Cesarean section at 
gestational age of about 144 days. 

In a follow up study the authors reported that the longevity of the transplants was at least 
22 months, but at that time very few primordial follicles were found in the graft (Baird et al., 
1999). The levels of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in 
animals which had received grafts were higher as compared to controls. However, all 
grafted animals demonstrated normal cyclical pattern. These findings were corroborated by 
the lower levels of inhibin, indicating reduced number of inhibin-producing small antral 
follicles. In the second part of the study Baird and colleagues grafted both fresh and frozen-
thawed ovarian pieces under the kidney capsule of nude mice to assess whether the 
freezing-thawing procedure per se or if the warm ischemic time post transplantation was 
the main reason for loss of the follicle pool already within two years. A follicular depletion 
of about 65% was seen after grafting of fresh tissue as compared to fresh non-grafted 
ovarian tissue. Additionally 7% was lost after transplantation of frozen-thawed pieces. Thus, 
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was observed with the sucrose supplementation of 0.5 M and these results can be explained 
by unsatisfactory cell dehydration without sucrose as well as to excessive dehydration at 0.5 
M sucrose. In one study, xenografting of vitrified ovarian tissues under the kidney capsule 
of nude mice was performed (Moniruzzaman et al., 2009). Histological evaluation, two 
months after grafting, revealed decrease of the primordial follicle density by around 20% in 
both fresh and vitrified grafts, but in the vitrified grafts, the follicles did not developed 
beyond the secondary stage. Hence, it may be that follicular development is disturbed after 
vitrification or that a follicular stage dependant developmental blockage is incurred by 
cryoinjury. Another study using pig ovarian cortex demonstrated low survival rate of 
primordial follicles with either EG or a combination of EG and DMSO as CPA (Gandolfi et 
al., 2006)  

The pig ovary has been used in one study of whole ovary cryopreservation (Imhof et al., 
2004). The ovary was perfused through the ovarian artery with 1.5 M DMSO and 
cryopreserved with a slow freezing protocol. Light microscopy evaluation after thawing at 
25ºC demonstrated a lower proportion of viable primordial follicles in the frozen-thawed 
ovaries (84%) as compared to fresh controls (98%). Furthermore, about 20% of healthy 
primordial follicles were seen when the ovaries were positioned directly into LN without 
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of about 65% was seen after grafting of fresh tissue as compared to fresh non-grafted 
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this study demonstrated that ischemia rather than cryopreservation is the main cause of 
follicle depletion.  
 

Reference Ovarian 
tissue Cryopreservation Cryoprotectant Transplantation Results 

Gosden et 
al. 1994. 

Cortical 
pieces Slow freezing 

1.5 M DMSO in 
Leibovitz L-15 

with 10% donor 
calf serum 

Avascular, 
orthotopic 

2 live births 
out of 6 

transplants 

Salle et al. 
2002,  Salle 
et al. 2003. 

Hemi-
ovarian 
cortex 

Slow freezing 

2 M DMSO in 
BM1 medium 
with 10% fetal 

cord serum 

Avascular, 
orthotopic 

11 live births 
(of which 3 

sheep 
delivered 

twins) out of 
6 transplants; 

2 sheep 
delivered for 
the second 

time 

Bordes et 
al. 2005. 

Hemi-
ovarian 
cortex 

Vitrification 

2.62 M DMSO 
+2.6 M 

acetamide+1.3M 
propylene 

glycol+0.0075 M 
polyethylene 
glycol in BM1 

medium 

Avascular, 
orthotopic 

4 live births  
(1 twins) out 

of 6 
transplants 

Imhof et al. 
2006. 

Whole 
ovary Slow freezing 

1.5 M DMSO in 
RPMI 1640 with 
10% autologous 

sheep blood 
serum 

Vascular, 
orthotopic 

1 live birth 
out of 8 

transplants 

DMSO- dimethylsulphoxide; RPMI-Roswell Park Memorial Institute medium. 

Table 2. Live-births after transplantation of cryopreserved ovarian tissue in large animal 
models 

Depletion of the major follicular pool during the ischemic post grafting period was also 
demonstrated in a recent study in the sheep, where fresh and frozen ovarian cortical tissue 
were grafted either subcutaneously in the anterior abdominal wall or the uterine horn 
(Aubard et al., 1999). The cryopreservation procedure was a slight modification of the 
original Gosden method (Gosden et al., 1994). About 5% of primordial follicles survived 
grafting at evaluation after seven months. No pregnancy was demonstrated, but mature 
oocytes were retrieved after gonadotropin stimulation. In addition, poor fertilization rate 
and cleavage arrest at 4 cells were recorded in oocytes from both fresh and frozen ovarian 
tissue. These results open up the issue of about cytoplasmatic maturation as well as quality 
of the oocytes from grafted and frozen-thawed tissue.  
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In other studies, a larger part of sheep ovaries, containing also parts of the medulla, were 
evaluated regarding viability after cryopreservation and avascular transplantation (Salle et 
al., 1998). In that study, the ovarian tissue was cryopreserved using the slow freezing 
technique published by Gosden (Gosden et al., 1994). Transplantation was performed to the 
ovarian hilus. At evaluation after six months, well preserved morphology with follicles of all 
stages was demonstrated (Salle et al., 1998) and progesterone secretion was reestablished 
(Salle et al., 1999). The same research group reported live births (Table 2) after 
cryopreservation and avascular transplantation of hemi-ovarian cortex (Salle et al., 2002). 
However, the cryoprotocol had been slightly modified using higher concentration (2 M) of 
DMSO and the temperature was decreased by a rate of 2ºC/min to -35ºC followed by 
25ºC/min to -140ºC. Semiautomatic seeding was initiated at -11ºC. Orthotopic 
transplantation was performed. Four out of six ewes achieved pregnancy of which two 
delivered twins. The remaining four ewes were observed further for two years (Salle et al., 
2003). All animals became pregnant (Table 2) and delivered lambs of which two sheep gave 
birth for a second time. Noteworthy is that considerable loss of follicles was seen in all 
grafts. The results of this study also emphasizes that the avascular transplantation per se 
induces major damage to the tissue. 

In one study, vitrification of sheep hemi-ovaries was performed with the VS1 CPA solution, 
containing 2.62 M DMSO, 2.60 M acetamide, 1.31 M PROH and 0.0075 M polyethylene 
glycol in BM1 medium (Bordes et al., 2005). The ovarian tissue was equilibrated in 
increasing concentration of VS1 (12.5%, 25%, 50% and 100%) and then placed in cryovials 
containing 100% of VS1 followed by direct plunging into LN. The vitrified tissue was 
warmed in water at 37ºC for 10 min. Notably, regained cyclicity was shown four months to 
one year after grafting and 3/6 sheep delivered offspring (Table 2). However, histological 
evaluation of the graft after delivery revealed very few follicles (6-58 follicles per graft). 

A group from the Cleveland Clinic performed microvascular fresh ovary transplantation in 
the sheep (Jeremias et al., 2002) and soon after published their results after 
autotransplantation of the whole cryopreserved ovary applying the identical surgical 
technique (Bedaiwy et al., 2003) with comparison of the outcome to avascular grafting of 
frozen-thawed cortical pieces (frozen with Gosdens protocol). The whole ovaries were 
flushed by a solution consisting of Leibowitz L-15 medium, 10% fetal calf serum and 1.5 M 
DMSO and then allocated to controlled-rate freezing. The temperature was reduced at 
2ºC/min until seeding temperature of -7ºC. Further reduction of temperature was done at 
2ºC /min until -35ºC followed at by 25ºC /min until -140ºC when cryovials were positioned 
into LN. At thawing, the cryovials were placed in a water bath at 37ºC. After that, the 
ovaries were flushed with Leibovitz L15 medium containing 10% fetal calf serum for 20 min 
followed by end-to-end anastomosis between the ovarian and the inferior epigastric vessels. 
Immediate vascular patency was showed in all grafts, but only 27% of the whole ovary 
transplants showed patent blood vessels eight to ten days after transplantation. Histological 
evaluation demonstrated large necrotic areas in the grafts of the non-patent anastomosis 
group and the primordial follicle pool was severely reduced in that group as compared to 
the patent group. Also, severe injuries with focal transmural necrosis of intraovarian vessels 
may be regarded as a cryoinjury of the vasculature. The follicular viability, evaluated by 
Trypan blue test, was around 80%, in the cortical avascular transplantation and the patent 
whole ovary transplantation group, with a slightly higher rate of apoptotic cells in the whole 
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this study demonstrated that ischemia rather than cryopreservation is the main cause of 
follicle depletion.  
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evaluation of the graft after delivery revealed very few follicles (6-58 follicles per graft). 

A group from the Cleveland Clinic performed microvascular fresh ovary transplantation in 
the sheep (Jeremias et al., 2002) and soon after published their results after 
autotransplantation of the whole cryopreserved ovary applying the identical surgical 
technique (Bedaiwy et al., 2003) with comparison of the outcome to avascular grafting of 
frozen-thawed cortical pieces (frozen with Gosdens protocol). The whole ovaries were 
flushed by a solution consisting of Leibowitz L-15 medium, 10% fetal calf serum and 1.5 M 
DMSO and then allocated to controlled-rate freezing. The temperature was reduced at 
2ºC/min until seeding temperature of -7ºC. Further reduction of temperature was done at 
2ºC /min until -35ºC followed at by 25ºC /min until -140ºC when cryovials were positioned 
into LN. At thawing, the cryovials were placed in a water bath at 37ºC. After that, the 
ovaries were flushed with Leibovitz L15 medium containing 10% fetal calf serum for 20 min 
followed by end-to-end anastomosis between the ovarian and the inferior epigastric vessels. 
Immediate vascular patency was showed in all grafts, but only 27% of the whole ovary 
transplants showed patent blood vessels eight to ten days after transplantation. Histological 
evaluation demonstrated large necrotic areas in the grafts of the non-patent anastomosis 
group and the primordial follicle pool was severely reduced in that group as compared to 
the patent group. Also, severe injuries with focal transmural necrosis of intraovarian vessels 
may be regarded as a cryoinjury of the vasculature. The follicular viability, evaluated by 
Trypan blue test, was around 80%, in the cortical avascular transplantation and the patent 
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ovary group. It should be emphasized that this study evaluated only short-term (8-10 days) 
results.  

The long-term outcome, using the same microsurgical technique as described above, was 
assessed in a study of ovarian viability approximately five months after transplantation of 
frozen-thawed ovaries (Grazul-Bilska et al., 2008). A similar cryoprotocol was applied as in 
the earlier experiments (Bedaiwy et al., 2003) and the only difference was that the 
temperature from the seeding point was decreased by the rate 0.3ºC/min until -40ºC in 
contrast to 2ºC/min until -35ºC in the previous study. Histological evaluation revealed 
normal follicular development in only 25% of the transplanted ovaries. Furthermore, 
oocytes (n=3) from the larger follicles could be matured, but fertilization was not achieved. 
The vessels of the patent grafts appeared normal, with expression of marker proteins such 
as factor VIII, vascular endothelial growth factor (VEGF) and smooth muscle cell actin 
(SMCA). In view of the fact that the normal follicular development was seen in only 25% of 
the transplanted ovaries, and that mature oocytes did not fertilize, the study points to that 
major improvements in the fields of whole ovary cryopreservation and retransplantation are 
needed. 

Main advances in the whole ovary cryopreservation field may be to optimize the freezing 
technique and also to improve the anastomosis technique as evaluated by an Israeli research 
group (Revel et al., 2004). After perfusion via the ovarian artery with 1.4 M DMSO in 
University of Wisconsin (UW) solution for 3 min, the sheep ovary was cryopreserved by the 
directional freezing technology. This technique provides identical cooling rate through the 
whole organ and allows constant cooling rate. The temperature was decreased by a rate of 
0.6ºC/min until seeding and 0.3ºC/min to the temperature of -30ºC before placement in LN. 
Rapid thawing was accomplished by placement of the cryovials into a water bath at 68ºC for 
20 s and 37ºC for 2 min. The ovary was transplanted by microvascular anastomosis to an 
orthotopic site by end-to-end anastomosis to the remaining parts of the ovarian vessels. 
Cyclicity was demonstrated in three out of eight animals at around six months after the 
procedure. At laparotomy eight weeks after surgery, adhesions were seen in only one 
animal. In a follow up study, presenting long-term outcome of this technique (Arav et al., 
2005), three animals demonstrated cyclicity two to three years after transplantation. Oocytes 
obtained from these animals could be parthenogenically activated with divisions until the 8-
cell stage. In an extensive long-term follow up study (6 years) of the three whole ovary 
transplanted sheep (Arav et al., 2010) two of the ovaries responded to gonadotropin 
stimulation and these ovaries were normal at post mortem histological evaluation. The third 
sheep did not respond to FSH stimulation and histology revealed a fibrotic ovary and 
absence of follicles. The importance of this study is that cryopreserved whole ovary can 
survive for a long time and indicates beneficial effect of directional slow-freezing method. 
Nevertheless, it should be pointed out that the ultimate end point of healthy offspring has 
not been demonstrated by the use of this cryopreservation technique. 

There is only one report on live-birth after whole ovary cryopreservation and vascular 
transplantation in sheep (Imhof et al., 2006). In that study, the ovaries were cryopreserved 
using the protocol of Gosden and coworkers (Gosden et al., 1994), but naturally the ovaries 
were cannulated and perfused with CPA before controlled-rate slow-freezing. Thawing was 
done by exposure of the frozen ovaries in air for two minutes followed by placement in a 
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water bath at 25ºC for seven minutes and perfusion by Roswell Park Memorial Institute 
medium (RPMI) to remove CPA. Transplantation was performed after removal of the 
contralateral ovary and the frozen-thawed ovary was orthotopicaly transplanted using 
microvascular (9-0 sutures) anastomosis to the ovarian vessels which is a comparable 
technique to that described by the Israeli group (Arav et al., 2005). Cyclicity was reported in 
four out of nine transplanted sheep. Importantly, one pregnancy occurred in this resulted in 
delivery of a healthy lamb around 1.5 years after grafting. At histological examination of 
ovaries 18-19 months after transplantation, the size of the primordial follicle pool was only 
2-8% of that in non transplanted control ovaries. The authors discussed that the major 
follicular loss occurred during the freezing-thawing procedure. However, this suggestion 
relied on results of histological assessment, which is probably an unreliable method to 
evaluate viability and should be combined with other methods. Nevertheless, this single 
large animal species live-birth after whole ovary cryopreservation is a proof of the concept, 
which should encourage further research in this area.  

It is of considerable importance to recognize the mechanisms behind the low success rate of 
whole ovary cryopreservation and also to understand what cell compartments are affected 
by the cryopreservation and thawing procedures. It seems that the follicular survival and 
the ovarian function are directly correlated to the vascular patency, as demonstrated in one 
elegant study of heterotopic autotransplantation of the frozen-thawed whole ovary (Onions 
et al., 2009). The CPA and freezing protocols were similar to the traditional Gosden protocol 
(Gosden et al., 1994) and the microvascular anastomosis was by aortic patch and utero-
ovarian vein to carotid artery and jugular vein, as developed more than 40 years ago 
(Goding et al., 1967). The control group was the animals which received non-frozen 
heterotopic transplants. Eight months after transplantation, 7/8 cryopreserved transplants 
and 3/4 fresh ovarian transplants demonstrated patency. However, regardless of vascular 
patency, 5/7 frozen-thawed ovaries with vascular patency did not regain cyclicity and eight 
months after transplantation, a follicular loss of about 90% was seen in both the fresh and 
frozen group. A possible damage of endothelial cells during cannulation was discussed as 
one detrimental factor.  

In vitro studies of vitrification of the whole sheep ovary preceded the trials in vivo. It was 
demonstrated in an elaborate study that the whole sheep ovary could be vitrified and that 
the VS4 cryoprotectant solution (mixture of 2.75 M DMSO, 2.76 M formamide and 1.97 M 
PROH) was superior to the VS1 solution (mixture of 2.62 M DMSO, 2.60 M acetamide, 1.31 
M PROH and 0.0075 M polyethylene-glycol) (Courbiere et al., 2005). After thawing, the 
higher primordial follicular density (50% vs 23%) as well as proportion of histologically 
normal primordial follicles (53% vs 25%) was demonstrated in theVS4 group. However, it 
should be underlined that endothelial damage of the vascular pedicle was more evident in 
the VS4 group.  

In a subsequent study by the same research group, the thermodynamic properties of VS4 in 
RPS-1 medium were studied (Courbiere et al., 2006). Evaluation of the cooling rate was done 
by differential scanning calorimeter by connection of the thermocouples to the ovarian 
cortex, the medulla and the CPA solution. The rate of cooling was above 300ºC/min, with 
the measured cooling rate of the cortex being slightly higher than that of the medulla. 
Furthermore, the cooling rate of the CPA solution was higher in comparison to the ovarian 
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ovary group. It should be emphasized that this study evaluated only short-term (8-10 days) 
results.  

The long-term outcome, using the same microsurgical technique as described above, was 
assessed in a study of ovarian viability approximately five months after transplantation of 
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temperature from the seeding point was decreased by the rate 0.3ºC/min until -40ºC in 
contrast to 2ºC/min until -35ºC in the previous study. Histological evaluation revealed 
normal follicular development in only 25% of the transplanted ovaries. Furthermore, 
oocytes (n=3) from the larger follicles could be matured, but fertilization was not achieved. 
The vessels of the patent grafts appeared normal, with expression of marker proteins such 
as factor VIII, vascular endothelial growth factor (VEGF) and smooth muscle cell actin 
(SMCA). In view of the fact that the normal follicular development was seen in only 25% of 
the transplanted ovaries, and that mature oocytes did not fertilize, the study points to that 
major improvements in the fields of whole ovary cryopreservation and retransplantation are 
needed. 

Main advances in the whole ovary cryopreservation field may be to optimize the freezing 
technique and also to improve the anastomosis technique as evaluated by an Israeli research 
group (Revel et al., 2004). After perfusion via the ovarian artery with 1.4 M DMSO in 
University of Wisconsin (UW) solution for 3 min, the sheep ovary was cryopreserved by the 
directional freezing technology. This technique provides identical cooling rate through the 
whole organ and allows constant cooling rate. The temperature was decreased by a rate of 
0.6ºC/min until seeding and 0.3ºC/min to the temperature of -30ºC before placement in LN. 
Rapid thawing was accomplished by placement of the cryovials into a water bath at 68ºC for 
20 s and 37ºC for 2 min. The ovary was transplanted by microvascular anastomosis to an 
orthotopic site by end-to-end anastomosis to the remaining parts of the ovarian vessels. 
Cyclicity was demonstrated in three out of eight animals at around six months after the 
procedure. At laparotomy eight weeks after surgery, adhesions were seen in only one 
animal. In a follow up study, presenting long-term outcome of this technique (Arav et al., 
2005), three animals demonstrated cyclicity two to three years after transplantation. Oocytes 
obtained from these animals could be parthenogenically activated with divisions until the 8-
cell stage. In an extensive long-term follow up study (6 years) of the three whole ovary 
transplanted sheep (Arav et al., 2010) two of the ovaries responded to gonadotropin 
stimulation and these ovaries were normal at post mortem histological evaluation. The third 
sheep did not respond to FSH stimulation and histology revealed a fibrotic ovary and 
absence of follicles. The importance of this study is that cryopreserved whole ovary can 
survive for a long time and indicates beneficial effect of directional slow-freezing method. 
Nevertheless, it should be pointed out that the ultimate end point of healthy offspring has 
not been demonstrated by the use of this cryopreservation technique. 

There is only one report on live-birth after whole ovary cryopreservation and vascular 
transplantation in sheep (Imhof et al., 2006). In that study, the ovaries were cryopreserved 
using the protocol of Gosden and coworkers (Gosden et al., 1994), but naturally the ovaries 
were cannulated and perfused with CPA before controlled-rate slow-freezing. Thawing was 
done by exposure of the frozen ovaries in air for two minutes followed by placement in a 
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water bath at 25ºC for seven minutes and perfusion by Roswell Park Memorial Institute 
medium (RPMI) to remove CPA. Transplantation was performed after removal of the 
contralateral ovary and the frozen-thawed ovary was orthotopicaly transplanted using 
microvascular (9-0 sutures) anastomosis to the ovarian vessels which is a comparable 
technique to that described by the Israeli group (Arav et al., 2005). Cyclicity was reported in 
four out of nine transplanted sheep. Importantly, one pregnancy occurred in this resulted in 
delivery of a healthy lamb around 1.5 years after grafting. At histological examination of 
ovaries 18-19 months after transplantation, the size of the primordial follicle pool was only 
2-8% of that in non transplanted control ovaries. The authors discussed that the major 
follicular loss occurred during the freezing-thawing procedure. However, this suggestion 
relied on results of histological assessment, which is probably an unreliable method to 
evaluate viability and should be combined with other methods. Nevertheless, this single 
large animal species live-birth after whole ovary cryopreservation is a proof of the concept, 
which should encourage further research in this area.  

It is of considerable importance to recognize the mechanisms behind the low success rate of 
whole ovary cryopreservation and also to understand what cell compartments are affected 
by the cryopreservation and thawing procedures. It seems that the follicular survival and 
the ovarian function are directly correlated to the vascular patency, as demonstrated in one 
elegant study of heterotopic autotransplantation of the frozen-thawed whole ovary (Onions 
et al., 2009). The CPA and freezing protocols were similar to the traditional Gosden protocol 
(Gosden et al., 1994) and the microvascular anastomosis was by aortic patch and utero-
ovarian vein to carotid artery and jugular vein, as developed more than 40 years ago 
(Goding et al., 1967). The control group was the animals which received non-frozen 
heterotopic transplants. Eight months after transplantation, 7/8 cryopreserved transplants 
and 3/4 fresh ovarian transplants demonstrated patency. However, regardless of vascular 
patency, 5/7 frozen-thawed ovaries with vascular patency did not regain cyclicity and eight 
months after transplantation, a follicular loss of about 90% was seen in both the fresh and 
frozen group. A possible damage of endothelial cells during cannulation was discussed as 
one detrimental factor.  

In vitro studies of vitrification of the whole sheep ovary preceded the trials in vivo. It was 
demonstrated in an elaborate study that the whole sheep ovary could be vitrified and that 
the VS4 cryoprotectant solution (mixture of 2.75 M DMSO, 2.76 M formamide and 1.97 M 
PROH) was superior to the VS1 solution (mixture of 2.62 M DMSO, 2.60 M acetamide, 1.31 
M PROH and 0.0075 M polyethylene-glycol) (Courbiere et al., 2005). After thawing, the 
higher primordial follicular density (50% vs 23%) as well as proportion of histologically 
normal primordial follicles (53% vs 25%) was demonstrated in theVS4 group. However, it 
should be underlined that endothelial damage of the vascular pedicle was more evident in 
the VS4 group.  

In a subsequent study by the same research group, the thermodynamic properties of VS4 in 
RPS-1 medium were studied (Courbiere et al., 2006). Evaluation of the cooling rate was done 
by differential scanning calorimeter by connection of the thermocouples to the ovarian 
cortex, the medulla and the CPA solution. The rate of cooling was above 300ºC/min, with 
the measured cooling rate of the cortex being slightly higher than that of the medulla. 
Furthermore, the cooling rate of the CPA solution was higher in comparison to the ovarian 
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medulla and cortex. This finding may be explained by differences in tissue architecture and 
vascularity of the ovary that leads to uneven distribution of the CPA. Results of this study 
also pointed out that it is not likely that the ovarian tissue can be completely vitrified at the 
end of the procedure. Ice crystallization during warming was also observed, indicating that 
the warming rate did not exceed the critical warming rate. Nevertheless, in contrast to the 
former study (Courbiere et al., 2005), injury of the endothelial layer of the ovarian 
vasculature was not demonstrated which possibly may be the result of the two-step-
warming procedure to avoid ice crystallization (Pegg et al., 1997) as used in this study 
(Courbiere et al., 2006). 

The same research group demonstrated in a subsequent study that the warming rate of the 
cortex was slightly higher than the medulla (Baudot et al., 2007). This corroborates the 
irregular distribution of CPA as well as complexity of the ovarian tissue. As in the previous 
study (Courbiere et al., 2005), a primordial follicle survival rate of about 50% was 
demonstrated after warming. In addition, ice crystals were observed during the cooling and 
the authors discussed that maybe limited ice crystallization can be acceptable for clinical 
application of this procedure.  

Subsequent to the in vitro research on whole ovary vitrification, as described above 
(Courbiere et al., 2005; Courbiere et al., 2006), the efficiency of this method in vivo was 
assessed. In one study only one out of five vitrified-warmed ovaries resumed endocrine 
function (Courbiere et al., 2009) after orthotopic vascular transplantation. Vitrification was 
obtained using VS4 solution (2.75 M DMSO, 2.76 M formamide and 1.97 M PROH) in RPS-1 
medium and the ovaries were perfused by gradually increasing concentrations of CPA. At 
warming, the ovaries were kept in LN vapor following by placement in a water bath at 45ºC. 
The rationale behind this two-step warming was to attempt to avoid fractures of the vessels 
during the glassy state (Pegg et al., 1997). A total follicular loss in the vitrified group was 
demonstrated one year after transplantation. Vascular thrombosis occurred in three out of 
four vitrified ovaries, with patent vessels seen in the fresh group. One possible explanation 
may be that the warm ischemic time was longer in the vitrified group (median 287 min) in 
comparison to the control group (median 129 min) although it is more likely that major 
injuries occurred during the cryopreservation procedures.  

It is obvious from the results presented above that there is a need for more systematic 
studies on the different stages of cryopreservation/transplantation procedures to get better 
results. As it relates to whole ovary cryopreservation, the viability and ovarian function 
should be evaluated after each stage of the procedure. 

The effect of diverse cryoprotocols with accent of CPA toxicity was studied using the sheep 
hemiovary model (Demirci et al., 2001). The hemiovaries were incubated for 10 minutes in 
various concentrations (2-10 M) of DMSO and PROH and evaluated before and after slow-
freezing-thawing (1, 1.5 and 2 M CPAs) concerning primordial follicle survival (Trypan blue 
test and histology). The follicular survival after incubation was higher at decreasing 
concentration of the CPA regardless of the type of CPA.  

In vitro ovarian perfusion methodology, which was initially developed for evaluation of 
ovarian physiology (Brannstrom et al., 1987), may be used for evaluation of frozen-thawed 
ovaries (Fig. 1). The in vitro perfusion system highly mimics the physiological in vivo 
situation, and has shown that a complex processes, such as ovulation, occur during in vitro 
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perfusion (Lofman et al., 1989). Recently, in vitro ovarian perfusion was used together with 
live-dead assay, histology and cell culture to assess the viability of frozen-thawed whole 
sheep ovaries (Wallin et al., 2009). The ovaries were frozen by slow uncontrolled-rate 
freezing (Martinez-Madrid et al., 2004) using PROH, stored in LN and then thawed in a 
water bath at 37ºC. The in vitro perfusion results demonstrated compromised ovarian 
function of the ovary after cryopreservation in PROH, when compared to fresh controls.  

 
Fig. 1. Schematic drawing of the in vitro perfusion system 

In another study of the same research group, the sheep ovaries were cryopreserved using 
the same uncontrolled-rate slow freezing with DMSO (Milenkovic et al., 2011). The ovaries 
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demonstrated one year after transplantation. Vascular thrombosis occurred in three out of 
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may be that the warm ischemic time was longer in the vitrified group (median 287 min) in 
comparison to the control group (median 129 min) although it is more likely that major 
injuries occurred during the cryopreservation procedures.  

It is obvious from the results presented above that there is a need for more systematic 
studies on the different stages of cryopreservation/transplantation procedures to get better 
results. As it relates to whole ovary cryopreservation, the viability and ovarian function 
should be evaluated after each stage of the procedure. 

The effect of diverse cryoprotocols with accent of CPA toxicity was studied using the sheep 
hemiovary model (Demirci et al., 2001). The hemiovaries were incubated for 10 minutes in 
various concentrations (2-10 M) of DMSO and PROH and evaluated before and after slow-
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test and histology). The follicular survival after incubation was higher at decreasing 
concentration of the CPA regardless of the type of CPA.  

In vitro ovarian perfusion methodology, which was initially developed for evaluation of 
ovarian physiology (Brannstrom et al., 1987), may be used for evaluation of frozen-thawed 
ovaries (Fig. 1). The in vitro perfusion system highly mimics the physiological in vivo 
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live-dead assay, histology and cell culture to assess the viability of frozen-thawed whole 
sheep ovaries (Wallin et al., 2009). The ovaries were frozen by slow uncontrolled-rate 
freezing (Martinez-Madrid et al., 2004) using PROH, stored in LN and then thawed in a 
water bath at 37ºC. The in vitro perfusion results demonstrated compromised ovarian 
function of the ovary after cryopreservation in PROH, when compared to fresh controls.  

 
Fig. 1. Schematic drawing of the in vitro perfusion system 

In another study of the same research group, the sheep ovaries were cryopreserved using 
the same uncontrolled-rate slow freezing with DMSO (Milenkovic et al., 2011). The ovaries 



Current Frontiers in Cryopreservation 198 

in control group were frozen without CPA. Interestingly, steroid production after in vitro 
perfusion (Fig. 2) and cell culture was also demonstrated in control group which can be 
explained by adequate equilibration between cell dehydration and extracellular ice 
formation. However, a clear benefit of DMSO presence was seen.  

 
Fig. 2. Photograph of the in vitro perfusion apparatus  

As discussed above, cryopreservation injury may not only occur within the follicles but also 
in the vascular bed of the ovary or in the large vessels. It was hypothesized that perfusion 
with the anti-apoptopic agent sphingosine-1-phosphate (S-1-P) before cryopreservation-
perfusion by 1.5 M DMSO (Onions et al., 2008) may protect the tissue and diminish the 
cryoinjury. Histological examination after thawing showed arterial endothelial disruption of 
the vascular pedicle tissue in the cryopreserved ovaries, with the most extensive injury in 
the area where the cannula had been placed, followed by the hilus region and with less 
extensive injury on the venous side. No protective effect of the addition of sphingosine-1-
phosphate could be demonstrated. In summary, this study was able to demonstrate the 
vulnerable state of the vasculature in whole ovary cryopreservation especially on the arterial 
side. It was also shown by proliferation and apoptosis markers that granulosa cells of antral 
follicles remain viable after cryopreservation.  

5. Non-human primates 
A number of non-human primate species have been used in research involving reproductive 
physiology and development of methods later used clinically in reproductive medicine. The 
benefit of these experimental animals is that the physiology and anatomy are similar to the 
human (Stevens, 1997; Weinbauer et al., 2008), although the ovarian size of the most studied 
cynomolgus monkey is considerably smaller (0.258+/- 0.159 cm3) (Jones et al., 2010) as 
compared to the human. Even if a lot of procedures are introduced in the human without 
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appropriate tests in non-human primate species, it is advisable to include these animal 
models in preclinical research. 

There is one study on non-human primate that has assessed the function of cryopreserved 
ovarian cortex tissue in vivo. The ovarian pieces were cryopreserved by controlled-rate 
freezing with 1.5 M DMSO and both fresh and frozen-thawed strips were grafted 
subcutaneously to the upper arm of cynomolgus macaque monkeys (Schnorr et al., 2002). 
Regained menstrual cycle and ovarian steroidogenesis were demonstrated in 80% of the 
animals after fresh ovarian cortex transplantation and in 50% of the animals after 
cryopreserved transplants, demonstrating that the cryopreservation technique may have 
damaging effect on the tissue. Additionally, only one mature oocyte was aspirated from 
subcutaneous ovarian tissue after gonadotropin stimulation performed in four animals. In 
the other part of this study (Schnorr et al., 2002) an attempt to enhance angiogenesis was 
performed by local administration of VEGF for two weeks after grafting, but no beneficial 
effect could be demonstrated. 

There is one study on ovarian cortex from macaques when vitrification (3.4 M GLY, 4.5 M 
EG) and slow freezing (1.5 M EG) were compared and evaluated whether post-thawing co-
culture on feeder cells (mouse fetal fibroblast monolayer) with addition of follicle 
stimulating hormone, insulin, transferrin and selenium, would increase viability (Yeoman et 
al., 2005). The post-thaw viability, as assessed by live-dead fluorescent staining, was 
comparable (around 70%) in the two groups, which was only marginally lower than the 
follicular viability of the fresh tissue (76%). Interestingly, follicular viability was increased 
after post-thawing co-culture, indicating rescue of partly damaged follicles and possible 
beneficial effect of co-culture. 

In another study on ovarian cortex tissue of rhesus macaques, controlled-rate slow-freezing 
with 1.5 M EG was done and expressions of activin subunits as well as the phosphorylated 
form of the signalling protein were investigated (Jin et al., 2010). Activin subunits and the 
phosphorylated form of the signalling protein are markers for early follicular development. 
Immunohistochemistry revealed that these proteins were regularly distributed in primordial 
and primary follicles of both cryopreserved and fresh cortex. One interesting finding was 
that a higher rate of post thawing apoptosis was found in the stromal cells as compared to 
oocytes and granulosa cells. Another recently published study was able to demonstrate 
follicular development after in vitro three dimensional culture of cryopreserved secondary 
follicles from rhesus macaque (Ting et al., 2011). The ovarian cortex from rhesus macaque 
was cryopreserved by slow freezing (1.5 M EG) and vitrification (3 M GLY and 4.5 M EG). 
After thawing, the secondary follicles were mechanically isolated, encapsulated in 0.25% 
alginate and cultured for five weeks in MEM at 37ºC. The development of antral follicles, 
although delayed and functionally compromised as compared to fresh tissue was 
demonstrated after both cryopreservation methods with slightly better results obtained after 
vitrification in comparison to slow freezing protocol. This observation again supports the 
need for further improvement of cryopreservation techniques.  

6. Conclusions 
Regardless pioneering success and reporting pregnancies after cryopreservation and 
avascular transplantation of ovarian tissue in human (Donnez et al., 2011) the future course 
regarding cryopreservation of ovarian tissue should be focused on further research using 
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in control group were frozen without CPA. Interestingly, steroid production after in vitro 
perfusion (Fig. 2) and cell culture was also demonstrated in control group which can be 
explained by adequate equilibration between cell dehydration and extracellular ice 
formation. However, a clear benefit of DMSO presence was seen.  
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vulnerable state of the vasculature in whole ovary cryopreservation especially on the arterial 
side. It was also shown by proliferation and apoptosis markers that granulosa cells of antral 
follicles remain viable after cryopreservation.  

5. Non-human primates 
A number of non-human primate species have been used in research involving reproductive 
physiology and development of methods later used clinically in reproductive medicine. The 
benefit of these experimental animals is that the physiology and anatomy are similar to the 
human (Stevens, 1997; Weinbauer et al., 2008), although the ovarian size of the most studied 
cynomolgus monkey is considerably smaller (0.258+/- 0.159 cm3) (Jones et al., 2010) as 
compared to the human. Even if a lot of procedures are introduced in the human without 

Review on Ovarian Cryopreservation in Large Animals and Non-Human Primates 199 

appropriate tests in non-human primate species, it is advisable to include these animal 
models in preclinical research. 

There is one study on non-human primate that has assessed the function of cryopreserved 
ovarian cortex tissue in vivo. The ovarian pieces were cryopreserved by controlled-rate 
freezing with 1.5 M DMSO and both fresh and frozen-thawed strips were grafted 
subcutaneously to the upper arm of cynomolgus macaque monkeys (Schnorr et al., 2002). 
Regained menstrual cycle and ovarian steroidogenesis were demonstrated in 80% of the 
animals after fresh ovarian cortex transplantation and in 50% of the animals after 
cryopreserved transplants, demonstrating that the cryopreservation technique may have 
damaging effect on the tissue. Additionally, only one mature oocyte was aspirated from 
subcutaneous ovarian tissue after gonadotropin stimulation performed in four animals. In 
the other part of this study (Schnorr et al., 2002) an attempt to enhance angiogenesis was 
performed by local administration of VEGF for two weeks after grafting, but no beneficial 
effect could be demonstrated. 

There is one study on ovarian cortex from macaques when vitrification (3.4 M GLY, 4.5 M 
EG) and slow freezing (1.5 M EG) were compared and evaluated whether post-thawing co-
culture on feeder cells (mouse fetal fibroblast monolayer) with addition of follicle 
stimulating hormone, insulin, transferrin and selenium, would increase viability (Yeoman et 
al., 2005). The post-thaw viability, as assessed by live-dead fluorescent staining, was 
comparable (around 70%) in the two groups, which was only marginally lower than the 
follicular viability of the fresh tissue (76%). Interestingly, follicular viability was increased 
after post-thawing co-culture, indicating rescue of partly damaged follicles and possible 
beneficial effect of co-culture. 

In another study on ovarian cortex tissue of rhesus macaques, controlled-rate slow-freezing 
with 1.5 M EG was done and expressions of activin subunits as well as the phosphorylated 
form of the signalling protein were investigated (Jin et al., 2010). Activin subunits and the 
phosphorylated form of the signalling protein are markers for early follicular development. 
Immunohistochemistry revealed that these proteins were regularly distributed in primordial 
and primary follicles of both cryopreserved and fresh cortex. One interesting finding was 
that a higher rate of post thawing apoptosis was found in the stromal cells as compared to 
oocytes and granulosa cells. Another recently published study was able to demonstrate 
follicular development after in vitro three dimensional culture of cryopreserved secondary 
follicles from rhesus macaque (Ting et al., 2011). The ovarian cortex from rhesus macaque 
was cryopreserved by slow freezing (1.5 M EG) and vitrification (3 M GLY and 4.5 M EG). 
After thawing, the secondary follicles were mechanically isolated, encapsulated in 0.25% 
alginate and cultured for five weeks in MEM at 37ºC. The development of antral follicles, 
although delayed and functionally compromised as compared to fresh tissue was 
demonstrated after both cryopreservation methods with slightly better results obtained after 
vitrification in comparison to slow freezing protocol. This observation again supports the 
need for further improvement of cryopreservation techniques.  

6. Conclusions 
Regardless pioneering success and reporting pregnancies after cryopreservation and 
avascular transplantation of ovarian tissue in human (Donnez et al., 2011) the future course 
regarding cryopreservation of ovarian tissue should be focused on further research using 
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animal models. The size of ovarian cortex pieces, whole ovary freezing or not, choice and 
exposure time to CPA, stepwise or direct addition of CPA are some of the unresolved 
questions. The difference between species, complexity of ovarian tissue and uneven 
distribution of primordial follicles should be taken into consideration when creating an 
optimal study design. Vitrification seems promising, but differences between the protocols 
used make the interpretation of the data difficult. However, further research on animal 
models should lead to better understanding and improvement of cryopreservation 
techniques and then to higher efficiency, when used as a clinical procedure.  
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animal models. The size of ovarian cortex pieces, whole ovary freezing or not, choice and 
exposure time to CPA, stepwise or direct addition of CPA are some of the unresolved 
questions. The difference between species, complexity of ovarian tissue and uneven 
distribution of primordial follicles should be taken into consideration when creating an 
optimal study design. Vitrification seems promising, but differences between the protocols 
used make the interpretation of the data difficult. However, further research on animal 
models should lead to better understanding and improvement of cryopreservation 
techniques and then to higher efficiency, when used as a clinical procedure.  
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1. Introduction 
Cryopreservation has been attempted for most of the developmental stages of both male 
and female reproductive cells, ranging from the immature gametes residing in ovarian or 
testicular tissues through the mature oocytes and spermatozoa.  

However, each variant of the reproductive cells has introduced their own problems, and it 
has been realized that many aspects of the particular physiology of the cells will dictate how 
they respond to cryopreservation. Both male and female gametes have acquired highly 
specialized structural components (essential to fertilization and development) that may 
respond to the freezing process in ways different from that of basic cell structures.  

1.1 Cryopreservation of spermatozoa  

Semen is one of the most practical means of storing germplasm due to its abundant 
availability and ease of application (Holt and Pickard, 1999; FAO, 2007). Stored spermatozoa 
could be introduced back into existing populations either immediately or decades or 
centuries afterwards. In this way, cryopreservation of spermatozoa associated with artificial 
insemination (AI) or in vitro fertilization (IVF) facilitates the management of domestic 
animals herds, especially cow dairy herds where it is now used since 60 years. 
Cryopreservation better allows the use of semen from genetically superior males of 
threatened livestock breeds and has the potential to protect existing diversity and maintain 
heterozygosity while minimizing the movement of living animals and the transmission of 
venereal diseases (Johnston and Lacy, 1995; Andrabi and Maxwell, 2007).  

Spermatozoon is a very small cell containing low amounts of cytoplasm and consequently 
low quantity of water. Furthermore sperm nuclear material is compacted and protected 
                                                                 
*Thierry Joly1, Loris Commin1, Pierre Bruyère1, Anne Baudot2, 
Gérard Louis2, Pierre Guérin1 and Samuel Buff1 
1Université de Lyon, VetAgro Sup – Veterinary Campus of Lyon, UPSP ICE 
‘Interactions between Cells and their Environment’, Team Cryobio, France 
2Université Paris Descartes, Sorbonne Paris Cité, UFR Biomedical, France 



Current Frontiers in Cryopreservation 204 

Salle, B., J. Lornage, B. Demirci, F. Vaudoyer, M. T. Poirel, M. Franck, R. C. Rudigoz&J. F. 
Guerin. (1999). Restoration of ovarian steroid secretion and histologic assessment 
after freezing, thawing, and autograft of a hemi-ovary in sheep. Fertil Steril, 72, 366-
370, 0015-0282 (Print) 

Salle, B., J. Lornage, M. Franck, L. Isoard, R. C. Rudigoz&J. F. Guerin. (1998). Freezing, 
thawing, and autograft of ovarian fragments in sheep: preliminary experiments 
and histologic assessment. Fertil Steril, 70, 124-128, 0015-0282 (Print) 0015-0282 
(Linking) 

Santos, R. R., C. Amorim, S. Cecconi, M. Fassbender, M. Imhof, J. Lornage, M. Paris, V. 
Schoenfeldt&B. Martinez-Madrid. (2010). Cryopreservation of ovarian tissue: an 
emerging technology for female germline preservation of endangered species and 
breeds. Anim Reprod Sci, 122, 151-163, 1873-2232 (Electronic) 0378-4320 (Linking) 

Schnorr, J., S. Oehninger, J. Toner, J. Hsiu, S. Lanzendorf, R. Williams&G. Hodgen. (2002). 
Functional studies of subcutaneous ovarian transplants in non-human primates: 
steroidogenesis, endometrial development, ovulation, menstrual patterns and 
gamete morphology. Hum Reprod, 17, 612-619, 0268-1161 (Print) 

Soede, N. M., P. Langendijk&B. Kemp. (2011). Reproductive cycles in pigs. Anim Reprod Sci, 
124, 251-258, 1873-2232 (Electronic) 0378-4320 (Linking) 

Stevens, V. C. (1997). Some reproductive studies in the baboon. Hum Reprod Update, 3, 533-
540, 1355-4786 (Print) 1355-4786 (Linking) Ting, A. Y., R. R. Yeoman, M. S. 
Lawson&M. B. Zelinski. (2011). In vitro development of secondary follicles from 
cryopreserved rhesus macaque ovarian tissue after slow-rate freeze or vitrification. 
Hum Reprod, 26, 2461-2472, 1460-2350 (Electronic) 0268-1161 (Linking) Vandeberg, J. 
L. (2004). Need for primate models in biomedical research. Gynecol Obstet Invest, 57, 
6-8, 0378-7346 (Print) 0378-7346 (Linking) Wallin, A., M. Ghahremani, P. Dahm-
Kahler&M. Brannstrom. (2009). Viability and function of the cryopreserved whole 
ovary: in vitro studies in the sheep. Hum Reprod, 24, 1684-1694, 1460-2350 
(Electronic) 0268-1161 (Linking) 

Weinbauer, G. F., M. Niehoff, M. Niehaus, S. Srivastav, A. Fuchs, E. Van Esch&J. M. Cline. 
(2008). Physiology and Endocrinology of the Ovarian Cycle in Macaques. Toxicol 
Pathol, 36, 7S-23S, 1533-1601 (Electronic) 0192-6233 (Linking) 

Yang, M. Y.&J. E. Fortune. (2006). Testosterone stimulates the primary to secondary follicle 
transition in bovine follicles in vitro. Biol Reprod, 75, 924-932, 0006-3363 (Print) 0006-
3363 (Linking) 

Yeoman, R. R., D. P. Wolf&D. M. Lee. (2005). Coculture of monkey ovarian tissue increases 
survival after vitrification and slow-rate freezing. Fertil Steril, 83 Suppl 1, 1248-1254, 
0015-0282 (Print) 

Zhang, J. M., Y. Sheng, Y. Z. Cao, H. Y. Wang&Z. J. Chen. (2011). Cryopreservation of whole 
ovaries with vascular pedicles: vitrification or conventional freezing? J Assist Reprod 
Genet, 28, 445-452, 1573-7330 (Electronic) 1058-0468 (Linking) 

Zhang, J. M., Y. Sheng, Y. Z. Cao, H. Y. Wang&Z. J. Chen. (2011). Effects of cooling rates and 
ice-seeding temperatures on the cryopreservation of whole ovaries. J Assist Reprod 
Genet, 28, 627-633, 1573-7330 (Electronic) 1058-0468 (Linking) 

11

New Approaches of Ovarian 
Tissue Cryopreservation from 

Domestic Animal Species 
Vanessa Neto1 et al.* 

Université de Lyon, VetAgro Sup – Veterinary Campus of Lyon, UPSP ICE 
‘Interactions between Cells and their Environment’, Team Cryobio 

France 

1. Introduction 
Cryopreservation has been attempted for most of the developmental stages of both male 
and female reproductive cells, ranging from the immature gametes residing in ovarian or 
testicular tissues through the mature oocytes and spermatozoa.  

However, each variant of the reproductive cells has introduced their own problems, and it 
has been realized that many aspects of the particular physiology of the cells will dictate how 
they respond to cryopreservation. Both male and female gametes have acquired highly 
specialized structural components (essential to fertilization and development) that may 
respond to the freezing process in ways different from that of basic cell structures.  

1.1 Cryopreservation of spermatozoa  

Semen is one of the most practical means of storing germplasm due to its abundant 
availability and ease of application (Holt and Pickard, 1999; FAO, 2007). Stored spermatozoa 
could be introduced back into existing populations either immediately or decades or 
centuries afterwards. In this way, cryopreservation of spermatozoa associated with artificial 
insemination (AI) or in vitro fertilization (IVF) facilitates the management of domestic 
animals herds, especially cow dairy herds where it is now used since 60 years. 
Cryopreservation better allows the use of semen from genetically superior males of 
threatened livestock breeds and has the potential to protect existing diversity and maintain 
heterozygosity while minimizing the movement of living animals and the transmission of 
venereal diseases (Johnston and Lacy, 1995; Andrabi and Maxwell, 2007).  

Spermatozoon is a very small cell containing low amounts of cytoplasm and consequently 
low quantity of water. Furthermore sperm nuclear material is compacted and protected 
                                                                 
*Thierry Joly1, Loris Commin1, Pierre Bruyère1, Anne Baudot2, 
Gérard Louis2, Pierre Guérin1 and Samuel Buff1 
1Université de Lyon, VetAgro Sup – Veterinary Campus of Lyon, UPSP ICE 
‘Interactions between Cells and their Environment’, Team Cryobio, France 
2Université Paris Descartes, Sorbonne Paris Cité, UFR Biomedical, France 



Current Frontiers in Cryopreservation 206 

against physical injuries. For these reasons, cryopreservation of spermatozoa gives excellent 
results in term of viability and fertility, and is today widely used in human and animal 
assisted reproduction.  

Semen from most mammalian and a few avian species has been successfully frozen in the 
past several years (FAO, 2007). Indeed, much better results have been obtained with sperm 
cryopreservation than with oocytes (and embryos) in term of viability. For these reasons, 
sperm cryobanking is used since the middle of the last century in domestic animal species 
and lately in human. Numerous storage facilities such as the French National Cryobank 
were also created for the preservation of valuable or endangered species. However, 
protocols currently used to conserve semen are still suboptimal and cannot be easily applied 
across species (Woods et al., 2004). First-service conception rates vary drastically between 
different breeding programs, but on average conception rates are fairly high in cattle, pigs, 
goats, and sheep. In wild species cryopreservation of gametes is currently used to preserve 
endangered species or breeds, and to overcome some fertility troubles. Breed reconstruction 
solely from semen is possible through a series of back-cross generations; however, the entire 
genetics of the original breed will not be recovered (Boettcher et al., 2005). 

In human, gametes cryopreservation has also been developed to overcome fertility troubles 
(eg. genital duct problems, sexual dysfunction …). Sperm cryopreservation that has 
produced live birth has been available for over 50 years (Sherman and Bunge, 1953). 
Anonymous donor sperm banking has been a fundamental concept of reproductive 
medicine for several decades, and artificial insemination and donor sperm cryobanking are 
widely used in reproductive medicine centers (Critser, 1998). The availability of frozen 
donor sperm has become a mainstay for the treatment of serious male infertility worldwide. 
More recently, gametes cryopreservation has been used to preserve fertility of men (or 
women) submitted to gonadotoxic treatments and elective sperm cryopreservation 
programs have been provided from cancer patients all over the world. Using vitrification of 
sperm obtained from testicular biopsy, epididymal fluid, or a semen sample after 
electroejaculation could create new hope for infertile men (Edge et al., 2006).  

1.2 Cryopreservation of testicular tissue  

Cryopreservation of testicular tissue has been studied since about ten years in animals 
(Jezek et al., 2001; Jahnukainen et al., 2007; Milazzo et al., 2008; Zeng et al., 2009; Abrishami 
et al., 2010; Milazzo et al., 2010; Curaba et al., 2011) and human (Bahadur and Ralph, 1999; 
Bahadur et al., 2000; Guerin, 2005; Revel and Mejia, 2010). It is the only available solution for 
pre-pubertal boys who must receive a gonadotoxic treatment (eg. cancer therapy;(Keros et 
al., 2005; Keros et al., 2007; Wyns et al., 2007; Wyns et al., 2008; Wyns et al., 2010).  

In contrast to the situation in the ovary, it is well established that spermatogonial stem cells 
exist in the testis and are responsible for maintaining spermatogenesis from puberty for the 
lifetime of the male. Human testicular cells might be harvested, cryopreserved before a 
gonadotoxic treatment and re-introduced into the testis upon its completion. Possibilities 
include transplantation back into the inactive testes (ipsigenic germ cell transplantation), 
maturation in vivo in another host (xenogenic germ cell transplantation), or in vitro 
spermatogenesis. Mature sperm could then be used for fertilization by ICSI.  
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Sperm obtained after stem cell transplantation were shown to be able to fertilize mouse 
oocytes. Fertile offspring were obtained through artificial reproductive technologies 
following the establishment of complete spermatogenesis by grafting testis tissue from 
newborn mice, pigs, or goats into mouse host (Honaramooz et al., 2002; Schlatt et al., 2002). 
Different freezing protocols have been developed in several species but without a clearly 
identified procedure (Travers et al., 2011). Testicular tissue from prepubertal boys facing 
gonadotoxic treatment could be banked for several years for spermatogonial stem cell 
transplantation. Pregnancies have been achieved with ICSI using immature spermatids and 
secondary spermatocytes extracted from testicular tissue in men with spermatogenic arrest 
(Fishel et al., 1997; Vanderzwalmen et al., 1997; Sofikitis et al., 1998).  

1.3 Cryopreservation of oocytes  

Oocyte cryopreservation offers many advantages. It permits to preserve endangered species 
and low effective breeds, and to preserve fertility of high genetic value females. In human it 
permits to overcome some fertility problems. Oocyte banks would also enlarge the gene 
pool, facilitate several assisted reproductive procedures, salvage female genetics after 
unexpected death, and avoid controversy surrounding the preservation of embryos (Ledda 
et al., 2001; Checura and Seidel, 2007). Like semen, oocyte cryopreservation is beneficial for 
international exchange of germplasm, as it avoids injury and sanitary risks involved in live 
animal transportation (Pereira and Marques, 2008). But oocyte cryopreservation gives much 
lower results when compared with spermatozoa. 

This is due essentially to the much important size and complexity of oocytes. For example, 
nuclear material is much more exposed in prophase I or metaphase II oocyte than in 
compacted chromatin of sperm cells. Oocytes collected from slaughterhouse derived ovaries 
are at the germinal vesicle (GV) stage in which the genetic material is contained within the 
nucleus. Since this stage has no spindle present, GVs are assumed to be less prone to 
chromosomal and microtubular damage during cryopreservation. However, oocytes can 
also be cryopreserved at the metaphase II stage of maturation. During the metaphase II 
stage, the cumulus cells surrounding the oocyte are expanded, microfilaments of actin are 
involved in cell shape and movements, and microtubules form the spindle apparatus 
(Massip, 2003). Moreover, cryopreservation of oocytes necessitates the success of the 
following steps: in vitro maturation, in vitro fertilization and embryo culture. Progress in 
female gametes cryopreservation has gone hand in hand with that for in vitro maturation 
and embryo culture. In livestock animals, oocytes collected by in vivo pickup or at slaughter 
can be frozen for extended periods of time for subsequent IVF to produce embryos. 
However, in some species such as canidae the collection of oocytes is difficult and in vitro 
maturation (IVM), in vitro fertilization (IVF) and embryo culture are not yet under control 
(Luvoni et al., 2006). For these reasons precise cooling and thawing rates and the use of a 
programmable cell freezer are necessary for oocyte (and also embryo) cryoconservation and 
very few studies have been conducted in animals.  

Oocytes are extremely sensitive to chilling, and the technique is not as established as in 
semen or embryos, due to the fact that oocytes typically have a low permeability to 
cryoprotectants (Woods et al., 2004). The major differences between oocytes and embryos 
are the plasma membrane, presence of cortical granules, and spindle formation at 
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against physical injuries. For these reasons, cryopreservation of spermatozoa gives excellent 
results in term of viability and fertility, and is today widely used in human and animal 
assisted reproduction.  

Semen from most mammalian and a few avian species has been successfully frozen in the 
past several years (FAO, 2007). Indeed, much better results have been obtained with sperm 
cryopreservation than with oocytes (and embryos) in term of viability. For these reasons, 
sperm cryobanking is used since the middle of the last century in domestic animal species 
and lately in human. Numerous storage facilities such as the French National Cryobank 
were also created for the preservation of valuable or endangered species. However, 
protocols currently used to conserve semen are still suboptimal and cannot be easily applied 
across species (Woods et al., 2004). First-service conception rates vary drastically between 
different breeding programs, but on average conception rates are fairly high in cattle, pigs, 
goats, and sheep. In wild species cryopreservation of gametes is currently used to preserve 
endangered species or breeds, and to overcome some fertility troubles. Breed reconstruction 
solely from semen is possible through a series of back-cross generations; however, the entire 
genetics of the original breed will not be recovered (Boettcher et al., 2005). 

In human, gametes cryopreservation has also been developed to overcome fertility troubles 
(eg. genital duct problems, sexual dysfunction …). Sperm cryopreservation that has 
produced live birth has been available for over 50 years (Sherman and Bunge, 1953). 
Anonymous donor sperm banking has been a fundamental concept of reproductive 
medicine for several decades, and artificial insemination and donor sperm cryobanking are 
widely used in reproductive medicine centers (Critser, 1998). The availability of frozen 
donor sperm has become a mainstay for the treatment of serious male infertility worldwide. 
More recently, gametes cryopreservation has been used to preserve fertility of men (or 
women) submitted to gonadotoxic treatments and elective sperm cryopreservation 
programs have been provided from cancer patients all over the world. Using vitrification of 
sperm obtained from testicular biopsy, epididymal fluid, or a semen sample after 
electroejaculation could create new hope for infertile men (Edge et al., 2006).  

1.2 Cryopreservation of testicular tissue  

Cryopreservation of testicular tissue has been studied since about ten years in animals 
(Jezek et al., 2001; Jahnukainen et al., 2007; Milazzo et al., 2008; Zeng et al., 2009; Abrishami 
et al., 2010; Milazzo et al., 2010; Curaba et al., 2011) and human (Bahadur and Ralph, 1999; 
Bahadur et al., 2000; Guerin, 2005; Revel and Mejia, 2010). It is the only available solution for 
pre-pubertal boys who must receive a gonadotoxic treatment (eg. cancer therapy;(Keros et 
al., 2005; Keros et al., 2007; Wyns et al., 2007; Wyns et al., 2008; Wyns et al., 2010).  

In contrast to the situation in the ovary, it is well established that spermatogonial stem cells 
exist in the testis and are responsible for maintaining spermatogenesis from puberty for the 
lifetime of the male. Human testicular cells might be harvested, cryopreserved before a 
gonadotoxic treatment and re-introduced into the testis upon its completion. Possibilities 
include transplantation back into the inactive testes (ipsigenic germ cell transplantation), 
maturation in vivo in another host (xenogenic germ cell transplantation), or in vitro 
spermatogenesis. Mature sperm could then be used for fertilization by ICSI.  
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Sperm obtained after stem cell transplantation were shown to be able to fertilize mouse 
oocytes. Fertile offspring were obtained through artificial reproductive technologies 
following the establishment of complete spermatogenesis by grafting testis tissue from 
newborn mice, pigs, or goats into mouse host (Honaramooz et al., 2002; Schlatt et al., 2002). 
Different freezing protocols have been developed in several species but without a clearly 
identified procedure (Travers et al., 2011). Testicular tissue from prepubertal boys facing 
gonadotoxic treatment could be banked for several years for spermatogonial stem cell 
transplantation. Pregnancies have been achieved with ICSI using immature spermatids and 
secondary spermatocytes extracted from testicular tissue in men with spermatogenic arrest 
(Fishel et al., 1997; Vanderzwalmen et al., 1997; Sofikitis et al., 1998).  

1.3 Cryopreservation of oocytes  

Oocyte cryopreservation offers many advantages. It permits to preserve endangered species 
and low effective breeds, and to preserve fertility of high genetic value females. In human it 
permits to overcome some fertility problems. Oocyte banks would also enlarge the gene 
pool, facilitate several assisted reproductive procedures, salvage female genetics after 
unexpected death, and avoid controversy surrounding the preservation of embryos (Ledda 
et al., 2001; Checura and Seidel, 2007). Like semen, oocyte cryopreservation is beneficial for 
international exchange of germplasm, as it avoids injury and sanitary risks involved in live 
animal transportation (Pereira and Marques, 2008). But oocyte cryopreservation gives much 
lower results when compared with spermatozoa. 

This is due essentially to the much important size and complexity of oocytes. For example, 
nuclear material is much more exposed in prophase I or metaphase II oocyte than in 
compacted chromatin of sperm cells. Oocytes collected from slaughterhouse derived ovaries 
are at the germinal vesicle (GV) stage in which the genetic material is contained within the 
nucleus. Since this stage has no spindle present, GVs are assumed to be less prone to 
chromosomal and microtubular damage during cryopreservation. However, oocytes can 
also be cryopreserved at the metaphase II stage of maturation. During the metaphase II 
stage, the cumulus cells surrounding the oocyte are expanded, microfilaments of actin are 
involved in cell shape and movements, and microtubules form the spindle apparatus 
(Massip, 2003). Moreover, cryopreservation of oocytes necessitates the success of the 
following steps: in vitro maturation, in vitro fertilization and embryo culture. Progress in 
female gametes cryopreservation has gone hand in hand with that for in vitro maturation 
and embryo culture. In livestock animals, oocytes collected by in vivo pickup or at slaughter 
can be frozen for extended periods of time for subsequent IVF to produce embryos. 
However, in some species such as canidae the collection of oocytes is difficult and in vitro 
maturation (IVM), in vitro fertilization (IVF) and embryo culture are not yet under control 
(Luvoni et al., 2006). For these reasons precise cooling and thawing rates and the use of a 
programmable cell freezer are necessary for oocyte (and also embryo) cryoconservation and 
very few studies have been conducted in animals.  

Oocytes are extremely sensitive to chilling, and the technique is not as established as in 
semen or embryos, due to the fact that oocytes typically have a low permeability to 
cryoprotectants (Woods et al., 2004). The major differences between oocytes and embryos 
are the plasma membrane, presence of cortical granules, and spindle formation at 
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metaphase II stage of meiosis (Chen et al., 2006; Salvetti et al., 2010). To date, there has been 
no consistent oocyte cryopreservation method established in any species, although, there 
has been significant progress and offspring have been born from frozen-thawed oocytes in 
cattle, sheep, and horses (Otoi et al., 1996; Maclellan et al., 2002; Woods et al., 2004). During 
the process of cryopreservation, oocytes suffer considerable morphological and functional 
damage, although, the extent of cryoinjuries depends on the species and the origin (in 
vivo or in vitro produced). The mechanism for cryoinjuries is yet to be fully understood, and 
until more insight is gained, improvement of oocyte cryopreservation will be difficult. Also, 
it is noticeable that immature oocyte present in primordial follicles seems more resistant to 
cryopreservation when compared to mature oocyte. Consequently, cryopreservation of 
ovarian cortex may constitute an interesting alternative to isolated mature oocyte 
cryopreservation.  

1.4 Cryopreservation of ovarian tissue 

At birth, the ovaries contain the lifetime complement of primary oocytes which are arrested 
in the prophase stage of meiosis 1 and are surrounded by a single-layered epithelium to 
form the primordial follicles. Ovarian cortex presents several advantages when compared 
with isolated oocytes: (i) it contains the important pool of growing follicles; (ii) it does not 
necessitate the in vitro maturation /in vitro fertilization /embryo culture steps if it is 
associated with grafting; (iii) no previous ovarian stimulation is necessary. Consequently 
cryopreservation of ovarian cortex is an alternative to cryopreservation of isolated oocytes 
or embryos. It could be used as an emergency preservation and as infertility therapy method 
for valuable animals. Ovarian cortex cryopreservation has been developed in human in 
order to preserve fertility in young women submitted to gonadotoxic therapy (Stahler et al., 
1976; Gook et al., 2004). In human newborns were obtained after orthotopic autograft of 
frozen-thawed ovarian cortices (Donnez et al., 2004).  

It is obvious that, to achieve successful cryopreservation of ovarian tissue, it is essential to 
maintain the functional status of the whole mixture of different cell types: oocytes, 
granulosa cells, epithelial cells, fibroblasts… This represents a major difficulty, because the 
optimum kinetic of cooling is different for each cell type. Oocytes are large cells, with a low 
surface to volume ratio, surrounded by zona pellucida. Immediately adjacent to the oocyte 
are corona radiata cells that have long cytoplasmic extensions which penetrate the zona 
pellucida, ending in oocyte membrane. These processes and gap junctions are important in 
the metabolic cooperation between the oocyte and surrounding layers of granulosa cells, 
which form the cumulus-oocyte complex during the growth phase. Consequently, at the 
opposite to cryopreservation of isolated cells, a cryopreservation protocol for a tissue 
represents a compromise between the requirements of the different constitutive cells.  

The early work on ovarian tissue cryopreservation was performed in animal studies: rabbit 
(Smith, 1952) and rat (Parkes and Smith, 1953; Deanesly, 1954). The earliest positive results 
were obtained when glycerol (15%) plus serum were used as cryoprotective agents (CPAs) 
for cryopreservation of rabbit granulosa cells, via a slow cooling protocol (Smith, 1952). An 
equilibration period was necessary to achieve CPA penetration into the tissue. For this 
reason small samples were recommended. A rapid rewarming by plunging the samples into 
a water bath at 40°C was the most effective procedure (Parkes and Smith, 1953; 1954). 
Normal offspring were obtained from mice with orthotopic ovarian grafts of tissue that had 
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been frozen and stored at -79°C (Parrott, 1960). Vitrification of ovarian tissue was also 
investigated. Nevertheless, Isachenko et al suggested that in human, low freezing protocols 
were more promising than vitrification protocols (Isachenko et al., 2009). 

This technique has also been developed in rabbit (Neto et al., 2007a), mouse (Candy et al., 
1997), rat (Aubard et al., 1998), ewe (Gosden et al., 1994; Demirci et al., 2001), cow (Paynter 
et al., 1999). We have obtained newborn rabbits after autografting of cryopreserved ovarian 
cortex (Neto et al., 2007b). Also, our team developed this technique in cat (Neto et al., 2006) 
and dog (Commin et al., 2011).  

Several techniques have been applied to ovarian cortex cryopreservation: slow freezing, 
vitrification. Simultaneously to ovarian tissue cryopreservation, numerous researches have 
been conducted about ovarian tissue grafting: orthotopic, heterotopic, auto-, allo- and 
hetero-grafting (Pullium et al., 2008). 

2. Development of optimized methods for the cryopreservation of the ovarian 
tissue in domestic mammalian species 
The most common cryopreservation method is the slow freezing procedure, consisting of an 
initial slow, controlled-rate cooling to subzero temperatures followed by rapid cooling as 
the sample is plunged into liquid nitrogen for storage (−196°C). At such a low temperature, 
biological activity is effectively stopped, and the cells functional status may be preserved for 
centuries. However, several physical stresses damage the cells at these low temperatures. 
Intracellular ice formation is one the largest contributors to cell death; therefore, freezing 
protocols use a combination of dehydration, freezing point depression, supercooling, and 
intracellular vitrification in an attempt to avoid cell damage. 

Currently used ovarian cortex cryopreservation protocols have been direct, or slight 
modifications of the methods developed for isolated oocytes and embryos. There were 
primarily developed by trial and error adjustments of cooling and warming rates, and 
choice of CPA and CPA concentrations. However, because there are a large number of 
protocol variables potentially affecting cell viability, an exhaustive experimental search for 
the optimal combination of these parameters has long been considered to be prohibitively 
expensive in terms of time and resources. 

2.1 Chemical and physical parameters affecting equilibration and freezing processes 
of ovarian tissue in mammalian species 

The result of a cryopreservation process is influenced by several chemophysical parameters 
affecting directly or not the functions and the integrity of the ovarian cells along the freezing 
process, from the equilibration to the thawing. Among these parameters, the method of 
equilibration, the freezing rate, the composition of the freezing solution and notably the 
nature of the permeating CPAs and the non-permeating CPAs, the concentration of each 
CPA, the use of serum, or the rate of thawing may be investigated to know the relative 
influence of each of them and the induced cell injuries. 

In general, we can expect coupled flows of water and CPAs when CPAs are added, during 
freezing, thawing and when CPAs are removed from the cells, resulting in a series of 



Current Frontiers in Cryopreservation 208 

metaphase II stage of meiosis (Chen et al., 2006; Salvetti et al., 2010). To date, there has been 
no consistent oocyte cryopreservation method established in any species, although, there 
has been significant progress and offspring have been born from frozen-thawed oocytes in 
cattle, sheep, and horses (Otoi et al., 1996; Maclellan et al., 2002; Woods et al., 2004). During 
the process of cryopreservation, oocytes suffer considerable morphological and functional 
damage, although, the extent of cryoinjuries depends on the species and the origin (in 
vivo or in vitro produced). The mechanism for cryoinjuries is yet to be fully understood, and 
until more insight is gained, improvement of oocyte cryopreservation will be difficult. Also, 
it is noticeable that immature oocyte present in primordial follicles seems more resistant to 
cryopreservation when compared to mature oocyte. Consequently, cryopreservation of 
ovarian cortex may constitute an interesting alternative to isolated mature oocyte 
cryopreservation.  

1.4 Cryopreservation of ovarian tissue 

At birth, the ovaries contain the lifetime complement of primary oocytes which are arrested 
in the prophase stage of meiosis 1 and are surrounded by a single-layered epithelium to 
form the primordial follicles. Ovarian cortex presents several advantages when compared 
with isolated oocytes: (i) it contains the important pool of growing follicles; (ii) it does not 
necessitate the in vitro maturation /in vitro fertilization /embryo culture steps if it is 
associated with grafting; (iii) no previous ovarian stimulation is necessary. Consequently 
cryopreservation of ovarian cortex is an alternative to cryopreservation of isolated oocytes 
or embryos. It could be used as an emergency preservation and as infertility therapy method 
for valuable animals. Ovarian cortex cryopreservation has been developed in human in 
order to preserve fertility in young women submitted to gonadotoxic therapy (Stahler et al., 
1976; Gook et al., 2004). In human newborns were obtained after orthotopic autograft of 
frozen-thawed ovarian cortices (Donnez et al., 2004).  

It is obvious that, to achieve successful cryopreservation of ovarian tissue, it is essential to 
maintain the functional status of the whole mixture of different cell types: oocytes, 
granulosa cells, epithelial cells, fibroblasts… This represents a major difficulty, because the 
optimum kinetic of cooling is different for each cell type. Oocytes are large cells, with a low 
surface to volume ratio, surrounded by zona pellucida. Immediately adjacent to the oocyte 
are corona radiata cells that have long cytoplasmic extensions which penetrate the zona 
pellucida, ending in oocyte membrane. These processes and gap junctions are important in 
the metabolic cooperation between the oocyte and surrounding layers of granulosa cells, 
which form the cumulus-oocyte complex during the growth phase. Consequently, at the 
opposite to cryopreservation of isolated cells, a cryopreservation protocol for a tissue 
represents a compromise between the requirements of the different constitutive cells.  

The early work on ovarian tissue cryopreservation was performed in animal studies: rabbit 
(Smith, 1952) and rat (Parkes and Smith, 1953; Deanesly, 1954). The earliest positive results 
were obtained when glycerol (15%) plus serum were used as cryoprotective agents (CPAs) 
for cryopreservation of rabbit granulosa cells, via a slow cooling protocol (Smith, 1952). An 
equilibration period was necessary to achieve CPA penetration into the tissue. For this 
reason small samples were recommended. A rapid rewarming by plunging the samples into 
a water bath at 40°C was the most effective procedure (Parkes and Smith, 1953; 1954). 
Normal offspring were obtained from mice with orthotopic ovarian grafts of tissue that had 
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been frozen and stored at -79°C (Parrott, 1960). Vitrification of ovarian tissue was also 
investigated. Nevertheless, Isachenko et al suggested that in human, low freezing protocols 
were more promising than vitrification protocols (Isachenko et al., 2009). 

This technique has also been developed in rabbit (Neto et al., 2007a), mouse (Candy et al., 
1997), rat (Aubard et al., 1998), ewe (Gosden et al., 1994; Demirci et al., 2001), cow (Paynter 
et al., 1999). We have obtained newborn rabbits after autografting of cryopreserved ovarian 
cortex (Neto et al., 2007b). Also, our team developed this technique in cat (Neto et al., 2006) 
and dog (Commin et al., 2011).  

Several techniques have been applied to ovarian cortex cryopreservation: slow freezing, 
vitrification. Simultaneously to ovarian tissue cryopreservation, numerous researches have 
been conducted about ovarian tissue grafting: orthotopic, heterotopic, auto-, allo- and 
hetero-grafting (Pullium et al., 2008). 

2. Development of optimized methods for the cryopreservation of the ovarian 
tissue in domestic mammalian species 
The most common cryopreservation method is the slow freezing procedure, consisting of an 
initial slow, controlled-rate cooling to subzero temperatures followed by rapid cooling as 
the sample is plunged into liquid nitrogen for storage (−196°C). At such a low temperature, 
biological activity is effectively stopped, and the cells functional status may be preserved for 
centuries. However, several physical stresses damage the cells at these low temperatures. 
Intracellular ice formation is one the largest contributors to cell death; therefore, freezing 
protocols use a combination of dehydration, freezing point depression, supercooling, and 
intracellular vitrification in an attempt to avoid cell damage. 

Currently used ovarian cortex cryopreservation protocols have been direct, or slight 
modifications of the methods developed for isolated oocytes and embryos. There were 
primarily developed by trial and error adjustments of cooling and warming rates, and 
choice of CPA and CPA concentrations. However, because there are a large number of 
protocol variables potentially affecting cell viability, an exhaustive experimental search for 
the optimal combination of these parameters has long been considered to be prohibitively 
expensive in terms of time and resources. 

2.1 Chemical and physical parameters affecting equilibration and freezing processes 
of ovarian tissue in mammalian species 

The result of a cryopreservation process is influenced by several chemophysical parameters 
affecting directly or not the functions and the integrity of the ovarian cells along the freezing 
process, from the equilibration to the thawing. Among these parameters, the method of 
equilibration, the freezing rate, the composition of the freezing solution and notably the 
nature of the permeating CPAs and the non-permeating CPAs, the concentration of each 
CPA, the use of serum, or the rate of thawing may be investigated to know the relative 
influence of each of them and the induced cell injuries. 

In general, we can expect coupled flows of water and CPAs when CPAs are added, during 
freezing, thawing and when CPAs are removed from the cells, resulting in a series of 
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anisosmotic conditions. During freezing, the cells dehydrate and shrink and remain 
shrunken during storage, but return to their isosmotic volume upon thawing. Finally, the 
cells are subjected to potentially lethal swelling upon CPA dilution and removal. During the 
controlled slow cooling extracellular ice formation is induced (seeding) at a temperature just 
below the solutions’ freezing point, and then the cooling continues at a given rate in the 
presence of a growing extracellular ice phase, which raises the extracellular solute 
concentration in the unfrozen fraction and results in water being removed from the cell via 
exosmosis.  

Permeating CPAs, such as glycerol, dimethyl sulfoxide, ethylene glycol or propylene glycol 
are typically included in the cryoprotective medium, to protect the cells against injury from 
the high concentrations of electrolytes that develop as water is removed from the solution as 
ice. During the equilibration step the inner cell water is partly replaced by the permeating 
CPAs. However, the CPAs can be damaging to the cells, especially when it is used at high 
concentrations. The toxicity can be reduced by decreasing the time or the temperature of the 
equilibration step (Karlsson and Toner, 1996). But equilibration at low temperatures requires 
increasing the exposition time to freezing solution. Furthermore, the CPAs may have 
dramatic osmotic effects upon the cells during their addition and their removal. 
Consequently, the use of several steps of increasing concentrations of CPAs during the 
equilibration allows reducing the osmotic gradient. The cells exposed to such permeating 
CPAs undergo initial dehydration, followed by rehydration, and potential gross swelling 
upon removal. This osmotic shock may generate membrane damages by mechanical means 
and predisposition of the cell to injuries during the other steps of cryopreservation, or even 
cell death (Mazur and Schneider, 1986). These kinds of damages could be reduced by using 
cells surfactant such as serum. During the freezing step, the follicular preservation depends 
on the nature and the concentration of the CPAs.  

Control of the cooling and warming rates is also crucial, as the freezing/thawing rates and 
the temperature of seeding also influence the ice properties. If cells are cooled too rapidly 
during the controlled slow cooling process, water does not exit the cells fast enough to 
maintain equilibrium and, therefore, the oocytes and other ovarian cells freeze 
intracellularly, resulting in death in most cases. If cooling is too slow, the long duration can 
cause ‘solution effects’ injury resulting from the high concentration of extra- and 
intracellular solutes, probably due to the effects of the solutes on the cellular membrane or 
through osmotic dehydration. During warming the small intracellular ice crystals might 
subsequently undergo recrystallization, forming bigger ice crystals that rupture the cell 
membrane, thus leading to fatal damage. Finally, the thawing and the removal of the CPA 
depend on the temperature and on the presence of non-permeating CPA limiting the 
osmotic swelling during rinsing. 

2.2 Use of fractional experimental design 

The influence of the multiple chemical and physical parameters cannot be exhaustively 
performed as it would require too much time and resources. Even if the number of factors, k, 
in a design is small, the 2k runs specified for a full factorial can quickly become very large. 
For example, 25 = 32 runs is for a two-level, full factorial design with five factors. To this 
design we would need to add a good number of centerpoint runs and we could thus quickly 
run up a very large resource requirement for runs with only a modest number of factors. 

New Approaches of Ovarian Tissue Cryopreservation from Domestic Animal Species 211 

Moreover, while the approach is sequential in nature, it is potentially increasing in 
complexity as the knowledge and understanding of the application and domain evolves. 
Design of experiments techniques provides a systematic, effective and efficient approach to 
the investigation of a phenomenon. The main advantages of this strategy were the saving in 
times and resources expended compared to other approaches and the resulting 
mathematical models that helps us to better understand the phenomena under investigation 
more fully. To analyze the response of ovarian cortices from different species to the 
freeze/thaw process, the authors decided to use fractional (2n-p) experimental designs 
(Mechakra et al., 1999).  

Using this statistical tool, the authors used only a fraction of the runs specified by the full 
factorial design; which runs to make and which to leave out was one of our subjects of 
picked. The authors used various strategies that ensure an appropriate choice of the runs. As 
for an example, fractional experimental designs 2 (5-2) presented in table 1 aim to evaluate the 
combined effect of five different factors according to two modalities for each of them. For 
each experimental design, eight combinations of factors were performed. For each of them, 
the ratio of morphological preservation and the ratio of viability of isolated preantral 
follicles were recorded. While the designs were similar for each of the species that were 
evaluate, the parameters were chosen according to each species (Table 2 to Table 5). 

 
 Variable 

Run I X1 X2 X3 X4 X5 X1.X2 
1 +1 -1 -1 -1 +1 -1 +1 
2 +1 +1 -1 -1 +1 +1 -1 
3 +1 -1 +1 -1 -1 +1 -1 
4 +1 +1 +1 -1 -1 -1 +1 
5 +1 -1 -1 +1 -1 +1 +1 
6 +1 +1 -1 +1 -1 -1 -1 
7 +1 -1 +1 +1 +1 -1 -1 
8 +1 +1 +1 +1 +1 +1 +1 

Table 1. Fractional experimental design 2(5-2) used to evaluate the cryopreservation protocols 
in the doe rabbit, in the queen and in the cow 

 

Variables Level -1 Level +1 
X1: Permeating CPA DMSO PROH 

X2: Concentration of permeating CPA 1.5M 2M 
X3: Non permeating CPA trehalose sucrose 

X4: Freezing rate 0.3°C/min 2°C/min 
X5: Equilibration 1 step 3 steps 

Table 2. Dependent variable list evaluated in the rabbit doe 
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anisosmotic conditions. During freezing, the cells dehydrate and shrink and remain 
shrunken during storage, but return to their isosmotic volume upon thawing. Finally, the 
cells are subjected to potentially lethal swelling upon CPA dilution and removal. During the 
controlled slow cooling extracellular ice formation is induced (seeding) at a temperature just 
below the solutions’ freezing point, and then the cooling continues at a given rate in the 
presence of a growing extracellular ice phase, which raises the extracellular solute 
concentration in the unfrozen fraction and results in water being removed from the cell via 
exosmosis.  

Permeating CPAs, such as glycerol, dimethyl sulfoxide, ethylene glycol or propylene glycol 
are typically included in the cryoprotective medium, to protect the cells against injury from 
the high concentrations of electrolytes that develop as water is removed from the solution as 
ice. During the equilibration step the inner cell water is partly replaced by the permeating 
CPAs. However, the CPAs can be damaging to the cells, especially when it is used at high 
concentrations. The toxicity can be reduced by decreasing the time or the temperature of the 
equilibration step (Karlsson and Toner, 1996). But equilibration at low temperatures requires 
increasing the exposition time to freezing solution. Furthermore, the CPAs may have 
dramatic osmotic effects upon the cells during their addition and their removal. 
Consequently, the use of several steps of increasing concentrations of CPAs during the 
equilibration allows reducing the osmotic gradient. The cells exposed to such permeating 
CPAs undergo initial dehydration, followed by rehydration, and potential gross swelling 
upon removal. This osmotic shock may generate membrane damages by mechanical means 
and predisposition of the cell to injuries during the other steps of cryopreservation, or even 
cell death (Mazur and Schneider, 1986). These kinds of damages could be reduced by using 
cells surfactant such as serum. During the freezing step, the follicular preservation depends 
on the nature and the concentration of the CPAs.  

Control of the cooling and warming rates is also crucial, as the freezing/thawing rates and 
the temperature of seeding also influence the ice properties. If cells are cooled too rapidly 
during the controlled slow cooling process, water does not exit the cells fast enough to 
maintain equilibrium and, therefore, the oocytes and other ovarian cells freeze 
intracellularly, resulting in death in most cases. If cooling is too slow, the long duration can 
cause ‘solution effects’ injury resulting from the high concentration of extra- and 
intracellular solutes, probably due to the effects of the solutes on the cellular membrane or 
through osmotic dehydration. During warming the small intracellular ice crystals might 
subsequently undergo recrystallization, forming bigger ice crystals that rupture the cell 
membrane, thus leading to fatal damage. Finally, the thawing and the removal of the CPA 
depend on the temperature and on the presence of non-permeating CPA limiting the 
osmotic swelling during rinsing. 

2.2 Use of fractional experimental design 

The influence of the multiple chemical and physical parameters cannot be exhaustively 
performed as it would require too much time and resources. Even if the number of factors, k, 
in a design is small, the 2k runs specified for a full factorial can quickly become very large. 
For example, 25 = 32 runs is for a two-level, full factorial design with five factors. To this 
design we would need to add a good number of centerpoint runs and we could thus quickly 
run up a very large resource requirement for runs with only a modest number of factors. 
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Moreover, while the approach is sequential in nature, it is potentially increasing in 
complexity as the knowledge and understanding of the application and domain evolves. 
Design of experiments techniques provides a systematic, effective and efficient approach to 
the investigation of a phenomenon. The main advantages of this strategy were the saving in 
times and resources expended compared to other approaches and the resulting 
mathematical models that helps us to better understand the phenomena under investigation 
more fully. To analyze the response of ovarian cortices from different species to the 
freeze/thaw process, the authors decided to use fractional (2n-p) experimental designs 
(Mechakra et al., 1999).  

Using this statistical tool, the authors used only a fraction of the runs specified by the full 
factorial design; which runs to make and which to leave out was one of our subjects of 
picked. The authors used various strategies that ensure an appropriate choice of the runs. As 
for an example, fractional experimental designs 2 (5-2) presented in table 1 aim to evaluate the 
combined effect of five different factors according to two modalities for each of them. For 
each experimental design, eight combinations of factors were performed. For each of them, 
the ratio of morphological preservation and the ratio of viability of isolated preantral 
follicles were recorded. While the designs were similar for each of the species that were 
evaluate, the parameters were chosen according to each species (Table 2 to Table 5). 

 
 Variable 

Run I X1 X2 X3 X4 X5 X1.X2 
1 +1 -1 -1 -1 +1 -1 +1 
2 +1 +1 -1 -1 +1 +1 -1 
3 +1 -1 +1 -1 -1 +1 -1 
4 +1 +1 +1 -1 -1 -1 +1 
5 +1 -1 -1 +1 -1 +1 +1 
6 +1 +1 -1 +1 -1 -1 -1 
7 +1 -1 +1 +1 +1 -1 -1 
8 +1 +1 +1 +1 +1 +1 +1 

Table 1. Fractional experimental design 2(5-2) used to evaluate the cryopreservation protocols 
in the doe rabbit, in the queen and in the cow 

 

Variables Level -1 Level +1 
X1: Permeating CPA DMSO PROH 

X2: Concentration of permeating CPA 1.5M 2M 
X3: Non permeating CPA trehalose sucrose 

X4: Freezing rate 0.3°C/min 2°C/min 
X5: Equilibration 1 step 3 steps 

Table 2. Dependent variable list evaluated in the rabbit doe 
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These 2(n-2) experimental designs allowed discriminating between five factors influencing the 
cryopreservation process (variables X1 to X5) and the simultaneous interactions between two 
of them. The linearity (structural and estimated model) of the experimental model was 
evaluated by an ANOVA test. One randomly chosen assay was replicated three times to 
estimate the experimental error (E).  

So, eleven experiments were randomly performed. Multi-linear regression was performed 
using all the variables in order to evaluate experimental results according to this model:  

ŷ = 0 + 1.X1 + 2.X2 + 3.X3 + 4.X4 + 5.X5 + 1,2.X1.X2 + E 
 

Variables Level -1 Level +1 
X1: Permeating CPA PROH DMSO 

X2: add of sucrose no yes 
X3: Freezing rate 0.5°C/min 2°C/min 

X4: manual seeding no Yes 
X5: Freezing rate after -40°C In the freezing chamber Direct immersion in LN2 

Table 3. Dependent variable list evaluated in the queen 

Variables Level -1 Level +1 
X1: Permeating CPA PROH DMSO 
X2: Concentration of 

permeating CPA 1.5M 2.5M 

X3: Non permeating CPA sucrose trehalose 
X4: Medium Euroflush® Medium with choline 

X5: Cell surfactant Fetal calf serum Albumax® 

Table 4. Dependent variable list evaluated in the cow 

Variables Level -1 Level +1 
X1: Permeating CPA DMSO PROH 

X2: Non permeating CPA trehalose sucrose 
X3: Freezing rate 0.3°C/min 2°C/min 
X4: Equilibration 1 step 3 steps 

Table 5. Dependent variable list evaluated in the bitch 

Results of experimental designs for each species were completed by at least one additional 
biological evaluation and one quantitative evaluation of normal and viable follicle rates after 
freezing, according to the best combination of factors chosen with experimental designs. 

2.3 Criteria to assess the quality of frozen-thawed cortices 

A survey of nearly all quality assays available to the preservation scientist reveals that they 
can be grouped into different categories. The following assay tier is not specific to 
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cryopreservation, but is presented below as a support that can guide those who work with 
preserved tissues. The authors decided to assess the quality of the protocols developed in 
different species using all or part of alternate test presented below. The morphology and the 
viability of the ovarian follicles were systematically assessed, in combination with the 
investigation of the ultrastructure of the follicles, and their capacity to resume 
folliculogenesis after graft. 

2.3.1 Morphology and ultrastructure 

Assessment of the morphology of ovarian cells required the ovarian fragments were fixed in 
a preliminary defined fixative agent adapted to the species, before being processed for 
classical light microscopy. Primordial to primary follicles – from oocytes surrounded by 
flattened granulosa cells until oocytes surrounded by one layer of cuboidal granulosa cells 
(Gougeon and Chainy, 1987) – were usually classified into four types of morphological 
defects: (Type I) follicle without any morphological defect - follicle is regular, with joined 
follicular cells; cytoplasm of the oocyte is homogeneous and chromatin is diffused and 
regular; (Type II) follicle with cytoplasmic defect - cytoplasm of the oocyte is vacuolated or 
eosinophil; (Type III) follicles with nuclear defect - nucleus of the oocyte is picnotic, without 
apparent nuclear membrane or with an irregular nuclear membrane; (Type IV) degenerated 
follicle – oocyte with combined cytoplasmic and nuclear defects or follicle with irregular 
shape or with disjoined follicular cells or with swelled follicular cells. 

The ultrastructure of ovarian follicles was also examined for the presence of apoptotic and 
para-apoptotic cell death. Ultrastructurally apoptosis is characterized by margination of 
condensed chromatin, nuclear fragmentation, and the formation of apoptotic bodies. Para-
apoptosis, nonclassical apoptosis, is a specific morphologic type of non-necrotic cell death 
and is characterized by cytoplasmic vacuolization, condensed chromatin (but not early 
margination of the chromatin), and swollen mitochondria.  

2.3.2 Cytolysis live/dead assay 

The cytolysis assays have both a very positive and a negative attribute to them. On the 
positive side, there are a variety of assays that can reveal cell membrane leakage that occurs 
as a final stage in most forms of cell death. Yet given that cytolysis is the last stage of 
preservation-induced cell death, these assays do not reveal early-stage mechanisms 
underlying preservation-induced cell death and thus have limited use in the future as a 
diagnostic means to develop improved preservation formulations and protocols. The LDH 
assay continues today to be useful for measuring preservation-induced cytotoxicity. The 
concept behind this cytolysis assay is simply that if the cell membrane is compromised, then 
LDH will leak into the extracellular milieu where it can be measured. The trypan blue assay 
is also one of the most commonly used cytolysis assays. A number of investigators has used 
the trypan blue exclusion assay in studying preservation efficacy. It does however share the 
same handicap as the LDH assay given that neither can be analyzed using fluorescence 
and/or bioluminescence. Currently, the best cytolysis live/dead assays are those that 
employ fluorescent indicator dyes. Available probes can be subdivided into two different 
subsets, one of which is trapped by the cell and leaks out only is a membrane rupture 
occurs. The other subtype, exemplified by ethidium homodimer or propidium iodide, is 
membrane insoluble and only stains the cell if it gains access through a compromised 
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These 2(n-2) experimental designs allowed discriminating between five factors influencing the 
cryopreservation process (variables X1 to X5) and the simultaneous interactions between two 
of them. The linearity (structural and estimated model) of the experimental model was 
evaluated by an ANOVA test. One randomly chosen assay was replicated three times to 
estimate the experimental error (E).  

So, eleven experiments were randomly performed. Multi-linear regression was performed 
using all the variables in order to evaluate experimental results according to this model:  

ŷ = 0 + 1.X1 + 2.X2 + 3.X3 + 4.X4 + 5.X5 + 1,2.X1.X2 + E 
 

Variables Level -1 Level +1 
X1: Permeating CPA PROH DMSO 

X2: add of sucrose no yes 
X3: Freezing rate 0.5°C/min 2°C/min 

X4: manual seeding no Yes 
X5: Freezing rate after -40°C In the freezing chamber Direct immersion in LN2 

Table 3. Dependent variable list evaluated in the queen 

Variables Level -1 Level +1 
X1: Permeating CPA PROH DMSO 
X2: Concentration of 

permeating CPA 1.5M 2.5M 

X3: Non permeating CPA sucrose trehalose 
X4: Medium Euroflush® Medium with choline 
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Table 4. Dependent variable list evaluated in the cow 

Variables Level -1 Level +1 
X1: Permeating CPA DMSO PROH 

X2: Non permeating CPA trehalose sucrose 
X3: Freezing rate 0.3°C/min 2°C/min 
X4: Equilibration 1 step 3 steps 

Table 5. Dependent variable list evaluated in the bitch 

Results of experimental designs for each species were completed by at least one additional 
biological evaluation and one quantitative evaluation of normal and viable follicle rates after 
freezing, according to the best combination of factors chosen with experimental designs. 

2.3 Criteria to assess the quality of frozen-thawed cortices 

A survey of nearly all quality assays available to the preservation scientist reveals that they 
can be grouped into different categories. The following assay tier is not specific to 

New Approaches of Ovarian Tissue Cryopreservation from Domestic Animal Species 213 

cryopreservation, but is presented below as a support that can guide those who work with 
preserved tissues. The authors decided to assess the quality of the protocols developed in 
different species using all or part of alternate test presented below. The morphology and the 
viability of the ovarian follicles were systematically assessed, in combination with the 
investigation of the ultrastructure of the follicles, and their capacity to resume 
folliculogenesis after graft. 

2.3.1 Morphology and ultrastructure 

Assessment of the morphology of ovarian cells required the ovarian fragments were fixed in 
a preliminary defined fixative agent adapted to the species, before being processed for 
classical light microscopy. Primordial to primary follicles – from oocytes surrounded by 
flattened granulosa cells until oocytes surrounded by one layer of cuboidal granulosa cells 
(Gougeon and Chainy, 1987) – were usually classified into four types of morphological 
defects: (Type I) follicle without any morphological defect - follicle is regular, with joined 
follicular cells; cytoplasm of the oocyte is homogeneous and chromatin is diffused and 
regular; (Type II) follicle with cytoplasmic defect - cytoplasm of the oocyte is vacuolated or 
eosinophil; (Type III) follicles with nuclear defect - nucleus of the oocyte is picnotic, without 
apparent nuclear membrane or with an irregular nuclear membrane; (Type IV) degenerated 
follicle – oocyte with combined cytoplasmic and nuclear defects or follicle with irregular 
shape or with disjoined follicular cells or with swelled follicular cells. 

The ultrastructure of ovarian follicles was also examined for the presence of apoptotic and 
para-apoptotic cell death. Ultrastructurally apoptosis is characterized by margination of 
condensed chromatin, nuclear fragmentation, and the formation of apoptotic bodies. Para-
apoptosis, nonclassical apoptosis, is a specific morphologic type of non-necrotic cell death 
and is characterized by cytoplasmic vacuolization, condensed chromatin (but not early 
margination of the chromatin), and swollen mitochondria.  

2.3.2 Cytolysis live/dead assay 

The cytolysis assays have both a very positive and a negative attribute to them. On the 
positive side, there are a variety of assays that can reveal cell membrane leakage that occurs 
as a final stage in most forms of cell death. Yet given that cytolysis is the last stage of 
preservation-induced cell death, these assays do not reveal early-stage mechanisms 
underlying preservation-induced cell death and thus have limited use in the future as a 
diagnostic means to develop improved preservation formulations and protocols. The LDH 
assay continues today to be useful for measuring preservation-induced cytotoxicity. The 
concept behind this cytolysis assay is simply that if the cell membrane is compromised, then 
LDH will leak into the extracellular milieu where it can be measured. The trypan blue assay 
is also one of the most commonly used cytolysis assays. A number of investigators has used 
the trypan blue exclusion assay in studying preservation efficacy. It does however share the 
same handicap as the LDH assay given that neither can be analyzed using fluorescence 
and/or bioluminescence. Currently, the best cytolysis live/dead assays are those that 
employ fluorescent indicator dyes. Available probes can be subdivided into two different 
subsets, one of which is trapped by the cell and leaks out only is a membrane rupture 
occurs. The other subtype, exemplified by ethidium homodimer or propidium iodide, is 
membrane insoluble and only stains the cell if it gains access through a compromised 
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plasma membrane. In this way, the authors did evaluate the viability of the frozen-thawed 
follicles using Calcein-AM and Ethidium homodimer I stains (Live/Dead 
Viability/Cytotoxicity Kit, Molecular Probes) on enzymatically isolated follicles (Fig. 2).  

2.3.3 In vivo functionality (autografting model) and in vivo growth potential 
(xenografting model) 

One of the key components of any preservation protocol must be a functional assay that 
matches the type of cells or tissue being analyzed. In some cases this determination is quite 
easy. As for example, the sperm motility is a well-accepted functional assay for this system, 
whereas the capacity to resume folliculogenesis sounds reasonable for the ovarian cortex. 

Fresh and cryopreserved rabbit doe ovarian tissues were autografted into young females. 
Fresh ovarian tissue was grafted on the ipsilateral ovarian pedicle immediately after ovary 
resection (2 grafts per female), contrary to cryopreserved ovarian tissue grafted on the 
controlateral ovarian pedicle 24 hours after freezing (one graft per female). Control females 
were ovariectomised, according to the same surgery resection that used before graft. From 
height week after graft, grafted rabbit doe were inseminated every 3 weeks in case of 
negative pregnant diagnosis. Eleven months later, ovarian grafts were removed at necropsy 
to observe follicular structures by histology. 

In the bitch, the growth ability of frozen-thawed ovarian tissue has also been assessed by 
implantation of small pieces of ovarian tissue into adult female SCID mice. After removing 
mice ovaries, the canine frozen thawed ovarian tissue was placed intramuscularly in the 
gluteal superficial muscle. To study the setting up of graft resumption, the graft was 
harvested at one, eight or 16 weeks and the resumption of the ovarian activity was 
controlled by vaginal cytology assessment. After harvesting, the grafts were processed for 
histological assessment. 

2.3.4 Vascularization  

In the bitch, the alpha smooth muscle actin (alpha-SMA), a marker of the mature blood 
vessel, was used to assess the vessel density within the ovarian tissue, using a primary 
antibody directed against alpha-SMA. For each slice, image analysis was performed under 
direct light microscope to determine the tissue areas. The stained vessels were counted in 
several fields of the same slice and in several slices per animal to deduce a blood vessel 
density. 

2.4 Experimental results 

To illustrate the interest of the use of fractional experimental design, the authors decided to 
present some of their results obtained in the doe rabbit, in the queen, in the bitch and in the 
cow during the last 6 years. The doe rabbit was used as a model for the human and the 
animal applications of the ovarian tissue cryopreservation, because of its biological and 
breeding characteristics. The cat was considered as a model for the ovarian tissue 
cryopreservation studies of endangered wild felids; from all the felids, the domestic cat is 
the only non endangered feline species. The cow was used as model for ruminants, with a 
special interest for preserving high valuable individuals in combination to embryos and to 
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semen cryopreservation. Finally, the bitch was studied for preserving the reproductive 
potential of future guide dogs submitted to neutering surgery before training. 

2.4.1 In the doe rabbit 

The experimental variability expressed as the repetition of one single combination, showed 
that both the structural and the estimated models of the experimental design were valid 
when considering the morphological preservation ratio of the follicles. The concentration of 
the permeating CPA (P = 0.67) and the number of equilibration steps (P = 0.19) seemed to 
have no significant effect on the morphological preservation ratio of ovarian follicles. The 
nature of the permeating and non-permeating CPA seemed to influence the morphological 
preservation ratio of the follicles (P = 0.08 and P = 0.07 respectively) although the non-
significant difference. DMSO tended to reduce the morphological preservation ratio, as 
compared with PROH. Morphological preservation ratio was increased in the presence of 
trehalose compared with sucrose. The freezing rate seemed to be the factor that had the 
greatest impact on the morphological preservation ratio of the doe rabbit follicles. At a 
freezing rate of 0.3°C/min we observed a significant increasing of the follicular 
morphological preservation ratio, as compared with 2°C/min (P<0.01). No significant 
interaction was observed between the nature of the permeating CPA and its concentration. 

According to the results of the experimental design, the precise evaluation of the best 
combination of factors influencing positively the morphological preservation ratio (3 steps 
equilibration protocol, 1.5M DMSO or 1.5M PROH, medium supplemented with either sucrose 
or trehalose) was performed. Ovarian pieces were treated according to the results obtained 
with experimental design. Ovarian cortices were equilibrated (3 steps) in the freezing media 
based on TCM 199 and 10% FCS, at room temperature. The freezing media was supplemented 
with 1.5 M DMSO or 1.5M PROH and 0.2 M sucrose or 0.2M trehalose. Freezing of ovarian 
fragments was slowly performed at 0.3°C/min from the temperature of seeding (-7°C/min) up 
to -35°C. Thawing, histology, viability tests and electron microscopy evaluation process were 
performed before and after cryopreservation as described previously.  

  
A B 

Fig. 1. Rabbit follicular morphology before (A) and after (B) cryopreservation with PROH 
and trehalose, with a post-seeding freezing rate at 0.3°C/min 
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plasma membrane. In this way, the authors did evaluate the viability of the frozen-thawed 
follicles using Calcein-AM and Ethidium homodimer I stains (Live/Dead 
Viability/Cytotoxicity Kit, Molecular Probes) on enzymatically isolated follicles (Fig. 2).  

2.3.3 In vivo functionality (autografting model) and in vivo growth potential 
(xenografting model) 

One of the key components of any preservation protocol must be a functional assay that 
matches the type of cells or tissue being analyzed. In some cases this determination is quite 
easy. As for example, the sperm motility is a well-accepted functional assay for this system, 
whereas the capacity to resume folliculogenesis sounds reasonable for the ovarian cortex. 

Fresh and cryopreserved rabbit doe ovarian tissues were autografted into young females. 
Fresh ovarian tissue was grafted on the ipsilateral ovarian pedicle immediately after ovary 
resection (2 grafts per female), contrary to cryopreserved ovarian tissue grafted on the 
controlateral ovarian pedicle 24 hours after freezing (one graft per female). Control females 
were ovariectomised, according to the same surgery resection that used before graft. From 
height week after graft, grafted rabbit doe were inseminated every 3 weeks in case of 
negative pregnant diagnosis. Eleven months later, ovarian grafts were removed at necropsy 
to observe follicular structures by histology. 

In the bitch, the growth ability of frozen-thawed ovarian tissue has also been assessed by 
implantation of small pieces of ovarian tissue into adult female SCID mice. After removing 
mice ovaries, the canine frozen thawed ovarian tissue was placed intramuscularly in the 
gluteal superficial muscle. To study the setting up of graft resumption, the graft was 
harvested at one, eight or 16 weeks and the resumption of the ovarian activity was 
controlled by vaginal cytology assessment. After harvesting, the grafts were processed for 
histological assessment. 

2.3.4 Vascularization  

In the bitch, the alpha smooth muscle actin (alpha-SMA), a marker of the mature blood 
vessel, was used to assess the vessel density within the ovarian tissue, using a primary 
antibody directed against alpha-SMA. For each slice, image analysis was performed under 
direct light microscope to determine the tissue areas. The stained vessels were counted in 
several fields of the same slice and in several slices per animal to deduce a blood vessel 
density. 

2.4 Experimental results 

To illustrate the interest of the use of fractional experimental design, the authors decided to 
present some of their results obtained in the doe rabbit, in the queen, in the bitch and in the 
cow during the last 6 years. The doe rabbit was used as a model for the human and the 
animal applications of the ovarian tissue cryopreservation, because of its biological and 
breeding characteristics. The cat was considered as a model for the ovarian tissue 
cryopreservation studies of endangered wild felids; from all the felids, the domestic cat is 
the only non endangered feline species. The cow was used as model for ruminants, with a 
special interest for preserving high valuable individuals in combination to embryos and to 
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semen cryopreservation. Finally, the bitch was studied for preserving the reproductive 
potential of future guide dogs submitted to neutering surgery before training. 

2.4.1 In the doe rabbit 

The experimental variability expressed as the repetition of one single combination, showed 
that both the structural and the estimated models of the experimental design were valid 
when considering the morphological preservation ratio of the follicles. The concentration of 
the permeating CPA (P = 0.67) and the number of equilibration steps (P = 0.19) seemed to 
have no significant effect on the morphological preservation ratio of ovarian follicles. The 
nature of the permeating and non-permeating CPA seemed to influence the morphological 
preservation ratio of the follicles (P = 0.08 and P = 0.07 respectively) although the non-
significant difference. DMSO tended to reduce the morphological preservation ratio, as 
compared with PROH. Morphological preservation ratio was increased in the presence of 
trehalose compared with sucrose. The freezing rate seemed to be the factor that had the 
greatest impact on the morphological preservation ratio of the doe rabbit follicles. At a 
freezing rate of 0.3°C/min we observed a significant increasing of the follicular 
morphological preservation ratio, as compared with 2°C/min (P<0.01). No significant 
interaction was observed between the nature of the permeating CPA and its concentration. 

According to the results of the experimental design, the precise evaluation of the best 
combination of factors influencing positively the morphological preservation ratio (3 steps 
equilibration protocol, 1.5M DMSO or 1.5M PROH, medium supplemented with either sucrose 
or trehalose) was performed. Ovarian pieces were treated according to the results obtained 
with experimental design. Ovarian cortices were equilibrated (3 steps) in the freezing media 
based on TCM 199 and 10% FCS, at room temperature. The freezing media was supplemented 
with 1.5 M DMSO or 1.5M PROH and 0.2 M sucrose or 0.2M trehalose. Freezing of ovarian 
fragments was slowly performed at 0.3°C/min from the temperature of seeding (-7°C/min) up 
to -35°C. Thawing, histology, viability tests and electron microscopy evaluation process were 
performed before and after cryopreservation as described previously.  
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Fig. 1. Rabbit follicular morphology before (A) and after (B) cryopreservation with PROH 
and trehalose, with a post-seeding freezing rate at 0.3°C/min 
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Fig. 2. View of rabbit isolated follicles under direct light for selection (A)  and under 
fluorescent light (B) after calcein AM/ethidium homodimer I stains to evaluate viability 
after cryopreservation with PROH, with a post-seeding freezing rate at 0.3°C/min 

In control fragments, we observed 72.6  2.8% and 77.7  3.9% of type I follicles (no 
significant difference) for sucrose and trehalose control groups respectively. After 
cryopreservation, no statistical difference of the proportions of type I follicles was found 
between sucrose and trehalose (50.2  4.1% vs. 51.1  1.8% respectively) when using 
DMSO for cryopreservation. When using PROH as permeating CPA, the proportion of 
type I follicles was lower after cryopreservation with sucrose as compared to trehalose 
(55.0  3.8% vs. 65.0  3.3% respectively; P<0.05). When freezing with trehalose the 
proportion of type I follicles was higher with PROH as compared to DMSO (65.0  3.3% 
vs. 51.1  1.8% respectively; P<0.01). Nevertheless, the proportions of type I follicles were 
significantly reduced after cryopreservation (from P≤0.01 to P<0.001), whatever the 
permeating and the non-permeating CPA. No significant difference was observed 
between the different groups of frozen ovarian cortices, when considering the 
morphological preservation ratio. 

According to these results, the cryopreservation protocol based on a post-seeding freezing 
rate at 0.3°C/min and using a freezing medium composed of 1.5M PROH, supplemented 
with 0.2M trehalose was finally evaluated by orthotopic autografting to observe the 
potential of the cryopreserved follicles to resume follicular growth and to be fertilized. 

Before freezing, type II follicles represented the most important part of follicles with 
morphological defect (19.1  2.9% and 16.1  3.2% in sucrose and trehalose groups 
respectively). After cryopreservation, follicular defect of type IV (degenerated follicles) was 
the most important type of morphological defect: 32.5  4.8% and 24.0  1.9% after freezing 
using DMSO, with sucrose and trehalose respectively; versus 27.2  5.6% and 18.1  3.0% 
after freezing using PROH, with sucrose and trehalose respectively. The general aspect of 
ovarian tissue before and after cryopreservation showed a good preservation of structural 
architecture (follicular structure and connective tissue). Spaces were observed in some case, 
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in the ovarian stroma and the albuginea. Epithelial cells were often absent as compared to 
the fresh ovarian tissue. 

Ultrastructural analysis of the preantral follicles was performed without preliminary 
selection on semi-thin sections. TEM analysis showed that most follicles of control ovarian 
tissue had normal ultrastructure, according to mitochondria, nucleus and nuclear 
membrane, Golgi apparatus and endoplasmic reticulum cisternae observation. They often 
had vacuoles in cytoplasm and vesicles. Nevertheless, vacuoles were not characteristic of 
apoptosis. Cellular membranes of the oocyte and follicular cells were in close connection. In 
general, ovarian stroma was well organised. Fibroblasts and collagen fibres were 
distinguishable (Fig. 3).  

After cryopreservation, oocyte ultrastructure appeared to be similar to the control especially 
for mitochondria, Golgi apparatus, endoplasmic reticulum, interdigital structure between 
oocyte and follicular cells (Fig.3). Vesicles and vacuoles were rarely observed. Chromatin of 
the oocyte was diffused and well preserved. Nevertheless, dark follicular cells or follicular 
cells without any content were most frequently observed, whereas some follicles showed 
partial or total disruption of their nuclear membrane whatever the evaluated cryprotective 
solution. The most important damage observed after cryopreservation was the 
disorganisation of the ovarian stroma (Fig.3). Fibroblasts showed lack of cytoplasm or 
important vacuolisation. In general, these damages were less frequently observed after 
cryopreservation using PROH and trehalose.  

2.4.2 Investigations in the queen 

The experimental variability showed that neither the structural, nor the estimated models 
of the experimental design were valid when considering the morphological preservation 
ratio of the follicles or the viability preservation ratio. So, global discrimination of the 
chemo-physical parameters was not possible. Nevertheless, the influence of the freezing 
rate after seeding and after -40°C, and the influence of the addition of sucrose in the 
freezing medium composed of 1.5M CPA were evaluated and analyzed by classical 
ANOVA test.  

Before freezing, ovarian tissue presented 72.2  3.6% and 83.8  2.9% of normal follicles 
(type I) for group 2°C/min and 0.5°C/min post-seeding freezing rate respectively. When 
freezing with PROH, and whatever the post-seeding freezing rate, proportions of 
morphologically normal follicles were not significantly reduced after freezing compared to 
before freezing (69.2  9.1% for 2°C/min group vs. 67.4  2.9°C/min for 0.5°C/min group). 
After freezing with DMSO, and whatever the post-seeding freezing rate, proportions of 
type I follicles were significantly reduced (40.8  6.6% after freezing at 2°C/min and 
51.6  5.1% after freezing at 0.5°C/min; P<0.05). Whatever the post-seeding freezing rate, 
type III defects were the most frequently observed after freezing. General observation of the 
ovarian tissue showed a good preservation of the ovarian stroma cells and structure after 
cryopreservation. 

Before freezing, ovarian tissue submitted to a free fall into the freezing chamber during the 
third phase of the freezing process presented 72.2  3.6% of type I follicles without any 



Current Frontiers in Cryopreservation 216 

 

  
A B 

Fig. 2. View of rabbit isolated follicles under direct light for selection (A)  and under 
fluorescent light (B) after calcein AM/ethidium homodimer I stains to evaluate viability 
after cryopreservation with PROH, with a post-seeding freezing rate at 0.3°C/min 

In control fragments, we observed 72.6  2.8% and 77.7  3.9% of type I follicles (no 
significant difference) for sucrose and trehalose control groups respectively. After 
cryopreservation, no statistical difference of the proportions of type I follicles was found 
between sucrose and trehalose (50.2  4.1% vs. 51.1  1.8% respectively) when using 
DMSO for cryopreservation. When using PROH as permeating CPA, the proportion of 
type I follicles was lower after cryopreservation with sucrose as compared to trehalose 
(55.0  3.8% vs. 65.0  3.3% respectively; P<0.05). When freezing with trehalose the 
proportion of type I follicles was higher with PROH as compared to DMSO (65.0  3.3% 
vs. 51.1  1.8% respectively; P<0.01). Nevertheless, the proportions of type I follicles were 
significantly reduced after cryopreservation (from P≤0.01 to P<0.001), whatever the 
permeating and the non-permeating CPA. No significant difference was observed 
between the different groups of frozen ovarian cortices, when considering the 
morphological preservation ratio. 

According to these results, the cryopreservation protocol based on a post-seeding freezing 
rate at 0.3°C/min and using a freezing medium composed of 1.5M PROH, supplemented 
with 0.2M trehalose was finally evaluated by orthotopic autografting to observe the 
potential of the cryopreserved follicles to resume follicular growth and to be fertilized. 

Before freezing, type II follicles represented the most important part of follicles with 
morphological defect (19.1  2.9% and 16.1  3.2% in sucrose and trehalose groups 
respectively). After cryopreservation, follicular defect of type IV (degenerated follicles) was 
the most important type of morphological defect: 32.5  4.8% and 24.0  1.9% after freezing 
using DMSO, with sucrose and trehalose respectively; versus 27.2  5.6% and 18.1  3.0% 
after freezing using PROH, with sucrose and trehalose respectively. The general aspect of 
ovarian tissue before and after cryopreservation showed a good preservation of structural 
architecture (follicular structure and connective tissue). Spaces were observed in some case, 
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in the ovarian stroma and the albuginea. Epithelial cells were often absent as compared to 
the fresh ovarian tissue. 

Ultrastructural analysis of the preantral follicles was performed without preliminary 
selection on semi-thin sections. TEM analysis showed that most follicles of control ovarian 
tissue had normal ultrastructure, according to mitochondria, nucleus and nuclear 
membrane, Golgi apparatus and endoplasmic reticulum cisternae observation. They often 
had vacuoles in cytoplasm and vesicles. Nevertheless, vacuoles were not characteristic of 
apoptosis. Cellular membranes of the oocyte and follicular cells were in close connection. In 
general, ovarian stroma was well organised. Fibroblasts and collagen fibres were 
distinguishable (Fig. 3).  

After cryopreservation, oocyte ultrastructure appeared to be similar to the control especially 
for mitochondria, Golgi apparatus, endoplasmic reticulum, interdigital structure between 
oocyte and follicular cells (Fig.3). Vesicles and vacuoles were rarely observed. Chromatin of 
the oocyte was diffused and well preserved. Nevertheless, dark follicular cells or follicular 
cells without any content were most frequently observed, whereas some follicles showed 
partial or total disruption of their nuclear membrane whatever the evaluated cryprotective 
solution. The most important damage observed after cryopreservation was the 
disorganisation of the ovarian stroma (Fig.3). Fibroblasts showed lack of cytoplasm or 
important vacuolisation. In general, these damages were less frequently observed after 
cryopreservation using PROH and trehalose.  

2.4.2 Investigations in the queen 

The experimental variability showed that neither the structural, nor the estimated models 
of the experimental design were valid when considering the morphological preservation 
ratio of the follicles or the viability preservation ratio. So, global discrimination of the 
chemo-physical parameters was not possible. Nevertheless, the influence of the freezing 
rate after seeding and after -40°C, and the influence of the addition of sucrose in the 
freezing medium composed of 1.5M CPA were evaluated and analyzed by classical 
ANOVA test.  

Before freezing, ovarian tissue presented 72.2  3.6% and 83.8  2.9% of normal follicles 
(type I) for group 2°C/min and 0.5°C/min post-seeding freezing rate respectively. When 
freezing with PROH, and whatever the post-seeding freezing rate, proportions of 
morphologically normal follicles were not significantly reduced after freezing compared to 
before freezing (69.2  9.1% for 2°C/min group vs. 67.4  2.9°C/min for 0.5°C/min group). 
After freezing with DMSO, and whatever the post-seeding freezing rate, proportions of 
type I follicles were significantly reduced (40.8  6.6% after freezing at 2°C/min and 
51.6  5.1% after freezing at 0.5°C/min; P<0.05). Whatever the post-seeding freezing rate, 
type III defects were the most frequently observed after freezing. General observation of the 
ovarian tissue showed a good preservation of the ovarian stroma cells and structure after 
cryopreservation. 

Before freezing, ovarian tissue submitted to a free fall into the freezing chamber during the 
third phase of the freezing process presented 72.2  3.6% of type I follicles without any 



Current Frontiers in Cryopreservation 218 

difference with samples directly immersed into the liquid nitrogen (86.8  2.5%). Proportion 
of normal follicles decreased significantly after cryopreservation except after freezing with 
PROH according to a free fall into the freezing chamber (68.2  9.1% of type I). After 
freezing using a direct immersion into liquid nitrogen after -40°C, and whatever the CPA, 
proportions of type I follicles were decreased compared to fresh control. 
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Fig. 3. Rabbit follicular ultrastructure before (A & B)  and after (C & D) cryopreservation 
with PROH and trehalose, with a post-seeding freezing rate at 0.3°C/min 

Before freezing, queen ovarian tissue showed 72.2  3.6% and 74.8  6.3% of type I follicles 
respectively for group without and with sucrose without any difference between the two 
control groups. After freezing, addition of sucrose allowed preserving 63.2  13.6% of 
normal follicles versus 68.2  9.1% without sucrose when associated with PROH, without 
any significant difference. Contrary to the results after freezing with DMSO, proportion of 
type I follicles was not significantly different after freezing with PROH compared to fresh 
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control. Morphological defect of type III was the most frequently observed after freezing 
with PROH. Queen ovarian stroma was well preserved. 
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Fig. 4. Queen follicular morphology before (A)  and after (B) cryopreservation with 1.5M 
PROH and 0.2M sucrose. Post-seeding freezing rate at 2°C/min. 

In conclusion, queen ovarian tissue seems to be well preserved, without any difference 
compared to the fresh control when freezing with PROH (according to a free fall in the 
freezing chamber, without influence of neither sucrose nor post-seeding freezing rate) 
(Fig. 4). 

2.4.3 Investigation in the bitch 

In the bitch, the estimated model was validated when the viability preservation ratio was 
considered. The nature of the non-permeating CPA (P = 0.37) did not influence the post 
thawing viability rate of the ovarian follicles. However all the other factors investigated in 
this experimental design presented a significant effect on the viability rate. The permeating 
CPA nature (P<0.0001) was the factor that influenced more the viability rate of the follicles. 
Thus, contrarily to the observations in the other species, the DMSO better preserved the 
evaluated parameter than PROH. The freezing rate had also a major effect on the viability 
rate (P<0.0001) and a slow freezing rate (0.3°C/min) was less deleterious than the rapid 
freezing rate for the follicles viability. Moreover the equilibration step also significantly 
affected the follicles viability, with a beneficial effect of the one step equilibration compared 
to the 3 steps equilibration. However, no interaction was observed in this model. As a result, 
the fractional experimental design developed in the bitch, suggested that ovarian tissue 
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Fig. 4. Queen follicular morphology before (A)  and after (B) cryopreservation with 1.5M 
PROH and 0.2M sucrose. Post-seeding freezing rate at 2°C/min. 
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should be cryopreserved in a solution containing 2 M DMSO as permeating CPA 
supplemented with 0.2 M sucrose or trehalose in a one-step equilibration and frozen at a 
0.3°C/min freezing rate (Fig. 5).  
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Fig. 5. Bitch  follicular morphology before (A) and after (B) cryopreservation 

Consequently, theses parameters validated by the fractional experimental design for 
viability assessment were used and applied for morphological assessment of frozen-thawed 
bitch ovarian tissue and comparison with fresh tissue. So, the morphology of preantral 
follicles was compared between fresh and cryopreserved tissue. The histological analysis 
revealed that no significant difference was observed between fresh (89.1  6.1 % type I 
follicles) and cryopreserved ovarian tissue (82.4  4.4 % type I follicles) when type I follicles 
were observed. The main abnormality observed on preantral follicle after cryopreservation 
in the bitch was the oocyte nucleus defect (~8%). In this case, the nucleus often appeared 
pycnotic, with a reduced size and a densely packed chromatin. Sometimes the nuclear 
membrane was ruptured. However, ooplasm defect were rarely observed alone, but 
combined with nuclear defects. In some cases few granulosa cells were absent in the 
primordial or primary follicles. It is probable that ice crystal formation occurring during 
cooling be responsible of this partially denuded pattern, by destroying or dislodging some 
granulosa cell during ice expansion.  

2.4.4 Investigations in the cow 

As for the rabbit doe, the experimental design was valid when considering the 
morphological preservation ratio of the follicles, but not when considering the viability ratio 
of the follicles. The concentration of the permeating CPA (P = 0.59) and the medium (P = 
0.76) seem to have no significant effect on the morphological preservation ratio of ovarian 
follicles. The nature of the permeating CPA seemed to influence the morphological 
preservation ratio of the follicles (P = 0.07) although the non-significant difference. PROH 
tended to improve the morphological preservation ratio, as compared with DMSO. The 
nature of the non-permeating CPA (P = 0.002) and the cells surfactant (P = 0.04) had 
significant influence. Trehalose and Albumax® improved morphological preservation ratio 
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compared respectively with sucrose and FCS. No significant interaction was observed 
between the nature of the permeating CPA and its concentration. 

In order to discriminate permeating CPAs, ovarian fragments from 5 cows were frozen 
using 1.5M DMSO or 1.5M PROH with 4 g/L Albumax® and 0.2M trehalose according to a 
post-seeding freezing rate at 0.3°C/min. Before freezing, ovarian tissue showed 40.6  12.6% 
of type I preantral follicles. Proportion of type I follicles was reduced to 20.2  3.9% after 
cryopreservation using DMSO and to 23.8  3.4% when using PROH. No statistical 
difference was found between DMSO and PROH. Morphological defects of type II were the 
most important kind of defect (47.0  11.7%). Proportion of type IV follicular defects was 
significantly improved compared to control for the both CPAs (47.2  7.8% and 44.8  4.4% 
for DMSO and PROH respectively). Proportion of type III follicles was constant before and 
after freezing. Ovarian stroma seems to be affected by cryopreservation and shows spaces 
and disjoined cells. 
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Fig. 6. Cow follicular morphology before (A) and after (B) cryopreservation using PROH 
and slow freezing rate 

As for the other species, the influence of the post-seeding freezing rate was evaluated when 
freezing with 2M PROH. Proportions of morphologically normal follicles were significantly 
reduced after freezing compared with fresh tissue, whatever the post-seeding freezing rate 
17.6  6.2% after freezing at 2°C/min vs. 57.8  13.0% before freezing and 17.8  6.5% after 
freezing at 0.3°C/min vs. 60.0  4.9% before freezing).  

2.4.5 In vivo follicle resumption from cryopreserved ovarian tissue  

In the doe rabbit, nine pups were born from cryopreserved grafted group, suggesting the 
efficiency of the cryopreservation protocols based on PROH and trehalose and using very 
slow freezing rate. At necropsy, follicular structures were observed in most of females. 

In the bitch, the cryopreservation method optimized with the fractional experimental design 
and validated by in vitro assessment (morphology, viability, and toxicity) was then 
evaluated by heterotopic xenografting to determine whether the ovarian tissue integrity and 
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the follicular growth potential were maintained. The frozen-thawed tissues were grafted to 
female SCID mice as previously described. The histological assessments of the follicle 
population revealed a significant increase in the density and distribution of secondary 
follicles from eight weeks post grafting compared to the follicle population at 1 week 
(P<0.05). Consequently, the shift from primordial-primary follicles to secondary follicles 
occurred in a time laps of eight weeks. Moreover morphologically normal follicles were 
observed until 16 weeks post transplantation and intact secondary follicles with more than 3 
layers of granulosa cells and a normal oocyte surrounded by a well-defined zona pellucida 
were present at this time. Despite a massive follicular loss touching particularly the early 
follicles and occurring just after grafting, the graft survived long term xenografting. 
Similarly, after an important loss just after grafting (one week grafts) the stromal cell 
number increased during the graft period, to reach a density comparable to fresh ovarian 
tissue at 16 weeks. Otherwise, the vascularization setting-up was assessed by 
immunohistochemistry as developed previously. The vessel density analysis revealed that 
already at one week post grafting the vessel density within the graft was comparable to the 
fresh control ovarian tissue. Moreover, the vessel density tended to increase at 16 weeks 
post grafting compared to the other groups (fresh control, one and eight weeks, P<0.05) 
even if no significant difference was registered. No antral follicles was present at the end of 
the graft time, however, persisting vaginal cornification  was noticed on the recipients from 
5-9 days post grafting, and estrus behavior was observed several times during the graft 
period in the recipients cages indicating an hormonal activity resulting from the graft. Taken 
together, these in vivo results confirm the good preservation of the bitch ovarian tissue by 
applying our cryopreservation method. 

2.5 Discussion 
The greater challenge of studies related to the cryopreservation of the ovarian tissue is to 
define a freezing protocol adapted to the different cell types such as oocytes, follicular cells, 
stroma cells, etc. One of the objectives of our team was to compare the effects of different 
freezing parameters based on the morphology and the viability of the follicles, the 
evaluation of the ultrastructure of the ovarian tissue, the DNA fragmentation of the oocytes 
or the graft of the ovarian tissue. When the mathematical model was validated, the use of 
experimental fractional designs allowed us to know simultaneously the individual and the 
relative effects of different chemo-physical freezing parameters for each species. This 
statistical method firstly allows a global evaluation of cryopreservation protocols and 
discriminates the most valuable factors. Finally, the factors which seemed to have a 
discriminating effect on follicular morphological preservation were evaluated in a wider 
population. (Neto et al., 2008). 

The results of the experimental design in the doe rabbit and in the bitch show that the post-
seeding freezing rate is one of the most important chemophysical factors influencing the 
morphology or the viability of ovarian follicles. A slow freezing rate (0.3°C/min) seems to 
be more appropriate for the cryopreservation of the doe rabbit and bitch ovarian tissue. 
Nevertheless, no influence of the freezing rate was observed in the queen and in the cow. 
Most of the authors use a very slow freezing rate, which is derived from embryo freezing 
protocols. However, few studies show the importance of this freezing parameter. In contrast 
to our results in the bitch and in the doe rabbit, but in accordance with our result in the 
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queen and in the cow, Demirci et al. observed a high (but not significant) proportion of 
follicles without any morphological defect after a post-seeding freezing rate of 2°C/min in 
the ewe (Demirci et al., 2001). Nevertheless, Gook et al. also observed a better follicular 
preservation when using a slow freezing rate (0.3°C/min) with human ovarian tissue (Gook 
et al., 1999). Whereas Cleary et al. observed no difference in terms of follicular growth after 
grafting, between a conventional embryo freezing protocol (0.3°C/min) and a passive 
cooling at 1°C/min from 0°C to -84°C on the mouse ovarian tissue (Cleary et al., 2001). 
Although these two cooling rates (0.3°C/min and 2°C/min) could be considered as slow, 
these results may be explained by a difference in cell dehydration during the post-seeding 
step. With rapid cooling rates, we can hypothesise that time required for the exosmose of the 
cell water is insufficient and consequently promotes the formation of lethal intracellular ice. 
While at very slow cooling rates, high level of dehydration occurs with concomitant 
increasing in solute concentration (salting out). Investigations on the freezing rate were 
extended in the queen with the evaluation of the third freezing phase. When associated with 
PROH, slow cooling in solid phase seems to be more appropriate. Nevertheless, several 
authors use cryopreservation protocols with a direct immersion into liquid nitrogen after –
40°C, such as Rodrigues et al. (2004) in the goat, Lucci et al. (2004) in the zebu cow, Santos et 
al. (2006) in the ewe or Lima et al. (2006) in the cat. Births had been obtained after graft of 
ovarian fragments frozen with such a protocol in the rabbit doe (Almodin et al., 2004b) and 
in the ewe (Almodin et al., 2004a), but not in the cat where in vivo follicular growth were 
observed when using a freezing protocol with controlled third phase (Bosch et al., 2004).  

The experimental designs revealed a crucial role of the permeating CPA in the doe rabbit, in 
the cow and in the bitch, added to a crucial role of the non permeating CPA in the doe rabbit 
and in the cow. Among the various freezing protocols described in the literature, those 
using DMSO or PROH as permeating CPA seems to be more efficient, whatever the species. 
Our results suggest that PROH improve the follicular quality after freezing in the doe rabbit 
and in the queen. Results of experimental design obtained in the cow suggested a better 
morphological preservation rate when using PROH. However, in this species, standard 
comparison between DMSO and PROH doesn’t confirm these results. Contrary to that, bitch 
ovarian tissue seems to be better preserved in freezing medium composed of DMSO. These 
results were confirmed by the follicular growth observed after xenograft. It can be 
hypothesized that DMSO penetrate better within the tissue than PROH. Indeed, the bitch 
ovarian tissue as the goat or the ewe is rich in collagenous fibbers and more fibrous than the 
doe rabbit ovarian tissue for example. Therefore, a good ability to penetrate within the 
ovarian tissue is an important characteristic for the chosen CPA Nevertheless, both CPA 
have sensibly the same molecular weight (PROH: 76.10 g/mol, DMSO: 78.14 g/mol) with a 
lower weight for PROH. Thus a better penetration of the DMSO cannot be explained by this 
physical parameter. The explanation may come from the toxicity of both CPAs. Our team 
also investigated the toxicity of the both CPAs on bitch ovarian tissue after equilibration 
steps at room temperature without freezing and registered a deleterious effect of PROH 
compared to DMSO on preantral follicle viability in this species.  

Except in canine and feline models, addition of non-permeating CPA in the freezing 
medium seems to improve the protective effect of CPAs. The protective effect of PROH 
seems to be improved when it is associated with trehalose, in the doe rabbit and in the cow. 
This observation was confirmed by electron microscopy evaluation of the doe rabbit ovarian 
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the follicular growth potential were maintained. The frozen-thawed tissues were grafted to 
female SCID mice as previously described. The histological assessments of the follicle 
population revealed a significant increase in the density and distribution of secondary 
follicles from eight weeks post grafting compared to the follicle population at 1 week 
(P<0.05). Consequently, the shift from primordial-primary follicles to secondary follicles 
occurred in a time laps of eight weeks. Moreover morphologically normal follicles were 
observed until 16 weeks post transplantation and intact secondary follicles with more than 3 
layers of granulosa cells and a normal oocyte surrounded by a well-defined zona pellucida 
were present at this time. Despite a massive follicular loss touching particularly the early 
follicles and occurring just after grafting, the graft survived long term xenografting. 
Similarly, after an important loss just after grafting (one week grafts) the stromal cell 
number increased during the graft period, to reach a density comparable to fresh ovarian 
tissue at 16 weeks. Otherwise, the vascularization setting-up was assessed by 
immunohistochemistry as developed previously. The vessel density analysis revealed that 
already at one week post grafting the vessel density within the graft was comparable to the 
fresh control ovarian tissue. Moreover, the vessel density tended to increase at 16 weeks 
post grafting compared to the other groups (fresh control, one and eight weeks, P<0.05) 
even if no significant difference was registered. No antral follicles was present at the end of 
the graft time, however, persisting vaginal cornification  was noticed on the recipients from 
5-9 days post grafting, and estrus behavior was observed several times during the graft 
period in the recipients cages indicating an hormonal activity resulting from the graft. Taken 
together, these in vivo results confirm the good preservation of the bitch ovarian tissue by 
applying our cryopreservation method. 

2.5 Discussion 
The greater challenge of studies related to the cryopreservation of the ovarian tissue is to 
define a freezing protocol adapted to the different cell types such as oocytes, follicular cells, 
stroma cells, etc. One of the objectives of our team was to compare the effects of different 
freezing parameters based on the morphology and the viability of the follicles, the 
evaluation of the ultrastructure of the ovarian tissue, the DNA fragmentation of the oocytes 
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discriminating effect on follicular morphological preservation were evaluated in a wider 
population. (Neto et al., 2008). 

The results of the experimental design in the doe rabbit and in the bitch show that the post-
seeding freezing rate is one of the most important chemophysical factors influencing the 
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Nevertheless, no influence of the freezing rate was observed in the queen and in the cow. 
Most of the authors use a very slow freezing rate, which is derived from embryo freezing 
protocols. However, few studies show the importance of this freezing parameter. In contrast 
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queen and in the cow, Demirci et al. observed a high (but not significant) proportion of 
follicles without any morphological defect after a post-seeding freezing rate of 2°C/min in 
the ewe (Demirci et al., 2001). Nevertheless, Gook et al. also observed a better follicular 
preservation when using a slow freezing rate (0.3°C/min) with human ovarian tissue (Gook 
et al., 1999). Whereas Cleary et al. observed no difference in terms of follicular growth after 
grafting, between a conventional embryo freezing protocol (0.3°C/min) and a passive 
cooling at 1°C/min from 0°C to -84°C on the mouse ovarian tissue (Cleary et al., 2001). 
Although these two cooling rates (0.3°C/min and 2°C/min) could be considered as slow, 
these results may be explained by a difference in cell dehydration during the post-seeding 
step. With rapid cooling rates, we can hypothesise that time required for the exosmose of the 
cell water is insufficient and consequently promotes the formation of lethal intracellular ice. 
While at very slow cooling rates, high level of dehydration occurs with concomitant 
increasing in solute concentration (salting out). Investigations on the freezing rate were 
extended in the queen with the evaluation of the third freezing phase. When associated with 
PROH, slow cooling in solid phase seems to be more appropriate. Nevertheless, several 
authors use cryopreservation protocols with a direct immersion into liquid nitrogen after –
40°C, such as Rodrigues et al. (2004) in the goat, Lucci et al. (2004) in the zebu cow, Santos et 
al. (2006) in the ewe or Lima et al. (2006) in the cat. Births had been obtained after graft of 
ovarian fragments frozen with such a protocol in the rabbit doe (Almodin et al., 2004b) and 
in the ewe (Almodin et al., 2004a), but not in the cat where in vivo follicular growth were 
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lower weight for PROH. Thus a better penetration of the DMSO cannot be explained by this 
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Except in canine and feline models, addition of non-permeating CPA in the freezing 
medium seems to improve the protective effect of CPAs. The protective effect of PROH 
seems to be improved when it is associated with trehalose, in the doe rabbit and in the cow. 
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tissue subjected to cryopreservation. Ultrastructure of doe rabbit follicles after 
cryopreservation was well preserved, but stromal cells and fibroblasts were damaged. Such 
alterations have been observed in human tissues after cryopreservation (Navarro-Costa et 
al., 2005; Santos et al., 2010). However, fibroblasts can easily be reproduced by cell division, 
indicating that damage to the stroma can be repaired. Collagen fibers did not seem to be 
damaged by cryopreservation in this study, but they were sparse in the doe rabbit ovary. 
This observation may explain the fragility of doe rabbit ovarian tissue during the 
equilibration, freezing and thawing steps (Neto et al., 2005). 

Sugar are not systematically associated with permeating CPA, but Marsella et al. (2008), 
showed the advantageous effect of sucrose. Trehalose has been frequently used in embryo 
cryopreservation, but not in ovarian tissue cryopreservation. Sucrose and trehalose share the 
property to stabilise cellular membranes and proteins via the formation of hydrogen bonds 
with polar residues of phospholipidic membrane. This property allows preserving the 
membrane integrity under anhydrous conditions. Moreover, it modifies the temperature at 
which the separation of lipid phase occurs during cooling (Crowe et al., 1984; Crowe et al., 
1985; Crowe et al., 2001). As compared to other sugars, trehalose seems to have a higher 
capacity to preserve biomolecules, cellular membrane and cells in a drying or in a freezing 
state (Crowe et al., 1996; Storey et al., 1998; Sano et al., 1999; Welsh and Herbert, 1999). 

Few comparable studies have been reported in the cryopreservation of different mammalian 
species. Despite encouraging results in the different studied species, and except in the 
queen, none of evaluated protocols allows preserving the same proportion of normal 
follicles than before freezing. Most of authors observed a reduction of normal follicles in 
frozen/thawed ovarian tissue compared with fresh control when using similar freezing 
protocols in the mouse (Candy et al., 1997), the goat (Rodrigues et al., 2004), the cow (Lucci 
et al., 2004), and the ewe (Demirci et al., 2002). As for the queen, no morphological 
difference was observed in human follicles before and after cryopreservation (Hovatta et al., 
1996; Fabbri et al., 2006) Newton observed similar proportions of “viable” follicles after 
freezing when using DMSO, ethylene glycol or PROH and xenografting (Newton et al., 
1996).  

Live births in the rabbit doe and follicular growths observed in the bitch after grafting of 
cryopreserved ovarian tissue shows the efficacy of evaluated freezing protocols. Almodin 
et al. obtained live offspring after grafting of small fragments of cryopreserved rabbit 
ovarian tissue using 1.5 M DMSO and a very slow post seeding freezing rate (Almodin et al., 
2004b). In the bitch, results about in vivo growth obtained after cryopreservation are 
relatively scarce compared to other species. Ishijima et al. (2006) tried to transplant vitrified 
ovarian tissue (2M DMSO, 3M PROH, 1M acetamide) into immunodeficient mice during 
4 weeks and observed signs of growth in the early follicles (primordial-primary follicles). 
However, they noticed an important follicular loss occurring just after grafting which is in 
accordance with our results obtained with slow-frozen tissue. The time necessary for setting 
up of the neovascularization within the grafted tissue seems to be more deleterious for the 
cells than the cryopreservation technique itself. Except our results obtained on the bitch 
ovarian tissue cryopreservation no other results using slow freezing of female germ cells 
was obtained in this species. Furthermore, live birth has not yet been obtained after ovarian 
tissue cryopreservation, but the difficulties to mastered in vitro maturation and fertilization 
steps in canines do not contribute to the development of this technique.  

New Approaches of Ovarian Tissue Cryopreservation from Domestic Animal Species 225 

For the first time a complete evaluation process of important factors influencing the 
morphology and the viability of preantral follicles has been performed after equilibration 
process and freezing in different species. These results suggest that cryopreservation of 
ovarian tissue is a promising and suitable technique that could be used as complementary 
tool to embryo cryopreservation, to preserve the animals’ genetic resources by the female 
pathway. Doe rabbit could also be used as a biomedical model to investigate the long term 
consequences of cryopreservation on ovarian follicles and the birth of future progenies.  

3. Perspectives 
In definitive, the use of factorial fractional experimental design approach allowed us to 
develop suitable cryopreservation protocol in different species, while reducing the 
number of experiments and increasing the number of parameters evaluated. However it 
can be noticed in our model species, but also in the literature, that results can be radically 
different according to the species. Moreover, among the numerous articles published on 
ovarian tissue cryopreservation heterogeneous results can be observed in the same species 
after applying roughly or widely different slow-freezing protocols. One of the candidates 
to explain such disparity in the obtained results is the amount of ice crystals formed 
during slow freezing. Indeed, the strategy of slow cooling is to decrease cell temperature 
enough slowly to allow removal of most of the freezable intracellular water before 
reaching the ice nucleation temperature. The main objective of this method is to avoid 
intracellular ice crystal formation which is known to be lethal. However ice crystallization 
still occurs extracellularly with the risk of tissue shrinkage or disorganization of the tissue 
components.  

As ice formation and melting are exothermic and endothermic phenomena respectively, 
they can be objectified and studied by thermodynamical measures. Among the various 
physical methods of analysis, Differential Scanning Calorimetry (DSC) is an interesting tool. 
In fact, DSC gives the opportunity to measure important parameters of a cryopreservation 
solution under dynamic conditions. A cryopreservation solution can thus be characterized 
by its thermal properties such as temperatures of phase transitions and quantity of ice 
crystallized and melted. Two types of DSC are commonly used: power-compensation DSC 
and heat-flux DSC. Our team chose the first one in order to study cryopreservation solutions 
with a more fundamental approach than with biological methods. 

The power compensation DSC is based on the “zero balance principle” as explained as 
follow. The sample and a reference are placed in two microfurnaces which are continuously 
cooled by liquid nitrogen. The temperature of each microfurnace can be, on the one hand, 
precisely measured by a temperature sensor and, on the other hand, precisely adjusted by a 
heating resistor. Each microfurnace contains one sensor and one resistor. The principle of 
the power compensation DSC is to maintain the two microfurnaces under the same 
temperature regardless of phase transitions or reactions occurring in the sample. Thus, 
when a phase transition occurs in the sample, the heat released or absorbed by the sample 
has to be compensated by the heating resistor which is below the sample. Consequently, the 
calorimeter measures a difference between the heating powers provided by the two 
resistors. This difference reveals the phase transition. When this phase transition is 
crystallization, this difference allows also us to measure the quantity of ice formed. 
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Since recent years, several strategies are developed to avoid deleterious effects of the ice 
crystal formation during cooling, and thermodynamical approaches are more and more 
associated to these strategies. 

 
Fig. 7. Scheme of power-compensation DSC  

The specimen and reference temperatures are controlled independently using separate 
(identical) ovens. The temperature difference between the sample and reference is maintained 
to zero by varying the power input to the two furnaces. This energy is then a measure of the 
enthalpy or hat capacity changes in the test specimen (relative to the reference). 

3.1 Prevent the ice formation 

The physical definition of vitrification is the glass-like solidification of solutions at low 
temperatures, without the formation of intracellular ice crystals. The vitrification technique 
is the solidification of a liquid without ice crystal formation. This phase is obtained by 
increasing the solute concentration of the vitrification media (increased viscosity that makes 
water solidify without expansion) or by using very fast cooling rate to avoid molecular 
rearrangement into ice crystals but into an amorphous glass. (Vajta, 2000). Consequently, the 
risk of injuries due to intra- or extracellular ice crystallization is avoided, which constitutes 
the main advantage of this technique.  

Despite the fact that slow freezing is the most widely used cryopreservation technique, 
vitrification is a viable and promising alternative that is increasingly becoming more 
attractive to the commercial sector. Vitrification has been used for oocyte and tissue 
cryopreservation since the 1980s (Rall and Fahy, 1985). Since the first use of this approach in 
ovarian tissue cryopreservation, it has been well optimized, particularly by decreasing the 
concentration of CPAs used to reduce their toxicity, but also by increasing the cooling rate 
applied (Chen et al., 2006; Keros et al., 2009). These improvements of vitrification in ovarian 
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tissue but also in embryo and oocyte vitrification place the vitrification as a gold standard 
method for germ cells cryopreservation (Saragusty and Arav, 2011). It has been suggested 
that with time, conventional slow freezing will be replaced entirely by vitrification 
techniques (Vajta and Kuwayama, 2006). 

As mentioned above, DSC can be a precious aid for the study of vitrification. In fact, DSC 
allows the detection of phase transitions, both crystallization or glass transition, and can 
thus determine three thermal properties of vitrification solutions: the vitreous transition 
temperature, the critical cooling rate and the critical warming rate (Baudot et al., 2007). 
These three thermal properties are specific to each vitrification solution and could be used 
for a better utilization of the solutions. The critical cooling rate and the critical warming rate 
are the cooling and warming speeds above which the crystallization cannot occur between 
the vitreous transition temperature and the crystallization temperature. The calculation of 
these critical cooling and warming rates is based on a semi-empiric model developed by 
Boutron in 1986 according to the “classic” theory of crystallization (Boutron, 1986). This 
model reproduces well analytically the experimental results, but some approximations are 
introduced.  

3.2 Limit the ice formation 

As described in the introductive part, extracellular crystallization occurs during slow 
freezing. The penetrating CPAs like DMSO, PROH or ethylene glycol, are mainly used to 
reduce the volume of freezable ice within the cells, but their respective toxicity for the 
cells limit the potential concentration usable. However, since the last decades, non-
penetrating CPAs like disaccharides have been widely used in cryoprotective solution to 
improve cell preservation and reduce the penetrating CPA amount necessary. To our 
knowledge, the first use of sucrose as cryoprotectant of ovarian tissue was in 1996 with 
human ovaries (Hovatta et al., 1996). Sugars have been proved to play a role on ice crystal 
formation and stability (Kuleshova et al., 1999). Previous studies on mouse embryos 
revealed that sugars increase the homogeny ice transition temperature in freezing 
solutions. By this way, dehydration of the cells occurs when they are still permeable to 
water without reaching ice nucleation temperature. Moreover, the trehalose was reported 
to reduce the size of ice crystals and shorten their elongation during freezing (Sei et al., 
2002). 

On the basis of the contribution of DSC in other fields of cryopreservation [vitrification of 
ovary (Baudot et al., 2007), slow-freezing or vitrification of plants (Volk and Walters, 2006; 
Skyba et al., 2011), slow-freezing of aquatic crustaceans (Issartel et al., 2006)], our team chose 
a thermodynamic approach to study slow-freezing solutions for ovarian tissue. In fact, DSC 
allows the measure of the maximal quantity of ice formed in a solution (Qmax). Qmax 
corresponds to the definition of Boutron  : “The heat of solidification are represented by the 
numbers q of grams of ice whose solidification at 0°C would liberate the same amount of 
heat as that from 100g of solution on crossing the corresponding peaks. They are close to the 
real quantities of ice crystallized in % (w/w) of the solution when it is ice which crystallizes. 
One obtains the heat in calories per 100g of solution by multiplying q by 79.78” (Boutron, 
1984). Our team has thus quantified the quantity of ice formed in solutions used for the 
cryopreservation of ovarian tissue of different species (table 6). 
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Species Qmax in percentage (w/w) of solution 
Bitch 36.81 

Doe rabbit 45.79 
Cow 37.64 

Table 6. Maximal quantity of ice crystallized (Qmax) in solutions used for the 
cryopreservation of ovarian tissue of bitch, doe rabbit and cow. 

Then, our team decided to explore two research areas. On the one hand, DSC can compare the 
quantity of ice formed in two different cryopreservation solutions. Thus, it seems possible to 
select the most suitable cryopreservation solutions for slow freezing methods. The first results 
obtained in doe rabbit seem to confirm this hypothesis. In fact between two cryopreservation 
solutions tested, those for which the quantity of ice formed was the lowest, was also the one 
with the best biological results. On the other hand, for a given solution, DSC allows the 
measure of the quantity of ice formed for different freezing kinetics. Consequently, it seems 
also possible to select the most suitable kinetics according to the cryopreservation solutions. 

3.3 Promote the formation of a non-vulnerable extracellular ice 

Another approach to optimize cryopreservation process should be to control the ice crystal 
growth and shape in order to promote the less deleterious crystallization. It is already 
assumed that intracellular ice formation is lethal. Nonetheless, the recent observations of 
rabbit ovarian tissue by cryoscanning electronic microscopy and cryofracture reveal that 
depending on the cooling rate, the extracellular ice shape is modified. Moreover, according 
to these results the seeding temperature influences the shape and regularity of the ice 
crystals resulting in large uniform crystals when seeding was induced close to the solution 
melting point (Gosden et al., 2010).  

Otherwise, a better understanding of intracellular ice formation can also be advantageous to 
improve cryopreservation processes. Indeed, Han et al (2009) investigated the size of 
intracellular ice crystals in mouse oocytes by cryomicroscopy. They conclude that increasing 
the concentration of macromolecules in the cells by increasing the extracellular non 
permeating solute concentration significantly reduced the required permeating CPA 
concentration for intracellular vitrification. Moreover they also observed that intracellular 
ice melting point was always lower than extracellular ice. Taken together, this information 
can be helpful to optimize the cryopreservation protocols. 

Regarding DSC, a recent study showed that it is possible to differentiate the crystallization 
of intra and extracellular ice depending on freezing kinetics (Seki et al., 2009). Consequently, 
in addition to the measure of the quantity of crystallized ice, DSC can provide a better 
control of ice formation. 
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Species Qmax in percentage (w/w) of solution 
Bitch 36.81 

Doe rabbit 45.79 
Cow 37.64 

Table 6. Maximal quantity of ice crystallized (Qmax) in solutions used for the 
cryopreservation of ovarian tissue of bitch, doe rabbit and cow. 

Then, our team decided to explore two research areas. On the one hand, DSC can compare the 
quantity of ice formed in two different cryopreservation solutions. Thus, it seems possible to 
select the most suitable cryopreservation solutions for slow freezing methods. The first results 
obtained in doe rabbit seem to confirm this hypothesis. In fact between two cryopreservation 
solutions tested, those for which the quantity of ice formed was the lowest, was also the one 
with the best biological results. On the other hand, for a given solution, DSC allows the 
measure of the quantity of ice formed for different freezing kinetics. Consequently, it seems 
also possible to select the most suitable kinetics according to the cryopreservation solutions. 

3.3 Promote the formation of a non-vulnerable extracellular ice 

Another approach to optimize cryopreservation process should be to control the ice crystal 
growth and shape in order to promote the less deleterious crystallization. It is already 
assumed that intracellular ice formation is lethal. Nonetheless, the recent observations of 
rabbit ovarian tissue by cryoscanning electronic microscopy and cryofracture reveal that 
depending on the cooling rate, the extracellular ice shape is modified. Moreover, according 
to these results the seeding temperature influences the shape and regularity of the ice 
crystals resulting in large uniform crystals when seeding was induced close to the solution 
melting point (Gosden et al., 2010).  

Otherwise, a better understanding of intracellular ice formation can also be advantageous to 
improve cryopreservation processes. Indeed, Han et al (2009) investigated the size of 
intracellular ice crystals in mouse oocytes by cryomicroscopy. They conclude that increasing 
the concentration of macromolecules in the cells by increasing the extracellular non 
permeating solute concentration significantly reduced the required permeating CPA 
concentration for intracellular vitrification. Moreover they also observed that intracellular 
ice melting point was always lower than extracellular ice. Taken together, this information 
can be helpful to optimize the cryopreservation protocols. 

Regarding DSC, a recent study showed that it is possible to differentiate the crystallization 
of intra and extracellular ice depending on freezing kinetics (Seki et al., 2009). Consequently, 
in addition to the measure of the quantity of crystallized ice, DSC can provide a better 
control of ice formation. 
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1. Introduction 
Long-term storage of sperm in liquid nitrogen is a valuable technique for genetic resources 
preservation (Kopeika et al. 2007). The research on fish sperm cryopreservation has achieved 
great advances since the first successful sperm cryopreservation in herring (Blaxter 1953). It 
provides many benefits such as ease of global germplasm shipping and supply (Tiersch et 
al. 2004), selective breeding and hybridization with desirable characteristics (Henderson-
Arzapalo et al. 1994), and conservation of genetic diversity (Van der Walt et al. 1993; Tiersch 
et al. 2000; Ohta et al. 2001). Furthermore, a frozen sperm bank could maintain the 
continuous and stable supply of gametes for hatchery seed production or laboratory 
experimentation. Because of the advantages of this technique, fish sperm of over 200 
freshwater and 40 marine species have been cryopreserved successfully (Gwo 2000). 

Most of fish sperm cryopreservation researches have focused on freshwater species such 
as cyprinids (Babiak et al. 1997; Lahnsteiner et al. 2000), salmonoids (Conget et al. 1996; 
Cabrita et al. 2001), catfishes (Christensen and Tiersch 1997; Viveiros et al. 2000) and loach 
(Kopeika 2003a, b; Dzuba & Kopeika 2002). In recent years, with the rapid development of 
marine fish aquaculture, some experiments on germplasm cryopreservation have also 
been conducted in marine fish species, especially the great commercial value ones such as 
red seabream (Liu, et al. 2006；Liu, et al. 2007a，b；Liu, et al. 2010 a，b) turbot (Dréanno 
et al. 1997; Chen et al. 2004), flounder (Richardson et al. 1999; Zhang et al. 2003), and 
halibut (Billard et al. 1993).  

Damage to sperm morphology and function usually occurs during the process of freezing 
and thawing. Cellular damage may greatly decrease motility, impair velocity, and reduce 
fertilizing capacity, even lead to DNA strand breakage or mutation (Dréanno et al, 1997; 
Lahnsteiner et al, 1996a; Warnecke & Pluta 2003; Kopeika et al, 2004). Although motility and 
fertilizing capacity are usually assessed in frozen-thawed sperm, these methods have 
limitations. Many factors affect the validity of these assessments, including subjectivity, 
microscope performance, the quality of eggs, and fertilization protocols. Some new 
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technologies have been used in fish sperm quality analysis, such as computer-assisted 
sperm analysis (CASA), being used to objectively evaluate sperm motility (Lahnsteiner et 
al., 1996b; Lahnsteiner et al., 1998; Kime et al., 1996) ; Electron microscopy, being used to 
detect cryodamage (ultrastructural changes) in frozen-thawed sperm (Zhang et al, 2003, He 
&Woods 2004); In addition, flow cytometry of fluorescent-stained sperm have been used in 
mammals (Graham et al, 1990; Gravance et al, 2001) and turkeys (Donoghue et al ,1995), 
providing rapid, precise information regarding the viability of thousands of individual 
sperm. In recent years, flow cytometry has also been successfully used to assess both fresh 
and cryopreserved fish sperm (Ogier de Baulny et al, 1999; Segovia et al, 2000). 

Red seabream is one of the most commercially important marine fish species for aquaculture 
in China. However, the decline of wild red seabream population has occurred due to over 
fishing and marine pollution in recent years. The use of cryopreserved sperm can provide an 
efficient method to increase its genetic population size and to help maintain genetic 
diversity. The aims of this study were to establish efficient methods for cryopreservation of 
red seabream sperm with 2-mL cryovials and to objectively measure the post-thaw sperm 
motility characteristics by means of CASA, to evaluate the post-thaw sperm fertilization 
capacity, and the cryodamage by electron microscopy and flow cytometry. 

2. Sperm cryopreservation and quality evaluation  
2.1 Materials and methods 

2.1.1 Gametes collection 

Naturally matured fishes were obtained from Qingdao hatchery during the spawning 
season (From the middle of March to the end of May). Twenty males and 10 females (3 kg to 
4 kg individually, 10 years old) were cultivated in a 20-m3 concrete rearing pond with flow-
through seawater and fed daily with cooked meat of bay mussel, Mytilus edulis. Prior to 
handling, males were firstly anesthetized in a 0.003% eugenol bath. Sperm was collected 
into petri dishes by gently hand-stripping the abdomen of the ripe males. Extreme care was 
taken to avoid the contamination of sperm with seawater, blood, urine and feces. The 
percentage of motile spermatozoa was checked with a Nikon-YS-100 light microscope 
(Nikon Corporation, Tokyo, Japan) at 250 × magnification. Sperm with motility > 85% was 
kept on crushed ice and transported to the laboratory for further use. Eggs were collected by 
abdominal pressure of the females at the time of ovulation. Good eggs were slightly 
yellowish, translucent and round-shaped. Eggs for fertilization trials were collected only 
from one female.  

2.1.2 General procedure for sperm freezing and thawing 

Sperm were diluted in Cortland extenders (Liu et al, 2006) containing DMSO with 
different concentrations (6–24% DMSO). After mixing thoroughly, 1.6 ml sperm was 
placed into 2-ml cryovials. The cryovials were transferred into a Kryo-360-1.7 
programmable freezer (Planer Plc. Middlesex, UK), equilibrated for five minutes at 0oC, 
and frozen from 0 to −150oC at a cooling rate of 20oC min-1, then plunged into liquid 
nitrogen for storage. The frozen sperm were thawed in 40oC water bath after being 
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preserved in liquid nitrogen for one month. After that, the thawed sperm was evaluated 
for motility and fertilizing capacity.  

2.1.3 Sperm motion characteristics analysis by using CASA 

Sperm motion characteristics were assessed by using a computer-assisted sperm motion 
analysis system (CASAS-QH-Ш, Tsinghua Tongfang Inc., Beijing, China) at room 
temperature (18oC to 20oC). The method for computer-assisted sperm motion analysis was 
describied in Liu et al (2007b). The designation of the motility status was based on the level 
of the average path velocity (VAP). Sperm with average path velocity <5 μm s-1 were 
considered immotile, with average path velocity >20 μm s-1 were defined as motile, and 5–
20 μm s-1 as locally motile. Therefore, in the present study sperm motility includes the 
percentage of local motile sperm and motile sperm. Motility and velocity of fresh and post-
thaw sperm were quantitatively recorded by CASA immediately 10 s after activation, and 
changes of motility of post-thaw sperm frozen with 15% DMSO were observed every 30 s. 

2.1.4 Sperm fertilization and hatching experiments  

Fertilization capacity of post-thaw sperm frozen with DMSO (6–24% DMSO) was evaluated. 
The optimized sperm to egg ratio of 500:1 was selected for the following fertilization trials 
(Li et al., 2006). The artificial fertilization method was described in detail in Liu et al (2007b). 
Fertilization rates were evaluated within 6–8 h after insemination by counting the 
percentage of gastrula-stage embryos in relation to the total number of eggs used. Forty-
eight hours after fertilization, the number of hatched larvae was counted in each 
experiment. The hatching rates were calculated as the percentage of hatched larvae in 
relation to the total number of eggs used in each experiment. 

2.1.5 Ultrastructure 

Prior to scanning electron microscopy, sperm were fixed in 2.5% glutaraldehyde diluted in 
PBS (pH 7.6), dehydrated in a series of increasing concentrations of ethanol, critical-point 
dried, evaporated with gold, and examined with a scanning electron microscope (KYKY-
2800B; KYKY Technology Development Ltd., Beijing, China) For transmission electron 
microscopy, spermwas prefixed in 2.5% glutaraldehyde, post-fixed in 1% osmium tetroxide, 
and embedded in Epon 812. Ultrathin sections were prepared, counterstained with 
2%uranyl acetate followed by lead citrate, and examined with a transmission electron 
microscope (HITACHI H- 7000; Hitachi Ltd., Tokyo, Japan), and the number of sperm with 
various categories (normal, slightly damaged, and seriously damaged sperm) of 
cryodamage was determined. One-hundred sperm were randomly selected for observation 
each time; this was repeated three times on different sections (total of 300 frozen-thawed 
sperm for each male). 

2.1.6 Rhodamine 123, propidium iodide and flow cytometry 

The staining method used was described in (Liu et al. 2007a). An aliquot of mixed fresh or 
frozen-thawed sperm with 15%DMSO was incubated for 20 min (in the dark, temperature 4 
oC) with 5 mg/mL of Rhodamine 123 (Rh123, Sigma Chemical Co., St. Louis, MO, USA). 
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Thereafter, sperm were incubated for 45 min in 1.5 mL of Cortland extender. With this 
staining method, only cells with functional mitochondria were stained, due to the negative 
potential of the inner membrane of the mitochondria. Samples were diluted and 
counterstained with 5 mg/mL of propidium iodide (PI, Sigma Chemical Co.). After 10 min, 
sperm samples were analyzed with flow cytometry (FACSvantage SE flow cytometer; 
Becton Dickinson, Mountain View, CA, USA) as previously described for trout sperm (Ogier 
de Baulny, et al, 1997). Sperm populations were identified according to their relative red and 
green fluorescence (staining with PI and Rh123, respectively). Sperm with red (stained with 
PI) DNA were interpreted as having a damaged plasma membrane, whereas those that were 
green (stained with Rh123) were interpreted as having intact mitochondrial function. Sperm 
that were only red (damaged plasma membrane and lacking mitochondrial function), were 
localized in Region 1, whereas those that were only green (intact membrane and functional 
mitochondria), were localized in Region 3. Sperm with both red and green fluorescence 
(damaged plasma membrane and functional mitochondria) were localized in Region 4, and 
those with no staining (intact plasma membrane, but no mitochondrial activity) were 
localized in Region 2. 

2.1.7 Statistical analysis 

To determine the effects of cryopreservation on sperm motility, fertilization capacity, 
structure and function, a paired-sample t-test was used to compare fresh versus frozen-
thawed sperm. All statistical analyses were performed with SPSS Version 11.0 software 
(SPSS Inc. Chicago, IL, USA) and P < 0.05 was considered significant. All data were 
expressed as mean±S.D. 

2.2 Results 

2.2.1 Post-thaw sperm viability 

The influence of cryopreservation on sperm motility and velocity was shown in Table 1. 
Percentages of motile post-thaw sperm frozen with 12–21% DMSO were higher than those 
with 6% DMSO, 9% DMSO and 24% DMSO. However, the procedure of cryopreservation 
has no significant (P>0.05) influence on the motile sperm velocity 10 s after activation 
compared with fresh sperm. In addition, the post-thaw sperm frozen with 12-21% DMSO 
showed similar types of straight trajectories.  

Cryoprotectant (%) Motility parameters 
Locally motile (%) Motile (%) Velocity (μm s-1) 

Fresh sperm 22.0±7.7 64.7±14.2 c 113.1±10.6 a 
6% DMSO 16.6±4.6 26.8±11.4 a 89.1±15.0 a 
9% DMSO 21.3±7.2 40.3±9.1 ab 91.9±13.5 a 
12% DMSO 17.8±10.6 61.6±8.5 c 95.2±12.3 a 
15% DMSO 20.4±6.1 64.8±8.7 c 99.3±11.6 a 
18% DMSO 21.8±3.9 62.9±6.2 c 97.7±15.2 a 
21% DMSO 16.4±4.3 60.8±5.4 c 90.1±12.3 a 
24% DMSO 16.6±7.9 55.7±9.2 bc 95.7±8.9 a 

Table 1. The influence of cryopreservation on sperm motility and velocity in P. major 
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The motion characteristics of fresh and post-thaw sperm were evaluated by using computer-
assisted sperm analysis 10 s after activation. This table shows the percentages of locally 
motile (VAP range from 5 to 20μm s-1) and motile sperm (VAP > 20μm s-1) as well as their 
velocity (VAP) for fresh and post-thaw sperm. Values superscripted by the same letter are 
not significantly different (P>0.05, n=5). 

The effect of time after activations on post-thaw sperm motility was shown in Fig. 1. The 
percentages of total motile sperm of both fresh (87. 2 ± 6.1%) and post-thaw sperm (81.9 ± 
6.6%) frozen with 15% DMSO were not (P>0.05) different significantly 10 s after activation. 
However, 30 s after activation the percentage of total motile post-thaw sperm (72.3 ± 6.3%) 
was (P<0.05) lower than that of fresh sperm (82.7 ± 7.2%). Sixty seconds after activation, the 
percentage of post-thaw sperm motility drastically reduced to 38.7 ± 13.2%.  

 
Fig. 1. The influence of time after activation on the motility of fresh and post-thaw sperm in 
P. major. Ten seconds after activation, the total motilities of fresh and post-thaw sperm 
frozen with 15% DMSO were observed every 30 s using computer-assisted sperm analysis 
system. This figure describes the evolution of the total motilities of fresh ( ) and post-thaw 
sperm ( ) after activation respectively (n =5).   

2.2.2 Post-thaw sperm fertilizing capacity and hatchability 

Fertilization rates and hatching rates of fresh and post-thaw sperm were shown in Fig. 2. 
The fertilization rates and hatching rates were similar for fresh and post-thaw sperm frozen 
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frozen with 15% DMSO were observed every 30 s using computer-assisted sperm analysis 
system. This figure describes the evolution of the total motilities of fresh ( ) and post-thaw 
sperm ( ) after activation respectively (n =5).   
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with 12–21% DMSO. However, lower (P<0.05) fertilizing capacity of post-thaw sperm frozen 
with 6% DMSO, 9% DMSO and 24% DMSO were observed. In addition, the percentages of 
motile of post-thaw sperm and fertilization rates showed a high positive linear regression (r 
= 0.876). Similarly, the percentages of motile spermatozoa and hatching rates of post-thaw 
sperm showed a high positive linear regression (r = 0.878). 

 

 
 

Fig. 2. Fertilization rates and hatching rates of fresh and post-thaw sperm in P. major. 
Cryopreserved sperm was thawed and activated for the artificial fertilization with sperm to 
egg ratio 500:1. This figure describes the fertilization rates and hatching rates of post-thaw 
sperm frozen with 6-24% DMSO.  For fertilization rates of fresh and post-thaw sperm;  
For hatching rates of fresh and post-thaw sperm. Columns marked with the same letter are 
not significantly different (P>0.05, n=5). 

2.2.3 Sperm ultrastructure  

Ultrastructure of fresh and intact frozen-thawed red seabream sperm are shown in Fig. 1. 
These sperm had a head, midpiece, and tail. The head was ovoid and contained the nucleus 
and centriolar complex; the latter consisted of two centrioles. The midpiece was 
approximately cylindrical and contained mitochondria. The flagellum consisted of nine 
peripheral doublets and two central microtubules; the axoneme was a typical 9 + 2 structure 
(Fig. 3 A, B). The proportion of fresh sperm with normal morphology was 77.8 ± 5.6%, 
whereas after cryopreservation, 63.0 ± 7.2% of the sperm had normal morphology (Fig. 3 C), 
20.7 ± 3.1% were partly damaged (e.g. swelling or rupture of head, midpiece and tail region, 
as shown in Fig. 3 D, as well as damage to mitochondria). Furthermore, 16.4 ± 4.2% were 
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severely damaged; the plasma membranes was completely ruptured and only nuclei, 
mitochondria, or some fragments of cellular organelles were found (Fig.3 E). 

 
Fig. 3. The morphology and ultrastructure of fresh and normal post-thaw spermatozoa of 
red seabream. (A) Total view of fresh spermatozoa and the internal structure of head and 
mid-piece of fresh spermatozoa. (B) Flagellum of fresh spermatozoa. (C) Unchanged 
spermatozoa cryopreserved with 15% DMSO. (D) Partly damaged spermatozoa. (E) 
Completely damaged plasmalemma and nuclear envelop. (h, head; m , mid-piece; t, tail 
region. nu, nucleus; ne, nuclear envelope; bb, basal body; mi, mitochondrion; pm, 
plasmalemma; f, flagellum; v, vacuole). Scale bar = 0.5 μm. 

2.2.4 Fluorescent staining and flow cytometry 

Sperm populations were localized into four distinct regions according to their relative green 
and red fluorescence after staining with PI and Rh123 (Fig. 4). For fresh sperm, 83.9% had an 
intact membrane and functional mitochondria, 5.1% had nonfunctional mitochondria, 9.8% 
had nonfunctional mitochondria, and 1.2% had both a damaged membrane and 
nonfunctional mitochondria; whereas for frozen-thawed sperm, the percentages of sperm 
localized in four regions were 74.8%(Region 3), 12.7%(Region 4), 9.9% (Region 2), and 
2.6%(Region 1), respectively. 
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with 12–21% DMSO. However, lower (P<0.05) fertilizing capacity of post-thaw sperm frozen 
with 6% DMSO, 9% DMSO and 24% DMSO were observed. In addition, the percentages of 
motile of post-thaw sperm and fertilization rates showed a high positive linear regression (r 
= 0.876). Similarly, the percentages of motile spermatozoa and hatching rates of post-thaw 
sperm showed a high positive linear regression (r = 0.878). 

 

 
 

Fig. 2. Fertilization rates and hatching rates of fresh and post-thaw sperm in P. major. 
Cryopreserved sperm was thawed and activated for the artificial fertilization with sperm to 
egg ratio 500:1. This figure describes the fertilization rates and hatching rates of post-thaw 
sperm frozen with 6-24% DMSO.  For fertilization rates of fresh and post-thaw sperm;  
For hatching rates of fresh and post-thaw sperm. Columns marked with the same letter are 
not significantly different (P>0.05, n=5). 
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severely damaged; the plasma membranes was completely ruptured and only nuclei, 
mitochondria, or some fragments of cellular organelles were found (Fig.3 E). 

 
Fig. 3. The morphology and ultrastructure of fresh and normal post-thaw spermatozoa of 
red seabream. (A) Total view of fresh spermatozoa and the internal structure of head and 
mid-piece of fresh spermatozoa. (B) Flagellum of fresh spermatozoa. (C) Unchanged 
spermatozoa cryopreserved with 15% DMSO. (D) Partly damaged spermatozoa. (E) 
Completely damaged plasmalemma and nuclear envelop. (h, head; m , mid-piece; t, tail 
region. nu, nucleus; ne, nuclear envelope; bb, basal body; mi, mitochondrion; pm, 
plasmalemma; f, flagellum; v, vacuole). Scale bar = 0.5 μm. 
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Fig. 4. Flow cytometric dot plots of spermatozoa of red seabream after cryopreservation. 
Region 1, sperm with a damaged plasma membrane but normal mitochondrial function. 
Region 2, sperm with an intact plasma membrane but lacking mitochondrial function. 
Region 3, sperm with an intact plasma membrane and functional mitochondria. Region 4, 
sperm with a damaged plasma membrane and functional mitochondria. 

2.3 Discussion 

Motility is an important characteristic for estimating the quality of fresh as well as 
cryopresrved sperm (Lahnsteiner et al., 1996a). In this study, the freezing-thawing process 
did not significantly change the main motility pattern and swimming velocity of motile 
sperm 10 s after activation, and the progressive linear motion was still the dominant pattern. 
Moreover, for the sperm cryopreserved with 12–21% DMSO, the freezing-thawing process 
also didn’t significantly influence their motility and motility pattern, although it 
significantly reduced their motility period. However, different results were obtained from 
the sperm cryopreservation of turbot (Dréanno et al., 1997), which the percentage of motile 
post-thaw sperm was significantly lower than that obtained from fresh sperm while the 
velocity and the duration of motion were not significantly modified.  

No significant difference in the fertilization rates and hatching rates were observed between 
sperm cryopreserved with 12–21% DMSO and fresh sperm. However, Lahnsteiner et al. 
(2003) reported that in cyprinids sperm, the post-thaw fertilization ratios obtained with 
sperm to egg ratios of 1.3–2.6×106:1 did not reach that of the fresh sperm. Similar results 
have also been reported in turbot (Chen et al., 2004; Suquet et al., 1998) and flounder (Zhang 
et al., 2003). These may be due to the species specific or un-ideal protocols used in sperm 
cryopreservation. In this study, for the post-thaw sperm a high positive correlation was 
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observed between the percentage of motile sperm and fertilizing capacity. This was 
consistent to the results that obtained from turbot (Dréanno et al., 1999), common carp 
(Linhart et al., 2000) and African Catfish (Rurangwa et al., 2001).  

In the present study, the data from ultrastructural investigation and flow cytometric 
analysis demonstrates that more that 60% of post- sperm were normal in morphology and 
mitochondrial function. These results further confirmed the high performance of the 
protocols established for red seabream. In addition, the high fertilization capacity of post-
thaw sperm implies that some of the slightly damaged spermatozoa can still fertilize eggs 
and develop into larvae. However, it remains to be determined whether the larvae from 
cryopreserved sperm develop into healthy adults. 

During the process of cooling, freezing and thawing, spermatozoa are subjected to a series 
of damages (Oehninger et al., 2000). In ultrastructural investigation, we found 20.7 ± 3.1% 
were slightly damaged in some way and 16.4 ± 4.2% were severely damaged. One of the 
causes may be the ice crystal formation during the freezing process and some researchers 
agree that intracellular ice formation is the major injury mechanism at rapid cooling rates 
(Toner et al.,1993; Chao & Liao 2001). Other causes of cryodamages include pH fluctuation, 
cold shock, osmometric effect, and cryoprotectant toxicity (Chao & Liao 2001). The swelling 
and rupture of the plasmalemma after thawing may be due to the damage to the unit 
membrane which is very sensitive to freezing and thawing (Lahnsteiner et al., 1992). Similar 
morphological changes were reported in post-thaw sperm of ocean pout (Yao et al., 2000), 
rainbow trout (Lahnsteiner et al., 1996c), and atlantic croaker (Gwo et al., 1991). For 
example, in grayling sperm (Lahnsteiner et al., 1992), a marked decrease in sperm quality 
was observed, about 40% to 50% of the spermatozoa were completely damaged, 30% to 40% 
changed and only 10–20% showed an intact morphology. In this study, flow cytometric 
analysis, based on membrane integrity and mitochondrial function, was used to assess post-
thaw sperm quality. After double staining with Rh123 and PI, we found 74.8% of post-thaw 
sperm showed membrane integrity and mitochondrial function. In rainbow trout (Ogier de 
Baulny et al., 1997), the plasma membrane and mitochondrial function were better protected 
with 10% DMSO.  

Plasma membrane integrity and mitochondrial function are the two most important 
attributes for fertilizing an egg. The damage to membrane integrity and mitochondrial 
function could destabilize the sperm membrane and affect mitochondrial energy 
metabolism, thereby affecting spermatozoa viability. However, what interested us most is 
that although about 30% of spermatozoa were damaged in some way or even totally 
ruptured, the fertilization capacity of post-thaw sperm were not affected significantly in the 
standardized artificial fertilization experiment (Oehninger et al., 2000). Three hypotheses 
can be considered. The first hypotheses is that the sperm that survived freezing-thawing 
with normal morphology and mitochondrial function as shown in Fig. 3 and Fig. 4 region 3 
should be similar to fresh sperm in fertilization capacity. The second is that the sperm 
cryopreserved with the established method could provide adequate numbers of motile 
spermatozoa with normal sperm parameters to fertilize the eggs in artificial fertilization 
experiment. The third is that the process of freezing-thawing may result in a population of 
partially damaged yet motile spermatozoa, which can fertilize eggs and develop into larva 
normally. Such a population usually exhibits a certain degree of plasma and mitochondrial 
membrane leakiness as shown in Fig. 3 and Fig. 4 region 2, 4.  
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Fig. 4. Flow cytometric dot plots of spermatozoa of red seabream after cryopreservation. 
Region 1, sperm with a damaged plasma membrane but normal mitochondrial function. 
Region 2, sperm with an intact plasma membrane but lacking mitochondrial function. 
Region 3, sperm with an intact plasma membrane and functional mitochondria. Region 4, 
sperm with a damaged plasma membrane and functional mitochondria. 
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Motility is an important characteristic for estimating the quality of fresh as well as 
cryopresrved sperm (Lahnsteiner et al., 1996a). In this study, the freezing-thawing process 
did not significantly change the main motility pattern and swimming velocity of motile 
sperm 10 s after activation, and the progressive linear motion was still the dominant pattern. 
Moreover, for the sperm cryopreserved with 12–21% DMSO, the freezing-thawing process 
also didn’t significantly influence their motility and motility pattern, although it 
significantly reduced their motility period. However, different results were obtained from 
the sperm cryopreservation of turbot (Dréanno et al., 1997), which the percentage of motile 
post-thaw sperm was significantly lower than that obtained from fresh sperm while the 
velocity and the duration of motion were not significantly modified.  

No significant difference in the fertilization rates and hatching rates were observed between 
sperm cryopreserved with 12–21% DMSO and fresh sperm. However, Lahnsteiner et al. 
(2003) reported that in cyprinids sperm, the post-thaw fertilization ratios obtained with 
sperm to egg ratios of 1.3–2.6×106:1 did not reach that of the fresh sperm. Similar results 
have also been reported in turbot (Chen et al., 2004; Suquet et al., 1998) and flounder (Zhang 
et al., 2003). These may be due to the species specific or un-ideal protocols used in sperm 
cryopreservation. In this study, for the post-thaw sperm a high positive correlation was 
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observed between the percentage of motile sperm and fertilizing capacity. This was 
consistent to the results that obtained from turbot (Dréanno et al., 1999), common carp 
(Linhart et al., 2000) and African Catfish (Rurangwa et al., 2001).  

In the present study, the data from ultrastructural investigation and flow cytometric 
analysis demonstrates that more that 60% of post- sperm were normal in morphology and 
mitochondrial function. These results further confirmed the high performance of the 
protocols established for red seabream. In addition, the high fertilization capacity of post-
thaw sperm implies that some of the slightly damaged spermatozoa can still fertilize eggs 
and develop into larvae. However, it remains to be determined whether the larvae from 
cryopreserved sperm develop into healthy adults. 

During the process of cooling, freezing and thawing, spermatozoa are subjected to a series 
of damages (Oehninger et al., 2000). In ultrastructural investigation, we found 20.7 ± 3.1% 
were slightly damaged in some way and 16.4 ± 4.2% were severely damaged. One of the 
causes may be the ice crystal formation during the freezing process and some researchers 
agree that intracellular ice formation is the major injury mechanism at rapid cooling rates 
(Toner et al.,1993; Chao & Liao 2001). Other causes of cryodamages include pH fluctuation, 
cold shock, osmometric effect, and cryoprotectant toxicity (Chao & Liao 2001). The swelling 
and rupture of the plasmalemma after thawing may be due to the damage to the unit 
membrane which is very sensitive to freezing and thawing (Lahnsteiner et al., 1992). Similar 
morphological changes were reported in post-thaw sperm of ocean pout (Yao et al., 2000), 
rainbow trout (Lahnsteiner et al., 1996c), and atlantic croaker (Gwo et al., 1991). For 
example, in grayling sperm (Lahnsteiner et al., 1992), a marked decrease in sperm quality 
was observed, about 40% to 50% of the spermatozoa were completely damaged, 30% to 40% 
changed and only 10–20% showed an intact morphology. In this study, flow cytometric 
analysis, based on membrane integrity and mitochondrial function, was used to assess post-
thaw sperm quality. After double staining with Rh123 and PI, we found 74.8% of post-thaw 
sperm showed membrane integrity and mitochondrial function. In rainbow trout (Ogier de 
Baulny et al., 1997), the plasma membrane and mitochondrial function were better protected 
with 10% DMSO.  

Plasma membrane integrity and mitochondrial function are the two most important 
attributes for fertilizing an egg. The damage to membrane integrity and mitochondrial 
function could destabilize the sperm membrane and affect mitochondrial energy 
metabolism, thereby affecting spermatozoa viability. However, what interested us most is 
that although about 30% of spermatozoa were damaged in some way or even totally 
ruptured, the fertilization capacity of post-thaw sperm were not affected significantly in the 
standardized artificial fertilization experiment (Oehninger et al., 2000). Three hypotheses 
can be considered. The first hypotheses is that the sperm that survived freezing-thawing 
with normal morphology and mitochondrial function as shown in Fig. 3 and Fig. 4 region 3 
should be similar to fresh sperm in fertilization capacity. The second is that the sperm 
cryopreserved with the established method could provide adequate numbers of motile 
spermatozoa with normal sperm parameters to fertilize the eggs in artificial fertilization 
experiment. The third is that the process of freezing-thawing may result in a population of 
partially damaged yet motile spermatozoa, which can fertilize eggs and develop into larva 
normally. Such a population usually exhibits a certain degree of plasma and mitochondrial 
membrane leakiness as shown in Fig. 3 and Fig. 4 region 2, 4.  
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3. Conclusion 
In conclusion, the fertilizing capacity and egg hatchability were not significantly reduced by 
the post-thaw sperm treated with 12-21%DMSO, although the post-thaw sperm quality was 
influenced during the freezing and thaw process in motility, ultrastructure and 
mitochondrial function. The cryopreservation protocol used for red seabream sperm should 
be of great value for the establishment of sperm banks and assessment of ultrastructure and 
flow cytometry facilitated identification of damaged sperm; However, the exact nature of 
cryodamage to fish sperm are not yet fully understood. Sperm motility, structure integrity 
and mitochondrion function were damaged with different extent, although the fertilization 
capacity of cryopreserved sperm was not changed. There are many questions need to 
answer, how does the cryodamage reduce the sperm motility duration? If the cryodamages 
influence the gene expression and the embryo and larvae development? how to improve the 
post-thaw sperm quality by optimize the cryopreservation method? 
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In conclusion, the fertilizing capacity and egg hatchability were not significantly reduced by 
the post-thaw sperm treated with 12-21%DMSO, although the post-thaw sperm quality was 
influenced during the freezing and thaw process in motility, ultrastructure and 
mitochondrial function. The cryopreservation protocol used for red seabream sperm should 
be of great value for the establishment of sperm banks and assessment of ultrastructure and 
flow cytometry facilitated identification of damaged sperm; However, the exact nature of 
cryodamage to fish sperm are not yet fully understood. Sperm motility, structure integrity 
and mitochondrion function were damaged with different extent, although the fertilization 
capacity of cryopreserved sperm was not changed. There are many questions need to 
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influence the gene expression and the embryo and larvae development? how to improve the 
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1. Introduction 
Wels catfish (Silurus glanis) and pikeperch (Sander lucioperca) are two predator fish species 
cultivated in the traditional Central European pond aquaculture. Their role in the pond 
ecosystem is the control of the populations of smaller wild fish that enter ponds during their 
flooding in the Spring and would represent food competition for the cultured cyprinids. In 
addition, both species are highly priced for their excellent boneless meat, therefore, attempts 
are made to improve their culture and enhance yields (Horváth et al., 2002). 

The process of induced propagation of wels catfish is based on a long-standing technology. 
However, certain problems can still appear: the method of collecting male gametes is still 
based on the removal of testes. By the application of this method a particular male can only be 
used once for propagation. Moreover, differentiation of sexes requires a great deal of 
experience and the danger of using an immature female with a less developed body structure 
is still present. As a result of listed problems the success of propagation becomes questionable. 

In recent years successful experiments have been carried out in the pikeperch in many farms 
and research centers for the development of induced propagation in hatcheries. 
Synchronization of maturation of female individuals is not perfectly developed yet, thus, 
successful striping requires a constant attention and control. That is why minimizing the 
presence of males and securing sperm in a most simple way could focus attention on females.  

Application of cryopreserved male gametes for fish propagation in hatcheries can serve as a 
solution for all mentioned difficulties and risks. History of fish sperm cryopreservation 
dates back to the beginning of 1950s, since then the sperm of more than 200 fish species has 
been cryopreserved successfully all over the world (Rana, 1995). In spite of this the 
application of cryopreserved fish sperm is still not very common in aquaculture in contract 
to e.g. the dairy cattle sector. Most studies done on cryopreservation of fish sperm put the 
emphasis on optimization of the process, on cryopreservation of a small amounts of male 
gametes, thus, rendering this technology to the level of laboratory experiments without any 
basic output for farmers.  
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By the help of a successful cryopreservation method applicable in fish farms not only the 
reduction of propagation risks would become possible but also a long-term storage of 
gametes of substantial breeders as already applied in case of carp. Development of a sperm 
bank already employed at cattle breeding would also become feasible thus increasing the 
role and rate of rarely used selection methods of animal breeding in fisheries. 

The objective of our work was the development of working protocols for the 
cryopreservation of wels catfish and pikeperch sperm that can be applied to aquaculture of 
these species. In both species, this development required a thorough knowledge of culture 
conditions of the given species, studies of the cryoresistance of sperm and adaptation of 
cryopreservation methods to hatchery practices. 

2. Materials and methods 
Experiments on the cryopreservation of sperm of both species were carried out during the 
years 2005-2008 at various locations in Hungary. Details of experiments including their 
dates and locations are provided in the descriptions of experiments on each species. 

2.1 Experiments on wels catfish sperm 

2.1.1 Methods of collection and cryopreservation of male gametes 

Gametes applied in the experiments were invariably retrieved directly from the testis 
removed from the abdomen after the decapitation of male wels catfish (not stripped). After 
removing it from the abdomen the testis was cut up and squeezed out through a dry gauze 
into a Petri-dish. After extraction of sperm motility of gametes was examined through a 
light microscope at 200× magnification.  

Ten per cent methanol was used as a cryoprotectant and 6% fructose as a diluent. pH of the 
cryopreservation medium was adjusted to 7.73 by the help of 1 M NaHCO3 solution. From 
the diluted sperm treated this way 4 ml was pipetted into a 5-ml straw.  

In the process of cryopreservation liquid nitrogen was poured into a polystyrene box on the 
top of which a polystyrene frame was placed with a height of 3 cm and the straws were laid 
on it. Samples were stored in a canister storage dewar until use.  

Straws were thawed in 40 °C of water for 40 seconds. After thawing the closed ends of 
straws were cut up and their content was poured into a test-tube or directly onto the eggs 
used for propagation. Motility of thawed sperm was examined according to the method 
already described. The method mentioned here was compiled on the basis of former 
experiments of the cryopreservation group of the Department of Aquaculture on African 
catfish (Urbányi et al., 1999; Horváth & Urbányi, 2000). 

2.1.2 Experiments on cooling time and sperm-egg ratio 

Male gametes applied for cryopreservation in 2005 were collected from the farm in Tuka of 
Szarvas-Fish Kft. and the farm in Szeged of Szegedfish Kft. by joining to their propagation 
processes. Males were injected with 4 mg/body weight kg carp pituitary in one dose by the 
assistants of the farm before the extraction of sperm. Length and weight of the body and 
weight of the testis were measured. Gonadosomatic indices (GSI) were determined from the 

Sperm Cryopreservation of Two European Predator Fish Species, 
the Pikeperch (Sander lucioperca) and the Wels Catfish (Silurus glanis) 255 

ratio of testis and body weight. After the squeezing of sperm the motility of gametes was 
defined as described above. After the collection of gametes the former described 
cryopreservation method was used with the addition that in case of samples collected in 
Tuka the effect of cooling time on motility and fertilizing capacity was also tested. Cooling 
time of samples varied between 3, 5 and 7 minutes. After the cooling period straws were 
placed into liquid nitrogen.  

First propagation tests were completed in the Szajol farm of Fish-Coop Kft. Eggs were 
gained from fish by a routine propagation process. In the first experiments eggs were 
divided into 40, 80 and 120 g doses and each dose was propagated with 1 straw of 
cryopreserved sperm. Fertilized eggs were then incubated in 7 l Zug-jars. Hatching rate was 
counted after hatching.  

The second experimental procedure was performed in the Attala fish farm of Attala Hal Kft., 
when eggs were divided up to two 150 g doses and one of them was fertilized with one, 
while the other one with two straws of sperm. In both cases freezing time was 7 minutes. At 
hatching the ratio of hatching and deformed larvae was determined.  

In the experimental procedure the cooling rate was measured, too. A straw was filled with 
cryopreservation medium. The K type sensor of a Digi-Sense DualLogR digital thermometer 
(Eutech Instruments, Singapore) was placed into the straw which was then laid onto a 3 cm 
high polystyrene frame floating on the surface of liquid nitrogen. The thermometer recorded 
temperature data with 1 second intervals. Temperature data were collected for 6 minutes 
since storing capacity of the memory of the thermometer allowed the recording of this 
amount of data. 

2.1.3 Cryopreservation and analysis of sperm collected outside of the spawning 
season in hatchery conditions 

In 2006 wels catfish sperm was collected in January and March (aside from the spawning 
season) in the Köröm farm of Aqua-culture Kft. (Köröm Fish Farm, Local Government of 
Bőcs at present) from wels catfish kept in a flow-through intensive system. They were kept 
in tanks in a constant water temperature of 20 °C. The method applied for cryopreservation 
was the same as already mentioned with the difference that sperm was frozen for 7 minutes 
on the polystyrene frame before placing it into liquid nitrogen. Motility of sperm was 
examined both in fresh and cryopreserved samples.  

Propagation experiments were performed at the Szajol farm of Fish-Coop Kft. For this, 
cryopreserved samples originating from Szeged, 2005 and Köröm, 2006 were used. Eggs 
were collected from female fish by a routine propagation process. In the experimental 
procedure eggs were distributed into 250 and 350 g dosages and fertilized with one straw of 
sperm. Fertilized egg doses were then incubated in 7 l Zug-jars and hatching rates were 
determined after hatching. 

2.1.4 Application in hatcheries 

The aim of these experiments was to fertilize significant amounts of eggs (150-300 g) with 
large doses of cryopreserved sperm (5-ml straws) all over the country by joining to 
propagation work of a given farm. Reliability and repeatability of the method were also 
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By the help of a successful cryopreservation method applicable in fish farms not only the 
reduction of propagation risks would become possible but also a long-term storage of 
gametes of substantial breeders as already applied in case of carp. Development of a sperm 
bank already employed at cattle breeding would also become feasible thus increasing the 
role and rate of rarely used selection methods of animal breeding in fisheries. 

The objective of our work was the development of working protocols for the 
cryopreservation of wels catfish and pikeperch sperm that can be applied to aquaculture of 
these species. In both species, this development required a thorough knowledge of culture 
conditions of the given species, studies of the cryoresistance of sperm and adaptation of 
cryopreservation methods to hatchery practices. 

2. Materials and methods 
Experiments on the cryopreservation of sperm of both species were carried out during the 
years 2005-2008 at various locations in Hungary. Details of experiments including their 
dates and locations are provided in the descriptions of experiments on each species. 

2.1 Experiments on wels catfish sperm 

2.1.1 Methods of collection and cryopreservation of male gametes 

Gametes applied in the experiments were invariably retrieved directly from the testis 
removed from the abdomen after the decapitation of male wels catfish (not stripped). After 
removing it from the abdomen the testis was cut up and squeezed out through a dry gauze 
into a Petri-dish. After extraction of sperm motility of gametes was examined through a 
light microscope at 200× magnification.  

Ten per cent methanol was used as a cryoprotectant and 6% fructose as a diluent. pH of the 
cryopreservation medium was adjusted to 7.73 by the help of 1 M NaHCO3 solution. From 
the diluted sperm treated this way 4 ml was pipetted into a 5-ml straw.  

In the process of cryopreservation liquid nitrogen was poured into a polystyrene box on the 
top of which a polystyrene frame was placed with a height of 3 cm and the straws were laid 
on it. Samples were stored in a canister storage dewar until use.  

Straws were thawed in 40 °C of water for 40 seconds. After thawing the closed ends of 
straws were cut up and their content was poured into a test-tube or directly onto the eggs 
used for propagation. Motility of thawed sperm was examined according to the method 
already described. The method mentioned here was compiled on the basis of former 
experiments of the cryopreservation group of the Department of Aquaculture on African 
catfish (Urbányi et al., 1999; Horváth & Urbányi, 2000). 

2.1.2 Experiments on cooling time and sperm-egg ratio 

Male gametes applied for cryopreservation in 2005 were collected from the farm in Tuka of 
Szarvas-Fish Kft. and the farm in Szeged of Szegedfish Kft. by joining to their propagation 
processes. Males were injected with 4 mg/body weight kg carp pituitary in one dose by the 
assistants of the farm before the extraction of sperm. Length and weight of the body and 
weight of the testis were measured. Gonadosomatic indices (GSI) were determined from the 
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ratio of testis and body weight. After the squeezing of sperm the motility of gametes was 
defined as described above. After the collection of gametes the former described 
cryopreservation method was used with the addition that in case of samples collected in 
Tuka the effect of cooling time on motility and fertilizing capacity was also tested. Cooling 
time of samples varied between 3, 5 and 7 minutes. After the cooling period straws were 
placed into liquid nitrogen.  

First propagation tests were completed in the Szajol farm of Fish-Coop Kft. Eggs were 
gained from fish by a routine propagation process. In the first experiments eggs were 
divided into 40, 80 and 120 g doses and each dose was propagated with 1 straw of 
cryopreserved sperm. Fertilized eggs were then incubated in 7 l Zug-jars. Hatching rate was 
counted after hatching.  

The second experimental procedure was performed in the Attala fish farm of Attala Hal Kft., 
when eggs were divided up to two 150 g doses and one of them was fertilized with one, 
while the other one with two straws of sperm. In both cases freezing time was 7 minutes. At 
hatching the ratio of hatching and deformed larvae was determined.  

In the experimental procedure the cooling rate was measured, too. A straw was filled with 
cryopreservation medium. The K type sensor of a Digi-Sense DualLogR digital thermometer 
(Eutech Instruments, Singapore) was placed into the straw which was then laid onto a 3 cm 
high polystyrene frame floating on the surface of liquid nitrogen. The thermometer recorded 
temperature data with 1 second intervals. Temperature data were collected for 6 minutes 
since storing capacity of the memory of the thermometer allowed the recording of this 
amount of data. 

2.1.3 Cryopreservation and analysis of sperm collected outside of the spawning 
season in hatchery conditions 

In 2006 wels catfish sperm was collected in January and March (aside from the spawning 
season) in the Köröm farm of Aqua-culture Kft. (Köröm Fish Farm, Local Government of 
Bőcs at present) from wels catfish kept in a flow-through intensive system. They were kept 
in tanks in a constant water temperature of 20 °C. The method applied for cryopreservation 
was the same as already mentioned with the difference that sperm was frozen for 7 minutes 
on the polystyrene frame before placing it into liquid nitrogen. Motility of sperm was 
examined both in fresh and cryopreserved samples.  

Propagation experiments were performed at the Szajol farm of Fish-Coop Kft. For this, 
cryopreserved samples originating from Szeged, 2005 and Köröm, 2006 were used. Eggs 
were collected from female fish by a routine propagation process. In the experimental 
procedure eggs were distributed into 250 and 350 g dosages and fertilized with one straw of 
sperm. Fertilized egg doses were then incubated in 7 l Zug-jars and hatching rates were 
determined after hatching. 

2.1.4 Application in hatcheries 

The aim of these experiments was to fertilize significant amounts of eggs (150-300 g) with 
large doses of cryopreserved sperm (5-ml straws) all over the country by joining to 
propagation work of a given farm. Reliability and repeatability of the method were also 
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examined. In each case one dose of eggs was fertilized with the content of one straw. In the 
frames of a routine propagation work fertilization with cryopreserved sperm was 
propagated in five different farms:  

 in Attala pond farm of Attala Fish Production and Trading Kft. 
 in Köröm fish farm of the Local Government of Bőcs  
 in Százhalombatta farm of TEHAG Kft. 
 in Ördöngös farm of Aranykárász Co. 
 in Szeged farm of Szegedfish Kft. 

In the Attala experiment in 15 May 2007 cryopreserved sperm collected ourside of the 
spawning season was used for the fertilization of 200 g egg doses.  

The experiment in Köröm was carried out in 17 May 2007 in which cryopreserved sperm 
was applied for fertilization also collected off season. Egg doses of 200 g were fertilized both 
for treated and for control groups.  

Following that, egg doses of 200 g were fertilized in the Százhalombatta farm of TEHAG Kft. 
in 22 May 2007. This time cryopreserved sperm from Szeged was used in the experiments 
collected in 2006 in the spawning season.  

In the fourth experiment in 21 May 2007 egg doses of 200-350 g were fertilized in the 
Ördöngös farm of Aranykárász Co with cryopreserved sperm collected off season.  

The last experiment was performed in the hatchery of Szegedfish Kft. in 23 May 2007. In the 
research work egg doses of 150 g were fertilized with cryopreserved sperm deriving from 
Szeged.  

In all cases our team personally joined to the propagation work of the farm, thus, we 
ensured that an adequate amount of cryopreserved sperm was used for the egg doses. 
Process of propagation was always performed according to the practice of the certain farm. 
One dose of eggs was fertilized with one straw of thawed sperm. In all experiments 
hatching percentage of larvae was determined and in the experiment in Attala fertilization 
rate at 4-8 cell stage was also examined. 

2.1.5 Experiments on larval survival 

For the analysis of larval survival, growth and survival of feeding larvae in 2007 and non-
feeding wels catfish larvae in 2008 were examined.  

Analysis of feeding larval stage 

When examining feeding larval stage in farm conditions, larvae were produced in 
Százhalombatta farm of TEHAG Kft. by applying local propagation methods. During 
fertilization process 1 straw of sperm was added to 200 g of eggs. After fertilization the 200 g 
doses of eggs were placed into 7 l Zug-jars. For fertilization of individuals in the control 
group native sperm from males of the farm was used. On the second day after fertilization 
hatched larvae were counted then after hatching the non-feeding larvae were placed into 
larva-tanks. On the third day after hatching when larvae started their exogenous feeding the 
ones devoted for the experiment were counted and placed into troughs. 1000 individuals 
were placed into a 100 l trough with flow-through water in 3 replcates. The stock was fed 
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with chopped tubifex in every 3 hours. To prevent infections 36% formalin treatment was 
applied in a concentration of 10 ml/trough in every 4 hours. In each trough velocity of water 
flow-through was 3 l/minute. Rearing in the trough lasted for 10 days according to the 
routine practice of the farm.  

Laboratory experiments were performed in the Department of Aquaculture. Troughs of the 
recirculation system applied in the experiment were 40 cm long, 15 cm deep and 10 cm wide 
(though water depth was 10 cm due to the outlet/stub). Due to photophobia of wels catfish 
larvae the system was located in a dark room. In the experiment 5×100 individuals (larvae 
hatched after the application of control and cryopreserved sperm) took part in the 
treatments. In the first 4 days fish were fed once in every three hours. At the morning and 
evening feeding they were fed with plankton while at other feeding times experimental fish 
were fed with Perla Proactiv 4.0 fish diet. Following this 4-day period fish were fed with the 
above mentioned diet (sometimes also with plankton or Artemia) 4 times a day. Velocity of 
water flow-through in the troughs was 0.25 l/minute.  

In addition to body length and weight condition factor, specific growth rate (S.G.R.) and 
survival rate (%) was measured.  

Examination of non-feeding larval stage 

In this developmental stage no farm study was done due to the fact that the trough system 
was not suitable for the accommodation of such small larvae. Moreover, the hatchery 
protocol for fry rearing does not use the method of rearing in troughs at this age.  

Larvae examined at non-feeding life stage were produced in June 2008 in the hatchery of 
TEHAG Kft. The method of propagation and utilization of cryopreserved sperm was the 
same as described at the examination of feeding larval stage. After hatching larvae were 
transported to the laboratory of the Department of Aquaculture in Gödöllő where the 
survival of fish was tested using the rearing system built in the previous year. The 
experiment lasted for 4 days. 

2.1.6 Experiments on larval survival 

Main effects of cooling time and the quantity of eggs on hatching rate was examined in the 
Szajol experiment (Part 2.1.2) by the help of two-way analysis of variance (P<0.05). In case of 
testis collected off season at two sampling times as described in Chapter 2.1.3 GSI values were 
compared by the help of a two-sample t-test. Hatching results gained from fertilization 
experiments with cryopreserved and control sperm described in Chapter 2.1.4 were analysed 
with a t-test, too. These statistical tests were performed using the software GraphPad Prism 4.0 
for Windows. In the examinations of larval rearing results of survival were compared with 
Chi2-test (Kruskal Wallis test), while body length, body weight, condition factors and SGR 
values with t-tests (Chapter 2.1.5) using the software SPSS 13 for Windows. 

2.2 Experiments on pikeperch sperm 

2.2.1 Origin of fish 

Experiments on pikeperch were conducted two times and in two places: the first place was 
the Keszthely-Tanyakereszt fish laboratory of Georgikon Faculty of Agriculture at Pannon 
University and the second one was the Attala hatchery of Attala Hal Kft. 
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examined. In each case one dose of eggs was fertilized with the content of one straw. In the 
frames of a routine propagation work fertilization with cryopreserved sperm was 
propagated in five different farms:  

 in Attala pond farm of Attala Fish Production and Trading Kft. 
 in Köröm fish farm of the Local Government of Bőcs  
 in Százhalombatta farm of TEHAG Kft. 
 in Ördöngös farm of Aranykárász Co. 
 in Szeged farm of Szegedfish Kft. 

In the Attala experiment in 15 May 2007 cryopreserved sperm collected ourside of the 
spawning season was used for the fertilization of 200 g egg doses.  

The experiment in Köröm was carried out in 17 May 2007 in which cryopreserved sperm 
was applied for fertilization also collected off season. Egg doses of 200 g were fertilized both 
for treated and for control groups.  

Following that, egg doses of 200 g were fertilized in the Százhalombatta farm of TEHAG Kft. 
in 22 May 2007. This time cryopreserved sperm from Szeged was used in the experiments 
collected in 2006 in the spawning season.  

In the fourth experiment in 21 May 2007 egg doses of 200-350 g were fertilized in the 
Ördöngös farm of Aranykárász Co with cryopreserved sperm collected off season.  

The last experiment was performed in the hatchery of Szegedfish Kft. in 23 May 2007. In the 
research work egg doses of 150 g were fertilized with cryopreserved sperm deriving from 
Szeged.  

In all cases our team personally joined to the propagation work of the farm, thus, we 
ensured that an adequate amount of cryopreserved sperm was used for the egg doses. 
Process of propagation was always performed according to the practice of the certain farm. 
One dose of eggs was fertilized with one straw of thawed sperm. In all experiments 
hatching percentage of larvae was determined and in the experiment in Attala fertilization 
rate at 4-8 cell stage was also examined. 

2.1.5 Experiments on larval survival 

For the analysis of larval survival, growth and survival of feeding larvae in 2007 and non-
feeding wels catfish larvae in 2008 were examined.  

Analysis of feeding larval stage 

When examining feeding larval stage in farm conditions, larvae were produced in 
Százhalombatta farm of TEHAG Kft. by applying local propagation methods. During 
fertilization process 1 straw of sperm was added to 200 g of eggs. After fertilization the 200 g 
doses of eggs were placed into 7 l Zug-jars. For fertilization of individuals in the control 
group native sperm from males of the farm was used. On the second day after fertilization 
hatched larvae were counted then after hatching the non-feeding larvae were placed into 
larva-tanks. On the third day after hatching when larvae started their exogenous feeding the 
ones devoted for the experiment were counted and placed into troughs. 1000 individuals 
were placed into a 100 l trough with flow-through water in 3 replcates. The stock was fed 
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with chopped tubifex in every 3 hours. To prevent infections 36% formalin treatment was 
applied in a concentration of 10 ml/trough in every 4 hours. In each trough velocity of water 
flow-through was 3 l/minute. Rearing in the trough lasted for 10 days according to the 
routine practice of the farm.  

Laboratory experiments were performed in the Department of Aquaculture. Troughs of the 
recirculation system applied in the experiment were 40 cm long, 15 cm deep and 10 cm wide 
(though water depth was 10 cm due to the outlet/stub). Due to photophobia of wels catfish 
larvae the system was located in a dark room. In the experiment 5×100 individuals (larvae 
hatched after the application of control and cryopreserved sperm) took part in the 
treatments. In the first 4 days fish were fed once in every three hours. At the morning and 
evening feeding they were fed with plankton while at other feeding times experimental fish 
were fed with Perla Proactiv 4.0 fish diet. Following this 4-day period fish were fed with the 
above mentioned diet (sometimes also with plankton or Artemia) 4 times a day. Velocity of 
water flow-through in the troughs was 0.25 l/minute.  

In addition to body length and weight condition factor, specific growth rate (S.G.R.) and 
survival rate (%) was measured.  

Examination of non-feeding larval stage 

In this developmental stage no farm study was done due to the fact that the trough system 
was not suitable for the accommodation of such small larvae. Moreover, the hatchery 
protocol for fry rearing does not use the method of rearing in troughs at this age.  

Larvae examined at non-feeding life stage were produced in June 2008 in the hatchery of 
TEHAG Kft. The method of propagation and utilization of cryopreserved sperm was the 
same as described at the examination of feeding larval stage. After hatching larvae were 
transported to the laboratory of the Department of Aquaculture in Gödöllő where the 
survival of fish was tested using the rearing system built in the previous year. The 
experiment lasted for 4 days. 

2.1.6 Experiments on larval survival 

Main effects of cooling time and the quantity of eggs on hatching rate was examined in the 
Szajol experiment (Part 2.1.2) by the help of two-way analysis of variance (P<0.05). In case of 
testis collected off season at two sampling times as described in Chapter 2.1.3 GSI values were 
compared by the help of a two-sample t-test. Hatching results gained from fertilization 
experiments with cryopreserved and control sperm described in Chapter 2.1.4 were analysed 
with a t-test, too. These statistical tests were performed using the software GraphPad Prism 4.0 
for Windows. In the examinations of larval rearing results of survival were compared with 
Chi2-test (Kruskal Wallis test), while body length, body weight, condition factors and SGR 
values with t-tests (Chapter 2.1.5) using the software SPSS 13 for Windows. 

2.2 Experiments on pikeperch sperm 

2.2.1 Origin of fish 

Experiments on pikeperch were conducted two times and in two places: the first place was 
the Keszthely-Tanyakereszt fish laboratory of Georgikon Faculty of Agriculture at Pannon 
University and the second one was the Attala hatchery of Attala Hal Kft. 
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2.2.2 First experiment 

The stock of pikeperch taking part in the first experiment originated from Aranyponty Kft. 
(Sáregres-Rétimajor) (8 females and 10 males: 1424-1870 g). Males were anesthetized by 
clove oil then sperm was manually stripped and collected with an automatic pipette. Care 
was taken not to contaminate the gametes with urine or feces. 

Motility of fresh sperm was estimated after activating it with water. Motility was examined 
on slides in a 20× dilution at 200× magnification by the help of a Zeiss Laboval 4 microscope 
(Carl Zeiss, Jena, GDR). Density of sperm was examined by the Bürker-chamber method in a 
1000× dilution. 

The following diluents were prepared:  

 Glucose diluent (350 mM glucose, 30 mM Tris, pH 8,0)  
 KCl diluent (200 mM KCl, 30 mM Tris, pH 8,0) 
 Sacharose diluent (300 mM sacharose, 30 mM Tris, pH 8,0) 

Methanol and dimethyl-sulfoxide (DMSO) were used as cryoprotectants in a concentration 
of 10%. All chemicals used in the experiments were purchased from Reanal Zrt. (Budapest, 
Hungary). 

Sperm (200 μl) mixed with a cryopreservation medium (200 μl cryoprotectant, 1600 μl 
diluent) in a ratio of 1:9 (Horváth et al., 2003; Urbányi et al., 2006) was pipetted into 
individually marked 0.5-ml straws after 3 minutes of equilibration time. Samples were 
cryopreserved in a polystyrene box filled with liquid nitrogen. A 3 cm high polystyrene 
frame was placed onto the top of the nitrogen then straws were laid on this frame where 
temperature was around -165°C. The time of cryopreservation was 3 minutes. After the 
freezing process straws were placed into liquid nitrogen and stored there until being used. 
Thawing was carried out in a 40C water bath for 13 seconds (Horváth et al., 2003; Horváth 
et al., 2005). After thawing sperm motility was examined with the same method as described 
at fresh sperm. 

Eggs were distributed to Petri-dishes with a diameter of 5 cm with 200-350 eggs/dose. 
Fertilization was made with thawed sperm of a half straw (250 μl) right after taking the 
straw out of the water. Sperm was poured on the egg doses then the gametes were activated 
with 1 ml of water. Next eggs were allowed to stick to the bottom of the Petri-dish by taking 
care of the eggs being located in one layer. Fertilization rate was counted at  neurula stage. 

2.2.3 Second experiment 

The second experiment was performed in line with pikeperch propagation in a hatchery. In 
this research sperm of 4 males and eggs of 1 female were applied. In this case only glucose 
was used as a diluent with 10% concentration of methanol and DMSO cryoprotectants. 
Sperm was diluted in a 1:1 and 1:9 ratios. The process of cryopreservation and thawing was 
the same as the process applied in the first experiment.  

Eggs were divided into 10 g doses (about 10 000 eggs according to my counts) and taken 
into plastic bowls. Each dose was fertilized by a thawed straw of samples (0.5 ml) then these 
doses were placed into 7 l Zug-jars until hatching. Finally hatched larvae were counted and 
hatching rate was defined. 
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2.2.4 Application of cryopreserved sperm to hatchery conditions (preliminary 
experiment) 

This research was done in April 2007 in the hatchery of Attala Hal Kft. Gametes used in the 
experiment originated from the same farm. Male and female fish were treated by the method 
applied in the farm in line with local hatchery propagation. In the previous experiment it was 
difficult to avoid mixing of sperm with urine so in this case stripping was performed by a 
silicon catheter (inside diameter: 1 mm, outside diameter: 1.5 mm) which was introduced into 
the sperm duct. Motility estimations were made by the method described earlier. Sperm 
concentration was examined in a Bürker-chamber in a 1000× dilution.  

Sperm originating from 3 males were used in the experiment. It was diluted in a 1:1 ratio 
with the following composition of cryopreservation medium: 350 mM glucose, 30 mM Tris, 
pH 8.0 (titrated with ccHCl), methanol with a concentration of 10%. Diluted gametes were 
pipetted into 0.5-ml straws. Cryopreservation and thawing methods arranged to the method 
described in the previous chapter. Sperm was stored for 1 week in liquid nitrogen in a 
canister. After thawing the motility of samples was also examined.  

Stripped eggs were divided into 10 and 30 g doses in 3 replicates and into a 50 g dose in one 
replicate. One dose of eggs was fertilized with one straw. Fresh sperm was used as a control. 
Each dose was poured into a 7 l Zug-jar for incubation. Hatching rate was counted after 
hatching. 

2.2.5 Applied statistical methods 

Results of experiments were evaluated with Graphpad Prism 4.0 for Windows program. 
Effect of cryoprotectants and diluents on motility and fertilization and the effect of diluent 
ratio and cryoprotectants on hatching ratio was examined by a two-way analysis of variance 
(ANOVA) (Chapter 2.2.2).  

Results gained from the second experiment (Chapter 2.2.3), namely motility (cryopreserved 
and fresh sperm) and hatching results (in case of 10 and 30 g egg doses) were analysed by 
the help of a two-sample t-test (P0.05). 

3. Results 
3.1 Experiments on wels catfish sperm 

The GSI (gonadosomatic index) of male individuals from Tuka was 2 ± 4%. The motility of 
sperm before cryopreservation was 90%, while after thawing this rate was 0% in case of 3 
minutes, 40% in case of 5 minutes and 70% in case of 7 minutes long freezing time. The 
motility of sperm from Szeged was 80%. 

In the experiments carried out in Szajol the highest hatching rate (51 ± 1%) was observed at 
7 minutes freezing time and 40 g of dose of eggs, although in the case of 5 and 7 minutes of 
freezing time a very similar hatching rate (between 40 ± 0% and 51 ± 1%) was observed 
(Figure 1.). Only the cooling time had a significant main effect (P < 0.0001) on the results, 
considering that 3 minutes long cooling time gave lower hatching rate. 

Hatching rate of propagated eggs was 94% in the case of fertilization with a single straw in 
Attala, while fertilization with two straws resulted 77% hatching rate. The control results 
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2.2.2 First experiment 

The stock of pikeperch taking part in the first experiment originated from Aranyponty Kft. 
(Sáregres-Rétimajor) (8 females and 10 males: 1424-1870 g). Males were anesthetized by 
clove oil then sperm was manually stripped and collected with an automatic pipette. Care 
was taken not to contaminate the gametes with urine or feces. 

Motility of fresh sperm was estimated after activating it with water. Motility was examined 
on slides in a 20× dilution at 200× magnification by the help of a Zeiss Laboval 4 microscope 
(Carl Zeiss, Jena, GDR). Density of sperm was examined by the Bürker-chamber method in a 
1000× dilution. 

The following diluents were prepared:  

 Glucose diluent (350 mM glucose, 30 mM Tris, pH 8,0)  
 KCl diluent (200 mM KCl, 30 mM Tris, pH 8,0) 
 Sacharose diluent (300 mM sacharose, 30 mM Tris, pH 8,0) 

Methanol and dimethyl-sulfoxide (DMSO) were used as cryoprotectants in a concentration 
of 10%. All chemicals used in the experiments were purchased from Reanal Zrt. (Budapest, 
Hungary). 
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2.2.4 Application of cryopreserved sperm to hatchery conditions (preliminary 
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3. Results 
3.1 Experiments on wels catfish sperm 

The GSI (gonadosomatic index) of male individuals from Tuka was 2 ± 4%. The motility of 
sperm before cryopreservation was 90%, while after thawing this rate was 0% in case of 3 
minutes, 40% in case of 5 minutes and 70% in case of 7 minutes long freezing time. The 
motility of sperm from Szeged was 80%. 
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7 minutes freezing time and 40 g of dose of eggs, although in the case of 5 and 7 minutes of 
freezing time a very similar hatching rate (between 40 ± 0% and 51 ± 1%) was observed 
(Figure 1.). Only the cooling time had a significant main effect (P < 0.0001) on the results, 
considering that 3 minutes long cooling time gave lower hatching rate. 

Hatching rate of propagated eggs was 94% in the case of fertilization with a single straw in 
Attala, while fertilization with two straws resulted 77% hatching rate. The control results 
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were 89% and 81%. It is worth to mention that the ratio of deformed larvae hatched from 
eggs fertilized with a single straw was only 2.4% (1.8% in control), while in the case of 
fertilization with two straws it was 11.2% (7.3% in control). 

The cooling rate of a straw was approximately -23°C/minute (Figure 2.). It was observed 
that the temperature of the straw was only -45°C after 3 minutes while after 5 minutes it was 
-104°C. 

 
Fig. 1. Hatch rates of wels catfish eggs fertilized with cryopreserved sperm. Each batch of 
eggs (40 or 80 g) was fertilized with one 5-ml straw of cryopreserved sperm. Columns 
indicate cooling times employed during cryopreservation (3, 5 or 7 minutes). Data are 
presented as Mean ± SD (N = 3). 

When sperm was collected outside of the spawning season, the average weight of the testes 
of wels catfish catfish from Köröm was 20.4 g and the average weight of the fish was 2.52 kg, 
thus GSI rate of them was lower than 1% except one male. This low GSI rate have not had 
adverse effects on the quality of sperm. No significant difference was observed between GSI 
rate in January and in March (P = 0.4589). The motility of fresh sperm varied between 50% 
and 90%. Two of the sperm samples selected for cryopreservation were excluded from 
further examinations because the motility of these samples was the lowest (50 - 60%). This 
low rate was caused likely by injuring the cells during squeezing of the testes. Some of the 
cryopreserved samples were thawed 5 days after freezing and their motility was about 50%. 

Sperm frozen in 2005, in Szeged and 2006, in Köröm were used for the propagation 
experiments. Hatching rate varied between 70 - 80%, except for one sample with 20% of 
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hatching rate. However, according to the head of the farm the fertilization of control group 
was as bad as the result of the 20% hatching rate. On the basis of the results it was observed 
that sperm form Köröm (out of spawning season) had similar hatching rate to the sperm 
from Szeged. 

Results of different hatching experiments depended on the propagation method and on the 
quality of sperm. Fertilization with cryopreserved sperm form Attala resulted 97  1% of 
fertilization rate while control fertilization rate was 93  1%. There was no significant 
difference between the two rates (P = 0.0084). In the same experiment the hatching rate of 
the larvae was 95  2% while in the control group this rate was 94  6%. There was no 
statistically significant difference between the hatching rate of larvae originating from 
cryopreserved or fresh sperm. 

 
Fig. 2. The cooling profile used with 5-ml straws in the experiments on wels catfish sperm 

The hatching rate of larvae originating from cryopreserved sperm in Köröm was 84  5%, 
while this rate in case of larvae originating from fresh sperm was 69  16%. There was no 
significant difference between the results. It was observed in the experiments carried out in 
Százhalombatta that hatching rate of larvae originating from cryopreserved sperm was 
50  3%, while the result of the control group was 50  6%. There was also no statistically 
significant difference between the two groups. Hatching results of the experiments carried 
out in Ördöngös at the place of Aranykárász Kft. were about 57  22% in case of larvae 
originating from cryopreserved sperm and 22  18% in case of larvae originating from fresh 
sperm. In this experiment a significant difference was found (P = 0.05) in favor of the 
cryopreserved group. The hatching rate of larvae originating from cryopreserved sperm in 
Szeged was 75  3%, while this rate in case of the control group was 83  1%. These results 
also differ significantly (P = 0.0249) but now in favor of the control group. 
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In the experiments on larval survival, statistically significant difference (P = 0.034) was 
observed on feeding larvae in laboratory conditions regarding 10-day body length. The 
results showed that larvae originating from cryopreserved sperm had a longer body. During 
non feeding larval period final body length (P < 0.001) and final weight (P = 0.018) differed 
significantly in the two groups in favor of larvae originating from cryopreserved sperm. 
There was no difference between the larvae originating from cryopreserved or fresh sperm 
in terms of larval survival. 

3.2 Experiments on pikeperch sperm 

In the first experiment, in spite of all efforts sperm was mixed with urine during stripping, 
thus the motility of pikeperch sperm was 50 ± 17%. The motility of the best thawed sample 
was 28 ± 21 %, which was cryopreserved with glucose diluent and DMSO as cryoprotectant, 
but statistically significant difference was not be observed among the treatmenrts. 

The density (spermatozoa/ml) of pikeperch sperm samples counted in a Burker chamber 
were the following: 1st male: 0.9375 × 1010, 2nd male: 1.0100 × 1010, 3rd male: 0.7037 × 1010, 4th 
male: 0.6687 × 1010. 

The highest fertilization rate (43 ± 12%) was observed also in the case of using a combination 
of glucose diluent and DMSO as cryoprotectant (Figure 3.). During statistical analysis of the 
data it was found that only the cryoprotectant had a significant effect (P = 0.0338) on the 
ratio of the fertilization. 

 
Fig. 3. Fertilization percentages of pikeperch eggs fertilized with cryopreserved sperm in the 
first experiment. The cryoprotectants dimethyl-sulfoxide (DMSO) and methanol (MeOH) 
and glucose, KCl or sucrose extenders were compared. Data are expressed as Mean  SD 
(N = 3). 
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The volume of the sperm stripped from pikeperch males in the second experiment was very 
low (less than 1 ml/individual). The motility of fresh sperm was 45  30%. Similarly to the 
previous experiment the sperm was mixed with urine again. Motility of thawed pikeperch 
sperm was very low (0 – 2%) in the samples containin the cryoprotectant DMSO, while 
motility of sperm frozen in presence of methanol was 40%, independently from rate of 
dilution. The highest hatching rate (41  22%) was observed with the use of methanol and 
1:1 dilution rate, although the statistical analysis has not shown significant differences 
between hatching rates (Figure 4.). 

 
Fig. 4. Fertilization rates of pikeperch eggs fertilized with cryopreserved sperm in the 
second experiment. The cryoprotectants methanol and dimethyl-sulfoxide (DMSO) and 
dilution ratios of 1:1 and 1:9 were compared. Data are expressed as Mean ± SD (N = 3). 

In the hatchery experiment Stripping sperm with silicon catheter resulted that the motility 
was 63 ± 10%. Concentration of sperm was 1.8571 ± 0.1538 × 1010, while the number of 
eggs/g was 1367 ± 54, thus the number of sperm for an egg was 3.396 × 105 in the case of 10-
g dose of eggs, 1.132 × 105 in the case of 30-g dose of eggs and 6.792 × 104 in the case of 50-g 
dose of eggs. Motility of sperm after thawing was 53 ± 5%, thus there was no significant 
difference (P = 0.1135) between the motility of fresh and cryopreserved sperm. 

Fertilization of the dose of 10 g of eggs with a single straw resulted 47  4%, while in the 
case of the dose of 30 g eggs resulted 55  3% hatching rate (Figure 5.). There was no 
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statistically significant difference between the results of the different doses however the 
result of t-test (P = 0.05701) was very close to the significance level. A hatching rate of 87% 
was observed in the case of fertilization the dose of 50 g eggs with one thawed straw 
although in this case there were no replicates in the experiment. It was observed, however, 
that egg batches of different weight behaved differently in the hatching jars. While egg 
batches of 10 g stuck together in spite of the attempted elimination of egg stickiness, those in 
batches of 30 g or 50 g freely rolled on each other, thus improving oxygen supply of 
fertilized eggs and developing embryos. Thus, it is recommended to use larger batches of 
eggs for fertilization with cryopreserved sperm, which in turn would facilitate the 
acceptance of this technology in the aquaculture practice. 

 
Fig. 5. Hatch rates of pikeperch eggs fertilized with cryopreserved sperm in a commerical 
hatchery during routine spawning work. Egg batches of 10, 30 or 50 g were used for 
fertilization (N = 3). 

4. Discussion 
4.1 Experiments on wels catfish sperm 

Hatchery propagation of catfish species including the wels catfish faces several problems. 
Males of catfish species are typically oligospermic and sperm cannot be stripped but has to 
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be extracted from surgically removed testes (Legendre et al., 1996). As it was mentioned in 
the Introduction, this can lead to several problems such as shortage of sperm during 
induced spawning to unnecessary killing of immature females due to their erroneous 
identification as males. 

Cryopreservation of the sperm of catfish species has been studied extensively. Several 
studies have been published on the cryopreservation of wels catfish sperm (Krasznai & 
Márián, 1985; Linhart et al., 1993; Ogier de Baulny et al., 1999; Linhart et al., 2005), however, 
they all reported the use of minute amounts of gametes and did not test practical utilization 
in the hatcheries. 

It can be concluded according to the measured freezing parameters that a longer cooling 
time is needed for the safe cryopreservation of sperm in 5-ml straws because the 
temperature is not low enough (-45ºC ) after 3 minutes. The 7 minutes cooling time, which 
was used during the experiments, is suitable for these 5-ml straws. 

Large amounts of eggs can be fertilised safely with a single 5-ml straw. It was observed in 
these experiments that the amount of the eggs, fertilised with one straw can be increased 
because the 2 ml sperm that can be found in a straw contained enough spermatozoa to 
fertilise 120 g eggs. The use of 5-ml straws has been tested on several fish species 
including the rainbow trout Oncorhynchus mykiss (Wheeler & Thorgaard, 1991; 
Lahnsteiner et al., 1997; Cabrita et al., 2001) or the paddlefish Polyodon spathula (Horváth 
et al., 2010), however, all previous works report a more or less reduced fertilizing capacity 
of sperm cryopreserved in these straws as compared to the conventional 0.5-ml French 
straws. The reaction of sperm to cryopreservation in different straw types seems to be 
species specific with the sperm of the wels catfish being especially resistant to the 
incurred cryodamage. 

In the experiments no significant decrease was experienced in the quality of sperm after 
thawing. One of the reasons of this is that proper cooling time was successfully defined, 
which resulted the best fertilization rate. Thus, it can be said that cryopreserved sperm does 
not decrease the hatching rate compared to the traditional, routine method. 

According to these experiments wels catfish catfish sperm collected outside of spawning 
season is as suitable for cryopreservation and for fertilization at fish farms similarly to the 
ones collected in the spawning time. 

After the successful cryopreservation and thawing of large amounts of sperm the next step 
is to carry out safe fertilization with this sperm on large scale. In the experiments doses of 
eggs between 150 - 350 g were fertilised with a single straw. According to literature data 
100 - 200 g eggs can safely be incubated in one 7-l Zug-jar (Szabó, 2000). Cryopreserved 
sperm showed similar hatching rates to control in every experiment. These results prove 
that maximum sperm-egg ratio was not reached that might cause a decrease in hatching 
rate. According to the experiments it can be said that the improved method is suitable for 
wels catfish fertilization. 

After improving the freezing method of sperm the next task was to examine whether the 
growth and survival of larvae originated from cryopreserved sperm reaches that of larvae 
originated from fresh sperm. The research was extended to both the feeding and non-
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feeding larval periods. The results in both cases were that there is no difference in the 
survival of larvae fertilised with cryopreserved or fresh sperm. In the non-feeding larval 
period the growth of larvae from cryopreserved sperm exceeded the growth of the control, 
and in feeding larvae body length was higher compared to the control results. 

According to these experiments the survival rate of larvae originating from cryopreserved 
sperm is as high as in the control and growth level of them in some cases showed better 
results compared to the control. 

4.2 Experiments on pikeperch sperm 

During the improvement of the cryopreservation technique of pikeperch sperm in 
laboratory cryoprotectant DMSO showed better fertilization rates than methanol but 
fertilization experiments in hatcheries showed opposite results. Literature data can be found 
on successful usage of both cryoprotectants in several fish species. The objective of this 
thesis is the usage of cryopreserved pikeperch sperm in hatcheries and according to the 
results of the experiments in the whole it was concluded that methanol and 1:1 dilution rate 
is suitable for freezing pikeperch sperm. 

A significant variation was observed in motility after thawing and in hatching rate in the 
first experiments. This variability is caused by mixing of sperm with urine. This problem can 
successfully be eliminated when the stripping of sperm is conducted with a silicone catheter. 
According to this method the sperm is stripped with this silicone catheter directly from the 
testes preventing the mixing of sperm with urine or feces. One year later the use of catheter 
resulted in substantially better hatching rates. 

It was observed that the increasing of the amount of eggs fertilised with a single 0..5-ml 
straw resulted in improved hatching rates. The reason for this can be that different amounts 
of eggs behaved differently in Zug-jars. The dose of 10 g of eggs were slightly stuck 
together, the dose of 30 g of eggs stuck in smaller batches while the dose of 50 g of eggs 
rolled freely. In spite of the fact that the 50 g of eggs sample had not replicates, these results 
suggest that fertilisation of larger amounts of eggs result in better hatching rates. 

It is supposed that the eggs in the middle of the 10-g batches were more sensitive for oxygen 
deficiency than the more loose larger egg samples. 

Another explanation for these results is that methanol in smaller eggs samples was in higher 
concentration, thus the toxic effects were more drastic than in larger samples. The lower 
sperm-egg ratio in larger egg samples had no influence on the results, suggesting that the 
amount of sperm was in surplus in the case of smaller egg samples. 

5. Conclusion 
A method has been developed for the cryopreservation of wels catfish sperm that can be 
used in the practice of fish farms. It is possible to fertilize 150-300 g eggs with sperm 
cryopreserved in large volumes (5-ml straws). The motility and hatching rate of frozen 
sperm correspond with the currently used routine method of fertilization with fresh sperm. 

The survival and growth parameters of wels catfish larvae originating from cryopreserved 
sperm was investigated for the first time. According to this study it can be said that survival 
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rate of larvae originating from cryopreserved sperm reaches and in some cases exceeds that 
of control larvae. This result proves the practical usage of the cryopreservation method. 

Pikeperch sperm has successfully been cryopreserved for the first time, and the developed 
method was tested in hatchery conditions. 
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1. Introduction  
It has been estimated that spermatozoa can last from 200-32,000 years (Stoss & Donaldson, 
1983; Suquet et al., 2000).  According to Kopeika et al. (2007), several methods of fish sperm 
storage has been practised including stored in medium with saturated gases, preservation at 
temperature above zero, in a frozen state as well as by drying. However, the low 
temperature approaches have been successful in fish sperm cryopreservation. Thus, 
cryopreservation technology offers the best means for long term storage of fish semen.  

To date, successful cryopreservation of fish semen were reported in more than 200 
freshwater species and 40 marine species worldwide (Gwo, 2000). Even though in general 
many successes have been achieved in fish semen cryopreservation, the technique remains 
as a method that is difficult to be standardized and use in all types of fishes. This is due to 
the fact that cryopreservation of sperms from different fish species required different 
conditions, where the protocol needs to be established individually. Even the “general 
protocol” of cryopreservation of fish sperm summarized by Kopeika et al. (2007) 
encompassed many variations when different species of fish are involved, particularly in the 
use of medium ingredients for the cryopreservation. 

In view of need to develop individual protocol for successful cryopreservation of fish semen 
and considering Malaysia has a rich fish fauna with many of them unique to this tropical 
region, cryopreservation of fish gametes will require detailed study to create new protocol for 
each fish species intended for semen cryopreservation. To date in Malaysia semen 
cryopreservation has only been reported for several freshwater fish species, namely Probarbus 
jullieni, Tor tambroides, T. deuronensis, Hemibagrus nemurus, Pangasius nasutus, Hypsibarbus 
wetmorei, Barbonymus gonionotus and Clarias gariepinus. It has been demonstrated that semen 
cryoperservation plays an important role for the genetic conservation of these fish species. 

Cryopreservation technology for fish semen is still not well explored in Malaysia and can be 
considered as new if compared to the domesticated terrestrial livestocks. Henceforth, this has 
opened up a new field to be explored with potential applications in aquaculture and in the 
conservation of the national fisheries genetic resources. Cryopreserved semen could facilitate 
artificial fertilization especially when mature male fishes are not available or unable to provide 
viable semen during certain periods of the breeding season. Semen cryopreservation may also 
be useful for fertilization to produce hybrids of various fish species. It also helps in reducing 
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the cost and labor of maintaining broodstocks under in situ condition. In line with the mission 
of Department of Fisheries (DOF) Malaysia to develop and manage the national fisheries 
sector in a sustainable manner, the gene bank of freshwater fishes in the form of semen 
cryobank of Fisheries Research Institute at Glami Lemi was established in 2008. The 
establishment of the semen cryobank research has achieved the aim of the DOF towards 
establishing a national semen cryobank (gene bank) in Malaysia for conserving the genetic 
materials of the threatened or endangered indigenous freshwater fish species and also for 
those indigenous species which has potential for aquaculture.  

The main focus of this chapter will be on the methodology developed for the semen 
cryopreservation in Malaysia of some fish species mentioned above and the various 
important steps and several key factors that contributed to the successes in gamete 
cryopreservation. In addition, the chapter will also present the current status and the 
challenges of fish semen cryopreservation in Malaysia, especially on the conservation of 
genetic resources and  potential applications of gamete cryopreservation in aquaculture. 
Challenges in establishment and maintenance of the fish sperm cryobank are also discussed.  

2. Semen cryopresevation of freshwater fish species of Malaysia  
Malaysia has close to a hundred river systems, two natural lakes (Lake Chini and Lake Bera) 
and a vast freshwater water bodies and peat swamps (Baluyut, 1983). On fish biodiversity, 
Malaysia has approximately 616 reported freshwater fish species (Froese & Pauly, 2003). 
Most of the inland fisheries resources are dominated by the cyprinids and silurids (Khoo et 
al., 1987). Some endemic species are found in rivers, lakes and peat swamps. In the past 
decades intensive development activities such as deforestation and land clearing for oil 
palm plantation or other agricultural uses, indiscriminate logging within and around the 
catchment areas and construction of dams for hydroelectricity, has led to many riverine fish 
species suffer high risk of extinction (Khoo et al., 1987; Jackson & Marmulla, 2001). These 
development activities have resulted in habitat destruction, deterioration of water quality, 
water pollution and sedimentation, especially during rainy season when runoff is increased. 
All these certainly have direct great impacts on some fish species and the impacts are 
irreversible (Ho, 1995). Apart from the environmental degradation resulting from 
development, other causes of loss in inland fisheries biodiversity are attributed to over-
exploitation due to strong market demand, the use of illegal and destructive fishing gears 
such as poisoning and electro-shocker and the introduction of invasive exotic species 
(Dudgeon, 2002; Allan et al., 2005). The indigenous species such as Isok barb (Probarbus 
jullieni), Malaysian Mahseer (Tor spp.), Mad barb (Leptobarbus hoeveni), Hampala barb 
(Hampala macrolepidota), knife fish (Chitala lopis), climbing perch (Anabas testudineus), 
snakeheads (Channa spp.), Asian arowana (Scleropages formosus), the pangasiid catfishes 
(Pangasius nasutus, Pangasigodon waandersii), giant river catfish (Wallago leerii), large headed 
walking catfish (Clarias macrocephalus) and giant gouramy (Osphronemus goramy) have 
dwindled in great numbers continuously due to unsustainable fishing activities.  At present, 
most Malaysian fish species could only be conserved probably in the inaccessible or remote 
areas of the country.  

It is no doubt that continuing habitat destruction, overfishing and competition for food from 
the invading fish species are leading to loss of inland fisheries biodiversity even before 
much of them could be documented. The lack of data on the indigenous species will 
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subsequently impede efforts to better utilize and manage the nation’s inland fisheries 
resources in a sustainable manner, and can eventually resulting in threatened, endangered 
or extinction of fish species in Malaysia. With respect to National Biodiversity Policy, it is 
therefore vital to protect and safeguard the indigenous fisheries resources while the species 
still exist in the wild. Realizing the risk of depleting fish stocks from natural waters, studies 
in domestication,  management and husbandry of broodstocks, artificial breeding, grow out, 
nutrition and effort in stock enhancement via restocking of selected indigenous freshwater 
fish species have been carried out by the Department of Fisheries, Malaysia ever since 
1980’s. The species which have been studied and documented were the indigenous catfishes 
(Clarias macrocephalus and C. batrachus), Tropical bagrid catfish (Hemibagrus nemurus), 
Hampala barb (Hampala macrolepidota), Isok barb (Probarbus jullieni), Malaysian Mahseer (Tor 
tambroides), local pangasiid catfish (Pangasius nasutus) (Pathmasothy & Omar, 1982; 
Pathmasothy, 1985; Saidin, 1986;  Thalathiah et al., 1988;  Mohamad-Zaini, 1992; Thalathiah 
et al., 1992; Ahmad-Ashhar, 1992; Ahmad-Ashhar & Haron, 1994; Ahmad-Ashhar, 1996; 
Suhairi, 1996; Suhairi et al., 1996; Ahmad-Ashhar, 1998).  

In 2007, cryopreservation of semen was implemented as one of the ex situ conservation 
approach, with the exotic species such as the Javanese barb (Barbonymus gonionotus) and 
African catfish (Clarias gariepinus) used as the model species to examine the various suitable 
formulations diluents and skill development in semen cryopreservation. These two species 
were chosen because they are domesticated species, which are available abundantly in 
Malaysia and able to breed easily in captivity. In Malaysia, very little work was done on 
semen cryopreservation in fish species and study on fish semen cryopreservation is still at 
its infancy. So far only a few indigenous fish species, namely the P. jullieni, Tor spp, H. 
nemurus, P. nasutus and H. wetmorei were studied. Of which only studies on the P. jullieni, 
Tor spp., and H. nemurus were reported (Chew et al., 2010a; Chew et al., 2010b; Muchlisin et 
al., 2004), while studies on other species remain unpublished. The biology, ecology and 
reproduction biology of these indigenous fish species are described in the following: 

2.1 Probarbus jullieni  

P. jullieni (English name: Isok barb or Jullien’s Golden Carp or seven-striped barb) of family 
Cyprinidae (Figure 1a) is commonly known as Temoleh or Temelian among Malaysians. 
This species is listed in the Convention on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES), Appendix 1 and the IUCN Red List as the endangered 
species (Hogan et al., 2009; IUCN, 2009). Therefore, conservation of this species is in urgent 
needed. Isok barb is a migratory species inhabiting river channels with water depth more 
than 10 m and is endemic to the Pahang River and Perak River in Peninsular Malaysia and 
the Mekong River basins of Indochina (Roberts, 1992). However, the drastic depletion of the 
numbers of Isok barb in Perak River was reported ever since the construction of Chenderoh 
Dam in 1930s. The dam created a physical barrier at the Perak River that permanently 
blocked the migration path of the Isok barb and increased water level further destroyed the 
spawning ground of this species (Khoo et al., 1987). Although the Isok barb can grow to 
reach the weight exceeded 70 kg, like the size of a human being (Baird, 2006), the landing of 
large size Isok barb (>10kg) has rarely occurred in the past 10 years.  

Isok barb is a seasonal-bred species. In Malaysia, induced breeding of this species was carried 
out successfully in FRI Glami Lemi (formerly known as Freshwater Fisheries Research Centre) 
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the cost and labor of maintaining broodstocks under in situ condition. In line with the mission 
of Department of Fisheries (DOF) Malaysia to develop and manage the national fisheries 
sector in a sustainable manner, the gene bank of freshwater fishes in the form of semen 
cryobank of Fisheries Research Institute at Glami Lemi was established in 2008. The 
establishment of the semen cryobank research has achieved the aim of the DOF towards 
establishing a national semen cryobank (gene bank) in Malaysia for conserving the genetic 
materials of the threatened or endangered indigenous freshwater fish species and also for 
those indigenous species which has potential for aquaculture.  

The main focus of this chapter will be on the methodology developed for the semen 
cryopreservation in Malaysia of some fish species mentioned above and the various 
important steps and several key factors that contributed to the successes in gamete 
cryopreservation. In addition, the chapter will also present the current status and the 
challenges of fish semen cryopreservation in Malaysia, especially on the conservation of 
genetic resources and  potential applications of gamete cryopreservation in aquaculture. 
Challenges in establishment and maintenance of the fish sperm cryobank are also discussed.  

2. Semen cryopresevation of freshwater fish species of Malaysia  
Malaysia has close to a hundred river systems, two natural lakes (Lake Chini and Lake Bera) 
and a vast freshwater water bodies and peat swamps (Baluyut, 1983). On fish biodiversity, 
Malaysia has approximately 616 reported freshwater fish species (Froese & Pauly, 2003). 
Most of the inland fisheries resources are dominated by the cyprinids and silurids (Khoo et 
al., 1987). Some endemic species are found in rivers, lakes and peat swamps. In the past 
decades intensive development activities such as deforestation and land clearing for oil 
palm plantation or other agricultural uses, indiscriminate logging within and around the 
catchment areas and construction of dams for hydroelectricity, has led to many riverine fish 
species suffer high risk of extinction (Khoo et al., 1987; Jackson & Marmulla, 2001). These 
development activities have resulted in habitat destruction, deterioration of water quality, 
water pollution and sedimentation, especially during rainy season when runoff is increased. 
All these certainly have direct great impacts on some fish species and the impacts are 
irreversible (Ho, 1995). Apart from the environmental degradation resulting from 
development, other causes of loss in inland fisheries biodiversity are attributed to over-
exploitation due to strong market demand, the use of illegal and destructive fishing gears 
such as poisoning and electro-shocker and the introduction of invasive exotic species 
(Dudgeon, 2002; Allan et al., 2005). The indigenous species such as Isok barb (Probarbus 
jullieni), Malaysian Mahseer (Tor spp.), Mad barb (Leptobarbus hoeveni), Hampala barb 
(Hampala macrolepidota), knife fish (Chitala lopis), climbing perch (Anabas testudineus), 
snakeheads (Channa spp.), Asian arowana (Scleropages formosus), the pangasiid catfishes 
(Pangasius nasutus, Pangasigodon waandersii), giant river catfish (Wallago leerii), large headed 
walking catfish (Clarias macrocephalus) and giant gouramy (Osphronemus goramy) have 
dwindled in great numbers continuously due to unsustainable fishing activities.  At present, 
most Malaysian fish species could only be conserved probably in the inaccessible or remote 
areas of the country.  

It is no doubt that continuing habitat destruction, overfishing and competition for food from 
the invading fish species are leading to loss of inland fisheries biodiversity even before 
much of them could be documented. The lack of data on the indigenous species will 
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subsequently impede efforts to better utilize and manage the nation’s inland fisheries 
resources in a sustainable manner, and can eventually resulting in threatened, endangered 
or extinction of fish species in Malaysia. With respect to National Biodiversity Policy, it is 
therefore vital to protect and safeguard the indigenous fisheries resources while the species 
still exist in the wild. Realizing the risk of depleting fish stocks from natural waters, studies 
in domestication,  management and husbandry of broodstocks, artificial breeding, grow out, 
nutrition and effort in stock enhancement via restocking of selected indigenous freshwater 
fish species have been carried out by the Department of Fisheries, Malaysia ever since 
1980’s. The species which have been studied and documented were the indigenous catfishes 
(Clarias macrocephalus and C. batrachus), Tropical bagrid catfish (Hemibagrus nemurus), 
Hampala barb (Hampala macrolepidota), Isok barb (Probarbus jullieni), Malaysian Mahseer (Tor 
tambroides), local pangasiid catfish (Pangasius nasutus) (Pathmasothy & Omar, 1982; 
Pathmasothy, 1985; Saidin, 1986;  Thalathiah et al., 1988;  Mohamad-Zaini, 1992; Thalathiah 
et al., 1992; Ahmad-Ashhar, 1992; Ahmad-Ashhar & Haron, 1994; Ahmad-Ashhar, 1996; 
Suhairi, 1996; Suhairi et al., 1996; Ahmad-Ashhar, 1998).  

In 2007, cryopreservation of semen was implemented as one of the ex situ conservation 
approach, with the exotic species such as the Javanese barb (Barbonymus gonionotus) and 
African catfish (Clarias gariepinus) used as the model species to examine the various suitable 
formulations diluents and skill development in semen cryopreservation. These two species 
were chosen because they are domesticated species, which are available abundantly in 
Malaysia and able to breed easily in captivity. In Malaysia, very little work was done on 
semen cryopreservation in fish species and study on fish semen cryopreservation is still at 
its infancy. So far only a few indigenous fish species, namely the P. jullieni, Tor spp, H. 
nemurus, P. nasutus and H. wetmorei were studied. Of which only studies on the P. jullieni, 
Tor spp., and H. nemurus were reported (Chew et al., 2010a; Chew et al., 2010b; Muchlisin et 
al., 2004), while studies on other species remain unpublished. The biology, ecology and 
reproduction biology of these indigenous fish species are described in the following: 

2.1 Probarbus jullieni  

P. jullieni (English name: Isok barb or Jullien’s Golden Carp or seven-striped barb) of family 
Cyprinidae (Figure 1a) is commonly known as Temoleh or Temelian among Malaysians. 
This species is listed in the Convention on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES), Appendix 1 and the IUCN Red List as the endangered 
species (Hogan et al., 2009; IUCN, 2009). Therefore, conservation of this species is in urgent 
needed. Isok barb is a migratory species inhabiting river channels with water depth more 
than 10 m and is endemic to the Pahang River and Perak River in Peninsular Malaysia and 
the Mekong River basins of Indochina (Roberts, 1992). However, the drastic depletion of the 
numbers of Isok barb in Perak River was reported ever since the construction of Chenderoh 
Dam in 1930s. The dam created a physical barrier at the Perak River that permanently 
blocked the migration path of the Isok barb and increased water level further destroyed the 
spawning ground of this species (Khoo et al., 1987). Although the Isok barb can grow to 
reach the weight exceeded 70 kg, like the size of a human being (Baird, 2006), the landing of 
large size Isok barb (>10kg) has rarely occurred in the past 10 years.  

Isok barb is a seasonal-bred species. In Malaysia, induced breeding of this species was carried 
out successfully in FRI Glami Lemi (formerly known as Freshwater Fisheries Research Centre) 
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in 1990s (Ahmad-Ashhar, 1992; Ahmad-Ashhar & Haron, 1994). In its natural environment, 
this species spawn in fast flowing deep waters with sandy bottom. Chew et al. (2010a) 
reported that the spawning behavior of P. jullieni in captivity very much associated with the 
monsoons. Nevertheless, the breeding season of the cultured Isok barb was reported to be 1-2 
months earlier (October to January) than the wild populations (December to February).  

2.2 Tor spp. (T. tambroides and T. deuronensis) 

The Malaysian Mahseer, Tor spp. (family: Cyprinidae) or locally known as Kelah, Empurau, 
Semah or Pelian, is highly sought for its value as a food fish, game fish and ornamental fish 
(Inger & Chin, 1962; Mohsin & Ambak, 1991; Kottelat et al., 1993). Two valid Tor species 
were identified and described in Malaysia, i.e. T. tambroides and T. douronensis (Roberts, 
1989; Kottelat et al., 1993; Rainboth, 1996; Zhou & Chu, 1996) (Figure 1b and 1c). Of the two 
Tor spp., the T. tambroides is more favourable as food fish and can fetch up to about USD 100 
– USD 220 per kg and thus is the most expensive freshwater food fish in Malaysia. 
Malaysian Mahseer occurs in most undisturbed and clear flowing upstream rivers, reservoir 
systems and lotic habitats throughout the East and Southeast Asia. The major geographical 
locations of Malaysian Mahseer are Pahang, Perak, Terengganu, Kelantan, Sabah and 
Sarawak (Ng, 2004; Ambak et al., 2007). Similar to other indigenous fishes in Malaysia, the 
wild populations of Malaysian Mahseer are declining over the years as the consequences of 
over-exploitation, natural habitat degradation and water pollution. Therefore, Malaysian 
Mahseer is now classified nationally as ecologically threatened (Ingram et al., 2005).  

The taxonomic status of species within the genus Tor has been highly contentious due to 
plasticity of many external morphological features resulted from considerable geographical 
and ecological variability (Tsigenopoulos & Berrebi, 2000; Nguyen et al., 2007). Therefore, 
species identification based on morphological comparison sometimes could be confusing to 
most people who are not trained in fish taxonomy. Ability to differentiate between the 
Malaysian Mahseer and the Copper Mahseer (Neolissochilus spp.) is another difficult task 
hampered most of the fish farmers or aqua-culturists. The Copper Mahseer is not a desirable 
species and thus its value in term of market price is very much lower compared to the 
Malaysian Mahseer. At present, the seed supply of Malaysian Mahseer is still depending 
solely on the captive wild stock. As such, those who want to culture this species will have to 
bear with the risk of getting seed stock that comprises the mixture of these two species. 
Therefore, a more effective method for species identification by using DNA markers such as 
the mitochondria DNA (mtDNA) sequences and microsatellte markers are seen as potential 
in solving this problem (Nguyen et al., 2006a; Nguyen et al., 2006b; Nguyen et al., 2008; 
Nguyen, 2008). 

The first successful hormonal induction spawning of T. tambroides under captive pond-
reared environment was reported by Ingram et al. (2005). In captive condition, T. tambroides 
seems to spawn all year round. Brood fish of both sexes may strip up to a few times in a 
year. However, it is reported that geographical reproductive diversity, diet and 
environment conditions such as changes in temperature, water level, pH, flow velocity, 
turbidity, rain falls, collectively trigger the Mahseer to spawn (Dobriyal et al., 2000). 
Malaysian Mahseer is also a large riverine species and that can grow up to 30 – 50kg. In the 
culture condition, the growth rate of Malaysian Mahseer is relatively slow compared to 
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other aquaculture species. This species usually took up to three years to reach the 
marketable size of 1.5 – 2.0 kg.  

2.3 Hemibagrus nemurus  

The tropical bagrid catfish, H. nemurus (previously known as Mystus nemurus) of family 
Bagridae and with the vernacular name Baung (Figure 1d), is a widely distributed food fish 
found in most of the inland water bodies in Malaysia (Khan et al., 1995). The occurrence of 
this species in brackish water was also reported (Inger, 1955). The tropical bagrid catfish is a 
bottom feeder and fed on a wide range of food from small teleosts, crustaceans, benthic 
invertebrates to the detritus (Khan, 1987). This species is potential for aquaculture as it 
receives good acceptance from the local market due to its tender and non-bony meat. This 
carnivorous species is also a popular species in sport fishing. The artificial spawning of 
tropical bagrid catfish via hormonal induction using the heteroplastic pituitary extract in 
combination with human chorionic gonadotropin (HCG) was reported by Thalathiah et al. 
(1988, 1992). According to Khan et al. (1995), a bimodal male and female gonad somatic 
index (GSI) pattern throughout a year was shown in this species, suggesting this species 
could spawn twice in a year. 

2.4 Pangasius nasutus 

The local pangasiid catfish, P. nasutus of family Pangasiidae and with local name Patin 
Buah, (Figure 1e) is a native river catfish endemic to Pahang River in Malaysia. As 
commented by Hung et al. (2004), catfishes from the family Pangasiidae are of great 
economical importance in Southeast Asia. P. nasutus is one of the favorite food fish due to its 
white and tender flesh. This omnivorous species commands a high market value (USD 20 
per kg) in local market. In the wild, P. nasutus fed mainly on the bivalves, mollusks, 
gastropods and other benthic organisms especialy on sandy bottom rivers (Roberts & 
Vidthayanon, 1991). Because of its economic value and declining population in the natural 
waters, this has created popularity and awareness to conserve and culture this species. The 
first successful induced spawning of P. nasutus was reported in 2005. This species is also a 
batch spawner and exhibits a single-modal GSI pattern throughout the whole year. During 
the spawning season, multiple releases of eggs from a single female broodfish were 
observed during the single period (Mohd-Zafri, 2006). The breeding season of this species is 
associated with rainfalls or monsoons between May – July (Maack & George, 1999).  

2.5 Hypsibarbus wetmorei

Morphologically Hypsibarbus wetmorei is quite similar to the Javanese Barb, Barbonymus 
gonionotus except the appearance of turmeric-like yellow colour on its body (Figure 1f) 
where the vernacular name Kerai Kunyit is given. This species is of the family Cyprinidae. 
Kerai Kunyit is highly regarded as a food fish and thus it is a potential aquaculture species. 
In Malaysia, this species is found to be endemic in Pahang River. Until today, the biology, 
ecology and repoductive behaviour of this species is not well studied and limited 
documentation on the species is available. By far, only study on species identification of 
Hypsibarbus spp. (included H. wetmorei) using PCR-RFLP method was reported by 
Jantrarotai et al. (2007). 
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Therefore, a more effective method for species identification by using DNA markers such as 
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seems to spawn all year round. Brood fish of both sexes may strip up to a few times in a 
year. However, it is reported that geographical reproductive diversity, diet and 
environment conditions such as changes in temperature, water level, pH, flow velocity, 
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Malaysian Mahseer is also a large riverine species and that can grow up to 30 – 50kg. In the 
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other aquaculture species. This species usually took up to three years to reach the 
marketable size of 1.5 – 2.0 kg.  

2.3 Hemibagrus nemurus  

The tropical bagrid catfish, H. nemurus (previously known as Mystus nemurus) of family 
Bagridae and with the vernacular name Baung (Figure 1d), is a widely distributed food fish 
found in most of the inland water bodies in Malaysia (Khan et al., 1995). The occurrence of 
this species in brackish water was also reported (Inger, 1955). The tropical bagrid catfish is a 
bottom feeder and fed on a wide range of food from small teleosts, crustaceans, benthic 
invertebrates to the detritus (Khan, 1987). This species is potential for aquaculture as it 
receives good acceptance from the local market due to its tender and non-bony meat. This 
carnivorous species is also a popular species in sport fishing. The artificial spawning of 
tropical bagrid catfish via hormonal induction using the heteroplastic pituitary extract in 
combination with human chorionic gonadotropin (HCG) was reported by Thalathiah et al. 
(1988, 1992). According to Khan et al. (1995), a bimodal male and female gonad somatic 
index (GSI) pattern throughout a year was shown in this species, suggesting this species 
could spawn twice in a year. 

2.4 Pangasius nasutus 

The local pangasiid catfish, P. nasutus of family Pangasiidae and with local name Patin 
Buah, (Figure 1e) is a native river catfish endemic to Pahang River in Malaysia. As 
commented by Hung et al. (2004), catfishes from the family Pangasiidae are of great 
economical importance in Southeast Asia. P. nasutus is one of the favorite food fish due to its 
white and tender flesh. This omnivorous species commands a high market value (USD 20 
per kg) in local market. In the wild, P. nasutus fed mainly on the bivalves, mollusks, 
gastropods and other benthic organisms especialy on sandy bottom rivers (Roberts & 
Vidthayanon, 1991). Because of its economic value and declining population in the natural 
waters, this has created popularity and awareness to conserve and culture this species. The 
first successful induced spawning of P. nasutus was reported in 2005. This species is also a 
batch spawner and exhibits a single-modal GSI pattern throughout the whole year. During 
the spawning season, multiple releases of eggs from a single female broodfish were 
observed during the single period (Mohd-Zafri, 2006). The breeding season of this species is 
associated with rainfalls or monsoons between May – July (Maack & George, 1999).  

2.5 Hypsibarbus wetmorei

Morphologically Hypsibarbus wetmorei is quite similar to the Javanese Barb, Barbonymus 
gonionotus except the appearance of turmeric-like yellow colour on its body (Figure 1f) 
where the vernacular name Kerai Kunyit is given. This species is of the family Cyprinidae. 
Kerai Kunyit is highly regarded as a food fish and thus it is a potential aquaculture species. 
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Fig. 1. Photos of the Malaysian fishes involved in the cryopreservation studies, (a) Isok barb 
(P. jullieni), (b) Malaysian Mahseer (T. tambroides), (c) Malaysian Mahseer (T. deauronensis), 
(d) Tropical bagrid catfish (H. nemurus), (e) Local pangasiid catfish (P. nasutus), and (f) Kerai 
Kunyit (H. wetmorei). 

3. Methodology employed for semen cryopreservation of freshwater fishes in 
Malaysia 
As in cryopreservation of other fish species, the cryopreservation of the semen of freshwater 
fishes from Malaysia to be discussed later falls under the following general procedures (i) 
collection of semen, (ii) dilution of semen sample, (iii) semen sample packaging, (iv) 
equilibration, (v) freezing, (vi) cryo-storage, and (vii) thawing. Successful cryopreservation 
of fish sperm very much depends on a range of factors in each step of the cryopreservation 
procedures as highlighted by Kopeika et al. (2007). 

3.1 Collection of fish semen 

Mature and healthy males broodfish were selected and anaesthesized using MS222 or clove 
oil according to the dosage recommended by the manufacturer. Semen sample was expelled 
from the male fish by gentle abdominal pressure and collected into a clean and dry tube. 
Extra precaution should be taken while collecting semen sample. Contamination of sample 
with blood, water, urine or the feces should be avoided as these contaminants significantly 
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reduced the semen quality and caused poor post-thaw sperm motility. The semen samples 
were then transferred back to laboratory for quantification of the fresh sperm quality and 
proceed with further dilution before freezing procedure. The sperm motility rates and 
sperm concentration of the freshly collected semen sample was evaluated prior to 
cryopreservation. In order to obtain good post-thaw motility, only semen samples showing 
sperm motility >70% were used for cryopreservation.    

3.2 Dilution of semen sample 

The semen samples with good quality were subsequently diluted at an appropriate sperm to 
diluent ratio, with suitable extender solution and cryo-protectant. Sperm to diluent ratios 
ranged between 1:3 to 1:9 were reported to produce best results in fish sperm cryopreservation 
studies (Scott & Baynes, 1980; Lahnsteiner et al., 1996). Gwo (2000) reported the fish sperm 
could loss its viability in high dilution ratio especially in marine species. The type of extender 
solution, cryoprotectant and dilution ratio that were optimum for each Malaysian fish species 
studied were summarized in Table 1. The type of diluents and dilution ratios workable to 
preserve sperm motility appear to vary among different fish species. Thus each of these 
parameters needs to be optimized accordingly via a series of experimentations. 

The extender solution helps to maintain sperm viability prior to and during the freezing 
process. Extender solution is a balanced salt buffer of specific pH and osmotic strength. Apart 
from salts, sometimes extender solution is prepared with addition of organic compounds such 
as glucose. The nature of the effect of extenders is based on the control of pH and salt 
concentration as well as the supply of energy, and can extend the functional life and fertilizing 
capability of the sperm (Tiersch, 2000).  Cryoprotectants function to protect cells from cryo-
damage or cryo-injury during freezing and thawing process. The permeating cryoprotectants, 
namely dimethyl sulfoxide, methanol, ethylene glycol and propylene glycol are among the 
most frequently used cryoprotective agents among the aquatic organisms (Lahnsteiner et al., 
1997; Tiersch, 2000; Tiersch, 2006). However, the permeating cryoprotectants are often toxic to 
cells, and thus the choice of the types of cryoprotectant and their optimal concentration should 
be at a balance between protection and toxicity. On the other hand, the non-permeating 
cryoprotectants such as sucrose, glucose and polymers (e.g. alginate) were often used in 
combination with the extender solution in the diluents. Sometimes, a combination of different 
cryoprotectants in certain ratios could help improving the post-thaw motility. The studies of 
African catfish in our laboratory has shown that a combination of methanol and N, N-
dimethylacetamide at ratio 70%:30% produced significant higher post-thaw motility compared 
to the use of a single cryoprotectant in sample dilution. Tiersch (2000) has also reported that 
the application of cryoprotectant at concentration between 5% to 20% ususally provides good 
protection in most fish species. The protective effect and optimal concentration of 
cryoprotectants could be species specific (Gwo et al., 1991; Suquet et al., 2000; Rideout et al., 
2003). Therefore, the optimal concentration needs to be determined individually in each 
species studied through experimentations. 

For Isok barb (P. jullieni), Malaysian Mahseer (Tor spp.), local pangasiid catfish (P. nasutus) 
and Kerai Kunyit (H. wetmorei), a total of 14 extender formulations, five types of 
cryoprotectants (dimethyl sulfoxide, ethylene glycol, glycerol, methanol and N,N - 
dimethylacetamide) with concentrations between 5-20% (v/v), semen to diluent ratios (1:1 
to 1: 14) were examined as described by Chew et al. (2010a). This may be compared with 
Muchlisin et al. (2004) who used three extender solutions (the Ringer, physiological saline 
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Fig. 1. Photos of the Malaysian fishes involved in the cryopreservation studies, (a) Isok barb 
(P. jullieni), (b) Malaysian Mahseer (T. tambroides), (c) Malaysian Mahseer (T. deauronensis), 
(d) Tropical bagrid catfish (H. nemurus), (e) Local pangasiid catfish (P. nasutus), and (f) Kerai 
Kunyit (H. wetmorei). 
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fishes from Malaysia to be discussed later falls under the following general procedures (i) 
collection of semen, (ii) dilution of semen sample, (iii) semen sample packaging, (iv) 
equilibration, (v) freezing, (vi) cryo-storage, and (vii) thawing. Successful cryopreservation 
of fish sperm very much depends on a range of factors in each step of the cryopreservation 
procedures as highlighted by Kopeika et al. (2007). 

3.1 Collection of fish semen 

Mature and healthy males broodfish were selected and anaesthesized using MS222 or clove 
oil according to the dosage recommended by the manufacturer. Semen sample was expelled 
from the male fish by gentle abdominal pressure and collected into a clean and dry tube. 
Extra precaution should be taken while collecting semen sample. Contamination of sample 
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reduced the semen quality and caused poor post-thaw sperm motility. The semen samples 
were then transferred back to laboratory for quantification of the fresh sperm quality and 
proceed with further dilution before freezing procedure. The sperm motility rates and 
sperm concentration of the freshly collected semen sample was evaluated prior to 
cryopreservation. In order to obtain good post-thaw motility, only semen samples showing 
sperm motility >70% were used for cryopreservation.    

3.2 Dilution of semen sample 

The semen samples with good quality were subsequently diluted at an appropriate sperm to 
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ranged between 1:3 to 1:9 were reported to produce best results in fish sperm cryopreservation 
studies (Scott & Baynes, 1980; Lahnsteiner et al., 1996). Gwo (2000) reported the fish sperm 
could loss its viability in high dilution ratio especially in marine species. The type of extender 
solution, cryoprotectant and dilution ratio that were optimum for each Malaysian fish species 
studied were summarized in Table 1. The type of diluents and dilution ratios workable to 
preserve sperm motility appear to vary among different fish species. Thus each of these 
parameters needs to be optimized accordingly via a series of experimentations. 

The extender solution helps to maintain sperm viability prior to and during the freezing 
process. Extender solution is a balanced salt buffer of specific pH and osmotic strength. Apart 
from salts, sometimes extender solution is prepared with addition of organic compounds such 
as glucose. The nature of the effect of extenders is based on the control of pH and salt 
concentration as well as the supply of energy, and can extend the functional life and fertilizing 
capability of the sperm (Tiersch, 2000).  Cryoprotectants function to protect cells from cryo-
damage or cryo-injury during freezing and thawing process. The permeating cryoprotectants, 
namely dimethyl sulfoxide, methanol, ethylene glycol and propylene glycol are among the 
most frequently used cryoprotective agents among the aquatic organisms (Lahnsteiner et al., 
1997; Tiersch, 2000; Tiersch, 2006). However, the permeating cryoprotectants are often toxic to 
cells, and thus the choice of the types of cryoprotectant and their optimal concentration should 
be at a balance between protection and toxicity. On the other hand, the non-permeating 
cryoprotectants such as sucrose, glucose and polymers (e.g. alginate) were often used in 
combination with the extender solution in the diluents. Sometimes, a combination of different 
cryoprotectants in certain ratios could help improving the post-thaw motility. The studies of 
African catfish in our laboratory has shown that a combination of methanol and N, N-
dimethylacetamide at ratio 70%:30% produced significant higher post-thaw motility compared 
to the use of a single cryoprotectant in sample dilution. Tiersch (2000) has also reported that 
the application of cryoprotectant at concentration between 5% to 20% ususally provides good 
protection in most fish species. The protective effect and optimal concentration of 
cryoprotectants could be species specific (Gwo et al., 1991; Suquet et al., 2000; Rideout et al., 
2003). Therefore, the optimal concentration needs to be determined individually in each 
species studied through experimentations. 

For Isok barb (P. jullieni), Malaysian Mahseer (Tor spp.), local pangasiid catfish (P. nasutus) 
and Kerai Kunyit (H. wetmorei), a total of 14 extender formulations, five types of 
cryoprotectants (dimethyl sulfoxide, ethylene glycol, glycerol, methanol and N,N - 
dimethylacetamide) with concentrations between 5-20% (v/v), semen to diluent ratios (1:1 
to 1: 14) were examined as described by Chew et al. (2010a). This may be compared with 
Muchlisin et al. (2004) who used three extender solutions (the Ringer, physiological saline 
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and saline solution); four types of cryoprotectants (DMSO, ethanol, glycerol and methanol) 
at three concentrations (5%, 10% and 15%) and three sperm to diluent ratios (1:20, 1:30 and 
1:40) in tropical bagrid catfish sperm cryopresevation. 
 

Species  Chemical composition of extender 
solution  

Type of 
cryoprotectant & 

concentration 
(v/v) 

 

Sperm  
to 

diluent 
ratio 

 Reference 

B. 
gonionotus  

Modified from Kurokura et al. 1984 - 
62 mM NaCl, 134 mM KCl, 1.5 mM 

CaCl2, 0.4 mM MgCl2, 2.4 mM 
NaHCO3 

(Horvath et al., 2003) 

 Methanol 10%  1:4 – 1:6  Unpublished 
data 

C. 
gariepinus  

Ringer solution – 128 mM NaCl, 2.7 
mM KCl, 1.4 mM CaCl2, 2.4 mM 

NaHCO3 

(Kurokura et al., 1984) 

 Methanol + DMA 
(70:30) 8%  1:6  Unpublished 

data 

P. jullieni  

Calcium free Hank’s Balance Salt 
Solution (CF-HBSS) – 152 mM NaCl, 

5.9 mM KCl, 0.9 mM MgSO4, 0.36 mM 
Na2HPO4, 0.5 mM KH2PO4, 4.6 mM 

NaHCO3,   6.16 mM Fructose (Tiersch 
et al., 1994) 

 Methanol 9 - 10%  1:3 – 1:5  Chew et al., 
2010a 

Tor spp.  

202 mM D(+)-glucose monohydrate, 
51.5 mM sodium chloride and 6 mM 

sodium bicarbonate, with pH 7.1 to 7.8 
and osmolality 309 + 30 mOsmol/kg 

 DMSO 10%  1:7  Chew et al., 
2010b 

P. nasutus  CF-HBSS (Tiersch et al., 1994)  Methanol 9 - 10 %  1:7  Unpublished 
data 

H. 
wetmorei  

Modified Fish Ringer – 111 mM NaCl, 
40.2 mM KCl, 2.1 mM CaCl2 , 2.4 mM 

NaHCO3 (Wolf, 1963) 
 Methanol 9 - 10 %  1:4 – 1:7  Unpublished 

data 

H. 
nemurus  

Modified Fish Ringer – 128 mM NaCl, 
2.7 mM KCl, 1.4 mM CaCl2, 2.4 mM 

NaHCO3, 25.3 mM glucose 
 Methanol 10%  1:20  Muchlisin et 

al., 2004 

Table 1. A list of extender solution and its composition, type of cryoprotectant and its 
optimal concentration and sperm to diluent ratio for successful semen cryopreservation of 
various species of freshwater fishes in Malaysia. 

3.3 Packaging and equilibration of diluted semen sample 

In this procedure which is performed after the addition of extender solution and 
cryoprotectant, the diluted semen sample is packed into polyethylene (PE) straws (Chew et 
al., 2010a; Chew et al., 2010b) or cryo-vials (Muchlisin et al. ,2004). Extended semen sample 
is subjected to equilibration at temperature <10°C prior to freezing procedure. The duration 
taken for equilibration is the time required for the cryoprotectant to permeate the cells. 
Equilibration duration between 15 min to 3 h has been practised for Malaysian fish species 
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sperm cryopreservation and was found to be successful in maintaining a good post-thaw 
sperm motility (Chew et al., 2010b). In most circumstances, the equilibration duration is set 
at 15 to 30 min, but it can be varied depending on the type and concentration of 
cryoprotectant used (Tiersch, 2000). 

3.4 Sperm cryopreservation 

Cryopreservation involves the removal of excess water from the inside of the cell to the 
exterior where it can form ice (Tiersch, 2000). A two-step rapid freezing method was used 
for semen cryopreservation in Isok barb, Malaysian Mahseer, local pangasiid catfish and 
Kerai Kunyit. After the equilibration procedure, semen samples of these species were 
subjected to liquid nitrogen vapour exposure for 5-10 min in an insulated styrofoam cooler 
box filled with liquid nitrogen, with the samples placed between 3 to 4 cm above the liquid 
nitrogen, after which the samples were directly plunged into liquid nitrogen. For tropical 
bagrid catfish (Muchlisin et al., 2004), the semen samples were equilibrated on crushed ice 
(0°C) for 5 min. After the equilibration procedure, the samples were then placed in an ice 
box containing dry ice (-120°C) for 5 min and subsequently plunged into liquid nitrogen.  

Besides the styrofoam cooler and ice box, the vapour shipper is another choice of method 
could be used for the freezing of fish semen samples. To cryopreserve semen samples by 
using dry shipper, the extended and packed semen sample was transferred into the fully 
charged vapour shipper and subsequently transferred and stored in liquid nitogen. The use 
of the vapour shipper method in freezing as reported in Tor spp. (Chew et al., 2010b) was 
convenient to be used in the field. Such method is simple to use, the cooling rate is more 
consistent and controllable and it consumes less liquid nitrogen and requires less space 
compared to the styrofoam cooler box or ice box method.     

In our opinion, the use of the sophisticated bench top type of controlled rate programmable 
freezer is not practical in cryopreservation of fish semen in some laboratories because of 
difficulty to move this equipment from one location to another. Unfortunately portable type 
of controlled rate programmable freezer is not user friendly, time consuming and limited 
number of samples could be processed at a single run. Compared with programmable 
freezer, the two-step freezing method employing insulated styrofoam cooler box or ice box 
is simpler, rapid and more cost effective. Nevertheless, the main shortcomings of this simple 
freezing method is the inconsistency in cooling rates and non-reproducible cryopreservation 
experiments if performed by different operators. 

3.5 Thawing 

Thawing is a process to recover the sperm cells from the dormant stage in ultra low 
temperature. Frozen semen is usually thawed at 40°C, with different optimal durations 
applied according to the type of packaging and the storage volume as shown in Table 2.  
 

Type of packaging  Volume of semen  Duration of thawing 

PE straw  
0.25 mL 
0.5 mL 
1.2 mL 

 
4s – 6s 
6s - 8s 

12s – 15s 
Cryo-vial  5 mL  5 min 

Table 2. The optimal durations used to thaw the frozen semen samples of freshwater fish 
species in Malaysia in different types of packaging and storage volume. 
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and saline solution); four types of cryoprotectants (DMSO, ethanol, glycerol and methanol) 
at three concentrations (5%, 10% and 15%) and three sperm to diluent ratios (1:20, 1:30 and 
1:40) in tropical bagrid catfish sperm cryopresevation. 
 

Species  Chemical composition of extender 
solution  

Type of 
cryoprotectant & 

concentration 
(v/v) 

 

Sperm  
to 

diluent 
ratio 

 Reference 

B. 
gonionotus  

Modified from Kurokura et al. 1984 - 
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CaCl2, 0.4 mM MgCl2, 2.4 mM 
NaHCO3 

(Horvath et al., 2003) 

 Methanol 10%  1:4 – 1:6  Unpublished 
data 
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gariepinus  
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mM KCl, 1.4 mM CaCl2, 2.4 mM 

NaHCO3 

(Kurokura et al., 1984) 

 Methanol + DMA 
(70:30) 8%  1:6  Unpublished 

data 
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Calcium free Hank’s Balance Salt 
Solution (CF-HBSS) – 152 mM NaCl, 

5.9 mM KCl, 0.9 mM MgSO4, 0.36 mM 
Na2HPO4, 0.5 mM KH2PO4, 4.6 mM 

NaHCO3,   6.16 mM Fructose (Tiersch 
et al., 1994) 

 Methanol 9 - 10%  1:3 – 1:5  Chew et al., 
2010a 

Tor spp.  

202 mM D(+)-glucose monohydrate, 
51.5 mM sodium chloride and 6 mM 

sodium bicarbonate, with pH 7.1 to 7.8 
and osmolality 309 + 30 mOsmol/kg 

 DMSO 10%  1:7  Chew et al., 
2010b 

P. nasutus  CF-HBSS (Tiersch et al., 1994)  Methanol 9 - 10 %  1:7  Unpublished 
data 

H. 
wetmorei  

Modified Fish Ringer – 111 mM NaCl, 
40.2 mM KCl, 2.1 mM CaCl2 , 2.4 mM 

NaHCO3 (Wolf, 1963) 
 Methanol 9 - 10 %  1:4 – 1:7  Unpublished 

data 

H. 
nemurus  

Modified Fish Ringer – 128 mM NaCl, 
2.7 mM KCl, 1.4 mM CaCl2, 2.4 mM 

NaHCO3, 25.3 mM glucose 
 Methanol 10%  1:20  Muchlisin et 

al., 2004 

Table 1. A list of extender solution and its composition, type of cryoprotectant and its 
optimal concentration and sperm to diluent ratio for successful semen cryopreservation of 
various species of freshwater fishes in Malaysia. 

3.3 Packaging and equilibration of diluted semen sample 

In this procedure which is performed after the addition of extender solution and 
cryoprotectant, the diluted semen sample is packed into polyethylene (PE) straws (Chew et 
al., 2010a; Chew et al., 2010b) or cryo-vials (Muchlisin et al. ,2004). Extended semen sample 
is subjected to equilibration at temperature <10°C prior to freezing procedure. The duration 
taken for equilibration is the time required for the cryoprotectant to permeate the cells. 
Equilibration duration between 15 min to 3 h has been practised for Malaysian fish species 
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sperm cryopreservation and was found to be successful in maintaining a good post-thaw 
sperm motility (Chew et al., 2010b). In most circumstances, the equilibration duration is set 
at 15 to 30 min, but it can be varied depending on the type and concentration of 
cryoprotectant used (Tiersch, 2000). 

3.4 Sperm cryopreservation 

Cryopreservation involves the removal of excess water from the inside of the cell to the 
exterior where it can form ice (Tiersch, 2000). A two-step rapid freezing method was used 
for semen cryopreservation in Isok barb, Malaysian Mahseer, local pangasiid catfish and 
Kerai Kunyit. After the equilibration procedure, semen samples of these species were 
subjected to liquid nitrogen vapour exposure for 5-10 min in an insulated styrofoam cooler 
box filled with liquid nitrogen, with the samples placed between 3 to 4 cm above the liquid 
nitrogen, after which the samples were directly plunged into liquid nitrogen. For tropical 
bagrid catfish (Muchlisin et al., 2004), the semen samples were equilibrated on crushed ice 
(0°C) for 5 min. After the equilibration procedure, the samples were then placed in an ice 
box containing dry ice (-120°C) for 5 min and subsequently plunged into liquid nitrogen.  

Besides the styrofoam cooler and ice box, the vapour shipper is another choice of method 
could be used for the freezing of fish semen samples. To cryopreserve semen samples by 
using dry shipper, the extended and packed semen sample was transferred into the fully 
charged vapour shipper and subsequently transferred and stored in liquid nitogen. The use 
of the vapour shipper method in freezing as reported in Tor spp. (Chew et al., 2010b) was 
convenient to be used in the field. Such method is simple to use, the cooling rate is more 
consistent and controllable and it consumes less liquid nitrogen and requires less space 
compared to the styrofoam cooler box or ice box method.     

In our opinion, the use of the sophisticated bench top type of controlled rate programmable 
freezer is not practical in cryopreservation of fish semen in some laboratories because of 
difficulty to move this equipment from one location to another. Unfortunately portable type 
of controlled rate programmable freezer is not user friendly, time consuming and limited 
number of samples could be processed at a single run. Compared with programmable 
freezer, the two-step freezing method employing insulated styrofoam cooler box or ice box 
is simpler, rapid and more cost effective. Nevertheless, the main shortcomings of this simple 
freezing method is the inconsistency in cooling rates and non-reproducible cryopreservation 
experiments if performed by different operators. 

3.5 Thawing 

Thawing is a process to recover the sperm cells from the dormant stage in ultra low 
temperature. Frozen semen is usually thawed at 40°C, with different optimal durations 
applied according to the type of packaging and the storage volume as shown in Table 2.  
 

Type of packaging  Volume of semen  Duration of thawing 

PE straw  
0.25 mL 
0.5 mL 
1.2 mL 

 
4s – 6s 
6s - 8s 

12s – 15s 
Cryo-vial  5 mL  5 min 

Table 2. The optimal durations used to thaw the frozen semen samples of freshwater fish 
species in Malaysia in different types of packaging and storage volume. 
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3.6 Egg fertilization 

A cryopreservation protocol developed for a species is considered success if the semen that 
cryopreserved according to the certain protocol could successfully fertilize eggs and 
produced offspring. Fresh semen is usually included in the control treatment. The optimal 
sperm to egg ratio used should be determined prior to fertilization. The sperm: egg ratio at 
approximately 250,000:1 is usually sufficient and worked well in most species in our 
laboratory. However, other sperm to egg ratios from 1000:1 to 500000: 1 were tested by Butts 
et al. (2009) and 100 000: 1 was found to yield the best fertilization performance in Atlantic 
cod. The dry fertilization method is favorable in the fertilization test for freshwater fish and 
thus was applied for all Malaysian fish species studied in our laboratory. In the dry 
fertilization method, both eggs and sperms were mixed well before hatchery water was later 
added into the sperm/egg mixture to water-harden the fertilized eggs. After rinsing with 
hatchery water, fertilized eggs were then incubated in aquarium (with or without using a 
hatching trough depended on species). Water temperature was kept at room temperature 
between 23 - 28°C throughout the period of incubation. The duration of embryo 
development varied between species. Therefore, the duration required for the fertilized egg 
to hatch is also varied among different species.  

4. Discussion on semen cryopreservation of Malaysian freshwater fish 
species 
The successful semen cryopresevation of several Malaysian fish species e.g. P. jullieni, T. 
tambroides, T. deuronensis, H. bleekeri, P. nasutus and H. wetmorei using various methods of 
cryopresevation discussed above may be evaluated via analyses on the sperm motility, 
fertilization, hatching ability, etc.  

4.1 Quality of semen 

Sperm motility for the freshly collected semen from the healthy broodfish is usually ranged 
between 90 - 100% motility provided that the sperm sample was not activated prior to the 
actual cryopreservation processes or contaminated by water or urine while sampling was 
carried out. However from our observation, sperm motility of most freshwater fishes 
dropped to <10% after 24 h if the sample was not extended using suitable extender solution, 
even though the sample was kept cool in a refrigerator (0- 5°C).   

Sperm concentration is one of the important characteristic that determines the sperm quality 
of an individual male (Billard, 1986; Suquet et al., 1992; Billard et al., 1995). The sperm 
concentrations of all Malaysian fish species studied were between 2.2 x 108 to 6.2 x 1010 

sperm cells per mL and this is in agreement with the studies by Leung & Jamieson (1991). 
On the other hand, short lifespan after activation is the typical characteristic of spermatozoa 
of freshwater fish species. The duration of sperm motility of most freshwater fishes is 
normally <1 min after the sperms are activated (Billard & Cosson, 1992; Lahnsteiner & 
Patzner, 2008). Duration of sperm motility of Tor spp. was about 40-50 s and it slowed down 
drastically after 20 s of progressive movements (Chew et al., 2010b). For Isok barb, it was 
about 20 s and slowed down after 10 s of progressive movements. Table 3 shows the range 
of sperm concentrations and motility duration in each Malaysian species studied at FRI 
Glami Lemi. 
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Species  Sperm count (Number of cells 
per mL)  Duration of motility (*) 

Javanese barb 
(B. gonionotus)  2.52 x 109 – 1.03 x 1010  <15 sec (10 s) 

African catfish 
(C. gariepinus)  5.44 x 109 – 1.14 x 1010  15 – 30 s, (13 s) 

Isok barb 
(P. jullieni)  4.00 x 108 – 6.24 x 1010  20 s, (10 s) 

Malaysian Mahseer 
(Tor spp.)  2.20 x 108 – 5.98 x 109  40 -50 s, (20 s) 

Local pangasiid catfish 
(P. nasutus)  6.60 x 108 – 1.36 x 1010  25 – 50 s, (15 s) 

Kerai Kunyit 
(H. wetmorei)  7.30 x 109 – 1.33 x 1010  20 -70 s, (20 s) 

*Duration of progressive movement before slowed down and finally stopped  

Table 3. Sperm concentration and motility duration of each freshwater fish species studied 
at FRI Glami Lemi. 

Osmolality is another critical variable in sperm quality (Honeyfield & Krise, 2000). As seen 
in many studies, seminal plasma osmolality among males fish is highly variable (Aas et al., 
1991). According to Babiak et al. (2001), the extender solution that worked well to 
cryopreserve spermatozoa of a species should posses the ability to maintain the sperm cell 
viability by inhibiting sperm motility. The key of success is via the use of an extender 
solution which is almost isotonic or mimicking the seminal plasma of that particular species. 
Therefore, it is crucial to know the seminal fluid osmolality of a species before media and 
diluents for that particular species can be formulated.  

In all species of Malaysian fishes studied, sperm motility generally reduced after freezing and 
thawing process compared to the sperm motility before any freezing procedure. In P. jullieni, 
the motility of cryopreserved semen has reduced by approximately 45% compared to the fresh 
semen. A reduction of sperm motility by an average of 15% and 30% in T. tambroides and T. 
deuronensis respectively was observed. In general, sperm motility reduced between 10 - 70% on 
average in the species studied (Table 4). These observations are similar to studies in several 
other species such as Cyprinus carpio L. (Wamecke & Pluta, 2003), Oncorhynchus mykiss 
(Lahnsteiner et al., 1996) and Scophthalmus maximus (Dreanno et al., 1997). 
 

Species Motility % 
Before freezing Post-thaw 

Javanese barb 88 - 97% 15 – 65% 
African catfish 60 – 100% 15 – 70% 

Isok barb 85 - 100% 30-84% (Mean: 49%) 
Malaysian Mahseer 85 -100% 35-89% (Mean: 55%) 

Local pangasiid catfish (Patin Buah) 85 -100% 35-70% 
Kerai Kunyit 90 - 100% 35-80% 

Tropical bagrid catfish (Muchlicin et al. 2004) 80 – 94% 58% 

Table 4. Sperm motility (%) of the freshwater fish species studied before freezing and after 
thawing procedures 
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3.6 Egg fertilization 

A cryopreservation protocol developed for a species is considered success if the semen that 
cryopreserved according to the certain protocol could successfully fertilize eggs and 
produced offspring. Fresh semen is usually included in the control treatment. The optimal 
sperm to egg ratio used should be determined prior to fertilization. The sperm: egg ratio at 
approximately 250,000:1 is usually sufficient and worked well in most species in our 
laboratory. However, other sperm to egg ratios from 1000:1 to 500000: 1 were tested by Butts 
et al. (2009) and 100 000: 1 was found to yield the best fertilization performance in Atlantic 
cod. The dry fertilization method is favorable in the fertilization test for freshwater fish and 
thus was applied for all Malaysian fish species studied in our laboratory. In the dry 
fertilization method, both eggs and sperms were mixed well before hatchery water was later 
added into the sperm/egg mixture to water-harden the fertilized eggs. After rinsing with 
hatchery water, fertilized eggs were then incubated in aquarium (with or without using a 
hatching trough depended on species). Water temperature was kept at room temperature 
between 23 - 28°C throughout the period of incubation. The duration of embryo 
development varied between species. Therefore, the duration required for the fertilized egg 
to hatch is also varied among different species.  

4. Discussion on semen cryopreservation of Malaysian freshwater fish 
species 
The successful semen cryopresevation of several Malaysian fish species e.g. P. jullieni, T. 
tambroides, T. deuronensis, H. bleekeri, P. nasutus and H. wetmorei using various methods of 
cryopresevation discussed above may be evaluated via analyses on the sperm motility, 
fertilization, hatching ability, etc.  

4.1 Quality of semen 

Sperm motility for the freshly collected semen from the healthy broodfish is usually ranged 
between 90 - 100% motility provided that the sperm sample was not activated prior to the 
actual cryopreservation processes or contaminated by water or urine while sampling was 
carried out. However from our observation, sperm motility of most freshwater fishes 
dropped to <10% after 24 h if the sample was not extended using suitable extender solution, 
even though the sample was kept cool in a refrigerator (0- 5°C).   

Sperm concentration is one of the important characteristic that determines the sperm quality 
of an individual male (Billard, 1986; Suquet et al., 1992; Billard et al., 1995). The sperm 
concentrations of all Malaysian fish species studied were between 2.2 x 108 to 6.2 x 1010 

sperm cells per mL and this is in agreement with the studies by Leung & Jamieson (1991). 
On the other hand, short lifespan after activation is the typical characteristic of spermatozoa 
of freshwater fish species. The duration of sperm motility of most freshwater fishes is 
normally <1 min after the sperms are activated (Billard & Cosson, 1992; Lahnsteiner & 
Patzner, 2008). Duration of sperm motility of Tor spp. was about 40-50 s and it slowed down 
drastically after 20 s of progressive movements (Chew et al., 2010b). For Isok barb, it was 
about 20 s and slowed down after 10 s of progressive movements. Table 3 shows the range 
of sperm concentrations and motility duration in each Malaysian species studied at FRI 
Glami Lemi. 
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Species  Sperm count (Number of cells 
per mL)  Duration of motility (*) 

Javanese barb 
(B. gonionotus)  2.52 x 109 – 1.03 x 1010  <15 sec (10 s) 

African catfish 
(C. gariepinus)  5.44 x 109 – 1.14 x 1010  15 – 30 s, (13 s) 

Isok barb 
(P. jullieni)  4.00 x 108 – 6.24 x 1010  20 s, (10 s) 

Malaysian Mahseer 
(Tor spp.)  2.20 x 108 – 5.98 x 109  40 -50 s, (20 s) 

Local pangasiid catfish 
(P. nasutus)  6.60 x 108 – 1.36 x 1010  25 – 50 s, (15 s) 

Kerai Kunyit 
(H. wetmorei)  7.30 x 109 – 1.33 x 1010  20 -70 s, (20 s) 

*Duration of progressive movement before slowed down and finally stopped  

Table 3. Sperm concentration and motility duration of each freshwater fish species studied 
at FRI Glami Lemi. 

Osmolality is another critical variable in sperm quality (Honeyfield & Krise, 2000). As seen 
in many studies, seminal plasma osmolality among males fish is highly variable (Aas et al., 
1991). According to Babiak et al. (2001), the extender solution that worked well to 
cryopreserve spermatozoa of a species should posses the ability to maintain the sperm cell 
viability by inhibiting sperm motility. The key of success is via the use of an extender 
solution which is almost isotonic or mimicking the seminal plasma of that particular species. 
Therefore, it is crucial to know the seminal fluid osmolality of a species before media and 
diluents for that particular species can be formulated.  

In all species of Malaysian fishes studied, sperm motility generally reduced after freezing and 
thawing process compared to the sperm motility before any freezing procedure. In P. jullieni, 
the motility of cryopreserved semen has reduced by approximately 45% compared to the fresh 
semen. A reduction of sperm motility by an average of 15% and 30% in T. tambroides and T. 
deuronensis respectively was observed. In general, sperm motility reduced between 10 - 70% on 
average in the species studied (Table 4). These observations are similar to studies in several 
other species such as Cyprinus carpio L. (Wamecke & Pluta, 2003), Oncorhynchus mykiss 
(Lahnsteiner et al., 1996) and Scophthalmus maximus (Dreanno et al., 1997). 
 

Species Motility % 
Before freezing Post-thaw 

Javanese barb 88 - 97% 15 – 65% 
African catfish 60 – 100% 15 – 70% 

Isok barb 85 - 100% 30-84% (Mean: 49%) 
Malaysian Mahseer 85 -100% 35-89% (Mean: 55%) 

Local pangasiid catfish (Patin Buah) 85 -100% 35-70% 
Kerai Kunyit 90 - 100% 35-80% 

Tropical bagrid catfish (Muchlicin et al. 2004) 80 – 94% 58% 

Table 4. Sperm motility (%) of the freshwater fish species studied before freezing and after 
thawing procedures 
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For all Malaysian fish species studied, the post-thaw motility rates of the cryopreserved 
sperm demonstrated similar values (p>0.05) even after a year of cryostorage as long as the 
semen samples are submerged well in the liquid nitrogen and without disturbance during 
the storage period.  

4.2 Fertilization ability and hatching rate  

In both Malaysian Mahseer and Isok barb, egg fertilization ability and hatching rates were 
found significantly lower (p<0.05) by using cryopreserved sperm compared with those 
fertilized using fresh sperm. The speed of embryos development was similar among the 
fertilized eggs using both cryopreserved and fresh sperm. Besides that, no significant 
difference (p>0.05) was found in the egg fertilization percentages between newly cryo-
preserved semen and semen samples after a year of cryo-storage in both species. The 
performance of egg fertilization and hatching by using cryopreserved semen in four species 
of freshwater fish species studied in our laboratory is shown in Table 5. 
 

Species  Fertilization (%)  Hatching (%) 
Javanese barb  12 – 100  5 – 75 
African catfish  21 - 37  19 – 32 

Isok barb  1.2 – 10  0.8 – 4.6 
Malaysian Mahseer  20 – 55  20 – 53 

Table 5. Fertilization and hatching performance using cryopreserved sperm in several 
freshwater fish species carried out at FRI Glami Lemi 

Quantitatively the numbers of hatchings from the cryopreserved semen were low, but 
qualitatively the hatchlings are visually normal and physically active and healthy as those 
from the fresh semen. Fingerlings produced from the cryopreserved semen from all four 
species showed normal development compared with those produced from the fresh semen. 

5. Dependence of egg fertilization on semen cryopreservation methods  
For the sperm cryopreservation of the fish species such as P. jullieni and Tor spp., several 
factors will determine the successful of the egg fertilization. The contributing factors that 
brought to the success of fish hatching using cryopreserved semen include viability of the 
post-thaw cryopreserved semen, good quality eggs, handling of the sperm and egg during 
the fertilization trials and knowledge in culturing the targeted species.  

5.1 Viability of the cryopreserved sperm 

Semen collection for cryopreservation should be done during the peak of spawning seasons 
of the particular species because the quality and quantity of spermatozoa are the highest at 
that particular time. The cryopreserved sperm cells tend to deteriorate very quickly and loss 
their motilily within 10-30 min after thawing procedure. Therefore, in quantification of the 
quality of the post-thaw sperm, the post-thaw motility shall be evaluated soon after thawing 
procedure in order to obtain good results. Similarly in the fertilization trials using 
cryopreserved semen, the mixture of semen to the eggs should be performed as quickly as 
possible once the frozen semen is thawed. Semen samples from each male broodfish were 
cryopreserved separately in order to maintain its inherent variability.   
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Successful cryopreservation procedures can maintain high quality of cryopreserved semen 
and this is revealed in high post-thaw sperm motility percentages. Successful 
cryopreservation procedures balance between the formation of ice crystals within the cells 
against excessive dehydration, which damages cellular structures (Tiersch, 2000). Each step 
involved in the cryopreservation procedures that was discussed in section 3 is equally 
important to produce viable cryopreserved sperm.  

5.2 Good quality eggs 

Good quality egg is also essential for successful fertilization when cryopreserved semen is 
used to produce offsprings. Same as sperm quality, egg quality is also the best during the 
peak of spawning seasons of the particular species. Thus fertilization trial is best to perform 
during spawning seasons of the fish. This is especially true and applicable for the seasonal 
bred species. In P. jullieni, significant higher fertilization rate (80-95%) was observed during 
the peak of the spawning season compared to the initial (50-60%) and toward the end of 
breeding season (30-50%) of the species. Healthy broodfish produced good quality eggs. 
Good management practice in broodstocks maintenance and good diet (i.e. high protein 
diet) are the key factors that produced healthy brood stocks.  

5.3 Handling of sperm and egg during the fertilization trials  

Good control in the timing of egg stripping and thawing of cryopreserved semen is 
important while using cryopreserved semen to fertilize eggs. Both egg and sperm should be 
made available at the same time in order to produce high fertilization rates. Spermatozoa of 
freshwater fishes are usually activated by the hypotonicity of their surrounding media 
(Morisawa & Suzuki, 1980; Morisawa et al., 1983a; Morisawa et al., 1983b). Most of the time 
and in majority species, hatchery water is sufficient as the sperm activation media and used 
in the sperm-egg mixture during fertilization process with cryopreserved semen. However, 
the use of suitable medium other than hatchery water for sperm activation is sometimes 
critical in some species (Lahnsteiner et al., 2003). This is observed in T. tambroides where 
specially formulated medium produced significant higher fertilization rate compared to the 
use of hatchery water as the sperm activation medium (Chew et al., 2010b). The effects of 
several media on egg fertilization ability had also reported by Billard (1983) on rainbow 
trout. Fertilization technique used in the fertilization trials is also one of the contributing 
factors to the success. Our studies showed that fertilization and hatching ability were 
significantly higher by using dry method compared to wet method.   

5.4 Knowledge in culturing of the targeted species 

Knowledge on the reproductive biology, broodstock management and husbandry, larva 
rearing and nursery of the particular fish species to be studied is a prerequisite for 
successful fertilization using cryopreserved semen. The age of maturity, breeding season 
(for seasonal bred species), factors that trigger and promote gonad maturation such as the 
type of nutrition and water quality where the brood fish is maintained are important factors 
that guaranteed gonad maturation and good health of the broodfish. Besides, well 
established artificial spawning method of the targeted species is also essential and such 
knowledge could later help production of fry using cryopreserved semen.  
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For all Malaysian fish species studied, the post-thaw motility rates of the cryopreserved 
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rearing and nursery of the particular fish species to be studied is a prerequisite for 
successful fertilization using cryopreserved semen. The age of maturity, breeding season 
(for seasonal bred species), factors that trigger and promote gonad maturation such as the 
type of nutrition and water quality where the brood fish is maintained are important factors 
that guaranteed gonad maturation and good health of the broodfish. Besides, well 
established artificial spawning method of the targeted species is also essential and such 
knowledge could later help production of fry using cryopreserved semen.  
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6. Current status of fish sperm cryopreservation in Malaysia –the fish semen 
cryobank 
The current development of fish sperm cryopreservation in Malaysia is mainly focused on 
the creation of a fish semen cryobank. Such a cryobank for fish semen plays many important 
roles, especially for conservation of fish stocks and improve aquaculture. The establishment 
of a fish semen cryobank requires procurement of equipment and facilities for 
cryopreservation, skill development of the technical operators, choice of species for semen 
cryobanking, identification of the source for sample collection, developing of suitable 
cryopreservation procedure for the targeted species, proper record keeping and also proper 
maintenance of the semen cryobank.  

6.1 Fish semen cryopresevation for conservation  

Cryopreservation technology provides long term ex situ conservation of indigenous and 
endangered species (Mongkonpunya et al., 2000; Tiersch et al., 2000). Cryopreserved semen 
could be stored indefinitely without deterioration provided proper maintenance and 
handling measures are well taken care of all time (Stoss & Donaldson, 1983; Armitage, 1987; 
Suquet et al., 2000). In Malaysia, fish sperm cryopreservation was employed to save the 
genetics of the endangered and threatened indigenous species such as P. jullieni and Tor 
spp.. Fish species for gene banking and research are chosen on the basis of their threatened 
status and potential for aquaculture. Species with vulnerable, critically endangered (CR) and 
endangered (EN) status are prioritized in a conservation programme (Table 6). Species with 
protandrous behaviour throughout their life cycle such as the Tenualosa toli (Terubok) is also 
protected (MACD, 1996; Blaber et al., 2001; Wong, 2001). Other candidates of indigenous 
fish species which should be prioritized for semen cryopreservation are the Bala Shark 
(Balantiocheilos melanopterus), the indigenous catfish (Clarias macrocephalus) and several Betta 
spp. (B. chini, B. hipposideros, B. livida, B. tomi and B. persephone). 

Semen samples could be stored for years via cryobanking before being used, and thus 
cryopreserved sperm banks can serve as insurance policies against unforseen catastrophes. 
However, very strict standardized protocols should be developed so that results are not 
biased by experimental and treatment variability but only by the inherent variability of the 
species. Further, these practices should be complemented with habitat conservation 
procedures (Bart, 2002). As it takes a long time to restore degraded ecosystems, the 
preserved semen is stored while upgrading of the ecosystems is going on. Both in situ and ex 
situ conservation should be applied complimentarily for sustainable management of the 
indigenous fisheries resources (Harvey, 1998). For an instance in the conservation 
programme of P. jullieni, introduction of closing season (from February to April each year) 
and conservation zones (12.4 km) at the identified spawning ground of P. jullieni at Pahang 
River have been implemented as the in situ conservation approach for the species (Zulkafli 
et al., 2010). 

Conservation of indigenous freshwater fishes is a priority of the Department of Fisheries, 
Malaysia. Resulting from the success in breeding both P. jullieni and Tor spp. using 
cryopreserved semen, cryobanking of the semen of these species was initiated in 2008. 
However, those samples were collected from the cultured stock. Therefore, effort to further 
enrich the sperm cryobank through collection from wild stocks for different varieties and 
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populations in the country is the ultimate aim of the Department of Fisheries, Malaysia. At 
present, semen samples from 88 Tor spp., 43 P. jullieni, 8 P. nasutus and 14 H. wetmorei have 
been collected and cryopreserved in the sperm cryobank of FRI Glami Lemi (Table 7). 

The use of cryopreserved semen could support conservation efforts through stock 
enhancement and repopulation in areas where the species have declined or disappeared. In 
the breeding and restocking programmes, attempts to save the wild populations have so far 
largely focused on captive breeding or spawning of wild broodstock and subsequent release 
of hatchery-reared offsprings into the wild. Hatchery production of fry will support stock 
enhancement. Consequently, this will hopefully eliminate the need to harvest seed stock 
from the wild and the translocation of non-indigenous species for such programme. 
 

Species Status 
Balantiocheilos melanopterus (Bala shark) 
Betta chini (Chini mouthbrooder) 
Betta hipposideros 
Betta livida (Emerald-sport fighting fish) 
Betta persephone (Black fighting fish) 
Betta tomi (Pikehead) 
Discherodontus halei (Spot-fin barb) 
Eleotris melanosoma 
Encheloclarias curtisoma (Soft fin walking catfish) 
Encheloclarias kelioides (Soft fin walking catfish) 
Encheloclarias prolatus (Catfish) 
Parasphromerus harveyi (Harvey's licorice gouramy) 
Probarbus jullieni (Isok barb) 
Scleropages formosus (Asian Arowana) 
Silurus furness 
Redigobius bikalanus 
Phallostethus dunckeri 
Sundoreonectes tiomanensis (Tioman cave loach) 

EN 
VU 
VU 
EN 
CR 
VU 
CR 
CR 
CR 
CR 
VU 
EN 
EN 
EN 
DD 
CR 
VU 
VU 

Helicophagus waandersii  
Cyclocheilichthys enoplus 
Leptobarbus hoeveni (Mad barb) 

EN 
EN 
EN 

(Source: DOF, Malaysia; Chong et al., 2010 ) 

Table 6. List of indigenous freshwater fish species in Malaysia with critically endangered 
(CR), endangered  (EN), vulnerable (VU) or data deficient (DD) status. 

 
Species  Number of fish  Volume 
Tor spp.  88  150 mL 
P. jullieni  43  350 mL 

P. nasutus  8  18 mL 

H. wetmorei  14  30 mL 

Table 7. Current status of cryogenic fish sperm bank of FRI Glami Lemi, Malaysia (since 2008) 
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fish species which should be prioritized for semen cryopreservation are the Bala Shark 
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spp. (B. chini, B. hipposideros, B. livida, B. tomi and B. persephone). 

Semen samples could be stored for years via cryobanking before being used, and thus 
cryopreserved sperm banks can serve as insurance policies against unforseen catastrophes. 
However, very strict standardized protocols should be developed so that results are not 
biased by experimental and treatment variability but only by the inherent variability of the 
species. Further, these practices should be complemented with habitat conservation 
procedures (Bart, 2002). As it takes a long time to restore degraded ecosystems, the 
preserved semen is stored while upgrading of the ecosystems is going on. Both in situ and ex 
situ conservation should be applied complimentarily for sustainable management of the 
indigenous fisheries resources (Harvey, 1998). For an instance in the conservation 
programme of P. jullieni, introduction of closing season (from February to April each year) 
and conservation zones (12.4 km) at the identified spawning ground of P. jullieni at Pahang 
River have been implemented as the in situ conservation approach for the species (Zulkafli 
et al., 2010). 

Conservation of indigenous freshwater fishes is a priority of the Department of Fisheries, 
Malaysia. Resulting from the success in breeding both P. jullieni and Tor spp. using 
cryopreserved semen, cryobanking of the semen of these species was initiated in 2008. 
However, those samples were collected from the cultured stock. Therefore, effort to further 
enrich the sperm cryobank through collection from wild stocks for different varieties and 
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populations in the country is the ultimate aim of the Department of Fisheries, Malaysia. At 
present, semen samples from 88 Tor spp., 43 P. jullieni, 8 P. nasutus and 14 H. wetmorei have 
been collected and cryopreserved in the sperm cryobank of FRI Glami Lemi (Table 7). 

The use of cryopreserved semen could support conservation efforts through stock 
enhancement and repopulation in areas where the species have declined or disappeared. In 
the breeding and restocking programmes, attempts to save the wild populations have so far 
largely focused on captive breeding or spawning of wild broodstock and subsequent release 
of hatchery-reared offsprings into the wild. Hatchery production of fry will support stock 
enhancement. Consequently, this will hopefully eliminate the need to harvest seed stock 
from the wild and the translocation of non-indigenous species for such programme. 
 

Species Status 
Balantiocheilos melanopterus (Bala shark) 
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6.2 Fish semen cryopreservation for aquaculture  

Fish gene banks offer vast potential benefits to hatcheries (Munkittrick & Moccia, 1984; Chao & 
Liao, 2001). It offers genetic variability to fish hatcheries around the world. The use of frozen 
semen in breeding programmes offers a means to further broaden the genetic base of the 
targeted species. Genetic improvement of broodstock or hatchery species for traits such as 
disease resistant, fast growth rate, salinity tolerance etc. could also make feasible with the 
establishment of the cryogenic sperm bank. The applications of sperm cryopreservation in 
aquaculture were also highlighted by Mongkonpunya et al. (2000). In the case of some species, 
males and females reach maturity over different periods of time, the cryopreserved semen 
could facilitate artificial fertilization and seed production (Tiersch, 2000). Besides, 
cryopreserved semen is easier to transport than live fish for culturing. This eliminates the 
stress to fish. The risk of transmitting diseases is also reduced by using cryopreserved semen. 

On the other hand, the use of cryopreserved sperm also provides flexibility in breeding 
programmes, especially in producing hybrids with favourable characteristics for culturing 
such as higher viability, intensive growth rate, adaptive flexibility, early sexual maturation etc. 
(FAO, 1971). Hybridization in fish culture becomes feasible and more manageable with the 
utilization of cryopreserved semen. For example, in a breeding programme of H. wetmorei 
carried out in our laboratory, H. wetmorei was cross-bred with the Javanese barb, B. gonionotus 
successfully via the use of cryopreserved sperm and surrogate egg from B. gonionotus. Such 
breeding procedure was needed because mature female of H. wetmorei was not available 
during the induced breeding programme of the species. Therefore, it is no doubt that the use 
of cryopreserved sperm provides greater control in breeding programmes. 

7. Challenges to the gene banking of fish gamete via cryopreservation  
7.1 Procedure optimization 

The principle and process behind semen cryopreservation sound rather simple, i.e. the storage 
of semen samples in ultra-low temperatures and liquid nitrogen (-196°C) is normally used. In 
avian species (such as chicken, fowl, turkey, goose and duck) and mammal livestock species 
(such as cattle, horse, boar, sheep and goat), protocols for their semen cryopreservation are 
well developed and established (Hammerstedt & Graham, 1992; Curry, 2000; Donoghue & 
Wishart, 2000; Woelders et al., 2003). In fish however, there are no standard protocols that are 
applicable to all species. Unlike terrestrial animals, it is more difficult to standardize the semen 
cryopreservation protocols in fish (Tiersch, 2000). This is because different fish species 
exhibited different responses to the same extenders and cryoprotectants. For an example, the 
protocol or diluents formulation which served optimal to P. jullieni may not be necessarily 
suitable and served optimum in other species. As such, developing the species-specific and 
reproducible sperm cryopreservation procedure is thus required for this purpose. These 
include the choice of the type of extender solution and cryoprotectant, the rates of freezing and 
thawing etc. In general, the optimization of cryopreservation protocol for a species involved a 
series of complex interactions among various factors in each step. 

7.2 Maintenance and proper recording  

It is less costly to maintain a semen cryobank in a long run compared to in situ conservation 
approach such as live genebank. However, some costs need to be allocated for replenishing 

Sperm Cryopreservation of Some Freshwater Fish Species in Malaysia 285 

and topping up of liquid nitrogen in the storage dewars on periodically basis. Obtaining 
adequate funding and financial support to maintain the semen cryobank is part of the 
challenges to the institutions owned a semen cryobank. The monitoring of the viability of 
cryopreserved semen samples is also required from time to time to ensure the viability of 
stored samples is maintained. Post-thaw sperm motility was assessed for each batch of 
semen samples a week after cryo-storage and prior to be used for egg fertilization. The 
viability of the cryopreserved sperm was also evaluated from time to time through egg 
fertilization tests. A database that is able to provide good records of storage and 
withdrawals of samples from the semen cryobank is also a long term challenge in 
genebanking via cryopreservation (Kincaid, 2000). Proper record is essential for ease of 
samples retrieval in future. 

7.3 Technical limitations 

There are technical limitations to use cryopreserved semen in fish breeding as it requires 
involvement of skilled personnels. Therefore, training of operators or technicians in the 
related discipline is seen required in the technology extension programme. The small 
volume sample in straws (0.25 mL and 0.5 mL) is sufficient to be used in egg fertilization in 
laboratory based experiments and in genetic improvement programme of the targeted 
species. However, it is less practical to use cryopreserved semen for mass production of fry 
in aquaculture. Adaptation of the current developed protocols for practical application is 
thus important. The use of bigger straws volume or cryovials (5 mL or 10 mL) should be 
considered instead. 

7.4 Difficulties in obtaining semen samples from wild populations 

Difficulties in getting wild stocks are the main constraints in fish semen cryobanking of the 
indigenous species with threatened or endangered status and those species with high 
market demand. These limitations have caused difficulties in obtaining the effective 
population size (Ne), which is very crucial in future restoration efforts for the species. High 
quality seed is essential to support aquaculture. For many species especially of those 
riverine species, which their induced breeding method is still not established, their source of 
seed supply is still depend on the wild caught stocks. In Malaysia, it is also difficult to 
obtain fry and broodstock from hatchery because the lack of well organised hatchery 
operation. Each hatchery tends to maintain their own breeders, which is always limited in 
numbers. As the consequences, this resulted in high inbreeding rates among the hatchery 
stocks.  

In Malaysia, it is now increasingly difficult for fish breeders to locate and collect genetic 
materials from healthy or relatively undisturbed populations in the wild. The loss of genetic 
material in fish species can hinder the development of the aquaculture industries, especially 
fish farms and hatcheries. Many hatcheries often rely on too few breeders to reproduce, 
resulting in lower production, susceptibility to diseases and poor survival rates in the wild. 
As wild fish stocks disappear, it becomes even more difficult for hatcheries to find new 
breeders. At the same time breeding within small populations with limited genetic diversity 
results in inbreeding depression, i.e. genetic drift, producing small or stunted fish stocks. 
Therefore, fish genetic resources must be conserved and utilized sustainably because they 
are the key to maintaining the viability of cultured and natural fish populations. They 



Current Frontiers in Cryopreservation 284 

6.2 Fish semen cryopreservation for aquaculture  

Fish gene banks offer vast potential benefits to hatcheries (Munkittrick & Moccia, 1984; Chao & 
Liao, 2001). It offers genetic variability to fish hatcheries around the world. The use of frozen 
semen in breeding programmes offers a means to further broaden the genetic base of the 
targeted species. Genetic improvement of broodstock or hatchery species for traits such as 
disease resistant, fast growth rate, salinity tolerance etc. could also make feasible with the 
establishment of the cryogenic sperm bank. The applications of sperm cryopreservation in 
aquaculture were also highlighted by Mongkonpunya et al. (2000). In the case of some species, 
males and females reach maturity over different periods of time, the cryopreserved semen 
could facilitate artificial fertilization and seed production (Tiersch, 2000). Besides, 
cryopreserved semen is easier to transport than live fish for culturing. This eliminates the 
stress to fish. The risk of transmitting diseases is also reduced by using cryopreserved semen. 

On the other hand, the use of cryopreserved sperm also provides flexibility in breeding 
programmes, especially in producing hybrids with favourable characteristics for culturing 
such as higher viability, intensive growth rate, adaptive flexibility, early sexual maturation etc. 
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semen samples a week after cryo-storage and prior to be used for egg fertilization. The 
viability of the cryopreserved sperm was also evaluated from time to time through egg 
fertilization tests. A database that is able to provide good records of storage and 
withdrawals of samples from the semen cryobank is also a long term challenge in 
genebanking via cryopreservation (Kincaid, 2000). Proper record is essential for ease of 
samples retrieval in future. 

7.3 Technical limitations 

There are technical limitations to use cryopreserved semen in fish breeding as it requires 
involvement of skilled personnels. Therefore, training of operators or technicians in the 
related discipline is seen required in the technology extension programme. The small 
volume sample in straws (0.25 mL and 0.5 mL) is sufficient to be used in egg fertilization in 
laboratory based experiments and in genetic improvement programme of the targeted 
species. However, it is less practical to use cryopreserved semen for mass production of fry 
in aquaculture. Adaptation of the current developed protocols for practical application is 
thus important. The use of bigger straws volume or cryovials (5 mL or 10 mL) should be 
considered instead. 

7.4 Difficulties in obtaining semen samples from wild populations 

Difficulties in getting wild stocks are the main constraints in fish semen cryobanking of the 
indigenous species with threatened or endangered status and those species with high 
market demand. These limitations have caused difficulties in obtaining the effective 
population size (Ne), which is very crucial in future restoration efforts for the species. High 
quality seed is essential to support aquaculture. For many species especially of those 
riverine species, which their induced breeding method is still not established, their source of 
seed supply is still depend on the wild caught stocks. In Malaysia, it is also difficult to 
obtain fry and broodstock from hatchery because the lack of well organised hatchery 
operation. Each hatchery tends to maintain their own breeders, which is always limited in 
numbers. As the consequences, this resulted in high inbreeding rates among the hatchery 
stocks.  

In Malaysia, it is now increasingly difficult for fish breeders to locate and collect genetic 
materials from healthy or relatively undisturbed populations in the wild. The loss of genetic 
material in fish species can hinder the development of the aquaculture industries, especially 
fish farms and hatcheries. Many hatcheries often rely on too few breeders to reproduce, 
resulting in lower production, susceptibility to diseases and poor survival rates in the wild. 
As wild fish stocks disappear, it becomes even more difficult for hatcheries to find new 
breeders. At the same time breeding within small populations with limited genetic diversity 
results in inbreeding depression, i.e. genetic drift, producing small or stunted fish stocks. 
Therefore, fish genetic resources must be conserved and utilized sustainably because they 
are the key to maintaining the viability of cultured and natural fish populations. They 
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enable species to adapt to environmental change and also provide the opportunity for 
genetic improvement programme in aquaculture.   

It is observed that large species that breed later in life are more vulnerable to fishing and 
changes in the environment, particularly in terms of fragmentation of their normal habitats. 
Indeed, most of the world’s largest freshwater fish are at risk according to the IUCN Red 
List, and over exploitation contributes in a number of these cases. The dragon fish, 
Scleropages formosus is a well known case of over-exploitation. Therefore, giant indigenous 
species such as freshwater siluroids (Wallago leeri,), cyprinids (Tor spp., Probarbus jullieni), 
pangasiids (Helicophagus waandersii) etc. can be promoted as ‘flagship species’ or ecosystem 
ambassadors. At the same time, in terms of preserving biodiversity, by reducing the 
negative impacts of the continued spread of exotic fish species in the aquatic environment, 
efforts need to develop indigenous species for use in aquaculture. Those indigenous species 
that showed good adaptation to pond environment, resistance to handling, possess high 
growth rate and ability to reach sexually maturity in captivity are worth to be considered 
and developed as aquaculture species. To achieve the goal, we must safeguard indigenous 
fish resources both quantitatively and qualitatively from now before it is too late. 

8. Conclusion 
An overview of the current status of semen cryopreservation of Malaysian freshwater fishes 
is presented in this chapter. The role of semen cryobank is also discussed. Obviously, semen 
cryopreservation offers potential applications in ex situ conservation and sustainable 
management of the fisheries genetic resources in Malaysia, especially for those species with 
rare, vulnerable, threatened or endangered status, those protandry species with sex-
changing characteristic over their life time, and also the potential candidates and genetic 
improved strains for aquaculture development. The successes in semen cryopreservation are 
very much relied on factors such as having ample knowledge on the biology and 
reproductive biology of the particular species of interest, trained personnels in various 
aspects such as gamete cryopreservation, breeding methods, broodstock management and 
husbandry and larva rearing and nursing of the targeted species. 
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1. Introduction 
Cryopreservation is considered as one component in an effective strategy to save 
endangered species by facilitating the storage of their gametes in gene banks (Gausen, 1993; 
Akcay et al. 2004). Cryopreservation offers several benefits that in this way stocks can be 
protected from being totally eliminated due to sudden disease outbreak, natural utilization 
in hatcheries' production and laboratory experiments can be ensured. Stocks can be 
maintained more economically and experimental materials for advanced studies, such as 
gene transfer, can be made more accessible (Chao & Liao, 2001; Tekin et al. 2003).  

Cryopreservation techniques involve addition of cryoprotectants, freezing and thawing of 
sperm samples, all of which may result in some damage to the spermatozoa and may 
decrease egg fertilization rate (Kopeika et al. 2003). Therefore, before cryopreservation of 
sperm, a through evaluation of different extender solutions, cryoprotectants, straw sizes and 
thawing rates is essential to develop optimum cryopreservation protocols for various 
species (Yavas & Bozkurt, 2011).  

The species-specific cryopreservation procedure needs a suitable extender, as undiluted 
semen is not suitable for long-term preservation. Similarly, addition of optimum amount of 
cryoprotectant reduces cell damages associated with dehydration, cellular injuries and ice 
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1. Introduction 
Cryopreservation is considered as one component in an effective strategy to save 
endangered species by facilitating the storage of their gametes in gene banks (Gausen, 1993; 
Akcay et al. 2004). Cryopreservation offers several benefits that in this way stocks can be 
protected from being totally eliminated due to sudden disease outbreak, natural utilization 
in hatcheries' production and laboratory experiments can be ensured. Stocks can be 
maintained more economically and experimental materials for advanced studies, such as 
gene transfer, can be made more accessible (Chao & Liao, 2001; Tekin et al. 2003).  

Cryopreservation techniques involve addition of cryoprotectants, freezing and thawing of 
sperm samples, all of which may result in some damage to the spermatozoa and may 
decrease egg fertilization rate (Kopeika et al. 2003). Therefore, before cryopreservation of 
sperm, a through evaluation of different extender solutions, cryoprotectants, straw sizes and 
thawing rates is essential to develop optimum cryopreservation protocols for various 
species (Yavas & Bozkurt, 2011).  

The species-specific cryopreservation procedure needs a suitable extender, as undiluted 
semen is not suitable for long-term preservation. Similarly, addition of optimum amount of 
cryoprotectant reduces cell damages associated with dehydration, cellular injuries and ice 
crystal formation (Leung, 1991). Although cryoprotectants help to prevent cryoinjuries 
during freezing and thawing, they can become toxic to cells when the exposure time and 
concentration are more (Tekin et al. 2007). In addition, type of cryoprotectants is also very 
specific to many species. There are no universal extenders and cryoprotectants available that 
can be used across species.  

On the other hand, motility is the most commonly used parameter to evaluate sperm quality 
in fishes (Billard et al. 1995). This parameter is acceptable so that spermatozoa must be 
motile to achieve fertilization. Furthermore, sperm motility is an important component of a 
cryopreservation program in order to prevent poor sperm quality semen samples prior to 
freezing and to estimate the fertility of the stored sperm after thawing (Akçay et al., 2004; 
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Bozkurt, 2008). Thawing temperature and duration are also critical factors in the survival of 
cryopreserved sperm cells (Morris, 1981). Optimal freezig/thawing procedures have not 
been reported for Salmo trutta macrostigma sperm. So, in the present study three different 
thawing temperatures and thawing durations were also tested related to motility.  

For this reason, there is a need to improve techniques on gamete storage and evaluation of 
sperm quality to facilitate optimization of controlled reproduction in fish (Alavi & Cosson, 
2005). Important parameters for cryopreservation include type of extenders and 
cryoprotectants, dilution ratios, freezing/thawing rates and  fertilization rates (Bozkurt et al. 
2005).  

Salmo trutta macrostigma is a salmonid species occurring in inland water habitats of Southern 
Europe, Western Asia, Northern Africa and Anatolia (Geldiay & Balik, 1988). It is also 
critically endangered fish species in inland waters because of illegal shing, overshing, and 
other environmental changes, including hydroelectric plants and pollution. For this reason a 
biological conservation program has been considered for Salmo trutta macrostigma in Turkey. 
On the other hand, ornamental koi carp is evaluated by its colour and have been used in the 
selecive propagation programs. These brightly colored koi carps are the result of selective 
breeding of wild carp. Over centuries a range of pleasing colors, patterns and shapes have 
been developed for this valuable species. Therefore, reliable methods for brown trout and 
koi carp sperm cryopreservation could benefit both aquaculture application and 
conservation of biodiversity.  

Therefore, the present study was conducted in order to examine the effect of ionic extenders 
combined with different cryoprotectants at different ratios and to test the effect of different 
thawing temperatures and thawing periods on the post-thaw sperm quality of brown trout 
(Salmo trutta macrostigma) and koi carp (Cyprinus carpio) and development of a 
cryopreservation protocol for sperm of this commercially valuable two species. 

2. Materials and methods 
2.1 Broodstock management 

The experiments were carried out spawning season of the brown trout (Salmo trutta 
macrostigma) and koi carp (Cyprinus carpio). In the pre-spawning period the mature bown 
trouts were kept seperately in small ponds under constant environmental conditions. The 
water temperature ranged 8-10°C during the spawning period. During the experiment, fish 
were kept under natural photoperiod. Mean water temperature and dissolved oxygen of the 
broodstock ponds were 8.7±2.46°C and 9.2±7.2 ppm respectively.  

The koi carp broodstock was collected from wintering ponds by seining and transported 
into the hatchery 48 h prior to gamete collection. In the hatchery, male and female broodfish 
were held separetely in shadowed tanks (V=1000 L) supplied with continuously (2.5 L min-1) 
well-aerated water of 24ºC. Brown trout and koi carp broodstock were not fed during the 
experiments.  

2.2 Gamete collection 

Sperm was collected by gently hand-stripping without anesthesia from mature 10 brown 
trout males. For koi carp cryopreservation experiments, semen was collected from 5 
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anesthetized (0.1 g/l MS 222) males by manual abdominal stripping 12 h after a single 
injection of 2 mg/kg of carp pituitary extract (CPE) at 20-22 ºC water temperature. Eggs 
were collected by hand stripping 10-12 h after a double injection of 3.5 mg/kg of CPE. The 
first injection, 10% (0.35 mg/kg) CPE was given 10 h before the second (3.15 mg/kg).  

For sperm collection, the urogenital papilla’s of mature male fishes were carefully dried and 
sperm was hand-stripped directly into test tubes. Following sperm collection, the tubes 
containing sperm were placed in a styrofoambox containing crushed ice (4ºC). 
Contamination of sperm with water, urine or faeces was carefully avoided. Sperm was 
transported to the laboratory within 15 min.  For collection of eggs from koi carps, females 
were wiped dry, stripped by gentle abdominal massage and the eggs from each female were 
collected in a dry metal bowl. Eggs were checked visually and only those lots of 
homogenous shape, colour and size were used in the fertilization experiments.  

2.3 Determination of fresh sperm quality parameters 

Motility was estimated subjectively using light  microscope (Olympus, Japan)  with a x400 
magnification. Samples were activated by mixing 1 μl of sperm with 20 μl activation 
solution (0.3% NaCl) on a glass slide. The percentage of motility was defined as the 
percentage of spermatozoa moving in a forward motion every 20% motile increment (i.e., 0, 
20%, 40%, 60%, 80%, and 100%) (Vuthiphandchai & Zohar, 1999). Motility measurements 
were performed within 15 s. after activation. Sperm cells that vibrated in place were not 
considered to be motile. Sperm motility was estimated with three replicates of samples. For 
cryopreservation experiments, samples below 80% motile spermatozoa were discarded. 
Duration of sperm motility was determined using a sensitive chronometer (sensitivity: 
1/100 s) by recording the time following addition of the activation solution to the sperm 
samples.  

Spermatozoa density was determined according to the haemacytometric method. Sperm 
was diluted at ratio of 1:1000 with Hayem solution (5g Na2SO4, 1g NaCl, 0.5g HgCl2, 200 mL 
bicine) and density was determined using a 100 μm deep Thoma haemocytometer (TH-100, 
Hecht-Assistent, Sondheim, Germany) at 400x magnification with Olympus BX50 phase 
contrast microscope (Olympus, Japan) and expressed as spermatozoa x109 mL-1 (three 
replicates). Counting chambers were always kept in a moist atmosphere for at least 10 min 
before cell counting. Sperm pH was measured using indicator papers (Merck, 5.5-9) within 
30 min of sampling. 

2.4 Experiment 1 - Brown trout (Salmo trutta macrostigma)

Collected sperm from 10 males that showing >80 motility was pooled into equal aliquots 
according to the required semen volume and sperm density to eliminate effects of 
individual variability of gamete donors. Semen and extenders were kept at 4°C prior to 
dilution. Pooled semen was diluted at 1:3 ratio (semen/extender) with extender containing 
4.68 g l- NaCl, 2.98 g l- KCl, 0.11 g l- CaCl2 and Trizma-HCl 3.15 g l- in distilled water; pH 9.0 
(Billard & Cosson, 1992). The extender contained methanol and egg yolk at ratios of 5%, 10% 
and 15% separately. Dilution of semen with extender resulted in sperm concentrations of 
around 2.5x109 cells/ml extender that was enough to avoid damage due to sperm 
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Bozkurt, 2008). Thawing temperature and duration are also critical factors in the survival of 
cryopreserved sperm cells (Morris, 1981). Optimal freezig/thawing procedures have not 
been reported for Salmo trutta macrostigma sperm. So, in the present study three different 
thawing temperatures and thawing durations were also tested related to motility.  

For this reason, there is a need to improve techniques on gamete storage and evaluation of 
sperm quality to facilitate optimization of controlled reproduction in fish (Alavi & Cosson, 
2005). Important parameters for cryopreservation include type of extenders and 
cryoprotectants, dilution ratios, freezing/thawing rates and  fertilization rates (Bozkurt et al. 
2005).  

Salmo trutta macrostigma is a salmonid species occurring in inland water habitats of Southern 
Europe, Western Asia, Northern Africa and Anatolia (Geldiay & Balik, 1988). It is also 
critically endangered fish species in inland waters because of illegal shing, overshing, and 
other environmental changes, including hydroelectric plants and pollution. For this reason a 
biological conservation program has been considered for Salmo trutta macrostigma in Turkey. 
On the other hand, ornamental koi carp is evaluated by its colour and have been used in the 
selecive propagation programs. These brightly colored koi carps are the result of selective 
breeding of wild carp. Over centuries a range of pleasing colors, patterns and shapes have 
been developed for this valuable species. Therefore, reliable methods for brown trout and 
koi carp sperm cryopreservation could benefit both aquaculture application and 
conservation of biodiversity.  

Therefore, the present study was conducted in order to examine the effect of ionic extenders 
combined with different cryoprotectants at different ratios and to test the effect of different 
thawing temperatures and thawing periods on the post-thaw sperm quality of brown trout 
(Salmo trutta macrostigma) and koi carp (Cyprinus carpio) and development of a 
cryopreservation protocol for sperm of this commercially valuable two species. 

2. Materials and methods 
2.1 Broodstock management 

The experiments were carried out spawning season of the brown trout (Salmo trutta 
macrostigma) and koi carp (Cyprinus carpio). In the pre-spawning period the mature bown 
trouts were kept seperately in small ponds under constant environmental conditions. The 
water temperature ranged 8-10°C during the spawning period. During the experiment, fish 
were kept under natural photoperiod. Mean water temperature and dissolved oxygen of the 
broodstock ponds were 8.7±2.46°C and 9.2±7.2 ppm respectively.  

The koi carp broodstock was collected from wintering ponds by seining and transported 
into the hatchery 48 h prior to gamete collection. In the hatchery, male and female broodfish 
were held separetely in shadowed tanks (V=1000 L) supplied with continuously (2.5 L min-1) 
well-aerated water of 24ºC. Brown trout and koi carp broodstock were not fed during the 
experiments.  

2.2 Gamete collection 

Sperm was collected by gently hand-stripping without anesthesia from mature 10 brown 
trout males. For koi carp cryopreservation experiments, semen was collected from 5 
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anesthetized (0.1 g/l MS 222) males by manual abdominal stripping 12 h after a single 
injection of 2 mg/kg of carp pituitary extract (CPE) at 20-22 ºC water temperature. Eggs 
were collected by hand stripping 10-12 h after a double injection of 3.5 mg/kg of CPE. The 
first injection, 10% (0.35 mg/kg) CPE was given 10 h before the second (3.15 mg/kg).  

For sperm collection, the urogenital papilla’s of mature male fishes were carefully dried and 
sperm was hand-stripped directly into test tubes. Following sperm collection, the tubes 
containing sperm were placed in a styrofoambox containing crushed ice (4ºC). 
Contamination of sperm with water, urine or faeces was carefully avoided. Sperm was 
transported to the laboratory within 15 min.  For collection of eggs from koi carps, females 
were wiped dry, stripped by gentle abdominal massage and the eggs from each female were 
collected in a dry metal bowl. Eggs were checked visually and only those lots of 
homogenous shape, colour and size were used in the fertilization experiments.  

2.3 Determination of fresh sperm quality parameters 

Motility was estimated subjectively using light  microscope (Olympus, Japan)  with a x400 
magnification. Samples were activated by mixing 1 μl of sperm with 20 μl activation 
solution (0.3% NaCl) on a glass slide. The percentage of motility was defined as the 
percentage of spermatozoa moving in a forward motion every 20% motile increment (i.e., 0, 
20%, 40%, 60%, 80%, and 100%) (Vuthiphandchai & Zohar, 1999). Motility measurements 
were performed within 15 s. after activation. Sperm cells that vibrated in place were not 
considered to be motile. Sperm motility was estimated with three replicates of samples. For 
cryopreservation experiments, samples below 80% motile spermatozoa were discarded. 
Duration of sperm motility was determined using a sensitive chronometer (sensitivity: 
1/100 s) by recording the time following addition of the activation solution to the sperm 
samples.  

Spermatozoa density was determined according to the haemacytometric method. Sperm 
was diluted at ratio of 1:1000 with Hayem solution (5g Na2SO4, 1g NaCl, 0.5g HgCl2, 200 mL 
bicine) and density was determined using a 100 μm deep Thoma haemocytometer (TH-100, 
Hecht-Assistent, Sondheim, Germany) at 400x magnification with Olympus BX50 phase 
contrast microscope (Olympus, Japan) and expressed as spermatozoa x109 mL-1 (three 
replicates). Counting chambers were always kept in a moist atmosphere for at least 10 min 
before cell counting. Sperm pH was measured using indicator papers (Merck, 5.5-9) within 
30 min of sampling. 

2.4 Experiment 1 - Brown trout (Salmo trutta macrostigma)

Collected sperm from 10 males that showing >80 motility was pooled into equal aliquots 
according to the required semen volume and sperm density to eliminate effects of 
individual variability of gamete donors. Semen and extenders were kept at 4°C prior to 
dilution. Pooled semen was diluted at 1:3 ratio (semen/extender) with extender containing 
4.68 g l- NaCl, 2.98 g l- KCl, 0.11 g l- CaCl2 and Trizma-HCl 3.15 g l- in distilled water; pH 9.0 
(Billard & Cosson, 1992). The extender contained methanol and egg yolk at ratios of 5%, 10% 
and 15% separately. Dilution of semen with extender resulted in sperm concentrations of 
around 2.5x109 cells/ml extender that was enough to avoid damage due to sperm 
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compression during freezing and thawing (Lahnsteiner, 2000). Following sperm suspension 
was equilibrated for 10 min at 4°C.  

Within 1 h after sperm collection, the diluted semen samples were drawn into 0.25mL 
plastic straws (IMV, France). The open end of straws were sealed with polyvinyl alcohol 
(PVA). Following, the straws were placed on a styrofoam rack that floating on the surface of 
liquid nitrogen in a styrofoam box. The straws were frozen in liquid nitrogen vapour 4 cm 
above of the liquid nitrogen surface (temperature of styroframe surface was about -140ºC) 
for 10 min. Following, the straws were plunged into the liquid nitrogen (-196ºC) and stored 
for several days. For thawing, straws were thawed at 30ºC for 10 s by gentle agitation in 
water bath. Thawed sperm was activated using pond water.  

On the other hand, post-thaw sperm quality tests were carred out to evaluate motility rate 
and duration of motility. For this aim, sperm motility rate and duration of motility values 
following cryopreservation in the same ionic extender containing 15% egg yolk were 
determined. Sperm was thawed at 25ºC, 35ºC or 45ºC for 5s, 15s or 25s and activated in 0.3% 
NaCl and 1% NaHCO3.    

2.5 Experiment 2 - Ornamental koi carp (Cyprinus carpio)

Collected semen from the 5 males that showing >80 motility was pooled into equal aliquots 
according to the required semen volume and sperm density needed to eliminate effects of 
individual variability of the donors. Semen and extenders were kept at 4°C, then diluted at a 
ratio of 1:3 (semen/extender) with 3 different extenders containing 10% DMSO. Extender 1 
contained 5.8 g/L NaCl, 0.2 g/L KCl, 0.22 g/L CaCl2, 0.04 g/L MgCl26H2O, 2.1 g/L 
NaHCO3, 0.04 g/L NaH2PO4.2H2O, 3.75 g/L glycine (Ravinder, et al. 1997). Extender 2 
contained 300 mM glucose and 10% egg yolk pH:8 (Tekin et al. 2003) and extender 3 
contained 4.68 g/L NaCl, 2.98 g/L KCl, 0.11 g/L CaCl2, 3.15 g/L Tris-HCl, pH:9 (Billard & 
Cosson, 1992).   

The diluted samples were drawn into 0.25 ml plastic straws (IMV, France) and were sealed 
with polyvinyl alcohol (PVA). Having been diluted, the samples were equilibrated for 10 
min at 4ºC. After equilibration, the straws were placed on a styrofoam rack that floated on 
the surface of liquid nitrogen in a styrofoam box. The straws were frozen in liquid nitrogen 
vapour 3 cm above the surface of liquid nitrogen (-140ºC) for 10 min. After 10 min the 
straws were plunged into the liquid nitrogen (-196ºC) and stored for several days. For 
thawing, the straws were removed from liquid nitrogen and immersed in 30ºC water for 10 
seconds. Thawed sperm was activated using 0.3% NaCl and observed under microscope for 
determination of spermatozoa motility and motility durations.  

For fertilization experiments, pooled eggs from 3 mature females were used to determine 
fertilization rates. Egg samples (about 100 eggs) were inseminated in dry Petri dishes with 
fresh sperm or frozen sperm immediately after thawing at a spermatozoa:egg ratio of 1×105: 
1. Eggs were inseminated by the dry fertilization technique using a solution of 3 g urea and 
4 g NaCl in 1 L distilled water. The sperm and eggs were slightly stirred for 30 min, washed 
with hatchery water (24ºC; 9 mg/l O2), and gently transferred to labeled Zuger glass 
incubators with running water (24°C) where they were kept until hatching (3-4 d). Living 
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and dead eggs were counted in each incubator during incubation and dead eggs were 
removed. When the fertilized eggs developed to embryos at the gastrula stage, the 
fertilization rate (number of gastrula stage embryos/number of total eggs) was calculated.  

2.6 Statistical analysis 

Results are presented as means±SE. Differences between parameters were analyzed by 
repeated analysis of variance (ANOVA). Significant means were subjected to a multiple 
comparison test (Duncan) for post-hoc comparisons at a level of α=0.05. All analyses were 
carried out using SPSS 10 for Windows statistical software package.  

3. Results 
3.1 Fresh sperm quality parameters  

In brown trout fresh semen volumes were rather variable and ranged from 9 to 17 ml and 
mean volume was 12.6±4.28 mL. Motility values were ranged from 75% to 90%. Samples 
that motility values were below than 80% were not used for the cryopreservation 
experiments. The mean motility value of fresh sperm samples were 84.5±7.59%. Mean 
spermatozoa movement duration (s), sperm density x109/mL and pH values were achieved 
as 57.4±3.8 s, 24.8±4.62 x109/mL and 7.28±2.46 respectively.  

In koi carp mean fresh semen volume, spermatoza motility, motility duration, spermatozoa 
density and pH values of the collected fresh milt samples were determined as 6.2±4.7 ml, 
85.4±2.4%, 125.2±3.5 s, 22.8 x 109 mL-1 and 7.4±3.7, respectively.  

3.2. Experiment 1 - Brown trout (Salmo trutta macrostigma)

Post-thaw motility of sperm cryopreserved in ionic extender containing two different 
cryoprotectants at three different ratios is shown in Table 1. There were significant effect of 
cryoprotectants on motility rates. Sperm samples cryopreserved in the extenders containing 
egg yolk yielded greater post-thaw motility rates than methanol containing extenders. 
Sperm frozen with extender containing 15% egg yolk had the highest post-thaw motility. 
Differences between the post-thaw motility values were significant (P<0.05).  

Methanol 
(5%) 

Methanol 
(10%) 

Methanol 
(15%) 

Egg Yolk 
(5%) 

Egg Yolk 
(10%) 

Egg Yolk 
(15%) 

10.6±4.57Af 15.2±5.80Ae 17.4±4.72Ae 40.5±3.27Aab 42.3±6.1Aa 45.3±4.27Aa 
7.5±2.69Ae 9.6±3.37Be 12.3±5.24Ad 30.6±2.86Bb 35.4±4.17Abab 40.2±5.36Aba 
5.4±2.73Ae 7.2±3.79Be 10.5±4.27Abd 25.7±4.69BCbc 30.2±5.29Bb 37.8±8.29Ba 

Means followed by different superscripts (lowercase for lines and uppercase for  columns within the 
same sperm feature) are different (p<0.05). (mean±SE, n=3).  

Table 1. Post-thaw motility (%) of brown trout sperm cryopreserved with different 
cryoprotectants. 

It was observed that a decrease in motility duration occurred following cryopreservation. 
The longest post-thaw motility longevity was also achieved with extender containing 15% 
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compression during freezing and thawing (Lahnsteiner, 2000). Following sperm suspension 
was equilibrated for 10 min at 4°C.  

Within 1 h after sperm collection, the diluted semen samples were drawn into 0.25mL 
plastic straws (IMV, France). The open end of straws were sealed with polyvinyl alcohol 
(PVA). Following, the straws were placed on a styrofoam rack that floating on the surface of 
liquid nitrogen in a styrofoam box. The straws were frozen in liquid nitrogen vapour 4 cm 
above of the liquid nitrogen surface (temperature of styroframe surface was about -140ºC) 
for 10 min. Following, the straws were plunged into the liquid nitrogen (-196ºC) and stored 
for several days. For thawing, straws were thawed at 30ºC for 10 s by gentle agitation in 
water bath. Thawed sperm was activated using pond water.  

On the other hand, post-thaw sperm quality tests were carred out to evaluate motility rate 
and duration of motility. For this aim, sperm motility rate and duration of motility values 
following cryopreservation in the same ionic extender containing 15% egg yolk were 
determined. Sperm was thawed at 25ºC, 35ºC or 45ºC for 5s, 15s or 25s and activated in 0.3% 
NaCl and 1% NaHCO3.    

2.5 Experiment 2 - Ornamental koi carp (Cyprinus carpio)

Collected semen from the 5 males that showing >80 motility was pooled into equal aliquots 
according to the required semen volume and sperm density needed to eliminate effects of 
individual variability of the donors. Semen and extenders were kept at 4°C, then diluted at a 
ratio of 1:3 (semen/extender) with 3 different extenders containing 10% DMSO. Extender 1 
contained 5.8 g/L NaCl, 0.2 g/L KCl, 0.22 g/L CaCl2, 0.04 g/L MgCl26H2O, 2.1 g/L 
NaHCO3, 0.04 g/L NaH2PO4.2H2O, 3.75 g/L glycine (Ravinder, et al. 1997). Extender 2 
contained 300 mM glucose and 10% egg yolk pH:8 (Tekin et al. 2003) and extender 3 
contained 4.68 g/L NaCl, 2.98 g/L KCl, 0.11 g/L CaCl2, 3.15 g/L Tris-HCl, pH:9 (Billard & 
Cosson, 1992).   

The diluted samples were drawn into 0.25 ml plastic straws (IMV, France) and were sealed 
with polyvinyl alcohol (PVA). Having been diluted, the samples were equilibrated for 10 
min at 4ºC. After equilibration, the straws were placed on a styrofoam rack that floated on 
the surface of liquid nitrogen in a styrofoam box. The straws were frozen in liquid nitrogen 
vapour 3 cm above the surface of liquid nitrogen (-140ºC) for 10 min. After 10 min the 
straws were plunged into the liquid nitrogen (-196ºC) and stored for several days. For 
thawing, the straws were removed from liquid nitrogen and immersed in 30ºC water for 10 
seconds. Thawed sperm was activated using 0.3% NaCl and observed under microscope for 
determination of spermatozoa motility and motility durations.  

For fertilization experiments, pooled eggs from 3 mature females were used to determine 
fertilization rates. Egg samples (about 100 eggs) were inseminated in dry Petri dishes with 
fresh sperm or frozen sperm immediately after thawing at a spermatozoa:egg ratio of 1×105: 
1. Eggs were inseminated by the dry fertilization technique using a solution of 3 g urea and 
4 g NaCl in 1 L distilled water. The sperm and eggs were slightly stirred for 30 min, washed 
with hatchery water (24ºC; 9 mg/l O2), and gently transferred to labeled Zuger glass 
incubators with running water (24°C) where they were kept until hatching (3-4 d). Living 
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and dead eggs were counted in each incubator during incubation and dead eggs were 
removed. When the fertilized eggs developed to embryos at the gastrula stage, the 
fertilization rate (number of gastrula stage embryos/number of total eggs) was calculated.  

2.6 Statistical analysis 

Results are presented as means±SE. Differences between parameters were analyzed by 
repeated analysis of variance (ANOVA). Significant means were subjected to a multiple 
comparison test (Duncan) for post-hoc comparisons at a level of α=0.05. All analyses were 
carried out using SPSS 10 for Windows statistical software package.  

3. Results 
3.1 Fresh sperm quality parameters  

In brown trout fresh semen volumes were rather variable and ranged from 9 to 17 ml and 
mean volume was 12.6±4.28 mL. Motility values were ranged from 75% to 90%. Samples 
that motility values were below than 80% were not used for the cryopreservation 
experiments. The mean motility value of fresh sperm samples were 84.5±7.59%. Mean 
spermatozoa movement duration (s), sperm density x109/mL and pH values were achieved 
as 57.4±3.8 s, 24.8±4.62 x109/mL and 7.28±2.46 respectively.  

In koi carp mean fresh semen volume, spermatoza motility, motility duration, spermatozoa 
density and pH values of the collected fresh milt samples were determined as 6.2±4.7 ml, 
85.4±2.4%, 125.2±3.5 s, 22.8 x 109 mL-1 and 7.4±3.7, respectively.  

3.2. Experiment 1 - Brown trout (Salmo trutta macrostigma)

Post-thaw motility of sperm cryopreserved in ionic extender containing two different 
cryoprotectants at three different ratios is shown in Table 1. There were significant effect of 
cryoprotectants on motility rates. Sperm samples cryopreserved in the extenders containing 
egg yolk yielded greater post-thaw motility rates than methanol containing extenders. 
Sperm frozen with extender containing 15% egg yolk had the highest post-thaw motility. 
Differences between the post-thaw motility values were significant (P<0.05).  

Methanol 
(5%) 

Methanol 
(10%) 

Methanol 
(15%) 

Egg Yolk 
(5%) 

Egg Yolk 
(10%) 

Egg Yolk 
(15%) 

10.6±4.57Af 15.2±5.80Ae 17.4±4.72Ae 40.5±3.27Aab 42.3±6.1Aa 45.3±4.27Aa 
7.5±2.69Ae 9.6±3.37Be 12.3±5.24Ad 30.6±2.86Bb 35.4±4.17Abab 40.2±5.36Aba 
5.4±2.73Ae 7.2±3.79Be 10.5±4.27Abd 25.7±4.69BCbc 30.2±5.29Bb 37.8±8.29Ba 

Means followed by different superscripts (lowercase for lines and uppercase for  columns within the 
same sperm feature) are different (p<0.05). (mean±SE, n=3).  

Table 1. Post-thaw motility (%) of brown trout sperm cryopreserved with different 
cryoprotectants. 

It was observed that a decrease in motility duration occurred following cryopreservation. 
The longest post-thaw motility longevity was also achieved with extender containing 15% 
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egg yolk as 54.2±3.46 s. Differences between the means of motility durations were significant 
(P<0.05). (Table 2).  

 

Methanol 
(5%) 

Methanol 
(10%) 

Methanol 
(15%) 

Egg Yolk 
(5%) 

Egg Yolk 
(10%) 

Egg Yolk 
(15%) 

20.3±2.57Ad 24.5±2.47Acd 28.6±3.46Ac 40.2±1.29Aa 42.6±4.57Aa 46.4±2.38Ba 

15.23±4.39Abf 19.6±4.39Abef 23.4±3.47Abe 37.2±3.45Ac 45.3±5.39Ab 54.2±3.46Aa 

12.3±4.17Bd 15.7±1.28Bd 20.4±8.25Bcd 20.4±4.59Bcd 25.3±2.48Bc 32.5±5.27Cb 

Means followed by different superscripts (lowercase for lines and uppercase for columns within the 
same sperm feature) are different (p<0.05). (mean±SE, n=3).  

Table 2. Post-thaw longevity (s) of brown trout sperm cryopreserved with different 
cryoprotectants. 

Sperm motility rate (Figure 1) and longevity of motility (Figure 2) values following 
cryopreservation in the ionic extender containing 15% egg yolk were determined. Sperm 
was thawed at 25ºC, 35ºC or 45ºC for 5s, 15s or 25s and activated in 0.3% NaCl and 1% 
NaHCO3.  

 
Fig. 1. Post-thaw motility (%) of brown trout sperm thawed at different degrees, periods and 
activating agents. 

Post-thaw sperm motility rates were affected by thawing rates and activation agents and 
ranged from 25% to 50%. Also, the activating agents affected the duration of motility. All 
sperm samples triggered in 1% NaHCO3 were motile for a longer period (32-57 s) compared 
with samples triggered in 0.3% NaCl (24-53 s). Differences between the post-thaw motility 
and longevity values were significant (P<0.05).  
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Fig. 2. Post-thaw motility longevity (s) of brown trout sperm thawed at different degrees, 
periods and activating agents.  

3.3 Experiment 2 - Ornamental koi carp (Cyprinus carpio)

Effect of three different extenders containing 10% DMSO on the post-thaw motility and 
movement duration, fertilization and hatching rates of koi carp are shown in Table 3. Mean 
post-thaw motility of koi carp sperm was 75.3±6.4% while the best motility was determined 
as 85%. The overall mean fertilization rate was determined as 99.2±0.72 while the best 
fertilization rate was determined as 100%. The highest hatching rate was determined as 50% 
in all experimental groups. Motility features and hatching rates of cryopreserved koi carp 
sperm was statistically different  between the experimental groups (p<0.05).  

Extenders 
Post-thaw 
motility 

(%) 

Post-thaw 
motlity 

duration (s) 

Fertilization 
rates 
(%) 

Hatching 
rates 
(%) 

E1 75.2±0.4a 27.5±1.2a 99.6±0.5 42.5±1.9b 

E2 78.6±0.7b 32.9±0.4b 99.7±0.5 46.2±0.7c 

E3 72.3±0.2a 25.2±0.6a 98.3±1.2 37.4±0.2a 

Control - - 99.8±0.2 86.2±0.4d 

Means followed by different superscripts are different (p<0.05). (mean±SE, n=3).  

Table 3. Effect of different extenders on post-thaw motility, fertilization and hatching rates 
of koi carp sperm. 

4. Discussion 
Successful cryopreservation of fish spermatozoa depends on a range of factors including the 
collection of high quality sperm, equilibration conditions, choice of cryoprotectant medium, 
cooling/thawing regimes, and conditions for fertilization. Even though some general rules 
can be applied to any fish species, optimization of the protocol is needed for each individual 
species (Kopeika et al. 2007). Several factors have affected post-thaw quality of 
cryopreserved sperm from both brown trout (Salmo trutta macrostigma) and ornamental koi 
carp (Cyprinus carpio). The results obtained in the present study contribute significantly 
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egg yolk as 54.2±3.46 s. Differences between the means of motility durations were significant 
(P<0.05). (Table 2).  

 

Methanol 
(5%) 

Methanol 
(10%) 

Methanol 
(15%) 

Egg Yolk 
(5%) 

Egg Yolk 
(10%) 

Egg Yolk 
(15%) 

20.3±2.57Ad 24.5±2.47Acd 28.6±3.46Ac 40.2±1.29Aa 42.6±4.57Aa 46.4±2.38Ba 

15.23±4.39Abf 19.6±4.39Abef 23.4±3.47Abe 37.2±3.45Ac 45.3±5.39Ab 54.2±3.46Aa 

12.3±4.17Bd 15.7±1.28Bd 20.4±8.25Bcd 20.4±4.59Bcd 25.3±2.48Bc 32.5±5.27Cb 

Means followed by different superscripts (lowercase for lines and uppercase for columns within the 
same sperm feature) are different (p<0.05). (mean±SE, n=3).  

Table 2. Post-thaw longevity (s) of brown trout sperm cryopreserved with different 
cryoprotectants. 

Sperm motility rate (Figure 1) and longevity of motility (Figure 2) values following 
cryopreservation in the ionic extender containing 15% egg yolk were determined. Sperm 
was thawed at 25ºC, 35ºC or 45ºC for 5s, 15s or 25s and activated in 0.3% NaCl and 1% 
NaHCO3.  

 
Fig. 1. Post-thaw motility (%) of brown trout sperm thawed at different degrees, periods and 
activating agents. 

Post-thaw sperm motility rates were affected by thawing rates and activation agents and 
ranged from 25% to 50%. Also, the activating agents affected the duration of motility. All 
sperm samples triggered in 1% NaHCO3 were motile for a longer period (32-57 s) compared 
with samples triggered in 0.3% NaCl (24-53 s). Differences between the post-thaw motility 
and longevity values were significant (P<0.05).  
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Fig. 2. Post-thaw motility longevity (s) of brown trout sperm thawed at different degrees, 
periods and activating agents.  

3.3 Experiment 2 - Ornamental koi carp (Cyprinus carpio)

Effect of three different extenders containing 10% DMSO on the post-thaw motility and 
movement duration, fertilization and hatching rates of koi carp are shown in Table 3. Mean 
post-thaw motility of koi carp sperm was 75.3±6.4% while the best motility was determined 
as 85%. The overall mean fertilization rate was determined as 99.2±0.72 while the best 
fertilization rate was determined as 100%. The highest hatching rate was determined as 50% 
in all experimental groups. Motility features and hatching rates of cryopreserved koi carp 
sperm was statistically different  between the experimental groups (p<0.05).  

Extenders 
Post-thaw 
motility 

(%) 

Post-thaw 
motlity 

duration (s) 

Fertilization 
rates 
(%) 

Hatching 
rates 
(%) 

E1 75.2±0.4a 27.5±1.2a 99.6±0.5 42.5±1.9b 

E2 78.6±0.7b 32.9±0.4b 99.7±0.5 46.2±0.7c 

E3 72.3±0.2a 25.2±0.6a 98.3±1.2 37.4±0.2a 

Control - - 99.8±0.2 86.2±0.4d 

Means followed by different superscripts are different (p<0.05). (mean±SE, n=3).  

Table 3. Effect of different extenders on post-thaw motility, fertilization and hatching rates 
of koi carp sperm. 

4. Discussion 
Successful cryopreservation of fish spermatozoa depends on a range of factors including the 
collection of high quality sperm, equilibration conditions, choice of cryoprotectant medium, 
cooling/thawing regimes, and conditions for fertilization. Even though some general rules 
can be applied to any fish species, optimization of the protocol is needed for each individual 
species (Kopeika et al. 2007). Several factors have affected post-thaw quality of 
cryopreserved sperm from both brown trout (Salmo trutta macrostigma) and ornamental koi 
carp (Cyprinus carpio). The results obtained in the present study contribute significantly 
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improve the development protocol of sperm cryopreservation in brown trout and 
ornamental koi carp at large scale.  

4.1 Brown trout (Salmo trutta macrostigma)

The results of the present study demonstrate for the first time cryopreservation of brown 
trout (Salmo trutta macrostigma) sperm. In the present study, post-thaw sperm quality was 
initially evaluated on the basis of sperm motility score and duration of motility for brown 
trout. For this aim, the effect of two cryoprotectants and three thawing temperatures on the 
post-thaw sperm quality of brown trout were assessed.  

Motility is induced after the spermatozoa released into the aquatic environment during 
natural reproduction or after transfer to an activation medium during controlled 
reproduction (Alavi & Cosson, 2006). When salmonid spermatozoa are released into water 
they have a brief period of sperm activity between 20 and 40s (Morisawa & Morisawa, 1986). 
A better knowledge of the characteristics of fresh sperm motility is necessary to evaluate 
sperm quality in commercial hatcheries before artificial reproduction and in laboratories 
before experiments. Preliminary examination of fresh sperm was carried out in order to 
determine the relationship between sperm motility and seminal plazma composition of 
Salmo trutta macrostigma sperm (Bozkurt et al. 2011a).  

Comparison of different cryoprotectant recipes and freeze-thaw protocols are difficult when 
each treatment tested for the ability of sperm to fertilise eggs. Cryoprotectants can suppress 
most cryoinjuries when used higher concentrations but at the same time it can become toxic 
to the cells. Therefore, a suitable concentration was needed for the development of a 
cryopreservation protocol. Methanol has been used successfully for sperm cryopreservation 
in African catfish (Clarias gariepinus) (Burchell) (Steyn & Van Vuren, 1987), tilapia 
(Sarotherodon mossambicus) (Peters) (Rana & McAndrew, 1989), bagrid catfish (Mystus 
nemurus) (Muchlisin et al., 2004) and salmonid fish (Lahnsteiner et al., 1996). Mansour et al. 
(2006) showed that 10% methanol was more effective as a cryoprotectant for Arctic char 
spermatozoa than 10% DMA or 10% DMSO when used with a glucose diluent. However, 
the effects of higher levels of methanol cryoprotectant were not investigated. In the present 
study, brown trout semen in an extender containing 15% egg yolk resulted in the highest 
overall percentage of sperm motility.  

In addition, penetrating cryoprotectants could affect the percentage of motile sperm. In 
salmonids, some authors reported that higher post-thaw motility from methanol than from 
DMSO and other cryoprotectants (Mansour et al. 2006). In the present study, methanol and 
egg yolk have statistically significant effect on the percentage of sperm motility. On the 
other hand, it should be noted that egg yolk achieved better results than methanol for 
cryopreservation of brown trout sperm. Extender containing glucose, egg yolk and DMSO 
described by Alderson and McNeil (1984) gave good results in cryopreservation 
experiments with large straws. Baynes and Scott (1987) also reported that egg yolk is a 
valuable component in extenders for salmonid sperm cryopreservation. Furthermore, the 
addition of egg yolk to the medium interferes with the good visualization of spermatozoa 
during the motility rate analysis. With this in mind, we have tested several 
extender/cryoprotectant combinations with the addition of egg yolk that preserve sperm 
during storage and yet allow good visualization during motility analysis.  
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On the other hand, thawing temperature also play an important role in the post-freeze 
semen quality of fish (Wayman et al., 1998). Generally, thawing rates should be high to 
avoid recrystallization (Lahnsteiner, 2000). Significant post-thaw motility was determined 
when brown trout sperm was thawed at temperature of 35ºC in the present study. 
According to the results of the present study, it was shown that higher temperatures are 
necessary to recover membrane stability or metabolism of spermatozoa. Also it appears that 
either recrystallization and ice crystal formation during thawing were reduced or avoided 
by this thawing procedure, or enzymatic activities were the best reactivated (Lahnsteiner, 
2000). Although thawing from -196ºC to 4ºC is generally considered as critical phase because 
of potential recrystallization, the process was similar for all species. Furthermore, the two 
activating agents (0.3% NaCl and 1% NaHCO3) tested did not affect post-thaw motility rates 
or quality motility score, although, in general, higher scores were observed when 1% 
NaHCO3 was used in the present study. Duration of motility was significantly higher when 
1% NaHCO3 was used as an activating agent.  

4.2 Ornamental koi carp (Cyprinus carpio)

The main purpose of the current experiment was to develop an appropriate protocol for 
ornamental koi carp (Cyprinus carpio) sperm cryopreservation to increase sperm availability 
outside the breeding season. By banking male gametes when they are abundant, most 
efforts can be devoted to raising healthy female broodstock and obtaining good quality eggs 
within a short captivity culture period. Through cryopreservation, a sperm repository can 
also be established for all males in captivity or from the wild. Such repository is important 
to maintain the genetic diversity to avoid inbreeding or loss of heterozygosity for captive 
breeding programs as well as possible future stock enhancement in the wild (Cabrita et al., 
2009).  

In the present experiment, koi carp males gave sperm characterized by good spermatozoa 
density and percent of motility. Such sperm should be used for cryopreservation 
experiments when considering minimization of artificial selection and sperm competition 
during hatchery operations in order to maintain the greatest biodiversity (Campton, 2004).  

During the cryopreservation process, one of the important issue is the use of 
cryoprotectants, which role is to prevent cell damage during the freezing and thawing steps. 
Several cryoprotectants have been used for fish sperm cryopreservation, including 
methanol, ethylene glycol and dimethyl sulphoxide (DMSO); however, DMSO is reported to 
be the most efficient to cryopreserve fish spermatozoa (Anel & Cabrita, 2000) due mainly to 
its small molecular size, which allows it to enter and exit the spermatic cell easily (Tiersch et 
al. 1998). 

The best fertilization rate obtained with extender II with 99.7% eyeing rate in koi carp. These 
results can be explained by the presence of 10% DMSO as a cryoprotectant in this extender. 
It can be concluded that DMSO has higher permeability by permeating into cell, causing 
reduced ice crystal formation for koi carp sperm. On the other hand, Lahnsteiner et al., 
(1996) used 10% methanol, 10% DMSO, 10% DMA, 5% glycerol and mixture of 5% DMSO 
and 1% glycerol for semen cryopreservation of the grayling (Thymallus thymallus) and the 
Danube salmon (Hucho hucho), which methanol showed the highest fertilization rates in 
relation to control 95.3% and 91.1% for grayling and Danube salmon, respectively.  

Cryopreservation protocol carried out in the present study with a 1:100,000 egg: spermatozoa 
ratio, almost the same fertilization efficiency was obtained whether frozen or fresh semen was 
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improve the development protocol of sperm cryopreservation in brown trout and 
ornamental koi carp at large scale.  

4.1 Brown trout (Salmo trutta macrostigma)

The results of the present study demonstrate for the first time cryopreservation of brown 
trout (Salmo trutta macrostigma) sperm. In the present study, post-thaw sperm quality was 
initially evaluated on the basis of sperm motility score and duration of motility for brown 
trout. For this aim, the effect of two cryoprotectants and three thawing temperatures on the 
post-thaw sperm quality of brown trout were assessed.  

Motility is induced after the spermatozoa released into the aquatic environment during 
natural reproduction or after transfer to an activation medium during controlled 
reproduction (Alavi & Cosson, 2006). When salmonid spermatozoa are released into water 
they have a brief period of sperm activity between 20 and 40s (Morisawa & Morisawa, 1986). 
A better knowledge of the characteristics of fresh sperm motility is necessary to evaluate 
sperm quality in commercial hatcheries before artificial reproduction and in laboratories 
before experiments. Preliminary examination of fresh sperm was carried out in order to 
determine the relationship between sperm motility and seminal plazma composition of 
Salmo trutta macrostigma sperm (Bozkurt et al. 2011a).  

Comparison of different cryoprotectant recipes and freeze-thaw protocols are difficult when 
each treatment tested for the ability of sperm to fertilise eggs. Cryoprotectants can suppress 
most cryoinjuries when used higher concentrations but at the same time it can become toxic 
to the cells. Therefore, a suitable concentration was needed for the development of a 
cryopreservation protocol. Methanol has been used successfully for sperm cryopreservation 
in African catfish (Clarias gariepinus) (Burchell) (Steyn & Van Vuren, 1987), tilapia 
(Sarotherodon mossambicus) (Peters) (Rana & McAndrew, 1989), bagrid catfish (Mystus 
nemurus) (Muchlisin et al., 2004) and salmonid fish (Lahnsteiner et al., 1996). Mansour et al. 
(2006) showed that 10% methanol was more effective as a cryoprotectant for Arctic char 
spermatozoa than 10% DMA or 10% DMSO when used with a glucose diluent. However, 
the effects of higher levels of methanol cryoprotectant were not investigated. In the present 
study, brown trout semen in an extender containing 15% egg yolk resulted in the highest 
overall percentage of sperm motility.  

In addition, penetrating cryoprotectants could affect the percentage of motile sperm. In 
salmonids, some authors reported that higher post-thaw motility from methanol than from 
DMSO and other cryoprotectants (Mansour et al. 2006). In the present study, methanol and 
egg yolk have statistically significant effect on the percentage of sperm motility. On the 
other hand, it should be noted that egg yolk achieved better results than methanol for 
cryopreservation of brown trout sperm. Extender containing glucose, egg yolk and DMSO 
described by Alderson and McNeil (1984) gave good results in cryopreservation 
experiments with large straws. Baynes and Scott (1987) also reported that egg yolk is a 
valuable component in extenders for salmonid sperm cryopreservation. Furthermore, the 
addition of egg yolk to the medium interferes with the good visualization of spermatozoa 
during the motility rate analysis. With this in mind, we have tested several 
extender/cryoprotectant combinations with the addition of egg yolk that preserve sperm 
during storage and yet allow good visualization during motility analysis.  
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On the other hand, thawing temperature also play an important role in the post-freeze 
semen quality of fish (Wayman et al., 1998). Generally, thawing rates should be high to 
avoid recrystallization (Lahnsteiner, 2000). Significant post-thaw motility was determined 
when brown trout sperm was thawed at temperature of 35ºC in the present study. 
According to the results of the present study, it was shown that higher temperatures are 
necessary to recover membrane stability or metabolism of spermatozoa. Also it appears that 
either recrystallization and ice crystal formation during thawing were reduced or avoided 
by this thawing procedure, or enzymatic activities were the best reactivated (Lahnsteiner, 
2000). Although thawing from -196ºC to 4ºC is generally considered as critical phase because 
of potential recrystallization, the process was similar for all species. Furthermore, the two 
activating agents (0.3% NaCl and 1% NaHCO3) tested did not affect post-thaw motility rates 
or quality motility score, although, in general, higher scores were observed when 1% 
NaHCO3 was used in the present study. Duration of motility was significantly higher when 
1% NaHCO3 was used as an activating agent.  

4.2 Ornamental koi carp (Cyprinus carpio)

The main purpose of the current experiment was to develop an appropriate protocol for 
ornamental koi carp (Cyprinus carpio) sperm cryopreservation to increase sperm availability 
outside the breeding season. By banking male gametes when they are abundant, most 
efforts can be devoted to raising healthy female broodstock and obtaining good quality eggs 
within a short captivity culture period. Through cryopreservation, a sperm repository can 
also be established for all males in captivity or from the wild. Such repository is important 
to maintain the genetic diversity to avoid inbreeding or loss of heterozygosity for captive 
breeding programs as well as possible future stock enhancement in the wild (Cabrita et al., 
2009).  

In the present experiment, koi carp males gave sperm characterized by good spermatozoa 
density and percent of motility. Such sperm should be used for cryopreservation 
experiments when considering minimization of artificial selection and sperm competition 
during hatchery operations in order to maintain the greatest biodiversity (Campton, 2004).  

During the cryopreservation process, one of the important issue is the use of 
cryoprotectants, which role is to prevent cell damage during the freezing and thawing steps. 
Several cryoprotectants have been used for fish sperm cryopreservation, including 
methanol, ethylene glycol and dimethyl sulphoxide (DMSO); however, DMSO is reported to 
be the most efficient to cryopreserve fish spermatozoa (Anel & Cabrita, 2000) due mainly to 
its small molecular size, which allows it to enter and exit the spermatic cell easily (Tiersch et 
al. 1998). 

The best fertilization rate obtained with extender II with 99.7% eyeing rate in koi carp. These 
results can be explained by the presence of 10% DMSO as a cryoprotectant in this extender. 
It can be concluded that DMSO has higher permeability by permeating into cell, causing 
reduced ice crystal formation for koi carp sperm. On the other hand, Lahnsteiner et al., 
(1996) used 10% methanol, 10% DMSO, 10% DMA, 5% glycerol and mixture of 5% DMSO 
and 1% glycerol for semen cryopreservation of the grayling (Thymallus thymallus) and the 
Danube salmon (Hucho hucho), which methanol showed the highest fertilization rates in 
relation to control 95.3% and 91.1% for grayling and Danube salmon, respectively.  

Cryopreservation protocol carried out in the present study with a 1:100,000 egg: spermatozoa 
ratio, almost the same fertilization efficiency was obtained whether frozen or fresh semen was 
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used. This may be due to differences in extender, cryoprotectant, equilibration, egg quality, or 
protocol. In the present study, the interaction between the percentage of motile post-thaw 
sperm and fertilizing capacity was highly positive, similar to results in common carp (Linhart 
et al., 2000), African catfish (Rurangwa et al., 2001) and grass carp (Bozkurt et al., 2011b). 

On the other hand, a wide range of temperatures used to thawed cryopreserved sperm with 
temperatures from refrigeration (4ºC) to 80ºC were reported (Lahnsteiner et al., 2000). A fast 
thawing temperature decreases the recrystallization effect in the spermatic cells and 
therefore diminishes the membrane damage (Tiersch et al.1998).  Higher temperature such 
as 30ºC were also used to thaw cyprinid semen in several studies (Stoss & Hotz, 1983) that 
similar with the pesent study.  

5. Conclusion 
It can be concluded that the cryopreservation protocol developed in this study is rather 
effective and brown trout (Salmo trutta macrostigma) and ornamental koi carp (Cyprinus 
carpio) sperm can be successfully cryopreserved. It seems that cryopreservation of brown 
trout sperm with ionic extenders containing 15% egg yolk is rather effetive on post-thaw 
sperm quality. In addition, based on the results obtained from this study, it is possible to 
suggest that sperm cryopreserved with ionic extender containing 10% DMSO packed in 0.25 
mL volume straws and thawed at 30ºC are the most suitable conditions to retain the sperm 
quality in koi carp having optimal sperm motility, duration of motility as well as high 
fertility percentages close to the values obtained with fresh sperm.  

This study can help establish a frozen sperm bank for the conservation of genetic material of 
the brown trout and koi carp. On the other hand, additional research is needed on the effects 
of cryoprotectants, protective agents and freezing technique in cryopreservation on 
malformations, survival and condition of progeny produced with cryopreserved 
spermatozoa of brown trout and koi carp.  
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1. Introduction 
The production of fish in Nigeria is still very small and cannot sufficiently satisfy the 
increasing demand of its population of 140 million. To solve the populace’s high demand for 
fish, Nigerians resort to aquaculture which is currently faced with major constraints 
including lack of fish seed and quality of feed. The scarcity of good broodstock has 
necessitated the need to conserve the fish genetic resources which are wasted during natural 
and artificial induced spawning process of fish breeding. One way of expanding 
aquaculture in Nigeria is by devising a means of preserving genetic resources of our 
broodstock for all year round supply of fish seed through cryopreservation (Omitogun et al., 
2006). 

The African catfish Clarias gariepinus Burchell, 1822 is one of the most suitable species for 
aquaculture in Africa. Since the 1970’s, it has been considered to hold a great promise for 
fish farming in Africa. Some other merits of African catfish are: high growth rate reaching 
market size of 1 kg in 5–6 months under intensive management conditions: highly adaptable 
and resistant to handling and stress; can be artificially propagated by induced spawning 
techniques for reliable mass supply of fingerlings; commands a very high commercial value 
where it is highly cherished as food in Nigerian homes and hotels (Olaleye, 2005.). 

The Clariid freshwater fishes belong to the family Clariidae with a wide geographical 
distribution in Africa consisting of 14 genera (Teugels, 1986a) and 32 species (Teugels, 
1986b) in Nigeria. Syndenham (1980) reported that the family consists of 5 subgenera 
namely: Clarias, Clarioides, Anguilloclarias, Platycephaceloides, and Brevicephaloides.  C. 
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gariepinus is the species native to Africa where it is grown although mostly on a subsistence 
level for food. The fish is hardy and adaptable to diverse environments even with poor 
water quality with its air breathing ability (Hecht et al., 1996). C. gariepinus is a typically non-
aggressive stalking predatory omnivore that hunts at night using non-visual primary sense 
organs especially the senses of touch through the barbels and tactile organs on the mouth 
and skin (Bruton, 1996). 

The availability of gametes throughout the year is important to ensure a constant supply of 
fish. In captivity (250C; 12h light per day), C. gariepinus gametogenesis is continuous once 
sexual maturity is reached. However, whereas females can be stripped of eggs after 
treatment with pituitary extracts, spermatogenesis and male reproductive behavior do not 
take place spontaneously, even after hormonal therapy. To obtain spermatozoa it is 
necessary to kill male brood fish or surgically remove the testes. Storing batches of 
spermatozoa by cryopreservation would significantly improve the reproductive potential of 
male catfish. The procurement of reliable broodstock (of good genetic quality), fingerlings 
and as juvenile fish  for stocking ponds and fish farms has been a major set back in the 
development of catfish culture in Nigeria. This is because these cultivable species are not 
easily obtained from the wild. The development of cryopreservation procedures for sperm 
of Clarias species will aid in the recovery of threatened and endangered species as well as in 
the genetic selection and maintenance of lines of selected stocks.  Cryopreserved sperm can 
also benefit commercial aquaculture industry by allowing females to be spawned when 
males are not available, decreasing the need to hold captive male as broodstock.  

1.1 Success of cryopreservation in African catfish in Nigeria 

Cryopreservation of fish spermatozoa has been the subject of many investigations. 
Successful cryopreservation depends not only on the right choice of cryoprotectant and 
extender, but also on the freezing protocol used. Cryoprotectant and freezing rate together 
determine the damage to spermatozoa due to intracellular ice crystallization.  

The first two years of the NACGRAB- OAU Department of Animal Sciences 
cryopreservation project (2005-2007) were dedicated to optimization of cryopreservation 
protocols of the catfish sperm under short-term condition in deep freezer at -10 to -30°C  
(Oyeleye and Omitogun, 2007) and testing the viability of cryopreserved sperm by studying 
the ability of these cryopreserved sperm in fertilizing freshly spawned eggs (Omitogun et al., 
2006). 

The second phase of the project (2008-2010) was dedicated to cryopreservation of the catfish 
sperm under long term conditions in liquid Nitrogen (-2900C) and testing the motility and 
ability to fertilize eggs. Evaluation of optimization and economic feasibility of cryopreserved 
sperm was also carried out (Omitogun et al., 2010). To this end,  cryopreserved sperm in 
liquid nitrogen in Dewar container was further diluted and cryopreserved from 3-8 months, 
then was taken to an identified and willing commercial catfish farm with the objective of 
testing the ability of cryopreserved sperm of African giant catfish to fertilize a whole clutch 
of eggs from a mature female catfish, normally used by commercial farmers and 
consequently confirm the viability of using cryopreserved sperm in normal commercial 
hatchery operations. Our hypothesis was that if cryopreseved sperm is practically tested on 
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commercial scale and is proven economically feasible, being a true reflection of what was 
obtained in the laboratory (Oyeleye and Omitogun, 2007) then this will help to conserve 
male brood stock (Omitogun et al., 2010) which are normally slaughtered for fry production 
of catfish, and likewise ensure all-year round artificial propagation, helping the fish farmers 
in overcoming the problem of scarcity of male catfish breeders which are often encountered 
in the dry season. 

1.2 Background information: Sperm: Egg ratio for optimum fertilization of catfish 
eggs 

Cryopreservation of African catfish semen in liquid Nitrogen (LN2) will invariably help us 
to conserve the genetic resources of our desirable male fish breeders for all year round 
artificial propagation and also help in overcoming the problems of scarcity of desirable male 
catfish breeders often encountered by the farmers most especially in the dry season and to 
meet high demand for catfish consumption (Oyeleye and Omitogun, 2007). 

Sperm collection in African catfish as mentioned requires killing the male fish in order to 
excise the testes, it is important to maximize the use of a single male by optimization of 
sperm: egg insemination ratio. For fresh spermatozoa, the effective insemination ratio was 
estimated as 245 x 103 spermatozoa per egg in C. gariepinus (Steyn, 1987) and 50 x 103 
spermatozoa per egg in Heterobranchus longifilis (Otenne et al., 1996.). Because a percentage 
of spermatozoa die during freezing and thawing processes, the effective insemination ratio 
for frozen spermatozoa should be higher.  In channel  catfish, 50  x  106 frozen-thawed  
spermatozoa per 0.5 ml straw enabled fertilization of 250 eggs (200 x 103 spermatozoa per 
egg; Tiersch et al., 1994). In blue catfish, Ictalurus  furcatus, a minimum of 13,000 x 103  frozen-
thawed spermatozoa per egg were needed to achieve 54% of control fertilization. In C. 
gariepinus, 49 x 103 live frozen-thawed spermatozoa per egg achieved a hatching rate (51.2%) 
equal to the control (51%).The insemination ratio was within the range 6 to 24 x 103 
spermatozoa per egg. (Steyn, 1993). During ovulation the belly of the female will swell 
considerably due to water absorption of the ovary. The speed of the ripening process is 
dependent upon water temperature and likewise, the development process from fertilized 
egg to hatching is dependent upon water temperature (Coppens, 2009). 

African catfish spermatozoa were first successfully cryopreserved by Steyn et al. 1985  who 
obtained 40% motility 24h after storage in LN2. Glucose in combination with glycerol has 
been most widely used cryoprotective solution. Recently, glucose in combination with 
DMSO was also shown to be effective (Urbanyi et al., 1999). Freezing rates can be rapid (e.g., 
pellet freezing on dry ice or in LN2 vapor) or slow (e.g., at fixed rates in programmable 
freezer (Steyn, 1993). In most cases, sperm quality was only evaluated in terms of motility 
after thawing. When fertilization was included in the evaluation, sperm: egg ratio was not 
optimized and was often excessive (Padhi et al.,1995). Using excess spermatozoa for 
fertilization obviously masks the quality of cryopreserved spermatozoa, making comparison 
of protocols difficult (Viveiros et al., 2000).  

Methods for cryopreserving spermatozoa and optimizing sperm: egg dilution ratio in 
African catfish Clarias gariepinus was first developed by Viveiros et al., 2000) where 5 to 25% 
DMSO and methanol were tested as cryoprotectant, by diluting semen in Ginzburg fish 
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ringer and freezing in 1-milliliter cryovials in a programmable freezer. To avoid an excess of 
spermatozoa per egg, post-thaw semen was diluted 1:20, 1:200 or 1:2000 before fertilization. 
Even frozen- thawed spermatozoa with low numbers of live cells yielded adequate hatching 
rates. They found out that the maximum sperm dilution ratio to achieve hatching rates 
similar to control was 1:200 without losing fertilization ability. However, at 1:2000 the 
hatching rates produced with frozen spermatozoa were lower than the control African 
catfish.  Similarly Heterobranchus longifilis spermatozoa were diluted 1:3 before freezing and 
1:10 after thawing and had the same fertilization ability (78.9%) as the control (81.1%). On 
the contrary for Cyprinus carpio, no spermatozoa survived when diluted higher than 1: 5 
before and after freezing  (Lubzens et al., 1997). 

Cryopreservation of catfish spermatozoa is useful as a routine method of gamete storage 
and management. However, the economic factor should also be considered. The technology 
of cryopreservation with the use of liquid nitrogen though desirable but is cost intensive.  
Therefore there is a need to study how the cryopreserved semen will be maximally utilized 
with good fertilizing results at the same time cost-effective and affordable for the farmers 

To avoid wastage of cryopreserved spermatozoa per egg clutch after dilution with 
physiological salt solution, fertilization of various measures of egg clutches were tested in 
the present research with differently cryopreserved spermatozoa for optimization and for 
cost evaluation. In a second study the concentration of the semen was reduced, i.e., diluted 
at a dilution ratio of 1:20 and 1:200 to verify the spermatozoa are not in excess and 
consequently be wasted. 

Another study was carried out in order to assist the farmers to determine the approximate 
amount of egg clutch that will be adequate for a milliliter (ml) of cryopreserved semen 
without wasting spermatozoa in order to evaluate economic cost and profitability. The aim 
of this study was to verify the possibility of cryopreserving African catfish under long-term 
condition in liquid Nitrogen (LN2) and evaluate the viability and fertility optimization of a 
specific amount (i.e., 1 ml ) of cryopreserved semen of African catfish cryopreserved in LN2 
using various cryoprotective agents with different measures of egg clutches. This paper 
aimed to establish a standard fertility ratio between a ml of semen and clutch of eggs in 
order to prevent wastage of semen; be able to maximize the resources and evaluate 
profitability of cryopreservation in liquid nitrogen by evaluating the effects on the 
cryopreserved semen as to motility and hatchability, the ability to hatch the eggs from a 
gravid female and survival of ensuing larvae.    

2. Materials and methods 
For the benefit of prospective users of cryopreservation of African catfish semen, the whole 
process is pictorially presented in Figures 1-12.  

2.1 Husbandry of the broodstock 

The broodstock of the African catfish, C. gariepinus were obtained from reliable farms in Ile-
Ife and Ibadan, Nigeria and were transported in 25 litre tank opened at the top to the Wet 
Laboratory of the Department of Animal Sciences, Obafemi Awolowo University, Ile Ife. 
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The matured male and female broodstock were kept at constant temperature of 270C in a 
1000 litre tank connected to a source of water by a pipe connected from the reservoir plastic 
tank placed in an elevated stand in the laboratory and its drainage was located at the bottom 
of the tank for easy flow by gravity. 

The broodstock were fed with an imported floating palletized feed i.e., CoppensR feed (42% 
protein, ISO -170 certified, Netherlands) containing a large percentage of high quality fish 
meal, which is especially important to facilitate repeated spawning at a maintenance level of 
1.5% body weight on a daily basis by gradual hand broadcast. The water quality was 
regulated through proper monitoring and replaced weekly. 

2.2 Selection of broodstock 

The sexually matured female was selected according to their swollen, reddish genital papilla 
and a well distended, swollen soft abdomen. A slight pressure was applied on the abdomen 
towards the genital papilla after which ripe eggs oozed out  which were green-brownish in 
color and ripe eggs are generally uniform in size. The female broodstock was stocked in the 
hatchery for about 2 days without feeding so that the alimentary tract was empty at the time 
of stripping. It is very important that the collected eggs did not get contaminated.  Sexually 
matured male broodstock was selected based on a reddish or pinkish pointed and 
vascularized genital papilla. The temperature of the broodstock kept in the tank was 
maintained at 25–270C. 

2.3 Preparation of extender-cryoprotectant 

Two extenders were used in this study, phosphate buffered saline (PBS) and Ginzburg Fish 
Ringer (GFR) with pH of 7.4 and 7.6 respectively. The extenders were prepared as shown in 
Table 1 with Calcium-free Hanks Balanced Salt Solution (Ca-FHBSS) used in experiment 2. 
14; after which they were sterilized for 20 min at 15 lbs/inch2 using a pressure cooker to 
avoid contamination and deterioration of the spermatozoa. 

2.4 Semen collection 

A good quantity of the sperm of African catfish cannot be stripped and sperm can only be 
obtained after sacrificing it. Sexually matured male weighing 0.8+ 0.2kg were selected and 
kept in a different tank of about 50 l capacity for about 18 h prior to the time of sperm 
collection .The male broodstock was dried with clean towel and then made unconscious by 
breaking its backbone. The body cavity was carefully opened with a pair of sterilized 
scissors without damaging the testes after which the two testes were dissected out. It was 
then removed with a pair of forceps, the blood veins cleared out and rinsed in saline 
solution. The testes were lacerated with a new and sharp razor blade; the milt was gently 
squeezed out and collected in a sterilized Petri dish. The whole process was carried out in a 
disinfected environment to avoid bacterial contamination which can lead to degradation of 
samples, transfer of pathogens and inaccurate estimation of motility. Sterilized instrument 
and aseptic techniques for collection of sperm was incorporated to reduce the contamination 
by bacteria. The volume of the extracted sperm was measured with a 5.0 ml sterilized 
syringe. 
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The matured male and female broodstock were kept at constant temperature of 270C in a 
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of the tank for easy flow by gravity. 
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meal, which is especially important to facilitate repeated spawning at a maintenance level of 
1.5% body weight on a daily basis by gradual hand broadcast. The water quality was 
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towards the genital papilla after which ripe eggs oozed out  which were green-brownish in 
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hatchery for about 2 days without feeding so that the alimentary tract was empty at the time 
of stripping. It is very important that the collected eggs did not get contaminated.  Sexually 
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Ringer (GFR) with pH of 7.4 and 7.6 respectively. The extenders were prepared as shown in 
Table 1 with Calcium-free Hanks Balanced Salt Solution (Ca-FHBSS) used in experiment 2. 
14; after which they were sterilized for 20 min at 15 lbs/inch2 using a pressure cooker to 
avoid contamination and deterioration of the spermatozoa. 

2.4 Semen collection 

A good quantity of the sperm of African catfish cannot be stripped and sperm can only be 
obtained after sacrificing it. Sexually matured male weighing 0.8+ 0.2kg were selected and 
kept in a different tank of about 50 l capacity for about 18 h prior to the time of sperm 
collection .The male broodstock was dried with clean towel and then made unconscious by 
breaking its backbone. The body cavity was carefully opened with a pair of sterilized 
scissors without damaging the testes after which the two testes were dissected out. It was 
then removed with a pair of forceps, the blood veins cleared out and rinsed in saline 
solution. The testes were lacerated with a new and sharp razor blade; the milt was gently 
squeezed out and collected in a sterilized Petri dish. The whole process was carried out in a 
disinfected environment to avoid bacterial contamination which can lead to degradation of 
samples, transfer of pathogens and inaccurate estimation of motility. Sterilized instrument 
and aseptic techniques for collection of sperm was incorporated to reduce the contamination 
by bacteria. The volume of the extracted sperm was measured with a 5.0 ml sterilized 
syringe. 
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2.5 Cryopreservation of sperm, cryoprotective agents used 

Different combination of cryoprotective (CPA) agents are shown in Table 2 as CPA-DP 
(DMSO+PBS), CPA-DF (DMSO+GFR), CPA-GP (Glycerol+PBS), CPA-GF (Glycerol+GFR), 
CPA-DGP (DMSO+Glucose+PBS) and CPA-DGF (DMSO+Glucose+GFR). Before 
cryopreservation of semen, motility of the fresh semen was evaluated in two trials of 
dilution: 1:1 and 1: 20. In these trials two different extenders were used: Phosphate buffered 
saline (PBS) and Ginzburg Fish Ringer (GFR). The volume of the extracted semen was 
measured with a 5.0 ml syringe (DISCARDM(R) NIG ) which was diluted with the extender 
PBS and GFR for first trial on a ratio 1:1 v/v and 1:10 v/v  respectively, then mixed evenly 
with differently prepared cryoprotective agent combinations at a ratio 1:1 (PBS) for fertility 
and hatchability evaluation.  

In the second trial, the two extenders were used but at different sperm dilution ratio for PBS 
and GFR at a ratio 1:20 for both extenders. The resulting  semen-cryoprotective agent 
solution in each trial after thorough mixing was dispensed into labeled 1ml cryotubes with a 
2-step freezing protocol of first freezing on the chilled water blocks at -100 C for 10 min 
before it was finally transferred into the liquid nitrogen for a long-term preservation. 

  
Composition  
(g/1000 ml) 

Phosphate buffer 
saline (PBS) 

Ginzburg  Fish      
Ringer 

Calcium-Free HBSS  
200mOsmol/kg 

NaCl 8.0 7.0 5.26 
KCl 0.02 0.28 0.26 

CaCl2 - 0.33 - 
NaHCO3 0.23 - 0.33 
Na2HPO4 1.15 - 0.04 
KH2PO4 0.20 - 0.04 

Mg SO4 7H2O - - 0.13 
C6H12O6 - - 0.66 

Table 1. Composition of the extenders (g/l) tested for cryopreservation of catfish sperm in 
liquid Nitrogen. 

 
Cryoprotective  

agent (CPA) DMSO Glycerol PBS GFR Glucose/ 
Sucrose 

DP 10 - 90 - - 
DF 10 - - 90 - 
GP - 10 90 - - 
GF - 10 - 90 - 

DGP 10 - 85 - 5 
DGF 10 - - 85 5 

DMSO =Dimethylsulphoxide, PBS =Phosphate buffered saline, GFR=Ginzburg Fish Ringer.: DP = 
DMSO and PBS; DF = DMSO and GFR; GP = Glycerol + PBS; GF = Glycerol + GFR; DGP = DMSO + 
PBS + Glucose/Sucrose; DGF = DMSO + GFR + Glucose/Sucrose 

Table 2. Composition (%) of the cryoprotective agents used 
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Fig. 1. The African catfish broodstock. 

 
Fig. 2. Male catfish showing the genital openings. 

 

Fig. 3. Removal of testes from male catfish  
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before it was finally transferred into the liquid nitrogen for a long-term preservation. 

  
Composition  
(g/1000 ml) 

Phosphate buffer 
saline (PBS) 

Ginzburg  Fish      
Ringer 

Calcium-Free HBSS  
200mOsmol/kg 

NaCl 8.0 7.0 5.26 
KCl 0.02 0.28 0.26 

CaCl2 - 0.33 - 
NaHCO3 0.23 - 0.33 
Na2HPO4 1.15 - 0.04 
KH2PO4 0.20 - 0.04 

Mg SO4 7H2O - - 0.13 
C6H12O6 - - 0.66 

Table 1. Composition of the extenders (g/l) tested for cryopreservation of catfish sperm in 
liquid Nitrogen. 

 
Cryoprotective  

agent (CPA) DMSO Glycerol PBS GFR Glucose/ 
Sucrose 

DP 10 - 90 - - 
DF 10 - - 90 - 
GP - 10 90 - - 
GF - 10 - 90 - 

DGP 10 - 85 - 5 
DGF 10 - - 85 5 

DMSO =Dimethylsulphoxide, PBS =Phosphate buffered saline, GFR=Ginzburg Fish Ringer.: DP = 
DMSO and PBS; DF = DMSO and GFR; GP = Glycerol + PBS; GF = Glycerol + GFR; DGP = DMSO + 
PBS + Glucose/Sucrose; DGF = DMSO + GFR + Glucose/Sucrose 

Table 2. Composition (%) of the cryoprotective agents used 
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Fig. 1. The African catfish broodstock. 

 
Fig. 2. Male catfish showing the genital openings. 

 

Fig. 3. Removal of testes from male catfish  
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Fig. 4. Laceration of testes to extract milt  

 
Fig. 5. Motility evaluation using a microscope and haemacytometer.  

 
Fig. 6. Sperm cryopreserved in liquid Nitrogen for 4-8 months 
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Fig. 7. Removing the cryopreserved sperm and motility evaluated 

 
Fig. 8. Rapid thawing process is employed.  

 
Fig. 9. Stripping the eggs from gravid female catfish after injection with Ovaprim 
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Fig. 9. Stripping the eggs from gravid female catfish after injection with Ovaprim 
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Fig. 10. Eggs divided into various clutch weights in Petri dishes 

 
Fig. 11. Fertilized eggs incubated in aerated plastic containers covered with nets 

 
Fig. 12. The temperature was kept at 25-27° C and sometimes covered with black plastic 
sheets.  
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2.6 Induced spawning and stripping 

The readiness of the female broodstock to be used for breeding was tested by holding it in a 
head-up vertical position and a slight pressure was applied by pressing its abdomen with a 
thumb from the pectoral fin towards the genital papilla after which eggs run out freely. The 
selected broodstock were kept separately in different tanks without feeding them, after they 
were injected with 0.35 ml Ovaprim ® (Syndel, Canada) per kg live weight (Oyeleye and 
Omitogun, 2007) and then left for 10-12 hours latency period as a post ovulatory maturation 
period and to ensure high hatching rates and low proportion of deformed larvae 
(Hogendoorn, 1979). 

2.7 Method of female stripping 

The female body surface was gently dried with clean towel. It was tightly held at both ends 
by two persons with wet towels and stripped by a gentle press on the abdomen with a 
thumb towards the rear. The first free running eggs obtained at a slight pressing of the 
induced female broodstock were collected for fertilization (Legendre and Oteme, 1995). 

2.8 Egg clutch variation and fertilization 

After inducing, the female fish was stripped and the clutch of eggs weighed (about 150–
160g/kg of the body weight). The eggs were weighed in various measures of 1.0g, 2.0g, 3.0g, 
4.0g and 5.0g based on the level of each experiment. That is for 1.0g, it was weighed seven 
times with replicates for the different cryoprotective agents and control. After which it was 
fertilized with the cryopreserved semen in liquid nitrogen after thawing in warm water at 
350C for 5 min. Fresh semen was used to fertilize same amount of clutches of eggs to serve 
as the control for both trials. 

2.9 Motility evaluation 

The motility of the spermatozoa before and after the addition of the cryopreservative agents, 
CPA and after thawing was evaluated for each trial. The cryopreserved semen was also 
further evaluated for fertility, hatchability and survivability for each trial. The motility test 
was done by diluting a drop of post thawed or fresh spermatozoa either with PBS, GFR or 
0.9 % saline solution at a ratio 1:100 from which one drop of the solution was put on the 
hemocytometer and viewed subsequently under the microscope 10X and 40X, low and high 
power objectives of the microscope. The result arrived at is converted to the total number of 
spermatozoa per ml by multiplying it by the dilution factor (100) and 104 (SIGMA, 1994) as 
follows: 

Total no of spermatozoa per ml = Average No. of counted spermatozoa x 104  

 of the cryopreserved semen  (1) 

2.10 Fertility and hatchability evaluation 

The development process from fertilized eggs to hatching is dependent upon water 
temperature while hatching rate is, next to egg quality, dependent on the water quality; 
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Omitogun, 2007) and then left for 10-12 hours latency period as a post ovulatory maturation 
period and to ensure high hatching rates and low proportion of deformed larvae 
(Hogendoorn, 1979). 

2.7 Method of female stripping 

The female body surface was gently dried with clean towel. It was tightly held at both ends 
by two persons with wet towels and stripped by a gentle press on the abdomen with a 
thumb towards the rear. The first free running eggs obtained at a slight pressing of the 
induced female broodstock were collected for fertilization (Legendre and Oteme, 1995). 

2.8 Egg clutch variation and fertilization 

After inducing, the female fish was stripped and the clutch of eggs weighed (about 150–
160g/kg of the body weight). The eggs were weighed in various measures of 1.0g, 2.0g, 3.0g, 
4.0g and 5.0g based on the level of each experiment. That is for 1.0g, it was weighed seven 
times with replicates for the different cryoprotective agents and control. After which it was 
fertilized with the cryopreserved semen in liquid nitrogen after thawing in warm water at 
350C for 5 min. Fresh semen was used to fertilize same amount of clutches of eggs to serve 
as the control for both trials. 

2.9 Motility evaluation 

The motility of the spermatozoa before and after the addition of the cryopreservative agents, 
CPA and after thawing was evaluated for each trial. The cryopreserved semen was also 
further evaluated for fertility, hatchability and survivability for each trial. The motility test 
was done by diluting a drop of post thawed or fresh spermatozoa either with PBS, GFR or 
0.9 % saline solution at a ratio 1:100 from which one drop of the solution was put on the 
hemocytometer and viewed subsequently under the microscope 10X and 40X, low and high 
power objectives of the microscope. The result arrived at is converted to the total number of 
spermatozoa per ml by multiplying it by the dilution factor (100) and 104 (SIGMA, 1994) as 
follows: 

Total no of spermatozoa per ml = Average No. of counted spermatozoa x 104  

 of the cryopreserved semen  (1) 

2.10 Fertility and hatchability evaluation 

The development process from fertilized eggs to hatching is dependent upon water 
temperature while hatching rate is, next to egg quality, dependent on the water quality; 
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temperature, oxygen level, pH and water hardness. After stripping of the induced female 
broodstock, the eggs were weighed in grams depending on the on-going experiment i.e, 1.0g 
(600+100 eggs), 2.0g, etc. The various measures of eggs (repeated 12 times together with 
replicates) were fertilized with cryopreserved semen thawed at 350C for 5 minutes, and a 
pair of egg clutches with fresh semen as control experiment. The mixture of eggs and semen 
was stirred gently for at least 1.0 min to allow contact and adequate fertilization. Within a 
few minutes after fertilization the eggs absorbed water and could become sticky so the eggs 
were distributed in a netted basket suspended in the hatching trough (50cm x 35cm x 30cm) 
containing contaminant-free (passed through a purification system with ultraviolet 
sterilization at 3000 μW/cm2) well-aerated water in a single layer so that the eggs get 
sufficient oxygen during incubation. The hatching troughs were completely covered  
with mosquito net and black polythene materials placed under 200 Watt bulbs to  
prevent mosquitoes and other insects laying eggs and to increase level of heat generation. 
The system was supplied with an electric aerator to increase level of oxygen dissolved in the 
water. 

The incubated eggs were monitored and temperature maintained between 260C -270C for 
incubation between 23– 25 h. Soon after hatching the larvae passed through the net and the 
dead eggs and shells remain on the net in the basket. The larvae were then simply separated 
from the unfertilized eggs and eggshells by lifting the basket and the nets out of the 
hatching trough. 

The percentage, % fertility and hatchability were determined subjectively after 12–15 h of 
fertilization by identifying the healthy developing eggs which were transparent green 
brownish in colour (Coppens, 2007) while the dead eggs were also estimated: 

  % Fertility =(No. of fertilized eggs / No. of inseminated egg) X 100% (2) 

  .    – .   % 100%
 .   

Total No of fertilized eggs No of unhatcched eggsHatchability
Total No of Fertilized eggs

   (3) 

2.11 Post-hatching survivability evaluation 

This is done by allowing the newly hatched larvae of all the treatments and that of the 
control to live on the remains of their yolk sacs for the first 4 days (Heicht et al.,1996) after 
hatching out of the eggs and thereafter carefully removed from the hatching troughs and 
were fed with Artemia (Inve Aquaculture, USA) on a regular basis (i.e., twice per day). 
Irregularities in the activities of the fry in terms of feeding, movement in water was 
observed at the same time taking note of the dead fry which were removed immediately to 
avoid contamination of water. Survivability evaluation which was observed for a period of 
about 3 – 4 weeks was done for each stage of the experiment together with fertility and 
hatchability for fresh (control experiment) and cryopreserved spermatozoa. The post-
hatching survivability was evaluated as follows:  

  .   –  .   % 100%
 .  

Total No of larvae No of dead larvaeSurvivability
Total No of larvae

    (4) 
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2.12 The control 

The control for both trials was prepared by the use of fresh semen obtained from the 
lacerated testes from a normal gravid male broodstock with the use of sterilized dissecting 
knives but activated with saline solution in the ratio of 1:1 v/v and subsequently used to 
fertilized various measures of egg clutches ranging from 1.0g, 2.0g, 3.0g, 4.0g  and 5.0g 
normal eggs from the same batch of eggs i.e. from the same fish. Control was set up for the 
evaluation of each parameter for trials i.e., motility, fertility, hatchability and survivability. 

The motility evaluation of the post-thawed cryopreserved sperm was evaluated after 
dilution with the extender on a ratio 1:100 using hemocytometer (SIGMA, 1994). 

2.13 Further scaling up for commercial application of cryopreserved semen dilution 
and egg clutch fertilization  

Motility of the fresh semen was evaluated in two different trials of dilution, before any 
cryopreservation of the semen. Phosphate-buffered-saline (PBS) and ordinary saline water 
were the two extenders used in the two different trials and were diluted 1:1 and 1:40. The 
extracted semen volume was measured with a 5.0ml syringe (DISCARDIM(R)NIG) which 
was diluted with the extender PBS for trial on a ratio 1:20v/v and 1:200v/v respectively and 
thereafter mixed evenly with the  cryoprotective agents at a ratio of 1:1 and cryopreserved 
for the next seven months in liquid Nitrogen stored in Dewar container 

For the second trials, the same cryoprotectant (85% PBS+5% glucose+10% DMSO) was used 
but at different sperm dilution ratio of 1:40. In both trials, the resulting semen in each 
experiment after thorough mixing was then dispensed into labeled 1ml cryotubes while a 2-
step freezing protocol, e.g. initial freezing onto frozen water (ice) blocks at -100C for 30min 
before the final transfer into liquid nitrogen for the next 4 to 7 months. 

After induction with Ovaprim, the female broodstock was stripped and the clutch of eggs 
weighed (which was about 150-200g/kg body weight) and divided into three portions of 
about 120 g each for the experiment on fertilization with cryopreserved sperm of diluted 1:1 
and 1: 40 and for the control. 

This procedure was repeated three times in a nearby commercial farm 5kms away from the 
University to serve as the replicates and to ensure the repeatability of the experiments. 

2.14 Experiment on storing sperm in refrigerator 

The various extenders used were 

 200mOsmol/kg Ca-F HBSS 
 300 mOsmol/kg Ca-F HBSS 
 400 mOsmol/kg Ca-F HBSS 
 RPMI 1640 (SIGMA) Culture Medium in 0.9% NaCl Solution 

The three different osmolalities of extender Ca-FHBSS (Calcium-free Hanks Balanced Salt 
Solution) were prepared according to Riley, 2002. The sperm with the 200, 300 and 400 
mOsmol/kg Ca-F HBSS were kept in the refrigerator at 40C. The semen samples with RPMI 
and 0.9% NaCl solutions were kept at both room temperature and refrigerator. Two 
replicates were made for each treatment. 
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was stirred gently for at least 1.0 min to allow contact and adequate fertilization. Within a 
few minutes after fertilization the eggs absorbed water and could become sticky so the eggs 
were distributed in a netted basket suspended in the hatching trough (50cm x 35cm x 30cm) 
containing contaminant-free (passed through a purification system with ultraviolet 
sterilization at 3000 μW/cm2) well-aerated water in a single layer so that the eggs get 
sufficient oxygen during incubation. The hatching troughs were completely covered  
with mosquito net and black polythene materials placed under 200 Watt bulbs to  
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dead eggs and shells remain on the net in the basket. The larvae were then simply separated 
from the unfertilized eggs and eggshells by lifting the basket and the nets out of the 
hatching trough. 
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This is done by allowing the newly hatched larvae of all the treatments and that of the 
control to live on the remains of their yolk sacs for the first 4 days (Heicht et al.,1996) after 
hatching out of the eggs and thereafter carefully removed from the hatching troughs and 
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observed at the same time taking note of the dead fry which were removed immediately to 
avoid contamination of water. Survivability evaluation which was observed for a period of 
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2.12 The control 

The control for both trials was prepared by the use of fresh semen obtained from the 
lacerated testes from a normal gravid male broodstock with the use of sterilized dissecting 
knives but activated with saline solution in the ratio of 1:1 v/v and subsequently used to 
fertilized various measures of egg clutches ranging from 1.0g, 2.0g, 3.0g, 4.0g  and 5.0g 
normal eggs from the same batch of eggs i.e. from the same fish. Control was set up for the 
evaluation of each parameter for trials i.e., motility, fertility, hatchability and survivability. 

The motility evaluation of the post-thawed cryopreserved sperm was evaluated after 
dilution with the extender on a ratio 1:100 using hemocytometer (SIGMA, 1994). 

2.13 Further scaling up for commercial application of cryopreserved semen dilution 
and egg clutch fertilization  

Motility of the fresh semen was evaluated in two different trials of dilution, before any 
cryopreservation of the semen. Phosphate-buffered-saline (PBS) and ordinary saline water 
were the two extenders used in the two different trials and were diluted 1:1 and 1:40. The 
extracted semen volume was measured with a 5.0ml syringe (DISCARDIM(R)NIG) which 
was diluted with the extender PBS for trial on a ratio 1:20v/v and 1:200v/v respectively and 
thereafter mixed evenly with the  cryoprotective agents at a ratio of 1:1 and cryopreserved 
for the next seven months in liquid Nitrogen stored in Dewar container 

For the second trials, the same cryoprotectant (85% PBS+5% glucose+10% DMSO) was used 
but at different sperm dilution ratio of 1:40. In both trials, the resulting semen in each 
experiment after thorough mixing was then dispensed into labeled 1ml cryotubes while a 2-
step freezing protocol, e.g. initial freezing onto frozen water (ice) blocks at -100C for 30min 
before the final transfer into liquid nitrogen for the next 4 to 7 months. 

After induction with Ovaprim, the female broodstock was stripped and the clutch of eggs 
weighed (which was about 150-200g/kg body weight) and divided into three portions of 
about 120 g each for the experiment on fertilization with cryopreserved sperm of diluted 1:1 
and 1: 40 and for the control. 

This procedure was repeated three times in a nearby commercial farm 5kms away from the 
University to serve as the replicates and to ensure the repeatability of the experiments. 

2.14 Experiment on storing sperm in refrigerator 

The various extenders used were 

 200mOsmol/kg Ca-F HBSS 
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Solution) were prepared according to Riley, 2002. The sperm with the 200, 300 and 400 
mOsmol/kg Ca-F HBSS were kept in the refrigerator at 40C. The semen samples with RPMI 
and 0.9% NaCl solutions were kept at both room temperature and refrigerator. Two 
replicates were made for each treatment. 
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2.15 Statistical analysis 

The data collected on the parameters, motility, fertility and hatchability was subjected to 
standard statistical analysis. The data collected were analyzed using analysis of variance 
(ANOVA) to find a level of significance at p < 0.05. The number of motile sperm counted per 
square of hemocytometer and percentage of motile sperm obtained after cryopreservation 
were subjected to Duncan’s multiple range test to evaluate effects of types of 
cryopreservatives as well as egg clutch weights and sperm dilutions and period of 
cryopreservation on sperm motility. The data collected on motility, fertility and hatchability 
in the first trial were subjected to 2- way ANOVA at a significance level of p < 0.05.  The bar 
charts and line chart showing the relationship between the period of refrigeration and the % 
motility for the various extenders were also employed for better understanding of the 
results.

2.16 Cost of production of cryopreserved semen  

The costs of chemicals and other consumables used for the study were listed in Table 5. The 
rates per gram or per ml were calculated to determine the effective cost per ml of the 
cryopreserved sperm (Table 6).  

3. Results and discussion 
3.1 Effects of different cryoprotectants on fertility, hatchability, motility and  
survivability  

In the first trial with dilution ratio of 1:1 (sperm: extender) the effect of nature of 
cryoprotectants on the parameters measured was significant (p<0.05). Though 
dimethylsulphoxide+5% glucose+ PBS (DGP) was higher, DGP and DP gave the best results 
and was not significantly different (p>0.05) from each other but significantly different 
(p<0.05) from other cryoprotectants. It was followed by GP but not significantly different 
(p>0.05) from other cryoprotectants. Fertility also followed the same trend, but DGP was 
significantly different from DP from their LSD values followed by GP. GF gave the least 
result but significantly different (p<0.05) from other cryoprotectants. Related trend was also 
observed for other cryoprotectants but that of control was higher (p<0.05) than other 
treatments for each parameter. A similar trend was also observed for motility and 
survivability. 

In Table 3, control (fresh semen), DGP and DP were compared. It is obvious that control has 
highest mean value (significantly different), this may be expected as the control was not 
passing through any treatments and processes.  

In the second trial when the semen was diluted at ratio 1:20 (sperm: extender) a very close 
trend was observed which shows that the spermatozoa seems to be too much and probably 
wasted in the first trial. Besides control which was significantly different (p<0.05) for all the 
parameters, DGP gave the best result before DP, this may be explained by extracellular 
protection offered by the glucose, but the mean values are not significantly different 
(p>0.05) from each other. Fertility also related to hatchability followed the same trend with 
hatchability. In fertility, DP, DGP and GP were not significantly different from each other. 
However, the mean values are significantly different from each other for other parameters in 
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decreasing order of C > DGP > DP > GP > GF. Generally, DGP gave the best followed by DP 
(without 5% glucose) while Glycerol in combination with Ginsburg fish ringer gave the 
lowest result. 

A close means values were also discovered with trial 1 which indicate the results were better 
in trial 2, the further diluted semen which could supposedly be explained by addition of 
extenders. 

The differences in fertility and hatchability with control and cryoprotectants tested may be 
due to the mild damage done to the spermatozoa during the process of lacerating the testes 
to extract the semen, and also due to the intracellular vitrification (Cryobiosystems, 2009)- a 
commonly occurring problem in the process of cryopreservation in liquid Nitrogen. 

3.2 Effects of egg clutch weight on viability of African catfish gametes 

There was a significant effect (p<0.05) of egg clutch weight on fertility, hatchability and 
survivability. In trial 1, although, the hatchability increases with increase in egg weight but 
the increment at egg weight 4.0g and 5.0g was not significantly different (LSD=88.749, 
p>0.05). There was fertility optimization at 4.0 g of egg clutch weight which though, close to 
the mean values of 5.0g which is higher but not a uniform increase. The same trend was 
observed for fertility of eggs but much higher than corresponding hatchability which may 
be due to loss of eggs to external factors like temperature, contamination and possible error 
during record taking. There is no significant difference for fertility at egg clutch weight 3.0g 
and 4.0g but there was significant difference (p<0.05) from 5.0g. Survivability was not 
significantly different from each other except for 5.0g (p<0.05). 

In the second trial, a similar trend was observed; hatchability was highest (p<0.05) at egg 
clutch weight 4.0g.  No significant difference (p>0.05) in survivability was observed except 
for egg weights 3.0g and 4.0g. 

Generally, for both trials, egg clutch weight at 4.0 g gave the optimum viability value. 

3.3 Effect of type of cryoprotectant and egg clutch weight interaction on hatchability 
and fertility  

From the statistical analysis, it showed that there could also be effect of interaction of both 
cryoprotective agent (CPA) and egg clutch weight on fertility and hatchability. 

The result, as observed shows a significant effect of (p<0.05) of interaction of CPA and egg 
clutch weight on fertility, hatchability for the first trial and only on fertility for the second 
trial. 

Effect of interaction of cryoprotectant on hatchability was not different from the trend of 
results obtained in previous results. However, the cryoprotective agents were not 
significantly different (p>0.05) from each other but DGP, GP and DP still maintained the 
higher mean values while control took the highest. DP and DGP were not significantly 
different (p>0.05) from each other for egg clutch weight such as 1.0g to 5.0g. However, GP 
was significantly different (P<0.05) from DGP and DP for egg clutch weight 2.0-5.0g. For GF, 
DF and DGF, there was also no significant effect (p>0.05) with changes in egg weights. The 
effect of interaction of both CPA and egg weights on fertility was also significant (p<0.05). 
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2.15 Statistical analysis 

The data collected on the parameters, motility, fertility and hatchability was subjected to 
standard statistical analysis. The data collected were analyzed using analysis of variance 
(ANOVA) to find a level of significance at p < 0.05. The number of motile sperm counted per 
square of hemocytometer and percentage of motile sperm obtained after cryopreservation 
were subjected to Duncan’s multiple range test to evaluate effects of types of 
cryopreservatives as well as egg clutch weights and sperm dilutions and period of 
cryopreservation on sperm motility. The data collected on motility, fertility and hatchability 
in the first trial were subjected to 2- way ANOVA at a significance level of p < 0.05.  The bar 
charts and line chart showing the relationship between the period of refrigeration and the % 
motility for the various extenders were also employed for better understanding of the 
results.

2.16 Cost of production of cryopreserved semen  

The costs of chemicals and other consumables used for the study were listed in Table 5. The 
rates per gram or per ml were calculated to determine the effective cost per ml of the 
cryopreserved sperm (Table 6).  

3. Results and discussion 
3.1 Effects of different cryoprotectants on fertility, hatchability, motility and  
survivability  

In the first trial with dilution ratio of 1:1 (sperm: extender) the effect of nature of 
cryoprotectants on the parameters measured was significant (p<0.05). Though 
dimethylsulphoxide+5% glucose+ PBS (DGP) was higher, DGP and DP gave the best results 
and was not significantly different (p>0.05) from each other but significantly different 
(p<0.05) from other cryoprotectants. It was followed by GP but not significantly different 
(p>0.05) from other cryoprotectants. Fertility also followed the same trend, but DGP was 
significantly different from DP from their LSD values followed by GP. GF gave the least 
result but significantly different (p<0.05) from other cryoprotectants. Related trend was also 
observed for other cryoprotectants but that of control was higher (p<0.05) than other 
treatments for each parameter. A similar trend was also observed for motility and 
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decreasing order of C > DGP > DP > GP > GF. Generally, DGP gave the best followed by DP 
(without 5% glucose) while Glycerol in combination with Ginsburg fish ringer gave the 
lowest result. 

A close means values were also discovered with trial 1 which indicate the results were better 
in trial 2, the further diluted semen which could supposedly be explained by addition of 
extenders. 

The differences in fertility and hatchability with control and cryoprotectants tested may be 
due to the mild damage done to the spermatozoa during the process of lacerating the testes 
to extract the semen, and also due to the intracellular vitrification (Cryobiosystems, 2009)- a 
commonly occurring problem in the process of cryopreservation in liquid Nitrogen. 

3.2 Effects of egg clutch weight on viability of African catfish gametes 

There was a significant effect (p<0.05) of egg clutch weight on fertility, hatchability and 
survivability. In trial 1, although, the hatchability increases with increase in egg weight but 
the increment at egg weight 4.0g and 5.0g was not significantly different (LSD=88.749, 
p>0.05). There was fertility optimization at 4.0 g of egg clutch weight which though, close to 
the mean values of 5.0g which is higher but not a uniform increase. The same trend was 
observed for fertility of eggs but much higher than corresponding hatchability which may 
be due to loss of eggs to external factors like temperature, contamination and possible error 
during record taking. There is no significant difference for fertility at egg clutch weight 3.0g 
and 4.0g but there was significant difference (p<0.05) from 5.0g. Survivability was not 
significantly different from each other except for 5.0g (p<0.05). 

In the second trial, a similar trend was observed; hatchability was highest (p<0.05) at egg 
clutch weight 4.0g.  No significant difference (p>0.05) in survivability was observed except 
for egg weights 3.0g and 4.0g. 

Generally, for both trials, egg clutch weight at 4.0 g gave the optimum viability value. 

3.3 Effect of type of cryoprotectant and egg clutch weight interaction on hatchability 
and fertility  

From the statistical analysis, it showed that there could also be effect of interaction of both 
cryoprotective agent (CPA) and egg clutch weight on fertility and hatchability. 

The result, as observed shows a significant effect of (p<0.05) of interaction of CPA and egg 
clutch weight on fertility, hatchability for the first trial and only on fertility for the second 
trial. 

Effect of interaction of cryoprotectant on hatchability was not different from the trend of 
results obtained in previous results. However, the cryoprotective agents were not 
significantly different (p>0.05) from each other but DGP, GP and DP still maintained the 
higher mean values while control took the highest. DP and DGP were not significantly 
different (p>0.05) from each other for egg clutch weight such as 1.0g to 5.0g. However, GP 
was significantly different (P<0.05) from DGP and DP for egg clutch weight 2.0-5.0g. For GF, 
DF and DGF, there was also no significant effect (p>0.05) with changes in egg weights. The 
effect of interaction of both CPA and egg weights on fertility was also significant (p<0.05). 
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The results for both trials were also very close, following the same trend, except for control 
changes in egg clutch weights from 1.0g to 5.0g was generally not significantly different for 
DP and DGP followed by GP and GF which were not significantly different (p>0.05) from 
means values of egg clutch weight 4.0g–5.0g for DGP and DP. However, GF gave the lowest 
value for the two trials. 

3.4 Scaling up of the applications of the cryopreserved semen for commercial 
aquaculture  

3.4.1 Effect of dilution ratio on viability of catfish gametes 

Table 3 shows the comparison for the parameters measured among the control, dilution 
ratios 1:1 and 1:40. The fresh semen gave the highest fertility and hatchability rates (P<0.05). 
It is significantly different from ratio 1:1 and ratio 1:40. Comparing the fertility and 
hatchability rates of the two different dilution rates, ratio 1:1 gave the highest fertility and 
hatchability rates which was significant (P<0.05). Survival rate however, followed a different 
trend in which dilution ratio 1:1 gave the highest survival rate closely followed by ratio 1:40 
while the control semen gave the least survival rate (P< 0.05). 

Most importantly, the differences in fertility and hatchability may also be attributed to the 
condition of the farmer’s hatchery environment in which many environmental and 
sanitation conditions were compromised for maximum profit (Amupitan et al., 2010). 

 
DILUTION   

RATIO MOTILITY FERTILITY HATCHABILITY SURVIVAL 

1:1 55%b 30% b 35%b 15%a 
1:40 49%b 29%c 34%c 14%b 

C 72%a 54%a 62%a 13%c 
LSD 13% 9.2% 25% 13% 

Means in the same column with different letter are significantly different at P<0.05, C=Control,  
LSD = Least Significant Difference 

Table 3. Effects of dilution ratio on viability of Catfish semen diluted at ratio 1:1 and ratio 
1:40  

3.4.2 Effect of dilution ratio on motility of catfish semen and survival of ensuing 
larvae 

The fresh semen gave the highest motility at appreciably high percentage (71.00%) which 
was significantly different (P<0.05) from cryopreserved semen diluted at ratios 1:1 (50.52%) 
and 1:40 (49.05%) (Fig. 13). However, there was no significant difference between the two 
diluted cryopreserved semen (P>0.05). It was evident that the freezing process  
and cryopreservation decreased sperm motility after cryopreservation. It could be deduced 
that cryopreserved sperm still needs to be completely activated after thawing in order to 
fertilize the whole clutch of eggs since there is a direct relationship between motility and 
fertility. 
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Fig. 13. Motilities of cryopreserved semen at ratios (1:1, and 1:40) compared with the control 
fresh semen 

Cryopreservation in liquid Nitrogen did not have any effect on the survival of C. gariepinus 
larvae produced from cryopreserved semen as shown. However, larvae produced by the 
cryopreserved semen gave a higher survival, ratio 1:1 (65%), Ratio 1:40 (63%) and fresh 
semen (50%) (P>0.05). 

The present study proves that sperm of African catfish cryopreserved aged up to 7 months 
in liquid Nitrogen and diluted more than 40 times with the extender is viable. The reason for 
low survivability rate in the control experiment using fresh semen may be attributed to high 
stocking density (because of the greater number of  surviving fry) as practiced by many 
farmers, i.e the quantity of larvae per unit volume of water is less for cryopreserved sperm 
which in turn was favourable for survival. 

3.5 Motility evaluation of refrigerated catfish sperm cells in different extenders 

This experiment evaluated the effect of extenders and period of refrigerated storage on the 
sperm motility of Clarias gariepinus sperm cells with the intent to identify a suitable extender 
for the refrigerated storage of the sperm cells of Clarias gariepinus. Semen samples were 
collected from mature broodstock and were refrigerated with various different extenders at 
ratio 1:3 namely: Calcium-free Hanks’ Balanced Salt Solution (Ca-F HBSS), RPMI 1640 
culture medium and 0.9% NaCl. Ca-F HBSS extender was prepared at 3 different 
osmolalities: 200mOsmol/kg, 300mOsmol/kg and 400mOsmol/kg. Sperm in RPMI 1640 
and 0.9% NaCl extenders were also kept at room temperature to assess the effect of 
refrigeration on motility of catfish sperm cells. Motility was monitored on a 24-hour basis 
and % motility was evaluated daily. Results showed that sperm cells of Clarias gariepinus 
using 200mOsmol/kg as extender (p<0.05) can be stored under refrigeration for 12 days.  
However, of all the extenders evaluated, RPMI 1640 proved to be the most effective extender 
(p<0.05) retaining higher motility of the refrigerated sperm cells of Clarias gariepinus. 

3.5.1 Effect of refrigeration on % motility of sperm cells 

The semen samples extended with 0.9% NaCl and the RPMI culture solution at room 
temperature did not have motile sperm cells after 48 hours. The motility of the semen 
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larvae produced from cryopreserved semen as shown. However, larvae produced by the 
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semen (50%) (P>0.05). 

The present study proves that sperm of African catfish cryopreserved aged up to 7 months 
in liquid Nitrogen and diluted more than 40 times with the extender is viable. The reason for 
low survivability rate in the control experiment using fresh semen may be attributed to high 
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sperm motility of Clarias gariepinus sperm cells with the intent to identify a suitable extender 
for the refrigerated storage of the sperm cells of Clarias gariepinus. Semen samples were 
collected from mature broodstock and were refrigerated with various different extenders at 
ratio 1:3 namely: Calcium-free Hanks’ Balanced Salt Solution (Ca-F HBSS), RPMI 1640 
culture medium and 0.9% NaCl. Ca-F HBSS extender was prepared at 3 different 
osmolalities: 200mOsmol/kg, 300mOsmol/kg and 400mOsmol/kg. Sperm in RPMI 1640 
and 0.9% NaCl extenders were also kept at room temperature to assess the effect of 
refrigeration on motility of catfish sperm cells. Motility was monitored on a 24-hour basis 
and % motility was evaluated daily. Results showed that sperm cells of Clarias gariepinus 
using 200mOsmol/kg as extender (p<0.05) can be stored under refrigeration for 12 days.  
However, of all the extenders evaluated, RPMI 1640 proved to be the most effective extender 
(p<0.05) retaining higher motility of the refrigerated sperm cells of Clarias gariepinus. 

3.5.1 Effect of refrigeration on % motility of sperm cells 

The semen samples extended with 0.9% NaCl and the RPMI culture solution at room 
temperature did not have motile sperm cells after 48 hours. The motility of the semen 
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sample with 0.9% NaCl at room temperature dropped from the initial motility of 74.82% to 
6.24% (Fig.3.6. 1) after the first 24 h while the semen sample with the RPMI culture solution 
at room temperature had 0.4% motility at the end of 24 h. The semen sample with 0.9% 
NaCl at room temperature had a fishy irritating smell after 24 h. This may be due to the 
production of waste since the sperm cells metabolised at the normal rate. 

The semen samples with 0.9% NaCl and RPMI 1640 culture solution retained motility much 
longer when refrigerated (Fig. 14). The refrigerated semen sample with 0.9% NaCl retained 
motility for up to 7 days with motility after 24, 48, 72, and 168 hourly being 34.75%, 17.03%, 
14.06% and 4.46% respectively. The refrigerated semen sample with RPMI however kept for 
9 days with motility after 24, 48, 72, 168 and 216 hours being 53.47%, 37.62%, 25.64%, 8.32% 
and 5.25% respectively.  

 
 

  
 

Fig. 14. Effect of refrigeration on motility of semen sample extended with NaCl (left)  and 
RPMI (right). The refrigerated semen sample retained motility till the 7th (in NaCl) and  9th 
day (in RPMI)  whereas semen samples at room temperature only lasted till the first day 
after storage. 
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The art of refrigeration provides a low temperature which lowers the metabolic rate of living 
organisms. The extended semen samples maintained at room temperature proceeded at the 
normal metabolic rate, hence the sperm cells could not survive up to 48 h. When the sperm 
cells were still within the fish in the testis, they were supplied with nutrients and the waste 
they produced are excreted out of  the testis, they cannot be supplied with energy or 
nutrients except provided externally as in tissue culture. Their wastes also accumulate in the 
solution in which they are suspended in. 

High metabolic rate means faster rate of using up available resources by living organism 
such as nutrients and energy. It also means that waste will be produced at a faster rate 
thereby causing fast accumulation of waste in the solution in which the sperm cells are 
suspended. This accumulation will immediately reach a toxic level causing fatality in the 
sperm cells. Whereas the low temperature provided by the refrigerator to the refrigerated 
semen sample reduced the metabolic rate of the sperm cells, thereby reducing the rate at 
which the available nutrients and energy in the semen-extender solution are used up. The 
nutrient and energy in the semen-extender solution lasted a much longer period when 
refrigerated, thus keeping the sperm cells alive for a longer period than in the semen 
samples extended at room temperature. 

3.5.2 Effect of osmolality of Ca-F HBSS on % motility 

After 24 hours, the motility of the refrigerated semen sample with the 200mOsmol/kg Ca-F 
HBSS dropped to 34.85% and motility was retained till the 12thday (288 hours) with 0.5% 
motility. The refrigerated semen sample with 300mOsmol/kg Ca-F HBSS retained motility 
for 10 days with % motility at 24 h being 31.88 and motility by the tenth day had dropped to 
2.28%. The refrigerated semen sample with 400mOsmol/kg Ca-F HBSS retained motility 
also for 10 days but with a lower % motility at the 10th day (0.4% motility) but with motility 
at 24 h being 34.46% (Fig. 15). 

Based on the length of days for which motility was retained, the 200mOsmol/kg Ca-F HBSS 
proved to be a good extender since it retained motility for 12 days but with a very low 
motility (0.5%) However the 300mOsmol/kg, although retained motility for only 10 days, is 
better since it had the highest motility at the fourth, seventh, ninth and tenth day (i.e. 
16.93%, 10.73%, 2.77% and 2.28%).  

A good extender should be isotonic to the seminal plasma of the fish. This is to keep the 
sperm cells immotile until ready for use. Sperm cells are immotile in the seminal plasma and 
when semen is released in aquatic environment, osmolality goes down and motility is 
initiated in freshwater species. (Maria et al., 2006).  Motility in freshwater species is initiated 
by exposure of the semen to a hypotonic solution (Morisawa and Suzuki, 1980). Use of 
extender solutions that are similar in chemical concentration and osmolality are essential to 
optimizing storage time (Baynes et al., 1981). According to Mansour et al., 2002, motility  
of Clarias gariepinus is completely but irreversibly suppressed in electrolytes and  
non-electrolytes with an osmolality of 200mOsmol/kg. This statement by Mansour et al., 
2002 proves that the osmolality of the seminal plasma of Clarias gariepinus is less than or 
equal to 200mOsmol/kg. This explains why the 200mOsmol/kg of Ca-F HBSS retained 
motility till the twelfth day as it is closer to being isotonic to the seminal plasma of Clarias 
gariepinus. 
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Fig.  15. Effect of osmolality on the sperm motility of refrigerated semen sample in Ca-F 
HBSS The 200mOsmol/kg Ca-F HBSS extended semen sample retained motility up to day 
12 (0.5%) 

3.5.3 Effect of extenders on % motility 

The refrigerated semen sample with the RPMI culture solution had relatively very high 
motility at 24 hours after refrigeration; it had a motility of 53.47% as against the 34.85% 
motility of the semen sample with the 200mOsmol/kg Ca-F HBSS which comes next in rank 
with it after 24 h. The RPMI extended semen sample also had the highest motility after 48 h 
of refrigeration (37.62%) with the next in rank being semen sample extended with 
300mOsmol/kg Ca-F HBSS with motility of 30.10%. However, the RPMI extended semen 
sample retained motility only till the fifth day with motility at the fifth day being 5.25% 
(Fig.16). 

The control experiment being semen samples extended with 0.9% NaCl solution retained 
motility for 7 days with motility at the seventh day being 4.46% and its motility at 24 hours 
was 34.75% which is exceeded by the semen sample extended with the 200mOsmol/kg Ca-F 
HBSS which had 34.85% motility at 24 h (Fig. 17). 

The relatively high motility retained by the refrigerated semen sample with RPMI culture 
medium may be due to the additional nutrient supply provided by the RPMI culture 
medium solution. The RPMI medium culture contains many amino-acids, vitamins and 
growth factors. 
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Fig. 16. Effect of the different extenders on the motility of the sperm cells of Clarias gariepinus. 

 
Fig. 17. The decline in motility as the period of storage of refrigerated sperm increased in 
different extenders. 
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Fig. 17. The decline in motility as the period of storage of refrigerated sperm increased in 
different extenders. 
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3.6 Cost of production of cryopreserved catfish sperm for the aquaculture industry 

The cost analyses for each reagent and materials used in cryopreservation per ml, g or piece is 
shown in Table 5. Table 6 shows the cost estimates for the 4-best cryoprotecting agents (DP,  

 
ITEMS COST (in Naira)  RATE 
Liquid Nitrogen  LN2 N16000/20 l Dewar  N 800/l 
DMSO N 3700/100/ml N 37/ml 
NaCl N 1800/500g N 3.6/g 
KCl N 2200/500g N 4.4/g 
Na2HPO4   N 3400/500g N 6.8/g 
KH2PO4 N 2600/500g N 5.2/g 
Distilled water  N100/l N 0.1/ml 
NaHCO3  N 6028/500g N 12.056/g 
CaCl2   N 2200/500g   N 4.4/g 
Glycerol N 2500/2.5l N 1.00/ml 
Glucose N 4,100/500g N 8.2/g 
Cover  Slip N175/box (100pcs) N 1.75/slip 
Cryovials  N 8500/1000 N8.50/tube 
Broodstock (male) N 1200  N 1200 

Table 5. The cost of reagents and other consumables used to cryopreserve African catfish semen 
in liquid Nitrogen (LN2) and listed and the rates per l or ml, g, or per piece are estimated   

Ingredients DP DGP GP GF 
Broodstock 1200 1200 1200 1200 
Liquid Nitrogen 5000 5000 5000 5000 
Glycerol - - 1.00 1.00 
NaCl 5.76 5.76 5.76 5.76 
KCl 0.0176 0.0176 0.0176 0.0176 
Na2HPO4 1 .564 1 .564 1 .564 - 
KH2PO4 0.208 0.208 0.208 - 
CaCl2 - - - 0.2904 
NaHCO3 - - - 0.5546 
Distilled Water 50.00 50.00 50.00 50.00 
Glucose - 4.10 - - 
Cover slip 1.75 1.75 1.75 1.75 
Cryovials (80 paces) 680.00 680.00 680.00 680.00 
Saline Solution 3.24 3.24 3.24 3.24 
Miscellaneous 300.00 300.00 300.00 300.00 
TOTAL 7279.5396 7293.6396 7243.5396 7192.1214 
Cost/unit of 80 cryovials 7279.5396 7293.6396 7243.5396 7192.1214 
Cost per 1ml cryovial N 90.9942 N 91, 0455 N 90.5442 N 89.9015 
Proposed  Selling price N 100.00 N 100.00 N 100.00 N 100.00 
Profit /cryovial N 9.00 N 8.95 N 9.46 N 11.01 

Estimation based on 200 ml extender for each cryoprotective agent: DP:DMSO-PBSS, DGP: DMSO-
Glucose-PBS; GP: Glycerol-PBS; GF: Glycerol-Fish Ringer . 

Table 6. Cost estimates/ml in Naira (N) for preparation of cryopreserved African catfish 
semen using different cryoprotectants 
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DGP, GP and GF. Though, they were not all procured from the same source, all gave almost 
similar total cost which ranges between N7,192. 00 – N7,280. 00 and cost/vial ranges between 
N 89.00 and N 91.00 (1 $ = N 150.00; N, naira is the Nigerian currency). Consequently, the 
proposed economical selling price (in case a cryobank in the University or the collaborating 
research agency is to be established)  considering the present inflation rate is the same for the 
type of cryoprotectant to be used, but net profit per vial is slightly different. 

The selling price for GF is expected to be reduced irrespective of its total cost because of 
lower viability rate of semen cryopreseved with it. Profit per vial was also calculated which 
is highest for GP at N100/vial and lowest for GF at N95/vial. The selling price ranges from 
N95.00 – N100.00 which would encourage the buyers to buy it affordably with reasonable 
profit for the institute (cryobank). 

However, the total cost of GP and GF are lower because of the lower cost price of glycerol, 
but GF gave the least total cost because of a slight difference in the type and amount of 
chemical used. Total cost of DGP is higher than that of DP, because of cost of glucose 
inclusion and higher cost of DMSO. 

4. Conclusion 
From this study it can be concluded that at further dilution of semen together with different 
cryoprotecting agents, viability of the semen is still maintained but it varies depending on 
the type of cryoprotecting agents used. DMSO-dimethylsulphoxide proved to be more 
efficient than other cryopreservatives in preserving sperm viability. Its potential in 
cryopreservation can be increased when used in combination with a 5% glucose solution, i.e. 
DGP and DP proved to be the best even for both trials.   

Also, viability of African catfish C. gariepinus semen cryopreserved in liquid nitrogen can be 
maintained for a relatively long time provided ideal protocols are strictly followed. From 
economic feasibility perspective of cryopreservation of catfish semen, cryopreserved semen 
is economically feasible and profitable for the cryobank institute or company. The farmers 
are also assured of the viability of the sperm cells they are buying. 

The ability of the African giant catfish (Clarias gariepinus Burchell, 1822) semen cryopreserved 
from 4-8 months with different combinations of extender and cryoprotecting agents, 
dimethylsulphoxide (DMSO) and glycerol with two extenders: GFR (Ginzburg fish ringer) and 
PBS (Phosphate buffer saline) to fertilize various egg clutch weights were investigated to 
evaluate the optimum clutch of egg a milliliter of cryopreserved semen can fertilize. DMSO + 
glucose with PBS and DMSO+ PBS only proved to be the best cryoprotectant-extender 
combination in maintaining viability of catfish semen. The optimum viability of the semen was 
also observed at 4.0-5.0 g of clutch of eggs/ml of semen with little deviation. The first trial was 
on dilution ratio of 1:1 but in the second trial, the semen was diluted further at a ratio of 1:20 
and tested on various egg clutch weights (1, 2, 3, 4, 5 g) to evaluate the viability of 
cryopreservation even at further dilution. There was a significant effect of different 
cryoprotecting agents (p<0.05) on egg clutch weights. There was a significant effect (p<0.05) 
for hatchability and fertility in the first trial but only fertility in the second trial.  

In another experiment we tried higher dilution ratio 1:40 and with bigger clutch of eggs 
(120g) of a standard female breeder (1.0 kg + 0.2 kg) simulating the practices of many 
commercial farmers, this time with the cryopreserved sperm.  Compared with the control 
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3.6 Cost of production of cryopreserved catfish sperm for the aquaculture industry 
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Distilled Water 50.00 50.00 50.00 50.00 
Glucose - 4.10 - - 
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DGP, GP and GF. Though, they were not all procured from the same source, all gave almost 
similar total cost which ranges between N7,192. 00 – N7,280. 00 and cost/vial ranges between 
N 89.00 and N 91.00 (1 $ = N 150.00; N, naira is the Nigerian currency). Consequently, the 
proposed economical selling price (in case a cryobank in the University or the collaborating 
research agency is to be established)  considering the present inflation rate is the same for the 
type of cryoprotectant to be used, but net profit per vial is slightly different. 

The selling price for GF is expected to be reduced irrespective of its total cost because of 
lower viability rate of semen cryopreseved with it. Profit per vial was also calculated which 
is highest for GP at N100/vial and lowest for GF at N95/vial. The selling price ranges from 
N95.00 – N100.00 which would encourage the buyers to buy it affordably with reasonable 
profit for the institute (cryobank). 

However, the total cost of GP and GF are lower because of the lower cost price of glycerol, 
but GF gave the least total cost because of a slight difference in the type and amount of 
chemical used. Total cost of DGP is higher than that of DP, because of cost of glucose 
inclusion and higher cost of DMSO. 

4. Conclusion 
From this study it can be concluded that at further dilution of semen together with different 
cryoprotecting agents, viability of the semen is still maintained but it varies depending on 
the type of cryoprotecting agents used. DMSO-dimethylsulphoxide proved to be more 
efficient than other cryopreservatives in preserving sperm viability. Its potential in 
cryopreservation can be increased when used in combination with a 5% glucose solution, i.e. 
DGP and DP proved to be the best even for both trials.   

Also, viability of African catfish C. gariepinus semen cryopreserved in liquid nitrogen can be 
maintained for a relatively long time provided ideal protocols are strictly followed. From 
economic feasibility perspective of cryopreservation of catfish semen, cryopreserved semen 
is economically feasible and profitable for the cryobank institute or company. The farmers 
are also assured of the viability of the sperm cells they are buying. 

The ability of the African giant catfish (Clarias gariepinus Burchell, 1822) semen cryopreserved 
from 4-8 months with different combinations of extender and cryoprotecting agents, 
dimethylsulphoxide (DMSO) and glycerol with two extenders: GFR (Ginzburg fish ringer) and 
PBS (Phosphate buffer saline) to fertilize various egg clutch weights were investigated to 
evaluate the optimum clutch of egg a milliliter of cryopreserved semen can fertilize. DMSO + 
glucose with PBS and DMSO+ PBS only proved to be the best cryoprotectant-extender 
combination in maintaining viability of catfish semen. The optimum viability of the semen was 
also observed at 4.0-5.0 g of clutch of eggs/ml of semen with little deviation. The first trial was 
on dilution ratio of 1:1 but in the second trial, the semen was diluted further at a ratio of 1:20 
and tested on various egg clutch weights (1, 2, 3, 4, 5 g) to evaluate the viability of 
cryopreservation even at further dilution. There was a significant effect of different 
cryoprotecting agents (p<0.05) on egg clutch weights. There was a significant effect (p<0.05) 
for hatchability and fertility in the first trial but only fertility in the second trial.  

In another experiment we tried higher dilution ratio 1:40 and with bigger clutch of eggs 
(120g) of a standard female breeder (1.0 kg + 0.2 kg) simulating the practices of many 
commercial farmers, this time with the cryopreserved sperm.  Compared with the control 
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fresh semen that gave the highest motility at appreciably high percentage (71%) which was 
significantly different (P<0.05) from cryopreserved semen diluted at ratios 1:1 (50.52%) and 
1:40 (49.05%). However, there was no significant difference between the two diluted 
cryopreserved semen (P>0.05). It was evident that the freezing process and cryopreservation 
decreased sperm motility after cryopreservation. It could be deduced that cryopreserved 
sperm still needs to be completely activated after thawing in order to fertilize the whole 
clutch of eggs since there is a direct relationship between motility and fertility. 

In order to assist subsistence fish farmers who may not be able to obtain cryopreserved 
semen, the motility of sperm cells stored under refrigerated conditions in different extenders 
was studied.  This research evaluated the effect of extenders and period of refrigerated 
storage on the sperm motility of Clarias gariepinus sperm cells with the intent to identify a 
suitable extender for the refrigerated storage of the sperm cells of Clarias gariepinus. Semen 
samples were collected from mature broodstock and were refrigerated with various 
different extenders at ratio 1:3 namely: Calcium-free Hanks’ Balanced Salt Solution (Ca-F 
HBSS), RPMI 1640 culture medium and 0.9% NaCl.  Ca-F HBSS extender was prepared at 3 
different osmolalities: 200mOsmol/kg, 300mOsmol/kg and 400mOsmol/kg. Sperm cells in 
RPMI 1640 and 0.9% NaCl extenders were also kept at room temperature to assess the effect 
of refrigeration on motility of catfish sperm cells. Motility was monitored on a 24-hour basis 
and % motility was evaluated daily. Results showed that sperm cells of Clarias gariepinus 
using 200mOsmol/kg as extender (p<0.05) can be stored under refrigeration for 12 days.  
However, of all the extenders evaluated, RPMI 1640 proved to be the most effective extender 
(p<0.05) retaining higher motility of the refrigerated sperm cells of Clarias gariepinus. 

The viability of sperm preserved under ordinary refrigerated conditions is possible for a 
short period of time of 2-7 days depending on the amount of extender used. A culture 
medium like RPMI 1640 used in this study may give longer life span for sperm cells under 
refrigerated conditions. Extenders like RPMI 1640 or the cheaper Ca-F HBSS is an alternative 
that can be recommended for farmers who may have excess of sperm cells from slaughtered 
male fish for more female gravid eggs that can be sourced within a time period of one week. 

The cost of production of a cryotube of sperm (cost of materials, reagents, liquid nitrogen, 
etc.) was carried out to determine the cost of a milliliter of cryopreserved sperm with a view 
to selling cryopreserved semen by the research laboratory to farmers who may not be able to 
afford to buy a male broodstock yielding an affordable cost of N100/ml compared to 
current cost of a male breeder which is N 1000 -1500 each (1 $ = 165 N). This also ensures the 
farmer that the cryopreserved sperm cells they might alternatively buy are viable and will 
be able to induce the spawning of the female broodstock. 
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1. Introduction  
There is a trend to preserve the plant germplasm by not only conventional ex situ methods 
or in vitro techniques, but also, more recently, by cryopreservation. Cryopreservation 
techniques are based on the storage of plant samples at very low temperature at which 
practically no chemical reactions occur and consequently, neither aging nor genetic changes 
of plant material. There has been a great development progress of cryopreservation methods 
during last years. Cryopreservation becomes a highly utilized technique for germplasm 
conservation. Generally the cryopreservation is storage of the samples. The samples can be 
e.g. organs and shoots tips from in vitro culture, or from the field, such as mature, immature 
bulbils, cloves of garlic or dormant buds of fruit trees, at the ultra-low temperature (mainly 
–196 °C, the temperature of liquid nitrogen). 

Although the technique was introduced for plants in the ‘70s, it has never been applied on a 
wide scale due to the high cost of cryo-freezers; indeed, it was used in order to escape the 
formation of lethal intracellular ice crystals, time-consuming and laborious slow-cooling 
procedures. A new cryogenic - vitrification technique is now available, aiming at the direct 
immersion of plant specimens from tissue cultures in liquid nitrogen, without resorting to 
an expensive apparatus for slow cooling and with a considerable simplification of the 
procedures (Benson, 2008). The vitrification method simplifies cryogenic process and makes 
possible an increased application of cryopreservation on wide-range plant genetic resources. 
The glassy state is the objective status of cryopreservation methods named vitrification. 

The aim of this study is a comparison of different cryopreservation methods based on the 
vitrification achieved by dehydration and glass transition temperature (Tg), and their 
efficiency towards optimal regeneration of vegetatively propagated plants. The thermal 
characteristics, evaluation of frozen water content, and the glass transition temperature were 
measured by a differential scanning calorimeter. 

2. Importance of cryopreservation of vegetatively propagated plants 
Some of vegetatively propagated plants are not able to reproduce by seeds e.g. garlic 
plant (Allium sativum L.). The only way how to propagate it is to use its cloves or bulbils 
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for seeding plants for further growing. The vegetatively propagated plant germplasm is 
endangered by abiotic and biotic factors in the field conditions. Although the production 
area of many vegetatively propagated plants has been decreasing, many local cultivars 
and varieties remain. In the presence of decreasing cultivar variability in production 
areas, diminishing of old orchards, as well as appearance of diseases close to field 
collection areas, the question of safely maintaining the broad genetic potential of fruit 
trees is arising. 

Two safe methods ensure vegetatively propagated plant germplasm maintenance with a 
low risk of loss: slow-growth in vitro culture and the cryopreservation methods. 
Advantages of in vitro collection are aseptic and stable conditions of the cultivation and 
availability of the material during the year. A disadvantage is the necessity of sequential 
plant multiplication. Advantages of cryo-collection are low costs for its long-term 
maintenance and material stability. Disadvantages are a longer time for the plant to 
recover from stored material and a rather high input costs of the cryopreservation 
procedure. The best way how to maintain germplasm is the combination of both methods. 
The base collection should be maintained by in vitro collection that provides the material 
in case of requirements. Core collection of the most valuable material, should be backed-
up by cryo-collection for long-term storage, and plants are recovered just in case the 
genotype is lost from the base collection. For that reason, important vegetatively 
propagated plant collections have started to introduce accessions to slow-growth in vitro 
cultures and simultaneously in cryo-collection in liquid nitrogen (Gonzalez-Arnao et al., 
2008; Keller et al., 2008; Kim et al., 2006).  

3. Cryopreservation methods 
The latest results from the field of low temperature biology suggest that the main factor 
influencing the success of the cryopreservation method is the maintenance of a glassy state 
in plant samples and the avoidance of ice nucleation. The danger of ice nucleation and 
subsequent ice crystallization leading to frost damage during cooling and rewarming of 
samples is considered as a critical point of cryopreservation. That is the reason why many of 
the new progressive methods use and involve a glassy state in plant material intended for 
cryopreservation. Knowledge of the glass transition temperature is useful not only for 
improving methods involving glassy state in plant shoots tips. It also provides information 
essential for the long-term storage of shoot tips.  

This biotechnology is based on the induction of the vitrification status – glass induction by 
dehydration, addition of cryoprotectants and a very fast decrease in temperature. 
Vitrification can be achieved in a number of ways (Sakai & Engelmann, 2007) but they 
usually all have the results of increased solute concentration to a critical viscosity. Low 
water content minimizes the ice crystallization that is potentially dangerous for plant cells 
and increases the temperature of glass transition. Supposing that the change of water status 
in the certain range is not limiting for plant regeneration. Plant Vitrification Solutions (PVS) 
marked with numbers according to the specific mixture of basic cryoprotectants and their 
concentrations are usually used for osmotic dehydration. Another cryopreservation method 
used, is based on desiccation in the air-flow cabinet. It is defined with the flow rate, 
temperature and humidity or on desiccation over various saturated salt solutions with 
steady-state activity of water. 

Comparison of Cryopreservation Methods of 
Vegetatively Propagated Crops Based on Thermal Analysis 335 

3.1 Cryoprotectants involved in vitrification method 

The cryopreservation method using a vitrification solution was first described by (Luyet, 
1937). The vitrification solutions were firstly named, according to the first author of the 
publication and later the vitrification solutions have abbreviated names from Plant 
Vitrification Solution (PVS) with a number according to the time of their first appearance in 
the literature. The main ones are Luyet (1937), Fahy (1985), Steponkus (Langis & Steponkus, 
1990), PVS1 (Uragami et al., 1989; Towill, 1990), PVS2 (Suzuki et al., 2008), PVS3, PVS4, PVS5 
(Nishizawa et al., 1993), VS6 (Liu et al., 2004a), PVSL (Liu et al., 2004b) VSL (Suzuki et al., 2008), 
with different concentration and combination of the main four components: dimethylsulfoxide, 
sucrose, glycerol and ethylene glycol. The increased efficiency of vitrification methods was 
achieved by treating plants in the pre-cultivation step before cryopreservation of plant shoot 
tips in so called Loading Solution (LS) (Dumet et al., 2002; Matsumoto & Sakai, 1995; Sakai et al., 
1991; Sakai & Engelmann, 2007). The cryoprotective substances should fulfil several basic 
parameters, such as cell permeability, viscosity, toxicity and the minimum concentration 
necessary for the vitrification, which eliminates the formation of ice crystals. 

Cryoprotective substances help to ensure the stability of membranes and enzymes in the 
subsequent dehydration by vitrification solutions and to avoid the formation of ice crystals 
(Kartha & Leung, 1979; Kim et al., 2006). The samples are exposed to a several hour-long 
treatment by some cryoprotective substances, and then they are plunge-frozen in liquid 
nitrogen. The effect of cryoprotective solution composition for plant regeneration was studied 
in different plant species (Ellis et al., 2006; Kim et al., 2004; Kim et al., 2009; Tanaka et al., 2004). 

In the most recent approaches to the garlic cryopreservation, vitrification method can be 
induced by treating the shoot tips of plantlets with a highly concentrated a mixture of 
glycerol and sucrose. (Nishizawa et al., 1993) developed Plant Vitrification Solution 3 (PVS3) 
with 50% glycerol (w/v) and 50% sucrose (w/v) in water. It is noteworthy that, following 
these procedures, the plant specimens can be directly plunged into liquid nitrogen, where 
they can be stored for an indefinite period of time without undergoing the risks of 
contamination or genetic alterations. 

3.2 Methods based on dehydration  

Potato (Solanum tuberosum L.) is a plant species sensitive to frost temperatures. Cryoprotocol 
for potato has to solve the problem of how to overcome temperature between 0 °C and  
–130 °C during cooling and warming without ice crystal growth and cell damage. Cold 
acclimation is not appropriate as pre-cultivation for potato plant (Hirai & Sakai, 1999; 
Schafer-Menuhr et al., 1996;  Kaczmarczyk, 2008). The only method for potato vitrification is 
a water content decrease in samples, and than the rapid cooling and warming rate. Water 
content decrease is achieved by preculturing explants with osmotic compounds, air 
desiccation or vitrification. On bases, vitrification (Sarkar & Naik, 1998), droplet (Schafer-
Menuhr et al., 1996) and recently vitrification-droplet (Halmagyi et al., 2004; Schafer-Menuhr 
et al., 1996) methods were developed or adapted for potato. 

3.3 Encapsulation-dehydration  

One of the other cryopreservation methods is encapsulation-dehydration. The shoot tips 
were encapsulated in an alginate gel. Experiments with dynamic dehydration studies 
demonstrated the necessity of meristems encapsulation (Benson et al., 1996; Grospietsch et 
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al., 1999; Hirai & Sakai, 1999). The encapsulation of shoot tips prolongs the dehydration 
period up to seven hours at a low relative humidity. The alginate beads without shoot tips 
had approximately the same dehydration-time curve. On the contrary no encapsulated 
shoot tips were completely dehydrated up to 1hour. The static dehydration of shoot tips was 
done over the various saturated salt solutions. 

4. Cryoprotocols  
4.1 Garlic 

The unripe topsets were surface sterilized by chloramines and 75% ethanol and from this 
point, all preparations were performed under sterile conditions using sterile instruments and 
culture media in a laminar flow box. Opening the surface sterilized topset in sterile condition, 
all the inside structures were sterile (Fig. 1a). The sterile unripe bulblets were removed and 
cuts were made to the clusters or clumps of 3-8 bulbils. The bulbils varied in the thickness 
(approximately 2 mm) and in the length (3-5 mm) depending on the genotype and stage of 
ripening. Inside the unripe bulbils shoot tips were (Fig. 2a) with meristematic tissue.  

Pre-culture of unripe clusters of bulbils was done on the MS culture medium (Murashige & 
Skoog, 1962) with 0,2 mg L-1 BAP and 0,02 NAA mg L-1 with 10 % sucrose for 20-24 h at 
22 °C and 16 h light in Petri dishes sealed with Parafilm. 

a b

c d

a b

c d

 
Fig. 1. Plants grown in in vitro conditions ready for dissection of shoot tips: (a) Garlic. Scale 
bar, 5 mm; (b) Potato. Scale bar, 1 mm; (c) Hop. Scale bar, 5 mm and (d) Apple tree. Scale 
bar, 10 mm.  
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Fig. 2. The size and shape of shoot tips used for cryopreservation. (a) Garlic. Scale bar, 1 mm; 
(b) Potato. Scale bar, 0,25mm; (c) Hop. Scale bar, 0,25 mm and (d) Apple tree. Scale bar, 1 mm.  

Cryoprotocol Steps The Procedure 
Unripe bulbils dehydration 

 
Immersion in the loading solution (13,7 % (w/v) sucrose + 18,4 % 
(w/v) glycerol in the liquid medium) (Sakai et al., 1991) for 20 
minutes 

Cryopreservation 

 

Dehydration by PVS3 (Nishizawa et al., 1993) at a laboratory 
temperature for 2 hours 
Removing and adding fresh PVS3 before freezing  
Aluminum foil stripes with 5-10 clusters of unripe bulbils 
plunged directly into liquid nitrogen at least for one hour in 
liquid nitrogen (Sarkar & Naik, 1998)  

Thawing 

 Rapid warming immersion into a 40 °C water bath for 30-120 
seconds for thawing 

Survival and regeneration evaluation 

 

Sub-culture on MS medium supplemented with 0,2 mg L-1BAP 
and 0,02 NAA mg L-1 with 3 % sucrose for seven days in the dark  
Evaluation of survival after two weeks (Fig. 12a.) 
Evaluation of regeneration after 8-10 weeks  

Table 1. Cryopreservation steps of garlic  
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bar, 5 mm; (b) Potato. Scale bar, 1 mm; (c) Hop. Scale bar, 5 mm and (d) Apple tree. Scale 
bar, 10 mm.  
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Fig. 2. The size and shape of shoot tips used for cryopreservation. (a) Garlic. Scale bar, 1 mm; 
(b) Potato. Scale bar, 0,25mm; (c) Hop. Scale bar, 0,25 mm and (d) Apple tree. Scale bar, 1 mm.  

Cryoprotocol Steps The Procedure 
Unripe bulbils dehydration 

 
Immersion in the loading solution (13,7 % (w/v) sucrose + 18,4 % 
(w/v) glycerol in the liquid medium) (Sakai et al., 1991) for 20 
minutes 

Cryopreservation 

 

Dehydration by PVS3 (Nishizawa et al., 1993) at a laboratory 
temperature for 2 hours 
Removing and adding fresh PVS3 before freezing  
Aluminum foil stripes with 5-10 clusters of unripe bulbils 
plunged directly into liquid nitrogen at least for one hour in 
liquid nitrogen (Sarkar & Naik, 1998)  

Thawing 

 Rapid warming immersion into a 40 °C water bath for 30-120 
seconds for thawing 

Survival and regeneration evaluation 

 

Sub-culture on MS medium supplemented with 0,2 mg L-1BAP 
and 0,02 NAA mg L-1 with 3 % sucrose for seven days in the dark  
Evaluation of survival after two weeks (Fig. 12a.) 
Evaluation of regeneration after 8-10 weeks  

Table 1. Cryopreservation steps of garlic  
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4.2 Potato 

Potato explants (Fig. 1b.) were multiplied by nodal cuttings in plastic boxes (Vitro Vent 
container, Duchefa) on 100 ml modified MS medium (Grospietsch et al., 1999) with 7 g L-1 
agar and 30 g L-1 sucrose, without myo-inositol and phytohormones, with a decreased 
amount of nitrogen at pH 5,5. Nodal cuttings were cultivated at 22 ± 1 °C, 80 µmol m-2 s-1 
and photoperiod 16/8 h light/dark (L/D) ( Fig. 1b). Subculture interval was 3-4 weeks. 

Nodal cuttings were planted in the same conditions as the pre-cultured plants but only 
50 ml medium was used per one box. After 4 day pre-culture, lateral buds elongated to at 
least 1 mm (Fig. 2b). Subsequently, 25 ml 2 M sucrose was added into each container and 
explants were cultivated at the same conditions for the next 5-6 days.  

Cryoprotocol Steps The Procedure 
Shoot tips dehydration 

 

Shoot tips (Fig. 2b.) (1-2 mm) were transferred onto a filter paper 
moistened with 14 ml 0,7 M sucrose and phytohormones of the 
same composition as in a recovery medium (0,5 mg L-1 IAA + 0,5 
mg L-1 Kinetin + 0.2 mg L-1 GA3) at 22 ± 1 °C and photoperiod 
16/8 h (L/D) and shielded with a leaf of paper for overnight.  
The second day the shoot tips were transferred (20 tips per foil) 
onto aluminum foils (20 x 6 x 0.05 mm)  
Dehydration above silicagel for 1,75 – 2 h. 

Cryopreservation 

 Plunging aluminum foils into liquid nitrogen 
Stored in cryovials (two foils with 20 shoot tips per vial). 

Thawing 

 

Alluminum foils plunged rapidly into the water bath at a 
laboratory temperature. 
Transfer immediately onto the recovery medium (Grospietsch et 
al., 1999) with the same composition as the pre-culture medium 
but with phytohormones (0,5 mg L-1 IAA + 0,.5 mg L-1 Kinetin + 
0,2 mg L-1 GA3) 

Survival and regeneration evaluation 

 

Survival was defined by shoot tip growth and by green color and 
recovery as a new explant development (Fig. 12b.) 
Plant regeneration was evaluated 2 and 8 weeks after 
cryopreservation.  

Table 2. Cryopreservation steps of potato  

4.3 Hop 

Maternal plants were cultivated on a multiplication medium without phytohormones at 22 ± 
1 °C, 80 µmol m-2 s-1, photoperiod 16/8 h (L/D); subculture interval was 8 weeks. Modified 
solid medium (Murashige & Skoog, 1962) without casein and myoinositol, with decreased 
amount of nitrogen (25 % (w/v) of NH4NO3 and 50 % (w/v) of KNO3 of the original 
Murashige and Skoog medium), with 40 g L-1 glucose, pH 5,5 without phytohormones was 
used as the multiplication medium (MSH).  
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Nodal cuttings were planted in the same conditions as during explant multiplication but 
only 50 ml medium was used per one box (Fig 1c). After 7-10 d pre-culture, lateral buds 
elongated to 1-2 mm. Then the explants were transferred into cold acclimation conditions at 
4 °C for 7-10 days. Subsequently 25 ml 0,7 M sucrose was added into each container and 
explants (Fig. 1c.) were cultivated at the same conditions for the next 7-10 days.  

Cryopreservation steps for hop shoot tips were the same as for potato (see Tab. 2). 

4.4 Apple tree 

In vitro plants (Fig. 1d) were cultivated in 100 ml Ehrlenmeyer flasks with 20 ml of MS 
medium, 3% (w/v) sucrose, 6 g L-1 agar, supplemented with GA3 1 mg L-1, BAP 1 mg L-1, 
IBA 1 mg L-1, at 20 ± 1 °C, 8/16 (L/D) photoperiod of light intensity 100 µmol m-2 s-1.  

Cryoprotocol Steps The Procedure 
Shoot tips dehydration 
 One to two week subcultivation on fresh MS medium, 

 Cold hardening for 4-6 weeks at +4± 1 °C, short photoperiod 
(8/16, L/D) of light intensity 25 µmol m-2 s-1 

 Petri dish with 16 ml of MS medium and poured with 16 ml of 
2M sucrose solution for 48 hours 

 

Encapsulation of shoot tips (Fig. 2d. ) with meristematic cells in 
3% w/v dipped into alginate in 0,75M sucrose for 10 min and 
then drop into 0,1 M CaCl2 in 0,6 M sucrose for 10 min to net 
the alginate and form a bead 
 

Cryopreservation 
 Beads are gently dried on a sterile filter paper 

 
Additional dehydration in the laminar flow box at laboratory 
temperature and dehydrated for different time up to 4 -5 hours, 
 Placed in 2 ml cryovials and plunged in liquid nitrogen. 

Thawing 

 Shoot tips with beads were warmed up by plunging cryovials in 
40 °C water 

Survival and regeneration evaluation 

 Survival was defined by shoot tip growth and by green color 
and regenerated as a new explant development (Fig. 12d.) 

Table 3. Cryopreservation steps of apple tree 

5. Thermal analysis  
Differential scanning calorimetry (DSC) belongs to thermal methods that can be used for 
measurement and determination of phase and glass transitions for cryopreservation. In 
principle, the DSC measures the temperatures and heat flows associated with transitions in 



 
Current Frontiers in Cryopreservation 338 

4.2 Potato 
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and photoperiod 16/8 h light/dark (L/D) ( Fig. 1b). Subculture interval was 3-4 weeks. 

Nodal cuttings were planted in the same conditions as the pre-cultured plants but only 
50 ml medium was used per one box. After 4 day pre-culture, lateral buds elongated to at 
least 1 mm (Fig. 2b). Subsequently, 25 ml 2 M sucrose was added into each container and 
explants were cultivated at the same conditions for the next 5-6 days.  

Cryoprotocol Steps The Procedure 
Shoot tips dehydration 

 

Shoot tips (Fig. 2b.) (1-2 mm) were transferred onto a filter paper 
moistened with 14 ml 0,7 M sucrose and phytohormones of the 
same composition as in a recovery medium (0,5 mg L-1 IAA + 0,5 
mg L-1 Kinetin + 0.2 mg L-1 GA3) at 22 ± 1 °C and photoperiod 
16/8 h (L/D) and shielded with a leaf of paper for overnight.  
The second day the shoot tips were transferred (20 tips per foil) 
onto aluminum foils (20 x 6 x 0.05 mm)  
Dehydration above silicagel for 1,75 – 2 h. 

Cryopreservation 

 Plunging aluminum foils into liquid nitrogen 
Stored in cryovials (two foils with 20 shoot tips per vial). 

Thawing 

 

Alluminum foils plunged rapidly into the water bath at a 
laboratory temperature. 
Transfer immediately onto the recovery medium (Grospietsch et 
al., 1999) with the same composition as the pre-culture medium 
but with phytohormones (0,5 mg L-1 IAA + 0,.5 mg L-1 Kinetin + 
0,2 mg L-1 GA3) 

Survival and regeneration evaluation 

 

Survival was defined by shoot tip growth and by green color and 
recovery as a new explant development (Fig. 12b.) 
Plant regeneration was evaluated 2 and 8 weeks after 
cryopreservation.  

Table 2. Cryopreservation steps of potato  

4.3 Hop 

Maternal plants were cultivated on a multiplication medium without phytohormones at 22 ± 
1 °C, 80 µmol m-2 s-1, photoperiod 16/8 h (L/D); subculture interval was 8 weeks. Modified 
solid medium (Murashige & Skoog, 1962) without casein and myoinositol, with decreased 
amount of nitrogen (25 % (w/v) of NH4NO3 and 50 % (w/v) of KNO3 of the original 
Murashige and Skoog medium), with 40 g L-1 glucose, pH 5,5 without phytohormones was 
used as the multiplication medium (MSH).  
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Nodal cuttings were planted in the same conditions as during explant multiplication but 
only 50 ml medium was used per one box (Fig 1c). After 7-10 d pre-culture, lateral buds 
elongated to 1-2 mm. Then the explants were transferred into cold acclimation conditions at 
4 °C for 7-10 days. Subsequently 25 ml 0,7 M sucrose was added into each container and 
explants (Fig. 1c.) were cultivated at the same conditions for the next 7-10 days.  

Cryopreservation steps for hop shoot tips were the same as for potato (see Tab. 2). 

4.4 Apple tree 

In vitro plants (Fig. 1d) were cultivated in 100 ml Ehrlenmeyer flasks with 20 ml of MS 
medium, 3% (w/v) sucrose, 6 g L-1 agar, supplemented with GA3 1 mg L-1, BAP 1 mg L-1, 
IBA 1 mg L-1, at 20 ± 1 °C, 8/16 (L/D) photoperiod of light intensity 100 µmol m-2 s-1.  

Cryoprotocol Steps The Procedure 
Shoot tips dehydration 
 One to two week subcultivation on fresh MS medium, 

 Cold hardening for 4-6 weeks at +4± 1 °C, short photoperiod 
(8/16, L/D) of light intensity 25 µmol m-2 s-1 

 Petri dish with 16 ml of MS medium and poured with 16 ml of 
2M sucrose solution for 48 hours 

 

Encapsulation of shoot tips (Fig. 2d. ) with meristematic cells in 
3% w/v dipped into alginate in 0,75M sucrose for 10 min and 
then drop into 0,1 M CaCl2 in 0,6 M sucrose for 10 min to net 
the alginate and form a bead 
 

Cryopreservation 
 Beads are gently dried on a sterile filter paper 

 
Additional dehydration in the laminar flow box at laboratory 
temperature and dehydrated for different time up to 4 -5 hours, 
 Placed in 2 ml cryovials and plunged in liquid nitrogen. 

Thawing 

 Shoot tips with beads were warmed up by plunging cryovials in 
40 °C water 

Survival and regeneration evaluation 

 Survival was defined by shoot tip growth and by green color 
and regenerated as a new explant development (Fig. 12d.) 

Table 3. Cryopreservation steps of apple tree 

5. Thermal analysis  
Differential scanning calorimetry (DSC) belongs to thermal methods that can be used for 
measurement and determination of phase and glass transitions for cryopreservation. In 
principle, the DSC measures the temperatures and heat flows associated with transitions in 
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plant material as a function of time and temperature. It gives information about 
endothermic or exothermic changes or changes in heat capacity. The obtained data can be 
used for determination of glass transition, temperature of ice nucleation, melting, boiling, 
crystallization time and kinetic reaction – the most important characteristics useful for 
cryopreservation (Zámečník & Faltus, 2009). The danger of nucleation and subsequent 
intracellular ice crystallization leading to frost damage during cooling and rewarming of the 
samples is considered a critical point of plant survival at ultra-low temperatures.  

The differential scanning calorimetry method is based on the regulated decrease/increase 
temperature of the sample and reference and the measurement of temperature and heat 
flow corresponding to the sample. There are two different types of the differential scanning 
calorimeters. The power compensation DSC type directly measures heat release/uptake 
from the sample and the heat flow type measures differences of temperature between 
reference and sample and recalculates the differential heat flux. The most common 
cooling/heating rate of the sample is 10 °C min-1.  

 
Fig. 3. Example of apple tree shoot tips heat flow response to the temperature. Cooling and 
warming rate was 10 °C min -1. Exo up.  

In our experiments we used shoot tips of in vitro cultures of apple tree. Samples with 
different water content were obtained by air dehydration of alginate encapsulated shoot tips 
in the flow box or by dehydration at 4 °C of in vitro cultures. For DSC measurement 
dissected shoot tips were placed in aluminum sample pans and measured by Differential 
Scanning Calorimeter TA2920. Samples were cooled down to -120 °C (rate of 10 °C min-1). 
The data were collected during heating to 20 °C (rate of 10 °C min-1). The purge gas was 
either nitrogen or helium.  

A Differential Scanning Calorimeter is used as a main tool in cryobiology to assist 
cryopreservation protocol development, to store thermograms as a documentation of cryo-
protocols in the use and to keep information about stored samples and their thermal 
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properties before, during and after cryopreservation (Benson et al., 1996; Faltus & Zámečník, 
2009; Šesták & Zámečník, 2007; Zámečník et al., 2007)  

There is an example (Fig. 3) of measured thermal characteristics of shoot tips of apple tree in 
vitro culture cv. Greensleeves by the DSC. Samples of an approximate weight of 10 mg were 
crimped in an aluminium sample pan and cooled from room temperature to -120 °C. 
Cooling and heating rate was 10 °C min-1. The glass transition, exothermic and endothermic 
characteristics were analyzed in detail during heating. Thermal characteristics were 
measured by DSC TA 2920 (TA Instruments) and evaluated by Universal Analysis 2000 for 
Windows (TA Instruments). 

6. Water content and glass transition 
6.1 Garlic 

Water content during dehydration of garlic cv. Djambul 2 clusters of shoot tips by PVS3 
(Fig. 4). Total amount of water (solid line) and amount of crystallized water (dash line) in 
shoot tips treated with PVS3 rapidly descend during the first 1,5 hours and further is 
constant. Crystallized water reaches minimum  after 1,75 hours of PVS3 treatment. In this 
case the decrease of water content in the unripe bulbils is probably so low that it can have no 
further influence on the glass transition change. In comparison with the measurements in 
this study on the apple tree shoot tips (see below), the glass transition temperature increases 
with decreases of water after dehydration.  

 

 
Fig. 4. Unripe garlic bulbils water content (empty circle) and the part of frozen water (full 
circles) during PVS3 treatment. Note: The unripe bulbils were in the loading solution first 20 
minutes than they were immersed in to the PVS3. The bars are standard deviation of mean.  
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plant material as a function of time and temperature. It gives information about 
endothermic or exothermic changes or changes in heat capacity. The obtained data can be 
used for determination of glass transition, temperature of ice nucleation, melting, boiling, 
crystallization time and kinetic reaction – the most important characteristics useful for 
cryopreservation (Zámečník & Faltus, 2009). The danger of nucleation and subsequent 
intracellular ice crystallization leading to frost damage during cooling and rewarming of the 
samples is considered a critical point of plant survival at ultra-low temperatures.  

The differential scanning calorimetry method is based on the regulated decrease/increase 
temperature of the sample and reference and the measurement of temperature and heat 
flow corresponding to the sample. There are two different types of the differential scanning 
calorimeters. The power compensation DSC type directly measures heat release/uptake 
from the sample and the heat flow type measures differences of temperature between 
reference and sample and recalculates the differential heat flux. The most common 
cooling/heating rate of the sample is 10 °C min-1.  

 
Fig. 3. Example of apple tree shoot tips heat flow response to the temperature. Cooling and 
warming rate was 10 °C min -1. Exo up.  

In our experiments we used shoot tips of in vitro cultures of apple tree. Samples with 
different water content were obtained by air dehydration of alginate encapsulated shoot tips 
in the flow box or by dehydration at 4 °C of in vitro cultures. For DSC measurement 
dissected shoot tips were placed in aluminum sample pans and measured by Differential 
Scanning Calorimeter TA2920. Samples were cooled down to -120 °C (rate of 10 °C min-1). 
The data were collected during heating to 20 °C (rate of 10 °C min-1). The purge gas was 
either nitrogen or helium.  
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cryopreservation protocol development, to store thermograms as a documentation of cryo-
protocols in the use and to keep information about stored samples and their thermal 
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properties before, during and after cryopreservation (Benson et al., 1996; Faltus & Zámečník, 
2009; Šesták & Zámečník, 2007; Zámečník et al., 2007)  

There is an example (Fig. 3) of measured thermal characteristics of shoot tips of apple tree in 
vitro culture cv. Greensleeves by the DSC. Samples of an approximate weight of 10 mg were 
crimped in an aluminium sample pan and cooled from room temperature to -120 °C. 
Cooling and heating rate was 10 °C min-1. The glass transition, exothermic and endothermic 
characteristics were analyzed in detail during heating. Thermal characteristics were 
measured by DSC TA 2920 (TA Instruments) and evaluated by Universal Analysis 2000 for 
Windows (TA Instruments). 

6. Water content and glass transition 
6.1 Garlic 

Water content during dehydration of garlic cv. Djambul 2 clusters of shoot tips by PVS3 
(Fig. 4). Total amount of water (solid line) and amount of crystallized water (dash line) in 
shoot tips treated with PVS3 rapidly descend during the first 1,5 hours and further is 
constant. Crystallized water reaches minimum  after 1,75 hours of PVS3 treatment. In this 
case the decrease of water content in the unripe bulbils is probably so low that it can have no 
further influence on the glass transition change. In comparison with the measurements in 
this study on the apple tree shoot tips (see below), the glass transition temperature increases 
with decreases of water after dehydration.  

 

 
Fig. 4. Unripe garlic bulbils water content (empty circle) and the part of frozen water (full 
circles) during PVS3 treatment. Note: The unripe bulbils were in the loading solution first 20 
minutes than they were immersed in to the PVS3. The bars are standard deviation of mean.  
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Fig. 5. Glass transition temperature of Allium shoot tips after moisture loss by dehydration 
in the Plant Vitrification Solution 3 (PVS3). Circles show the glass transition midpoint  in 
shoot tips and bars show the onset and endset of glass transition. Squares show the glass 
transition of PVS3 in shoots. The full line is for the glass transition of PVS3 without shoots. 
The dashed line above is the endset of glass transition and below the onset of glass 
transition for PVS3.  

Glass transition of garlic shoot tips was measured after different times of treatment – unripe 
bulbils in PVS3 at 23 °C (Fig. 5). At each curve, there were two S-shape heat flow changes 
during warming of the samples, typical for glass transition. The lower glass transition 
temperature on unripe bulbils heat flow curves coincides within the range of onset and 
endset of the glass transition temperature of PVS3 measured after unloading unripe bulbils. 
This glass transition temperature can be of PVS3 coating on the surface of the shoot tips 
immersed in PVS3.  

The high glass transition temperature corresponds to glass transition of the shoot tips 
because at this range of temperature there were no thermal events on the PVS3 
temperature dependent curve. There is no significant difference in the change of shoot tip 
glass transition changes from 0,5 to 2,5 hours of PVS3 treatment. The detectable glass 
transition was found between -30 °C and -39 °C. The average glass transition temperature 
is -33,5 °C after 0,5 hour. From these results it is obvious that the glass transition at higher 
temperature is for shoot tips saturated with PVS3. So, for the survival of shoot tips after 
thawing from liquid nitrogen, the second glass transition which occurs at higher 
temperatures is important (Zamecnik et al., 2011).  

6.2 Potato 

Nodal cuttings were pre-cultured on medium with added sucrose solution. The final 
sucrose concentration in medium was 0,7 M. The importance of sucrose pre-treatment 
before potato cryopreservation proved by Grospietsch et al., (1999) and Halmagyi et al., 

-100

-90

-80

-70

-60

-50

-40

-30

-20
0 0,5 1 1,5 2 2,5 3

Treatment time (hours)

G
la

ss
 tr

an
sit

io
n 

te
m

pe
ra

tu
re

 (°
C

PVS3

Shoots

Comparison of Cryopreservation Methods of 
Vegetatively Propagated Crops Based on Thermal Analysis 343 

(2004). Halmagyi et al., (2004) showed the highest plant regeneration after cryopreservation 
following a pre-treatment with 0,5 M sucrose. Similarly, Sarkar and Naik (1998) found a 
slightly negative effect of 0,7 M sucrose pre-treatment compared in comparison with 0,5 M 
or 0,3 M sucrose pre-treatment. In the present study the injury of potato explants was not 
observed after 0,75 M sucrose treatment.  

Total water content in the shoot tips after nodal cutting pre-culture was approximately 5 g 
of H2O per 1 g of dry mass (gH2O g DW-1) (Fig. 6.). Frozen water content in shoot tips was 
4,3 gH2O g DW-1 and the unfrozen 0,7 gH2O g DW-1. Subsequently shoot tips were 
isolated and loaded with 0,7 M sucrose in a Petri dish on filter paper for overnight. Total 
water content of shoot tips decreased to 2,1 gH2O g DW-1, from which 1,4 gH2O g DW-1 
represents the frozen water fraction and 0,7 gH2O g DW-1 the unfrozen water fraction. 
Because the total water content and frozen water fraction decreased but the unfrozen 
fraction did not change, the ratio of frozen/unfrozen water content (WCf/WCu) decreased 
from 6 to 1,9. The following air dehydration resulted in a decrease of total water content 
due to both water fractions decrease. After 1,5h air dehydration above silicagel the total 
water content in shoot tips was 0,49 gH2O g DW-1 from which the frozen water content 
was 0,09 gH2O g DW-1, and the unfrozen 0,4 gH2O g DW-1. Resulting WCf/WCu ratio 
decreased to 0,22. The prolonged dehydration decreased both water fractions. After 2h air 
dehydration above silicagel the total water content in shoot tips was 0,28 gH2O g DW-1 
from which 0,006 gH2O g DW-1 belonged to the frozen fraction and 0,276 gH2O g DW-1 to 
the unfrozen fraction. The WCf/WCu ratio decreased to 0,12 after 2h air dehydration of 
shoot tips above silicagel, which represents 2 % crystallized water of the total water 
content.  

 
Fig. 6. The progress of dehydration of potato explants (cv. Désirée) after specific steps of 
cryoprotocol. Explants were pre-cultured on medium with 0,7 M sucrose. The isolated shoot 
tips were loaded with 0,7 M sucrose solution for overnight. The loaded shoot tips were 
dehydrated by dry air above silicagel for 2 hours. The amount of frozen and unfrozen water 
was determined by the DSC analysis.  

0

1

2

3

4

5

6

precultured explants loaded shoot tips 1,5h air dehydration  ->  -> 2h air dehydration
Progress of dehydration

W
at

er
 c

on
te

nt
 (g

 H
 2O

 g
D

W
-1

)

frozen water

unfrozen water



 
Current Frontiers in Cryopreservation 342 

 
Fig. 5. Glass transition temperature of Allium shoot tips after moisture loss by dehydration 
in the Plant Vitrification Solution 3 (PVS3). Circles show the glass transition midpoint  in 
shoot tips and bars show the onset and endset of glass transition. Squares show the glass 
transition of PVS3 in shoots. The full line is for the glass transition of PVS3 without shoots. 
The dashed line above is the endset of glass transition and below the onset of glass 
transition for PVS3.  

Glass transition of garlic shoot tips was measured after different times of treatment – unripe 
bulbils in PVS3 at 23 °C (Fig. 5). At each curve, there were two S-shape heat flow changes 
during warming of the samples, typical for glass transition. The lower glass transition 
temperature on unripe bulbils heat flow curves coincides within the range of onset and 
endset of the glass transition temperature of PVS3 measured after unloading unripe bulbils. 
This glass transition temperature can be of PVS3 coating on the surface of the shoot tips 
immersed in PVS3.  

The high glass transition temperature corresponds to glass transition of the shoot tips 
because at this range of temperature there were no thermal events on the PVS3 
temperature dependent curve. There is no significant difference in the change of shoot tip 
glass transition changes from 0,5 to 2,5 hours of PVS3 treatment. The detectable glass 
transition was found between -30 °C and -39 °C. The average glass transition temperature 
is -33,5 °C after 0,5 hour. From these results it is obvious that the glass transition at higher 
temperature is for shoot tips saturated with PVS3. So, for the survival of shoot tips after 
thawing from liquid nitrogen, the second glass transition which occurs at higher 
temperatures is important (Zamecnik et al., 2011).  

6.2 Potato 

Nodal cuttings were pre-cultured on medium with added sucrose solution. The final 
sucrose concentration in medium was 0,7 M. The importance of sucrose pre-treatment 
before potato cryopreservation proved by Grospietsch et al., (1999) and Halmagyi et al., 
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(2004). Halmagyi et al., (2004) showed the highest plant regeneration after cryopreservation 
following a pre-treatment with 0,5 M sucrose. Similarly, Sarkar and Naik (1998) found a 
slightly negative effect of 0,7 M sucrose pre-treatment compared in comparison with 0,5 M 
or 0,3 M sucrose pre-treatment. In the present study the injury of potato explants was not 
observed after 0,75 M sucrose treatment.  

Total water content in the shoot tips after nodal cutting pre-culture was approximately 5 g 
of H2O per 1 g of dry mass (gH2O g DW-1) (Fig. 6.). Frozen water content in shoot tips was 
4,3 gH2O g DW-1 and the unfrozen 0,7 gH2O g DW-1. Subsequently shoot tips were 
isolated and loaded with 0,7 M sucrose in a Petri dish on filter paper for overnight. Total 
water content of shoot tips decreased to 2,1 gH2O g DW-1, from which 1,4 gH2O g DW-1 
represents the frozen water fraction and 0,7 gH2O g DW-1 the unfrozen water fraction. 
Because the total water content and frozen water fraction decreased but the unfrozen 
fraction did not change, the ratio of frozen/unfrozen water content (WCf/WCu) decreased 
from 6 to 1,9. The following air dehydration resulted in a decrease of total water content 
due to both water fractions decrease. After 1,5h air dehydration above silicagel the total 
water content in shoot tips was 0,49 gH2O g DW-1 from which the frozen water content 
was 0,09 gH2O g DW-1, and the unfrozen 0,4 gH2O g DW-1. Resulting WCf/WCu ratio 
decreased to 0,22. The prolonged dehydration decreased both water fractions. After 2h air 
dehydration above silicagel the total water content in shoot tips was 0,28 gH2O g DW-1 
from which 0,006 gH2O g DW-1 belonged to the frozen fraction and 0,276 gH2O g DW-1 to 
the unfrozen fraction. The WCf/WCu ratio decreased to 0,12 after 2h air dehydration of 
shoot tips above silicagel, which represents 2 % crystallized water of the total water 
content.  

 
Fig. 6. The progress of dehydration of potato explants (cv. Désirée) after specific steps of 
cryoprotocol. Explants were pre-cultured on medium with 0,7 M sucrose. The isolated shoot 
tips were loaded with 0,7 M sucrose solution for overnight. The loaded shoot tips were 
dehydrated by dry air above silicagel for 2 hours. The amount of frozen and unfrozen water 
was determined by the DSC analysis.  
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The decrease in percentage of crystallized water in shoot tips during 1,75 to 2h air 
dehydration is illustrated in Fig. 6. The crystallized water content decreased from 
approximately 9% to 2%. Dehydration of shoot tips was connected to the glass transition 
temperature increase from -38 to -32 °C. The optimal water content of potato shoot tips was 
approximately 0,4 gH2O g DW-1 that was obtained between 1,5h and 2h air dehydration 
above silicagel according to the size of particular genotype shoot tips. The temperature of 
glass transition was approximately -35 °C and the amount of frozen water was very small 
but still detectable (Fig. 7). Decrease in water content and onset of melting temperature was 
also found after dehydration by PVS2 solution or 10 % DMSO (Kaczmarczyk, 2008, 
Kaczmarczyk et al. 2011). However the Tg found by these cryoprotectants was lower than -
100 °C. The higher temperature of glass transition found in this study indicated a higher 
stability of material stored at ultra-low temperatures. 

 
Fig. 7. DSC curves of air dehydrated potato shoot tips (cv. Désirée) air-dehydrated above 
silicagel for 1,75 to 2 hours. Heat flow was evaluated during warming the samples from -130 
to 30 °C by ramp temperature 10 °C min-1. Glass transitions were defined by the 
temperature of glass transition, change of heat flow per g of sample and change in specific 
heat capacity (Cp). Melting exotherms are defined by the onset temperature of melting, 
enthalpy change of thermal event, and crystallinity of water. Curves are shifted along y-axis 
for clarity according to crystallized water. 

The most valuable accessions from sub-collection of old potato cultivars of the Czech origin 
were selected from the potato in vitro-bank at the Crop Research Institute (CRI) to store 
them by cryopreservation method. A new cryopreservation method based on nodal cutting 
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osmotic pre-treatment, shoot tips sucrose loading and their air dehydration on aluminum 
foils was used for storage of 58 selected potato. All plant accessions prepared for storage in 
cryo-bank were virus-free. Average post-thaw recovery of hop and potato was 36 % and 25 
%, respectively. Recovery of new plants was successful in all tested genotypes.  

6.3 Hop 

Isolated hop shoot tips (cv. Saazer) were dehydrated by air above silicagel (Fig. 8). Water 
content was 2,4 g water per 1g dry mass before air dehydration. The highest water decrease 
was measured during the first 30 minutes of dehydration. Water content of hop shoot tips 
was 0,68 gH2O gDW-1 after 32 minutes of dehydration. Shoot tips water content decreased 
below 0,5 gH2O gDW-1 after 70 minutes of dehydration and reached 0,4 gH2O gDW-1 after 
100 minutes of dehydration. After 120 minutes the shoot tips water content was 0,37 gH2O g 
DW-1. The plant regeneration depended on the time of dehydration, which was influenced 
by the shoot tips water content. The highest explant regeneration was achieved after 90 
minutes of dehydration at a water content close to 0,4 gH2O g DW-1.  

In a former study, a decrease in the endothermic peak was found during air dehydration by 
encapsulation-dehydration method used for hop cryopreservation (Martinez et al.,1998; 
Martinez et al., 1999; Martinez & Revilla, 1998). A negligible amount of freezable water was 
detected in shoot tips after the water content decreased to 18 % and no freezable water was 
found at a water content of 14 %. The glass transition temperature was found at a water 
content of 18 % and lower. The temperature of glass transition increased with a decrease of 
water content (Fig. 9). 

 
 

Fig. 8. Survival (empty circles) and regeneration (full circles) of hop explants during 
dehydration (cv. Saazer). 
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The decrease in percentage of crystallized water in shoot tips during 1,75 to 2h air 
dehydration is illustrated in Fig. 6. The crystallized water content decreased from 
approximately 9% to 2%. Dehydration of shoot tips was connected to the glass transition 
temperature increase from -38 to -32 °C. The optimal water content of potato shoot tips was 
approximately 0,4 gH2O g DW-1 that was obtained between 1,5h and 2h air dehydration 
above silicagel according to the size of particular genotype shoot tips. The temperature of 
glass transition was approximately -35 °C and the amount of frozen water was very small 
but still detectable (Fig. 7). Decrease in water content and onset of melting temperature was 
also found after dehydration by PVS2 solution or 10 % DMSO (Kaczmarczyk, 2008, 
Kaczmarczyk et al. 2011). However the Tg found by these cryoprotectants was lower than -
100 °C. The higher temperature of glass transition found in this study indicated a higher 
stability of material stored at ultra-low temperatures. 
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osmotic pre-treatment, shoot tips sucrose loading and their air dehydration on aluminum 
foils was used for storage of 58 selected potato. All plant accessions prepared for storage in 
cryo-bank were virus-free. Average post-thaw recovery of hop and potato was 36 % and 25 
%, respectively. Recovery of new plants was successful in all tested genotypes.  

6.3 Hop 

Isolated hop shoot tips (cv. Saazer) were dehydrated by air above silicagel (Fig. 8). Water 
content was 2,4 g water per 1g dry mass before air dehydration. The highest water decrease 
was measured during the first 30 minutes of dehydration. Water content of hop shoot tips 
was 0,68 gH2O gDW-1 after 32 minutes of dehydration. Shoot tips water content decreased 
below 0,5 gH2O gDW-1 after 70 minutes of dehydration and reached 0,4 gH2O gDW-1 after 
100 minutes of dehydration. After 120 minutes the shoot tips water content was 0,37 gH2O g 
DW-1. The plant regeneration depended on the time of dehydration, which was influenced 
by the shoot tips water content. The highest explant regeneration was achieved after 90 
minutes of dehydration at a water content close to 0,4 gH2O g DW-1.  

In a former study, a decrease in the endothermic peak was found during air dehydration by 
encapsulation-dehydration method used for hop cryopreservation (Martinez et al.,1998; 
Martinez et al., 1999; Martinez & Revilla, 1998). A negligible amount of freezable water was 
detected in shoot tips after the water content decreased to 18 % and no freezable water was 
found at a water content of 14 %. The glass transition temperature was found at a water 
content of 18 % and lower. The temperature of glass transition increased with a decrease of 
water content (Fig. 9). 
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Fig. 9. Heat flow response to the temperature of hop shoot tips. Glass transition temperature 
of hop shoot tips after moisture loss by dehydration above silicagel. Cooling and warming 
rate was 10 °C min -1. Curves are shifted along y-axis for clarity. 

6.4 Apple tree 

In Fig. 10, there is an example of measured thermal characteristics of encapsulated shoot tips 
of apple tree in vitro culture cv. Greensleeves by the DSC. Samples of approximate weight of 
10 mg were crimped in an aluminium sample pan and cooled from room temperature 
to -120 °C. The cooling and heating rate was 10 °C min-1. The glass transition, exotherm and 
endotherm characteristics were analysed in detail during heating. Thermal characteristics 
were measured by DSC TA 2920 (TA Instruments) and evaluated by Universal Analysis 
2000 for Windows (TA Instruments). 

The course of dehydration of encapsulated shoot tips of in vitro cultures of apple tree cv. 
Greensleeves in an open Petri dish exposed to air flow in laminar flow hood at laboratory 
temperature is demonstrated in Fig. 10. The determination of water content of 20 
encapsulated shoot tips placed in the Petri dish was done by weighing the shoot tips during 
dehydration after approximately 4 hours of drying to the constant weight in an oven 
(105 °C). The water content was calculated as a proportion of g of water to g of dry matter. 
From measurement it was evident, that the dehydration consists of two parts; a faster one at 
the beginning and a slower one after approximately 2 hours of dehydration. From 2 h of 
dehydration, the level of water content in encapsulated apple tree shoot tips is almost 
constant. In Fig. 10, there are thermal characteristics (during heating) of encapsulated apple 
tree shoot tips during their dehydration in the air flow in flow hood. The more dehydrated 
the samples, the higher the glass transition temperature (characterised by the inflex point I) 
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was measured and no endothermal events representing water in ice crystal form were 
detected below 0,4 gH2O g DW-1. The value of 0,4 gH2O g DW-1 dehydration level 
corresponds to the levels recommended also by other authors (Gupta & Reed, 2006; 
Martinez et al., 1999; Wu et al., 1999). The integration of endotherm areas of shoot tip and 
alginate confirms the importance of dehydration to the levels when ice crystals are not 
present in shoot tip tissues (Figs. 10,11). The energy counted as integration of the 
endothermic peak corresponded to the amount of frozen water; the less energy, the smaller 
amount of ice crystals in the sample. These thermal results led us to dehydrating 
encapsulated shoot tips below 0,4 gH2O gDW-1.  

 
Fig. 10. Glass transition temperature as an inflection point of heat flow change of 
encapsulated apple tree shoot tips after water loss expressed as final water content (figures 
behind the end of the separate curves) by dehydration in the air flow. Curves are shifted 
along y-axis for clarity. 

Dehydration curves corresponding to the loss of water from encapsulated in vitro shoot tips 
were measured (Figs. 10,11). During the dehydration procedure of cryopreservation The 
proper time/level of dehydration must be taken into consideration for successful 
cryopreservation.  

The less water in plant tissues, the less probable damage from ice crystal formation and 
growth. On the other side plant tissues withstand only certain dehydration. The most 
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was measured and no endothermal events representing water in ice crystal form were 
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corresponds to the levels recommended also by other authors (Gupta & Reed, 2006; 
Martinez et al., 1999; Wu et al., 1999). The integration of endotherm areas of shoot tip and 
alginate confirms the importance of dehydration to the levels when ice crystals are not 
present in shoot tip tissues (Figs. 10,11). The energy counted as integration of the 
endothermic peak corresponded to the amount of frozen water; the less energy, the smaller 
amount of ice crystals in the sample. These thermal results led us to dehydrating 
encapsulated shoot tips below 0,4 gH2O gDW-1.  
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appropriate level of dehydration is determined by DSC by measurement of frozen and 
unfrozen water (generally it is possible to say water in glassy state) (Fig. 11). After 4h 
dehydration of encapsulated in vitro shoot tips the water content decreased below 
0,3 gH2O gDW-1. Water content decrease slows down markedly at the level of 0,6 gH2O 
gDW-1. From this level of dehydration, both exotherms and endotherms start to disappear 
which corresponded to the end of ice crystal formation and the start of glass transitions 
with high change of heat capacity (Fig. 11). The survival and regeneration of 
cryopreserved apple tree shoot tips, cultivar Greensleeves, were 75 % and 53 % 
respectively after 4h dehydration. Non-dehydrated shoot tips neither survived nor 
regenerated. Dehydration of shoot tips to the level of glass formation is a crucial factor for 
their survival at ultralow temperatures. 

 
Fig. 11. The amount of frozen water of apple tree shoot tips and alginate beads during 
dehydration was as the integration of endotherm areas of shoot tip and alginate. Samples of 
an approximate weight of 3-10 mg were crimped in an aluminum sample pan and cooled 
from room temperature to -120 °C. The cooling and heating rate was 10 °C min-1. The 
enthalpy counted as an integration of the endothermic peak corresponded to the amount of 
frozen water; the less enthalpy the smaller amount of ice crystals in the sample. 

7. Regeneration of plants after cryopreservation  
The regeneration rate of unripe garlic bulbils was close to 100 % in comparison with the 
lower regeneration rate of ripe bulbils. The results for ripe bulbils were done on 173 
accessions (the measurements on ripe bulbils were not presented, Grospietsch  
unpublished). The average regeneration rate of ripe bulbils was 40 % and unripe bulbils 
near 100%. The optimized droplet-vitrification protocol was successfully applied to bulbil 
primordia of garlic varieties also with high regeneration percentages ranging between 77,4-
95% (Engelmann, 2011; Kim et al., 2006) 
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Fig. 12. Plants regenerated into new plants after immersion in and thawing from the liquid 
nitrogen: (a) Garlic. Scale bar, 5 mm; (b) Potato. Scale bar, 2 mm; (c) Hop. Scale bar, 1 mm 
and (d) Apple tree. Scale bar, 5 mm.  

The average recovery after cryopreservation of fifty potato cultivars was 24,8% and average 
hop recovery was 30,5%. Plant recovery eas improved due to the cryoprotocol and media 
modifications and the average recovery of potato and hop in the year 2007 was 29,1% and 
35,5%, respectively (Fig. 13). The highest frequency of plant recovery was near to the 
average recovery in both crops.  

To improve the stability and safety of potato collection, the cryo-collection of the Czech 
potato germplasm was established. The sub-collection of old potato varieties of the Czech 
origin was selected as the most important part of potato germplasm kept in the Czech In 
Vitro Bank of Potato. Fifty eight selected genotypes were cryopreserved by a new method 
based on osmotic adjustment of explants with sucrose and following air-dehydration. 
Currently these 58 old potato cultivars of the Czech origin were backed up in cryo-collection 
at the CRI in Prague.  

The differences in plant survival and regeneration exist either among species or cultivars. 
Example of survival and regeneration of apple tree in vitro cultures cryopreserved by the 
encapsulation-dehydration method are shown in (Tab. 4). The differences can be caused 
either by different reaction of cultivars in cryopreservation protocol or cold hardening 
conditions or in vitro cultivation. For example, the cultivar McIntosh belongs to very cold 
resistant cultivars and also has very high regeneration after cryopreservation. On the 
contrary, the very cold tender cultivar Zvonkové had no survival in laboratory frost 
tolerance test on dormant buds (data not shown) but in vitro cultures were able to survive 
the cryopreservation procedure, although with very weak regeneration. 
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To improve the stability and safety of potato collection, the cryo-collection of the Czech 
potato germplasm was established. The sub-collection of old potato varieties of the Czech 
origin was selected as the most important part of potato germplasm kept in the Czech In 
Vitro Bank of Potato. Fifty eight selected genotypes were cryopreserved by a new method 
based on osmotic adjustment of explants with sucrose and following air-dehydration. 
Currently these 58 old potato cultivars of the Czech origin were backed up in cryo-collection 
at the CRI in Prague.  

The differences in plant survival and regeneration exist either among species or cultivars. 
Example of survival and regeneration of apple tree in vitro cultures cryopreserved by the 
encapsulation-dehydration method are shown in (Tab. 4). The differences can be caused 
either by different reaction of cultivars in cryopreservation protocol or cold hardening 
conditions or in vitro cultivation. For example, the cultivar McIntosh belongs to very cold 
resistant cultivars and also has very high regeneration after cryopreservation. On the 
contrary, the very cold tender cultivar Zvonkové had no survival in laboratory frost 
tolerance test on dormant buds (data not shown) but in vitro cultures were able to survive 
the cryopreservation procedure, although with very weak regeneration. 
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Fig. 13. Regeneration frequency of genotypes (accessions) of garlic, potato and hop stored in 
the Cryobank of vegetatively propagated crops. Altogether, 129 accessions were evaluated 
in ripe garlic bulbils, 34 accessions in unripe garlic bulbils, 58 accessions in potato and 50 in 
hop. 
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Comparison of Cryopreservation Methods of 
Vegetatively Propagated Crops Based on Thermal Analysis 351 

There is clear evidence for the necessity of physiological and biochemical adaptations of 
cryopreservation procedures according to the different demands of used cultivars to fulfill 
the needs for successful cryopreservation of apple tree in vitro germplasm. 

Apple tree 
cultivar 

Survival 
[%] 

SD 
 

Regrowth 
[%] 

SD 
 n Number of 

freezing 
Alkmene 6 a 0,4  6 a  0,4 32 2 
Golden 
Delicious 75 bc 27,9 55 bcd 24,7 39 3 

Greensleeves 75 bc 15,0 53 bcd  7,5 30 2 

Chodské 63 bc 17,6 46 abcd 13,8 84 5 

Idared 34 abc 13,5 34 abc 13,5 45 2 

Jonagold 63 bc 13,4 44 abcd 26,2 50 3 

McIntosh 85 c 15,0 85 d 15,0 20 2 

Prima 28 ab 15,0 21 ab  8,0 20 2 

Rubín 78 bc 11,0 78 cd 11,0 32 2 

Zvonkové 44 abc 18,7  4 a  5,4 56 4 

Average 75 21,7 43 21,2 41 3 
a-d average followed by the same index did not significantly differ at P<0,05 (analysis of variance – 
Duncan’s test) SD - standard deviation (P < 0,05). 

Table 4. Survival and regrowth of apple tree cultivars after encapsulation–dehydration 
cryopreservation protocol. (n = total number of shoot tips used for evaluations of 
regeneration). 

In vitro shoot tips of apple tree were cryopreserved also by vitrification (PVS2) and pre-
culture dehydration methods, but the results were not adequate (Tab. 5). Thus the basic 
approach of cryopreservation of fruit trees in our laboratory was the encapsulation-
dehydration method. The average survival and regeneration of evaluated apple tree cultivars 
were 75 % and 53 %, respectively (Tab. 4). Similar values of regeneration were obtained by 
(Condello et al., 2011) with the droplet-vitrification method in two apple tree cultivars. On the 
other hand, (Wu et al., 2001) reached regeneration of up to 86 %. They recommended a 
prolonged subcultivation of mother plants and their cold acclimation, which decreased water 
content in shoot tips and subsequently increased the regeneration in all cryopreservation 
procedures they evaluated. According to our unpublished data and in concordance with other 
authors, (Wu et al., 2001; Condello et al., 2011), the adaptation of the in vitro mother plants 
appears to be one of the important steps for improving regeneration of cryopreserved cultivars 
with lower survival. The encapsulation-dehydration cryopreservation method is a suitable tool 
to conserve a broader spectrum of apple tree germplasm. 

8. Comparison of different cryopreservation methods 
The bases for achieving high regeneration after plant cryopreservation using a vitrification 
method needs to observe the time fulfilment in dehydrating procedures and prevention of 
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cryopreservation procedures according to the different demands of used cultivars to fulfill 
the needs for successful cryopreservation of apple tree in vitro germplasm. 
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freezing 
Alkmene 6 a 0,4  6 a  0,4 32 2 
Golden 
Delicious 75 bc 27,9 55 bcd 24,7 39 3 

Greensleeves 75 bc 15,0 53 bcd  7,5 30 2 

Chodské 63 bc 17,6 46 abcd 13,8 84 5 

Idared 34 abc 13,5 34 abc 13,5 45 2 

Jonagold 63 bc 13,4 44 abcd 26,2 50 3 

McIntosh 85 c 15,0 85 d 15,0 20 2 

Prima 28 ab 15,0 21 ab  8,0 20 2 

Rubín 78 bc 11,0 78 cd 11,0 32 2 

Zvonkové 44 abc 18,7  4 a  5,4 56 4 

Average 75 21,7 43 21,2 41 3 
a-d average followed by the same index did not significantly differ at P<0,05 (analysis of variance – 
Duncan’s test) SD - standard deviation (P < 0,05). 

Table 4. Survival and regrowth of apple tree cultivars after encapsulation–dehydration 
cryopreservation protocol. (n = total number of shoot tips used for evaluations of 
regeneration). 

In vitro shoot tips of apple tree were cryopreserved also by vitrification (PVS2) and pre-
culture dehydration methods, but the results were not adequate (Tab. 5). Thus the basic 
approach of cryopreservation of fruit trees in our laboratory was the encapsulation-
dehydration method. The average survival and regeneration of evaluated apple tree cultivars 
were 75 % and 53 %, respectively (Tab. 4). Similar values of regeneration were obtained by 
(Condello et al., 2011) with the droplet-vitrification method in two apple tree cultivars. On the 
other hand, (Wu et al., 2001) reached regeneration of up to 86 %. They recommended a 
prolonged subcultivation of mother plants and their cold acclimation, which decreased water 
content in shoot tips and subsequently increased the regeneration in all cryopreservation 
procedures they evaluated. According to our unpublished data and in concordance with other 
authors, (Wu et al., 2001; Condello et al., 2011), the adaptation of the in vitro mother plants 
appears to be one of the important steps for improving regeneration of cryopreserved cultivars 
with lower survival. The encapsulation-dehydration cryopreservation method is a suitable tool 
to conserve a broader spectrum of apple tree germplasm. 

8. Comparison of different cryopreservation methods 
The bases for achieving high regeneration after plant cryopreservation using a vitrification 
method needs to observe the time fulfilment in dehydrating procedures and prevention of 
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tissue damage by chemical toxicity of the cryoprotectants. Otherwise, plant parts in solutes 
can be injured by the cryoprotectant, by strong osmotic stress during the cryoprotective 
solution treatment. The time for a high regeneration rate of plants after cryopreservation 
must be optimized. During this time the explants are dipped in the vitrification solutions, at 
the optimal temperature, which  is involved in the procedure (Condello et al., 2011; Faltus & 
Zamecnik, 2009; Sakai & Engelmann, 2007; Zámečník et al., 2007). 

The temperature-induced glasses-the point at which this occurs, is called the glass transition 
temperature (Tg) - molecular motion nearly ceases and the liquid becomes a glassy solid. 
Vitrification of cells and tissues is a physical process which avoids intracellular ice 
crystallization during ultra-rapid freezing by the transition of the aqueous solution of the 
symplast into an amorphous glassy state of the cells. As a consequence of the vitrification 
process, plant tissues are protected from the damage and remain viable during their long-
term storage at –196 °C.  

Experimental determination of glassy state in plants is complicated by the endothermic 
reaction overlapping with the glass transition. Ice crystallization as the first-order reaction 
has discontinuous change in heat capacity contrary to glass transition, which is 
characterized by heat capacity change. The main problem is to distinguish the endothermic 
reaction and the glass transition temperature during the measurement of the thermal events. 
Thermal analysis methods of glass transition temperature and temperature of ice crystals 
melting in plant tissues were determined. Standard Differential Scanning Calorimetry (DSC) 
method and Temperature Modulated Differential Scanning Calorimetry (TMDSC) were 
usually used (Condello et al., 2011; Zámečník & Faltus, 2009).  

 Cryopreservation Method 

Plant 
Droplet 

-vitrification 
(PVS3) 

Ultra-rapid 
freezing 

Encapsulation 
-dehydration 

Garlic ** NT * 
Potato * ** * 
Hop NT ** NT 
Apple tree *(§) * ** 

Table 5. Cryopreservation methods used in this study. Results obtained by cryopreservation 
methods with a high regeneration rate were presented only: ** - high regeneration rate; *- 
tested; NT- not tested; (§)-PVS2 was used.  

The vitrification method, based on involvement of biological glass, requires a highly 
concentrated solution of cryoprotectant (from 5 to 8 M), at which the cells are osmotically 
dehydrated to a certain level. This level of dehydration is characterized by no frost-heaving 
of water and with a minimum, or no production of ice crystals. The cells treated by 
cryoprotectant are then vitrified before or during immersion into liquid nitrogen (Sakai et 
al., 1991). Vitrification belongs to new well-developed procedures supplying frost 
dehydration of cells pursued at a low temperature. Namely, it removes most of the freezable 
water through the exposure of the plant shoot tips to a highly concentrated vitrification 
solution at temperatures above the freezing point.  

Comparison of Cryopreservation Methods of 
Vegetatively Propagated Crops Based on Thermal Analysis 353 

Several procedures of cryopreservation of fruit trees germplasm, especially apple tree were 
evaluated, including two-step cryopreservation with controlled ice nucleation (Niino et al., 
1992; Niino & Sakai, 1992; Seufferheld et al., 1999; Zhao et al., 1999), and the type of 
vitrification method of extirpated in vitro cultures. The procedures were adjusted and 
corrected according to the thermal methods for determination of ice nucleation (Tyler et al., 
1988), glass transitions in plant material, and exothermic and endothermic characteristics of 
plant buds. A combination of encapsulation-dehydration cryoprotocol was chosen as the 
most appropriate system of in vitro cultures (Chang & Reed, 2001). The reaction of selected 
cultivars was different on in vitro sub-cultivation and subsequent cryopreservation protocol.  

Many plants from the temperate and tropical region were successfully cryopreserved by the 
encapsulation-dehydration method, which belongs to cryopreservation methods. The 
ecapsulation-dehydration cryopreservation procedure is based on encapsulating shoot tips 
of pretreated in vitro plants with subsequent dehydration either in sterile air flow (Benson et 
al., 1996; Dereuddre et al., 1991) or above silicagel (Grospietsch et al., 1999). Dehydrated 
beads with encapsulated shoot tips are in most cases plunged directly into liquid nitrogen or 
slowly frozen in programmable freezers (Fabre & Dereuddre, 1990); Zhao et al., 2001). 
Rewarming proceeds either slowly by placing beads on Petri dishes or the cryotubes are 
placed in a water bath of temperature ranging from 25 to 45 °C for several minutes (Gupta & 
Reed, 2006; Matsumoto & Sakai, 1995). Survival and regeneration of shoot tips are evaluated 
after placing the re-warmed beads on cultivation medium which can be compound 
modified by phytohormones (their combination and concentration), to stimulate 
proliferation or eliminate the phenolic compounds (Paulet et al., 1993). The medium can be 
softer in some cases to allow an easier regeneration from beads (Reed et al., 2006) or even the 
explants can be extracted from the beads (Niino & Sakai, 1992). The importance of direct 
explant regeneration to the new plants without callus inter phase is important for the 
genetic stability after usage of this method. 

9. Conclusion  
The four main crops (garlic, potato, hop and apple tree) have been cryopreserved in the 
Czech Plant Cryobank. The methods of cryopreservation are based on cryoprotocol of the 
vitrification procedures (encapsulation-dehydration, dehydration by vitrification solution 
and a modified ultra–rapid freezing method based on preconditioning of the plant shoot 
tips on an osmotic solution). Cryopreservation is well advanced for vegetatively propagated 
species, and techniques are ready for large-scale experimentation in an increasing number of 
cases (Engelmann, 2011). We have started the routine cryopreservation with Czech potato 
genotypes in collaboration with Potato Research Institute Ltd., Havlíčkův Brod. The other 
three crops are supported by specialized companies (Allium genera by the Gene Bank 
Olomouc branch, the Research and Breeding Institute of Pomology at Holovousy and the 
Hop Research Institute). The Czech Plant Cryobank operates as a safe duplicate to 
repositories of germplasm kept in field or in vitro conditions. In this way the Czech Plant 
Cryobank in Prague joined the effort of the potato cryobank in Germany (Keller et al., 2008), 
and Korea (Kim et al., 2006). Currently three of the EU countries (The Czech Republic, 
Germany and Poland) involved in the maintenance of national vegetatively propagated 
Allium collections are developing the methodology for cryopreservation (project 
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tissue damage by chemical toxicity of the cryoprotectants. Otherwise, plant parts in solutes 
can be injured by the cryoprotectant, by strong osmotic stress during the cryoprotective 
solution treatment. The time for a high regeneration rate of plants after cryopreservation 
must be optimized. During this time the explants are dipped in the vitrification solutions, at 
the optimal temperature, which  is involved in the procedure (Condello et al., 2011; Faltus & 
Zamecnik, 2009; Sakai & Engelmann, 2007; Zámečník et al., 2007). 

The temperature-induced glasses-the point at which this occurs, is called the glass transition 
temperature (Tg) - molecular motion nearly ceases and the liquid becomes a glassy solid. 
Vitrification of cells and tissues is a physical process which avoids intracellular ice 
crystallization during ultra-rapid freezing by the transition of the aqueous solution of the 
symplast into an amorphous glassy state of the cells. As a consequence of the vitrification 
process, plant tissues are protected from the damage and remain viable during their long-
term storage at –196 °C.  

Experimental determination of glassy state in plants is complicated by the endothermic 
reaction overlapping with the glass transition. Ice crystallization as the first-order reaction 
has discontinuous change in heat capacity contrary to glass transition, which is 
characterized by heat capacity change. The main problem is to distinguish the endothermic 
reaction and the glass transition temperature during the measurement of the thermal events. 
Thermal analysis methods of glass transition temperature and temperature of ice crystals 
melting in plant tissues were determined. Standard Differential Scanning Calorimetry (DSC) 
method and Temperature Modulated Differential Scanning Calorimetry (TMDSC) were 
usually used (Condello et al., 2011; Zámečník & Faltus, 2009).  
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Table 5. Cryopreservation methods used in this study. Results obtained by cryopreservation 
methods with a high regeneration rate were presented only: ** - high regeneration rate; *- 
tested; NT- not tested; (§)-PVS2 was used.  

The vitrification method, based on involvement of biological glass, requires a highly 
concentrated solution of cryoprotectant (from 5 to 8 M), at which the cells are osmotically 
dehydrated to a certain level. This level of dehydration is characterized by no frost-heaving 
of water and with a minimum, or no production of ice crystals. The cells treated by 
cryoprotectant are then vitrified before or during immersion into liquid nitrogen (Sakai et 
al., 1991). Vitrification belongs to new well-developed procedures supplying frost 
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vitrification method of extirpated in vitro cultures. The procedures were adjusted and 
corrected according to the thermal methods for determination of ice nucleation (Tyler et al., 
1988), glass transitions in plant material, and exothermic and endothermic characteristics of 
plant buds. A combination of encapsulation-dehydration cryoprotocol was chosen as the 
most appropriate system of in vitro cultures (Chang & Reed, 2001). The reaction of selected 
cultivars was different on in vitro sub-cultivation and subsequent cryopreservation protocol.  

Many plants from the temperate and tropical region were successfully cryopreserved by the 
encapsulation-dehydration method, which belongs to cryopreservation methods. The 
ecapsulation-dehydration cryopreservation procedure is based on encapsulating shoot tips 
of pretreated in vitro plants with subsequent dehydration either in sterile air flow (Benson et 
al., 1996; Dereuddre et al., 1991) or above silicagel (Grospietsch et al., 1999). Dehydrated 
beads with encapsulated shoot tips are in most cases plunged directly into liquid nitrogen or 
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Rewarming proceeds either slowly by placing beads on Petri dishes or the cryotubes are 
placed in a water bath of temperature ranging from 25 to 45 °C for several minutes (Gupta & 
Reed, 2006; Matsumoto & Sakai, 1995). Survival and regeneration of shoot tips are evaluated 
after placing the re-warmed beads on cultivation medium which can be compound 
modified by phytohormones (their combination and concentration), to stimulate 
proliferation or eliminate the phenolic compounds (Paulet et al., 1993). The medium can be 
softer in some cases to allow an easier regeneration from beads (Reed et al., 2006) or even the 
explants can be extracted from the beads (Niino & Sakai, 1992). The importance of direct 
explant regeneration to the new plants without callus inter phase is important for the 
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9. Conclusion  
The four main crops (garlic, potato, hop and apple tree) have been cryopreserved in the 
Czech Plant Cryobank. The methods of cryopreservation are based on cryoprotocol of the 
vitrification procedures (encapsulation-dehydration, dehydration by vitrification solution 
and a modified ultra–rapid freezing method based on preconditioning of the plant shoot 
tips on an osmotic solution). Cryopreservation is well advanced for vegetatively propagated 
species, and techniques are ready for large-scale experimentation in an increasing number of 
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genotypes in collaboration with Potato Research Institute Ltd., Havlíčkův Brod. The other 
three crops are supported by specialized companies (Allium genera by the Gene Bank 
Olomouc branch, the Research and Breeding Institute of Pomology at Holovousy and the 
Hop Research Institute). The Czech Plant Cryobank operates as a safe duplicate to 
repositories of germplasm kept in field or in vitro conditions. In this way the Czech Plant 
Cryobank in Prague joined the effort of the potato cryobank in Germany (Keller et al., 2008), 
and Korea (Kim et al., 2006). Currently three of the EU countries (The Czech Republic, 
Germany and Poland) involved in the maintenance of national vegetatively propagated 
Allium collections are developing the methodology for cryopreservation (project 
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EURALLIVEG, EU) and established the Tripartite Allium Cryobank to store meristematic 
explants in liquid nitrogen.  
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1. Introduction 
Sugarcane (Saccharum sp. hybrids) is a crop of major importance, which is cultivated on a 
large scale in tropical and subtropical regions primarily for its high sucrose content. 
Cultivated pineapple (Ananas comosus (L.) Merrill, which is now called Ananas comosus var 
comosus) belongs to the family Bromeliaceae. It is economically the fourth most important 
crop worldwide in terms of tropical fruit production and follows banana, mangoes and 
citrus. One of the main drawbacks faced by sugarcane and pineapple agriculture worldwide 
is the vegetative (i.e. asexual) nature of its conventional propagation. The consequence is 
that plants in the field must be replaced at intervals ranging from 1 to 5 years, a process that 
is costly, tedious and time-consuming. Furthermore, if the planting material is of low 
quality, yields decrease and more tillage is needed. The crops are exposed to natural 
disasters, while the propagation system leads to systemic disease transmission, and natural 
selection and plagues also take their toll. Moreover, the industry is in dramatic need of 
planting material, which cannot be produced in sufficient quantities to meet the demand 
using classical macropropagation techniques.  

In vitro culture techniques have been extensively developed and applied for several 
thousand plant species including sugarcane and pineapple. Their uses are of high interest 
for multiplication, conservation and transformation of plant germplasm. Indeed, they allow 
the multiplication of plant material with high multiplication rates in an aseptic environment, 
reduction of space requirements, genetic erosion is reduced under optimal storage 
conditions, and minimized of the expenses in labour costs. Moreover, tissue culture systems 
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1. Introduction 
Sugarcane (Saccharum sp. hybrids) is a crop of major importance, which is cultivated on a 
large scale in tropical and subtropical regions primarily for its high sucrose content. 
Cultivated pineapple (Ananas comosus (L.) Merrill, which is now called Ananas comosus var 
comosus) belongs to the family Bromeliaceae. It is economically the fourth most important 
crop worldwide in terms of tropical fruit production and follows banana, mangoes and 
citrus. One of the main drawbacks faced by sugarcane and pineapple agriculture worldwide 
is the vegetative (i.e. asexual) nature of its conventional propagation. The consequence is 
that plants in the field must be replaced at intervals ranging from 1 to 5 years, a process that 
is costly, tedious and time-consuming. Furthermore, if the planting material is of low 
quality, yields decrease and more tillage is needed. The crops are exposed to natural 
disasters, while the propagation system leads to systemic disease transmission, and natural 
selection and plagues also take their toll. Moreover, the industry is in dramatic need of 
planting material, which cannot be produced in sufficient quantities to meet the demand 
using classical macropropagation techniques.  

In vitro culture techniques have been extensively developed and applied for several 
thousand plant species including sugarcane and pineapple. Their uses are of high interest 
for multiplication, conservation and transformation of plant germplasm. Indeed, they allow 
the multiplication of plant material with high multiplication rates in an aseptic environment, 
reduction of space requirements, genetic erosion is reduced under optimal storage 
conditions, and minimized of the expenses in labour costs. Moreover, tissue culture systems 
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greatly facilitate the international exchange of germplasm as the size of the samples is 
drastically diminished and they can be shipped in sterile conditions. Different in vitro 
conservation methods are employed, depending on the storage duration requested. For 
short- and medium-term storage, the aim is to reduce growth and to increase the intervals 
between subcultures. For long-term storage, cryopreservation, i.e. storage at ultra-low 
temperature, usually that of liquid nitrogen (−196°C), is the only current method ensuring 
long-term storage of germplasm from vegetatively propagated species. At this temperature, 
all cellular divisions and metabolic processes are stopped; therefore, plant material can thus 
be maintained without alteration or modification. Moreover, cultures are stored in a small 
volume, protected from contamination, requiring very limited maintenance. 

This Chapter comprises two main sections focusing on the establishment, optimization and 
application of cryopreservation techniques to different tissues of in vitro sugarcane and 
pineapple cultures. The first part presents the cryopreservation protocols developed for 
sugarcane apices isolated from in vitro grown plants, embryogenic calluses and somatic 
embryos, as well as some analytical techniques (electrolyte leakage, protein content and 
lipid peroxidation products), used to describe the impact of the successive steps of the 
protocol on the physiological state of the cultures, which are also useful to refine the 
cryopreservation protocol. The effect of cryopreservation on the phenotypical development, 
both in vitro and in the field, of sugarcane plants regenerated material will be also presented. 
The second section presents the studies performed to set up and refine a cryopreservation 
protocol for apices of pineapple in vitro plantlets. The protocol established following the 
vitrification approach was successfully applied for the first time to shoot tips of three 
pineapple varieties, and then extended to nine pineapple accessions belonging to the in vitro 
collection of Bioplantas Centre in Cuba. In addition, we present the preliminary assays 
developed using callus of two pineapple cultivars. In the conclusion, we discuss the 
possibilities and prospects of utilisation of cryopreservation techniques for the long-term 
storage of other vegetatively propagated tropical plant species. 

2. Cryopreservation protocols for sugarcane 
Several review papers have been published, which provide lists of species which have been 
successfully cryopreserved (Cyr, 2000; Engelmann, 1997; Engelmann & Takagi, 2000; Sakai 
et al., 2002). For vegetatively propagated species, cryopreservation has a wide applicability 
in terms of species coverage, since protocols have been successfully established for roots and 
tubers, fruit trees, ornamentals, forestry species and plantation crops from both temperate 
and tropical origin (Engelmann, 2004; Kaczmarczyk et al., 2008; Engelmann, 2010; 
Engelmann, 2011).  

In  the  case  of  sugarcane,  cryopreservation  protocols  have  been  developed  for  various 
materials: apices of in vitro plantlets using the encapsulation-dehydration technique 
(Gonzalez-Arnao et al., 1993; Paulet et al., 1993); cell suspensions (Finkle & Ulrich, 1979; 
Gnanapragasam & Vasil, 1990) and embryogenic callus using classical freezing protocols 
(Eksomtramage et al., 1992; Gnanapragasam & Vasil, 1992; Jian et al., 1987) and simplified   
cryopreservation protocols (Martinez-Montero et al., 1998).  Recently, it was published the 
cryopreservation procedure based on vitrification techniques for somatic embryos 
(Martinez-Montero et al., 2008). 
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2.1 Cell suspensions 

The first experimental research on sugarcane cell suspension was accomplished at the end of 
1970 and at the beginning of 1980 decades (Finkle & Ulrich, 1979; Finkle & Ulrich, 1982; 
Ulrich et al., 1979; Ulrich et al., 1984). These authors demonstrated that resistance of cells to 
freezing to -23°C and -40°C was possible with little decrease in survival by using mixtures of 
glucose, dimethylsulfoxide and polyethylene glycol as cryoprotectants. However, no plants 
were recovered from the cryopreserved cell suspension. 

Later on, Gnanapragasam & Vasil (1990) reported that efficient plant regeneration was 
obtained from a cryopreserved embryogenic cell suspension of one commercial sugarcane 
hybrid established from leaf derived callus. They observed pregrowing the cells for three 
days in Murashige & Skoog (1962) basal medium supplemented with 0.33 M sorbitol was 
essential to the process. A regeneration efficiency of 92% was obtained and plants 
regenerated from cryopreserved cells, and grown to maturity in the greenhouse, were 
morphologically identical to regenerated control plants. Later, there were not detected 
differences at molecular level using RFLP technique comparing plants regenerated from 
cryopreserved and control cells for three sugarcane hybrids (Chowdhury & Vasil, 1993).   

2.2 Embryogenic callus  

The first success for cryopreservation of sugarcane embryogenic callus was obtained by 
Ulrich et al., (1979) for the hybrid H50-7209. It was a pretreatment using a combination of 
10% polyethylene glycol, 8% glucose and 10% DMSO, freezing rate of 2°C.min-1 until a first 
transfer temperature of -40°C and freezing rate of 5°C.min-1 until second transfer 
temperature of -80°C. However, the recovery of cryopreserved callus was achieved only 
with root regeneration. Ulrich et al., (1984) obtained after modifications of the same protocol 
a limited number of albino plantlets from cryopreserved calluses.  

Later on, high survival rates (ca. 90%) and recovery of whole plants were obtained by Jian et 
al., (1987), Eksomtramage et al., (1992) and Gnanapragasam & Vasil (1992). The conditions 
defined were different from that used by Ulrich et al., (1979, 1984). For cryoprotective 
treatment, a mixture of sorbitol and DMSO was used by Jian et al., (1987) and 
Gnanapragasam & Vasil (1992); Eksomtramage et al., (1992) employed a mixture of sucrose 
and DMSO. Freezing conditions were also different: 1°C.min-1 from 0°C to -10°C, and kept 
for 15min at the same freezing rate from -10°C down to -40°C and kept for 1-5 h, and finally 
immersed into liquid nitrogen (Jian et al., 1987); or 0.5°C.min-1 down to -40°C or -45°C with 
no plateau at the end of the controlled freezing sequence (Eksomtramage et al., 1992 and 
Gnanapragasam & Vasil, 1992). Moreover, the technique developed by Eksomtramage et al., 
(1992) was successfully applied to calluses of 10 varieties. 

These authors have followed the strategy known as dehydration by extracellular freezing, 
which uses a controlled freezing regime (Withers & King, 1980). However, this procedure 
requires expensive and sometimes complex programmable freezing devices, limiting its use 
to laboratories specializing in cryopreservation (Ashmore, 1997; Reed, 2001). Furthermore, 
their research has been focused on the cryopreservation of sugarcane calli obtained from 
segments of immature leaves belonging to in vitro cultured plants; however, such explants 
are known to have a limited morphogenetic capacity (Krishnaraj & Vasil, 1995) and it is 
widely acknowledged that immature embryos, as well as young inflorescences, are 
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physiologically better explants for calli production because they retain their embryogenic 
capacities (Merkle et al., 1995).  

2.2.1 Optimization of methodology for sugarcane callus 

Our research team (Martinez-Montero et al., 1998, 2006), using the cryo-research for 
sugarcane callus described above as starting point, published the results for establishing 
step by step a methodology for the cryopreservation of sugarcane calli with embryogenic 
structures obtained from immature inflorescence (Figure 1). We optimized the following 
aspects according to the in vitro survival and regeneration (plants per 500 mg of calli) 
percentages for: Selection of the cooling procedure, the effect of the cooling procedure and 
of the type of alcohol, the effect of the induction time of extracellular ice crystals, the effect 
of post-subculture time, the effect of sucrose and dimethylsulfoxide concentration in the 
cryoprotective medium, and the effect of the pre-freezing time. 

 
Fig. 1. Optimized methodology for the cryopreservation of sugarcane calli with 
embryogenic structures. 

Firstly, we based on the results carried out by Maddox et al. (1983) and Withers (1985) who 
successfully used uncomplicated freezing procedures for cellular suspensions of Nicotiana 
and Musa, respectively (Figure 2). We evaluated the application of one of these devices as an 
alternative to establish techniques for the cryopreservation of sugarcane calli with 
embryogenic structures (i.e., cooling rate controlled by a computer-coupled programmable 
freezer).  

As results was detected a survival after storage in liquid nitrogen for both cooling 
procedures implying the existence of a protective dehydration process that allows the 
vitrification of some cells without the formation of intracellular ice crystals. However, from 
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a practical point of view, seeding ice crystals is much more difficult when using the 
procedure proposed by Maddox et al., (1983). 

 
a b c 

Fig. 2. Devices used by Maddox et al. (1983) (A), Withers (1985) (B) and our research group 
(C) for the establishment of cryopreservation procedures. 

In general, the “classical” cryopreservation protocols provide insufficient detail on seeding 
ice crystals step (Martinez-Montero et al., 2006). For instance, although the analysis of this 
parameter must have been unavoidable for the development of the protocols of Jian et al., 
(1987) and Gnanapragasam & Vasil (1992), these analyses are not described in their articles; 
and even Eksomtramage et al., (1992), who first mentioned the need for this step when 
freeze sugarcane calli, provide little detail on its implementation.  

Optimizing the effect of post-subculture time on the survival and regeneration of plants 
from cryopreserved calli the results reported by Jian et al., (1987) and Martinez-Montero et 
al., (2006) coincided. We founded that survival after cryopreservation is associated with the 
selection step during the post-subculture period, reaching a maximum at 15 days post-
subculture. Moreover, we correlated this finding to the physiological state of the calli before 
cryopreservation and measured the growth of the calli. These results are the basis for a 
rational selection of the material to be cryopreserved, since several authors have shown that 
there is a correlation for different species between the phase of active growth of the calli and 
its performance upon cryopreservation (Reinhoud et al., 2000; Withers, 1985; Yoshida et al., 
1993). It has been proven that the morphology of the cultured cells has a marked influence 
on cryotolerance. In most species, only small cells with a highly dense cytoplasm, usually 
found in small cellular aggregates in the periphery of the callus, survive after 
cryopreservation; whereas large, vacuolated cells are damaged during freezing (Kristensen 
et al., 1994; Withers, 1985). 

We also founded the decrease in survival and regeneration when using sucrose 
concentrations higher than 0.3 M. The importance of sucrose tolerance within this setting is 
determined by the role of this disaccharide in the regulation of the hydric potential of the 
cells (Tetteroo, 1996); sucrose has also occasionally been considered an inducer of cellular 
division and differentiation (Feher, 2003). Furthermore, there is evidence suggesting that 
sucrose functions as a genetic regulatory signal for genes coding for enzymes and proteins 
involved in transport and storage (Lunn & MacRae, 2003). Additionally, Ausborn et al., 
(1994) and Turner et al., (2001) detected that sucrose stabilizes the lipid bilayers on the 
membranes by forming disaccharide-lipid hydrogen bonds, whereas Niu et al., (1997) 
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founded that the right amount of intracellular sucrose can protect a number of enzymes 
from ion-mediated toxicity. 

According to our results, the sugarcane calli did not survive the cryopreservation procedure 
when dimethylsulfoxide was omitted from the cryoprotective mixture; and both the 
survival and plant regeneration percentages rose steadily with increasing dimethylsulfoxide 
concentrations, up to 10%. However, in clear contrast with the results obtained when testing 
different amounts of sucrose, there are no differences in survival between the cryopreserved 
and non-cryopreserved samples at concentrations higher than the optimum (10% v/v in this 
case), and the contrast is even starker when comparing plant regeneration rates, where the 
cryopreserved material performs even better than the non-cryopreserved calli. These results 
agree with those of Finkle et al., (1985) for rice cells, who concluded that the effects achieved 
by using dimethylsulfoxide are paradoxical, since although this substance is clearly toxic, 
but inhibits the growth of ice crystals during cryopreservation. 

Our data obtained during the experiment for dimethylsulfoxide tolerance are coherent with 
the reports for other biological systems, associated to the high degree of toxicity of 
dimethylsulfoxide (Arakawa et al., 1990; Fahy et al., 1990). Kartha et al., (1988) detected that 
dimethylsulfoxide produces an inhibition of 35 to 42% on the growth of embryogenic 
cultures of white spruce when used at a concentration higher than 5% (v/v), and 
Klimaszewska et al., (1992) reported a 28% reduction in the growth of embryogenic tissues 
from black spruce when treated with 15% (v/v) dimethylsulfoxide; this effect, according to 
the microscopic observations of these authors, is due to the induction by this substance of a 
strong plasmolytic effect at the cellular level. 

However, and in spite of these findings, dimethylsulfoxide has been, and still is used as a 
cryoprotectant during storage at ultra-low temperatures. According to Engelmann, (2000) 
this apparent paradox is due to the fact that dimethylsulfoxide is always used as part of a 
cryoprotective mixture, rather than individually. Arakawa et al., (19990) have provided 
evidence that the toxicity of dimethylsulfoxide in isolated proteins is mediated by 
hydrophobic interactions, which are favored at increasing temperatures; in this context, this 
effect is minimized by the use, during preculture, of sucrose at 0°C, which induces the 
biosynthesis of proteins that neutralize the toxic effects of this agent (caused by its 
interaction mainly with lysine residues) (Anchordoguy et al., 1991; Klimazewska et al., 1990; 
Swan et al., 1999). 

Although the exact cryoprotective mechanism of dimethylsulfoxide at ultra-low 
temperatures remains unknown, it is widely acknowledged that it depends on the 
colligative properties of this penetrating compound; that is, dimethylsulfoxide affects the 
formation of ice crystals by decreasing the equilibrium freezing point of the solution, in 
direct dependence on its molar concentration (Kinoshita et al., 2001; McGann, L.E. & 
Walterson, 1987). Dimethylsulfoxide, as a cell-penetrating agent, also decreases the 
intracellular concentration of toxic electrolytes on unfrozen cells (Finkle et al., 1985). 

Anchordoguy et al., (1991) suggested, furthermore, that there is another, not colligative 
mechanism for dimethylsulfoxide-mediated cryoprotection, which involves ionic 
interactions between the oxygen atom from this molecule and phospholipid bilayers. Such a 
mechanism would stabilize the cell membranes during the freeze-thaw cycle. The findings 
by us related wit better plant regeneration percentages from cryopreserved calli as 
compared to calli which had not been cryopreserved could be similar to those of Aronen et 
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al., (1999) in embryogenic cultures of Abies cephalonica. We later founded that the storage in 
liquid nitrogen eliminates a high proportion of cells which had been previously damaged by 
dimethylsulfoxide, since only small, meristematic cells survive this treatment. Furthermore, 
the use of cryoprotective mixtures containing other agents greatly minimizes the inherent 
toxicity of dimethylsulfoxide. 

On the other hand, it is recognized that the process of apoptosis (programmed cell death) is 
not circumscribed to animals, but also occurs in plants, where it is used for the selective 
elimination and suicide of unwanted cells (Krishnamurthy et al., 2000). According to Joyce 
et al., (2003), among the cells undergoing this process are those which have sustained high 
levels of in vitro stress, which can compromise their physiology. Such a mechanism might, 
therefore, be involved in dimethylsulfoxide-mediated toxicity.  

After using the simple freezing procedure proposed by Martinez-Montero et al. (1998), it 
was determined that, apparently, the best dehydration levels are reached by the sugarcane 
calli when kept for 2 or 3 hours at -40 °C. It should be noted that the survival percentages 
achieved in this study were comparable to the best values obtained by Jian et al., (1987) and 
Eksomtramage et al., (1992). Survival rates did not increase with longer pre-freezing times, 
probably due to excessive dehydration of the material. Studies based on the use of nuclear 
magnetic resonance spectroscopy in Catharanthus roseus cells (Chen et al., 1984), vegetative 
apple buds (Tyler et al., 1988) and different tissues from Rhododendron japonicum (Ishikawa 
et al., 2000) have determined that the optimum pre-freezing time for a specified pre-freezing 
temperature depends on the amount of water still remaining inside the cells. Tyler et al., 
(1988) proved the need for the pre-freezing step when they showed that the incubation of 
samples at an intermediate negative temperature before immersion in liquid nitrogen would 
result in a better performance of the cryopreserved material after thawing.  

Finally, the optimized protocol carried out by our team took into account the in vitro 
survival and regeneration (plants per 500 mg of sugarcane calli) percentages and was 
validated for: a) three varieties (CP52-43, C1051-73, C91-301) (Table 1) ; b) explants obtained 
either from immature inflorescences or immature leaves from in vitro plants; c) calli stored 
for up to 16 months under liquid nitrogen, belonging to the CP52-43 variety (Table 2). 

Variety Survival 
(%) 

Regeneration 
(plants per 500mg of calluses) 

-LN 
CP52-43 98,8  a 230 a 
C91-301 69,5 c 72 c 
C1051-73 44,1 d 55 d 

+LN 
 

CP52-43 89,0 b 150 b 
C91-301 38,8 d 42 e 
C1051-73 22,2 e 25 f 

Typical Error 0,190 1,421 

Table 1. Effects of optimized cryopreservation protocol on survival and plant regeneration 
produced from control (-LN) and cryopreserved (+LN) sugarcane embryogenic calluses 
(varieties CP52-43, C91-301 and C1051-73). Means within columns followed by the same letter are 
not significantly different (ANOVA p < 0,05 Tukey,). Data were transformed for statistical analysis 
in accordance with x’= 2 arcsine ((x/100)0,5) and with x’= (0,5 + x)0,5 for percentage of survival  and 
plant regeneration, respectively. 
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founded that the right amount of intracellular sucrose can protect a number of enzymes 
from ion-mediated toxicity. 
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et al., (2003), among the cells undergoing this process are those which have sustained high 
levels of in vitro stress, which can compromise their physiology. Such a mechanism might, 
therefore, be involved in dimethylsulfoxide-mediated toxicity.  

After using the simple freezing procedure proposed by Martinez-Montero et al. (1998), it 
was determined that, apparently, the best dehydration levels are reached by the sugarcane 
calli when kept for 2 or 3 hours at -40 °C. It should be noted that the survival percentages 
achieved in this study were comparable to the best values obtained by Jian et al., (1987) and 
Eksomtramage et al., (1992). Survival rates did not increase with longer pre-freezing times, 
probably due to excessive dehydration of the material. Studies based on the use of nuclear 
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et al., 2000) have determined that the optimum pre-freezing time for a specified pre-freezing 
temperature depends on the amount of water still remaining inside the cells. Tyler et al., 
(1988) proved the need for the pre-freezing step when they showed that the incubation of 
samples at an intermediate negative temperature before immersion in liquid nitrogen would 
result in a better performance of the cryopreserved material after thawing.  

Finally, the optimized protocol carried out by our team took into account the in vitro 
survival and regeneration (plants per 500 mg of sugarcane calli) percentages and was 
validated for: a) three varieties (CP52-43, C1051-73, C91-301) (Table 1) ; b) explants obtained 
either from immature inflorescences or immature leaves from in vitro plants; c) calli stored 
for up to 16 months under liquid nitrogen, belonging to the CP52-43 variety (Table 2). 

Variety Survival 
(%) 

Regeneration 
(plants per 500mg of calluses) 

-LN 
CP52-43 98,8  a 230 a 
C91-301 69,5 c 72 c 
C1051-73 44,1 d 55 d 

+LN 
 

CP52-43 89,0 b 150 b 
C91-301 38,8 d 42 e 
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Table 1. Effects of optimized cryopreservation protocol on survival and plant regeneration 
produced from control (-LN) and cryopreserved (+LN) sugarcane embryogenic calluses 
(varieties CP52-43, C91-301 and C1051-73). Means within columns followed by the same letter are 
not significantly different (ANOVA p < 0,05 Tukey,). Data were transformed for statistical analysis 
in accordance with x’= 2 arcsine ((x/100)0,5) and with x’= (0,5 + x)0,5 for percentage of survival  and 
plant regeneration, respectively. 
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 Time 
(months) Survival (%) Calluses that regenerated 

plants (%) 

Regeneration 
(plants per 500mg of 

calluses) 

-NL 

1 100 a 100,0 a 225,2 a 

4 98,6 a 100,0 a 224,3 a 

8 96,7 ab 66,7 b 77,0 c 

12 97,5 ab 7,1 c 19,1 d 

16 11,5 c 0,0 d 0,0 e 

+NL 

1 90,6 b 96,7 a 149,3 b 

4 87,6 b 97,8 a 142,9 b 

8 88,0 b 93,3 a 135,1 b 

12 86,4 b 97,0 a 141,7 b 

16 90,0 b 97,5 a 140,3 b 

Typical Error 0,189 0,253 1,312 

Table 2. Effect of extended storage duration on the survival and plantlet produced from 
control (-LN) and cryopreserved (+LN) sugarcane embryogenic calluses (variety CP52-43). 
Means within columns followed by the same letter are not significantly different (ANOVA p < 0,05 
Tukey,). Data were transformed for statistical analysis in accordance with x’= 2 arcsine ((x/100)0,5) 
and with x’= (0,5 + x)0,5 for percentage of survival  and plant regeneration, respectively. 

2.3 Apices 

The first attempt to freeze sugarcane apices were carried out by the group of Bajaj et al., 
(1987) using apices from in vivo plants. This material was pretreated with a mixture of 5% 
(v/v) of each DMSO, sucrose and glycerol during 45min. Then the freezing was 
accomplished by rapid immersion in liquid nitrogen of samples. However, the apices 
recovery was very scarce and with only small callus formation without plant regeneration. 

Later on, research for the development of a cryopreservation protocol for sugarcane apices 
was carried out in the framework of collaborative program involving IRD (Institut de 
recherche pour le développement, Montpellier, France), CIRAD (Centre de coopération 
internationale en recherche agronomique pour le développement, Montpellier, France), 
CNIC (Centro Nacional de Investigaciones Cientificas, Havana, Cuba), IPGRI (International 
Plant Genetic Resources Institute, Rome, Italy) and FAO (Food and Agriculture 
Organisation of the United Nations, Rome, Italy). 

A cryopreservation process using encapsulation/dehydration was set up for apices sampled 
on in vitro plantlets of sugarcane by Paulet et al., (1993) in CIRAD, Montpellier, France. After 
dissection, apices were cultured for one day on standard medium and then encapsulated in 

Cryopreservation of Tropical Plant Germplasm with Vegetative Propagation –  
Review of Sugarcane (Saccharum spp.) and Pineapple (Ananas comusus (L.) Merrill) Cases 367 

medium with 3% alginate. Optimal conditions comprised preculture for 2d in liquid 
medium with 0.75M sucrose, desiccation for 6h under the laminar flow or for 10–11 hours 
with silicagel followed by rapid freezing and slow thawing. Survival after freezing in liquid 
nitrogen ranged between 38 and 91% for the 5 varieties experimented. 

Later on, Gonzalez-Arnao et al. (1993) in CNIC, Havana Cuba investigated the effect of 
sucrose concentration during the pregrowth treatment and of freezing procedure on the 
survival of encapsulated apices of six sugarcane varieties. The optimal sucrose concentration 
was 0.75 M during 24h. We showed that encapsulated apices of sugarcane could withstand 
freezing in liquid nitrogen using various freezing procedures. Growth recovery of apices 
after thawing was very rapid and direct, due to the fact that most cells of the apical region 
had been only slightly harmed, as revealed by histological examination. 

Moreover, our group studied apices sampled on in vitro plantlets of different varieties and 
could be cryopreserved using the encapsulation-dehydration technique and stored for one 
year at the temperature of liquid nitrogen without modification in their recovery percentage 
(Gonzalez-Arnao et al., 1999). By contrast, apices placed at -70°C or -25°C lost viability very 
rapidly. There are several explanations for this result: even though vitrification of internal 
solutes has been observed during freezing of these materials, including sugarcane 
devitrification and recrystallization processes, which are detrimental to 'cellular integrity, 
take place at these temperatures (Gonzalez-Arnao et al., 1996). These contrasting results 
might be linked to the presence of higher levels of residual free water in the latter systems, 
which would recrystallize rapidly at these temperatures and result in the death of the 
explants. At lower temperatures comprised between -135 and -196"C, no differences were 
noted in the regrowth capacity of all materials mentioned above whatever the storage 
duration tested. 

It is interesting to note that, even though the two protocols set up were slightly different, the 
average results obtained on a total of 15 sugarcane varieties (8 frozen with the CNIC 
protocol, 7 with the CIRAD protocol) were similar (Table 3). It should also be noted that 
different varieties showed different sensitivities to preculture and desiccation, and to 
preculture, desiccation and freezing. However, there was only one case (Ja 60-5) where the 
difference between control and cryopreserved samples was very high, 70% and 24% 
survival, respectively. Both protocols are thus potentially applicable to a large range of 
varieties without any need for further adaptation. 

Recently, in vitro shoot tips of two clones were successfully cryopreserved using 
encapsulation-dehydration according to Gonzalez-Arnao et al., (1993) and droplet-
vitrification with two vitrification solutions, PVS2 and PVS3 (Barraco et al., 2011). For 
both clones, encapsulation-dehydration induced significantly higher recovery, reaching 
60% for clone H70-144 and 53% for clone CP68-1026, compared with droplet-vitrification 
in which recovery was 33–37% for clone H70-144 and 20–27% for clone CP68-1026. 
Optimal conditions included preculture of encapsulated shoot apices for 24 h in liquid 
medium with 0.75 M sucrose and dehydration with silica gel to 20% moisture content 
(fresh weight basis) before direct immersion in liquid nitrogen. With both protocols 
employed, regrowth of cryopreserved samples, as followed by visual observation, was 
always rapid and direct. 
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The first attempt to freeze sugarcane apices were carried out by the group of Bajaj et al., 
(1987) using apices from in vivo plants. This material was pretreated with a mixture of 5% 
(v/v) of each DMSO, sucrose and glycerol during 45min. Then the freezing was 
accomplished by rapid immersion in liquid nitrogen of samples. However, the apices 
recovery was very scarce and with only small callus formation without plant regeneration. 

Later on, research for the development of a cryopreservation protocol for sugarcane apices 
was carried out in the framework of collaborative program involving IRD (Institut de 
recherche pour le développement, Montpellier, France), CIRAD (Centre de coopération 
internationale en recherche agronomique pour le développement, Montpellier, France), 
CNIC (Centro Nacional de Investigaciones Cientificas, Havana, Cuba), IPGRI (International 
Plant Genetic Resources Institute, Rome, Italy) and FAO (Food and Agriculture 
Organisation of the United Nations, Rome, Italy). 

A cryopreservation process using encapsulation/dehydration was set up for apices sampled 
on in vitro plantlets of sugarcane by Paulet et al., (1993) in CIRAD, Montpellier, France. After 
dissection, apices were cultured for one day on standard medium and then encapsulated in 
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medium with 3% alginate. Optimal conditions comprised preculture for 2d in liquid 
medium with 0.75M sucrose, desiccation for 6h under the laminar flow or for 10–11 hours 
with silicagel followed by rapid freezing and slow thawing. Survival after freezing in liquid 
nitrogen ranged between 38 and 91% for the 5 varieties experimented. 

Later on, Gonzalez-Arnao et al. (1993) in CNIC, Havana Cuba investigated the effect of 
sucrose concentration during the pregrowth treatment and of freezing procedure on the 
survival of encapsulated apices of six sugarcane varieties. The optimal sucrose concentration 
was 0.75 M during 24h. We showed that encapsulated apices of sugarcane could withstand 
freezing in liquid nitrogen using various freezing procedures. Growth recovery of apices 
after thawing was very rapid and direct, due to the fact that most cells of the apical region 
had been only slightly harmed, as revealed by histological examination. 

Moreover, our group studied apices sampled on in vitro plantlets of different varieties and 
could be cryopreserved using the encapsulation-dehydration technique and stored for one 
year at the temperature of liquid nitrogen without modification in their recovery percentage 
(Gonzalez-Arnao et al., 1999). By contrast, apices placed at -70°C or -25°C lost viability very 
rapidly. There are several explanations for this result: even though vitrification of internal 
solutes has been observed during freezing of these materials, including sugarcane 
devitrification and recrystallization processes, which are detrimental to 'cellular integrity, 
take place at these temperatures (Gonzalez-Arnao et al., 1996). These contrasting results 
might be linked to the presence of higher levels of residual free water in the latter systems, 
which would recrystallize rapidly at these temperatures and result in the death of the 
explants. At lower temperatures comprised between -135 and -196"C, no differences were 
noted in the regrowth capacity of all materials mentioned above whatever the storage 
duration tested. 

It is interesting to note that, even though the two protocols set up were slightly different, the 
average results obtained on a total of 15 sugarcane varieties (8 frozen with the CNIC 
protocol, 7 with the CIRAD protocol) were similar (Table 3). It should also be noted that 
different varieties showed different sensitivities to preculture and desiccation, and to 
preculture, desiccation and freezing. However, there was only one case (Ja 60-5) where the 
difference between control and cryopreserved samples was very high, 70% and 24% 
survival, respectively. Both protocols are thus potentially applicable to a large range of 
varieties without any need for further adaptation. 

Recently, in vitro shoot tips of two clones were successfully cryopreserved using 
encapsulation-dehydration according to Gonzalez-Arnao et al., (1993) and droplet-
vitrification with two vitrification solutions, PVS2 and PVS3 (Barraco et al., 2011). For 
both clones, encapsulation-dehydration induced significantly higher recovery, reaching 
60% for clone H70-144 and 53% for clone CP68-1026, compared with droplet-vitrification 
in which recovery was 33–37% for clone H70-144 and 20–27% for clone CP68-1026. 
Optimal conditions included preculture of encapsulated shoot apices for 24 h in liquid 
medium with 0.75 M sucrose and dehydration with silica gel to 20% moisture content 
(fresh weight basis) before direct immersion in liquid nitrogen. With both protocols 
employed, regrowth of cryopreserved samples, as followed by visual observation, was 
always rapid and direct. 
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Variety Survival 

-LN +LN 

C 87-51 (*) 90 70 

C 266-70 (*) 90 86 

B 34104 (*) 60 67 

B 4362 (*) 88 74 

Ja 60-5 (*) 70 24 

IAC 5448 (*) 50 38 

POJ 2878 (*) 56 60 

CP 70-1133 (*) 80 60 

CP 68-1026 (**) 100 64 

B 69566 (**) 100 91 

Co 6415 (**) 80 64 

Co 740 (**) 80 38 

IAC 5118 (**) 50 38 

My 5514 (**) 83 75 

Q 90 (**) 100 82 

Table 3. Survival of control (-LN) and cryopreserved (+LN) apices using the 
encapsulationdehydration technique according to the protocol described by Gonzalez-
Arnao et al. (1993, *) and Paulet et al. (1993, **). 

2.4 Somatic embryos 

In Cuba, a micropropagation protocol based on the artificial seed technology has been 
established for sugarcane, which uses somatic embryos produced on semi-solid medium, an 
alternative which allows mass multiplication of plants from elite varieties (Nieves et al., 2001; 
Tapia et al., 1999). However, this protocol has an important limiting factor, which lies with the 
necessity of safely storing somatic embryos for the long-term (Benson, 2008).  Establishing a 
cryopreservation protocol for somatic embryos would allow solving this problem.  

In this sense our group (Martinez-Montero et al., 2008) compared three vitrification-based 
cryopreservation techniques, viz. vitrification, encapsulation-vitrification and droplet-
vitrification for cryopreserving sugarcane somatic embryos. No viability was achieved using 
the vitrification procedure. The comparison of the recovery pattern of cryopreserved 
somatic embryos showed that droplet-vitrification procedure was more efficient than 
encapsulation-vitrification (Table 1) based on the presence of green colour in somatic 
embryos and on the percentage of clumps with embryos converted into plants. Moreover, 
the presence of callus together with converted plants was observed with the encapsulation-
vitrification procedure. 
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Table 4. Effect of the cryopreservation protocol on the recovery pattern of sugarcane somatic 
embryos (SE). 

Untreated embryos were white (Fig. 3A & B). Cryopreserved embryos were white to yellow 
when they were placed on recovery medium; viable embryos turned yellow to green after 
about 2 weeks; they converted to plants within an additional 2 week period and produced 
green shoots and roots (Fig. 3 C & D). Callus formation was not observed in germinated 
embryos and no secondary embryos were produced after the droplet-vitrification procedure 
(Fig. 3 C). However, callus appeared together with germinated embryos after encapsulation-
vitrification (Fig. 3D). 

 
Fig. 3. Initial embryogenic sugarcane callus (A); clumps of somatic embryos selected for 
cryopreservation experiments (dashed line) (B); recovered clumps of somatic embryos after 
cryopreservation and 4 weeks after transfer to MS medium under light conditions (C, using 
droplet-vitrification procedure; D, using encapsulation-vitrification procedure) (bar = 1mm). 
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The obtained results by Martinez-Montero et al., (2008) contrasted with what is generally 
observed in the literature, as vitrification is the most frequently employed vitrification-based 
procedure and it has been applied to a large number of species (Panis & Lambardi, 2006; 
Sakai & Engelmann, 2007). However, the number of successful reports of application of the 
droplet-freezing and encapsulation-vitrification techniques is increasing steadily 
(Engelmann, 2011).  

Sugarcane somatic embryos proved very sensitive to PVS2, even though the PVS2 treatment 
was performed at 0°C, which usually reduces the toxicity of the cryoprotectant solution 
(Benson, 2008). This high sensitivity rendered the utilization of the vitrification procedure 
impossible and alternative options had to be sought. 

One of the options tested for cryopreservation of sugarcane somatic embryos was the 
encapsulation-vitrification technique, as developed by Matsumoto et al., (1995). These 
authors suggested that the toxicity of the PVS2 solution could be reduced by encapsulating 
the explants in alginate beads. Encapsulation also made the manipulation of the material 
easier. The positive effect of employing this technique was confirmed by the results, as some 
viability was achieved after cryopreserving sugarcane embryos using encapsulation-
vitrification. 

We also tested the droplet-vitrification technique with sugarcane embryos (Martinez-
Montero et al., 2008). Droplet vitrification combines the procedure called droplet-freezing, 
which has been established with cassava (Kartha & Engelmann, 1994) and applied notably 
to potato (Schäfer-Menuhr et al., 1997) and asparagus shoot tips (Mix-Wagner et al., 2000), in 
which explants are cooled in a droplet of cryoprotectant solution with the vitrification 
procedure (Sakai et al., 1990), since explants are cooled in a droplet of PVS2 solution. 
Droplet-vitrification is relatively easy to implement and generally ensures high recovery 
after cooling (Sakai & Engelmann, 2007). One of the advantages of this technique is the high 
cooling and warming rates achieved, compared with others procedures (Benson, 2007; Panis 
et al., 2005). These high cooling/warming rates ensure complete vitrification during cooling 
and reduce the risks of devitrification during warming of samples, which is important to 
avoid the lethal effects of intracellular ice crystal formation (Benson, 2008).  

Moreover, Volk & Walters (2006) concluded that PVS2 imparts its effect in the previtrified 
solution, and at lower temperature the cryoprotectant restricts the mobility of water 
molecules, so that they are unable to nucleate and ice crystals are not allowed to growth. 
Benson (2008) empathized that cryoprotection using droplet-vitrification involves a 
somewhat different principle, due to the behavior of water molecules contained in micro-
droplets of vitrification solution. If the biophysical conditions are optimal the droplets can 
become vitrified on direct exposure to liquid nitrogen.  

3. Use of analytical techniques for sugarcane cryopreservation protocols 
In the past, cryopreservation protocols have generally been developed using an empirical 
approach. However, considerable advances have been made in recent years in the use of 
analytical tools to enhance our current knowledge of the damages induced in biological 
tissues by cryopreservation (Engelmann, 2011). Various biophysical, biochemical and histo-
cytological techniques are available for this purpose (Harding, 1999). Such analytical tools 
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allow the detection of those components of a cryopreservation method which cause the most 
damage. Usually, these studies are correlated with survival responses and viability testing. 
However, the application of analytical tools for plant cryopreservation studies is still very 
scarce and in some cases they are costly to implement and complex to evaluate (Verleysen et 
al., 2004). Apart mention need the excellent review by Benson (2008) in which it is exposed 
that contemporary cryopreservation research is now supported by advanced biomolecular 
or ‘omics’ technologies, creating a new knowledge base which will hopefully help to solve 
some of the more difficult cryobiological challenges. However, it will become increasingly 
so as stakeholders invest in areas commonly interested in low temperature research. 
Therefore, our research experience is only limited to use non costly and complex analytical 
techniques yet. 

3.1 Effect of cryopreservation on the structural and functional integrity of cell 
membranes of sugarcane embryogenic callus 

Cell membranes are one of the main targets of numerous stressing events, including 
cryopreservation (Benson, 2007; Fahy et al., 1984; Engelmann, 2011). Various markers, 
including electrolyte efflux, lipid peroxidation products and cell membrane protein content, 
reflect the structural and functional integrity status of cell membranes after exposure to such 
stressing events (Harding, 1999; Verleysen et al., 2004). 

Measurement of electrolyte leakage has been used notably for studying the desiccation and 
cryopreservation sensitivity of various recalcitrant seed species (Sun, 1999). Lipid 
peroxidation profiles have been used as markers of cell membrane damage during freezing 
of rice cell suspensions and of the coenocytic alga Vaucheria sessilis (Benson et al., 1992; Fleck 
et al., 1999). Watanabe et al., (1999) have shown that the acquisition of tolerance to 
cryopreservation of rice cells was related to changes in protein metabolism. An increasing 
number of proteins and peptides that might contribute to freezing tolerance by reducing the 
effects of dehydration associated with freezing have been identified (Thomashow, 1999). In 
the same way, Thierry et al., (1999) have observed in carrot somatic embryos the over-
accumulation of boiling-stable proteins, which seems to be related to an increase in tolerance 
to cryopreservation. Besides, some enzymes, which are induced by low temperature, such as 
fatty acid desaturase and sucrose phosphate synthase, also contribute to freezing tolerance 
(Guy, 1999).  

Our research group studied the effect of cryopreservation on the structural and functional 
integrity of cell membranes of sugarcane embryogenic calluses by measuring electrolyte 
leakage, lipid peroxidation products and membrane proteins (Fig. 4). Firstly, we showed 
(Martinez-Montero et al., 2002a) that survival and plantlet production were lower with 
cryopreserved sugarcane embryogenic calluses in comparison with unfrozen control 
calluses. However, the differences observed between control and cryopreserved calluses in 
the parameters studied to evaluate membrane structural and functional integrity, including 
electrolyte leakage, total cell membrane protein content, malondialdehyde and other 
aldehyde content were only transitory. Indeed, they had all disappeared within 3-4 days 
after freezing.  

Electrolyte leakage, measured to evaluate the overall effect of cryopreservation on the semi-
permeability of plasma membranes, revealed a partial loss of membrane semipermeability 
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in callus cells. The transitory character of the electrolyte efflux observed indicates that no 
dramatic mechanical cell membrane injuries were caused by cryopreservation; rather only 
reversible lesions were induced by this treatment. As part of this dynamic process, the 
electrolytes released by damaged cells may have been taken up by living cells. 
 

      
a b 

 
c d 

Fig. 4. Effect of cryopreservation on the structural and functional integrity of cell 
membranes of sugarcane embryogenic calluses by measuring electrolyte leakage (A), total 
proteins (B), malondialdehyde content (C) and other aldehyde content (D). Data followed by 
the same letter are not statistically different (ANOVA, Duncan, p<0.05). CC: cryopreserved callus. 
NCC: non-cryopreserved callus. 

Freezing injury induces the production of free radicals, mainly reactive oxygen species 
(ROS) (Benson et al., 1992). The ROS signaling pathway is mainly controlled by the 
production of, and balance between, pro- and antioxidants and the perturbation of ROS 
homeostasis (Mittler et al., 2004). These changes are perceived by various proteins, enzymes 
and receptors which influence different developmental, metabolic and defense pathways. 
Free radicals then attack the lipid fraction of membranes, resulting in the formation of 
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unstable lipid peroxides. These compounds breakdown to form toxic secondary oxidation 
products (Esterbauer et al., 1988) such as aldehydes, including malondialdehyde and other 
aldehydic products. 

According to our results the main factors affecting sugarcane callus cell membrane damages 
and electrolyte efflux might thus be oxygen reactive species instead of malondialdehyde and 
aldehydes themselves, since the highest concentration of these compounds was reached 
later than the highest level of electrolyte leakage. However, it is also possible that the 
damages noted after cryopreservation could have been caused by the loss of cellular 
integrity due to the formation of ice crystals and to the cryoprotectants employed, which 
could damage the membranes. 

We also showed that the content in malondialdehyde and other aldehydes in the 
microsomal fraction were higher for cryopreserved calluses than unfrozen controls, but only 
during the first three days after cryopreservation. Benson et al., (1992) have obtained similar 
results for malondialdehyde with cryopreserved rice cell suspensions. Therefore, they 
suggested that freezing stress could have caused disruption and uncoupling in some 
metabolic pathways as reported by Fleck et al. (1999) and Dumet et al., (2000) with other 
biological systems. This could have led to the production of free radicals, thus promoting 
lipid peroxidation in the cellular membranes of calluses at a very early post-thaw recovery 
stage. 

Variations were also observed in control calluses, concerning mainly electrolyte leakage and 
lipid peroxidation. The significantly increased levels of malondialdehyde and aldehydes 
measured during the first 3 days in control calluses might be a result of mechanical 
membrane damage caused by cutting when preparing the starting material. Fleck et al., 
(1999) described an increase in lipid peroxidation products after cutting algae filaments into 
sections. In addition, transfer of material to fresh medium itself is another stress source that 
may cause an increase in malondialdehyde and aldehydes (Benson, 2007). 

The concentration of lipid peroxidation products decreased from the second day onwards 
and reached a constant value on the fourth day in both frozen and control calluses 
(Martinez-Montero et al., 2002a). This decrease must have been caused by the activation of 
antioxidant defense mechanisms. Plants produce antioxidant molecules and have 
scavenging systems (ß-carotenes, tocopherol isomers, ascorbic acid, glutathione) and 
enzymatic free radical processing systems (superoxide dismutase, catalase, glutathione 
reductase, ascorbate peroxidase and various other enzymes) as a protective response to 
stresses (Leprince et al., 1993). Those antioxidant systems are directly activated by oxidative 
stress and, consequently, diminish the levels of ROS and thiobarbituric acid reactive 
substances in cells. Martinez-Montero et al., (2002a) suggested additional experiments to be 
performed to measure the concentration of such antioxidant molecules and the activity level 
of the above-cited enzymes in sugarcane embryogenic calluses in relation to 
cryopreservation. 

An increase in cell membrane-related proteins has been described as a response to 
dehydration and freezing stress (Ausborn et al., 1994). Such proteins are produced as a 
protective mechanism to preserve membrane structure, ion sequestration and chaperon-like 
functions (Thierry et al., 1999). According to Martinez-Montero et al., (2002a) the total 
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unstable lipid peroxides. These compounds breakdown to form toxic secondary oxidation 
products (Esterbauer et al., 1988) such as aldehydes, including malondialdehyde and other 
aldehydic products. 

According to our results the main factors affecting sugarcane callus cell membrane damages 
and electrolyte efflux might thus be oxygen reactive species instead of malondialdehyde and 
aldehydes themselves, since the highest concentration of these compounds was reached 
later than the highest level of electrolyte leakage. However, it is also possible that the 
damages noted after cryopreservation could have been caused by the loss of cellular 
integrity due to the formation of ice crystals and to the cryoprotectants employed, which 
could damage the membranes. 

We also showed that the content in malondialdehyde and other aldehydes in the 
microsomal fraction were higher for cryopreserved calluses than unfrozen controls, but only 
during the first three days after cryopreservation. Benson et al., (1992) have obtained similar 
results for malondialdehyde with cryopreserved rice cell suspensions. Therefore, they 
suggested that freezing stress could have caused disruption and uncoupling in some 
metabolic pathways as reported by Fleck et al. (1999) and Dumet et al., (2000) with other 
biological systems. This could have led to the production of free radicals, thus promoting 
lipid peroxidation in the cellular membranes of calluses at a very early post-thaw recovery 
stage. 

Variations were also observed in control calluses, concerning mainly electrolyte leakage and 
lipid peroxidation. The significantly increased levels of malondialdehyde and aldehydes 
measured during the first 3 days in control calluses might be a result of mechanical 
membrane damage caused by cutting when preparing the starting material. Fleck et al., 
(1999) described an increase in lipid peroxidation products after cutting algae filaments into 
sections. In addition, transfer of material to fresh medium itself is another stress source that 
may cause an increase in malondialdehyde and aldehydes (Benson, 2007). 

The concentration of lipid peroxidation products decreased from the second day onwards 
and reached a constant value on the fourth day in both frozen and control calluses 
(Martinez-Montero et al., 2002a). This decrease must have been caused by the activation of 
antioxidant defense mechanisms. Plants produce antioxidant molecules and have 
scavenging systems (ß-carotenes, tocopherol isomers, ascorbic acid, glutathione) and 
enzymatic free radical processing systems (superoxide dismutase, catalase, glutathione 
reductase, ascorbate peroxidase and various other enzymes) as a protective response to 
stresses (Leprince et al., 1993). Those antioxidant systems are directly activated by oxidative 
stress and, consequently, diminish the levels of ROS and thiobarbituric acid reactive 
substances in cells. Martinez-Montero et al., (2002a) suggested additional experiments to be 
performed to measure the concentration of such antioxidant molecules and the activity level 
of the above-cited enzymes in sugarcane embryogenic calluses in relation to 
cryopreservation. 

An increase in cell membrane-related proteins has been described as a response to 
dehydration and freezing stress (Ausborn et al., 1994). Such proteins are produced as a 
protective mechanism to preserve membrane structure, ion sequestration and chaperon-like 
functions (Thierry et al., 1999). According to Martinez-Montero et al., (2002a) the total 
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microsomal fraction protein content was higher in cryopreserved sugarcane calluses during 
the first 3 d after thawing. This increase was concomitant with an increase in 
malondialdehyde and aldehyde concentration. They hypothesized that some of the proteins 
induced by the freeze-thaw cycle may play a role in decreasing the malondialdehyde and 
aldehyde levels, in addition to the other functions mentioned above. 

Even though electrolyte leakage, malondialdehyde, aldehyde and cell membrane protein 
contents became similar in control and cryopreserved samples 4 d after cryopreservation, 
cryopreservation consistently affected callus survival and plantlet regeneration (Martinez-
Montero et al., 2002a). However, lipid peroxidation products (such as malondialdehyde and 
aldehydes) might have impaired various cell functions in the sugarcane embryogenic 
calluses by cross-linking to macromolecules such as DNA and proteins to form mutagenic 
compounds as reported by Yang & Scaich, (1996) for animal cells. Moreover, the free 
radicals induced by freezing stress are considered both cytotoxic and genotoxic because they 
are capable to modify protein structure, to form complexes with DNA and enzymes and to 
inhibit nucleic acid synthesis (Esterbauer et al., 1988; Grune et al., 1997, Spiteller, 1996). Such 
impairments might have affected the totipotency of these callus cells. 

3.2 Use of electrolyte leakage technique for sugarcane somatic embryos 

To allow a quick, reliable prognosis of the experiments performed and to refine the optimal 
conditions for cryopreservation of somatic embryos, viability was estimated using an 
electrolyte efflux test by our research group (Martinez-Montero et al., 2008). Firstly, four 
dissected clumps were either immediately incubated in 20 ml double-distilled water or 
immersed directly in liquid nitrogen before incubation. The percentage of living cells (cell 
viability) was calculated by making mixtures of cooled and non cooled clumps (ca. 20 mg 
total fresh weight). Conductivity of the water was measured before (C0) and after 5, 15 or 25 
h of imbibition (Cx). Samples were then autoclaved (30 min at 112°C, 107 kPa) and cooled 
down to room temperature for 4 h to determine the total conductivity (Ctotal). The 
percentage of electrolyte leakage was calculated from the ratio: (Cx – C0)*100/(Ctotal – C0). 
Lastly, a regression analysis was made between the results of the electrolyte leakage test and 
the cell viability (both were expressed in percentages). The best model that was suitable to 
represent the experimental data constitutes a standardized curve for analysis of cell viability 
during all experimentations. 

The effect of the imbibitions duration in double-distilled water on the leakage of electrolytes 
in mixtures of cooled and non-cooled clumps by regression analysis demonstrated that there 
was a significant linear relationship (α = 0.05) between the electrolyte efflux and the viability 
of somatic embryos and high coefficients of determination (R2 > 0.88) were obtained (Fig. 5). 
It was clearly observed that a greater functional relationship existed in the lineal equation 
for imbibitions periods of clumps between 15 and 25 h. Our results confirmed that an 
equilibration period was necessary for accurate measurement of cell leakage and the 
electrolyte leakage was practically complete (85% of the electrolytes leaked in a sample with 
100% of cooled clumps) after 15 h only. Moreover, the values of electrolyte leakage indicated 
that close to 10% of the somatic embryos were damaged after dissection for the 
cryopreservation experiments. Therefore, our test proved useful and precise as it was not 
only good for distinguishing between living and dead tissues but also for quantifying small 
differences in the amount of viable tissues. 
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Fig. 5. Effect of the imbibition duration in double-distilled water on the leakage of 
electrolytes in mixtures of cooled and non-cooled clumps by regression analysis to 
determine the cell viability of sugarcane somatic embryos. A) after 5 h; B) after 15 h; C) after 
25 h. 

3.2.1 Optimization of methodology for somatic embryos 

The loading treatment is an essential step to achieve high post-rewarming survival of 
cryopreserved sugarcane somatic embryos because it induces or enhances tolerance of 
samples to PVS2 treatment (Panis & Thinh, 2001). A loading solution including 2 M glycerol 
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and 0.4 M sucrose is the most commonly employed in cryopreservation protocols (Sakai & 
Engelmann, 2007). The results obtained by Martinez-Montero et al., (2008) showed that 
modifying the composition of the loading solution improved viability according to 
electrolyte efflux test for cryopreserved sugarcane embryos. 

This indicates the importance of carefully studying each step of the cryopreservation 
protocol to optimize survival. We hypothesized that increasing the number of OH groups 
present in the loading medium progressively decreased viability of control sugarcane 
somatic embryos, whereas there was an optimum in their number to achieve highest 
viability after cryopreservation (Fig. 6). It has been suggested that OH groups of 
sugars/polyalcohols replace water and interact with phospholipids forming hydrogen 
bonding with membrane phospholipids (Turner et al., 2001). This helps stabilizing cellular 
membranes during dehydration and cooling and helps maintaining membrane integrity and 
function through minimizing bilayer disruption and damages (Benson, 2007). 

 
Fig. 6. Effect of the total number of OH groups of glycerol and sucrose on the cell viability of 
the cryopreserved sugarcane somatic embryos by droplet-vitrification procedure. 

From a thermodynamic, kinetic, and structural point of view, the physico-chemical 
mechanism by which glycerol plus sucrose as co-solvent system can modulate the 
functionality of a given protein is very important (Baier & McClements, 2005; Ruan et al., 
2003). However, the stabilization mechanism of these agents has been attributed to a protein 
preferential hydration mechanism, as proposed by Timasheff (1993) or to an osmotic stress 
(Parsegian et al., 1995) where, mathematically, the two mechanisms cannot be distinguished 
(Parsegian et al., 2000). 

In a very well documented paper, Parsegian et al., (2000) indicated that there has been much 
confusion about the relative merits of different approaches, osmotic stress, preferential 
interaction (i.e. preferential hydration), and crowding, to describe the indirect effect of 
solutes on macromolecular conformations and reactions. The two first mechanisms (and 
crowding) cannot be distinguished as they are derived from the same solution theory. In the 
preferential hydration model proposed by Timasheff (1993), both the chemical nature and 
the size of the solute determine water exclusion from the protein surfaces. The osmotic 
stress emphasizes the role of the water that is necessarily included if solutes are excluded 
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(Parsegian et al., 2000), dealing also with the movement of water molecules (Parsegian et al., 
1995; Stanley et al., 2008). 

Duan et al., (2001) observed that the hydroxyl groups present in the glucose units could 
contribute to protein-sugar interactions in aqueous solutions. These newly formed dipole-
dipole interactions could form a hydrophilic layer around the protein units and therefore 
increase the dispersability of the protein through protein hydration and/or alter the 
intramolecular interactions in such a way that folding and even dissociation may be 
favoured (Semenova et al., 2002). 

4. Stability assessment  
Before using cryopreservation as an additional tool in the overall conservation strategy for 
any plant material, it is essential to verify that the cryopreservation protocol developed does 
not have any destabilizing effect and that the plants produced from cryopreserved explants 
are true to type (Harding, 2004). This author firstly provided a definition for 
“Cryobionomics” - a novel term describing the remodeled concept of genetic stability and 
the re-introduction of cryopreserved plants into the environment. Later, Cryobionomics is 
proposed as an approach to explore links between cryoinjury and genetic instability during 
and after cryopreservation (Harding et al., 2005, 2008b). There are an increasing number of 
reports indicating that no changes are observed in the material regenerated from 
cryopreservation (Engelmann, 1997). However, most of these experiments have been 
performed very soon after cryopreservation on a small number of individuals, often using 
material still cultured in vitro or after a very short period of growth in vivo and they concern 
mainly in vitro growth characteristics, or a limited number of biochemical or molecular 
markers. Only in a limited number of cases (e.g. Côte et al., 2000; Engelmann, 1997; Schäfer-
Menuhr et al., 1997) have plants been grown in the field for a long period allowing the 
assessment of agronomic characteristics. 

In the case of sugarcane, numerous experiments have been conducted to study the field 
behaviour of micropropagated plants (Feldmann et al., 1994; Flynn & Anderlini, (1990); 
Jackson et al., 1990; Lorenzo et al., 2001; Pena & Stay, 1997), uncovering the occurrence of 
rejuvenation phenomenons and of epigenetic changes. By contrast, only limited information 
is available concerning the stability of plants regenerated from cryopreserved material. 
RFLP analysis did not reveal any difference that could be attributed to cryopreservation 
between plants of one sugarcane variety produced from control and cryopreserved calluses 
(Eksomtramage et al., 1992) or cell suspensions (Chowdhury & Vasil 1993). Plants produced 
from control and cryopreserved shoot tips of one variety were similar as regards pattern of 
two isoenzymatic systems (Paulet et al., 1993) and six agronomic traits observed during 
their early growth in vivo (Gonzalez-Arnao et al, 1999).  

Moreover, we published data on the field performance of sugarcane plants originating from 
cryopreserved material (Martinez-Montero et al., 2002b). The field performance of plants 
produced from embryogenic calluses of one sugarcane commercial hybrid cv. CP52-43 
(CP43-64 x CP38-34, Canal Point, USA) cryopreserved using the protocol developed by 
Martinez-Montero et al. (1998) was evaluated over a period of 27 months by observing 
several agronomic parameters (Fig. 7). Similar observations were carried out simultaneously 
for comparison on plants produced from the same callus cultures, but which were not 
cryopreserved and on plants of the same variety originating from classical 
macropropagation. 
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and 0.4 M sucrose is the most commonly employed in cryopreservation protocols (Sakai & 
Engelmann, 2007). The results obtained by Martinez-Montero et al., (2008) showed that 
modifying the composition of the loading solution improved viability according to 
electrolyte efflux test for cryopreserved sugarcane embryos. 

This indicates the importance of carefully studying each step of the cryopreservation 
protocol to optimize survival. We hypothesized that increasing the number of OH groups 
present in the loading medium progressively decreased viability of control sugarcane 
somatic embryos, whereas there was an optimum in their number to achieve highest 
viability after cryopreservation (Fig. 6). It has been suggested that OH groups of 
sugars/polyalcohols replace water and interact with phospholipids forming hydrogen 
bonding with membrane phospholipids (Turner et al., 2001). This helps stabilizing cellular 
membranes during dehydration and cooling and helps maintaining membrane integrity and 
function through minimizing bilayer disruption and damages (Benson, 2007). 

 
Fig. 6. Effect of the total number of OH groups of glycerol and sucrose on the cell viability of 
the cryopreserved sugarcane somatic embryos by droplet-vitrification procedure. 

From a thermodynamic, kinetic, and structural point of view, the physico-chemical 
mechanism by which glycerol plus sucrose as co-solvent system can modulate the 
functionality of a given protein is very important (Baier & McClements, 2005; Ruan et al., 
2003). However, the stabilization mechanism of these agents has been attributed to a protein 
preferential hydration mechanism, as proposed by Timasheff (1993) or to an osmotic stress 
(Parsegian et al., 1995) where, mathematically, the two mechanisms cannot be distinguished 
(Parsegian et al., 2000). 

In a very well documented paper, Parsegian et al., (2000) indicated that there has been much 
confusion about the relative merits of different approaches, osmotic stress, preferential 
interaction (i.e. preferential hydration), and crowding, to describe the indirect effect of 
solutes on macromolecular conformations and reactions. The two first mechanisms (and 
crowding) cannot be distinguished as they are derived from the same solution theory. In the 
preferential hydration model proposed by Timasheff (1993), both the chemical nature and 
the size of the solute determine water exclusion from the protein surfaces. The osmotic 
stress emphasizes the role of the water that is necessarily included if solutes are excluded 
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(Parsegian et al., 2000), dealing also with the movement of water molecules (Parsegian et al., 
1995; Stanley et al., 2008). 

Duan et al., (2001) observed that the hydroxyl groups present in the glucose units could 
contribute to protein-sugar interactions in aqueous solutions. These newly formed dipole-
dipole interactions could form a hydrophilic layer around the protein units and therefore 
increase the dispersability of the protein through protein hydration and/or alter the 
intramolecular interactions in such a way that folding and even dissociation may be 
favoured (Semenova et al., 2002). 

4. Stability assessment  
Before using cryopreservation as an additional tool in the overall conservation strategy for 
any plant material, it is essential to verify that the cryopreservation protocol developed does 
not have any destabilizing effect and that the plants produced from cryopreserved explants 
are true to type (Harding, 2004). This author firstly provided a definition for 
“Cryobionomics” - a novel term describing the remodeled concept of genetic stability and 
the re-introduction of cryopreserved plants into the environment. Later, Cryobionomics is 
proposed as an approach to explore links between cryoinjury and genetic instability during 
and after cryopreservation (Harding et al., 2005, 2008b). There are an increasing number of 
reports indicating that no changes are observed in the material regenerated from 
cryopreservation (Engelmann, 1997). However, most of these experiments have been 
performed very soon after cryopreservation on a small number of individuals, often using 
material still cultured in vitro or after a very short period of growth in vivo and they concern 
mainly in vitro growth characteristics, or a limited number of biochemical or molecular 
markers. Only in a limited number of cases (e.g. Côte et al., 2000; Engelmann, 1997; Schäfer-
Menuhr et al., 1997) have plants been grown in the field for a long period allowing the 
assessment of agronomic characteristics. 

In the case of sugarcane, numerous experiments have been conducted to study the field 
behaviour of micropropagated plants (Feldmann et al., 1994; Flynn & Anderlini, (1990); 
Jackson et al., 1990; Lorenzo et al., 2001; Pena & Stay, 1997), uncovering the occurrence of 
rejuvenation phenomenons and of epigenetic changes. By contrast, only limited information 
is available concerning the stability of plants regenerated from cryopreserved material. 
RFLP analysis did not reveal any difference that could be attributed to cryopreservation 
between plants of one sugarcane variety produced from control and cryopreserved calluses 
(Eksomtramage et al., 1992) or cell suspensions (Chowdhury & Vasil 1993). Plants produced 
from control and cryopreserved shoot tips of one variety were similar as regards pattern of 
two isoenzymatic systems (Paulet et al., 1993) and six agronomic traits observed during 
their early growth in vivo (Gonzalez-Arnao et al, 1999).  

Moreover, we published data on the field performance of sugarcane plants originating from 
cryopreserved material (Martinez-Montero et al., 2002b). The field performance of plants 
produced from embryogenic calluses of one sugarcane commercial hybrid cv. CP52-43 
(CP43-64 x CP38-34, Canal Point, USA) cryopreserved using the protocol developed by 
Martinez-Montero et al. (1998) was evaluated over a period of 27 months by observing 
several agronomic parameters (Fig. 7). Similar observations were carried out simultaneously 
for comparison on plants produced from the same callus cultures, but which were not 
cryopreserved and on plants of the same variety originating from classical 
macropropagation. 
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Fig. 7. Regenerated plants from cryopreserved embryogenic sugarcane callus a) during 
acclimatization (42 days); b, c) after 12 months in the field of the stool; d) after 15 months in 
the field of the first ratoon. 

Treatments were distributed following a randomised block experimental design including 
four repetitions per treatment. Experimental plots were 7.5 m long with 5 rows each. Intra-
row spacing was 0.5 m. The commercial hybrid C266-70 (Co281 x POJ2878, INICA, Cuba) 
was planted as experiment border. Fertilization at the time of planting included 75 kg/ha 
urea; 50 kg/ha P2O5 and 50 kg/ha K2O. Additionally, 75 kg/ha urea were supplied 3 
months after planting. The following measurements were performed on 100 plants 
originating from cryopreserved calluses, control calluses and macropropagated plants: 

 After 6 months of stool field growth: number of stems per clump (i.e. number of suckers 
produced from the original plant); stem diameter (cm); stem length (m). 

 After 12 months of stool field growth: number of stems per clump; stem diameter (cm); 
stem length (m); fibre percentage (w/w); juice brix (i.e. mass of sugar (g dry matter) per 
100 g of juice, expressed in Brix degree) ; pol (total sugar content) percentage in juice; 
pol percentage in cane; juice apparent purity tons of pol/ha. 

 After cutting of stools and 15 months of field growth of the first ratoon: number of 
stems per clump; stem diameter (cm); stem length (m); single stem fresh mass (kg); fibre 
percentage (w/w); juice brix; pol percentage in juice; pol percentage in cane; juice 
apparent purity; tons of pol/ha. 

The results of the evaluation of field grown sugarcane plants after different periods showed 
significant differences between treatments only during the first six months of field growth of 
sugarcane stools (Table 4). Stems produced from in vitro cultured materials, irrespective of 
their cryopreservation status, had a smaller diameter and a shorter height than those 
produced from macropropagated buds. These differences disappeared during the course of 
the experiment as they were not observed anymore after 12 months of stool field growth.  
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Parameter measured 
Origin of stools Typical 

Error Cryopreserved 
calluses Control calluses Buds isolated 

Stem diameter (cm) 1,51 b 1,45 b 1,82 a 0,12 
Stem length (m) 0,57 b 0,49 b 0,85 a 0,10 

Number of stems per meter 5,20 a 5,45 a 4,22 b 0,35 

Table 4. Evaluation of several agronomic parameters after six months of field growth of 
sugarcane stools originating from cryopreserved calluses, control (non-cryopreserved) 
calluses and buds isolated from macropropagated plants. Data in rows followed by the same 
letter are not statistically different (ANOVA, Tukey test, p < 0,05). 

No significant difference between treatments was observed for any of the parameters 
studied after 12 months of stool field growth and 15 months of field growth of the first 
ratoon (Tables 5 and 6). This study has demonstrated that the differences observed for 
several agronomic characters between stools originating from cryopreserved and control 
calluses, and macropropagated material after 6 months of field growth disappeared 
progressively with time, as no differences could be uncovered in stools after 12 months nor 
after 15 months of field growth of the first ratoon. 

Only very few published reports on this topic deal with comparable number and duration 
components. No differences have been noted in the vegetative and floral development of 
several hundreds of palms regenerated from control and cryopreserved oil palm 
embryogenic cultures, but no detailed account of the observations made has been published 
(Engelmann, 1997). The most comprehensive study is the comparison of the field behaviour 
of banana plants regenerated from control and cryopreserved cell suspensions (Côte et al., 
2000), which showed that two out of the eleven descriptors analyzed differed between 
control and cryopreserved material during the first culture cycle but that, similarly to our 
observations, these differences disappeared during the second culture cycle. 
 

Parameter measured 
Origin of stools Typical 

Error 
 

Cryopreserved 
calluses 

Control 
calluses 

Buds 
isolated 

Stem diameter (cm) 2,58 2,51 2,66 0,09 
Stem length (m) 1,85 1,90 1,70 0,11 

Stem fresh weight (kg) 1,37 1,33 1,49 0,09 
Stem number per meter 9,80 10,55 9,32 1,50 

Agriculture recovery (t/ha) 111,88 116,93 115,72 2,62 
Juice brix (°Brix) 22,07 21,22 24,69 1,87 

Pol percentage in juice (%, w/w) 19,17 18,37 19,35 1,93 
Fibre percentage (%, w/w) 11,55 11,23 11,52 0,43 

Pol percentage in cane (%, w/w) 16,95 16,30 17,12 1,90 
Agro-industrial recovery (t/ha) 18,96 19,06 19,81 1,51 

Table 5. Evaluation of several agronomic parameters after 12 months of field growth of 
sugarcane stools originating from cryopreserved calluses, control (non-cryopreserved) calluses 
and buds isolated from macropropagated plants. No statistical differences were found (ANOVA). 
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100 g of juice, expressed in Brix degree) ; pol (total sugar content) percentage in juice; 
pol percentage in cane; juice apparent purity tons of pol/ha. 

 After cutting of stools and 15 months of field growth of the first ratoon: number of 
stems per clump; stem diameter (cm); stem length (m); single stem fresh mass (kg); fibre 
percentage (w/w); juice brix; pol percentage in juice; pol percentage in cane; juice 
apparent purity; tons of pol/ha. 

The results of the evaluation of field grown sugarcane plants after different periods showed 
significant differences between treatments only during the first six months of field growth of 
sugarcane stools (Table 4). Stems produced from in vitro cultured materials, irrespective of 
their cryopreservation status, had a smaller diameter and a shorter height than those 
produced from macropropagated buds. These differences disappeared during the course of 
the experiment as they were not observed anymore after 12 months of stool field growth.  
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Parameter measured 
Origin of stools Typical 

Error Cryopreserved 
calluses Control calluses Buds isolated 

Stem diameter (cm) 1,51 b 1,45 b 1,82 a 0,12 
Stem length (m) 0,57 b 0,49 b 0,85 a 0,10 

Number of stems per meter 5,20 a 5,45 a 4,22 b 0,35 

Table 4. Evaluation of several agronomic parameters after six months of field growth of 
sugarcane stools originating from cryopreserved calluses, control (non-cryopreserved) 
calluses and buds isolated from macropropagated plants. Data in rows followed by the same 
letter are not statistically different (ANOVA, Tukey test, p < 0,05). 

No significant difference between treatments was observed for any of the parameters 
studied after 12 months of stool field growth and 15 months of field growth of the first 
ratoon (Tables 5 and 6). This study has demonstrated that the differences observed for 
several agronomic characters between stools originating from cryopreserved and control 
calluses, and macropropagated material after 6 months of field growth disappeared 
progressively with time, as no differences could be uncovered in stools after 12 months nor 
after 15 months of field growth of the first ratoon. 

Only very few published reports on this topic deal with comparable number and duration 
components. No differences have been noted in the vegetative and floral development of 
several hundreds of palms regenerated from control and cryopreserved oil palm 
embryogenic cultures, but no detailed account of the observations made has been published 
(Engelmann, 1997). The most comprehensive study is the comparison of the field behaviour 
of banana plants regenerated from control and cryopreserved cell suspensions (Côte et al., 
2000), which showed that two out of the eleven descriptors analyzed differed between 
control and cryopreserved material during the first culture cycle but that, similarly to our 
observations, these differences disappeared during the second culture cycle. 
 

Parameter measured 
Origin of stools Typical 

Error 
 

Cryopreserved 
calluses 

Control 
calluses 

Buds 
isolated 

Stem diameter (cm) 2,58 2,51 2,66 0,09 
Stem length (m) 1,85 1,90 1,70 0,11 

Stem fresh weight (kg) 1,37 1,33 1,49 0,09 
Stem number per meter 9,80 10,55 9,32 1,50 

Agriculture recovery (t/ha) 111,88 116,93 115,72 2,62 
Juice brix (°Brix) 22,07 21,22 24,69 1,87 

Pol percentage in juice (%, w/w) 19,17 18,37 19,35 1,93 
Fibre percentage (%, w/w) 11,55 11,23 11,52 0,43 

Pol percentage in cane (%, w/w) 16,95 16,30 17,12 1,90 
Agro-industrial recovery (t/ha) 18,96 19,06 19,81 1,51 

Table 5. Evaluation of several agronomic parameters after 12 months of field growth of 
sugarcane stools originating from cryopreserved calluses, control (non-cryopreserved) calluses 
and buds isolated from macropropagated plants. No statistical differences were found (ANOVA). 
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An interesting result in our study is that plants regenerated from control and cryopreserved 
calluses displayed the same differences in comparison with those originating from 
macropropagated material. These differences are therefore not induced by cryopreservation 
but are due to the fact that both groups of plants originate from in vitro cultured material. It 
is indeed a well known phenomenon that tissue culture induces temporary changes in the 
behaviour of in vitro cultured plants during their early in vivo growth phase (Swartz 1991). 
Such changes can be induced by in vitro culture conditions including notably low light 
intensity, high humidity, limited gas exchanges, presence of high sucrose concentrations 
and growth regulators in the medium. 

In the case of sugarcane, changes in the field behaviour of plants have been frequently 
observed after in vitro culture. Several authors have reported an increase in the number of 
new stems per clump (Flynn & Anderlini, 1990; Jackson, 1990; Perez et al., 1999), which 
generally induces a reduction in the stem diameter and mass. Peña & Stay (1997) stated that, 
with sugarcane in vitro culture stimulated growth and vigour, induced rejuvenation and 
generally improved agricultural performance. Many authors (Jimenez et al., 1991; Lorenzo 
et al., 2001; Lourens. & Martin 1987; Taylor et al., 1992) indicate that such differences 
disappear during the course of field growth and the first clonal multiplication, as observed 
in our experiments. 
 
 

Parameter measured 
Origin of stools Typical 

Error 
 

Cryopreserved 
calluses 

Control 
calluses 

Buds 
isolated 

Stem diameter (cm) 2,62 2,59 2,65 0,10 
Stem length (m) 1,93 1,98 2,04 0,16 

Stem fresh weight (kg) 1,50 1,51 1,54 0,21 
Stem number per meter 9,77 9,65 10,09 2,20 

Agriculture recovery (t/ha) 122,10 121,42 129,48 5,12 
Juice brix (°Brix) 23,22 23,02 22,98 1,79 

Pol percentage in juice (%, 
w/w) 20,45 20,07 19,95 1,85 

Fibre percentage (%, w/w) 12,9 12,17 12,5 0,35 
Pol percentage in cane (%, 

w/w) 17,81 17,62 17,45 1,80 

Agro-industrial recovery 
(t/ha) 21,75 21,35 22,59 1,51 

 
 

Table 6. Evaluation of several agronomic parameters after 15 months of field growth of the 
first sugarcane ratoon originating from cryopreserved calluses, control (non-cryopreserved) 
calluses and buds isolated from macropropagated plants. No statistical differences were found 
(ANOVA). 

In conclusion, the results obtained in our study validate the cryopreservation protocol 
developed by Martinez-Montero et al. (1998) for embryogenic calluses. Cryopreservation of 
embryogenic calluses will thus be incorporated in the scheme established by the Centro de 
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Bioplantas for mass production of in vitro sugarcane plants by means of somatic 
embryogenesis. 

5. Cryopreservation protocols for pineapple 
Pineapple is vegetatively propagated and crosses between varieties produce botanical 
seeds. However, these seeds are highly heterozygous and therefore of limited interest for 
the conservation of specific gene combinations. Cryopreservation of apices is the most 
relevant strategy for long-term conservation of vegetatively propagated crops, since true 
to type; virus free plants can be regenerated directly from cryopreserved apices (Lynch et 
al., 2007). 

Vitrification and encapsulation-dehydration techniques have been widely applied for 
successfully cryopreserve apices of a large number of different crops which do not require 
sophisticated equipment for freezing and produce high recovery rates with a wide range of 
materials (Engelmann, 2010, 2011). Most vitrification protocols use a loading treatment and 
a stringently timed dehydration with PVS (Benson, 2008b). This two-step procedure has 
allowed tissues to be more tolerant to osmotic stress and to resist the chemical toxicity 
induced by the highly concentrated cryoprotective solutions. Exposure duration to PVS is 
usually not longer than 2 h (Thinh et al., 1999). 

The encapsulation-dehydration method for cryopreservation is based on the fact that 
encapsulation protects the explants and preculture in medium enriched with osmoticum 
makes them tolerant to air drying (Fabre & Dereuddre, 1990). Preculture in 0.75 M sucrose 
and desiccation to about 25% water content in beads (fresh weight basis) are the most 
common conditions used (Gonzalez-Arnao et al., 1996). The application of vitrification 
solutions to dehydrate encapsulated cells or shoot tips has also been successfully applied to 
several species (Engelmann, 2004).  

5.1 Apices 

The first successful result related with the cryopreservation of pineapple (Ananas comosus) 
apices was reported by our group in Cuba (Gonzalez-Arnao et al., 1998b). The 
encapsulation and vitrification techniques were experimented for freezing apices of 
pineapple in vitro plantlets. Positive results were achieved using vitrification only (Fig. 8). 
Optimal conditions included a 2 day preculture of apices on medium supplemented with 
0.3M sucrose, loading treatment for 25 min in medium with 0.75M sucrose + 1M glycerol 
and dehydration with PVS2 vitrification solution at 0°C for 7 h before rapid immersion in 
liquid nitrogen. This method resulted in ranged survival (25-65%) depending of the 
genotypes. Recovery of cryopreserved apices took place directly, without transitory callus 
formation. 

The negative results after cryopreservation of pineapple apices by encapsulation-
dehydration technique can be related to the high sensitivity of pineapple apices to sucrose 
and dehydration. Pregrowth in media with sucrose concentrations higher than 0.5M was 
detrimental to survival and a prolonged treatment in 0.5M sucrose was required to improve 
survival after desiccation, but it was not sufficiently to obtain survival of apices after 
freezing. The viability loss observed after freezing may be due to the crystallization of 
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An interesting result in our study is that plants regenerated from control and cryopreserved 
calluses displayed the same differences in comparison with those originating from 
macropropagated material. These differences are therefore not induced by cryopreservation 
but are due to the fact that both groups of plants originate from in vitro cultured material. It 
is indeed a well known phenomenon that tissue culture induces temporary changes in the 
behaviour of in vitro cultured plants during their early in vivo growth phase (Swartz 1991). 
Such changes can be induced by in vitro culture conditions including notably low light 
intensity, high humidity, limited gas exchanges, presence of high sucrose concentrations 
and growth regulators in the medium. 

In the case of sugarcane, changes in the field behaviour of plants have been frequently 
observed after in vitro culture. Several authors have reported an increase in the number of 
new stems per clump (Flynn & Anderlini, 1990; Jackson, 1990; Perez et al., 1999), which 
generally induces a reduction in the stem diameter and mass. Peña & Stay (1997) stated that, 
with sugarcane in vitro culture stimulated growth and vigour, induced rejuvenation and 
generally improved agricultural performance. Many authors (Jimenez et al., 1991; Lorenzo 
et al., 2001; Lourens. & Martin 1987; Taylor et al., 1992) indicate that such differences 
disappear during the course of field growth and the first clonal multiplication, as observed 
in our experiments. 
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Agriculture recovery (t/ha) 122,10 121,42 129,48 5,12 
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Pol percentage in cane (%, 

w/w) 17,81 17,62 17,45 1,80 

Agro-industrial recovery 
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Table 6. Evaluation of several agronomic parameters after 15 months of field growth of the 
first sugarcane ratoon originating from cryopreserved calluses, control (non-cryopreserved) 
calluses and buds isolated from macropropagated plants. No statistical differences were found 
(ANOVA). 

In conclusion, the results obtained in our study validate the cryopreservation protocol 
developed by Martinez-Montero et al. (1998) for embryogenic calluses. Cryopreservation of 
embryogenic calluses will thus be incorporated in the scheme established by the Centro de 
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Bioplantas for mass production of in vitro sugarcane plants by means of somatic 
embryogenesis. 

5. Cryopreservation protocols for pineapple 
Pineapple is vegetatively propagated and crosses between varieties produce botanical 
seeds. However, these seeds are highly heterozygous and therefore of limited interest for 
the conservation of specific gene combinations. Cryopreservation of apices is the most 
relevant strategy for long-term conservation of vegetatively propagated crops, since true 
to type; virus free plants can be regenerated directly from cryopreserved apices (Lynch et 
al., 2007). 

Vitrification and encapsulation-dehydration techniques have been widely applied for 
successfully cryopreserve apices of a large number of different crops which do not require 
sophisticated equipment for freezing and produce high recovery rates with a wide range of 
materials (Engelmann, 2010, 2011). Most vitrification protocols use a loading treatment and 
a stringently timed dehydration with PVS (Benson, 2008b). This two-step procedure has 
allowed tissues to be more tolerant to osmotic stress and to resist the chemical toxicity 
induced by the highly concentrated cryoprotective solutions. Exposure duration to PVS is 
usually not longer than 2 h (Thinh et al., 1999). 

The encapsulation-dehydration method for cryopreservation is based on the fact that 
encapsulation protects the explants and preculture in medium enriched with osmoticum 
makes them tolerant to air drying (Fabre & Dereuddre, 1990). Preculture in 0.75 M sucrose 
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Current Frontiers in Cryopreservation 382 

remaining freezable water upon freezing. This detrimental crystallization might be avoided 
by slowly freezing of the encapsulated apices, which would result in removing the 
remaining freezable water by means of freeze-induced dehydration. Several plant materials 
cryopreserved by encapsulation-dehydration technique have required slow freezing regime 
to achieved optimal survival (Engelmann, 2010).  

In another set of experiments, our group obtained positive results again only with 
vitrification (Martinez-Montero et al., 2005). The best protocol comprised a 2-d preculture on 
semi-solid MS medium supplemented with 0.3 M sucrose, a loading treatment in liquid 
medium containing 0.4 M sucrose + 2 M glycerol for 25 min, and dehydration for 7h at 0°C 
with PVS3 before immersion into liquid nitrogen. The highest survivals of apices were: 
Smooth Cayenne (45%), Cabezona (33%) and Red Spanish (25%). 
 

 
Fig. 8. Cryopreservation protocol established for pineapple apices using vitrification 
technique. 

However, contrary to most vitrification reports, pineapple apices required a prolonged 
exposure (7 h) to the vitrification solutions (Engelmann, 2010). This result is probably due to 
the large size, and compact structure of the pineapple apices employed in our experiments 
with success (Fig. 9): the apices were around 3mm long, and comprised the apical dome 
tightly covered by 2-3 leaf primordial with a very thick cuticle. Long treatment durations 
were needed for the vitrification solution to sufficiently dehydrate these very compact 
structures. 
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Fig. 9. Dissected pineapple (Ananas comosus L. Merrill cv. MD2) shoot tips as viewed by 
stereo-microscope (A, B); and by light microscopy 10x (C, D). Dissected apices type I (A, C) 
with apical dome (dm) and 3-4 primordial leaves (pf) and mechanical damaged apices type 
II (B, D) with one primordial leaf used as controls. 

5.1.1 Extension of vitrification protocol 

In the case of pineapple, it is believe as symbol in the province of Ciego de Avila (Cuba) due 
to great cultivated areas dedicated to this crop. In our Institution (Bioplantas Centre) is 
located the unique field collection of pineapple germplasm in the country. However, this 
field genebank is prone to disease, or damage through natural disaster and need very high 
maintenance. For this reason, the cryopreservation of apices obtained from vitroplants could 
constitutes the most relevant strategy for long-term conservation of pineapple germplasm, 
since true to type and virus-free plants can be regenerated directly from cryopreserved 
apices (Martinez-Montero et al., 2005). 

The successful application of the vitrification protocol for nine accessions of the in vitro 
collection at Bioplantas Centre was accomplished with the following conditions: type of 
shoot tip (consisted in meristematic dome area and 3-4 primordial leaves with 2,5 – 3 mm in 
size); 0,3 mol.L-1 sucrose preculture during 2 days; application of the loading solution (0,4 
mol.L-1 sucrose + 2 mol.L-1 glycerol) during 25 min at 25°C; dehydration with plant 
vitrification solution number three  (PVS3: 50% w/v glycerol + 50% w/v sucrose) during 7 
hours at 0°C. The results per accessions expressed as percentage of recovery before (-LN) 
and after (+LN) cryopreservation for six apices per replicate, four replicates per treatment 
and each experiment was repeated three times are showed in Table 7.  
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Survival (%) 

-LN +LN 
Cayenne of Puerto Rico 80.2 65.5 

Perolera 49.9 33.8 
Smooth Cayenne of Serrana 50.3 25.3 

Cabezona 61.5 27.9 
Piña Blanca of Caney 57.9 24.7 

P3R5 53.1 20.0 
Red Spanish of Caney 45.5 12.1 

MD2 80.1 60.2 
Bromelia sp. 33.1 6.3 

Table 7. Effect of vitrification protocol on survival of apices from eight pineapple accessions 
and one related specie (Bromelia sp.) before (-LN) and after cryopreservation (+LN). 

5.1.2 Optimization of methodology for pineapple apices 

Further modifications to the procedures might be useful in order to reduce the exposure 
duration to PVS and achieve higher survival after cooling. Therefore, the objective was to 
develop a more effective cryopreservation protocol using both vitrification and 
encapsulation/vitrification. As previously we reported (Gonzalez-Arnao et al., 1998b; 
Martinez-Montero et al., 2005), pineapple apices are sensitive to sucrose and dehydration 
exposures. A progressive treatment increasing sucrose concentrations was effective at 
enhancing their tolerance to dehydration and cooling.  

Proline has been shown to have a beneficial effect in several cryopreservation protocols (Luo 
& Reed, 1997; Rasmunsen et al., 1997; Rudolf & Crowe, 1985; Thierry et al., 1999). In our 
experiments we confirmed that a 2-d progressive preculture in a mixture of sucrose and 
proline improved the results obtained after cooling in comparison with sucrose alone. This 
modification in pregrowth also considerably reduced the required dehydration time in PVS. 
As previously reported, apices of Puerto Rico variety treated for 2 d in 0.3 M sucrose needed 
an extended exposure (7 h) to PVS2 at 0°C to achieve high levels of survival (65 %) after 
cryopreservation. However, following the same vitrification approach, higher survival 
(72%) was obtained using the best pretreatment in sucrose-proline and only 30 min of 
exposure to PVS2. As regards PVS3, we also demonstrated that 30 min or 1 h of dehydration 
were also enough to obtain higher survival (76 %) after cryopreservation. 

The role of proline has been associated with its ability to act as source of nitrogen and 
carbon for reparative post-stress processes (Rabbe & Lova, 1984), to increase the non-
freezable fraction of water (Rasmussen et al, 1997), to inhibit membrane mixing and to 
stabilize proteins during dehydration and freezing (Rudolf & Crowe, 1985). On the other 
hand, the combination of chemical cryoprotectants may also improve the response of tissues 
to cryopreservation in comparison with the application of one chemical alone. As reported 
for wasabi apices, a mixture of glycerol with sucrose was more effective at enhancing their 
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tolerance to dehydration and deep cooling than a preculture in sucrose alone (Sakai et al, 
2000). 

Dehydration at 0°C instead of 25°C for both vitrification solutions gave better results, as 
previously reported for pineapple apices by our group. This low temperature reduces the 
toxicity of the vitrification solutions and increases the potential period of exposure 
(Withers & Engelmann, 1997). In all our cryopreservation experiments, dehydration with 
PVS3 at 0°C gave higher recovery rates compared with PVS2, even for diverse genotypes. 
The encapsulation-vitrification method using PVS3 gave greater survival than the 
vitrification procedure. Additionally, the manipulation of encapsulated apices permits 
handling large quantities of material that from the practical point of view is more 
convenient. These results corroborated that encapsulation-vitrification may also be very 
useful for cryopreserving desiccation-sensitive germplasm such as pineapple, that could 
not be successfully cryopreserved using an encapsulation-dehydration approach 
(Gonzalez-Arnao et al., 2003). 

The cryopreservation protocol presented here improved survival and shortened the process 
compared with previous protocols from our group (table 8). The optimal conditions 
involved the encapsulation of pineapple apices in calcium alginate (3%) beads, followed by 
a 2-d progressive preculture in liquid medium with 0.16 M sucrose + 0.3 M proline for 24 h, 
then 0.3 M sucrose + 0.3 M proline for 24h, a loading treatment for 25 min in 0.75 M sucrose 
+ 1M glycerol solution at room temperature and dehydration for 60 min with PVS3 at 0°C 
before rapid immersion into liquid nitrogen. 

 
Table 8. Comparison of the encapsulation-vitrification and vitrification procedures on 
regrowth (%) of pineapple apices after dehydration with PVS2 or PVS3 solutions at 0°C. 

5.2 Embryogenic callus 

The results of some studies indicated Fusarium subglutinans isolates cause fusariose which 
constitutes the most serious pineapple disease and causes losses as high as 80% of 
marketable pineapple fruit. It produces phytotoxins in culture that were phytotoxic on 
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calluses (Jin et al., 1996; Kaur et al., 1987) and the correlation between pineapple variety and 
the toxicity of culture filtrates suggests that filtrates could be used to screen in vitro for 
disease resistance (Borras et al., 2001). Therefore, the cryopreservation of pineapple calluses 
can provide a means of effective source when in vitro screening of germplasm for fusariose 
disease would be attempted. Storing calluses in liquid nitrogen could preserve their 
regeneration capacity and limits the risk of somaclonal variation, which increases with 
culture duration.  

A simplified freezing protocol mentioned before for sugarcane embryogenic calluses 
(Martinez-Montero et al., 1998) was used for pineapple calluses of the genotypes "Smooth 
Cayenne" and "Perolera" (Martinez-Montero et al., 2005). For cryopreservation experiments, 
15 to 20 day-old calluses, about 3 to 6 mm in diameter, were employed. Calluses were 
pretreated with a cryoprotective solution containing 5 to 20 % (v/v) dimethylsulfoxide 
(DMSO) and 0.5M sucrose for 1h at 0°C. After freezing calluses were transferred directly to 
recovery medium (MS medium supplemented with dicamba:BAP (2.5:0.5 mg.L-1) and citric 
acid (0.1 mg.L-1)). The survival, evaluated 45 days after thawing, corresponded to the 
percentage of calluses which had increased in size during the recovery period.  

As results, the survival of calluses after pretreatment was high and similar for the two 
genotypes studied (Table 8). It decreased only with 20% of DMSO. After freezing in liquid 
nitrogen, survival was achieved with 10 and 15% DMSO only and was highest with 15% 
DMSO (57-67%). Re-growth of successfully cryopreserved calluses was very rapid and they 
increased in size during the recovery period. With this work, the application of a simplified 
freezing protocol achieved survival from used pineapple genotypes and this confirm that 
our previously simplified freezing protocol for sugarcane (Martinez-Montero et al., 1998) 
can be used wider to others species. 
 

 Survival (%) 
Smooth Cayenne Red Spanish 

DMSO 
(%) Sucrose (M) -LN +LN -LN +LN 

5 

0.5 

8511 a 0 c 876 a 0 c 
10 818 a 253 b 856 a 304 b 
15 7512 a 577 a 806 a 656 a 
20 556 b 0 c 604 b 0 c 

Table 9. Effect of cryoprotective solution (DMSO + sucrose) on the survival rate (%) before (-
LN) and after (+LN) application of cryopreservation protocol for calluses of two pineapple 
genotypes. Values represent means of 50 samples from three replicate experiments, ± SE. Means 
within columns followed by the same letter are not significantly different (ANOVA p<0,05 Tukey,). 
Data were transformed for statistical analysis in accordance with x’= 2 arcsine ((x/100)0,5) for 
percentage of survival. 

6. Conclusions 
For vegetatively propagated species, cryopreservation has a wide applicability both in terms 
of species coverage, since protocols have been successfully established for root and tubers, 
fruit trees, ornamentals and plantation crops, both from temperate and tropical origin and in 
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terms of numbers of genotypes/varieties within a given species. With a few exceptions, 
vitrification-based protocols have been employed. It is also interesting to note that in many 
cases, different protocols can be employed for a given species and produce comparable 
results. Survival is generally high to very high. Regeneration is rapid and direct, and 
callusing is observed only in cases where the technique is not optimized. Different reasons 
can be mentioned to explain these positive results. The meristematic zone of apices, from 
which organised growth originates, is composed of a relatively homogenous population of 
small, actively dividing cells, with little vacuoles and a high nucleocytoplasmic ratio. These 
characteristics make them more susceptible to withstand desiccation than highly vacuolated 
and differentiated cells. As mentioned earlier, no ice formation takes place in vitrification-
based procedures, thus avoiding the extensive damage caused by ice crystals which are 
formed during classical procedures. The whole meristem is generally preserved when 
vitrification-based techniques are employed, thus allowing direct, organised regrowth. By 
contrast, classical procedures often lead to destruction of large zones of the meristems, and 
callusing only or transitory callusing is often observed before organised regrowth starts. 
Other reasons for the good results obtained are linked with tissue culture protocols. Many 
vegetatively propagated species successfully cryopreserved until now are cultivated crops, 
often of great commercial importance, for which cultural practices, including in vitro 
micropropagation, are well established. In addition, in vitro material is “synchronized” by 
the tissue culture, and pregrowth procedures and relatively homogenous samples in terms 
of size, cellular composition, physiological state and growth response are employed for 
freezing, thus increasing the chances of positive and uniform response to treatments. 
Finally, vitrification-based procedures allow using samples of relatively large size (shoot 
tips of 0.5 to 2–3 mm), which can regrow directly without any difficulty. Cryopreservation 
techniques are now operational for large-scale experimentation in an increasing number of 
cases. In view of the wide range of efficient and operationally simple techniques available, 
any vegetatively propagated species should be amenable to cryopreservation, provided that 
the tissue culture protocol is sufficiently operational for this species. 
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1. Introduction 
1.1 General concepts 

It is widely accepted that propagation and conservation strategies are crucial in any forest 
breeding program and that plant biotechnology has powerful tools to propagate and 
preserve selected genotypes (Jain, 1999; Park et al., 1988; Park, 2002). In particular, in vitro 
techniques have demonstrated to be essential in a large number of agricultural and forest 
breeding programs, allowing large scale clonal propagation of elite genotypes (Pinto et al., 
2008) or of endangered forest species (Brito et al., 2009). In vitro techniques are also essential 
in breeding programs involving genetic improvement (e.g. using techniques such as somatic 
hybridization or genetic transformation) or involving long term germplasm conservation by 
cryopreservation (Benson, 2008; Fernandes et al., 2008).   

Somatic embryogenesis offers advantages in improving forest species over other in vitro 
propagation methods (Park,  2002), namely: a) somatic embryos simultaneously possess 
both the shoot and root meristems; so a distinct rooting stage, which usually involves 
stressing procedures, is not necessary; b) during somatic embryogenesis, embryos/clusters 
are often formed faster and potentially at extremely high numbers per explant; c) somatic 
embryogenesis is amenable to automation, which means it may become cheaper than other 
clonal propagation techniques (Pinto et al., 2002; 2008); d) finally, a robust and efficient 
protocol of somatic embryogenesis will allow that embryogenic clonal lines can be 
preserved for long periods (e.g., in liquid N2) while corresponding plants are transferred to 
field conditions and are monitored for their characteristics.  

The combination of somatic embryogenesis and conservation strategies in breeding 
programs allows that one may develop high-value forest clonal varieties merely by 
recovering from N2 those genotypes/clones that showed best characteristics in the field. 
These selected genotypes can later be used for advanced breeding programs and 
commercial forestry (Park, 2002). 

From the exposed advantages, it is generally accepted among breeders that breeding 
programs using in vitro clonal strategy require as a pre-requisite that a cloning technique 
(preferably somatic embryogenesis) is well established. Then it also requires the 
optimization of long-term genetic testing methodologies of clonal lines and long term 
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(preferably somatic embryogenesis) is well established. Then it also requires the 
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conservation. The combination of these strategies will then enable large-scale production 
and disposition of tested clonal lines in industrial forest management. For example, 
micropropagation processes are well refined for spruce and larch species to support their 
commercial application (http://cfs.nrcan.gc.ca/ factsheets/conifersomatic). However, for 
most pine species, it is much more difficult to obtain somatic embryogenesis, though 
interesting advances are in course (e.g. Park et al., 2010). Similarly, the application of this 
technology to most forest dicotyledonous species, as is the case of Quercus genus, has 
demonstrated to be difficult due to species general recalcitrance to in vitro culture (Santos, 
2008). 

1.2 Quercus suber in vitro cloning: A reliable protocol?  

Cork oak (Quercus suber L.) belongs to Fagaceae, an important family of forest trees in the 
Northern hemisphere dominating temperate forests and Mediterranean ecosystems. In 
particular, cork oak is an abundant species in the Atlantic and West Mediterranean 
countries where it is an important component of Mediterranean ecosystems (Pinto et al., 
2002). Cork is the bark of the oak, which is a natural, renewable and sustainable raw 
material product of economic interest for a range of applications. Due to its enormous 
economical importance, intense research has been focused on cork valuable material and, 
more recently, on cork oak germplasm-conservation programs (Fernandes et al., 2008).  

In the last decades, studies were done to improve protocols of cork oak in vitro 
micropropagation and conservation (namely cryopreservation). In particular, the currently 
available rates of success in cork oak plant regeneration by somatic embryogenesis 
(Fernandes et al., 2011; Lopes et al., 2006; Loureiro et al., 2005; Pinto et al., 2001; 2002) and in 
cork oak material cryopreservation (Fernandes et al., 2008; Fernandes, 2011) are highly 
encouraging for researchers and breeders to consider the integration of these strategies in 
breeding and conservation programs of this species (Figure 1).  

Recently, it was also established a Portuguese consortium to identify and characterize cork 
oak ESTs Gene responses to several biotic and abiotic stresses as well as to developmental 
conditioning are currently being screened and data will be of upmost importance to cork 
oak researchers and breeders (http://www.fct.pt/apoios/projectos/consulta/ 
projectos.phtml.en).  

For long it has been assumed that Quercus species have, at some extent, recalcitrant 
responses to micropropagation in general, and to somatic embryogenesis in particular. Most 
common strategies for cork oak micropropagation use stem cuttings or use juvenile material 
or leaves for somatic embryogenesis (Santos, 2008; Fernandes et al., 2008). When utilizing 
material selected from adult field trees as explant sources, the use of greenhouse forced 
sprouts instead of directly collected field material is strongly advised.  

The developed micropropagation by stem cutting is efficient with juvenile and, less, mature 
genotypes. Briefly, after disinfection with sodium hypochloride, explants (with 1-2 apical 
and/or lateral buds) are inoculated on WPM (“Woody Plant Medium”, Lloyd and McCown, 
1980) medium containing benzylaminopurine (BAP 0.5 mg/L) and naphthalene acetic acid 
(NAA 0.1 mg/L). After multiplication and elongation, shoots are exposed to an indol-butiric 
acid shock for rooting. Plants in this stage are then ready for acclimatization (Pires et al., 
2003; Figure 2a).  
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Fig. 1. Schematic representation of a proposed strategy of integrating cork oak 
micropropagation and cryopreservation technologies in Portuguese breeding programs of 
this species (adapted from Santos, 2008). 

As reported above, somatic embryogenesis is a regeneration strategy with enormous 
potential for breeding programs. Somatic embryos were developed in Q. canariensis (Bueno 
et al., 1996; 2000), Q. rubra (Vengadesan & Pijut, 2009), Q. serrata (Ishii et al., 1999; Takur et 
al., 1999), Q. robur (Cuenca et al., 1998; Endemann et al., 2002; Wilhelm et al., 1999), Q. 
acutissima (e.g., Kim, 2000) and Q. petrea (Chalupa, 2005). However, not only most studies 
use juvenile sources of explants (e.g., zygotic embryos and seedlings), but also plant 
conversion frequencies are still low, supporting the recalcitrance of these species.  

Q. suber somatic embryogenesis was obtained first from juvenile plants (e.g., Bueno et al., 
1996; 2000; Pinto et al., 2001) and later from leaf explants of mature plants (e.g., Hernandez 
et al., 2003; Lopes et al., 2006; Pinto et al., 2002; Santos et al., 2007) (Figure 2b,c). 
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Fig. 2. Micropropagation from field mature cork oak  trees: a) Acclimatized plants 
micropropagated by stem cuttings; b) Scanning electon microscopy of two cotyledonary 
somatic embryos; c) converted embling (Adapted from Pires et al., 2003; Pinto et al., 2002; 
Santos, 2008). 
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conservation. The combination of these strategies will then enable large-scale production 
and disposition of tested clonal lines in industrial forest management. For example, 
micropropagation processes are well refined for spruce and larch species to support their 
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interesting advances are in course (e.g. Park et al., 2010). Similarly, the application of this 
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conversion frequencies are still low, supporting the recalcitrance of these species.  

Q. suber somatic embryogenesis was obtained first from juvenile plants (e.g., Bueno et al., 
1996; 2000; Pinto et al., 2001) and later from leaf explants of mature plants (e.g., Hernandez 
et al., 2003; Lopes et al., 2006; Pinto et al., 2002; Santos et al., 2007) (Figure 2b,c). 
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Fig. 2. Micropropagation from field mature cork oak  trees: a) Acclimatized plants 
micropropagated by stem cuttings; b) Scanning electon microscopy of two cotyledonary 
somatic embryos; c) converted embling (Adapted from Pires et al., 2003; Pinto et al., 2002; 
Santos, 2008). 
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Fig. 3. Enhanced protocol of our group for cork oak somatic embryogenesis. MS medium - 
Murashige and Skoog, 1962; MSWH - MS medium with no growth regulators. (Adapted 
from Fernandes, 2011). 
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The initially protocol developed by Santos and collaborators (Pinto et al., 2002; Lopes et al., 
2006) was, however, not sufficiently efficient for large scale propagation and for immediate 
transfer to industrial breeding programmes of cork oak. Meanwhile, those and other authors 
reported the deficient maturation of somatic embryos during somatic embryogenesis, as the 
main cause for low conversion rates in this species (Chalupa, 2005; Fernandes et al 2011; 
Hernández et al., 1999).  

Hernández et al. (2003) highlighted that an adequate reserve deposition in the embryo 
tissues seems to be necessary for their adequate maturation. Efforts were made since then to 
manipulate physical conditions in order to promote the adequate accumulation of reserves 
(Fernandes, 2011; Santos, 2008). Fernández-Guijarro et al. (1995) reported that somatic 
embryos from cork oak young seedlings increased maturation under light followed by 
storage at 4 °C, and that controlled starvation could benefit synchronization.  

Santos (2008) and Fernandes (2011) compared the accumulation profiles of carbohydrate, 
lipid and protein reserves during the maturation of cork oak somatic embryos and the 
zygotic counterparts. Assuming that the accumulation of reserves that occurs in zygotic 
embryos may be ideal for embryos maturation, Fernandes (2011) also compared the 
accumulation profiles of somatic embryos exposed to different conditions such as 
polyethylene glycol (PEG), abscisic acid (ABA) and cold, and defined the condition that led 
to an accumulation profile closer to the one of the zygotic embryos. 

From those analyses, the authors proposed an improvement to the initial somatic 
embryogenesis protocol developed by Pinto et al. (2002) (see Figure 3). In the improved 
protocol clusters of somatic globular embryos are isolated and transferred to MS medium 
(Murashige & Skoog, 1962) with PEG. After maturation, cotyledonar embryos are 
transferred to MS medium and submitted to chilling (4º C). Conversion is then achieved on 
woody plant medium (WPM) medium supplemented with BAP 0.5 mg/L and NAA 0.1 
mg/L. After some weeks plants are acclimatized with success (Fernandes, 2011).  

In conclusion, the inclusion of cold and osmotic stress in the protocol improved somatic 
embryos maturation and consequent conversion in approximately 70% of the genotypes. 
However, it was evident a genotype dependence in this process, with responsiveness ranging 
from very-good/in most genotypes to null, in few genotypes (Fernandes, 2011) (Figure 3).   

1.3 Current challenges for the SE process 

The loss of embryogenic competence is one of the major drawbacks of long term 
micropropagation potocols (e.g., Brito et al., 2009). In particular, embryogenic masses were 
maintained for long periods may dedifferentiate and lose their embryogenic potential. In 
cork oak this phenomena has originated two types of calluses under the same conditions: 
embryogenic (EC) and non-embryogenic (NEC) and these last calluses rarely regain 
embryogenic ability (Santos, 2008).  

In vitro functional changes during embryogenesis imply changes in explant cells from 
differentiated and quiescent (G0) stage to dedifferentiated dividing (G1-S-G2/M) stages, and 
later an evolution to embryogenic states. All these transitions imply changes in gene 
expression, and in cell cycle dynamics, where growth regulators, namely auxins and 
cytokinins, are crucial players (Gahan, 2007).  

Using embryogenic and non embryogenic calluses of adult cork oak genotypes, our group 
reported differential distribution of cells staged in G1, S and G2 phases according to callus 



Current Frontiers in Cryopreservation 400 

 
Fig. 3. Enhanced protocol of our group for cork oak somatic embryogenesis. MS medium - 
Murashige and Skoog, 1962; MSWH - MS medium with no growth regulators. (Adapted 
from Fernandes, 2011). 

Somatic Embryogenesis and Cryopreservation in Forest Species: The Cork Oak Case Study 401 

The initially protocol developed by Santos and collaborators (Pinto et al., 2002; Lopes et al., 
2006) was, however, not sufficiently efficient for large scale propagation and for immediate 
transfer to industrial breeding programmes of cork oak. Meanwhile, those and other authors 
reported the deficient maturation of somatic embryos during somatic embryogenesis, as the 
main cause for low conversion rates in this species (Chalupa, 2005; Fernandes et al 2011; 
Hernández et al., 1999).  

Hernández et al. (2003) highlighted that an adequate reserve deposition in the embryo 
tissues seems to be necessary for their adequate maturation. Efforts were made since then to 
manipulate physical conditions in order to promote the adequate accumulation of reserves 
(Fernandes, 2011; Santos, 2008). Fernández-Guijarro et al. (1995) reported that somatic 
embryos from cork oak young seedlings increased maturation under light followed by 
storage at 4 °C, and that controlled starvation could benefit synchronization.  

Santos (2008) and Fernandes (2011) compared the accumulation profiles of carbohydrate, 
lipid and protein reserves during the maturation of cork oak somatic embryos and the 
zygotic counterparts. Assuming that the accumulation of reserves that occurs in zygotic 
embryos may be ideal for embryos maturation, Fernandes (2011) also compared the 
accumulation profiles of somatic embryos exposed to different conditions such as 
polyethylene glycol (PEG), abscisic acid (ABA) and cold, and defined the condition that led 
to an accumulation profile closer to the one of the zygotic embryos. 

From those analyses, the authors proposed an improvement to the initial somatic 
embryogenesis protocol developed by Pinto et al. (2002) (see Figure 3). In the improved 
protocol clusters of somatic globular embryos are isolated and transferred to MS medium 
(Murashige & Skoog, 1962) with PEG. After maturation, cotyledonar embryos are 
transferred to MS medium and submitted to chilling (4º C). Conversion is then achieved on 
woody plant medium (WPM) medium supplemented with BAP 0.5 mg/L and NAA 0.1 
mg/L. After some weeks plants are acclimatized with success (Fernandes, 2011).  

In conclusion, the inclusion of cold and osmotic stress in the protocol improved somatic 
embryos maturation and consequent conversion in approximately 70% of the genotypes. 
However, it was evident a genotype dependence in this process, with responsiveness ranging 
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The loss of embryogenic competence is one of the major drawbacks of long term 
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maintained for long periods may dedifferentiate and lose their embryogenic potential. In 
cork oak this phenomena has originated two types of calluses under the same conditions: 
embryogenic (EC) and non-embryogenic (NEC) and these last calluses rarely regain 
embryogenic ability (Santos, 2008).  

In vitro functional changes during embryogenesis imply changes in explant cells from 
differentiated and quiescent (G0) stage to dedifferentiated dividing (G1-S-G2/M) stages, and 
later an evolution to embryogenic states. All these transitions imply changes in gene 
expression, and in cell cycle dynamics, where growth regulators, namely auxins and 
cytokinins, are crucial players (Gahan, 2007).  

Using embryogenic and non embryogenic calluses of adult cork oak genotypes, our group 
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and growth regulators type (Fernandes, 2011) confirming that cell cycle dynamics during 
somatic embryogenesis suffers exogenously-induced alterations, and in particular, it is 
conditioned by growth regulators (Gahan, 2007). We also found that using the two different 
somatic embryogenesis protocols available (Fernandes, 2011; Pinto et al., 2002), not only cell 
cycle dynamics changed with time during the process, but also genotypes with different 
somatic embryogenic competences had different cell cycle dynamics (Fernandes, 2011). 
Curiously, responsive genotypes showed cell cycles with similar progression profiles 
(Fernandes, 2011).  

Considering the key players regulating cell cycle dynamics, cyclins are among the most 
important. In a broad sense, D-type cyclins are thought to regulate the G1-to-S transition, A-
type cyclins, the S-to-M phase control, and B-type cyclins regulate both the G2-to-M 
transition and intra-M-phase control (Gahan, 2007). The cyclin D (CYCD)/retinoblastoma 
pathway is believed to be involved in controlling both the commitment of cells to the mitotic 
cell cycle and decisions involving cell growth, differentiation, and cell cycle exit (Dissmeyer 
et al., 2009; Cools & Veylder, 2009). Key genes for growth and cell division are regulated by 
E2F transcription factors, which are inactive when bound by retinoblastoma. The 
phosphorylation of retinoblastoma is initiated by CYCD-containing cyclin-dependent 
kinases (CDKs) and is completed by cyclin E–CDK2, resulting in the dissociation of 
retinoblastoma from E2F factors, triggering the passage of cells from G1- to S-phase (Gahan, 
2007). This key role for the G1 exit pathway results in it being the primary and predominant 
cell cycle control point. However, cyclin E–CDK2 is rate-limiting for entry into S-phase and 
can trigger S-phase in the absence of RB phosphorylation.  CYCD3;1 are the best studied 
examples and expression of their genes is regulated by extrinsic signals, such as sucrose 
availability. CYCD3;1 expression is also regulated by plant hormones (Dewitte et al., 2003; 
for review see Dewitte & Murray, 2003). 

The E2F family plays a critical role in organizing cell cycle progression by coordinating early 
cell cycle events with the transcription of genes required for entry into S-phase (e.g., Inzé, 
2000). Two major classes of genes possess characteristic E2F binding sites, the first class 
encodes essential enzymes in the pathways for nucleotide and DNA synthesis that are co-
ordinately up-regulated in late G1. The second class corresponds to genes for regulators of 
cell cycle progression. Genes from both classes respond to ectopic expression of E2Fs from 
the first sub-group, namely those that can induce entry into S-phase (Dewitte & Murray, 
2003; Gahan et al., 2007).  

The cell cycle involves a complex network of regulating molecules. So the control of all these 
classes of checkpoints regulators is under study in cork oak embryogenic (EC) and non-
embryogenic (NEC) tissues (Santos, 2011, unpublished data). Understanding and controlling 
these checkpoints will become a powerful tool to both better understand the embryogenic 
per se and to manipulate the developmental stages of embryogenic process.  

2. Cryopreservation  
2.1 General principles 

Public and private efforts have been made to protect and conserve germplasm by preserving 
the genetic material of selected genotypes (e.g., Engelmann, 2000). As in other species, cork 
oak germplasm preservation can be done in situ (in the field and in natural environment), 
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which demands large areas and is susceptible to environmental hazards. Alternatively 
preservation may be done ex situ (for general review see Li & Pritchard et al., 2009). In 
particular, in vitro preservation allows that in a small area, large amounts of genotypes are 
multiplied and maintained under controlled conditions where environmental influences are 
minimal. However, precocious ageing as well as somaclonal variation and genetic instability 
may arise after long term culture (Brito et al., 2009).  

Alternatively, cryopreservation is the storage of living materials at extremely low 
temperatures using usually liquid nitrogen (−196 °C), and is an ideal strategy for plant 
germplasm preservation (Benson, 2008; Feng et al., 2011; Wang & Perl, 2006). This 
preservation strategy allows not only the preservation of material in small volumes 
(involving low maintenance requirements) but also, by reducing to residual values the cell 
metabolism, it allows that cells are stored for long periods, with low probability of genetic 
instability occurrence (Feng et al., 2011). Cryopreservation therefore allows: the conservation 
of plant material minimizing occurrences of genetic instability, contaminations and diseases; 
the preservation of endangered, rare or selected genotypes. Cryopreservation is already 
being applied to several plant species including forest woody species (e.g., Sakai et al., 2008). 
Also different plant materials have been used in this preservation strategy: shoot tips, cell 
cultures, embryos and seeds (Feng et al., 2011). 

For cryopreservation to be useful in breeding programs, it is necessary to develop the 
cryogenic technique per se, and to ensure that robust and efficient regeneration protocols are 
available. Freezing and thawing stages require that cells are structurally and functionally 
cryoprotected. This may happen naturally (e.g. some naturally dehydrated material) but 
usually it is induced artificially with treatment with cryoprotectants that influence ice 
formation and activity of electrolytes present in the solution. Ideally, cryoprotectants should 
have low or no cytotoxicity. Cryoprotectants may be: a) permeating compounds, such as 
dimethylsulphoxide (DMSO, used usually in the range of 5-10%) that has a rapid entrance 
rate and so requires short incubation periods; another permeating compound is glycerol 
(used often in the range of 10-20%); b) non-permeating compounds such as sugars, sugar 
alcohols, polyethylene glycol (PEG). Often mixtures of cryoprotectant compounds are 
preferred to improve their efficacy (e.g., combinations of PEG : glucose : DMSO). Finally 
other strategies as cold hardening or ABA treatment may increase the freezing resistance 
and survival rates of cells.  

Plant cryopreservation strategies may include slow or rapid freezing approaches. The first is 
based on physico-chemical changes during the process, namely associated with apoplastic 
ice crystal formation while cytoplasm may remain free from intra-cellular ice formation. 
Slow freezing decreases therefore the osmotic potential of the cytoplasm contributing to the 
cell desiccation. Rapid freezing is achieved by immersion of the cryoprotectant-treated 
samples in N2, leading to an ultra-fast cooling that prevents the formation of ice crystals 
inside the cell (e.g., Sakai et al., 2008).  

Some variants involve vitrification that includes a cell dehydration step prior to storage in 
N2 (Sakai et al., 2008). This may rely on the ability of concentrated solutions of 
cryoprotectants to become viscous to very low temperatures, without ice formation. 
Consequently, during the vitrification process plant cells are dehydrated and the cytoplasm 
vitrified during freezing, which allows that ice crystals are rarely formed. Vitrification has 
already been applied to a large number of species (Panis et al., 2005; Sakai et al., 2008). 
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and growth regulators type (Fernandes, 2011) confirming that cell cycle dynamics during 
somatic embryogenesis suffers exogenously-induced alterations, and in particular, it is 
conditioned by growth regulators (Gahan, 2007). We also found that using the two different 
somatic embryogenesis protocols available (Fernandes, 2011; Pinto et al., 2002), not only cell 
cycle dynamics changed with time during the process, but also genotypes with different 
somatic embryogenic competences had different cell cycle dynamics (Fernandes, 2011). 
Curiously, responsive genotypes showed cell cycles with similar progression profiles 
(Fernandes, 2011).  

Considering the key players regulating cell cycle dynamics, cyclins are among the most 
important. In a broad sense, D-type cyclins are thought to regulate the G1-to-S transition, A-
type cyclins, the S-to-M phase control, and B-type cyclins regulate both the G2-to-M 
transition and intra-M-phase control (Gahan, 2007). The cyclin D (CYCD)/retinoblastoma 
pathway is believed to be involved in controlling both the commitment of cells to the mitotic 
cell cycle and decisions involving cell growth, differentiation, and cell cycle exit (Dissmeyer 
et al., 2009; Cools & Veylder, 2009). Key genes for growth and cell division are regulated by 
E2F transcription factors, which are inactive when bound by retinoblastoma. The 
phosphorylation of retinoblastoma is initiated by CYCD-containing cyclin-dependent 
kinases (CDKs) and is completed by cyclin E–CDK2, resulting in the dissociation of 
retinoblastoma from E2F factors, triggering the passage of cells from G1- to S-phase (Gahan, 
2007). This key role for the G1 exit pathway results in it being the primary and predominant 
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encodes essential enzymes in the pathways for nucleotide and DNA synthesis that are co-
ordinately up-regulated in late G1. The second class corresponds to genes for regulators of 
cell cycle progression. Genes from both classes respond to ectopic expression of E2Fs from 
the first sub-group, namely those that can induce entry into S-phase (Dewitte & Murray, 
2003; Gahan et al., 2007).  

The cell cycle involves a complex network of regulating molecules. So the control of all these 
classes of checkpoints regulators is under study in cork oak embryogenic (EC) and non-
embryogenic (NEC) tissues (Santos, 2011, unpublished data). Understanding and controlling 
these checkpoints will become a powerful tool to both better understand the embryogenic 
per se and to manipulate the developmental stages of embryogenic process.  

2. Cryopreservation  
2.1 General principles 

Public and private efforts have been made to protect and conserve germplasm by preserving 
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Nonetheless, during this process, usually complex and toxic solutions with high osmotic 
potential, such as the PVS2, are used for cryoprotection (Fernandes et al., 2008). Also the 
duration of the successive steps of a vitrification protocol is in general very short, 
hampering the simultaneous treatment of a large number of samples.  

Some alternatives to vitrification-based techniques were developed, namely encapsulation-
dehydration strategies (e.g., Engelmann et al., 2008). Encapsulation-dehydration is based on 
concepts related with artificial seeds. Concisely, plant tissues, such as shoot tips or somatic 
embryos, are covered by for example alginate. Then, they are dehydrated (using exposures 
to highly concentrated solutions, and/or to air in a flow chamber), before being transferred 
to N2. This strategy has the advantage of using less toxic compounds such as glycerol than 
in other vitrification methods, thus minimizing stress conditions (e.g. Volk et al., 2006). It 
also has the advantage of easy and inexpensive manipulation, not requiring expensive 
instruments, as occurs in controlled freezing (Fernandes et al., 2008).  

This method has been applied to many species, such as, for example, mulberry (Niino & 
Sakai, 1992), Prunus sp. (Brison et al., 1992), sweet potato (Feng et al., 2011; Hirai & Sakai, 
2003), persimmon (Matsumoto et al., 2001), apple (Niino & Sakai, 1992; Paul et al., 2000), lily 
(Bouman & Klerk, 1990) and even grapevine embryogenic cell suspensions (Wang & Perl, 
2006) or pear (Niino & Sakai, 1992; Scottez et al., 1992). In several assays as in those with 
Robinia pseudoacacia, it was demonstrated that encapsulation-dehydration originated better 
results than vitrification (Verleysen et al., 2005). Recently we have also demonstrated that 
encapsulation-dehydration was the most efficient method of cryopreservation of Quercus 
suber somatic embryos (Fernandes et al., 2008). 

2.2 Quercus suber cryopreservation 

Propagation of cork oak presents several drawbacks as it has a high heterozigocity, often 
leading to individuals with high probability of instability and genetically distinct from 
parents, therefore leading to high numbers of undesired genotypes (Lopes et al., 2006).  
Moreover, seeds are only stored for short periods as they rapidly loose viability. This 
recalcitrance jeopardises the development of conservation and improvement programs in 
this species. As in most forest species, Quercus suber conservation approaches consist mainly 
in agro-forest sustainable systems, and scarce strategies using biotechnological approaches 
have already succeeded. Valladares et al. (2004) highlighted that highly interesting 
individuals may be maintained with vegetative propagation. 

The cryopreservation of seeds or embryos seems therefore to have huge potential as an 
innovative preservation strategy, in particular in species with recalcitrance. González-Benito 
et al. (2002) examined different factors included in the cryopreservation protocols for 
Quercus ilex and Q. suber embryonic axes. The authors demonstrated that temperature of in 
vitro incubation played an important role, mostly for Q. ilex axes. Q. suber axes were 
sensitive to desiccation and cooling.   

With respect to Quercus sp. somatic embryos, Martinez et al. (2003) and Valladares et al. 
(2004) successfully cryopreserved embryogenic cultures of Q. robur and Q. suber, using the 
vitrification method. As reported above, highly toxic cryoprotectants are used in most 
classical vitrification processes. To overcome these negative effects, recently our group 
(Fernandes et al., 2008) used a less toxic variation to the classical vitrification technique, 
called the encapsulation-dehydration method, to cryopreserve Q. suber material.  
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Fig. 4. a) Percentage of survival of cork oak cells after 10 weeks (for two protocols of 
cryopreservation used CRY25  and CRY35, corresponding to the final % content of water). b) 
Acclimatized plant obtained from cryopreserved somatic embryos that were recovered and 
cultivated on MSWH for maturation and conversion (adapted from Fernandes et al., 2008). 

In this standard protocol for cork oak, somatic embryos or embryogenic clusters derived 
from mature trees and previously maintained on MS medium without growth regulators 
(MSWH) are used as samples. For encapsulation, embryos/clusters were separated and 
loaded in the alginate plus CaCl2 solutions, forming the beads (3–4 mm), each one 
contained one embryo/cluster. They were then pre-cultivated on sucrose-enriched 
standard liquid medium (MSWH with 0.7M sucrose) for 3 days. Beads were then desiccated 
by drying in the airflow of a laminar flow cabinet, and carefully weight loss was 
monitored for water content calculation. Two final water content (WC) values were 
assessed: 25% (CRY25) and 35% (CRY35). Afterwards, beads were placed in cryotubes (10 
per vial), and immersed in N2 for 24 h. Samples’ thawing was done by incubating the 
cvryotubes at 38 ºC (2 min) and incubating in detoxification solution (1 h). Beads were 
transferred to solid standard medium (MSWH) for regeneration (Figure 4a, b; Fernandes et 
al., 2008).  

This cryopreservation technique developed by Fernandes et al. (2008) for cork oak somatic 
embryos is simple, effective and non-toxic for the species. Also, survival rates in 
encapsulated-dehydrated (but non-frozen) cork oak samples achieved 90%. We also 
demonstrated that cryopreserved somatic embryo derived clones were able to recovery, 
leading to plants morphologically normal and that had genetic stability.  

3. Screening of genetic variation in cloned and cryopreserved material  
In vitro regenerated plants may exhibit somaclonal variation as a result from genetic or 
epigenetic modifications (Fourré et al., 1997; Isabel et al., 1996). It is generally accepted that 
morphological, cytological and molecular variations may be generated by the imposed 
stress during in vitro or cryopreservation processes. These induced variations are 
conditioned by the genotypes used and/or by the techniques/protocols used. Theoretically, 
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Nonetheless, during this process, usually complex and toxic solutions with high osmotic 
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duration of the successive steps of a vitrification protocol is in general very short, 
hampering the simultaneous treatment of a large number of samples.  

Some alternatives to vitrification-based techniques were developed, namely encapsulation-
dehydration strategies (e.g., Engelmann et al., 2008). Encapsulation-dehydration is based on 
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to highly concentrated solutions, and/or to air in a flow chamber), before being transferred 
to N2. This strategy has the advantage of using less toxic compounds such as glycerol than 
in other vitrification methods, thus minimizing stress conditions (e.g. Volk et al., 2006). It 
also has the advantage of easy and inexpensive manipulation, not requiring expensive 
instruments, as occurs in controlled freezing (Fernandes et al., 2008).  
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Moreover, seeds are only stored for short periods as they rapidly loose viability. This 
recalcitrance jeopardises the development of conservation and improvement programs in 
this species. As in most forest species, Quercus suber conservation approaches consist mainly 
in agro-forest sustainable systems, and scarce strategies using biotechnological approaches 
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Fig. 4. a) Percentage of survival of cork oak cells after 10 weeks (for two protocols of 
cryopreservation used CRY25  and CRY35, corresponding to the final % content of water). b) 
Acclimatized plant obtained from cryopreserved somatic embryos that were recovered and 
cultivated on MSWH for maturation and conversion (adapted from Fernandes et al., 2008). 
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cvryotubes at 38 ºC (2 min) and incubating in detoxification solution (1 h). Beads were 
transferred to solid standard medium (MSWH) for regeneration (Figure 4a, b; Fernandes et 
al., 2008).  

This cryopreservation technique developed by Fernandes et al. (2008) for cork oak somatic 
embryos is simple, effective and non-toxic for the species. Also, survival rates in 
encapsulated-dehydrated (but non-frozen) cork oak samples achieved 90%. We also 
demonstrated that cryopreserved somatic embryo derived clones were able to recovery, 
leading to plants morphologically normal and that had genetic stability.  

3. Screening of genetic variation in cloned and cryopreserved material  
In vitro regenerated plants may exhibit somaclonal variation as a result from genetic or 
epigenetic modifications (Fourré et al., 1997; Isabel et al., 1996). It is generally accepted that 
morphological, cytological and molecular variations may be generated by the imposed 
stress during in vitro or cryopreservation processes. These induced variations are 
conditioned by the genotypes used and/or by the techniques/protocols used. Theoretically, 
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any protocol of plant cloning or germplasm conservation should lead to no somaclonal 
variation. 

Genetic variability of in vitro material or of cryopreserved samples may be assessed by 
several techniques. Molecular and genetic techniques when used individually give a limited 
perspective of the occurrence of somaclonal variation, but if combined may provide an 
interesting and complementary toolbox of markers for “true-to-typeness” evaluation (e.g., 
Santos et al., 2007).  

  
a b 

Fig. 5. Flow cytometry histograms of relative propidium iodide (PI) fluorescence intensity 
obtained after simultaneous analysis of nuclei isolated from Quercus suber and from the 
reference standard Glycine max (2C=2.50 pg DNA): a) leaves of the mother plant; b) somatic 
embryo. Histogram peak 1: nuclei at G0/G1 phase of Q. suber; peak 2: nuclei at G0/G1 phase of 
G. max, peak 3 nuclei at G2 phase of Q. suber, peak 4 nuclei at G2 phase of G. max (adapted 
from Loureiro et al., 2005).  

Gross genetic variations of genomic origin affect mostly the number of chromosomes and 
ploidy level and can be detected by chromosome counting or flow cytometry (Loureiro et 
al., 2005). Chromosome mutations (e.g., inversion, translocation) and genic mutations are 
screened by molecular markers that detect DNA sequence modifications. Among these, the 
most popular are RFLPs (restriction fragment length polymorphisms), RAPDs (randomly 
amplified polymorphic DNAs), AFLPs (amplified fragment length polymorphisms) or 
microsatellites/SSRs (simple sequence repeats). RFLPs and AFLPs are highly reproducible 
techniques but are costly and may be time-consuming. For easy application of SSRs, it is 
required that the microsatellite loci and its flanking primers are readily available for a given 
species, while RAPDs is simple but may have a lack of reproducibility. 

Several genetic and molecular markers have been used to assess somaclonal variation in 
micropropagated oak plants. Loureiro et al. (2005), using flow cytometry, found no ploidy 
or DNA content variations in cork oak embryogenic tissues or among somatic embryos 
(Figure 5). 

Also, Fernandes et al. (2008) using cryopreserved material, confirmed by flow cytometric 
analyses that the two cryopreservation procedures (CRY25 and CRY35) provided genetic 
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fidelity, for the parameters used: in all samples, both ploidy and DNA content were in 
concordance with literature data: 2C= 1.90 pg DNA (Loureiro et al., 2005; Santos et al., 2007), 
and changes in DNA content of non-cryopreserved and cryopreserved samples were 
minimal (< 0.01 pg/2C) (Figure 6; Table 1).  

Flow cytometric techniques, despite highly rapid and robust, may however not detect minor 
changes in DNA content, so it must be emphasised that the putative occurrence of small 
changes in DNA content in these kinds of assays should not be discarded. 

a b c 

Fig. 5. Flow cytometric estimation of genome size of Q. suber samples of control (a) and after 
cryopreservation: CRY25 (b) and CRY35 (c). In all graphics peaks 1 and 3 correspond to 2C 
and 4C nuclei of cork oak somatic embryos, while peaks 2 and 4 correspond to the internal 
soy standard (adapted from Fernandes et al., 2008). PI: intensity of propidium fluorescence. 

Tissue DI SD 2c DNA (pg) SD 1c DNA 
(Mbp)b 

Fresh 0.774a 0.0059 1.93 0.015 946 

25% Cryc 0.777a 0.0073 1.94 0.018 950 

35% Cryc 0.772a 0.0138 1.93 0.034 944 

Table 1. Nuclear DNA content of Quercus suber L. fresh and cryopreserved embryos. The 
results are given as mean and standard deviation (SD) of the 2C DNA content in mass 
values (pg). Nuclear DNA content in Mbp is also given. a Mean values followed by the same 
letter are not significantly different according to the Tukey-Kramer multiple comparison test 
at P  0.01. Note: b1 pg DNA = 978 Mbp. cCryopreserved embryos (25% and 35 % water 
content) (adapted from Fernandes et al 2008).  

Both works supported therefore that the protocols for somatic embryogenesis and 
cryopreservation developed so far for cork oak led to “true-to-typeness” (for ploidy and 
DNA amount parameters) and were worthy of use in cork oak breeding programs.  

As explored above, molecular markers provide information on sequence mutation. This 
information is therefore complementary to the information provided by flow cytometry (or 
even by chromosome counting).  
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Fig. 6. DNA profiles generated by the RAPD primers OPS 17, 18 and 19, in the three 
different stages of the somatic embryogenesis process: donor plant (DP), somatic embryo 
(SE) and embling (EM). M, size marker (1Kb Plus DNA Ladder) (adapted from Fernandes et 
al., 2011).  

In micropropagated Q. serrate no aberrations in the banding patterns were detected by 
RAPD markers (Thakur et al., 1999). Also, RAPDS were used to assess putative occurrence 
somaclonal variation in Q. suber embryogenic lines, but no molecular changes were found 
(Gallego et al., 1997, Sanchez et al., 2003). More recently, RAPDS were also used to evaluate 
genetic instability of somatic embryos of Q. suber obtained by the above described protocols 
(Figure 6; Fernandes et al., 2011). 

Techniques for RAPD analyses however pose several problems of reproducibility, and give 
restricted information. So, other molecular analyses can provide complementary 
information to RAPDS. Microsatellites and AFLP are among the most used markers in 
Quercus. AFLP markers detected changes in cork oak embryogenic lines (Hornero et al., 
2001). We also used AFLP to test putative genetic instability during the developed 
cryopreservation/somatic embryogenesis processes of cork oak (Fernandes et al., 2008). It 
was used six primer sets that revealed an overall high proximity value between the two 
vitrification-encapsulation cryopreserved (CRY25 and CRY35) and control samples. 
Occasionally, few extra AFLP-bands in CRY25 samples were detected and the occurrence of 
putative small mutations, or DNA methylation or even to subpopulation cryo-selection 
should not be excluded (Fernandes et al., 2008).  
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Locus Allele size (bp) 
 QsG0 QsG5 QsGM1 QsGM2 

QM58TGT 201 185/211 203/210 203/210 
QM50-3M 276/286 285/287/292 278 282/288 
QpZAG9 223/238 223/233 218/223 223/233 
QpZAG15 108/123 106/120 nd nd 
QpZAG36 209/219 216/220 207/209 207/209 

QpZAG110 223/233 220/238 221 221/233 
QrZAG7 106/119 115/127 106/121 106/121 

QrZAG11 229/263 261/273 nd nd 

Table 2. Characteristics of the microsatellite loci amplified in Q. suber. Allele size found in 
this study and allele size range and number of alleles (in parenthesis) found in other 
publications are also given: values for QrZAG7 and QrZAG11 are from Hornero et al. 
(2001b), values for the 6 remaining loci are from Lopes et al. (2006). 

Finally, Wilhelm et al. (2005) found that that during somatic embryogenesis process of Q. 
robur, genetic instability occurred. Also, Lopes et al. (2006) confirmed genetic stability of 
somatic embryos and emblings derived from our somatic embryogenesis protocol (Lopes et 
al., 2006; Pinto et al., 2002) and after, Fernandes et al. (2008) also confirmed this stability 
using SSRs in material after recovering from cryopreservation (Table 2). Together with this 
overall genetic stability, the regenerated cork oak plants looked normal, healthy and well 
developed shoot. The authors concluded that the encapsulation-dehydration 
cryopreservation protocol used in cork oak somatic embryos was an efficient method of 
storage, regarding several parameters: recovery and survival rates and genetic/morphologic 
stability. To support the battery of protocols for molecular and genetic analyses of cork oak, 
Santos et al. (2007) published in detail the reliable protocol for analysis of cork oak material 
by SSRs and ploidy/nDNA quantification, where technical aspects and potential 
troubleshooting that may occur during analysis of this material are deeply discussed. 

4. Concluding remarks 
The utility of plant biotechnology tools in woody forest species propagation and 
preservations has been recognised decades ago, but only recently, it has been effectively 
incorporated in industrial breeding programs. Despite no robust and efficient protocol for 
cork oak regeneration by somatic embryogenesis is available yet, the advances observed in 
the last decade, together with the already available protocol for cryopreservation of this 
species, open perspectives for the incorporation of these two approaches in future breeding 
program of this species. Moreover, with the available protocols stable genotypes were 
obtained.  

Genetic and molecular stability was assessed using complementary genetic and molecular 
techniques such as flow cytometry, RAPDS, AFLP and SSRs. Finally, an interesting research 
field will focus on the control of cell cycle progression order to control different stages of 
somatic embryogenesis and preservation. It is our believe that by manipulating proteins that 
control cell cycle phases transition (which are at the basis of differentiated/ undifferentiated 
cells) we´ll be able to manipulate the reversion phenomena between NEC and EC and also 
to better control the developmental somatic embryogenesis stages. 
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1. Introduction 
Cryopreservation has been proven to be an effective technology for the cost-effective, long-
term preservation of genetic material. A wide range of plant material including cultured 
cells, tissues, embryos, meristems, pollen and seeds can be effectively preserved for 
extended periods of time and, when thawed, can be used to rapidly produce stock plants, 
with good preservation of genetic and physiological characteristics. Numerous protocols 
including controlled rate cooling, PVS2 vitrification, encapsulation-vitrification, and 
encapsulation-dehydration have been developed that allow the cryopreservation of a wide 
range of plant germplasm (Burritt, 2008), but irrespective of the protocol used each step in a 
cryopreservation protocol has the potential to impose a stress on plant cells. Low 
temperatures that lead to freezing can impose stress on cells and tissues in two ways, by the 
direct effects of low temperatures on cell function and integrity or by the cellular 
dehydration that occurs when the cells water freezes. Several of the mechanisms by which 
these two forms of stress can damage plant cells are shown in Figure 1.  

Numerous studies have shown that cold temperatures induce the accumulation of 
metabolites, including low-molecular-weight carbohydrates such as fructose, glucose, 
maltose and raffinose, and amino acids such as proline and glutamine (Taji et al., 2002; Cook 
et al., 2004). These metabolites play important protective roles in freezing tolerance in whole 
plants (Kaplan and Guy, 2004) and this has lead to their extensive use in the protocols 
developed for the cryopreservation of isolated plant cells and tissues (Burritt, 2008). In 
particular, the amino acid proline has been found to help confer freezing tolerance in a wide 
variety of both animal and plant cells, and is often added to cryoprotective solutions or is 
used for preconditioning plants or pretreating isolated cells or tissues prior to 
cryopreservation (Burritt, 2008). Despite its widespread use, little is known of the 
mechanisms via which proline protects cells during cryopreservation. 

This chapter gives an overview of proline synthesis and metabolic regulation in plants and 
the changes in proline metabolism associated with desiccation and freezing tolerance, which 
are both of importance for the successful cryopreservation of plants cells and tissues. The 
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use of proline as a cryoprotectant or pre-growth additive for the cryopreservation of plant 
cells and tissues is then overviewed and the potential mechanisms via which proline can 
protect plant cells is critically evaluated. Future research needs are then discussed. 

 
 
 
 
 

 
 
 
 
 

Fig. 1. Potential damage caused by the stresses associated with exposure of plant cells to low 
temperatures. 

2. Proline and plants 
2.1 The function of proline in plants 

Essential for primary metabolism, both as a free amino acid and as a component of proteins, 
proline is distinctive among the proteinogenic amino acids as it contains a secondary amino 
group and a distinctive cyclic structure (Lehmann et al., 2010). The cyclic structure of proline 
causes exceptional conformational rigidity, compared to other amino acids, as proline’s side 
chain locks its φ backbone dihedral angle at approximately -75° and this determines the 
arrangement of the peptide chain and can lead to the stabilization or destabilization of 
secondary protein structures. 
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As well as being important for primary metabolism proline appears to have numerous other 
functions in plants. Research has clearly demonstrated that proline levels show significant 
fluctuations in response to environmental stress (Bohnert et al., 1995), but the precise mode 
of action of proline remains largely a matter of speculation. In addition to its role in 
environmental stress tolerance, recent research has provided evidence that proline may also 
play important roles in plant development both as a metabolite and as a signal molecule 
(Mattioli et al., 2009). Studies have shown that proline could play important roles in embryo 
and seed development, stem elongation, and the transition from vegetative growth to 
flowering (Mattioli et al., 2008; Mattioli et al., 2009)  

2.3 Proline biosynthesis and catabolism  

The proposed pathways for proline biosynthesis and catabolism in plants are outlined in 
Figure 2. In plants proline can be synthesized from glutamate or ornithine, however under 
most conditions proline is mainly synthesized from glutamate rather than from ornithine, as 
the enzyme ornithine-δ –aminotransferase (dOAT) is down regulated (Szabados & Savoure, 
2009). Two enzymes are required for the synthesis of proline from glutamate. The first 
enzyme, Δ1- pyrroline-5-carboxylate synthase (P5CS) is a bifunctional enzyme that 
phosphorylates and reduces glutamate to glutamyl-5- semialdehyde (G5SA) that then 
spontaneously converts to Δ1- pyrroline-carboxylate (P5C).  The second enzyme, Δ1- 
pyrroline-carboxylate reductase (P5CR) further reduces the P5C intermediate to proline 
(Delauney & Verma, 1993). P5CS has been found to be encoded by 2 genes in most plants, 
while P5C is encoded by only a single gene (Szekely et al. 2008; Strizhov et al., 1997) The 
rate-limiting step in the above pathway is the γ -glutamyl kinase activity of P5CS, which is 
sensitive to feedback inhibition by the presence of relatively low cellular proline levels 
(Zhang et al., 1995). Alternatively proline can be synthesized from ornithine by dOAT, 
which converts ornithine and -ketoglutarate to P5C and glutamate by transamination 
(Stranska et al., 2008). Funck et al., 2008, in a study of Arabidopsis thaliana, found that mutant 
plants which lacked dOAT activity could not mobilize nitrogen from arginine or ornithine, 
but could accumulate proline and so suggested the main role for dOAT was arginine 
degradation. They also suggested that as dOAT is localized in the mitochondria and that it 
would be unlikely that P5CR could directly utilize dOAT-generated P5C, as P5CR is 
localized in the cytosol or in plastids. 

Proline degradation in plants takes place in mitochondria and so is by in large separated 
from the biosynthetic pathway. The first step in proline catabolism is the oxidation of 
proline to P5C by proline dehydrogenase (PDH), which in Arabidopsis and tobacco is 
encoded by two homologous genes (Mani et al., 2002; Ribarits et al., 2007; Verbruggen & 
Hermans 2008). The P5C generated is then converted to glutamate by pyrroline-5-
carboxylate dehydrogenase (P5CDH), which is thought to be encoded by a single gene in all 
of the plant species analysed to date (Ayliffe et al. 2005; Mitchell et al. 2006). However, 
biochemical analysis P5CDH in Nicotiana plumbaginifolia and Zea mays has revealed two 
slightly different enzyme activities that may arise from a single gene, or a second P5CDH 
gene may be present (Elthon & Stewart 1982; Forlani et al. 1997). In plants under stress, the 
accumulation of proline is thought to be due not only to increased synthesis, but also to 
inactivation of degradation pathways (Delauney & Verma, 1993)). 
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Fig. 2. Proposed model for proline metabolism in higher plants (adapted from Lehmann et 
al.  2010). Glu glutamate, Orn ornithine, P5C pyrroline-5-carboxylate, GSA glutamic--
semialdehyde, KG -ketoglutarate. P5CS P5C synthetase, P5CR P5C reductase, PDH proline 
dehydrogenase, P5CDH P5C dehydrogenase, OAT ornithine-daminotransferase. 
Transporters and potential transporters are shown as grey circles. 

3. Proline in plant cells under stress 
3.1 Proline accumulation in higher plants 

Stress has been shown to induce proline accumulation in a wide range of organisms 
including eubacteria, protozoa, invertebrates and plants (Verbruggen & Hermans, 2008; 
Kostal et al., 2011) and proline accumulation is believed to be very important as part of the 
physiological adaptation of plants to stress. In plants a wide range of abiotic and biotic 
stressors have been shown to induce proline accumulation including, salt, drought, high 
temperatures, low temperatures, heavy metals, anaerobiosis, nutrient deficiency, organic 
pollutants, ultraviolet (UV) radiation and pathogen infection (Chu et al., 1978; Alia & 
Saradhi, 1991; Saradhi et al., 1995; Hare et al., 1999; Siripornadulsil et al., 2002). The level of 
proline that accumulates in plants in response to stress varies greatly and is highly 
dependent on the plant species, with increase of up to 100 fold compared to controls 
reported in the literature (Verbruggen & Hermans, 2008). 

With respect to cryopreservation, numerous studies have demonstrated the importance of 
proline for plant cold tolerance (Swaaij, Jacobsen & Feenstra 1985, Swaaij et al. 1986; Duncan 
& Widholm 1987; Ait-Barka & Audran 1997; Hoffman et al., 2010; Javadian et al., 2010; 
Burbulis et al., 2011). Studies on plants relatively insensitive to chilling, such as barley (Chu 
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et al. 1978), rye (Koster & Lynch 1992), winter wheat (Dorffling et al. 1997), and Arabidopsis 
thaliana (Xin & Browse 1998; Nanjo et al. 1999) have demonstrated significant positive 
correlations between cellular proline accumulation and improved cold tolerance. 

In addition, plant cells under dehydrating conditions, which are often a consequnce of 
cryopreservation, undergo osmotic adjustment by accumulating one or several low molecular 
weight organic solutes, which are often referred to as compatible osmolytes and/or 
osmoprotectants. These molecules play a critical role in counteracting the effect of osmotic 
stress in plants at the cellular level (Yoshiba et al., 1997). In plants under dehydrating 
conditions such as drought or high salinity, proline is one of the most common compatible 
osmolytes and while several amino acids are known to accumulate in response to osmotic 
stress, proline appears to be the preferred organic osmoticum in many plants and may have a 
specific protective role in the adaptation of plant cells to dehydration. For example, in a study 
of Triticum aestivum L. (durum wheat) under salinity stress, Poustini et al. (2007) found a 
positive correlation between proline levels and osmotic potential, and concluded that proline 
is an important osmolyte for osmotic adjustment in wheat under water stress. In addition, it 
has been demonstrated that transgenic tobacco plants with elevated levels of proline 
biosynthesis show increased tolerance to hyperosmotic stress (Kavi Kishot et. al., 1995), 
providing further evidence of a cause-and-effect relationship between proline levels and 
osmotic tolerance. Proline normally accumulates in the cytosol, where it contributes to the 
cytoplasmic osmotic adjustment in response to water loss without interfering with normal 
cellular processes and biochemical reactions (Ashraf & Foolad, 2007). 

3.2 Proline and cryopreservation 

During cryopreservation, plant cells encounter similar problems to those they encounter 
under freezing conditions in the field.  They under go changes in the spatial organization of 
biological membranes, biochemical and chemical reactions can be retarded, and the status 
and availability of water can be altered. For these reasons proline is likely to be an effective 
cryoprotectant for cryopreserved plant cells and tissues. 

4. The use of proline as a cryoprotectant 
Proline has been used for many years in numerous cryoprotection protocals for the 
preservation of a wide range of both animal and plant cells and tissues. For example, Li et. 
al. (2003) investigated the effects of addition of proline, glutamine, and glycine to the Tes-
Tris-egg yolk (TTE) freezing medium used for cryopreservation of cynomolgus monkey 
(Macaca fascicularis) spermatozoa. They found that the addition of 5 mM proline, 10 mM 
glutamine, and 10 or 20 mM glycine to TTE significantly improved post-thaw sperm 
motility and membrane integrity compared to controls without an amino acid. Of the three 
amino acids tested proline was effective at the lowest concentration. 

Proline has also been found to be useful for the cryopreservation of plant cells, meristems and 
embryos. Jain et al. (1996) included proline in the cryoprotectant solution as part of a protocol 
that was used to successfully cryopreserve embryogenic suspension cells of two commercially 
cultivated aromatic Indica rice varieties using a simple one-step freezing procedure that did 
not require a controlled-rate freezer. Brison et al. (1995 ) used a preculture medium enriched 
with dimethylsulfoxide and proline prior to the cropreservation of in vitro grown interspecific 
Prunus rootstock, Fereley-Jaspi (R). In a study to develop a cryoprotection protocol for highly 



Current Frontiers in Cryopreservation 418 

 
Fig. 2. Proposed model for proline metabolism in higher plants (adapted from Lehmann et 
al.  2010). Glu glutamate, Orn ornithine, P5C pyrroline-5-carboxylate, GSA glutamic--
semialdehyde, KG -ketoglutarate. P5CS P5C synthetase, P5CR P5C reductase, PDH proline 
dehydrogenase, P5CDH P5C dehydrogenase, OAT ornithine-daminotransferase. 
Transporters and potential transporters are shown as grey circles. 

3. Proline in plant cells under stress 
3.1 Proline accumulation in higher plants 

Stress has been shown to induce proline accumulation in a wide range of organisms 
including eubacteria, protozoa, invertebrates and plants (Verbruggen & Hermans, 2008; 
Kostal et al., 2011) and proline accumulation is believed to be very important as part of the 
physiological adaptation of plants to stress. In plants a wide range of abiotic and biotic 
stressors have been shown to induce proline accumulation including, salt, drought, high 
temperatures, low temperatures, heavy metals, anaerobiosis, nutrient deficiency, organic 
pollutants, ultraviolet (UV) radiation and pathogen infection (Chu et al., 1978; Alia & 
Saradhi, 1991; Saradhi et al., 1995; Hare et al., 1999; Siripornadulsil et al., 2002). The level of 
proline that accumulates in plants in response to stress varies greatly and is highly 
dependent on the plant species, with increase of up to 100 fold compared to controls 
reported in the literature (Verbruggen & Hermans, 2008). 

With respect to cryopreservation, numerous studies have demonstrated the importance of 
proline for plant cold tolerance (Swaaij, Jacobsen & Feenstra 1985, Swaaij et al. 1986; Duncan 
& Widholm 1987; Ait-Barka & Audran 1997; Hoffman et al., 2010; Javadian et al., 2010; 
Burbulis et al., 2011). Studies on plants relatively insensitive to chilling, such as barley (Chu 

Proline and the Cryopreservation of  
Plant Tissues: Functions and Practical Applications 419 

et al. 1978), rye (Koster & Lynch 1992), winter wheat (Dorffling et al. 1997), and Arabidopsis 
thaliana (Xin & Browse 1998; Nanjo et al. 1999) have demonstrated significant positive 
correlations between cellular proline accumulation and improved cold tolerance. 

In addition, plant cells under dehydrating conditions, which are often a consequnce of 
cryopreservation, undergo osmotic adjustment by accumulating one or several low molecular 
weight organic solutes, which are often referred to as compatible osmolytes and/or 
osmoprotectants. These molecules play a critical role in counteracting the effect of osmotic 
stress in plants at the cellular level (Yoshiba et al., 1997). In plants under dehydrating 
conditions such as drought or high salinity, proline is one of the most common compatible 
osmolytes and while several amino acids are known to accumulate in response to osmotic 
stress, proline appears to be the preferred organic osmoticum in many plants and may have a 
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positive correlation between proline levels and osmotic potential, and concluded that proline 
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cytoplasmic osmotic adjustment in response to water loss without interfering with normal 
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During cryopreservation, plant cells encounter similar problems to those they encounter 
under freezing conditions in the field.  They under go changes in the spatial organization of 
biological membranes, biochemical and chemical reactions can be retarded, and the status 
and availability of water can be altered. For these reasons proline is likely to be an effective 
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Proline has been used for many years in numerous cryoprotection protocals for the 
preservation of a wide range of both animal and plant cells and tissues. For example, Li et. 
al. (2003) investigated the effects of addition of proline, glutamine, and glycine to the Tes-
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freezing sensitive Begonia species, Burritt (2008) found that adventitious shoots of the 
rhizomatous begonia, Begonia x erythrophylla were sensitive to dehydration and very sensitive 
to freezing. While pre-treatment with 0.75 M sucrose significantly increased the percentage of 
encapsulated shoots surviving dehydration, pre-treatment with sucrose did not afford 
cryoprotection without prior dehydration. 

 
Fig. 3. The percentage of Begonia x erythrophylla shoots surviving pre-treatment with ABA 
(3.8 uM) and/or proline (2.15 mM). The different letters indicate statistically different values 
at p < 0.05 (modified from Burritt 2008). 

Addition of abscisic acid (ABA) and proline to the pre-treatment medium significantly 
improved the percentage of shoots surviving freezing. Pre-treatment of shoots with a 
medium containing, 0.75M sucrose, 3.8 μM ABA and 2.15 mM proline resulted in greater 
than 50% of shoots surviving freezing (Figure 3). 

Christianson (1998) used a 3-4 day preconditioning treatment using a tissue culture medium 
supplemented with 10-5 M ABA and 100 mM proline to greatly increase survival rates and 
simplify a protocol for moss cryopreservation. Pretreatment with the combination of proline 
and ABA was used as part of a cryopreservation protocol that could be used for Ceratodon 
purpureus, Funaria hygrometrica, Physcomitrella patens, and two species of Sphagnum. 
Cryopreserved cultures remained viable at least one year at -80oC.  

In addition to both animal and plant cells, proline has been found to be particularily useful 
for the cryopreservation of algal cells. Kuwano et al. (2004) found the gametophytic cells of 
six species of Laminariales, Laminaria japonica Areschoug, L. longissima Miyabe, Kjellmaniella 
crassifolia Miyabe, Ecklonia stolonifera Okamura, E. kurome Okamura, and Undaria pinnatifida 
(Harvey) Suringar could be cropreserved using a cryoprotective solution containing 
ethylene glycol and proline. The cells were suspended in a mixture of ethylene glycol and 
proline, and slowly cooled to -40oC over a period of 4 h. After a cooling step, the cells were 
immediately immersed in liquid nitrogen. Viabilities ranged from 36.2% to 67.2%. Nanb et 
al. (2009) developed a cryopreservation protocol for gametophyte strains of the edible 
macroalgae Undaria pinnatifida (Harvey). Following a pretreatment involving exposure of 
male and female gametophytes to low levels of light, they used a two-step cooling method 
with a mixture of cryoprotectants including 10% L-proline and 10% glycerol, before freezing 
in liquid nitrogen. Gametophyte survival rates were high, ranging from 43-60% for females 
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and 64-100% for males. The morphology of the sporophytes formed from the cryopreserved 
gametophytes appeared normal and the authors suggested that this cryopreservation 
method could be used to preserve culture stocks of U. pinnatifida for mariculture.  

5. Proline a multifunctional cryoprotectant? 
5.1 Possible mechanisms of protection 

Because of its ability to act as an osmoprotectant without interfering with normal cellular 
processes and biochemical reactions proline has been used in a range of different 
cryopreservation protocols both for animal and plants cells and tissues, however the exact 
mode by which protection is achieved is still a matter of considerable debate in the scientific 
literature. Proline could potentially acting as storage reserve of carbon and nitrogen, a 
compatible osmolyte, a buffer for cytosolic pH, a scavenger of reactive oxygen species (ROS) 
and as an aid to balancing cellular redox status (Smirnoff & Cumbes 1989; Hare & Cress, 1997). 
It has also been proposed that proline could act as a molecular chaperone, helping to stabilize 
the structure of proteins, and as part of the signal transduction chain alerting plant cells to the 
presence of a stressor and hence triggering adaptive responses (Maggio et al. 2002). 

5.2 Proline as an osmolite 

The osmoregulatory role of proline in plant cells exposed to hyperosmotic stress has been 
the subject of numerous studies and under environmental conditions that result in cellular 
dehydration such as drought, freezing or extreme salinity, it is widely accepted that 
proline accumulates and acts as a compatible solute helping to protect cells from damage 
(Heur, 1994). Accumulation of cytoplasmic osmolytes, such as proline, is thought to aid in 
reducing the cellular water potential to a level below the external water potential, this 
enables water to move into the cell and be maintained there, while at the same time 
minimising potentially deleteriously increases in ionic strength. However, there is some 
debate in the published literature as to whether increased cytosolic levels of free proline 
has any direct adaptive value (Heur, 1994). While there are many reports of positive 
correlations between the capacity for proline accumulation and dehydration and cold 
tolerance (see section 3.1), some researchers still challenge the value of the ability of plant 
cells to accumulate proline as a positive index for osmotic stress resistance (Heur, 1994 & 
references therein). 

5.3 Proline as precursor for other molecules 

It has been suggested that stress-induced accumulation of amino acids like proline may not 
only have an osmoregulatory role, but that they could also be a mechanism to provide cells 
with a pool of the precursors required to synthesis other molecules known to be involved in 
biotic and abiotic stress responses (Sanchez et al., 2008). For example polyamines can be 
synthesized from arginine or ornithine and ornithine from glutamate, hence the pathways 
for proline and polyamine biosynthesis are interlinked, and both groups of molecules are 
important in plant stress responses (Groppa & Benavides 2008). Little is known about the 
roles of polyamine metabolism in the process of cryopreservation, but Ramon et al. (2002) 
reported that an increase in putrescine content was positively correlated with the survival 
rate after simple freezing or after vitrification of banana meristem cultures. 
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al. (2009) developed a cryopreservation protocol for gametophyte strains of the edible 
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and 64-100% for males. The morphology of the sporophytes formed from the cryopreserved 
gametophytes appeared normal and the authors suggested that this cryopreservation 
method could be used to preserve culture stocks of U. pinnatifida for mariculture.  

5. Proline a multifunctional cryoprotectant? 
5.1 Possible mechanisms of protection 

Because of its ability to act as an osmoprotectant without interfering with normal cellular 
processes and biochemical reactions proline has been used in a range of different 
cryopreservation protocols both for animal and plants cells and tissues, however the exact 
mode by which protection is achieved is still a matter of considerable debate in the scientific 
literature. Proline could potentially acting as storage reserve of carbon and nitrogen, a 
compatible osmolyte, a buffer for cytosolic pH, a scavenger of reactive oxygen species (ROS) 
and as an aid to balancing cellular redox status (Smirnoff & Cumbes 1989; Hare & Cress, 1997). 
It has also been proposed that proline could act as a molecular chaperone, helping to stabilize 
the structure of proteins, and as part of the signal transduction chain alerting plant cells to the 
presence of a stressor and hence triggering adaptive responses (Maggio et al. 2002). 
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The osmoregulatory role of proline in plant cells exposed to hyperosmotic stress has been 
the subject of numerous studies and under environmental conditions that result in cellular 
dehydration such as drought, freezing or extreme salinity, it is widely accepted that 
proline accumulates and acts as a compatible solute helping to protect cells from damage 
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5.3 Proline as precursor for other molecules 
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Stored amino acids could also be useful during the recovery process following stress. The 
accumulation of large cellular pools of amino acids could allow the rapid synthesis of 
enzymes and the repair of structural proteins, allowing a more rapid recovery of cells 
following cryopreservation, but this possibility has yet to investigated. 

5.4 Proline as an antioxidant 

Reactive oxygen species, such as the superoxide anion (O2•), hydrogen peroxide (H2O2), and 
the extremely reactive hydroxyl radical (•OH) are produced within cells as a consequence of 
normal metabolic processes, but the production of ROS often increases when cells are under 
stress (Smirnoff, 1993; Halliwell & Gutteridge, 1999). When ROS are produced at levels high 
enough to overcome the antioxidant defences that normally control cellular ROS levels, 
oxidation of DNA, proteins and membrane fatty acids occurs, the latter can result in lipid 
peroxidation and loss of membrane function (Halliwell & Gutteridge, 1999). Such damage is 
commonly referred to as oxidative stress (Lesser, 2006; Burritt & MacKenzie 2003; Burritt, 
2008). Cryopreservation protocols comprise a number of steps, each of which has the 
potential to cause stress that could increase ROS production. Recent studies have shown that 
dehydration and freezing can both lead to increased ROS production and lead to oxidative 
stress (Feck et al., 2000; Roach et al., 2008). A recent study on oxidative stress and antioxidant 
metabolism during the cryopreservation of olive somatic embryos demonstrated the 
importance of oxidative stress and antioxidant metabolism for the successful cryopreservation 
of plant cells (Lynch et al., 2011). 

As mentioned in Section 4 Burritt (2008) found that addition of ABA and proline to the pre-
treatment medium significantly improved the percentage of Begonia x erythrophylla shoots 
surviving freezing, this increase in percentage survival was accompanied by a decrease in 
levels of hydrogen peroxide (Figure 4) and oxidative damage, measured as the levels of 
lipid peroxides, observed in the shoots immediately following thawing (Figure 5). 

 
Fig. 4. The influence of pre-treatment with ABA (3.8 uM) and/or proline (2.15 mM) on 
hydrogen peroxide levels, as determined by Chesseman ( 2006), in post thaw Begonia x 
erythrophylla shoots cryopreserved as described by Burritt (2008). 
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Because of its chemical properties proline has a high capacity to quench singlet oxygen and 
hydroxyl radicals. Pyrrolidine, which forms the 5- membered ring of proline, has a low IP 
and so proline is able to form a charge-transfer complex, enabling it to quench singlet 
oxygen effectively. Proline can also react with hydroxyl radicals under hydrogen abstraction 
forming a stable radical (Matylsik, 2002). Therefore the accumulation of proline to high 
levels in plant cells under stress or plants cells treated with exogenous proline as part of a 
cryopreservation protocol could greatly increase the ROS scavenging capacity of said cells 
and reduce the potential for oxidative damage. In particular, as proline has the potential to 
reduce ROS levels it could help reduce oxidative damage to vital cellular macromolecules 
and hence stabilize proteins (Anjum, 2000),) DNA (Iakobashvil, 1999) and lipid membranes 
(Alia, 1991). The accumulation of proline-rich proteins and particularly proline residues in 
cellular proteins is thought to provide additional protection against oxidative stress 
(Matylsik, 2002). The increase in ROS scavenging capacity brought about by increased 
intracellular proline levels could be a key mechanism by which proline helps reduce the 
freezing and dehydration associated cellular damage associated with most cryopreservation 
protocols. 
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Interestingly ABA combined with proline reduced hydrogen peroxide production and 
oxidative damage, measured as lipid peroxidation, more effectively in post thaw Begonia x 
erythrophylla shoots than ABA or proline alone. Christianson (1998) also found that ABA and 
proline in combination improved the survival of moss gametophytes following 
cryopreservation. These results suggest a possible interaction between ABA and proline 
may exist. 
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5.5 Is there an inaction between ABA and proline? 

Studies have shown a relationship between proline and ABA with respect to cold tolerance 
(Xi & Li, 1993; Lou & Reid, 1997). In a recent study of maize suspension-cultured cells Chen 
and Li (2002) showed that an ABA treatment at warm temperatures improved the tolerance 
of cells to subsequent chilling, and that both ABA-treated and untreated maize cells 
accumulated proline in response to chilling. Chen and Li also found that ABA-treated cells 
showed less lipid peroxidation during chilling and unlike untreated cells were able to retain 
the accumulated proline intracellularly.  

In post thaw Begonia x erythrophylla shoots ABA combined with proline resulted in much 
higher shoot survival than pretreatment with ABA or proline alone. Interestingly ABA 
combined with proline resulted in far higher intracellular proline concentrations (Figure 6). 
The greater concentrations of proline seen in the combined treatment could be due increased 
endogenous synthesis of proline, induced by exposure to ABA, combined with uptake of 
exogenous proline during the pretreatment phase and/or to an ABA induced mechanism 
that helps reduce proline leakage, but further investigations are required to determine how 
the combined application of ABA and proline increase shoot survival after cryopreservation. 

 
Fig. 6. The influence of pre-treatment with ABA (3.8 uM) and/or proline (2.15 mM) on 
proline levels, in post thaw Begonia x erythrophylla shoots cryopreserved as described by 
Burritt (2008). 

5.5 Proline and direct macromolecule protection 

As well as the potential protective mechanisms detailed above, proline has been shown to 
directly protect key cellular macromolecules, in particular lipid membranes and proteins 
such as enzymes (Verbruggen & Hermans, 2008). Proline molecules can intercalate between 
the head groups of membrane phospholipids during freeze-dehydration helping to reduce 
mechanical stresses in the membranes, or alter the physical properties of membranes 
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making them less prone to a liquid crystalline-to-gel transition (Hoekstra et al., 2001). It has 
also been suggested that proline molecules can directly replace missing water molecules 
between the phospholipids headgroups (Rudolph et al., 1986).  

In addition, according to the preferential exclusion hypothesis, proline is one of a group of 
solutes that, when in aqueous solution, are excluded from contact with the surfaces of 
proteins and phospholipid bilayers (Arakawa & Timasheff, 1983). Accordingly addition of 
proline to a solution stabilizes the native structure of protein monomers and protects 
oligomeric protein complexes from denaturation and dissociation. Rudolph et al. (1986) 
demonstrated that the activity of the enzyme lactate dehydrogenase could be protected in 
part during freeze-thaw cycles by increasing the concentration of proline from 0 to 200 mM 
in the buffer in which the enzyme was solubilised.  

5.6 Other mechanisms 

There are several other mechanisms via which proline could contribute to over coming the 
stresses associated with cryopreservation. For example, the accumulation of proline could 
also be a mechanism to store energy as the oxidation of a single proline molecule can 
produce up to 30 ATP equivalents (Atkinson, 1971). Replenishment of NADP+ and redox 
cycling have also been sugested as potential mechanisms associated with stress tolerance, 
(Hare & Cress 1999), as has a role in stress signal transdution (Hare et al., 1997).  

6. Conclusions  
While  numerous studies have demonstrated that proline can be used to improve the 
survival of plant cells and organs following cryopreservation, there is little definitive 
evidence as to the mode of action of proline. More research is required to determine how 
proline protects plant cells at the cellular level and to determine how other treatments that 
confer cryotolerance, such as ABA pretreatments interact with proline metabolism and 
could hence improve the cryotolerance of plant cells. However, despite our lack of 
knowledge with respect to the mode of action of proline, this amino acid continues to be of 
great value as a cryoprotectant that can be used with a wide range of cell types from many 
different organisms. 
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1. Introduction 
Two basic approaches to conservation of plant genetic resources are ex situ and in situ 
conservation. Ex situ conservation includes seed storage, in vitro storage, DNA storage, 
pollen storage, field genebanks and botanical gardens while the in situ approach 
encompasses genetic reserves, on farm and home garden conservation. 

Cryopreservation is a part of biotechnology. Biotechnology plays an important role in 
international plant conservation programs and in preservation of the world's genetic resources 
(Bajaj, 1995; Benson, 1999). Advances in biotechnology provide new methods for plant genetic 
resources and evaluation (Paunesca, 2009). Cryopreservation, developed during the last 25 
years, is an important and the most valuable method for long-term conservation of biological 
materials. The main advantages in cryopreservation are simplicity and the applicability to a 
wide range of genotypes (Engelmann, 2004). This can be achieved using different procedures, 
such as pre-growth, desiccation, pregrowth-desiccation, vitrification, encapsulation-
vitrification and droplet-freezing (Engelmann, 2004). Cryopreservation involves storage of 
plant material (such as seed, shoot tip, zygotic and somatic embryos and pollen) at ultra-low 
temperatures in LN (-196°C) or its vapor phase (-150°C). To avoid the genetic alterations that 
may occur in long tissue cultures storage, cryopreservation has been developed (Martin et al., 
1998). At this temperature, cell division, metabolic, and biochemical activities remain 
suspended and the material can be stored without changes and deterioration for long time. 
Walters et al. (2009) proposed that this assumption, based on extrapolations of temperature-
reaction kinetic relationships, is not completely supported by accumulating evidence that 
dried seeds can deteriorate during cryogenic storage. After 30 years of cryogenic storage, seeds 
of some species exhibited quantitatively lower viability and vigor. In cryopreservation 
method, subcultures are not required and somaclonal variation is reduced. Advantages of 
cryopreservation are that germplasm can be kept for theoretically indefinite time with low 
costs and little space. Besides its use for the conservation of genetic resources, cryopreservation 
can also be applied for the safe storage of plant tissues with specific characteristics. Different 
types of plant cell, tissues and organs can be cryopreserved. Cryopreservation is the most 
suitable long-term storage method for genetic resources of vegetatively maintained crops 
(Kaczmarczyk et al., 2008). For vegetatively propagated species, the best organs are shoot 
apices excised from in vitro plants. Shoot apices or meristems cultures are suitable because of 
virus-free plant production, clonal propagation, improving health status, easier recovery and 
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less mutation (Scowcroft, 1984). Seed and field collections have been the only proper for the 
long-term germplasm conservation of woody species, while a large number of forest 
angiosperms have recalcitrant seeds with a very limited period of conservability. The species, 
which are mainly vegetatively propagated, require the conservation of huge number of 
accessions (Panis and Lambardi, 2005). The storage of this huge number needs large areas of 
land and high running costs. Preservation of plant germplasm is part of any plant breeding 
program. The most efficient and economical way of germplasm storage is the form of seeds. 
However, this kind of storage is not always feasible because 1) some seeds deteriorate due to 
invasion of pathogens and insects, 2) some plants do not produce seeds and they are 
propagated vegetatively, 3) some seeds are very heterozygous thus, not proper for 
maintaining true-to-type genotype, 4) seeds remain viable for a limited time, and 5) clonally 
propagated crops such as fruit, nut, and many root and tuber vegetables cannot be stored as 
seed (Chang and Reed, 2001; Bekheet et al., 2007). Cryopreservation offers a good method for 
conservation of the species, especially woody plant germplasm (Panis and Lambardi, 2005). 
Cryostorage of seeds in LN was initially developed for the conservation of genetic resources of 
agriculturally important species (Rajasekharan, 2006). The development of simple cryostorage 
protocols for orthodox seeds has allowed cryopreservation of a large number of species at low 
cost, significantly reducing seed deterioration in storage (Stanwood, 1987). Only few reports 
are available on the application of cryopreservation on seeds of wild and endangered species 
and medicinal plants (Rajasekharan, 2006). New cryobiological studies of plant materials has 
made cryopreservation a realistic tool for long-term storage, for tropical species, which are not 
intrinsically tolerant to low temperature and desiccation, has been less extensively investigated 
(Rajasekharan, 2006). Cryopreservation has been applied to more than 80 plant species (Zhao 
et al., 2005). Number of species, which can be cryopreserved has rapidly increased over the last 
several years because of the new techniques and progress of cryopreservation research 
(Rajasekharan, 2006). The vitrification/one-step freezing and encapsulation dehydration 
methods have been applied to an increasing number of species (Panis and Lambardi, 2005). A 
new method, named encapsulation- vitrification is noteworthy (Sakai, 2000). These techniques 
have produced high levels of post-thaw and minor modifications (Rajasekharan, 2006). In 
cryopreservation, information recording such as type and size of explants, pretreatment and 
the correct type and concentration of cryoprotectants, explants water content, cryopreservation 
method, rate of freezing and thawing, thawing method, recovery medium and incubation 
conditions is very important (Reed, 2001 ; González-Benito et al., 2004; Bekheet et al., 2007). All 
germplasm requires safe storage because even exotic germplasm without obvious economic 
merit may contain genes or alleles that may be needed as new disease, insect, environmental, 
or crop production problems arise (Westwood, 1989). It is important to record also the 
recovery percentage after a short conservation period. A major concern is the genetic stability 
of conserved material. 

For many plant species which produce orthodox seeds, i.e. which can be dehydrated 
extensively and stored dry at low temperature, the emphasis for genetic resource conservation 
will be on seed/embryo storage. Recalcitrant seeds cannot tolerate desiccation to moisture 
content that would permit exposure to low temperature. They are often large with 
considerable quantities of fleshy endosperm. Therefore, recent investigations have identified 
species displaying an intermediate form of seed/embryo storage. As regards the balance of 
techniques employed within complementary strategies developed for conserving the genetic 
resources of these problems species, the emphasis in the case of non-orthodox (intermediate/ 
recalcitrant) forest tree species will be on in situ conservation in genetic reserves, while for 
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species which are propagated vegetatively the emphasis will be on ex situ conservation 
techniques, including field genebank and in vitro storage. However it is essential to recognize 
that owing to various problems and limitations encountered with both genetic reserves and 
field genebanks, cryopreservation currently offers the only safe and cost effective option for 
the long-term conservation of genetic resources of these problem species. Significant progress 
has been made during the past 10 years in the area of plant cryopreservation with the 
development of various efficient cryopreservation protocols. An important advantage of these 
new techniques is their operational simplicity, since they will be applied mainly in developing 
tropical countries where the largest part of genetic resources of problem species is located. 
Encouraging results in medicinal plants have been published in recent years which present 
extensive list of plant species whose embryos and or embryonic axes have been successfully 
cryopreserved (Kartha and Engelmann 1994, Pence 1995, Engelmann et al 1995).  

In comparison with results obtained with vegetatively propagated species, it is clear that 
research is still at a very preliminary stage for recalcitrant seeds. The desiccation technique 
is mainly employed for freezing embryos and embryonic axes, the survival achieved are 
extremely uneven. And also survival is often limited and regeneration often restricted to 
callusing or incomplete development of plantlets. In only a limited number of cases, the 
whole plants have been regenerated from cryopreserved material (Chin and Pritchard 1988, 
Assy Bah and Engelmann 1992). Seeds and embryos of recalcitrant species also display 
various characteristics which make their cryopreservation difficult. One of the 
characteristics of recalcitrant seeds is that there is no arrest in their development, as with 
orthodox seeds. It is very difficult to select seeds at a precise developmental stage, even 
though this parameter is often of critical importance to achieve successful cryopreservation. 
Seeds of many species are too large to be frozen directly and embryos or embryonic axes 
have to be employed. However, embryos are often very complex tissue composition which 
display differential sensitivity to desiccation and freezing, the root pole seeming more 
resistant than the shoot pole (Pence 1995).  In some species, embryos are extremely sensitive 
to desiccation and even minor reduction in their moisture content down to levels much too 
high to obtain survival after freezing leads to irreparable structural damage. It should be 
emphasized that selecting embryos at the right developmental stage is of critical importance 
for the success of any cryopreservation experiment (Engelmann et al., 1995) However, in 
these cases basic protocols for disinfection, in vitro germination of embryos or embryonic 
axes, plantlet development  and possibly limited propagation will have to be established 
prior to any cryopreservation experiment.  

Cryostorage of seed was initially developed for the preservation of genetic resources of 
agriculturally important species for breeding and selection. The development of 
comparatively simple cryostorage protocols allowed seeds of over 155 agricultural species 
(Stanwood, 1985) to be stored at low cost, in an environment without obvious problems of 
seed ageing, genetic variations and predation common to many conventional seed storage 
methods. With the regular use of cryostorage system for seeds of agri-crops, the same 
process is now viewed as having important application for preserving seeds of medicinal 
plants (Decruse et al., 1999), endangered species (Touchel and Dixon 1994) and other native 
plant species (Pence 1991, Touchel and Dixon 1993, Decruse and Seeni 2002). For the long-
term preservation of species producing recalcitrant seeds, zygotic embryos were used for 
cryopreservation. Incidentally excised zygotic embryos or embryonic axes were successfully 
employed for the cryopreservation of coconut (Assy-Bah and Engelman, 1992 a,b, Chin et al., 
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less mutation (Scowcroft, 1984). Seed and field collections have been the only proper for the 
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maintaining true-to-type genotype, 4) seeds remain viable for a limited time, and 5) clonally 
propagated crops such as fruit, nut, and many root and tuber vegetables cannot be stored as 
seed (Chang and Reed, 2001; Bekheet et al., 2007). Cryopreservation offers a good method for 
conservation of the species, especially woody plant germplasm (Panis and Lambardi, 2005). 
Cryostorage of seeds in LN was initially developed for the conservation of genetic resources of 
agriculturally important species (Rajasekharan, 2006). The development of simple cryostorage 
protocols for orthodox seeds has allowed cryopreservation of a large number of species at low 
cost, significantly reducing seed deterioration in storage (Stanwood, 1987). Only few reports 
are available on the application of cryopreservation on seeds of wild and endangered species 
and medicinal plants (Rajasekharan, 2006). New cryobiological studies of plant materials has 
made cryopreservation a realistic tool for long-term storage, for tropical species, which are not 
intrinsically tolerant to low temperature and desiccation, has been less extensively investigated 
(Rajasekharan, 2006). Cryopreservation has been applied to more than 80 plant species (Zhao 
et al., 2005). Number of species, which can be cryopreserved has rapidly increased over the last 
several years because of the new techniques and progress of cryopreservation research 
(Rajasekharan, 2006). The vitrification/one-step freezing and encapsulation dehydration 
methods have been applied to an increasing number of species (Panis and Lambardi, 2005). A 
new method, named encapsulation- vitrification is noteworthy (Sakai, 2000). These techniques 
have produced high levels of post-thaw and minor modifications (Rajasekharan, 2006). In 
cryopreservation, information recording such as type and size of explants, pretreatment and 
the correct type and concentration of cryoprotectants, explants water content, cryopreservation 
method, rate of freezing and thawing, thawing method, recovery medium and incubation 
conditions is very important (Reed, 2001 ; González-Benito et al., 2004; Bekheet et al., 2007). All 
germplasm requires safe storage because even exotic germplasm without obvious economic 
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content that would permit exposure to low temperature. They are often large with 
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1989), cocoa (Pence, 1991, Chandel et al., 1995) oil palm (Chabrillange et al., 1997), walnut (de 
Boucaud et al., 1991), jack fruit (Chandel et al., 1995, Thammasiri, 1999), rubber (Normann, 
1986), tea (Chauduryi et al., 1991) and neem (Berjack and Dumet, 1996).  

National Gene bank for Medicinal and Aromatic Plants at Tropical Botanic Garden and 
Research Institute (TBGRI) is one among the four (CIMAP, Lucknow, NBPGR, New Delhi 
and RRL, Jammu) having the mandate of conserving the medicinal and aromatic plants 
(MAPs) of Peninsular India through biotechnological intervention including collection, ex 
situ conservation and characterization of the precious taxa that are rare, endangered, 
threatened, endemic, vulnerable or over exploited as the case may be. TBGRI has 
significantly developed cryopreservation protocol on rare and endangered medicinal plants 
of India (Decruse et al., 1999, Decruse and Seeni, 2002, Radha et al., 2006). A cryobank was 
also established which now holds more than 25 accessions of medcinal and aromatic plants 
(Decruse et al., 1999b, Decruse and Seeni 2002b, Radha et al., 2010).   

2. Cryopreservation of excised embryonic axes of Nothapodytes nimmoniana
(Graham) Mebberly, a vulnerable medicinal tree species of the Western 
Ghats 
Nothapodytes nimmoniana (Graham) Mebberly, of family Icacinaceae is a small vulnerable 
medicinal tree distributed in India, Sri Lanka, Myanmar, Thailand, Malaysia and China. In 
India it is distributed in upper ranges of the Western Ghats particularly in the Nilgiris and 
Palni hills of southern peninsula. The stem and roots are an important source of the anti-
tumour quinoline alkaloid camptothecin (Hsiang etal.,1985) and also find applications 
against retrovirus and human immunodeficiency virus. Consequently natural population of 
this species in  the Western Ghats are severely depleted owing to habitat destruction and 
over exploitation (Cragg et al.,1993, Ravikumar and Ved, 2000) and hence conservation 
efforts are undertaken by certain agencies in the region. 

Seeds of N. nimmoniana are large intermediate type showed 100% germination under 
controlled conditions. Embryonic axes with cotyledons having moisture content of 55.7% 
presumed to be intermediate in nature, lose their viability within a short period after maturity. 
Cryopreservaton of zygotic embryos is recognized as an effective tool for the long-term 
preservation of such plant species   those produce recalcitrant/large seeds (Engelmann, 1997).  

Desiccation and cryopreservation. The seeds were separated from the fruits (drupe), rinsed 
in running tap water for one hour to remove the mucilage and washed in commercial 
detergent (1% Teepol, Godrej, India Ltd., Mumbai) for 10 min. followed by thorough 
washing in running tap water for 10-20 min.  Seeds were   then surface decontaminated by 
immersion in 0.01% (w/v) HgCl2 for 5-10 min. followed by 3-5 rinses in sterile distilled 
water.  Seed coat was broken and embryos with cotyledons were dissected out free of the 
endosperm in aseptic condition in the laminar air flow cabinet. Immediately after dissection, 
batches of 20 embryos each were subjected to dehydration under laminar airflow for 30, 60, 
90, 120,150,180 and 210 min. period. A sample of 10 embryos was inoculated into MS 
medium (Murashige and Skoog, 1962) devoid of PGR as fresh control and cultured under 
10/14h light/dark periods (30 - 50 μmol m–2 s–2) at 25±2 0C for 8 weeks.  After desiccation at 
30 min intervals, equally divided samples of 10 embryos were transferred to germination 
medium and another 10 packed in 2ml cryovial and transferred to LN (at –196 0C)  After 24h 
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storage, the vials were retrieved from LN and rewarmed in a water bath at 400C for 1-2 min. 
The rewarmed embryos were also transferred to germination medium and cultured under 
stated conditions for recovery. The whole experiment was repeated three times. 

    Observations on the germination of embryos were made after 8 weeks and results 
analyzed statistically in a completely randomized model. Survival rate was assessed as the 
percentage of embryonic axes that exhibited any kind of growth, including seedling 
development; shoot growth and root growth.   

Moisture content determination. Moisture content (MC) of the embryos was determined by 
constant temperature oven method (103 0C) for 17h.  

The embryonic axes with cotyledons (Fig 1a) freshly dissected from the seeds possessed 
55.7% MC and exhibited 86.67% germination and normal growth in MS medium devoid of 
PGRs within a week of culture. Dehydration under laminar airflow reduced the MC to 
43.7% after 30min and 31.3% after 60min. without appreciable reduction in viability so that 
76-77% of them germinated (Fig.1). Dehydration for 120min reduced MC to 19.6% and 
germination to 66.67% and was the optimum dehydration period (Fig.2) to get maximum 
germination (60%) after LN treatment (Fig.2).  Root and shoot emergence was observed after 
one week of culture (Fig.1b) in 60% of the desiccated (120 min.) and LN treated embryonic 
axes and well developed seedlings were obtained within 20 days of culture (Fig.1c). 
Dehydration beyond 120 min. gradually reduced MC and drastically reduced viability. The 
MC came down to 12.1% after 210 min. when none of the embryos survived. Prolonged 
dehydration (150-180min) not only reduced survival down to 16.67-10% but also caused 
abnormal growth with only radicle development in the survived embryos (Fig.1d).  

Research in the past two decades has shown that most orthodox seeds remain viable for 
long periods of storage after attaining appropriate desiccation levels of about 3-5% moisture 
content (Roberts, 1973). Contrary to this, recalcitrant seeds of several tropical and temperate 
species are desiccation sensitive, eg. Tea, Cocoa, Citrus, Jack fruit (Chin and Roberts, 1980). 
There are various options available to improve storage of non-orthodox seeds/embryos. 
Desiccation is the simplest procedure since it consists of dehydrating explants, and then 
freezing them rapidly by direct immersion in LN has been applied to embryonic axes 
extracted from recalcitrant and intermediate seeds (Engelmann, 1997). It should also be 
noted that selection of embryos at the right developmental stage is of critical importance for 
the success of any cryopreservation experiment (Engelmann et al., 1995). The conservation 
efforts of N. nimmoniana are hampered mainly due to relatively large   and intermediate type 
of seeds with desiccation sensitivity. The viability of the embryos was not much affected 
when the embryos were desiccated from 55.7% to 43.7% (i.e. 30 min. desiccation). Significant 
loss of viability due to further reduction of moisture content shows the intermediate nature 
of the embryos is in line with the report of Dussert et al (1995). Safe moisture content of the 
embryonic axes as obtained in the present study is 19.6% (60% survival). Damage to 
plumule rather than radicle occurred due to excessive dehydration of N. nimmoniana 
embryos is as observed earlier in Auracaria hunstenni where desiccation damage is reported 
to be more serious in the plumule (Pritchard and Prendergast, 1986). The exact causes of 
embryonic death and its relationship with moisture content are not fully understood. Chin et 
al stated that seed death could be due either to the moisture content falling below a critical 
value or simply a general physiological deterioration with time. If embryonic axes have been 
desiccated to around 20% moisture content without loss of viability, it is possible that  
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Cryopreservaton of zygotic embryos is recognized as an effective tool for the long-term 
preservation of such plant species   those produce recalcitrant/large seeds (Engelmann, 1997).  

Desiccation and cryopreservation. The seeds were separated from the fruits (drupe), rinsed 
in running tap water for one hour to remove the mucilage and washed in commercial 
detergent (1% Teepol, Godrej, India Ltd., Mumbai) for 10 min. followed by thorough 
washing in running tap water for 10-20 min.  Seeds were   then surface decontaminated by 
immersion in 0.01% (w/v) HgCl2 for 5-10 min. followed by 3-5 rinses in sterile distilled 
water.  Seed coat was broken and embryos with cotyledons were dissected out free of the 
endosperm in aseptic condition in the laminar air flow cabinet. Immediately after dissection, 
batches of 20 embryos each were subjected to dehydration under laminar airflow for 30, 60, 
90, 120,150,180 and 210 min. period. A sample of 10 embryos was inoculated into MS 
medium (Murashige and Skoog, 1962) devoid of PGR as fresh control and cultured under 
10/14h light/dark periods (30 - 50 μmol m–2 s–2) at 25±2 0C for 8 weeks.  After desiccation at 
30 min intervals, equally divided samples of 10 embryos were transferred to germination 
medium and another 10 packed in 2ml cryovial and transferred to LN (at –196 0C)  After 24h 

Plant Cryopreservation 435 
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Fig..1 a. Isolated embryonic axes, b. Cryopreserved embryo showing germination after 30 
days of culture on MS basal medium, c. Seedling from Cryopreserved embryo  after 60 days 
of culture on MS basal medium and d. radicle development and degeneration of plumule in  
embryo subjected to  desiccation for 180 min.  
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Fig. 2. Effect of cryopreservation on germination of N. nimmoniana zygotic embryos. 
Different letter (s) in a data series shows significant difference at 5% level based on LSD 
multiple ‘t’ test. *Control and LN treated values differ significantly at 5% level based on 
Student ‘t’ test. The bars represent SEM. 
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cooling and storage in LN will be progressed more easily. In most of the reports of 
successful cryopreservation, excised embryos or embryonic axes have been used for 
desiccation sensitive species, i.e. zygotic embryos of Citrus (Mumford and Grout, 1979) Oil 
palm (Grout et al., 1983) Coconut (Chin et al., 1989) Hevea (Normah et al.,1986) where the 
embryos withstand freezing after being subjected to partial desiccation. The desiccated 
embryonic axes do not lose viability after rapid cooling and storage at the temperature of 
LN. At such temperature there should be no change in the tissue either genetic or 
developmental, over a period of decades (Ashwood et al., 1977). This situation together with 
the ease to develop independent plants in vitro (Satheeshkumar and Seeni, 2000, 
Ravishankar Rai, 2002) from embryonic axes suggest cryopreservation is an effective 
technique for the long-term conservation of N. nimmoniana, a medicinal tree species 
producing large intermediate type of seeds. 
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Fig..1 a. Isolated embryonic axes, b. Cryopreserved embryo showing germination after 30 
days of culture on MS basal medium, c. Seedling from Cryopreserved embryo  after 60 days 
of culture on MS basal medium and d. radicle development and degeneration of plumule in  
embryo subjected to  desiccation for 180 min.  
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Fig. 2. Effect of cryopreservation on germination of N. nimmoniana zygotic embryos. 
Different letter (s) in a data series shows significant difference at 5% level based on LSD 
multiple ‘t’ test. *Control and LN treated values differ significantly at 5% level based on 
Student ‘t’ test. The bars represent SEM. 
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cooling and storage in LN will be progressed more easily. In most of the reports of 
successful cryopreservation, excised embryos or embryonic axes have been used for 
desiccation sensitive species, i.e. zygotic embryos of Citrus (Mumford and Grout, 1979) Oil 
palm (Grout et al., 1983) Coconut (Chin et al., 1989) Hevea (Normah et al.,1986) where the 
embryos withstand freezing after being subjected to partial desiccation. The desiccated 
embryonic axes do not lose viability after rapid cooling and storage at the temperature of 
LN. At such temperature there should be no change in the tissue either genetic or 
developmental, over a period of decades (Ashwood et al., 1977). This situation together with 
the ease to develop independent plants in vitro (Satheeshkumar and Seeni, 2000, 
Ravishankar Rai, 2002) from embryonic axes suggest cryopreservation is an effective 
technique for the long-term conservation of N. nimmoniana, a medicinal tree species 
producing large intermediate type of seeds. 
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1. Introduction 
The purpose of this chapter is to introduce new methods of analysis, to evaluate the final 
quality of human origin bio therapeutics products generated in Tissue Banks (TB), using 
well developed and known techniques in various fields of Physics, Chemistry and Biology 
as applied X – Ray diffraction (XRD), and Raman Scattering (RS). 

Cryopreservation techniques are fundamental supports in the conservation procedures of 
biological materials in TB work. However, controversial views remain on the effects at the 
molecular level that cryogenic temperatures and thawing could produce on the functional 
structures of tissues. The same concept can be sustained to glycerolized tissue preservation. 
Taking into account this scope, we implemented a methodological scheme to analyze tissue 
specimens before and after programmed cryopreservation, or glycerolization in order to 
find structural differences in the basic material constitutive collagen, using the techniques 
formerly mentioned: diffractive and scattering. 

It is noteworthy that both methods of analysis can be applied to any type of tissue preserved 
for the aforesaid purposes, with other conservation techniques, such as freeze drying or un 
programmed freezing. 

2. The tissue banks and the “viability” of it’s therapeutically products 
The TB are technical establishments whose main institutional objectives are collection, 
preservation, storage, release and distribution of biological tissues for therapeutic use in 
transplantation medicine. These objectives is met according to scientific criteria from agreed 
international protocols (Spanish Association of Tissue Banks: AEBT, International Atomic 
Energy Agency, IAEA, European Association of Tissue Banks: EATB; American Association 
of Tissue Banks: AATB) and according to the legal frameworks of the different countries and 
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their ethical rules. On the other hand, tissue banking activities are carried out following 
strict bio-security criteria by the selection of suitable donors, permanent quality control and 
continuous management of physical plant, equipment, supplies procurement procedures, 
and end products, which must comply criteria for "viability" therapeutic apply. 

According to (Pegg 2006) this concept of "viability," applies whenever a graft of tissue 
obtained as final product, meets the leading natural-biological function for which it was 
preserved, and that is pathologically affected in the recipient. This explains why there are 
different procedures and methods of conservation in TB, according to the type of tissues and 
its expected restored function. 

In some cases, we must preserve, as the main function, a biological synthesis, which requires 
mandatory of vitality in cellular functions (eg, parathyroid glands, or ovarian tissue). In 
other cases, the objective is to preserve static and mechanical functions as a segmental 
allograft bone support, or biodynamic behavior, as in cases of preservation of blood vessels. 
This implies that “viability” is not necessarily synonymous with "cell vitality" and therefore 
the requirement is to preserve elements of the Extra Cellular Matrix (ECM). 

Hence, the importance of assessing possible changes on the components of the ECM that TB 
procedures may be generate on processing and stocking biological tissues.  

3. The concept of functional structure of ECM  
The ECM was considered early in the twentieth century as filler material and mechanical 
support of cell structures, which was thought as the only protagonists of tissues 
functionality. In the 50´s, (Grobstein, 1953) proposed that the induction in the development 
of a tissue depended on the presence of ECM. 

In the 60´s,  (Hauschka & Königsberg, 1966) establish that pig embryonic muscle cell 
cultures proliferate more properly in a media  with presence of metabolic products from 
fibroblasts, and identify the collagen to induce the development of them. This protagonist 
role of collagen in the processes of induction and cell proliferation, is corroborated by (Meier 
& There, 1974), by testing the inductive capacity of collagen, for the synthesis of ECM in the 
corneal epithelium of pig embryos (5 days old development). (Sanders 1988) working on 
neural crest and sclerotome cells of early chicken cells embryos, prove that the presence of 
type I collagen is necessary for cellular migration and de novo synthesis of ECM is a 
prerequisite for normal cell migration and attachment in earliest stages of embryogenesis. 

Additionaly, since the early 80´s (Bissell 1982), work in the field of cancer biology 
emphasizes the importance of "micro" immediate cellular environment and posits the 
hypothesis of 'Dynamic Reciprocity' by which the ECM contact trans membrane receptors, 
influence gene expression through signals transmitted via cytoskeleton, generating so "new" 
products for the ECM. Thus, the cell and the ECM, form a binomial reciprocal exchange 
interaction, which has vital importance in the early stages of embryonic morphogenesis and 
later in postnatal life, the physiological mechanisms of growth and development as well as 
in response to injury. (Bissell, 1982; Davis, 2010; Kelleher, 2004; Nadiarnykh, 2010; Schultz, 
2005; Schwinn, 2010). The ECM consists of a complex variety of macro molecules that can be 
summarized schematically as follows: 1) protein collagen, 2) structural glycoproteins, 3) 
proteoglycans and glucosamine glycans, and 4) elastin. These complex and diverse 
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molecular groups, organized into super families, are shown with a dynamic distribution, 
and functional modulated behavior, with variations between different tissues. This bio 
plasticity is observed even within the same tissue type, as homeostatic biochemical, and bio 
mechanical requirements, including interactions with various molecules: growth factors, 
cytokines, enzymes and other inducers synthesis products as well as lytic and degradative 
matrix one.  

The surface receptors of the cell membrane, in close contact with this complex and dynamic 
molecular ECM set, interact through the cytoskeleton to the genome, which modulates the 
different stages of ontogeny, growth and postnatal development sequences as well as 
molecular structural and functional physiology and patho physiology biological 
requirements of tissues. (Abraham, 2007; Bowers, 2010; Worthley, 2010). Related to the own 
collagen structure there are ligands and functional domains that take contact with other 
ECM molecules (fibronectin, proteoglicans, and collagen - collagen interactions) and with 
the neighbor cells microenvironment (cell integrin receptors). Several poly peptid sequences, 
(eg.: GFPGER: glycine - phenylalanine - hyroxyproline - glycine - glutamic acid - arginine) 
and ligands domains (eg.: Matrix Metalloproteinase Interaction Domain or MMP ID; 
Colagen V Cross-link site or Col V X-link), have been identified  and play an important role 
in regulation of migration, proliferation, adhesion and apoptosis in  biology cell tissues. 
(Orgel, 2011; Sottile, 2007; Sweeney, 2008).  

It is obvious therefore that the extra cellular medium, forms a molecular complex of plastic, 
in both dynamic up regulator as down regulator in constant cross talk with cell pole whose 
points of contact and mutual information imply the presence of binding sites at ECM 
structure related to cell surface receptors. Fibril collagen constitutes approximately 25% of 
tissues for all species of mammals and is the main component of the total molecules that 
make up the ECM. (Kielty, & Grant, 2002). To date, they have been described up to 29 
different types of collagens with the corresponding genetic determinants. "Structural" 
Collagens in the ECM are called fibrils (Fibril Collagen) consisting of types I, II and III, V 
and XI. Type I constitute 90% of body collagen and mainly, perform mechanical resistance 
functions. In addition it provides three - dimensional modeling formation of tissues. An 
important bio molecular feature of our study is it hierarchical and sequenced shaping 
showing collagen. Taking collagen I model, pro collagen, amino acid primary structure have 
a intracellular synthesis (endoplasmic reticulum),  with repeated tripeptides, design whose 
residues are Gly-Pro- Hyp or Gly-X- Hyp which Pro and Hyp are near to 17% and 33% 
respectively. Therefore 50% of the average 1000 residues of the total composition of the 
molecule, pro collagen, are other amino acids. Its length of 300 nm and width of 1.5 nm, is 
organized in a left-handed secondary structure of three amino acids per turn, with Gly 
residues central and peripheral Pro and Hyp out of the spiral. Three assembly helical pro 
collagen monomers (2 α1 and 1 α2) in right-handed configuration, determine the tropo 
collagen structure in the extra cellular space. In this space the molecule is arranged in 
staggered bundles with a gap of 67 nm by inter molecular bonds tropo collagen units, which 
gives to the collagen fibril new product design, a repetitive sequence which observed in the 
ME identified a characteristic  D - banding. The final design shows collagen fibers arranged, 
spatially distributed in regular packages along the lines of force of the biomechanical 
characteristics of each tissue. This last aspect brings an added dimension of ordering design 
given by the spatial distribution of fiber bundles, and their inter reciprocal space. 



 
Current Frontiers in Cryopreservation 442 

their ethical rules. On the other hand, tissue banking activities are carried out following 
strict bio-security criteria by the selection of suitable donors, permanent quality control and 
continuous management of physical plant, equipment, supplies procurement procedures, 
and end products, which must comply criteria for "viability" therapeutic apply. 

According to (Pegg 2006) this concept of "viability," applies whenever a graft of tissue 
obtained as final product, meets the leading natural-biological function for which it was 
preserved, and that is pathologically affected in the recipient. This explains why there are 
different procedures and methods of conservation in TB, according to the type of tissues and 
its expected restored function. 

In some cases, we must preserve, as the main function, a biological synthesis, which requires 
mandatory of vitality in cellular functions (eg, parathyroid glands, or ovarian tissue). In 
other cases, the objective is to preserve static and mechanical functions as a segmental 
allograft bone support, or biodynamic behavior, as in cases of preservation of blood vessels. 
This implies that “viability” is not necessarily synonymous with "cell vitality" and therefore 
the requirement is to preserve elements of the Extra Cellular Matrix (ECM). 

Hence, the importance of assessing possible changes on the components of the ECM that TB 
procedures may be generate on processing and stocking biological tissues.  

3. The concept of functional structure of ECM  
The ECM was considered early in the twentieth century as filler material and mechanical 
support of cell structures, which was thought as the only protagonists of tissues 
functionality. In the 50´s, (Grobstein, 1953) proposed that the induction in the development 
of a tissue depended on the presence of ECM. 

In the 60´s,  (Hauschka & Königsberg, 1966) establish that pig embryonic muscle cell 
cultures proliferate more properly in a media  with presence of metabolic products from 
fibroblasts, and identify the collagen to induce the development of them. This protagonist 
role of collagen in the processes of induction and cell proliferation, is corroborated by (Meier 
& There, 1974), by testing the inductive capacity of collagen, for the synthesis of ECM in the 
corneal epithelium of pig embryos (5 days old development). (Sanders 1988) working on 
neural crest and sclerotome cells of early chicken cells embryos, prove that the presence of 
type I collagen is necessary for cellular migration and de novo synthesis of ECM is a 
prerequisite for normal cell migration and attachment in earliest stages of embryogenesis. 

Additionaly, since the early 80´s (Bissell 1982), work in the field of cancer biology 
emphasizes the importance of "micro" immediate cellular environment and posits the 
hypothesis of 'Dynamic Reciprocity' by which the ECM contact trans membrane receptors, 
influence gene expression through signals transmitted via cytoskeleton, generating so "new" 
products for the ECM. Thus, the cell and the ECM, form a binomial reciprocal exchange 
interaction, which has vital importance in the early stages of embryonic morphogenesis and 
later in postnatal life, the physiological mechanisms of growth and development as well as 
in response to injury. (Bissell, 1982; Davis, 2010; Kelleher, 2004; Nadiarnykh, 2010; Schultz, 
2005; Schwinn, 2010). The ECM consists of a complex variety of macro molecules that can be 
summarized schematically as follows: 1) protein collagen, 2) structural glycoproteins, 3) 
proteoglycans and glucosamine glycans, and 4) elastin. These complex and diverse 
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molecular groups, organized into super families, are shown with a dynamic distribution, 
and functional modulated behavior, with variations between different tissues. This bio 
plasticity is observed even within the same tissue type, as homeostatic biochemical, and bio 
mechanical requirements, including interactions with various molecules: growth factors, 
cytokines, enzymes and other inducers synthesis products as well as lytic and degradative 
matrix one.  

The surface receptors of the cell membrane, in close contact with this complex and dynamic 
molecular ECM set, interact through the cytoskeleton to the genome, which modulates the 
different stages of ontogeny, growth and postnatal development sequences as well as 
molecular structural and functional physiology and patho physiology biological 
requirements of tissues. (Abraham, 2007; Bowers, 2010; Worthley, 2010). Related to the own 
collagen structure there are ligands and functional domains that take contact with other 
ECM molecules (fibronectin, proteoglicans, and collagen - collagen interactions) and with 
the neighbor cells microenvironment (cell integrin receptors). Several poly peptid sequences, 
(eg.: GFPGER: glycine - phenylalanine - hyroxyproline - glycine - glutamic acid - arginine) 
and ligands domains (eg.: Matrix Metalloproteinase Interaction Domain or MMP ID; 
Colagen V Cross-link site or Col V X-link), have been identified  and play an important role 
in regulation of migration, proliferation, adhesion and apoptosis in  biology cell tissues. 
(Orgel, 2011; Sottile, 2007; Sweeney, 2008).  

It is obvious therefore that the extra cellular medium, forms a molecular complex of plastic, 
in both dynamic up regulator as down regulator in constant cross talk with cell pole whose 
points of contact and mutual information imply the presence of binding sites at ECM 
structure related to cell surface receptors. Fibril collagen constitutes approximately 25% of 
tissues for all species of mammals and is the main component of the total molecules that 
make up the ECM. (Kielty, & Grant, 2002). To date, they have been described up to 29 
different types of collagens with the corresponding genetic determinants. "Structural" 
Collagens in the ECM are called fibrils (Fibril Collagen) consisting of types I, II and III, V 
and XI. Type I constitute 90% of body collagen and mainly, perform mechanical resistance 
functions. In addition it provides three - dimensional modeling formation of tissues. An 
important bio molecular feature of our study is it hierarchical and sequenced shaping 
showing collagen. Taking collagen I model, pro collagen, amino acid primary structure have 
a intracellular synthesis (endoplasmic reticulum),  with repeated tripeptides, design whose 
residues are Gly-Pro- Hyp or Gly-X- Hyp which Pro and Hyp are near to 17% and 33% 
respectively. Therefore 50% of the average 1000 residues of the total composition of the 
molecule, pro collagen, are other amino acids. Its length of 300 nm and width of 1.5 nm, is 
organized in a left-handed secondary structure of three amino acids per turn, with Gly 
residues central and peripheral Pro and Hyp out of the spiral. Three assembly helical pro 
collagen monomers (2 α1 and 1 α2) in right-handed configuration, determine the tropo 
collagen structure in the extra cellular space. In this space the molecule is arranged in 
staggered bundles with a gap of 67 nm by inter molecular bonds tropo collagen units, which 
gives to the collagen fibril new product design, a repetitive sequence which observed in the 
ME identified a characteristic  D - banding. The final design shows collagen fibers arranged, 
spatially distributed in regular packages along the lines of force of the biomechanical 
characteristics of each tissue. This last aspect brings an added dimension of ordering design 
given by the spatial distribution of fiber bundles, and their inter reciprocal space. 



 
Current Frontiers in Cryopreservation 444 

These three characteristics: a) repetitive and periodic sequencing of the D - banding, b) 
structuring hierarchically ordered by supra molecular complexes, and c) nano-scale 
dimensions of the structures, made of collagen complex an para crystalline super molecule, 
liable to be analyzed by techniques diffractive as discussed later. (Sweeney, 2008; Berenger, 
2009). 

In this context becomes important the analysis of the changes that for preservation 
purposes, can be induced in the molecular components of the ECM. Particularly taking 
account that collagen is the main structural component of the extra cellular 
microenvironment and has a proven role in the functional biological mechanisms, 
developmental, physiological homeostatic and physio - pathological tissues behavior. 
(Kielty & Grant, 2002; Orgel, 2011). 

These reasons justify work TB, to design tissue preservation processing models, with 
conservation of the collagen component, from both, structural and biochemical 
characteristics. It must be take in mind, that allografts should meet a homeostatic interaction 
with cell biology recipient patient, through its membrane receptors in functional contacts 
with molecular ligands and domains of preserved ECM, to improve physio pathological 
situations. 

Note therefore that the biological behavior of a suitable allograft depend on the presence 
and indemnity of molecular epitopes or ligands, which can be eventually altered in its stereo 
chemical distribution during cryogenic or glycerolized procedures. 

4. The interaction between ECM components, and the physic-chemical 
phenomena preservation procedures 
About the cryogenic effects on ECM, there are several references in different disciplines, 
about the ultra cold temperatures on biological material. Indeed, at the molecular level have 
been observed different types alterations generated by freezing / thawing phenomenon, on 
biological structures. As earlier in the 60´s, (Levit, 1962; 1966), had postulated irreversible 
changes in the tertiary structures of soluble vegetal proteins, with loss of its biological 
capacity, such as the rearrangement of disulfidric functional bonds to non-functional 
disulfide covalent configurations. 

 The concept of "repulsion hydration forces" refers to cell membranes, was developed by 
Wolfe, J. (1999). These phenomena is induced by water efflux through such semi-permeable 
membranes during cooling process, promoting large mechanical stress and strain in the 
biological structures, and generating physical deformations and changes in the molecular 
functional membrane behavior. Such condition is done under the observed ground of the 
structure of the crystalline ice mass in the extra cellular space. This, results in intra cellular 
dehydration of the tissue and the extra cellular hyper osmolarity of super cooling liquid. So, 
it generates a displacement of inter atomic and molecular chemical equilibrium that, 
explains changes in the stereochemistry and molecular architecture of biological structures. 
This scope would agree to Levit postulates. (Levit, 1962; 1966).  

The effect that the conventional criopreservation exerts on the ECM structure is 
controversial information. (Gerson, 2009), comparing morpho structural collagen mesh from 
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fresh and cryopreserved human heart valves by second harmonic generation, sets no 
changes between both categories. However, it was found extensive damage in collagen 
structure in  porcine frozen leaflets related to fresh control one, using laser-induced auto 
fluorescence imaging , (Schenke Layland, 2006), and second-harmonic generation. (Schenke 
Layland,  2007).  

In other field, there are many studies showing that the biomechanical behavior of tissue 
collagen framework, is not altered by effect of cryopreservation / thaw cycle, in vascular 
(Armentano, 2006; Bia, 2006; Langerak, 2001, 2007; Pukacki, 2000), tendon , (Woo, 1986; 
Park, 2009) or bone tissues. (Hamer, 1996).  

However, controversial literature is also observed for biomechanical variables. (Rosset, 
1996) observed in vitro, decreased compliance and hysteresis an increase of modulus of 
elasticity in thawed cryopreserved human carotid arteries, related to fresh one. (Gianni, 
2008) found that the freezing of human posterior tibial tendons significantly affected 
behavior in vitro biomechanical performance. Finally, either way, under many point of view 
is possible highlight that the functional character of fibril collagen depending to the 
particular structural and biochemical preservation, which may be damaged during 
cryopreservation defrosted process in TB. 

About the interaction between alcohols and polymerized amino acid, in early 70´s  
(Frushour, & Koenig, 1975) postulated, in Raman Scattering field, that methanol modified an 
aqueous poly-DL-alanine (PDLA) solution, by disruptions of the helical regions by breaking 
the hydrophobic bonds. 

5. Diffractometry: a tool for analysis of structural ordering of collagen 
5.1 The matter and its organization 

It defines that the spatial arrangement of ions and atoms of matter, have a crystalline profile 
when its design shows a repeating sequence. The frequency of repeated and symmetrical 
distribution of the atomic stereo chemical units constituents of matter, determine the solid 
crystalline character. It is understood that a substance is “homogeneous” when each 
constituent unit of the solid is linked by chemical bonds to another identical unit in any 
sense of space, and is identified as the ideal “homogeneous crystal” model when, 
theoretically, is infinitely extended in space. The sequential nature of the repetitive and 
symmetric atomic elements, defines the spatial network model, under the so called “cells 
ordering”. The three dimensional symmetric distribution of elemental units of the complex 
let likened to an orderly succession of planes separated by a distance "d". This design is 
easily identifiable in crystalline substances of inorganic chemistry: quartz, diamond, 
graphite, etc. Diffracted analysis of inorganic or organic crystalline matter can provide 
detailed information about molecular design, related to intermolecular distance and stereo 
chemical angle conformation. In the world of bio molecular chemistry, matter is organized 
by more complex models, through an extensive variety of atomic molecular combined 
structures. In this picture certain combinations become repetitive units, consisting of several 
basic types of atoms links together by different kinds of bonds. Nevertheless, one can 
observe the character of certain spatially ordered molecular configurations, which are 
equally repetitive. This setting defines the so called “molecular crystals”, despite not 
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These three characteristics: a) repetitive and periodic sequencing of the D - banding, b) 
structuring hierarchically ordered by supra molecular complexes, and c) nano-scale 
dimensions of the structures, made of collagen complex an para crystalline super molecule, 
liable to be analyzed by techniques diffractive as discussed later. (Sweeney, 2008; Berenger, 
2009). 

In this context becomes important the analysis of the changes that for preservation 
purposes, can be induced in the molecular components of the ECM. Particularly taking 
account that collagen is the main structural component of the extra cellular 
microenvironment and has a proven role in the functional biological mechanisms, 
developmental, physiological homeostatic and physio - pathological tissues behavior. 
(Kielty & Grant, 2002; Orgel, 2011). 

These reasons justify work TB, to design tissue preservation processing models, with 
conservation of the collagen component, from both, structural and biochemical 
characteristics. It must be take in mind, that allografts should meet a homeostatic interaction 
with cell biology recipient patient, through its membrane receptors in functional contacts 
with molecular ligands and domains of preserved ECM, to improve physio pathological 
situations. 

Note therefore that the biological behavior of a suitable allograft depend on the presence 
and indemnity of molecular epitopes or ligands, which can be eventually altered in its stereo 
chemical distribution during cryogenic or glycerolized procedures. 

4. The interaction between ECM components, and the physic-chemical 
phenomena preservation procedures 
About the cryogenic effects on ECM, there are several references in different disciplines, 
about the ultra cold temperatures on biological material. Indeed, at the molecular level have 
been observed different types alterations generated by freezing / thawing phenomenon, on 
biological structures. As earlier in the 60´s, (Levit, 1962; 1966), had postulated irreversible 
changes in the tertiary structures of soluble vegetal proteins, with loss of its biological 
capacity, such as the rearrangement of disulfidric functional bonds to non-functional 
disulfide covalent configurations. 

 The concept of "repulsion hydration forces" refers to cell membranes, was developed by 
Wolfe, J. (1999). These phenomena is induced by water efflux through such semi-permeable 
membranes during cooling process, promoting large mechanical stress and strain in the 
biological structures, and generating physical deformations and changes in the molecular 
functional membrane behavior. Such condition is done under the observed ground of the 
structure of the crystalline ice mass in the extra cellular space. This, results in intra cellular 
dehydration of the tissue and the extra cellular hyper osmolarity of super cooling liquid. So, 
it generates a displacement of inter atomic and molecular chemical equilibrium that, 
explains changes in the stereochemistry and molecular architecture of biological structures. 
This scope would agree to Levit postulates. (Levit, 1962; 1966).  

The effect that the conventional criopreservation exerts on the ECM structure is 
controversial information. (Gerson, 2009), comparing morpho structural collagen mesh from 
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fresh and cryopreserved human heart valves by second harmonic generation, sets no 
changes between both categories. However, it was found extensive damage in collagen 
structure in  porcine frozen leaflets related to fresh control one, using laser-induced auto 
fluorescence imaging , (Schenke Layland, 2006), and second-harmonic generation. (Schenke 
Layland,  2007).  

In other field, there are many studies showing that the biomechanical behavior of tissue 
collagen framework, is not altered by effect of cryopreservation / thaw cycle, in vascular 
(Armentano, 2006; Bia, 2006; Langerak, 2001, 2007; Pukacki, 2000), tendon , (Woo, 1986; 
Park, 2009) or bone tissues. (Hamer, 1996).  

However, controversial literature is also observed for biomechanical variables. (Rosset, 
1996) observed in vitro, decreased compliance and hysteresis an increase of modulus of 
elasticity in thawed cryopreserved human carotid arteries, related to fresh one. (Gianni, 
2008) found that the freezing of human posterior tibial tendons significantly affected 
behavior in vitro biomechanical performance. Finally, either way, under many point of view 
is possible highlight that the functional character of fibril collagen depending to the 
particular structural and biochemical preservation, which may be damaged during 
cryopreservation defrosted process in TB. 

About the interaction between alcohols and polymerized amino acid, in early 70´s  
(Frushour, & Koenig, 1975) postulated, in Raman Scattering field, that methanol modified an 
aqueous poly-DL-alanine (PDLA) solution, by disruptions of the helical regions by breaking 
the hydrophobic bonds. 

5. Diffractometry: a tool for analysis of structural ordering of collagen 
5.1 The matter and its organization 

It defines that the spatial arrangement of ions and atoms of matter, have a crystalline profile 
when its design shows a repeating sequence. The frequency of repeated and symmetrical 
distribution of the atomic stereo chemical units constituents of matter, determine the solid 
crystalline character. It is understood that a substance is “homogeneous” when each 
constituent unit of the solid is linked by chemical bonds to another identical unit in any 
sense of space, and is identified as the ideal “homogeneous crystal” model when, 
theoretically, is infinitely extended in space. The sequential nature of the repetitive and 
symmetric atomic elements, defines the spatial network model, under the so called “cells 
ordering”. The three dimensional symmetric distribution of elemental units of the complex 
let likened to an orderly succession of planes separated by a distance "d". This design is 
easily identifiable in crystalline substances of inorganic chemistry: quartz, diamond, 
graphite, etc. Diffracted analysis of inorganic or organic crystalline matter can provide 
detailed information about molecular design, related to intermolecular distance and stereo 
chemical angle conformation. In the world of bio molecular chemistry, matter is organized 
by more complex models, through an extensive variety of atomic molecular combined 
structures. In this picture certain combinations become repetitive units, consisting of several 
basic types of atoms links together by different kinds of bonds. Nevertheless, one can 
observe the character of certain spatially ordered molecular configurations, which are 
equally repetitive. This setting defines the so called “molecular crystals”, despite not 
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showing the perfection system of "homogeneous crystals". So, no bond lengths and angular 
atomic positions can be determined, but an approximate view about relative ordering 
structure is given applying XRD techniques. These structures are typical of biological 
substances such as proteins or DNA molecules whose functional design depends on the 
molecular arrangement, and type of chemical bond established between its molecules. 

5.2 The diffractive phenomenon and elastic scattering of x-rays 

X-rays are a form of electromagnetic energy produced by a source to be impacted by 
electrons of high kinetic energy supplied (usually a tungsten filament named cathode). The 
incident electron impact, destabilizes the internal atomic orbital of a target material (an 
anode built with pure copper), generating atoms in electronically excited state. The 
movement of electrons from outer orbital to balance the impact  generates heat energy and 
emission of x-rays, in a spectrum of wavelengths (λ) measurable in Angstrom units (1 Å = 
10-10 m). The band spectral x-rays emission is "filtered" through mono chromator to obtain a 
single wavelength that corresponds to the "characteristic radiation" used in the x-rays 
crystallography: K-alpha line (Kα) for each material property anode of the device. To our 
work, XRD is defined by the interference between monochromatic characteristic emissions 
(Kα) with the ordered material in crystalline form. When a photon interferes with an orderly 
molecular structure without loss of energy (elastic scattering), produces a deviation from its 
original direction which is the diffraction phenomenon. The condition for diffraction to be 
possible is that the distance between the periodic and ordered structure elements (atoms or 
molecules), fall in the wavelength range of incident ray. The condition to be detectable is 
that some degree of ordering is present in the material to be studied, in order that the 
interference could be constructive. As previously mentioned, collagen shows particular 
characteristics like a biomolecular arrangement built by: a) the hierarchical supra molecular 
order fibers, b) the observed crystalline structure of the spaces sequenced "D" of fibrillar 
collagen, c) the nano scale distance of repetitive molecular units, all of them allows to 
analyze biological stroma collagen by the XRD. (Aspden, 1987; Berenguer, 2009; Connon, 
2007; Hickey & Hukins, 1980; Horton, 1958;  Pauling & Corey, 1951; Pérez Campos,  
2008). 

The equation that allows the practical application of this technique is Bragg's Law. 

 n= 2d sin  

Formula 1 Bragg´s Law: n is an integer, λ is the x – ray monochromatic wavelength, d is de 
distance between the planes of the crystalline net, and θ is the angular value between the 
incidental x –ray and the considered crystalline plane. 

Given a certain incidence angle of a monochromatic beam on the material structure, 
sequencing crystalline spacing "d" determines a dispersive interference when the rays are 
emerging in construction phase. Emerging rays can be recorded in a Cartesian coordinate 
system where the independent variable "x" records the range of 2θ values and the 
dependent variable "y", the relative values (R.V.) of the ordering lattice system. The 
recordable diffraction graphics or diffractogram depend of the content and the atomic 
distribution within the repetitive units that define the three dimensional arrangement. (See 
Figure 1) 
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5.3 The Raman effect, or inelastic scattering of light 

Given a monochromatic light beam incident on a material, there will be a phenomenon of 
elastic light scattering as a result of the interaction of photons and electron atomic elements of 
the network links. The elastic scattering implies that the frequency of the incident light beam 
and the scattered light emerging is the same, so that no changes have occurred in the 
respective energy levels. This phenomenon known as Rayleigh scattering is highly significant 
from a statistical point of view. However an extremely low intensity incident light (in the order 
of 1 photon in 107 to 1010) shows inelastic behavior in the interaction with the structure 
determining slight changes in the emerging wave frequency, which depends on the 
characteristics of matter incised. This phenomenon or Raman Effect was discovered by 
(Raman & Krishnan, 1928), and allows the chemical structure analysis of biological material. 

Atomic particles mass and its energy states (vibration and/or rotational), maintain 
chemical bonds that define crystal structure, sustaining dynamic design stability by 
neighbor interaction. The movements of both vibration and rotation of the particulates: (υ 
= frequency), defined the dynamically stable energy level where they are. If the 
interaction of a beam of photons of frequency (υ0), print a change of unstable frequency at 
the particle network link, they scatter photons with a different frequency (υr), define an 
inelastic scattering. The energy can be dispersed in a model υr > υ0 called scattering 
Raman - Stokes or υr < υ0 know as scattering Raman anti Stokes. υr values are characteristic 
of each design structures and define atomic molecular matter. Approximately 99% of the 
output assays is  Stokes Raman scattering hence, those are the models profiles recorded. 
In the Cartesian co ordinate system the independent variable x records the difference υr-υ0 
in cm-1, and the ordinates y, the scattering intensities for each differential rate, in relative 
units (R.U.) (See Figure 2) 
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showing the perfection system of "homogeneous crystals". So, no bond lengths and angular 
atomic positions can be determined, but an approximate view about relative ordering 
structure is given applying XRD techniques. These structures are typical of biological 
substances such as proteins or DNA molecules whose functional design depends on the 
molecular arrangement, and type of chemical bond established between its molecules. 

5.2 The diffractive phenomenon and elastic scattering of x-rays 

X-rays are a form of electromagnetic energy produced by a source to be impacted by 
electrons of high kinetic energy supplied (usually a tungsten filament named cathode). The 
incident electron impact, destabilizes the internal atomic orbital of a target material (an 
anode built with pure copper), generating atoms in electronically excited state. The 
movement of electrons from outer orbital to balance the impact  generates heat energy and 
emission of x-rays, in a spectrum of wavelengths (λ) measurable in Angstrom units (1 Å = 
10-10 m). The band spectral x-rays emission is "filtered" through mono chromator to obtain a 
single wavelength that corresponds to the "characteristic radiation" used in the x-rays 
crystallography: K-alpha line (Kα) for each material property anode of the device. To our 
work, XRD is defined by the interference between monochromatic characteristic emissions 
(Kα) with the ordered material in crystalline form. When a photon interferes with an orderly 
molecular structure without loss of energy (elastic scattering), produces a deviation from its 
original direction which is the diffraction phenomenon. The condition for diffraction to be 
possible is that the distance between the periodic and ordered structure elements (atoms or 
molecules), fall in the wavelength range of incident ray. The condition to be detectable is 
that some degree of ordering is present in the material to be studied, in order that the 
interference could be constructive. As previously mentioned, collagen shows particular 
characteristics like a biomolecular arrangement built by: a) the hierarchical supra molecular 
order fibers, b) the observed crystalline structure of the spaces sequenced "D" of fibrillar 
collagen, c) the nano scale distance of repetitive molecular units, all of them allows to 
analyze biological stroma collagen by the XRD. (Aspden, 1987; Berenguer, 2009; Connon, 
2007; Hickey & Hukins, 1980; Horton, 1958;  Pauling & Corey, 1951; Pérez Campos,  
2008). 

The equation that allows the practical application of this technique is Bragg's Law. 

 n= 2d sin  

Formula 1 Bragg´s Law: n is an integer, λ is the x – ray monochromatic wavelength, d is de 
distance between the planes of the crystalline net, and θ is the angular value between the 
incidental x –ray and the considered crystalline plane. 

Given a certain incidence angle of a monochromatic beam on the material structure, 
sequencing crystalline spacing "d" determines a dispersive interference when the rays are 
emerging in construction phase. Emerging rays can be recorded in a Cartesian coordinate 
system where the independent variable "x" records the range of 2θ values and the 
dependent variable "y", the relative values (R.V.) of the ordering lattice system. The 
recordable diffraction graphics or diffractogram depend of the content and the atomic 
distribution within the repetitive units that define the three dimensional arrangement. (See 
Figure 1) 
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Fig. 2. Raman Spectum oleic acid 

5.4 Interaction x-rays - Collagen: A model analysis 

The x-rays diffractive analysis of the collagen structure was earlier studied  (Pauling & 
Corey, 1951). Defined diffraction peak was described, in the range d = 2.86 Å (2 θ = 31.3 º 
using CuK α radiation λ = 1.5418 Å value), based on the criteria of the Bragg Law. This 
phenomenon was interpreted as the expression of cis configurations for the amide groups of 
the polypeptide chain. 

Using this background, our group analyzed tissue banking allograft, in order to compare the 
diffraction profiles obtained before and after cryo-preservation method (vascular tissues and 
amnion tissue), and glycerolized preserved method (amniotic membrane). The working 
hypothesis states that the preservation methods can modify the stereochemistry molecular 
structures, determining changes in collagen and the consequent differentiation of diffractive 
or dispersive profile. 

6. Materials and methods 
6.1 Donors and biological samples procedures 

The applied procurement protocol to vascular tissues was made on cadaver multi organ 
donors through informed consent and in accordance with standard operating manuals in 
the National Institute for Donation and Transplantation (INDT) of Uruguay. They were 
likewise applied legal and ethics regulations (Law 14005/1971 - 17668/2003) valid in our 
country. The exclusion criteria and biological safety were applied, in accordance with the 
Standards for Tissue Banking: International Atomic EnergyAgency  (IAEA - 2005) and the 
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Spanish Association of Tissue Banks (AEBT - 2005). The same selection criteria, exclusion, 
tissue procurement and processing were applied to living donor placenta with clinical 
controlled normal pregnancy and delivery, by the parameters set by the Ministry of Public 
Health of Uruguay. 

Donors were selected according to the protocol in a range between 18 and 60 years (35.5 ± 
11.8 years mean age, 47% M 53% F) obtained by aseptic dissection, 10 aortic arterial 
segments, and 8 carotid. It proceeded under a laminar flow cabinet to cleaning, package, 
and storage in physiological saline at 4°C. Fresh Vascular Samples (FVS) were shipped to 
DETEMA within 24 hs, for XRD. The same process aseptic protocol was applied to 6 amnion 
obtained by manual dissection from donor placenta. Fresh Amnion Samples, (FAS)  
were stored in saline solution at 4ºC and shipping to DETEMA within 24 hs for XRD 
analysis. 

The Cryopreserved Vascular Samples (CVS), segments of each contra lateral carotid donor, 
and hemi ring segments of thoracic descendent aorta, were processed for cryopreservation 
in a Controlled Rate Freezing System (Model 9000, Gordinier Electronics, Inc. Michigan). 
Stored CVS were maintained up to 30 days at -142ºC. The cryopreservation media was: 
RPMI 1640, 85 cc; Human Albumin (20%), 5 cc; DMSO 10%. Cryopreservation was made 
into termal sealed double cryo resistant bag (Joisten and Kettenbaum D51429, Bereisch 
Gladbach, Mod.011342). The mean cooling rate applied was -1ºC/min from 4ºC to -90ºC and 
then quickly stored at -142ºC during 30 days in steam liquid nitrogen.  

Same procedures were applied to obtain 2 Cryopreserved Amnion Samples (CAS), stored 
up to 30 days at -142ºC. 

Defrost protocol applied for vascular and amniotic tissues, was according with Pegg et al. 
(1997), and defrosted samples were shipped to DETEMA for XRD. 

6 Glycerolized Amnion Samples (GAS) were obtained by soaked in screw cap flask in 
Glycerol (95%) and stored at 4º C for 30 days. Glycerol from amnion was removed by three 
sequential shaking washing for 15 min. each, in saline solution and then shipped to 
DETEMA for x-rays diffraction, and Raman Scattering analysis. The comparative assays 
were done with FVS vs CVS; FAS vs CAS; and FAS vs GAS. 

6.2 Diffractographic and Raman scattering technical procedures 

XRD measurements were conducted at the Laboratory of Crystallography, Solid State and 
Materials, School of Chemistry (DETEMA), with a CuKα radiation source of wavelength λ = 
1.5418 Å, using a Rigaku Ultima IV diffraction system. The incident ray is calibrated to 
arterial vessels in a range for 2θ between 5 ° and 60 °, step scan of 0.1 ° for 10 sec. each. The 
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profiles for amnion (FAS vs. GAS; and FAS vs CAS) were treated the same way as  
having been calibrated for 2θ between 5º and 60 º ranges scanning with steps of 0.2° for 10 
sec each. 

Raman spectra were recorded using a Raman DeltaNu Advance 532 spectrometer with a 
laser frequency doubled Nd: YAG, 100mW, with a 532 nm wavelength, scanning in the 200 
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Spanish Association of Tissue Banks (AEBT - 2005). The same selection criteria, exclusion, 
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6.3 Planimetric analysis: Obtaining the order coefficients for XRD (Perez Campos, 
2008) 

Given the diffraction profiles of two tissues A and B to compare tests, we can define the 
respective planimetric surfaces, defined under the corresponding diffraction curve, that are 
a function of the degree of molecular arrangement of the studied tissue. 
 

 

 
 
 

Fig. 3. Diffractive profiles from two different tissues categories A vs B. 

Relative Differential Intensity values (RDIV) established for each 2 θ point between 5º and 
60º, will produce a result that: if absolute value tissue A > tissue B will have a resulting 
positive (+) value; but if tissue A < tissue B will have a resulting negative (-) value. 

With those values obtained in each point from 2θ it can be developed Differential 
Planimetric Surfaces (DPS) that represent the sum of every relative intensity value. 

Its mathematical expression is given by the equation: 

 Σ  (       -         )  x I A - B [2 θ (º)]  = DPS (2) 

Where (    ) represents ordering diffractometric intensity for y axes values of tissue A in one 
point in 2θ; (     ) represents ordering diffractometric intensity for y axes values of tissue B, in 
the same point in 2 θ; I A - B  is the difference between each respective ordering 
diffractometric intensity for  y axes value at the same point in 2θ. Finally, [2θ (º)] is each 
point in x axes between 5º and 60º angular incidence.  

DPS can be edited in a Cartesian model too, where x axis is 2θ values and y axes is the 
Intensity Relative Differential Values (IRDV) between both comparative samples for each 
point 2θ values. (See figure 4) 
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Fig. 4. DPS from two tissues categories A vs B to be studied by X-ray diffraction. 

The ratio DPS (+) values vs DPS (-) values define the Ordering Profile Coefficient (OPC) 
according to the following formula: 

  
(3) 

OPC absolute values are always above 0 and they are greater than 1 when +DPS values > -
DPS values. When +DPS values < -DPS, OPC falls into an interval greater than 0 and lower 
of 1.  

7. Results 
7.1 Cryopreserved vascular tissues results 

Analysis of the diffraction curves shows that regardless of the condition FVS or CVS, the 
same design with a peak of maximum intensity to 31.3 º and another lower, at 42 ° in 2θ is 
kept, whether there are noticeable differences in design profiles between the two categories, 
even for a single donor. (Perez Campos, 2008). Comparatives diffraction profiles shows the 
confirmation of a peak intensity for 2θ = 31.3 ° corresponding a d - spacing = 2.86 Å. The 
lower peak intensity, obtain d – spacing = 2.15 Å applying Bragg Low calculus. This 
behavior is independent of the vessel (aorta or carotid) and the processed sample (FVS or 
CVS). See Figure 5 
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Fig. 5. Diffractografic profiles from thoracic descending aorta. Code color: FVS, Red; CVS, 
Blue. Note: The 1st  and 2nd maximum peak labels of each respective diffractive curve 
indicate; Category of tissue: 2 Theta value; and calculated d spacing.  

Calculated OPC values in respective analyzed vessels, shows a greater crystalline framework 
for CVS vs FVS, regardless the kind of arterial segment: aorta or carotid. 75% of aortic samples 
showed OPC values > 1 and 62,5% of carotid samples had the same behavior. Perez Campos et 
al (2008). Figure 6 show DPS defined from diffractografic FVS and CVS of Figure 5: 

 
Fig. 6. DPS profile FVS vs CVS in a descending thoracic aorta from a male donor 50 years old. 

Note the great difference of design shape of DPS curve related to the same one obtained 
from amnion tissues; (see below). 

7.2 Glycerolized amnion tissues results  

The diffraction curves of the glycerolized amniotic membrane, also shows the same kind of 
form and design for both the FAS and GAS. Notwithstanding the maximum diffractive peak 
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in FAS d spacing = 3.24 (28.4 ° in 2θ) and in GAS, d spacing = 3.28 (28 ° in 2θ). A second 
peak is shown to both kinds of samples FAS and GAS for same d spacing = 2.35 (40.4º in 2θ). 
Contrary to the notable profiles differences showing in the two categories of vascular tissues 
(FVS and CVS), both amnion profiles -fresh and glycerolized- have almost the same design 
curve. (See Figure 7) 

 
Fig. 7. Diffractive curves FAS and GAS profiles. Note: The 1st and 2nd maximun peak labels 
of each respective diffractive curve indicate; Categories of tissue: 2 Theta value; and 
Intensity RV. 

Mean diffractographic profiles for 6 FAS vs 6 GAS let us obtain DPS picture and calculate 
OPC values = 14.76 (See respective Figure: 7 and Table: 1)  

 
Fig. 8. DPS profile by FAS vs GAS analysis obtained. 
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OPC CALCULATION FAS vs GAS 

OPERATION  ABS. VALUES 

∑ DPS + VALUES  94228,17 

∑ DPS - VALUES  -6385,33 

OPC VALUE      =     (+DPS) / (-DPS)    =   14,76 

 

Table 1. OPC value from FAS  vs  GAS. 

7.3 Cryopreserved amnion tissues results: X-ray diffraction 

4 FAS vs 2 CAS was analysed. The same phenomena of Glycerolized amnion about form 
and design maintenance, was observed between FAS and CAS. Equally, there are a 
maximum peak in FAS d spacing = 3.26 (28.2º in 2θ) and in CAS, the same d spacing. Also a 
second peak is detectable to FAS in d spacing = 2.36 (40.8º in 2θ) and to CAS with equal 
values. (See Fig 9) 

 
 

 
 
 

Fig. 9. Diffractive curves FAS and GAS profiles. Note: The 1st  and 2nd maximun peak labels 
of each respective diffractive curve indicate; Categories of tissue: 2 Theta value; and 
Intensity RV. 
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Figure 10: show DPS profile obtained from operative subtractions analysis between FAS Vs 
CAS respective diffractive curves: 

 

 
Fig. 10. DPS planimetric picture FAS vs CAS. 

Operative planimetric values DPS obtained showed an OPC = 42.02 (See Table 2). 

Newly highlight the notable differences in shape and form between vascular and amnion 
DPS pictures.  

 

OPC CALCULATION FAS vs GAS 

OPERATION  ABS. VALUES 

∑ DPS + VALUES  102887.67 

∑ DPS - VALUES  -2448,33 

OPC VALUE      =     (+DPS) / (-DPS)    =   42.02 

 

Table 2. OPC values FAS vs GAS 

7.4 Cryopreserved amnion tissues results: Raman Spectra 

Figure 11 Show Raman Spectra profile from FAS vs CAS assays. Note that having regard to 
the best imaging definition, and taking account the meaningful change area of Raman Shift 
between both categories, the showed range is 1000 – 2000 cm-1 in x. 

It should be highlighted that arrows points marked correspond to noticeable differences in 
positive Intensity values (AU) between FAS (red line) and CAS (blue line). 
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Fig. 11. Raman Spectra  FAS vs CAS to area 1000 – 1800 Raman Shift (cm-1). Color code; Red: 
FAS, Blue: CAS. 

8. Comments 
8.1 X-ray diffraction 

The application of XRD on final quality of stromal collagen tissues analyzed, show 
differential results according tissue type and / or method of preservation applied. Indeed, 
relative to the observed results in cryopreservation of arterial vessels we see that regardless 
of the vessel –carotid or descending thoracic aorta- and the condition of FVA or CVS, a 
common diffractive peak at d spacing 2.86 Å is seen. The same phenomenon is shown for a 
second peak at d spacing 2.15 Å. These results show that vascular cryopreservation -defrost 
procedures did not alter the sequential structure of vascular fresh collagen. In reference to 
the results of amniotic membrane processing under the same preservation procedures, we 
see that for both varieties, fresh and cryopreserved, the maximum diffractive profiles remain 
unchanged: FAS, with d spacing 3.262 Å (28.2 ° in 2 θ) and equal values are checked for 
CAS. Other 2nd peak at d – spacing 2.359 (40.8º in 2 θ) is verified for both study categories. 
This confirms that the collagen is resistant to the cryopreservation defrost technique in 
regard to its sequential molecular structure independently of type of tissue.  

Contrary, when both amniotic membrane categories study values are observed  we found 
that FAS variant  shows a peak for d spacing of 3.241 Å. (28.4 ° in 2θ), while GAS is 
expressed in the maximum deflection for spacing d 3.284 (28 ° in 2θ). This lag is not verified 
for the 2nd  peak in both categories that match at d – spacing = 2.359 (40.8º in 2 θ). (See figure 
7). These findings showed significant data in the sense that the chemical preservation of 
amniotic membrane with glycerol, modifies sequencing molecular design of collagen, while 
this variable is not changed under the cryopreserved defrosted condition.  

These would be in according with aforementioned work from (Frushour & Koenig 1975).  

Additionally, by analyzing the profiles of ordering by OPC values -in relative terms- we see 
that both, the cryopreservation defrosted and glicerolización procedures, down modify 
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profiles designs, defined as "molecular crystals". (FAS vs GAS, OPC value = 14.76; FAS vs. 
CAS, OPC value = 42.02 respectively).  

The main conclusion from these data is: amnion chemical glycerolized  procedures, change 
sequencing molecular design, while physical cryopreserved method does not. But, physical 
cryopreservation method, and chemical glycerolized, modifies OPC values related to both 
tissue categories: cryopreserved amnion and vascular tissue.  

It must be noted the observed differences in the profiles of diffractive curves between fresh 
and cryopreserved arterial vessels. Indeed, there are a disparity between those varieties, 
which were not verified by the corresponding samples fresh and cryopreserved  amniotic 
membrane, that maintain substantially similar profiles. This aspect is independent of the 
OPC values for both tissues and categories of each study. Our hypothesis is that these 
differences are related to the anatomical and functional collagen distribution in different 
tissues. Indeed, the hierarchical order of collagen mesh reach a final design bundles 
arranged following the lines of force according to bio mechanical requirements. 

In this sense, arterial wall of large conduit vessels such as aorta and carotid, are under 
pulsate hemodynamic regimens alternating expansion and elastic contraction states. Under 
these conditions, the main loads acting on the vessel wall are pressure and blood flow. The 
blood pressure acts directly on the inner wall of the vessel in normal direction, and flow 
proactively work generating a pressure proportional to the square of blood velocity, Fung 
YC (1997). There are therefore two preferred directions in the distribution of the charges: 
one circumferential and other longitudinal. This results in a complex morphological 
organization of the cellular components of the middle layer, composed of smooth muscle 
cells and collagen mesh ECM, whose design will trace circumferential and longitudinal 
lines, giving to vascular tissue an anisotropic mechanical behavior condition. (Rodriguez, 
2007). The primary ice spontaneous nucleation happen at random in many sites of ECM,  
Muldrew. 1999). The crystallization growth front, follows the preferred direction lines 
according to design collagen mesh. According with OPC values, the new organizational 
picture of the cryopreserved defrosted vascular tissues would be the result of a complex 
sequence of physic chemical events through preservation procedures, applying changing a 
complex vascular structural tissue. 

This is not the organizational situation of amnion collagen ECM. Amnion membrane has a 
laminar design, and is not subject to biomechanical pulsate regimen. Its function as an 
external fetal covering meets fundamentally amniotic liquid metabolic regulations, more 
than biomechanical functions. In spite of, both kind of tissue studied, (vascular, and amnion 
membrane) have basically the same fibril collagen composition, namely: Collagen I, III, and 
V. Additionally, Colagen IV in structural Basements Membranes. 

Then, our hypothesis is that the morphologic compositions, and the architectural 
organizations, according to specific functional requirements to each tissue, define the proper 
molecular assembly, and therefore its own diffractografic profiles.   

8.2 Raman scattering  

Our preliminary results obtained on amnion membrane (FAM vs CAS) show punctual 
differences between both categories in three ranges of Raman Sepectra: 1260, 1442, and 1667 
cm-1 band (See figure 11) where is observed an increased Intensity (AU) values in FAS 
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Fig. 11. Raman Spectra  FAS vs CAS to area 1000 – 1800 Raman Shift (cm-1). Color code; Red: 
FAS, Blue: CAS. 
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It must be noted the observed differences in the profiles of diffractive curves between fresh 
and cryopreserved arterial vessels. Indeed, there are a disparity between those varieties, 
which were not verified by the corresponding samples fresh and cryopreserved  amniotic 
membrane, that maintain substantially similar profiles. This aspect is independent of the 
OPC values for both tissues and categories of each study. Our hypothesis is that these 
differences are related to the anatomical and functional collagen distribution in different 
tissues. Indeed, the hierarchical order of collagen mesh reach a final design bundles 
arranged following the lines of force according to bio mechanical requirements. 

In this sense, arterial wall of large conduit vessels such as aorta and carotid, are under 
pulsate hemodynamic regimens alternating expansion and elastic contraction states. Under 
these conditions, the main loads acting on the vessel wall are pressure and blood flow. The 
blood pressure acts directly on the inner wall of the vessel in normal direction, and flow 
proactively work generating a pressure proportional to the square of blood velocity, Fung 
YC (1997). There are therefore two preferred directions in the distribution of the charges: 
one circumferential and other longitudinal. This results in a complex morphological 
organization of the cellular components of the middle layer, composed of smooth muscle 
cells and collagen mesh ECM, whose design will trace circumferential and longitudinal 
lines, giving to vascular tissue an anisotropic mechanical behavior condition. (Rodriguez, 
2007). The primary ice spontaneous nucleation happen at random in many sites of ECM,  
Muldrew. 1999). The crystallization growth front, follows the preferred direction lines 
according to design collagen mesh. According with OPC values, the new organizational 
picture of the cryopreserved defrosted vascular tissues would be the result of a complex 
sequence of physic chemical events through preservation procedures, applying changing a 
complex vascular structural tissue. 

This is not the organizational situation of amnion collagen ECM. Amnion membrane has a 
laminar design, and is not subject to biomechanical pulsate regimen. Its function as an 
external fetal covering meets fundamentally amniotic liquid metabolic regulations, more 
than biomechanical functions. In spite of, both kind of tissue studied, (vascular, and amnion 
membrane) have basically the same fibril collagen composition, namely: Collagen I, III, and 
V. Additionally, Colagen IV in structural Basements Membranes. 

Then, our hypothesis is that the morphologic compositions, and the architectural 
organizations, according to specific functional requirements to each tissue, define the proper 
molecular assembly, and therefore its own diffractografic profiles.   

8.2 Raman scattering  

Our preliminary results obtained on amnion membrane (FAM vs CAS) show punctual 
differences between both categories in three ranges of Raman Sepectra: 1260, 1442, and 1667 
cm-1 band (See figure 11) where is observed an increased Intensity (AU) values in FAS 
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related to CAS. According to references Frank, C. et al (1995), these Raman Spectra range 
areas aforementioned belong to fibril collagen I, III and V from human placenta. The defined 
corresponding chemical residues assignments, (Frushour & Koenig 1975). are respectively: 
Amide III; CH3, CH2 (deform); and Amide I for each range Raman Spectra recorded. 

These findings support our work hypothesis about the potential power of cryopreservation 
procedure to change collagen structure at molecular level. 

9. Conclusions 
The aim of our study was the analysis of tissues produced in TB for therapeutic purposes, by 
known techniques, XRD and RS, able to approach the study of structures at the molecular 
level, mainly in reference to collagen, the fundamental component of ECM,. Taking account 
the hypothesis that preservation techniques introduce changes in the matrix elements of the 
tissues, we subjected amniotic membrane and arterial vascular samples under two types of 
procedures: a) cryopreservation-defrost as physical process, and glycerolization - 
deglycerolization as chemical process. Regarding to the results of our tests, we accept our 
hypothesis and concluded that while  cryopreservation modifies the structural arrangement of 
collagen at the level of ECM, glycerolization changes molecular d spacing of biological 
polymers, besides the aforementioned order. However, the changes between the processed 
vascular tissues and amniotic membrane are different, because while the vascular 
cryopreservation increases the molecular order of the crystalline structure measured by OPC 
value, the amniotic membrane glycerolization and cryopreservation decrease the referred 
molecular order. These differences are interpreted as the result of complex physicochemical 
phenomena that occur during preservation procedures on molecular structures and its 
designs. These phenomena promote variations in the tissue molecular complexity and order 
distribution. Preliminary data from the Raman tests corroborate the hypothesis of specific 
modifications in the molecular structures. The consequences of these findings on the allograft 
biological behavior applied to clinical purposes is a challenge to research and development. 
Both types of tissues studied are widely applied in the world with beneficial results for the 
restoration of altered structures and functions in the recipients. But the gold standard allograft 
is not yet produced, so it is necessary to obtain the allograft that better reproduce the structural 
and functional conformation of the patient implanted. This objective will be achieved through 
the best inter relation between recipient structures and the preserved tissues applied, at 
molecular level to obtain the better possible allograft behavior and patency. Mainly, taking 
account the advanced development of applied bio engineering, and the design of complex 
products (composites) that combine different types of cells and artificial, biological, or 
modified scaffolds.  

10. References 
Abraham LC, Dice JF, Finn PF, Mesires NT, Lee K, & Kaplan DL., (2007) Extracellular matrix 

remodeling--methods to quantify cell-matrix interactions. Biomaterials.. 28(2):151-
61. PMID: 16893566 

Armentano RL, Santana DB, Cabrera Fischer EI, Graf S, Perez Cámpos H, Germán YZ, 
Carmen Saldías MD, Alvarez I. (2006). An in vitro study of cryopreserved and fresh 
human arteries: a comparison with ePTFE prostheses and human arteries studied 
non-invasively in vivo. Cryobiology. Feb;52(1):17-26. ISSN  0011-2240  

X Ray Diffraction: An Approach to Structural 
Quality of Biological Preserved Tissues in Tissue Banks 459 

Aspden, RM., Bornstein NH., & Hukins DW., (1987) Collagen organization in the 
interspinous ligament and its relationship to tissue function. J. Anat.. 155: 141 -151. 
PMCID: PMC1261882 

Berenguer F., Wenger MPE., Bean RJ., Boze L., Horton MA., & Robinson IK. (2009).Coherent 
X-ray diffraction from collagenous soft tissues. PNAS. (106) 15297 – 15301. PNAS: 
0905151106 

Bia D., Pessana F., Armentano R., Pérez Campos H., Graf S., Zócalo Y., Saldías M., Perez N., 
Alvarez O., Silva W., Machin D., Sueta P., Ferrin S., Acosta M.,& Alvarez I. (2006). 
Cryopreservation procedure does not modify human carotid homografts 
mechanical properties: an isobaric and dynamic analysis. Cell Tissue Bank. 7(3):183-
94. PMID:16933040 

Bia D., Armentano RL., Zócalo Y., Pérez Cámpos H., Cabrera FE., Graf S., Saldías M., Silva 
W., & Alvarez I. (2007). Functional properties of fresh and cryopreserved carotid 
and femoral arteries, and of venous and synthetic grafts: comparison with arteries 
from normotensive and hypertensive patients. Cell Tissue Bank.; 8(1):43-57. 
PMID:16826454 

Bissell MJ., Hall HG., & Parry G. (1982). How does the extracellular matrix direct gene 
expression? J. Theor. Biol. 99:31–68 PMID: 6892044 

Bowers SL., Banerjee I., & Baudino TA. (2010). The extracellular matrix: at the center of it all. 
J Mol Cell Cardiol. Mar;48(3):474-82. PMID:19729019 

Brewster L., Brey EM., & Greisler HP. (2007). Blood Vessels. In: Principles of Tissue 
Enginieering. R. Lanza, R. Langer and J. Vacanti Ed. 568 – 584. ISBN: 978-0-12-
370615-7  

Davis GE. (2010). The development of the vasculature and its extracellular matrix: a gradual 
process defined by sequential cellular and matrix remodeling events. Am J Physiol 
Heart Circ Physiol. 299 (2): H245-247. ISSN: 0363-6135 

Frushour, B. G. and Koenig, J. L. (1975), Raman spectra of D and L amino acid copolymers. 
Poly-DL-alanine, poly-DL-leucine, and poly-DL-lysine. Biopolymers, 14: 363–377. 
doi: 10.1002/bip.1975.360140210 

Fung, Y.C. (1997). Blood flow in arteries. In: Boold Flow in Arteries. Biomechanics Circulation.. 
Springer-Verlag Ed. N. York. Pp.: 108 – 200.- ISBN: 0-387-94386-6   

Grobstein, C. (1953) Morphogenetic Interaction between Embryonic Mouse Tissues 
separated by a Membrane Filter. Nature. (172): 869 – 871. ISSN: 0028-0836 

Kelleher CM., McLean SE.,& Mecham RP. (2004) Vascular Extra cellular Matrix and Aortic 
Development. Current Topics in Developmental Biology. 62: 153-188. 
PMID:15522742 

Gerson C.J., Goldstein S., & Heacox, A.E. (2009) Retained structural integrity of collagen and 
elastin within cryopreserved human heart valve tissue as detected by two-photon 
laser scanning confocal microscopy. Cryobiology. 59(2):171-179. PMID:19591817 

Giannini S, Buda R, Di Caprio F.,  Agati P.,  Bigi A.,  De Pasquale V. & Ruggeri A.. (2008). 
Effect of freezing on the biomechanical and structural properties of human 
posterior tibial tendons. Int Orthop  32(2):145–151. PMCID: PMC2269010 

Hamer, AJ., Strachan JR., Black MM., Ibboston CJ. Stockley I., & Elson RA. (1996). 
Biomechanical properties of cortical allograft bone using a new method of bone 



 
Current Frontiers in Cryopreservation 458 

related to CAS. According to references Frank, C. et al (1995), these Raman Spectra range 
areas aforementioned belong to fibril collagen I, III and V from human placenta. The defined 
corresponding chemical residues assignments, (Frushour & Koenig 1975). are respectively: 
Amide III; CH3, CH2 (deform); and Amide I for each range Raman Spectra recorded. 

These findings support our work hypothesis about the potential power of cryopreservation 
procedure to change collagen structure at molecular level. 

9. Conclusions 
The aim of our study was the analysis of tissues produced in TB for therapeutic purposes, by 
known techniques, XRD and RS, able to approach the study of structures at the molecular 
level, mainly in reference to collagen, the fundamental component of ECM,. Taking account 
the hypothesis that preservation techniques introduce changes in the matrix elements of the 
tissues, we subjected amniotic membrane and arterial vascular samples under two types of 
procedures: a) cryopreservation-defrost as physical process, and glycerolization - 
deglycerolization as chemical process. Regarding to the results of our tests, we accept our 
hypothesis and concluded that while  cryopreservation modifies the structural arrangement of 
collagen at the level of ECM, glycerolization changes molecular d spacing of biological 
polymers, besides the aforementioned order. However, the changes between the processed 
vascular tissues and amniotic membrane are different, because while the vascular 
cryopreservation increases the molecular order of the crystalline structure measured by OPC 
value, the amniotic membrane glycerolization and cryopreservation decrease the referred 
molecular order. These differences are interpreted as the result of complex physicochemical 
phenomena that occur during preservation procedures on molecular structures and its 
designs. These phenomena promote variations in the tissue molecular complexity and order 
distribution. Preliminary data from the Raman tests corroborate the hypothesis of specific 
modifications in the molecular structures. The consequences of these findings on the allograft 
biological behavior applied to clinical purposes is a challenge to research and development. 
Both types of tissues studied are widely applied in the world with beneficial results for the 
restoration of altered structures and functions in the recipients. But the gold standard allograft 
is not yet produced, so it is necessary to obtain the allograft that better reproduce the structural 
and functional conformation of the patient implanted. This objective will be achieved through 
the best inter relation between recipient structures and the preserved tissues applied, at 
molecular level to obtain the better possible allograft behavior and patency. Mainly, taking 
account the advanced development of applied bio engineering, and the design of complex 
products (composites) that combine different types of cells and artificial, biological, or 
modified scaffolds.  

10. References 
Abraham LC, Dice JF, Finn PF, Mesires NT, Lee K, & Kaplan DL., (2007) Extracellular matrix 

remodeling--methods to quantify cell-matrix interactions. Biomaterials.. 28(2):151-
61. PMID: 16893566 

Armentano RL, Santana DB, Cabrera Fischer EI, Graf S, Perez Cámpos H, Germán YZ, 
Carmen Saldías MD, Alvarez I. (2006). An in vitro study of cryopreserved and fresh 
human arteries: a comparison with ePTFE prostheses and human arteries studied 
non-invasively in vivo. Cryobiology. Feb;52(1):17-26. ISSN  0011-2240  

X Ray Diffraction: An Approach to Structural 
Quality of Biological Preserved Tissues in Tissue Banks 459 

Aspden, RM., Bornstein NH., & Hukins DW., (1987) Collagen organization in the 
interspinous ligament and its relationship to tissue function. J. Anat.. 155: 141 -151. 
PMCID: PMC1261882 

Berenguer F., Wenger MPE., Bean RJ., Boze L., Horton MA., & Robinson IK. (2009).Coherent 
X-ray diffraction from collagenous soft tissues. PNAS. (106) 15297 – 15301. PNAS: 
0905151106 

Bia D., Pessana F., Armentano R., Pérez Campos H., Graf S., Zócalo Y., Saldías M., Perez N., 
Alvarez O., Silva W., Machin D., Sueta P., Ferrin S., Acosta M.,& Alvarez I. (2006). 
Cryopreservation procedure does not modify human carotid homografts 
mechanical properties: an isobaric and dynamic analysis. Cell Tissue Bank. 7(3):183-
94. PMID:16933040 

Bia D., Armentano RL., Zócalo Y., Pérez Cámpos H., Cabrera FE., Graf S., Saldías M., Silva 
W., & Alvarez I. (2007). Functional properties of fresh and cryopreserved carotid 
and femoral arteries, and of venous and synthetic grafts: comparison with arteries 
from normotensive and hypertensive patients. Cell Tissue Bank.; 8(1):43-57. 
PMID:16826454 

Bissell MJ., Hall HG., & Parry G. (1982). How does the extracellular matrix direct gene 
expression? J. Theor. Biol. 99:31–68 PMID: 6892044 

Bowers SL., Banerjee I., & Baudino TA. (2010). The extracellular matrix: at the center of it all. 
J Mol Cell Cardiol. Mar;48(3):474-82. PMID:19729019 

Brewster L., Brey EM., & Greisler HP. (2007). Blood Vessels. In: Principles of Tissue 
Enginieering. R. Lanza, R. Langer and J. Vacanti Ed. 568 – 584. ISBN: 978-0-12-
370615-7  

Davis GE. (2010). The development of the vasculature and its extracellular matrix: a gradual 
process defined by sequential cellular and matrix remodeling events. Am J Physiol 
Heart Circ Physiol. 299 (2): H245-247. ISSN: 0363-6135 

Frushour, B. G. and Koenig, J. L. (1975), Raman spectra of D and L amino acid copolymers. 
Poly-DL-alanine, poly-DL-leucine, and poly-DL-lysine. Biopolymers, 14: 363–377. 
doi: 10.1002/bip.1975.360140210 

Fung, Y.C. (1997). Blood flow in arteries. In: Boold Flow in Arteries. Biomechanics Circulation.. 
Springer-Verlag Ed. N. York. Pp.: 108 – 200.- ISBN: 0-387-94386-6   

Grobstein, C. (1953) Morphogenetic Interaction between Embryonic Mouse Tissues 
separated by a Membrane Filter. Nature. (172): 869 – 871. ISSN: 0028-0836 

Kelleher CM., McLean SE.,& Mecham RP. (2004) Vascular Extra cellular Matrix and Aortic 
Development. Current Topics in Developmental Biology. 62: 153-188. 
PMID:15522742 

Gerson C.J., Goldstein S., & Heacox, A.E. (2009) Retained structural integrity of collagen and 
elastin within cryopreserved human heart valve tissue as detected by two-photon 
laser scanning confocal microscopy. Cryobiology. 59(2):171-179. PMID:19591817 

Giannini S, Buda R, Di Caprio F.,  Agati P.,  Bigi A.,  De Pasquale V. & Ruggeri A.. (2008). 
Effect of freezing on the biomechanical and structural properties of human 
posterior tibial tendons. Int Orthop  32(2):145–151. PMCID: PMC2269010 

Hamer, AJ., Strachan JR., Black MM., Ibboston CJ. Stockley I., & Elson RA. (1996). 
Biomechanical properties of cortical allograft bone using a new method of bone 



 
Current Frontiers in Cryopreservation 460 

strength measurement: a comparison of fresh, fresh-frozen and irradiated bone. J 
Bone Joint Surg Br. 78(3): 363 – 368. PMID: 8636167 

Hauschka S. & Konigsberg I.R. (1966) The influence of collagen on the development of 
muscle clones. Zoology; 55: 119 – 126. PMCID: PMC285764 

Hickey, DS. And Hukins DWL. (1980) X-ray diffraction studies of the arrangement of 
collagenous fibres in human fetal intervertebral disc. J. Anat. 131 (1): 81 – 90. 
PMCID: PMC1233288 

Horton, WG. (1958) Further observations on the elastic mechanism of the inter vertebral 
disc. J. Bone and Joint Surg. 40 (3) 552 – 558. PMID: 13575471 

Kielty, C. M., & Grant, M. E. (2002). The collagen family: structure, assembly, and 
organization in the extracellular matrix. In “Connective Tissue and Its Heritable 
Disorders: Molecular, Genetic, and Medical Aspects” (P. M. Royce and B. Steinmann, 
eds.), pp. 159–221. Wiley-Liss, New York. ISBN: 9780471251859 

Langerak S. E. ,  Groenink M.,  van der Wall E. E., Wassenaar C., Vanbavel E.,  van Baal M. 
C. &  Spaan J.A. E. (2001). Impact of current cryopreservation procedures on 
mechanical and functional properties of human aortic homografts. Transpl Int. 
14(4):248-255. PMID:11512058 

Levit, J. (1962). A sulfhydryl-disulfide Hipótesis of Frost Injury and Resístanse in Plants. J. 
Theoret. Biol.. 3: 355 – 391.- 

Levit, J. (1966). Cryochemistry of Plant Tissue. Protein Interactions. Cryobiology. 3. 243 – 251. 
PMID: 5970348 

Meier S. & Hay E. (1974). Control of corneal differentiation by extracellular materials. 
Collagen as a promoter and stabilizer of epithelial stroma production. 
Developmental Biology. Volume 38, (2): 249-270 PMID: 4275424 

Muldrew, & K., McGann, L. (1999). Cryobiology - A Short Course In: 
http://www.ucalgary.ca/~kmuldrew/cryo_course/cryo_ 

Nadiarnykh O., LaComb R. B., Brewer M. A., & Campagnola P. J. (2010). Alterations of the 
extracellular matrix in ovarian cancer studied by Second Harmonic Generation 
imaging microscopy. BMC Cancer, 10:94. In: 
www.ncbi.nlm.nih.gov/pmc/articles/PMC2841668/ PMCID: PMC2841668 

Orgel J.P., San Antonio J.D., & Antipova O. (2011) Molecular and structural mapping of 
collagen fibril interactions. Connective Tissue Research. 52 (1): 2-17 PMID: 21182410 

Park H. J., Urabe K., Naruse K., Onuma K.,  Nemoto N. &  Itoman M. (2009).The effect of 
cryopreservation or heating on the mechanical properties and histomorphology of 
rat bone-patellar tendon-bone. Cell Tissue Bank. 10:11–18 PMID: 18830689. 

Pauling, L & Corey, R. B. (1951) The structure of fibrous proteins of the collagen gelatin 
group. Proc. Nat.Acad. Sci. 37:272 – 281. ISSN 0027-8424  

Pegg D.E., Wusteman M.C., & Boylan S. (1997). Fractures in Cryopreserved Elastic Arteries  
Cryobiology 34, 183–192. PMID: 9130389 

Pegg, D. The preservation of tissues for transplantation. 2006. Cell and Tissue Banking. 7: 349 
– 358. PMID: 16957871 

Perez Campos, H., Saldias, MC., Silva, W., Machin, D., Suescun, L., Faccio, R., Mombru, A., 
& Alvarez I. (2008). Control of Cryopreservation Procedures on Blood Vessels 

X Ray Diffraction: An Approach to Structural 
Quality of Biological Preserved Tissues in Tissue Banks 461 

Using Fiber X-Ray Diffraction. Transplantation Proceedings. 40(3):668-
674.PMID:18454983 

Pukacki F., Jankowski T., Gabriel M., Oszkinis G., Krasinski Z., & Zapalski S. The 
mechanical properties of fresh and cryopreserved arterial homografts. Eur J Vasc 
Endovasc Surg. 2000. 20 (1): 21-24. PMID: 10906292 

Raman C.V. & Krishnan, KS. A New Type of Secondary Radiation. Nature. 1928. 121(3048), 
501 - 502. ISSN: 0028-0836 

Rodriguez, J. Goicolea J. M.,  & Gabaldón F. (2007). A volumetric model for growth of 
arterial walls, with arbitrary geometry and loads. J. Biomechanics. 40: 961 - 971. 
PMID: 16797020 

Rosset E., Friggi A., Novakovitch G., Rolland P.H., Rieu R., Pellissier J.F., Magnan   P.E. & 
Branchereau A. (1996). Effects of cryopreservation on the viscoelastic properties of 
human arteries. Ann Vasc Surg..10 (3): 262-72. PMID:8792995 

Sanders E.J, Prasad S. & Cheung E. (1988). Extracellular matrix synthesis is required for the 
movement of sclerotome and neural crest cells on collagen. Differentiation.Volume 
39, Issue 1, November, Pages 34-41. PMID: 3246291 

Schenke-Layland K, Madershahian N, Riemann I, Starcher B, Halbhuber KJ, König K, &  
Stock UA. (2006) Impact of cryopreservation on extracellular matrix structures of 
heart valve leaflets. Ann Thorac Surg. 81 (3): 918-926. PMID:16488695 

Schenke-Layland K., Xie J., Heydarkhan-Hagvall S. Hamm-Alvarez, S. F., Stock U A., 
Brockbank K.G.M, &  MacLellan W. R. (2007). Optimized preservation of 
extracellular matrix in cardiac tissues: implications for long-term graft durability. 
Ann Thorac Surg. 83 (5): 1641-1650. PMID:17462373 

Schultz  G.S., Ladwig G., & Wysocki A. (2005). Extracellular matrix: review of its roles in  
acute and chronic wounds. In: 
 http://www.worldwidewounds.com/2005/august/Schultz/Extrace-Matric-Acute-Chronic-
Wounds.html 

Schwinn, M.K., Faralli, J.A., Filla, M.S., Peters D.M., (2010). The Fibrillar Extracellular Matrix 
of the Trabecular Meshwork. Encyclopedia of the Eye. Edited By Joseph 
Besharse,  Reza Dana, & Darlene A. Dart. Pages 135-141. Elsevier.ISBN: 978-0-12-
374198-1 USA. 

Sottile J., Shi, F., Rublyevska, I.,Chiang, HY., Lust, J & Chandler, J. (2007). Fibronectin-
dependent collagen I deposition modulates the cell response to fibronectin. Am J 
Physiol Cell Physiol. 293: C1934 – C1943. PMID: 17928541 

Standards for Tissue Banking: International Atomic EnergyAgency  (IAEA - 2005); 
www.iaea.org.Spanish Association of Tissue Banks (AEBT - 2005). www.aebt.org  

Sweeney  S., Orgel JP., Fertala A., McAuliffe JD., Turner KR.,  Di Lullo GA., Chen S., 
Antipova O.,  Perumal S., Ala-Kokko L., Forlino A., Cabral WA., Barnes AM., 
Marini JC., &  San Antonio JD. (2008). Candidate Cell and Matrix Interaction 
Domains on the Collagen Fibril, the Predominant Protein of Vertebrates J. Biol. 
Chem. 2008. 283: 21187-21197. ISSN 0021-9258 

Wolfe, J. & Bryant, G. (1999). Freezing, drying and/or vitrification of membrane-solute-
water systems.. Cryobiology 39: 103 – 129. PMID: 10529304 



 
Current Frontiers in Cryopreservation 460 

strength measurement: a comparison of fresh, fresh-frozen and irradiated bone. J 
Bone Joint Surg Br. 78(3): 363 – 368. PMID: 8636167 

Hauschka S. & Konigsberg I.R. (1966) The influence of collagen on the development of 
muscle clones. Zoology; 55: 119 – 126. PMCID: PMC285764 

Hickey, DS. And Hukins DWL. (1980) X-ray diffraction studies of the arrangement of 
collagenous fibres in human fetal intervertebral disc. J. Anat. 131 (1): 81 – 90. 
PMCID: PMC1233288 

Horton, WG. (1958) Further observations on the elastic mechanism of the inter vertebral 
disc. J. Bone and Joint Surg. 40 (3) 552 – 558. PMID: 13575471 

Kielty, C. M., & Grant, M. E. (2002). The collagen family: structure, assembly, and 
organization in the extracellular matrix. In “Connective Tissue and Its Heritable 
Disorders: Molecular, Genetic, and Medical Aspects” (P. M. Royce and B. Steinmann, 
eds.), pp. 159–221. Wiley-Liss, New York. ISBN: 9780471251859 

Langerak S. E. ,  Groenink M.,  van der Wall E. E., Wassenaar C., Vanbavel E.,  van Baal M. 
C. &  Spaan J.A. E. (2001). Impact of current cryopreservation procedures on 
mechanical and functional properties of human aortic homografts. Transpl Int. 
14(4):248-255. PMID:11512058 

Levit, J. (1962). A sulfhydryl-disulfide Hipótesis of Frost Injury and Resístanse in Plants. J. 
Theoret. Biol.. 3: 355 – 391.- 

Levit, J. (1966). Cryochemistry of Plant Tissue. Protein Interactions. Cryobiology. 3. 243 – 251. 
PMID: 5970348 

Meier S. & Hay E. (1974). Control of corneal differentiation by extracellular materials. 
Collagen as a promoter and stabilizer of epithelial stroma production. 
Developmental Biology. Volume 38, (2): 249-270 PMID: 4275424 

Muldrew, & K., McGann, L. (1999). Cryobiology - A Short Course In: 
http://www.ucalgary.ca/~kmuldrew/cryo_course/cryo_ 

Nadiarnykh O., LaComb R. B., Brewer M. A., & Campagnola P. J. (2010). Alterations of the 
extracellular matrix in ovarian cancer studied by Second Harmonic Generation 
imaging microscopy. BMC Cancer, 10:94. In: 
www.ncbi.nlm.nih.gov/pmc/articles/PMC2841668/ PMCID: PMC2841668 

Orgel J.P., San Antonio J.D., & Antipova O. (2011) Molecular and structural mapping of 
collagen fibril interactions. Connective Tissue Research. 52 (1): 2-17 PMID: 21182410 

Park H. J., Urabe K., Naruse K., Onuma K.,  Nemoto N. &  Itoman M. (2009).The effect of 
cryopreservation or heating on the mechanical properties and histomorphology of 
rat bone-patellar tendon-bone. Cell Tissue Bank. 10:11–18 PMID: 18830689. 

Pauling, L & Corey, R. B. (1951) The structure of fibrous proteins of the collagen gelatin 
group. Proc. Nat.Acad. Sci. 37:272 – 281. ISSN 0027-8424  

Pegg D.E., Wusteman M.C., & Boylan S. (1997). Fractures in Cryopreserved Elastic Arteries  
Cryobiology 34, 183–192. PMID: 9130389 

Pegg, D. The preservation of tissues for transplantation. 2006. Cell and Tissue Banking. 7: 349 
– 358. PMID: 16957871 

Perez Campos, H., Saldias, MC., Silva, W., Machin, D., Suescun, L., Faccio, R., Mombru, A., 
& Alvarez I. (2008). Control of Cryopreservation Procedures on Blood Vessels 

X Ray Diffraction: An Approach to Structural 
Quality of Biological Preserved Tissues in Tissue Banks 461 

Using Fiber X-Ray Diffraction. Transplantation Proceedings. 40(3):668-
674.PMID:18454983 

Pukacki F., Jankowski T., Gabriel M., Oszkinis G., Krasinski Z., & Zapalski S. The 
mechanical properties of fresh and cryopreserved arterial homografts. Eur J Vasc 
Endovasc Surg. 2000. 20 (1): 21-24. PMID: 10906292 

Raman C.V. & Krishnan, KS. A New Type of Secondary Radiation. Nature. 1928. 121(3048), 
501 - 502. ISSN: 0028-0836 

Rodriguez, J. Goicolea J. M.,  & Gabaldón F. (2007). A volumetric model for growth of 
arterial walls, with arbitrary geometry and loads. J. Biomechanics. 40: 961 - 971. 
PMID: 16797020 

Rosset E., Friggi A., Novakovitch G., Rolland P.H., Rieu R., Pellissier J.F., Magnan   P.E. & 
Branchereau A. (1996). Effects of cryopreservation on the viscoelastic properties of 
human arteries. Ann Vasc Surg..10 (3): 262-72. PMID:8792995 

Sanders E.J, Prasad S. & Cheung E. (1988). Extracellular matrix synthesis is required for the 
movement of sclerotome and neural crest cells on collagen. Differentiation.Volume 
39, Issue 1, November, Pages 34-41. PMID: 3246291 

Schenke-Layland K, Madershahian N, Riemann I, Starcher B, Halbhuber KJ, König K, &  
Stock UA. (2006) Impact of cryopreservation on extracellular matrix structures of 
heart valve leaflets. Ann Thorac Surg. 81 (3): 918-926. PMID:16488695 

Schenke-Layland K., Xie J., Heydarkhan-Hagvall S. Hamm-Alvarez, S. F., Stock U A., 
Brockbank K.G.M, &  MacLellan W. R. (2007). Optimized preservation of 
extracellular matrix in cardiac tissues: implications for long-term graft durability. 
Ann Thorac Surg. 83 (5): 1641-1650. PMID:17462373 

Schultz  G.S., Ladwig G., & Wysocki A. (2005). Extracellular matrix: review of its roles in  
acute and chronic wounds. In: 
 http://www.worldwidewounds.com/2005/august/Schultz/Extrace-Matric-Acute-Chronic-
Wounds.html 

Schwinn, M.K., Faralli, J.A., Filla, M.S., Peters D.M., (2010). The Fibrillar Extracellular Matrix 
of the Trabecular Meshwork. Encyclopedia of the Eye. Edited By Joseph 
Besharse,  Reza Dana, & Darlene A. Dart. Pages 135-141. Elsevier.ISBN: 978-0-12-
374198-1 USA. 

Sottile J., Shi, F., Rublyevska, I.,Chiang, HY., Lust, J & Chandler, J. (2007). Fibronectin-
dependent collagen I deposition modulates the cell response to fibronectin. Am J 
Physiol Cell Physiol. 293: C1934 – C1943. PMID: 17928541 

Standards for Tissue Banking: International Atomic EnergyAgency  (IAEA - 2005); 
www.iaea.org.Spanish Association of Tissue Banks (AEBT - 2005). www.aebt.org  

Sweeney  S., Orgel JP., Fertala A., McAuliffe JD., Turner KR.,  Di Lullo GA., Chen S., 
Antipova O.,  Perumal S., Ala-Kokko L., Forlino A., Cabral WA., Barnes AM., 
Marini JC., &  San Antonio JD. (2008). Candidate Cell and Matrix Interaction 
Domains on the Collagen Fibril, the Predominant Protein of Vertebrates J. Biol. 
Chem. 2008. 283: 21187-21197. ISSN 0021-9258 

Wolfe, J. & Bryant, G. (1999). Freezing, drying and/or vitrification of membrane-solute-
water systems.. Cryobiology 39: 103 – 129. PMID: 10529304 



 
Current Frontiers in Cryopreservation 462 

Woo S.L., Orlando C.A., Camp J.F., & Akeson W.H. (1986). Effects of postmortem storage by 
freezing on ligament tensile behavior. J Biomech. 19:399–404. PMID:3733765 

Worthley, DL. Giraud, A.S. & Wang, T.C.(2010) The Extracellular Matrix in Digestive 
Cancer 

Cancer microenvironment official journal of the International Cancer Microenvironment 
Society. 3 (1) p. 177-185. PMCID: PMC2990481 



 
Current Frontiers in Cryopreservation 462 

Woo S.L., Orlando C.A., Camp J.F., & Akeson W.H. (1986). Effects of postmortem storage by 
freezing on ligament tensile behavior. J Biomech. 19:399–404. PMID:3733765 

Worthley, DL. Giraud, A.S. & Wang, T.C.(2010) The Extracellular Matrix in Digestive 
Cancer 

Cancer microenvironment official journal of the International Cancer Microenvironment 
Society. 3 (1) p. 177-185. PMCID: PMC2990481 



Current Frontiers in 
Cryopreservation

Edited by Igor I. Katkov

Edited by Igor I. Katkov

Almost a decade has passed since the last textbook on the science of cryobiology, Life 
in the Frozen State, was published. Recently, there have been some serious tectonic 

shifts in cryobiology which were perhaps not seen on the surface but will have a 
profound effect on both the future of cryobiology and the development of new 

cryopreservation methods. We feel that it is time to revise the previous paradigms and 
dogmas, discuss the conceptually new cryobiological ideas, and introduce the recently 

emerged practical protocols for cryopreservation. The present books, “Current 
Frontiers in Cryobiology” and “Current Frontiers in Cryopreservation” will serve the 
purpose. This is a global effort by scientists from 27 countries from all continents and 

we hope it will be interesting to a wide audience.

Photo by puwanai / Dollarphotoclub

ISBN 978-953-51-0302-8

Current Frontiers in Cryopreservation

 

ISBN 978-953-51-4326-0


	Current Frontiers in Cryopreservation
	Contents
	Preface
	Part 1
Stem Cells and Cryopreservation in Regenerative Medicine
	Chapter 1
Cryopreservation of Rat Bone Marrow Derived Mesenchymal Stem Cells by Two Conventional and Open-Pulled Straw Vitrification Methods
	Chapter 2
Cryopreservation of Adherent Smooth Muscle and Endothelial Cells with Disaccharides
	Chapter 3
Cryopreserved Musculoskeletal Tissue Bank in Dentistry: State of the Art and Perspectives
	Chapter 4
Validation of Primary Packaging for Cryopreserved Musculoskeletal Tissues
	Chapter 5
Cryopreservation – A Viable Alternative in Preparation for Use of Allografts in Knee Ligament Reconstruction

	Part 2
Human Asisited Reproduction Techniques (ART)
	Chapter 6
The Problem of Contamination: Open vs. Closed vs. Semi-Closed Vitrification Systems

	Part 3
Farm / Pet / Laboratory Animal ART
	Chapter 7
Cryopreservation of Boar Spermatozoa: An Important Role of Antioxidants
	Chapter 8
Cryopreservation of Rat Sperm
	Chapter 9
Cryopreservation of Genetic Diversity in Rabbit Species (Oryctolagus cuniculus)
	Chapter 10
Review on Ovarian Cryopreservation in Large Animals and Non-Human Primates
	Chapter 11
New Approaches of Ovarian Tissue Cryopreservation from Domestic Animal Species

	Part 4
Cryopreservation of Aquatic Species
	Chapter 12
Marine Fish Sperm Cryopreservation and Quality Evaluation in Sperm Structure and Function
	Chapter 13
Sperm Cryopreservation of Two European Predator Fish Species, the Pikeperch (Sander lucioperca) and the Wels Catfish (Silurus glanis)
	Chapter 14
Sperm Cryopreservation of Some Freshwater Fish Species in Malaysia
	Chapter 15
Cryopreservation of Brown Trout (Salmo trutta macrostigma) and Ornamental Koi Carp (Cyprinus carpio) Sperm
	Chapter 16
Cryopreservation of the Sperm of the African Catfish for the Thriving Aquaculture Industry in Nigeria

	Part 5
Cryopreservation of Plants
	Chapter 17
Comparison of Cryopreservation Methods of Vegetatively Propagated Crops Based on Thermal Analysis
	Chapter 18
Cryopreservation of Tropical Plant Germplasm with Vegetative Propagation – Review of Sugarcane (Saccharum spp.) and Pineapple (Ananas comusus (L.) Merrill) Cases
	Chapter 19
Somatic Embryogenesis and Cryopreservation in Forest Species: The Cork Oak Case Study
	Chapter 20
Proline and the Cryopreservation of Plant Tissues: Functions and Practical Applications
	Chapter 21
Plant Cryopreservation

	Part 6
Equipment and Assays
	Chapter 22
X Ray Diffraction: An Approach to Structural Quality of Biological Preserved Tissues in Tissue Banks




