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Preface

Since accidentally discovering the ability of glycerol on protecting cells from freezing damage,
many researchers have been pursuing to develop cryopreservation methods of a very wide
range of cells and some tissues. Cryopreservation is a useful tool for long-term maintenance of
genetic resources of several organisms together with its contribution on conservation of their
biodiversity because these methods allow protection of cells, tissues, and organs at ultralow
temperatures (usually at –196 °C in liquid nitrogen) for unlimited periods. Cryopreservation
especially had a great impact on reproductive medicine and recently on plant science, and it led
to the establishment of cryobanks in several countries in the world with the development of
well-optimized and widely used protocols. Even cryopreservation techniques represent the
safest alternative for long-term preservation, because there is no “universal protocol” for all
cells and tissues; conservation studies are still limited with certain species.

Cryopreservation in Eukaryotes demonstrates many different ways in which advances in cryo‐
preservation have merged for cells and some tissues, and it totally includes 12 chapters
which have been written by the expert researches in the field. All the chapters are a compre‐
hensive collection of the most frequently used cryopreservation techniques in eukaryotes.
The book chapters fall into mainly five sections. Section I (“Parasite Cryopreservation”) in‐
cluding one chapter describes the trypanosoma preservation. Section II (“Cell and Tissue
Cryopreservation”) with two chapters describes recent developments to cryopreserve mes‐
enchymal stromal cells and cartilage. Section III (“Sperm Cryopreservation”) with five chap‐
ters describes different approaches on cryopreservation of fish and mammal sperms. Section
IV (“Oocyte and Embryo Cryopreservation”) including three chapters describes an over‐
view of the current state. Finally, Section V (“Plant Cryopreservation”) including one chap‐
ter describes recent developments in cryopreservation of orchid germplasm. Some chapters
give basic principles of cryopreservation and popular techniques used, while the others
combine the literature reviews and case studies.

With this book, every researcher will better understand the principles, background, and current
status of cryopreservation in particular organisms. We would like to thank all the authors for
their distinguished contributions, InTech Publishing Company, and its Publishing Process
Manager Ms. Maja Bozicevic for her great patience during the preparation of this book.

Prof. Francisco Marco-Jiménez
Universitat Politècnica de Valencia

Institute for Animal Science and Technology
Valencia, Spain

Dr. Hülya Akdemir
Gebze Technical University

Department of Molecular Biology and Genetics
Kocaeli, Turkey
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Provisional chapter

Isolation and Cryopreservation of Trypanosomes
and their Vectors for Research and Development
in Resource‐Constrained Settings

Murilla Grace, Ndung’u Kariuki, Joanna Auma,
Purity Gitonga and Thuita John

Additional information is available at the end of the chapter

Abstract

Biorepositories  for  biological  samples have increasingly become very important  in
supporting biomedical research since the 1990s. The Kenya Trypanosomiasis Research
Institute Cryo‐bank for trypanosomes and their vectors was established in the 1970s
with the aim of providing research materials to scientists.  Over 2000 trypanosome
isolates  have  been  collected  and  stored  in  dewars  under  liquid  nitrogen.  Recent
collections  include  tsetse  flies—vectors  of  human  and  animal  trypanosomiasis.
Challenges encountered include distances to remote field sites and impassable roads
and the  cost  of  collection,  preparation,  storage,  and  maintenance  under  resource‐
constrained settings. Under these settings, the challenges can be overcome through
strategic leadership that ensures availability and sustainability of resources, appropriate
institutional  policies,  adoption  of  multidisciplinary  approach  where  appropriate,
working with different  sectors  such as  human health,  livestock,  and wildlife,  and
environmental conservation in order to leverage on capacities in these sectors, and
acknowledging the role of communities from which materials are collected.

Keywords: cryo‐bank, cryopreservation, trypanosomes, stabilates, tsetse flies

1. Introduction

Cryopreservation  is  an  established  practice  of  freezing  and  storing  valuable  biological
materials in liquid nitrogen for long periods of time for use in research, medicine, environ‐
mental studies, and technology development. These materials include parasites, vector tissues,

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



and organs, a wide range of human stem cells, plants, microorganisms, etc. Research on these
materials assists in understanding how ecosystems function, how disease transmission takes
place, how human bodies function, and why some vectors of the same species are efficient at
disease transmission whereas others are not able to transmit. Recognizing the importance of
collections of biological materials to research and development and acknowledging the high
cost of field sample collection in terms of financial resources and time, the management of the
Kenya Trypanosomiasis Research Institute (KETRI) has put in place an institutional policy of
continuous collection of trypanosome parasites for cryopreservation. This took advantage of
all field visits undertaken by various scientific research teams to different foci in Kenya, a
country that is endemic for both human and animal trypanosomiasis. This resulted in the
establishment of the KETRI Trypanosome Bank which currently has over 2000 isolates [1] from
various hosts (tsetse flies, human, domestic and wild animals). Some of the recent collections
include vectors of trypanosomiasis, the tsetse flies. Updating of the cryo‐bank with fresh
trypanosome isolates is a continuous process.

Trypanosomes are extracellular protozoan parasites which cause debilitating disease in
humans and animals. In humans, the disease is referred to as human African trypanosomiasis
(HAT) or sleeping sickness, caused by two trypanosome species, Trypanosoma brucei gam‐
biense, responsible for the chronic form of HAT in West and Central Africa, and T. b. rhode‐
siense, which causes acute disease in eastern and southern Africa. The parasites are transmitted
by tsetse flies (Glossina spp.). In animals, the disease is referred to as African animal trypano‐
somiasis (AAT; nagana in cattle, sheep, and goats; surra in camels) and is caused by various
trypanosome species, the major ones being T. vivax, T. congolense and T. evansi [2]. Whereas
majority of the trypanosome species which cause AAT are transmitted by tsetse fly vectors, T.
evansi, is transmitted mechanically by biting flies such as Tabanus spp.; T. vivax has been
reported to be transmitted by both tsetse flies and biting flies [3].

HAT is classified in the category of the most neglected tropical diseases. Current diagnostic
tools have inadequate sensitivity and specificity, thus complicating disease diagnosis and
staging. The drugs available for treatment are highly toxic and not very effective; patients die
if untreated [4, 5]. In 2005, an annual prevalence of 50–70,000 HAT cases/year was reported,
with incidence rates of 15–17,000 cases/year [6]. Although recent data from the World Health
Organization (WHO) shows that the number of reported cases of HAT declined to less than
10,000 in 2009 leading to speculation that the disease could be eliminated [7, 8], there is great
need to maintain vigilance through surveillance and research. This is informed by the fact that
HAT was effectively controlled in the 1960s in many endemic countries; however, the disease
re‐surged due to breakdown in surveillance and control activities (Figure 1). WHO [9] has
developed a roadmap for elimination of HAT by the year 2020, which involves development
of new and better diagnostics and drugs [5, 8]. Cryo‐banks such as the KETRI Trypanosome
Bank will therefore be important in contributing to this strategy in order to ensure that
epidemics do not occur in future; and that dormant foci will be prioritized for elimination. One
of the issues for which answers are sought is what happens in some traditional HAT foci when
the disease is not reported in humans. Some of the new technological advances that are
providing more insights include genetic analysis of both parasite and vector genomes and
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identification of specific proteins as targets for development of vaccines, new and sensitive
diagnostic tests.

Figure 1. Sleeping sickness as a reemerging disease.

Isolation and cryopreservation of new trypanosome strains from patients in different HAT
foci ensures availability of these stabilates for use in parasitological, biochemical, molecular,
serological and pharmacological investigations many years after their isolation from the host.
Brun et al [2] observed that one of the major obstacles in the elucidation of the factors
responsible for relapses after melarsoprol treatment was the lack of recent T. b. gambiense
isolates from patients from various endemic areas where the problem has been reported. The
WHO steering committee on human African trypanosomiasis treatment has therefore
recommended that collection of stabilates be a continuous activity in order to monitor the
occurrence and spatial distribution of treatment failure [10] and refractoriness of tsetse to
infection. Since its inception, KETRI and now KALRO‐Biotechnology Research Institute
developed an institutional policy of encouraging collection of stabilates by scientists and
clinicians, for cryopreservation. In this chapter, we describe the procedures of isolation and
cryopreservation of trypanosome stabilates for research and development in resource
constrained settings.

2. Field isolation of trypanosomes

Trypanosomes are isolated from infected hosts during active or passive disease surveillance
activities. The infected hosts include humans, domestic and wild animals, as well as tsetse fly
vectors. Parasites are isolated from biological fluids including blood, cerebrospinal fluid (CSF)
and lymph node aspirates, and/or body parts of tsetse fly vectors. Depending on the host
parasitemia and/or density of trypanosomes in the biological fluids at the time of isolation,
trypanosomes can be either cryopreserved directly or propagated in immunosuppressed
laboratory rodents prior to cryopreservation.

Isolation and Cryopreservation of Trypanosomes and their Vectors for Research and Development in Resource...
http://dx.doi.org/10.5772/65283
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2.1. Diagnosis: buffy coat and whole blood parasitemia

Parasitological diagnosis of trypanosome infections in animals and humans can be made
through microscopic examination of wet blood smears, stained thin and thick blood smears,
smears of lymph node aspirates, and buffy coats [11]. Under normal field conditions when
large numbers of animals are sampled, examination of buffy coats, obtained through capillary
tube centrifugation technique (CTC) [12], is the preferred method of diagnosis due to its higher
sensitivity compared to other microscopic techniques. Animals suspected to be infected with
trypanosomes are bled from the ear vein into heparinized capillary tubes after which the 3/4
full capillary tubes are sealed at one end with plasticine and then spun in a hematocrit
centrifuge at 10,000 revolutions per minute for 5 min. Blood separates into three portions,
namely, the red blood cells, which settle at the bottom of the capillary, the plasma portion found
at the top, and the buffy coat portion, which forms at the interface of the red blood cells and
plasma. Trypanosomes are concentrated in the buffy coat portion of the centrifuged blood,
thus enhancing the sensitivity of the test. In humans, diagnostic methods that are routinely
employed to detect blood trypanosomes include (CTC), quantitative buffy coat (QBC), mini
anion exchange centrifugation technique (mAECT), and modified mAECT [13]. For the
diagnosis of trypanosomes in cerebrospinal fluid, available methods include single and double
centrifugation and modified single centrifugation (MSC), with the MSC being easy to perform
and as sensitive as the double centrifugation [13].

Once confirmed positive, the density of trypanosomes in the relevant biological, fluid is
determined. Whole blood is drawn from the jugular vein of the infected host into anticoagulant
containing tubes and used to quantify the parasitemia using the matching method [14] for the
Trypanozoon group of trypanosomes. Direct isolation is therefore determined by whole blood
parasitaemia.

2.2. Direct isolation of parasites from infected biological fluids

Parasitemia is usually low in naturally infected hosts. However, the required density of
between 3.2 × 107 trypanosomes/ml and 1.3 × 108 trypanosomes/ml may be obtained in a small
proportion of the infected hosts, thus permitting direct cryopreservation of the stabilates. In
such cases, the infected whole blood is mixed with either of the following cryoprotectants and
processed:

1. 20% glycerol in EDTA saline glucose (ESG), pH 8.0 in the ratio of 1:1.

2. Glycerol in the ratio of 1:4, that is, one part of the infected blood to four parts of glycerol.

Samples are then labeled and dipped into a vapor shipper liquid nitrogen cylinder for
transportation from the collection site to the main laboratory for further processing. A vapor
shipper is a liquid nitrogen cylinder which has a mechanism of absorbing liquid nitrogen into
its system leaving the hollow space full of liquid nitrogen vapor, with temperature in the range
of –60 to –80°C. In the laboratory, samples are removed from the vapor shipper and allowed
to thaw on ice or at 4°C after which they are dispensed into plain capillary tubes (Figure 2),
which are then sealed at one end using plasticine.

Cryopreservation in Eukaryotes6
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Parasitemia is usually low in naturally infected hosts. However, the required density of
between 3.2 × 107 trypanosomes/ml and 1.3 × 108 trypanosomes/ml may be obtained in a small
proportion of the infected hosts, thus permitting direct cryopreservation of the stabilates. In
such cases, the infected whole blood is mixed with either of the following cryoprotectants and
processed:

1. 20% glycerol in EDTA saline glucose (ESG), pH 8.0 in the ratio of 1:1.

2. Glycerol in the ratio of 1:4, that is, one part of the infected blood to four parts of glycerol.

Samples are then labeled and dipped into a vapor shipper liquid nitrogen cylinder for
transportation from the collection site to the main laboratory for further processing. A vapor
shipper is a liquid nitrogen cylinder which has a mechanism of absorbing liquid nitrogen into
its system leaving the hollow space full of liquid nitrogen vapor, with temperature in the range
of –60 to –80°C. In the laboratory, samples are removed from the vapor shipper and allowed
to thaw on ice or at 4°C after which they are dispensed into plain capillary tubes (Figure 2),
which are then sealed at one end using plasticine.
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Figure 2. Loading plain capillary tubes with cryo‐protected infected blood sample.

Figure 3. Aluminum cane for holding the ampoules.

The loaded and sealed capillary tubes, approximately 18 in number, are then accommodated
in a perforated 4.5 ml ampoule tube into which a label is inserted. The label has the laboratory
sample identification number. The ampoule normally has two perforations, one at the top and
the other at the bottom to allow direct contact of the sample with liquid nitrogen and at the
same time continuous flow of liquid nitrogen from the top through the bottom perforations.
Before permanent storage, a capillary is removed from the suspended sample and the viability
of the trypanosomes confirmed. For ease of permanent storage in liquid nitrogen at –196°C,
the ampoule is then placed on to an aluminum cane which has the capacity of holding at least
two ampoules: one at the top and the other at the bottom of the cane. The cane is then placed
into a canister, with each canister having a capacity of holding 14 canes. The canister is then
immersed into liquid nitrogen in the permanent storage dewar (Figures 3 and 4) at –196°C.
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Figure 4. Stabilate storage dewars.

2.3. Isolation and propagation of low parasitemia blood samples in laboratory rodents

When the parasitaemia in the whole blood of the naturally infected host is low i.e. below
1.3×108 trypanosomes/ml, the anticoagulated infected blood sample is intraperitoneally
inoculated into an immunosuppressed laboratory rodent. It is advisable to inoculate two
rodents, usually mice, per positive blood sample (isolate). This is carried out in the field where
the animals are given identification numbers and transported to the laboratory for monitoring.
In the laboratory, the infected mice are maintained on commercial mice pellets (Unga Feeds
Ltd., Kenya), provided with water ad libitum and monitored for development of parasitemia.
At the first peak of parasitemia between 1.3 × 108 trypanosomes/ml and 2.5 × 108 trypanosomes/
ml, the infected mice are euthanized and the blood harvested by cardiac puncture into tubes
containing EDTA as anticoagulant. The blood is mixed gently before addition of a cryopre‐
servative at a ratio of 1:1. The samples are suspended in liquid nitrogen vapor for at least 2 h
using a cooling jacket before permanent storage in liquid nitrogen at –196°C [15, 16]. Samples
with a trypanosome concentration below 6.3 × 107/ml may also be preserved by direct addition
of glycerol to infected biological fluids to a final concentration of 20%, especially if the isolated
trypanosome species does not infect rodents [17].

3. Cryopreservation

3.1. Cryopreservation media

The most commonly used cryopreservative is 20% glycerol in EDTA saline glucose (ESG).
ESG is first prepared by dissolving 8.00 g NaCl, 0.30 g KH2PO4, 2 g EDTA (disodium or di‐
potassium), and 2 g glucose in 800 ml distilled water, adjusting the pH to 8.0, and then top‐
ping up to 1 liter with deionized/distilled water. Glycerol is then added to the prepared
solution at a ratio of 1:4 to make 20% glycerol in ESG. Recently, Triladyl® (MiniTüB GmbH
and CO. KG, Tiefenbach, Germany), a commercially available culture medium that is tradi‐
tionally used for preserving bull semen, has been found suitable for cryopreservation of try‐
panosomes. Triladyl is most efficient when added to the infected biological fluids/materials
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to a concentration of 40–90% [18, 19]. Triladyl has subsequently been adopted as an alterna‐
tive cryopreservative at the KETRI Trypanosome Bank.

Buffers commonly used in cryopreservation

EDTA saline glucose (ESG) pH 8.0

NaCl 8.00 g

KH2PO4 0.30 g

EDTA (disodium or dipotassium) 2 g

Glucose 2 g

Dissolve in about 800 ml distilled water, top up to 1 l.

Normal saline

Dissolve 8.5 g NaCl in 1 l of distilled water

Phosphate Saline glucose (PSG) pH 8.0

Na2PHO4 5.392 g/l

Na2HPO4 (H2O)12 (hydrous) 13.608 g/l

NaH2PO4 0.239 g/l

NaH2PO4(H2O) hydrous 0.276 g/l

NaH2PO4(H2O)2 hydrous 0.312 g/l

NaCl 1.7 g/l

Glucose 10.00 g

Dissolve in about 800 ml distilled water; top up to 1 l.

3.2. Cryopreservation procedure

Biological materials from infected vertebrate hosts (blood, cerebrospinal fluid (CSF), and
lymph node aspirates) and/or body parts of tsetse fly vectors are processed as previously
described [17, 20, 21]. Briefly, samples with a concentration of more than 6.3 × 107 trypano‐
somes/ml are mixed with a cryopreservative (20% glycerol in ESG or 40–90% Triladyl) at a ratio
of 1:1. The diluted sample is then loaded into an ampoule and wrapped or held in a cooling
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jacket which is suspended into the vapor space of a liquid nitrogen shipper (temperature range
of –60 to –80°C) for transportation to the laboratory. Samples from infected humans or animals
with parasite counts below 6.3 × 107 trypanosomes/ml (equivalent to antilog 7.8) [14], or
suspects with a low packed cell volume (usually <25%) are inoculated into laboratory rodents
for amplification/propagation [19]. The rodents may be immunosuppressed using either
cyclophosphamide at 100 mg/kg daily for three consecutive days or by gamma‐irradiation at
600 rads (6 gray) for 6 min before the inoculation [22, 15]. Swiss white mice are preferred for
propagation of most species of trypanosomes, while Mastomys natalensis are preferred for T.
b. gambiense [23]. Inoculated rodents are sacrificed at the first peak of parasitemia and the blood
harvested by cardiac puncture into tubes with EDTA as anticoagulant. The blood is mixed
gently before addition of a cryopreservative at a ratio of 1:1. The diluted samples are then
suspended in liquid nitrogen vapor for at least 2 h before being stored permanently in liquid
nitrogen at –196°C [24, 25].

Essential requirements for cryopreservation

1. Immunosuppressed mice

2. Mice pellets

3. Sawdust

4. Disposable 1 ml syringes and needles gauge 26

5. Trypanosomes either from the cryo‐bank or from infected hosts (humans/animals) or tsetse flies

6. Glycerol

7. Cotton wool

8. Tissue paper

9. Capillary tubes (plain)

10. Plasticine

11. 4.5 ml plastic ampoules

12. Liquid nitrogen

13. Cooling jacket

The following information is collected and recorded:

1. Host of isolation

2. Locality (georeferenced) and year of isolation

3. Scientist who did the isolation

4. Number of passages the trypanosomes has undergone before cryopreservation
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5. The prepatent period of the infected mice after each passage, if several passages have been done

6. The duration of infection in the infected mice between the time of inoculation and sacrifice of the
mouse for cryopreservation

7. Species of trypanosome

8. Physical location of the sample in the cryo‐bank

In event of cryopreservation from the natural host:

• The suspected infected blood sample is injected into immunosuppressed mice

• The infected mice are monitored for development of parasitemia

• Cryopreservation carried out as outlined above

At the KETRI trypanosome cryo‐bank, the first parasite population isolated from the field is
the original or primary isolate. If the parasite numbers are high, the primary isolate is cryo‐
preserved as original field isolate; however, in order to sustain/maintain the original cryopre‐
served sample and to produce adequate material for research, the original isolate is expanded
in the appropriate animal model and cryopreserved as a derivative of the original sample, but
with a different bank reference number from the first passage number. Subsequent passages
or derivatives of the same are given different reference numbers in order to monitor the use
and performance of the particular isolates. Clones may be prepared either from the primary
or subsequent passages or both. All these events are monitored and recorded for future
reference and when issuing materials for research.

3.3. Preparation of the cryopreserved sample for the infection of laboratory animals

Following receipt of the duly signed and approved request form from the scientist, the person
incharge of issuance of cryopreserved material records the physical position of the sample in
the cryo‐bank. The sample is retrieved from its position, the ampoule cork opened; and using
a pair of forceps, the reference number is confirmed. One capillary is removed and transferred
into an ampoule placed on ice for thawing. The remaining stabilate is returned into its position
in the bank before it thaws.

The procedure for infection of laboratory animals

1. Use 1 ml syringe and 26‐gauge needle

2. Fill the syringe with phosphate saline glucose (PSG) pH 8.0 up to 0.2 ml

3. Using a diamond pencil cut the sealed end of the capillary tube containing the trypanosome stabilate

4. Insert the needle into the capillary and suck the contents
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5. Pull the piston and mix the contents with the PSG buffer thoroughly

6. Remove the air bubbles and place a drop of the mixture on the microscope slide, cover with a cover
slip, and examine the parasitemia at 400 × magnification

7. Infect the experimental (donors) as required by the protocol

Precaution:

1. Use of protective devices while handling cryopreserved samples is mandatory. This is necessary
because the samples being handled contain live parasites, some of which are pathogenic to humans.
Also, nitrogen at –196°C burns. Industrial gloves are recommended while handling liquid nitrogen.
Use of facial masks will protect the user from harmful effect in case of contact with the eyes. All safety
precautions should be strictly observed when capillary tubes are withdrawn from the liquid nitrogen;
they sometimes burst before they are transferred into the screw capped ampoules to thaw, possibly
due to differences in temperature.

2. It is recommended that retrieval of the sample should be rapid to avoid the thawing of the remaining
samples.

4. Cloning of trypanosomes

Cloning of trypanosomes is necessary for the production of a homogeneous population of
trypanosomes. It is carried out as previously described by Otieno and Darji [23]. Briefly, a
sample containing trypanosomes is diluted in PSG pH 8.0, to 1 trypanosome per micro‐
scopic field at 400× magnification. This is followed by addition of 0.5 ml guinea pig se‐
rum. Using a needle, a drop of the trypanosome suspension is placed on a cover slip that
is overturned onto a cavity slide moistened with PSG to prevent evaporation of the drop.
In the laboratory, the drop is examined under a microscope (400× magnification) by at
least three experienced technicians to confirm the presence of a single and viable trypano‐
some, which is aspirated and inoculated into an immunosuppressed Swiss white mouse.
Inoculated mice are monitored for parasitemia development and sacrificed at the first
peak of parasitemia. Blood is harvested by cardiac puncture for cryopreservation of the
clone of trypanosomes.

5. Maintenance of cryopreserved trypanosomes

5.1. Liquid nitrogen

Cryopreserved trypanosomes are permanently stored in liquid nitrogen. The samples must
always be fully immersed in liquid nitrogen and the levels maintained by frequently refilling
the storage Dewars. The refilling period is determined by the frequency at which the Dewars
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are opened during issue of materials for research. The more frequent they are opened, the more
liquid nitrogen vapor is lost, hence the need to refill. Under normal circumstances, refilling is
done fortnightly.

5.2. Trypanosomes viability and infectivity tests

It is important to ascertain that the cryopreserved samples remain viable by randomly test‐
ing the infectivity of the parasites in laboratory rodents to ensure that this has been main‐
tained and not lost over long periods of storage. The viability testing is performed by
removing a single capillary of each of the cryopreserved trypanosome isolate, thawing at
room temperature, cutting the sealed end of the capillary tube using a diamond pencil, de‐
canting the capillary contents on a microscope slide, covering the content with a glass cover‐
slips, and examining for the motility of the trypanosomes under the microscope at 400×
magnification.

6. Morphological characterization of trypanosomes

Morphological features assist in the preliminary identification of trypanosomes in the field
after isolation in order to ascertain the species of trypanosomes isolated. This is done through
microscopic examination. Different trypanosome species fall into the following groups,
depending on the morphological features: Trypanozoon, Duttonella, or Nannomonas
(Table 1).

Species Morphology Free flagellum Undulating mem‐
brane

Kinetoplast Other characteristics

T. vivax Monomorphic Present Slightly developed Large rounded terminal Very motile, posterior end
rounded

T. uniforme  Monomorphic Present Slightly developed Large rounded terminal Very motile, posterior end
rounded

T. congolense  Pleomorphic Absent Slightly developed Marginal or central sub‐
terminal

Posterior end rounded or flat

T. simae Pleomorphic Absent Moderately devel‐
oped

Marginal or central sub‐
terminal

More long forms than short forms

T. brucei Pleomorphic Present in long
and intermedi‐
ate forms, ab‐
sent in short
forms

Well developed  Small subterminal  Posterior end: Long forms—point‐
ed Short forms—rounded Inter‐
mediate forms—blunt

T. evansi Basically mono‐
morphic

Present Well developed  Small subterminal  Posterior end rounded or
truncated

T. suis Monomorphic Present Well developed  Small, subterminal, mar‐
ginal

Only infects suids

T. theileri Monomorphic Present Well developed Large, rounded, marginal Posterior end tapering

Table 1. Morphological characteristics of trypanosomes.
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6.1. Some of the trypanosome species distinguishing morphological characteristics include:

• Size and shape of the body

• Position of the nucleus and kinetoplast

• Presence or absence of free flagellum

• The shape of the posterior end which is pointed either sharply, oval, or blunt

The morphological features of the Trypanozoon, Duttonella, and Nannomonas species of
trypanosomes are as shown in Figures 5–7.

Figure 5. Morphological distinguishing features associated with Trypanozoon.

Figure 6. Morphological distinguishing features associated with Duttonella.
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Figure 7. Morphological distinguishing features associated with Nannomonas.

6.1.1. Trypanosoma brucei gambiense (Trypanozoon) subgroup

Morphological distinguishing features associated with Trypanozoon include:

• Position of kinetoplast—subterminal

• Size of kinetoplast—small

• Posterior end—blunt

• Free flagellum—present

6.1.2. Trypanosoma vivax (Duttonella) subgroup

Distinguishing features include: rounded posterior end, free flagellum, and a large almost
terminal kinetoplast. This group of parasites lack undulating membrane.

6.1.3. Trypanosoma simiae in the same group with T. congolense (Nannomonas)

Distinguishing features include: shape of posterior end—rounded; position of kinetoplast —
marginal; size of kinetoplast—medium; no undulating membrane and free flagellum—
present.

6.1.4. Other methods employed in the laboratory to characterize trypanosomes

• Tsetse transmission studies

Trypanosoma evansi is not transmitted by Glossina but by biting flies.
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• Tissue culture

Trypanosoma evansi does not transform into procyclics in culture.

• Molecular biology studies:

◦ DNA and RNA extraction and analysis

◦ Genetics and functional genomic studies

• In vivo studies using various animals models to characterize virulent phenotypes and drug
resistance. It is important to note that some trypanosome species such as Trypanosoma vivax
do not grow in rodents.

7. Documentation

Over the years of existence of the KETRI Cryo‐bank, the cryopreserved materials were
documented manually on specially designed record sheets known as Kalamazoo and later
electronically. Whichever method is used, the information in the records should include, but
not limited to the following, for the ease of retrieval:

• The host of isolation, age and sex

• Date of isolation

• Isolating scientist

• Suspected species of trypanosome (based on host of isolation and trypanosome
morphology)

• Locality of isolation

• Method of cryopreservation whether direct or after propagation in laboratory animals

• If by propagation in laboratory rodents, the species of rodent used

• The prepatent period, i.e., period between inoculation of the whole blood and first appear‐
ance of trypanosomes in the mouse

• Duration of infection before cryopreservation, i.e., the period between inoculation and the
sacrifice of the animal to harvest trypanosomes for cryopreservation

• In the event where several passages have been made, the passage numbers must be indicated
as well as the species of rodents used at every passage. In addition, the pre‐patent period
and duration of infection must be stated at each passage.

• Physical location of the stabilate in the cryo‐bank

• Work carried out and publications resulting from the use of stabilates

Cryopreservation in Eukaryotes16
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7.1. Electronic database

The database was developed using Microsoft Access 2000 (Microsoft, USA) relational database.
Hosts of isolation and countries are coded following the International Organization for
Standardization (ISO) protocol [26] (Lumsden, 1978). Primary isolates are, for example,
designated MHOM/KE/85/KETRI 128, where M represents mammal; HOM represents human;
KE indicates the country of isolation, in this case Kenya; 85 is the year of isolation (1985) while
KETRI 128 shows code or reference number of the stabilate. With regard to trypanosome
derived from the previous stabilate usually referred to as derivatives, the number of the
derivative is shown in brackets. For example, MHOM/KE/85/KETRI 128 [KETRI 300] is a
derivative of MHOM/KE/85/KETRI 128 as described by Lumsden [25].

7.2. Trypanosomes isolated, documented, and cryopreserved at KETRI Cryo‐bank

The number of trypanosomes isolated and cryopreserved at the KETRI Trypanosome Bank are
shown in Figure 8. Tables 2 and 3 show the trypanosome species, year, and country of isolation.

Figure 8. Number of primary trypanosome stabilates collected, preserved, and stored at Kenya [1].

Species of trypanosomes: number and period of isolation
Country Isolate/

Year
Tbb Tb

subgroup
Tbr Tbg T.

congolense
T.
vivax

T.
evansi

T.
simiae

T.
theileri

T.
lewesi

UC Mixed

Kenya No 101 194 274 – 107 166 89 3 – – – 29
Year 1961–

2001
1961–
2006 

1958–
2009

– 1961–2008 1969–
2009

1968–
2003

1970 – – 18 1970–
2006

Uganda No 1 238 123 22 82 64 – – 2 8 14 5
Year 1968 1960–

1983 
1959–
2004

1959–
2002

1955–1983 1961–
1972

– – 1972–
1973

1966 14 1955–
1971

Tanzania No – 57 7 – 35 – – – – – – 9
Year – 1966–

1974 
1934,
1959–
1974

– 1966–1974 – – – – – – 1966–
1974

Botswana No – – 2 – – – – – – – – –
Year – – 1960 – – – – – – –

Sudan No – – – 26 – – 2 – – – – –
Year – – – 1982–

2003
– – 1973 – – – – –

Isolation and Cryopreservation of Trypanosomes and their Vectors for Research and Development in Resource...
http://dx.doi.org/10.5772/65283

17



Species of trypanosomes: number and period of isolation
Country Isolate/

Year
Tbb Tb

subgroup
Tbr Tbg T.

congolense
T.
vivax

T.
evansi

T.
simiae

T.
theileri

T.
lewesi

UC Mixed

Mozambique No – – 2 – – – – – – – – –
Year – – 1980,

1983
– – – – – – – – –

Nigeria No – – – – – 4 – – – – – –
Year – – – – – 1970–

1973
– – – – – –

Zambia No – – – – 2 – – – – – – –
Year – – – – 1981 – – – – – – –

NDA No 2 21 8 – 17 5 1 – – – 3 2
Year 1961 – – – 1962–1985 1961 – – – – – 2

Total 104 510 416 48 243 240 92 3 2 8 35 45

Adapted from Murilla et al. [1].

Tbb, Trypanosoma bruceibrucei; Tbr, Trypanosoma bruceirhodesiense; Tbg, Trypanosoma bruceigambiense; UN, unclassified; NDA,
no data available.

Table 2. Primary trypanosome isolates collected from various countries and stored at the Kenya Trypanosomiasis
Research Institute Cryo‐bank

Tbb Tb subgroup Tbr T. congolense T. vivax T. evansi T. theileri T. simiae T. lewesi UC Mixed Total
Cattle 85 247 0 119 137 0 2 0 10 21 621
Goat 0 6 0 6 6 0 0 0 0 0 1 19
Sheep 1 8 1 24 3 0 0 0 0 0 7 44
Pig 1 5 0 0 0 0 0 0 0 0 0 6
Camel 0 3 0 1 2 92 0 0 0 0 0 98
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Rat 0 0 0 0 0 0 0 0 8 0 0 8
HNI 1 7 4 2 2 0 0 0 0 2 0 18
Total 93 323 8 166 150 92 2 0 8 19 36 897

Adapted from Murilla et al. [1].

Table 3. Animal hosts from which various trypanosomes were isolated and stored at Kenya Trypanosomiasis Research
Institute Cryo‐bank

8. Issuance of stabilates

Trypanosomes are stored and maintained permanently in liquid nitrogen for use by scientists
in the following areas:

1. The pathogenicity/virulence studies

2. Molecular characterization
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3. Drug sensitivity studies

4. Tsetse fly transmission/vector competence studies, etc.

5. Genetic and genomic studies

6. Research and development of new diagnostic tests, drugs, and vaccines

Stabilates are issued to National and International Research Organizations and Institutions of
higher learning following the laid down institutional guidelines. The following documents are
necessary for issue of materials to be effected:

Issuance of trypanosome stabilates

Procedure

1. Research permit from National Council for Science, Technology and Innovation (NACOSTI, Kenya)

2. Stabilate requisition form plus a permit from Director of Veterinary Services (DVS) for stabilates to
be used in other National and International institutions

3. Materials transfer agreement duly signed

4. Stabilate requisition form with relevant approvals for stabilates to be used only within the institute.

It is important that the receiving scientist be committed to avail the scientific information
resulting from the use of these stabilates. This is necessary for updating the trypanosome bank
database and for future reference.

9. Terminologies commonly associated with cryopreservation (from:
Trypanosomiasis a veterinary perspective Lorne E. Stephen pages 440–441)

Terminologies commonly used with cryopreservation technique

1. Trypanosome species

Assemblages of organisms that can be distinguished from other species by one or more stable
discontinuous morphological characters, e.g., T. congolense, T. vivax, T. brucei are different species.

2. Trypanosome subspecies

Assemblages of organisms within a species that cannot be separated from each other by morpho‐
logical characters but only by other stable characters, e.g., T. b. rhodesiense, T. b. gambiense are
subspecies of T. brucei.
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3. Clone

This is a population that has been developed from a single trypanosome.

4. Line

A laboratory derivative of a stock maintained in different physical conditions, e.g., a species of T.
congolense maintained in mice only is a line of that nature, while when maintained in cattle only is
another line of that nature, etc.

5. Population

The group of trypanosomes present at a given time in a given host or it may consist of a mixture of
several species and subspecies.

6. Primary isolate

This is a stabilate made from a naturally infected host or viable organisms present in a culture or
experimental animals following the introduction of the sample from a naturally infected host.

7. Sample

That part of trypanosome population collected on a unique occasion.

8. Stabilate

A cryopreserved sample of viable trypanosomes.

9. Stock

A population derived by serial passage in vivo or in vitro from a primary isolate.

10. Metacyclics

These are the mammalian infective forms of trypanosomes injected by the tsetse fly. Metacyclic forms
are found at the end of transmission cycle.

11. Procyclics

These are the midgut forms of trypanosomes which are found in cultures.

10. Conclusion

Communicable and noncommunicable diseases, including the neglected tropical diseases,
cause chronic life‐long disability, hinder economic development, and impair childhood
development in resource poor settings in Africa where the diseases are endemic [27, 28].
Control of these diseases could be an efficient way to fight poverty since some of these diseases
can be managed very cost‐effectively using evidence‐based control strategies [26, 29, 30]. HAT
is classified as one of the most neglected tropical diseases that exclusively affects poor
communities in low‐ and middle‐income countries (LMIC), except those areas where tourists
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have been reported to have contracted the disease on tour of the affected areas. Because NTDs
affect mostly the socially vulnerable populations, there are several ethical implications to
consider when planning collection and use of these materials. Detection and treatment of these
diseases poses many challenges since most of them present similar clinical symptoms con‐
comitant with variation in response in the affected individual to treatment, and lack of accurate
diagnostic tests. Medical research to improve health care faces a major problem in the relatively
limited availability of adequately annotated and collected bio‐specimens, primarily due to
absence of bio‐banking facilities and associated infrastructure to interrogate the specimen to
tease out relevant information. This limitation has adversely impacted the pace of scientific
advances and successful exploitation of bio‐specimens. Established functional bio‐banks
would surmount this limitation by providing framework for transfer of bio‐specimens (tissues,
blood, and body fluids) and related health data for research. The KETRI Cryo‐bank holds
significant quantities of samples dating from 1930s to date, which include blood, serum, CSF,
tissues, semen from trypanotolerant animals, and both parasite and vector DNA collections.
This is in addition to the pan African trypanosome isolates of specific biomedical interest (e.g.,
drug resistance and virulence) from human and nonhuman primates, and livestock. There is
therefore great need to collect and store biological materials for research in order to monitor
our ecosystems including new and emerging diseases, generate evidence to inform policy, and
in the development of mitigation strategies. In the area of human and veterinary medicine,
these new and reemerging diseases and conditions have complicated the search for new
remedies for their management in the absence of well collected and cryopreserved biological
specimens.

10.1. The challenges

The countries that are heavy burdened by disease also experience high levels of poverty. This
situation is compounded by new and reemerging diseases and conditions. Climate change has
not only resulted in loss of biodiversity but enabled vectors to infest new areas and change
transmission dynamics. Some parasites have changed host seeking behavior with time,
becoming either more virulent or chronic in nature. Development of drug resistance and
appearance of virulent phenotypes is of great public health concern. Whereas the need exists
to collect and preserve these materials for R&D in order to find solutions to these challenges,
the cost of sample collection from the field is prohibitive. Sites are usually remote with
unpassable roads especially in rainy season when disease transmission is high. Once the
materials have been collected and transported to the laboratory, there are high costs related to
processing, cryopreservation, and maintenance of the cryo‐bank. These are not the usual areas
for investment by our governments due to different priorities. There are also challenges related
to communities from which samples are collected, they are usually not involved in the plans
to collect the materials thereby excluding them in finding solutions to their problems.

10.2. The opportunities

The above challenges have created great opportunities for collection and storage of parasites
and their vectors for use in the development of vaccines, diagnostic tests, and new medicines
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applying recent technological advances. In the recent past, improvements have been made on
the conventional nitrogen freezers through development and adoption of validated methods
including a wide range of stem cells. Many cryopreservation protocols exist for freezing and
storing various biological materials. These need to be reviewed and tailored toward delivering
quality biological materials to our research institutions and products to our clinics. Modalities
for sharing of materials by different institutions need to be developed and made operational
in order not to disadvantage communities from which the materials are collected and the
institutions that have collected, preserved, and maintained these materials in resource‐
constrained settings. The contractual arrangements surrounding areas of the material transfer
agreements should be carefully negotiated. National and international institutions (local and
foreign), should invest in adequate bio‐specimen management, legal and administrative skills,
just as they do for developing scientific skills to facilitate sharing of samples and information
associated with the bio‐specimens.

10.3. Lessons learnt: how to establish and sustain cryobank in a resource‐constrained setting

Collection and cryopreservation of biological materials is critical to research and development
but expensive to collect, process, store, and maintain. Institutional top management leadership
supported by the existing national, regional and international guidelines, rules and regulations
are necessary in providing policy direction and resources [31]. In Kenya, tsetse flies, vectors of
human and animal trypanosomiasis, infest mainly conservation areas and wildlife are carriers
of pathogens, hence there is a need to work closely with the Kenya Wildlife Service. Through
effective collaborations and multidisciplinary approach, it is possible to leverage on all
activities undertaken by collaborating institutions to make collections. From the resource‐
constrained perspective, one does not need state‐of‐the‐art bio‐repository to initiate collec‐
tions. Strategic leadership is the key in spearheading:

1. the development of the appropriate institutional policies

1. to define roles and responsibilities for collaborative arrangements among institutions,
strictly observing existing rules and regulations

2. to ensure that communities from which the materials are collected are not taken
advantage of

3. to facilitate the establishment of relevant multidisciplinary teams that cut across
several sectors, e.g., human health, livestock, and wildlife

4. to ensure proper collection, storage, and maintenance of the materials according to
the legal mandates of participating institutions

5. to ensure equity in sharing of the resources,

2. capacity assessment and development to include human, infrastructure, and financial
across the sectors, and

3. training of field teams in best practices regarding sample collection and processing at field
level [32–34].
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Effective coordination of field teams is critical as many of the areas from where the collec‐
tions are made are remote with no electricity. Due to the rough terrain and impassable
roads, especially during the wet season and when the disease transmission is high, a lot of
liquid nitrogen may be lost. In view of this, it is important to ensure adequate liquid nitro‐
gen is available to last the period of the field trip. This is critical and assures viability of the
parasites from the remote field sites to the laboratories for preparation and permanent stor‐
age.

In conclusion, it is possible for institutions to collect, process, store, and maintain biological
resources according to their legal mandates in resource‐constrained settings. This is only
possible through strategic leadership that recognizes the importance of these biological
materials to the respective countries and communities from which they are collected. And for
organizations requesting for these materials to recognize the efforts and cost of the collection,
storage, and maintenance and follow the national and internationally recognized guidelines,
rules and regulations regarding the sharing of the same.
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Abstract

Tracheal replacement remains an important unmet need for patients with extensive
lesions. Tracheal allografts treated by cryopreservation and lyophilization have been used
as experimental methods for replacing long segments of the trachea. We compare the
effect  of  lyophilization  and  cryopreservation  on  the  canine  tracheal  cartilage  by
microscopic evaluation of necrotic cell death. Canine tracheal segments were rinsed and
randomly divided into a control group (G1) and two biopreservation groups: lyophili‐
zation (G2) [−70–55°C/10 mmBar] and cryopreservation (G3) [RPMI‐1640 + 10%DMSO +
 10%SBF, −70°C/−196°C]. After tracheal segments were rehydrated (G2) or thawed (G3),
the central ring was obtained from each tracheal segment and processed for histological
evaluation with hematoxylin and eosin and for caspase‐3 expression by immunohisto‐
chemistry. Compared with the control group, chondrocytes without apparent abnor‐
malities, nucleus with karyorrhexis, and caspase‐3 expression decreased significantly
with the effect of lyophilization and cryopreservation (p < 0.001, ANOVA + Tukey, chi‐
square, Kruskal‐Wallis), while a significant decrease in pyknotic nuclei was observed only
with the effect of the lyophilization as well as an increase in the nucleus with karyolysis
and empty lacunae (p < 0.001, ANOVA + Tukey). The mean percentages of normal
chondrocytes and empty lacunae were significantly affected by lyophilization compared
with cryopreservation (p < 0.01, ANOVA + Tukey). Our results strongly suggest that
lyophilization has a deleterious impact on the tracheal cartilage.
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1. Introduction

End‐to‐end anastomosis after an extensive tracheal resection is  the method of choice for
tracheal pathologies such as benign stenosis secondary to post‐intubation injury, trauma,
congenital, iatrogenic, or neoplasm causes. It is successfully performed in defects affecting up
to 50% of the trachea in adults and 33% in infants. More extensive lesions are not amenable to
conventional  surgical  intervention.  Tracheal  reconstruction  after  extensive  resection  is
unresolved and remains one of the most important challenges in tracheal surgery [1]. In the
search  for  alternative  methods  of  replacing  long  tracheal  segments,  segmental  trachea
substitution using tracheal segments biopreserved by cryopreservation and lyophilization has
been attempted; however, the clinical application of the procedure has been limited due to the
fact that contradictory results have been reported [1–3]. A series of interconnected cartilage
rings maintain the tubular shape of the trachea, allowing the passage of air. Chondrocytes are
the resident cells of the tracheal cartilage. They reside in cavities in the matrix called cartilage
lacunae. Chondrocyte connections to each other are crucial for adequate matrix balance and
function, determining the tracheal cartilage stiffness of the biopreserved tracheal allograft. The
biopreservation of the cartilage must therefore be investigated in basic research models of
chondrocyte injuries. Necrosis, or irreversible cell death, is characterized by nuclear swelling,
pyknosis,  karyorrhexis,  karyolysis,  and  cytoplasmic  eosinophilic  staining.  Dehydration,
rehydration,  freezing,  and  thawing  result  in  increased  cell  death  by  both  necrosis  and
apoptosis.

Caspase‐3 is the primary inducer of cell death by apoptosis. It is implicated in tissue damage
due to mechanical ventilation [4], ischemia‐reperfusion [5, 6], orotracheal cannulation due to
the tidal volume effect [7], and freezing and thawing processes inherent in the cryopreservation
of different tissues and cells [1].

The aim of this study was to compare the effect of two preservation methods (lyophilization
and cryopreservation) on the canine tracheal cartilage by microscopic evaluation of necrotic
cell death.

2. Experimental design

2.1. Material and methods

The protocol was reviewed and approved by the ethics committee of the Instituto Nacional de
Enfermedades Respiratorias (INER) (“Ismael Cosio Villegas”) and carried out under the
Technical Specification for the Care and Use of Laboratory Animals of the Mexican Official
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Norm [8] and the Guide for the Care and Use of Laboratory Animals prepared by the US
National Institutes of Health [9].

We harvested nine tracheas from dogs weighing 15–30 kg, regardless of sex and age, which
were at the end of non‐related tracheal research studies. Initial anesthesia was induced by
intravenous administration of 0.1 mg/kg xylazine hydrochloride (Bayer, Leverkusen, Germa‐
ny) and 6 mg/kg propofol (Pisa, Jalisco, Mexico). Anesthetized animals were placed in the
supine position, intubated with an endotracheal tube, and placed on mechanical ventilation
(Harvard Apparatus and a Vaporizer Isotec 3 Ohmeda). Anesthesia was maintained with 2%
isoflurane, FiO2 100%, tidal volume 15 ml/kg, and respiratory rate 20/min. The neck and the
thorax of each animal were shaved and prepared with povidone‐iodine solution (EQM,
Mexico, DF). A midline cervical to thoracic incision was made. After separating the strap
muscles, the trachea was exposed from the cricoid cartilage to the carina and thoroughly
dissected. Before harvesting the entire trachea, euthanasia was carried out using an intrave‐
nous administration of pentobarbital overdose and 1 mg KCl (Pisa, Jalisco, Mexico). The
surrounding tissue was dissected on a cold Mayo table. The trachea was trimmed into seven
ring segments and rinsed with a 50% glucose solution (Pisa, Jalisco, Mexico) with 5000 IU
heparin/L (Pisa, Jalisco, Mexico) and 0.1 ml/L of antibiotic‐antimycotic solution (Sigma, St.
Louis, MO, USA). Immediately after washing in glucose solution, the tracheal segments were
randomly divided into a control group without preservation (Group 1: nonpreservation
tracheal segments) and two biopreservation groups (lyophilization and cryopreservation).

2.2. Lyophilization

Each tracheal segment was mounted on a 13 × 100 mm polypropylene tube (Datalab, Barcelona,
Spain), transferred into a Kitasato flask (Pyrex, Corning, USA), and sealed with a polypropy‐
lene plug and parafilm (Bemis, Wisconsin, USA). The glass container was placed inside a
polystyrene foam box and stored for 24 h at −70°C using a Revco freezer (Thermo Fisher
Scientific, Georgia, USA). The Kitasato flask was then introduced into the lyophilizing device
(Labconco, Kansas City, MO, USA) at −55°C and 10 mmBar vacuum pressure for 24 h. The
tracheal segment was then sealed in airtight double‐layered polyethylene bags, sterilized with
ethylene oxide (Steri‐Vac, Sterilizer/Aerator 5XL, 3 M, USA) at 736 mg ethylene oxide/L air,
and stored at room temperature for 30 days. For rehydration, the lyophilized tracheal segment
was placed inside a cold glass beaker with saline solution at 4°C for 30 min (Pisa, Jalisco,
Mexico). After rehydration, it was removed from the polypropylene tube which was used as
a support.

2.3. Cryopreservation

The solutions used for cryopreservation of the tracheal segments were RPMI‐1640 media
(R8758, Sigma, USA) with 10% dimethyl sulfoxide (D2650, Sigma, USA), 20% fetal bovine
serum (16000‐044, Gibco, USA), and 0.1 ml antibiotic‐antimycotic solution (A5955, Sigma,
USA) added per liter of solution. Each tracheal segment was transferred into a cryogenic vial
(Nalgene, New York, USA), and the cryopreservation solution was added. Cryogenic vials
were placed in a high‐density polyethylene vial holder (Thermo Fisher Scientific, Nalgene 5200
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Cryo −1°C/min Mr. Frosty Freezing Container, New York, USA) and stored for 24 h at −70°C
in a Revco freezer (Thermo Fisher Scientific, Georgia, USA). The cryogenic vials were then
stored in liquid nitrogen (–196°C) for 60 days. At the end of cryopreservation, the cryogenic
vials were placed in a double boiler at 37°C for 30 min and immediately rinsed for 3 min in
saline solution maintained at 4°C (Pisa, Jalisco, Mexico) with three changes of solution.

2.4. Histological and caspase-3 evaluations

Control group (G1): After harvesting, the tracheal segments were rinsed with a 50% glucose
solution (Pisa, Jalisco, Mexico) and fixed with 10% buffered formalin for 24 h. Biopreserved
groups (G2 and G3): After lyophilization and cryopreservation, tracheal segments were
rehydrated (G2) or thawed (G3) and fixed with 10% buffered formalin for 24 h. After tracheal
segments were fixed, the central ring was obtained from each tracheal segment, embedded
and blocked in paraffin wax (McCormick Scientific, St. Louis, MO, USA), cut into 2 μm and
4 μm thick sections, and mounted on glass slides (Kling‐On HIER Slides, Biocare Medical,
USA) with a rotary microtome (Reichert, New York, USA). The rings were then processed for
histological evaluation with hematoxylin and eosin (Merck, Darmstadt, Germany) and for
caspase‐3 expression. Histological assessment included the measurement of the percentage
(average of four counts) of nucleated chondrocytes, empty lacunae, and cells with pyknosis,
karyorrhexis, and karyolysis along the entire tracheal ring (Figure 1).

Figure 1. Histological assessment included the measurement of the percentage of nucleated chondrocytes (A), cells
with pyknosis (B), karyorrhexis (C), karyolysis (D), and empty lacunae (E) along the entire tracheal ring. Hematoxylin
and eosin (40×).

Caspase‐3 expression in the cartilage was determined by immunohistochemistry using a
polyclonal antibody [Caspase 3 (CPP32) Ab‐4, rabbit polyclonal antibody, NeoMarkers, Lab
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Vision, RB‐1197‐P, USA], biotin‐avidin‐peroxidase system (Vector, California, USA), staining
with aminoethylcarbazole (BioGenex, California, USA), and double staining with hematoxylin
(Vector, California, USA). Negative and positive controls for caspase‐3 expression were
counted using an optical microscope (Carl Zeiss, Jena, Germany) and a manual counter
(Thermo Fisher Scientific, Waltham, MA, USA). Caspase‐3 assessment included measurement
of the percentage (average of three counts) of chondrocytes positive for caspase‐3 immunor‐
eactivity along the tracheal ring.

Statistical analysis was performed using SPSS 6.1 (Statistical Product and Service Solutions
Inc., Chicago, IL, USA). The ANOVA + Tukey test was used to compare. The mean percentages
of unaltered chondrocytes, degenerated cells (pyknosis, karyorrhexis, karyolysis), and empty
lacunae chi‐square and Kruskal‐Wallis tests were used to compare caspase‐3 expression in the
cartilage. A value of p < 0.05 was considered statistically significant.

2.5. Results

The mean percentages of unaltered chondrocytes, degenerated cells (pyknosis, karyorrhexis,
karyolysis), and empty lacunae obtained over the entire cartilage tracheal ring in all study
groups are reported in Table 1 and illustrated in Figure 2.

Nuclei Normal Pyknosis Karyorrhexis Karyolysis Empty lacunae

Control 14.73 ± 0.69 26.36 ± 0.88 0.94 ± 0.16 24.02 ± 1.47 33.92 ± 1.34

Post‐lyophilization 4.73 ± 0.49 15.78 ± 0.75 0.17 ± 0.05 35.45 ± 2.11 43.86 ± 1.41

Post‐cryopreservation 9.15 ± 0.77 24.96 ± 1.41 0.25 ± 0.06 31.29 ± 2.57 34.26 ± 1.70

Table 1. Mean percentage ± standard error of chondrocytes without apparent alterations and degenerated cells.

The lyophilized tracheal segments showed a decreased percentage of unaltered chondrocytes
[14.73–4.73 (67.89%)], nuclei with pyknosis [26.36–15.78 (40.14%)], and chondrocytes with
karyorrhexis [0.94–0.17 (81.92%)] compared to tracheal segments without lyophilization. The
percentage of chondrocytes with karyolysis [24.02–35.45 (47.58%)] and empty lacunae [33.92–
43.86 (33.23%)] increased after lyophilization. All changes were statistically significant (control
vs post‐lyophilization: p < 0.001, ANOVA + Tukey).

Cryopreserved tracheal segments showed a decreased percentage of chondrocytes without
apparent abnormalities [14.73–9.15 (35.01%)], nuclei with pyknosis [26.36–24.96 (5.32%)], and
karyorrhexis [0.94–0.25 (73.41%)], as well as an increase in the percentage of cells with
karyolysis [24.02–31.29 (30.26%)] and empty lacunae [33.92–34.26 (1.0%)]. The changes in the
percentages of normal chondrocytes and cells with karyorrhexis were significantly different
from the control group [control vs post‐cryopreservation: chondrocytes unaltered and
karyorrhexis (p < 0.001), ANOVA + Tukey]. Percentages of nuclei with pyknosis, karyolysis,
and empty lacunae were not significantly different when compared to the control group
[control vs post‐cryopreservation: pyknosis (p = 0.798), karyolysis (p = 0.060), and empty
lacunae (p = 0.998, ANOVA + Tukey).
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Figure 2. Percentage of chondrocytes without apparent alterations (A), nuclei with pyknosis (B), karyorrhexis (C), and
karyolysis (D) before and after biopreservation of the tracheal segments.

The mean percentages of normal chondrocytes, pyknotic nuclei, and empty lacunae were
significantly affected by lyophilization compared with cryopreservation [normal chondro‐
cytes, pyknotic cells, and empty lacunae (p < 0.01), ANOVA + Tukey].
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Only four tracheal segments from the control group were positive for caspase‐3 expression in
the chondrocytes. This expression was significantly diminished after biopreservation of
tracheal segments [control vs post‐lyophilization and control vs post‐cryopreservation:
(p < 0.01), chi‐square, Kruskal‐Wallis] (Figure 3).

Figure 3. Caspase‐3 immunoreactivity (chondrocytes with brown coloration) in one tracheal segment from the control
group. Aminoethylcarbazole‐hematoxylin staining under ×25 magnification.

3. Discussion

Despite numerous attempts made with synthetic prostheses and tracheal transplants of
autologous tissues, none of these alternatives has permitted functional reconstruction due to
complications such as devascularization, stenosis, necrosis, dehiscence, infection, immune
reactions, and formation of granulation tissue. Reconstruction of long‐segment tracheal defects
is an important, unresolved clinical problem. Several attempts at replacing the trachea have
been made using lyophilized and cryopreserved tracheal segments. We compared the effect of
two preservation methods (lyophilization and cryopreservation) on the canine tracheal
cartilage by microscopic evaluation of necrotic cell death.

Cell death by means of histological changes and expression of caspase‐3 in lyophilized and
cryopreserved tracheal cartilage was evaluated. Histology was evaluated by light microscopy.
Our results showed that the tracheal cartilage treated with lyophilization or cryopreservation
induced significant changes in the chondrocyte integrity. These changes were more severe with
lyophilization.

The nucleated chondrocytes decreased significantly with preservation (lyophilization or
cryopreservation) compared to the tracheal segments from the control group. However,
unaltered chondrocytes were significantly affected by lyophilization compared with cryopre‐
servation. Major cell death could lead to a failure in cartilage matrix turnover because chon‐
drocytes are the only source of matrix component synthesis in the cartilage. If chondrocytes
are crucial for adequate matrix balance and function, chondrocyte death could be related to
tracheal death.
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Chondrocytes reside in cavities in the matrix called cartilage lacunae. In the bone, the standard
technique for determining osteonecrosis in clinical pathology remains the identification of
empty lacunae [10, 11]. Most osteocyte number studies used the number of lacunae as a
reference [11]. Empty osteocyte lacunae rarely occur within the first seven days of bone death,
and it may take over 16 weeks for a complete loss of osteocytes from the lacunae [10].

We found that the percentage of empty lacunae increased significantly with lyophilization.
This increase was 33% higher than in cryopreserved tracheal segments. This increased
percentage of empty lacunae might indicate that lyophilized chondrocytes are prone to die
sooner than cryopreserved chondrocytes.

A series of characteristic morphological changes occurs when chondrocytes lose their viability.
Necrosis, or irreversible cell death, is characterized by nuclear swelling, pyknosis, karyor‐
rhexis, karyolysis, and cytoplasmic eosinophilic staining [10]. Several studies over the past
decade have shown convincing evidence that osteocytes die by apoptosis. During the last
stages of programmed cell death, osteocytes break up into apoptotic bodies that may be less
than 2–3 μm in diameter. Such bodies are likely to remain undetectable to light microscopy
and may well be interpreted as empty lacunae [12]. On the other hand, apoptotic bodies are
phagocytosed by neighboring cells or macrophages, thereby preventing the retention of
cellular debris in the extracellular space. In the bone, some osteocytes die in situ by apoptosis.
This process is brief, and the remnants of apoptotic death are recognizable by conventional
light microscopy. Apoptotic bodies can remain as pyknotic nuclei for many months. Eventu‐
ally, the products of cell death are removed and become undetectable, leaving apparently
empty lacunae. Much later, the empty lacunae become filled with mineralized debris and may
no longer be visible by light microscopy [13]. Our results indicate that the percentage of
chondrocytes with nuclear pyknosis decreased after both lyophilization and cryopreservation.
This decrease was statistically significant only in the lyophilized group of tracheal segments,
and pyknosis does not necessarily mean necrosis. Coupled with the decrease in the percentage
of pyknotic nuclei after preservation, we also found that caspase‐3 expression was significantly
diminished due to lyophilization or cryopreservation of the tracheal segments. If caspase‐3
expression is implicated in tissue damage due to ischemia [5, 6], orotracheal cannulation due
to the tidal volume effect [7], and the freezing process inherent in the preservation, it is possible
that in lyophilized or cryopreserved tracheal segments, cell death by apoptosis or expression
of caspase‐3 occurs before biopreservation. The main cell death pathway after rehydrating or
thawing tracheal segments would then be necrosis. According to Hedgecock [12], if large
numbers of osteocytes undergo apoptosis at the time of tissue harvest, many other osteocytes
likely underwent apoptosis previously, becoming shrunken and fragmented and disappearing
from their lacunae. Empty lacunae may represent osteocytes that previously died by apoptosis.
We also found that lyophilized or cryopreserved tracheal segments showed a significantly
decreased percentage of nuclei with karyorrhexis and an increased percentage of nuclei with
karyolysis. However, this increase was significant only after lyophilization. Karyolysis is
usually preceded by karyorrhexis and occurs primarily as a result of necrosis. In apoptosis,
karyorrhexis usually follows after the core is dissolved in apoptotic bodies. The mean per‐
centage of normal or unaltered chondrocytes, pyknotic nuclei, and empty lacunae was
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significantly affected by lyophilization compared with cryopreservation. Our results therefore
strongly suggest that lyophilization has a deleterious impact on the tracheal cartilage and
corroborate the findings reported by Lenot et al. [2] and Villalba‐Caloca [14].

4. Conclusions

By microscopic evaluation of necrotic cell death, lyophilization has a deleterious impact on the
tracheal cartilage.
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Abstract

Scientific progress in cellular and molecular biotechnology has led to the development
of advanced therapies, such as gene therapy, cell therapy, and tissue engineering. The
application of stem cells as therapeutic agents has been investigated for several years in
human medicine and, more recently, the same approach has been considered in the
veterinary field as a novel opportunity for the treatment of animal diseases. Mesenchy‐
mal stem cell (MSC)‐based therapies seem to contribute to the healing process by several
mechanisms due to their peculiar biological features. It has been shown that MSCs could
effectively  differentiate  into  the  required  cell  type  to  replace  the  damaged tissue.
Furthermore, due to their autocrine and paracrine secretory activities, these cells are a
powerful  source  of  trophic  mediators,  growth factors,  cytokines,  and extracellular
matrix components.  The clinical  application of MSCs needs great amounts of cells
designed for in vivo implantation that can be obtained following their in vitro isolation,
serial  subcultivations,  cryopreservation,  and  thawing.  These  procedures  could
determine their feature changes which could interfere with the therapeutic outcome.
For these reasons, to preserve MSCs after in vitro manipulation for future applications,
standardized quality controls and a reliable long‐term cryopreservation method are
required.

Keywords: mesenchymal stromal cells, cryopreservation, cryoprotectant, regenerative
medicine
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1. Introduction

The aims of regenerative medicine are to renew cells, regenerate fully functional tissues, and
organs or structures that are lost or damaged after disease, injury, or aging [1]. In recent years,
the mesenchymal stem cells or multipotent mesenchymal stromal cells (MSCs) have attracted
much attention due to their potential use in regenerative medicine and tissue engineering as
shown by the main applications described in the literature and the noteworthy progress that
has been made toward their better understanding and characterization [2]. Those cells display
a  significant  therapeutic  plasticity  as  reflected by their  advantageous  characteristics:  the
ability to enhance tissue renovation, the immunomodulatory, and anti-inflammatory effects
[3, 4] and the possibility to be used for both autologous and allogeneic therapies [5]. For these
reasons,  MSC-based  cell  therapies  have  been  investigated  for  several  years  in  human
medicine and, more recently, the same approach has been considered in veterinary medicine
as a novel  potential  therapy for animal diseases [6–9].  While most  studies using animal
models and even small clinical trials have utilized fresh MSC cultured on-site, cryopreserva-
tion of MSC is essential to the widespread application of MSC-based therapies. Cryopreser-
vation allows for MSC to be prepared by specialized facilities, in large batches under the
application of  accepted quality  control  measures  to  ensure their  safety.  Currently,  much
information  concerning  the  effects  of  cryopreservation  on  MSCs  is  difficult  to  interpret
because MSCs are frequently isolated from different tissue sources and stored for variable
periods of time. The capability of MSCs to survive to storage, maintain their phenotype, and
differentiate along multiple lineage pathways upon thawing is of paramount importance if
they are banked for future therapeutic purposes.

2. Mesenchymal stem cells

MSCs were first described as a specific cell population by Friedenstein’s research group in the
late 1960s [10]. Previously, stem cell populations were supposed to reside solely in adult tissues
with a high turnover rate, such as blood, skin, hair, gastrointestinal epithelium, and bone.
Indeed, these cells are present in variable amounts in specific stem cell “niches” (organs), in
almost all the body tissues and even if the exact locations of these niches are poorly understood,
there is growing evidence suggesting a close relationship with pericytes [11]. Generally, these
cells remain in a quiescent state until activated by significant events, such as during tissue
repair after injury or following transplantation, to regain tissues’ homeostasis [12, 13]. MSCs
are undifferentiated, self-renewable, multipotent adult stem cells originated from the meso-
derm germ layer during the embryonic development, characterized by the ability to evolve
both in vitro and in vivo along multiple lineage pathways [14]. Furthermore, MSCs have shown
evidence of plasticity by trans-differentiating into a broad range of cell types of mesodermal
origin (osteocytes, chondrocytes, adipocytes, and myocytes) [15, 16], but also deriving from
other germ layers including ectodermal neurons [17] endodermal hepatocytes [18], endothelial
cells [11], and cardiomyocytes [19].
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3. Properties of MSCs for cellular therapy

Although MSCs first attracted attention due to their ability to differentiate into various cell types,
current data suggest that MSCs, as a result of their peculiar biological features, may not only
replace damaged tissues, but may be also capable of secreting several bioactive molecules with
paracrine and autocrine properties. Such functional secretions of factors are responsible for
trophic [20], antiapoptotic, angiogenic, and antiscar effects [21, 22]. MSCs have a further
interesting characteristic, related to the capacity to exert immunoregulatory effects on cells of
adaptive and innate immunity, such as T and B lymphocytes, dendritic cells, natural killer cells,
and monocytes [23]. These immunomodulatory properties that have been extensively demon‐
strated by several in vitro and in vivo studies, seem to permit MSC‐allogenic transplantation.

4. Sources of MSCs

In veterinary medicine, the first source reported to contain MSCs was the bone marrow (BM)
that in the past was also the most widely used [15]. Nevertheless, more recent studies have
identified MSCs with similar properties in almost all mammalian tissues such as skeletal
muscle [24, 25], tendon [26], skin [27, 28], adipose tissue [29], periosteum [30], synovial
membrane [31], dental pulp [32], peripheral blood [33], umbilical cord blood [34], amniotic
fluids [35], and cornea [36].

5. Isolation of MSCs from bone marrow

The postnatal bone marrow (BM) has been the most studied tissue as a source of progenitor
cells. It contains at least two cell populations: the hematopoietic stem cells (HSCs), located in
proximity to the endosteum, and MSCs that surround the trabeculae and blood vessels [37].
HSCs are capable of regenerating the peripheral blood cell lines and the immune system, and
the MSCs [38] are capable of giving rise to tissues of each of the three germ layers. Although
MSCs derived from BM are easily separated from the nonadherent hematopoietic fraction of
cells by culture and adherence to plastic dishes, BM harvest is an invasive and painful surgical
procedure that requires the anesthesia and it could be associated with the risk of complications
such as hemorrhage, infection, pneumothorax, or pneumopericardium in horses [39, 40].
Moreover, there is only a very low frequency (0.001–0.01%) of MSCs in bone marrow and these
numbers decline with the age of the individual.

6. Isolation of MSCs from adipose tissue

The isolation of rat mature adipocytes and adipose tissue progenitor cells was described in
literature for the first time by Rodbell [41]. The protocol was based on the fragmentation of
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adipose tissue into small portions, followed by enzymatic digestion with collagenase type I at
37°C and the subsequent centrifugation to separate the different cell fractions. The obtained
supernatant was composed of mature adipocytes and the pellet fraction consisted of the
stromal vascular fraction (SVF) components, which comprise a heterogeneous cell population,
including circulating blood cells, fibroblasts, pericytes, and endothelial cells, as well as “pre‐
adipocytes” or adipocyte progenitors. Stem cells and progenitor cells represent about the 3%
of all cell populations [42]. Stem cells derived from the adipose tissue (ASCs) represent a
purified population of the adherent stem cells present in the adipose tissue, since all other cell
types are removed or die with time. Currently, ASC recovery is quick and easy to perform from
the subcutaneous adipose tissue, as it could be successfully collected via lipectomy or from
the tail base in horses and from the inguinal region [43] or during ovariohisterectomies in dogs
and cats. Stem cells derived from the adipose tissue have been increasingly used for cell therapy
both in humans and animals [44], either as freshly isolated, SVF cells, or as cultivated ASCs
[43]. ASCs proliferate rapidly with a high cellular activity, making them an ideal source to
obtain MSCs [45]. The most important advantage of adipose‐derived stem cells is their
abundance: from 1 g of adipose tissue an average of 0.5–2.0 × 106 SVF cells can be isolated,
which gives 1–10% of stem cell yield [46]; in comparison, MSCs constitute only 0.001–0.01% of
BM [15]. When autologous ASCs are used, the adipose tissue is collected 2 or 3 weeks before
the treatment and the animal receives the cultivated cells, but long‐term cultivation of ASCs
before therapeutic use is not recommended, since the cells may lose their progenitor charac‐
teristics [47]. The use of allogeneic ASCs has been also performed; since these cells have
immunoregulatory properties [48], this approach would allow the use of species‐specific
allogeneic cryopreserved cells, avoiding the need for collection of tissue from the patient [49].

7. Cryopreservation

Biopreservation has been characterized by a recent rapid growth since advances in cell therapy,
stem‐cell research, personalized medicine, cell banking, etc. drive the need for optimized storage
protocols. Nevertheless, this field still experiences significant issues with the current techniques
including suboptimal survival, loss of poststorage cell function, addition of animal components
in storage solutions, and activation of cellular stress pathways which can lead to changes in gene
expression and protein denaturation [50]. The clinical application of autologous or allogeneic
MSCs requires on demand access to a ready off‐the‐shelf amount of viable therapeutic doses of
MSC and therefore necessitates fast availability to cryopreserved MSC stocks. The aim of
cryopreservation is to preserve the therapeutic properties of those cells that maintain unaltered
the characteristics of the freshly isolated samples, but the freezing and thawing procedures
could determine an alteration of the cellular osmosis which can cause cell injury.

7.1. Freezing

The freezing rate is a fundamental factor for all biological systems in the determination of
viability following cryopreserved storage. Several studies have shown that successful cryo‐
preservation of cells in suspension needs sufficiently high cooling rates to reach quickly low
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temperatures and avoid slow‐cooling injury, but low enough cooling rates to decrease the
formation of intracellular ice and avoid rapid‐cooling injury [51]. The responses to cooling
rates are cell‐type specific, as distinct cell types have different membrane permeability
parameters. The intracellular dynamics during freezing or thawing could be influenced by
many factors which influence cell viability after both of these procedures, affecting the
therapeutic outcomes. Among these factors, the subtract desegregation stress before cryopre‐
servation of the cells attached to the plastic, the intracellular ice formation during freezing
which can compromise the integrity of the cell membranes and, after thawing, the risk of
impairing the membrane and altering other cellular functional characteristics can be listed [52].
Currently, there are two procedures to achieve the efficient cryopreservation of MSCs:
conventional slow‐freezing and vitrification (rapid cooling). Both of these methods may lead
to cell damage during loading/unloading of the cryoprotectant agents (CPAs), freezing, and
thawing steps. The slow‐freezing procedure is the most commonly used cryopreservation
technique in clinics and research laboratories today, because it allows the preparation of large
amounts of vials at one time. Cryopreservation by vitrification has shown higher cell survival
and it has been recognized as a promising strategy for long‐term cell banking. Nevertheless,
the difficulty to generate a fast enough heating rate to minimize devitrification and recrystal‐
lization‐induced intracellular ice formation during rewarming is one of the major problems to
be overcome. However, the high CPA concentration that is required to achieve vitrification
results in osmotic dehydration to cells. For these reasons, new vitrification methods have
emerged as alternative techniques, which have shown the ability to significantly reduce
cryoinjury. This approach has been improved for the cryopreservation of organized tissues
where even extracellular freezing causes several damages. In fact, in a recent study reported
by Wang et al. [53], magnetic induction heating of superparamagnetic nanoparticles was
successfully applied to enhance rewarming, with promising results of the vitrified human
umbilical cord matrix MSC survival.

7.2. Cryoprotectants

In addition to controlling the cooling rates, one of the major challenges to obtain an effective
cryopreservation method is the selection of a suitable CPA, which minimizes the damaging
effects of freezing. The most commonly employed CPA for cultured mammalian cells is
dimethyl sulfoxide (DMSO) solution, because it is cheap and it has a relatively low cell toxicity.
DMSO penetrates cell membrane, reduces intracellular ice formation, and prevents cell
damage due to dehydration caused by extracellular ice formed during freezing; on the other
hand, it can also decrease the survival rate [54, 55] or induce cell differentiation to neuronal‐
like cells when added to the cell culture medium [56]. The most common cryopreservation
medium to store several types of stem cells has become a solution of 10% (v/v) DMSO and up
to 90% (v/v) fetal bovine serum (FBS), despite showing disadvantages. To improve this
procedure, MSCs have been cryopreserved using both DMSO and FBS free systems, compris‐
ing different polymers either alone or in combination with ethylene glycol, 1,2‐propylene
glycol, trehalose, sucrose, and/or glucose. In contrast to DMSO that penetrates quickly into the
cell, the high molecular weight polymers such as polyvinylpyrrolidone, polyethylene glycol,
polyethylene oxide, or polyvinyl alcohol are nonpenetrating and seems to act extracellularly
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(at 10–40% concentrations), with the increasingly high viscosities at low temperature and
avoiding that water molecules form ice crystals [52]. In a study reported by Renzi et al. [57],
several cryopreservation solutions for MSCs isolated from equine, ovine, rodent bone marrow,
and equine adipose tissue were compared: the best results regarding cell viability were
obtained using a solution of fetal bovine serum added with 10% of DMSO. Conversely, in a
previous study, Ock and Rho [58] reported that the survival and number of colonies formed
by porcine MSCs were significantly decreased following short‐term storage (less than a month)
into liquid nitrogen (−196°C) and the amount of this decrease was inversely proportional to
the DMSO concentration. Those data strongly suggest the use of 5% DMSO instead of
conventional 10% DMSO for the cryopreservation of porcine MSCs, for minimizing the CPA
toxicity on cells. However, slow freezing with reduced concentration of CPAs has gained much
interest in order to decrease the effect of the osmotic shock and chemical toxicity. Nevertheless,
the commonly used CPAs are highly toxic at 37°C (body temperature) and could not be applied
to patients. For this reason, multistep washing is required to completely remove the highly
toxic, cell membrane‐permeable cryoprotectants from cryopreserved cells for clinical use,
though this procedure is often associated with significant loss of precious cells (~10% during
each washing step). Therefore, it is important to achieve cell cryopreservation with nontoxic
CPAs. Recently, Rao et al. [59] demonstrate that nanoparticle‐mediated delivery of trehalose
into mammalian cells has great potential for cryopreserving the human primary adipose
derived stem cells (hADSCs) and possibly other types of stem cells to facilitate their ready
availability for clinical use. In fact, successful results on cryopreservation of hADSCs using
only trehalose as cryoprotectant has been achieved with high survival and undamaged
function post cryopreservation.

7.3. Thawing and viability assessment

As well as cooling, optimizing the thawing method of frozen MSCs is also important.
Furthermore, in clinical transplantation applications the post‐thaw viability assessment has
shown to be of paramount importance. Several techniques have already been suggested for
thawing frozen sample. A procedure of thaw and wash allows to remove DMSO and cell
fragments, but may cause cell loss or cellular aggregation during centrifugation. Thaw,
dilution, and wash procedure avoids the problem due to the centrifugation, allowing an
osmolar equilibration, but the untoward effects of DMSO and cell debris infusion are not
prevented. Currently, the standard method for thaw frozen MSCs, either from slow freezing
or vitrification, is to warm them rapidly (>100°C/min) in a water bath at 37°C, until all ice
crystals disappear. This method generally results in high post‐thaw recovery of viable cells
without using high‐cost equipment, but it is safer to thaw cells using a dry warming
procedure, due to the potential microbiological contaminations of the water bath [60].
Literature suggests that rapid thawing rates (>100°C/min) that can prevent damaging ice
crystals during recrystallization are optimal choice and generally results in the best post‐
thaw recovery and viability of cells [61]. High post‐thaw viability of MSCs, comparable to
those thawed with the standard method, were obtained by Thirumala et al. [62] with a
thawing procedure in a controlled‐rate freezing/thawing chamber at 10°C/min. For
evaluating the cryopreservation outcomes in terms of post‐thaw cell quality and quantity,
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the selection of the correct viability measurement is essential. The most commonly utilized
test, owing to its easiness and quickness, is the Trypan blue dye exclusion assay; however,
this method has the disadvantage that it generally overestimates the viable population.
Several reports suggested that fluorescence dyes are more accurate and reliable indicators of
cell viability [63].

8. Microbiological controls

Biosafety assessment of cryopreserved MSCs is necessary to ensure the safe use of the cells
prior to clinical applications. Specific tests for the detection of bacteria, yeast, fungi, myco‐
plasmas, and viruses should be used as a part of routine and regular quality control screening
procedures. To detect low levels of contamination, samples from the cell cultures and their
products may be inoculated in either liquid tryptic soy broth (TSB) for the detection of aerobes,
facultative anaerobes, and fungi, fluid thioglycollate medium (FTM) for the detection of
aerobic and anaerobic bacteria, or onto solid (trypticase soy agar, blood agar, Sabouraud’s
dextrose agar, and malt extract agar) growth media. These inoculated media may be incubated
at different temperatures, reflecting conditions for pathogen culture (37°C) and environmental
organisms with lower growth temperature optimal (25°C) in microbiological culture incuba‐
tors, depending on the specific testing standards used. Mycoplasmas competes with the cells
for the nutrients in the culture medium, typical signs of contamination consist in a reduction
of the rate of cell proliferation, and changes in cellular physiology including gene expression,
metabolism, and phenotype. Among the wide variety of techniques that have been developed
to detect mycoplasma contamination of cell cultures, Uphoff and Drexler [64] recommended
the PCR analysis for the screening, as it considered the most reliable and useful detection
method. The presence of viral agents could be evaluated by a panel of tests to detect pathogens
and adventitious viruses. Usually, this panel of tests includes: electronic microscopy, reverse
transcriptase detection (as a general test for retroviruses), and other tests to find specific agents,
depending on the animal species of the sample.

9. Storage of MSCs

MSCs should be preserved without direct exposure to liquid nitrogen, to reduce the risk of
pathogenic cross‐contamination. This issue enforces the stem cells banks to store materials at
vapor phase of liquid nitrogen. However, recent evidence suggests that storage in vapor phase
above liquid nitrogen still carries the risk of cross‐contamination [65]. Potentially, infective
agents may also enter storage directly from the facility atmosphere, contaminated surfaces, or
leaking samples, and they can be accumulated in viable condition. Stem cell banks should also
maintain secure liquid nitrogen storage equipment in cryogenic tanks monitored by a specific
control and alarm system (−196°C), in order to avoid catastrophic loss of cryopreserved
samples. Furthermore, proper storage requires the use of cryovials and labeling systems that
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will withstand the intended storage conditions: labels and bar codes or other printing systems
are chosen for extended storage periods.

10. Future perspectives

MSC‐based therapy is a promising treatment in repair and regeneration of injured and
pathological tissues. Nowadays, even if this innovative therapy in veterinary medicine is still
limited, stem cell technology has attracted attention and is a quickly evolving field, among
either competitive horses or companion animals, due to the limitations of pharmacological and
other current therapeutic strategies. The clinical application of autologous or allogeneic MSCs
requires a ready off‐the‐shelf amount of viable cells that maintain unaltered the characteristics
of the freshly isolated samples. Although the long experience of cells’ processing facilities,
consensus is lacking on a universally accepted method for the effective cryopreservation
protocol of MSCs and on the maximum time of cryopreserved storage. For these reasons, even
if several successful clinical results have been reported by several groups, the methods of stem
cells administration need to be improved and the protocols standardized, before a broad
spectrum of clinical applications can be successfully achieved. Currently, the Italian Ministry
of Health funded a research project to evaluate the safety and efficacy of animal cryopreserved
MSCs for allogenic use. These cells are stored and available at the Italian Biobank of Veterinary
Resources of IZSLER (http://www.ibvr.org) and the activity is in progress (data not published).
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Abstract

Studies on semen cryopreservation in Brazilian freshwater fish have been growing in
number of publications and investigated species.  Despite this apparent increase in
research,  standardization of  cryoprotocols  is  still  missing,  making it  clear  that  the
grounds  on  the  quality  of  cryopreserved  semen  has  not  yet  reached  a  level  that
guarantee satisfactory results for its replication. This chapter aims to make a critical and
reflective analysis on the ways cryopreservation of freshwater fish semen has been
conducted  in  Brazil.  The  difficulties  in  standardizing  protocols,  broodstock,  and
selection of genetically superior animals; the barriers in transferring technology from
laboratory benches to the field and make feasible the use of cryopreserved semen on a
commercial  scale;  the  formation  of  germplasm  banks  and  the  responsible  use  of
cryopreserved material  are  also  discussed.  We have  no intention to  point  out  the
successes and mistakes that may have been committed in pursuing development of
cryopreservation protocols, but a reflection on the future directions considering what
should be pondered on this subject with objectivity and scientific consolidation.

Keywords: Brazilian freshwater species, sperm cryopreservation, postthaw quality
evaluation, cryobanking, aquaculture, fish conservation

1. Introduction

The studies on semen cryopreservation from Brazilian freshwater fish had its beginning in the
1980s with Prochilodus scrofa = P. lineatus e Salminus maxillosus = S. brasiliensis species [1]. Basically,
the freezing solution used was composed by dimethylsulfoxide (DMSO) as permeating and
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glucose as nonpermeating cryoprotectant. Other fish species have been studied at that period,
such as Rhamdia hilarii = R. quelen [2] and Leporinus silvestrii [3].

The 1990s began with the studies focused on the species target as potential for production in
the fish farming scenario at that time, the Piaractus mesopotamicus [4, 5]. However, during this
decade, there were virtually no further researches in the area and only in 1999 a study with
Colossoma macropomum [6] was published. However, the study considered the major milestone
in fish semen cryopreservation in Brazil was carried out by Carolsfeld et al. [7], who published
a series of compiled results describing the freezing protocols for native species, most of them
still being used nowadays. Currently, around 20 Brazilian freshwater species have their semen
cryopreserved, some even have different protocols [8], or small variations from the protocols
described by Carolsfeld et al. [7].

The studies that guided the composition of a future protocol for fish semen freezing produced
a lack of originality, resulting in little progress to date. Some factors have contributed to this
scenario, such as: the small number of researchers working in the area; restriction of modern
equipment; reduced scientific exchange with international groups and even the lack of criteria
for distribution of public resources that result in numerous similar publications without
significant progress.

This chapter is not intended to point out the successes and mistakes that may have been
committed in the pursuit of development of cryopreservation protocols for fish semen in Brazil,
but a reflection on the future directions considering what should be pondered on this subject
with objectivity and scientific consolidation.

2. Extender solutions

The extenders are used to meet several requirements necessary for sperm survival during
cryostorage. Its function is to provide a favorable microenvironment to maintain the viability
of sperm cells, allowing the addition of energy sources (lipids, carbohydrates, and metabolites)
to support the cellular metabolism, control of pH and osmolality, and prevention of bacterial
growth [9].

Since many factors can influence on semen quality parameters, the extender solution must be
carefully formulated [10]. The first extender mediums used for South American fish semen
were composed only by 0.8% NaCl [1]. Thereafter, an improvement in the results was noticed
when glucose was added to the mediums, jointly with egg yolk or powder milk [7].

Egg yolk is still frequently used as a component of extender solutions. According to Watson
[11], due to the low-density lipoprotein (LDL) fraction in its composition, the egg yolk may
provide a better stabilization of the sperm membrane by passing the cryopreservation stress,
reducing injuries, and the thermal shock. The stabilizing mechanism of the sperm membrane
by LDL possibly occurs because these compounds attract the molecules of cholesterol present
in seminal plasma, thus preventing cholesterol binds to the phospholipids of the sperm
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membrane, avoiding their destabilization [12]. In C. macropomum, the addition of egg yolk in
the extender improved sperm motility rate [13].

The composition of the extenders used for preservation of semen from South American fish is
quite varied and may be based on salts, glucose, or a bit more complex composition, which
includes the addition of energy substrates and antibiotics [14, 15].

The extenders used for the South American fish species are still based on solutions formulated
for mammal’s semen. Currently, the BTS™ (Beltsville Thawing Solution—Minitub), which is
formulated for swine semen is the basic solution that has been used in the composition of
extenders [16–19]. Similarly, ACP-104™ (ACP Biotechnology—UECE), which was originally
formulated for goats semen was also tested in some fish species [15, 17, 20, 21]. However,
seminal viability results obtained in the literature are very variable, indicating that there is a
need to seek efforts to formulate specific extenders, based on biochemical composition of
seminal plasma from each fish species. Knowledge on the biochemical characteristics of the
seminal plasma is essential to understand the spermatozoa requirements, assisting in the
preparation of appropriate extender solutions for both short and long-term cryostorage.

3. Cryoprotectants

For performing cryopreservation, either by slow freezing or ultrarapid techniques, the use of
permeating and nonpermeating cryoprotectant agents (CPAs) is required [22]. However, CPAs
can be very toxic depending on the concentration used and cell exposure to them before
freezing should be controlled [22].

The nonpermeable CPA most used by Brazilian researchers for semen from scale fish species
is dimethylsulfoxide (DMSO) [8], whereas for nonscale fish species methanol is the most
commonly used CPA [7, 23]. In the last years other CPAs have also been tested, such as methyl
glycol, glycerol, ethylene glycol, and dimethylformamide (DMF) [8]. We understand that
testing new CPAs should be encouraged in research. However, it is important to consider some
aspects and thus avoid wasting of time and money. DMSO is no doubt the CPA that has shown
the best results to date. We must understand very well the chemical and physical behaviors of
a given reagent at low temperatures as well as its permeability and toxicity to sperm cells to
be worth DMSO’s replacement.

Glucose, as a low molecular weight nonpermeable CPA has been widely used in most protocols
in Brazil. However, it is still quite common to observe its use for the formulation of cryopro-
tectant solutions with egg yolk [8]. Among the cryoprotective effects of glucose on sperm cells
are dehydration before cooling, leading to less intracellular ice crystal formation, the increase
of effective viscosity of the media, and serving as a protector to membrane integrity. Impor-
tantly, glucose is a component commonly added to the cryoprotectant solution and its function
as an energy supplier to the spermatozoon and/or cryoprotective action will depend on the
concentration used.
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We consider as a decisive factor for the composition of the cryomedium not only the choice of
cryoprotectants, but also their chemical quality. Although it appears to be negligible, this fact
is crucial for a proper and successful protocol. There has been a significant improvement in
the supply of chemical reagents, but the delivery time and costs remain a limiting in some
parts of the country.

The large number of farmed fish species nowadays in Brazil may be one of the causes of using
a high range of different CPAs. However, a standardization of cryoprotocols within a given
species should be searched.

4. Freezing and thawing rates

Freezing and thawing rates are determining factors in a gamete cryopreservation protocol. A
standard set for the protocols adopted for the South American native fish species is something
lacking. In the published studies, we can observe different freezing and thawing rates for
different species and even for the same species. Surely, this implies difficulty of adopting a
technology that could be replicated and used efficiently by a farmer or even a trained techni-
cian. The use of a dry shipper has been established as a common method in research with
semen cryopreservation in Brazil [8], since is considered a safe and practical method [24].
Moreover, the dry-shipper container used in research produces similar freezing rates and
storage temperatures [13, 25, 26]. However, it is in the thawing rates that the largest variations
are noticed, since different temperatures and thawing times are used [8]. For example, Velasco-
Santamaría et al. [27] tested 0.5, 1.8, 2.5, and 4.0 ml straws for freezing of Brycon amazonicus
semen and the results indicated that an increased in thawing temperature from 35 to 80°C for
10 or 90 s could influence sperm motility and fertilization rate. However, for P. lineatus the
thawing temperature may vary from 30 to 60°C for 8 or 16 s, respectively, without major
changes in motility rate when using 0.5 ml straws [18]. For C. macropomum semen, a thawing
temperature of 45°C for 5–8 s [20, 24] when using 0.25 ml straw and for 0.5 ml straw 37°C/30
s or 60°C/8 s was used [13, 21]. However, at larger scale using 1.6 or 4.5 ml straws these rates
can be of 60°C for 90 s [25].

Note that the size of the straw can affect the quality of cryopreserved semen [28] as well as the
temperature used for thawing, since high temperatures can denature enzymes and proteins
of sperm cells [29]. Therefore, it is necessary to search for a balance between thawing rate and
especially size of the container, to be able to maximize the use of cryopreserved semen and
have a product in quality and quantity [25].

5. Activating solutions

By having a limited supply of ATP accumulated in the mitochondria [30], the motility duration
in freshwater fish spermatozoa is greatly reduced. Motility is a variable that significantly alter
the sperm's ability to fertilize the oocyte [31]. Therefore, the use of balanced osmotic media
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with substrates that can provide energy to the sperm is desirable [23, 32, 33]. The activating
solution may also assist in the reduction of osmotic shock, which is a causative effect of damage
in sperm cells [34, 35].

Examples of the use of activating solutions in Brazilian research can be found for R. quelen
semen [23] using a solution composed of fructose, and for Pseudoplatystoma corruscans semen
[7] using 1% NaCHO3 solution. For scale fish, the use of solutions based on NaCl (0.29%) and
NaHCO3 (1%) are shown to have better results [8].

It is noticed that the use of activating solutions is still not as common in Brazil and the previous
studies are focused on the use of solutions based on salts or sugars. Fundamentally, future
Brazilian researches should explore the biochemical composition of seminal plasma and
ovarian fluid. This knowledge will be instrumental in building a successful activating solution.

6. Artificial fertilization

Most papers on seminal cryopreservation from South American fish do not have the data of
fertilization rates using cryopreserved semen [8]. The final validation of applying this techni-
que necessarily culminates with the results of fertilization and hatching rates. Nevertheless,
to reach this goal some steps must comply in order to create a favorable environment allowing
the encounter of the gametes to occur in an efficient and safe manner. In Brazil, in general the
most basic aspects involving fish gametes manipulation are still neglected on fish farms. There
are preeminent need to establish guidelines for best practices in fish handling during gametes
collection and all subsequent semen handling until freezing.

Generally, fertilization rates are lower when using cryopreserved semen, which is a function
of reduced quality of sperm cells. Regarding the lack of studies assessing the fertilization and
hatching rates, we can relate: the difficulty of having oocytes available for carrying out the tests
considering the maintenance costs of a broodstock; experiments poorly designed and lack of
methodology standardization in the studies. It is noteworthy that even a motile sperm is no
guarantee of fertilization. From more elaborated analysis, discussed in the next topic, it is
possible to check for sperm membrane or DNA damage and how such damage can affect their
fertilizing capacity.

Indeed, for development of a commercial protocol using cryopreserved semen in Brazil, even
on a small scale, an evolution in the control of the above-mentioned processes will be required.
If the ultimate goal is to get a good hatching rate (live larvae), that is directly related to the
quality of biological material to be cryopreserved, asepsis of facilities and equipment and an
efficient cryopreservation protocol. We must consider that the quality of oocytes should be
excellent, ensuring that this is not a factor that negatively interfere to the success of the
procedure. Are there any criteria for assessing the spawning quality of fish species studied in
Brazil? The answer is no, there are not! Nowadays, there is no effective technique to evaluate
the quality of oocytes in fish farming in a practical and affordable way.
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The inseminating dose (spermatozoa/oocyte ratio) is an important feature that starts to be
focused in some studies [36–38]. The entire control of the artificial fertilization environment
and optimizing the use of inseminating dose should be the goal for the near future.

7. Main methods used to evaluate cryopreserved semen

7.1. Sperm quality evaluation in fish

Cryopreservation, although very useful from a production and conservation point of view,
produces several types of damage to germ cells, especially to spermatozoa. Therefore, during
the last decades huge efforts were done trying to reduce cryodamage, identify its causes and
consequences to the sperm cell.

There are several constituents in a germ cell that can be analyzed. These analyses depend on
the objective, possible applications, and on the methodology and available equipment. They
can be from a simple motility analysis using a subjective scoring (normally used in fish farms)
to more sophisticated analysis of motility, involving specific software (e.g., CASA system) or
image analysis systems (Image J) [39]. Sperm quality can also be assessed by its constituents:
seminal plasma and spermatozoa, indicating damage in specific cellular structures or in the
entire cell, by releasing its constituents in the seminal plasma [39]. Determination of seminal
plasma constituents and its variations such as lytic, oxidative, metabolic and apoptotic
enzymes, metabolites, sugars, vitamins, amino acids, fatty acids, and other inorganic com-
pounds can provide very useful information on sperm status [39]. Other characteristics of these
cells should also be evaluated in order to assess sperm fertilization ability, especially when this
assay is difficult to perform due to egg availability or long-term embryonic development. Most
tests describing cell viability or mitochondrial status are currently performed with the use of
fluorescent probes combined with microscopy or flow cytometry [40]. There is a huge list,
depending on the main objective and available supplies and equipment, and can be from the
determination of reactive oxygen species (ROS) levels, MDA concentration, detecting oxidative
events at protein or lipid level, or simple cell structure impairments or ruptures. The assess-
ment of sperm DNA is another test that should be performed since will provide information
on sperm fitness being important for offspring quality. Methods to evaluate chromatin integrity
include the comet assay (single cell gel electrophoresis), TUNEL (terminal deoxynucleotidyl
transferase-nick-end-labeling), SCSA (sperm chromatin structure assay), and the analysis of
specific DNA sequences using qPCR [41–43]. In recent years, and as an attempt to define bases
for explaining other sperm quality markers at different levels, the characterization and
presence of certain transcripts has been used [43]. These new tests can reveal the true meaning
of spermatozoa quality.

All these techniques, although very useful in the evaluation of sperm quality and offspring
viability, are still on a laboratory scale and need to be adapted for industry. Efforts are still
required to transfer current technologies and make sperm banking accessible for fish produc-
ers [44]. In the last years, some national and international networks have been trying to get
close contact between researchers and fish farm industries [45]. Although, there are still a lot
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of work to do, this topic should be considering as a priority step. It is also clear that although
fundamental research is moving forward in the design of new methods and techniques to
characterize sperm quality, it is important to focus on a process of scaling-up technologies to
encourage companies and fish farmers in their use. Aquaculture needs to benefit from
reproductive biotechnology.

7.2. Quality evaluation in sperm from Brazilian species

According to Viveiros, Orfão [8] there are 18 Brazilian native species with high potential for
cryopreservation, and indeed, several protocols have been developed and the postthaw quality
assessed in most of those species (Table 1). Most of the work has been conducted in three main
species, P. lineatus, Brycon orbignyanus, and C. macropomum. The first two more dedicated to
conservation and slightly less to production and the C. macropomum more dedicated to
production. In terms of postthaw quality analysis, research conducted in the last years,
especially in these species gained high relevance and allowed to detect specific damage
associated with cryopreservation. A subjective analysis of motility is still the main parameter
analyzed, which in some cases can be responsible for the high variability of results obtained
by different groups working in the same species [44]. The complementary analysis of other
parameters such as cell viability using flow cytometer of fluorescent microscopy can help in
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Species Assessed parameter Level of

knowledge1

References

Brycon amazonicus Motility (Subjective) Low Casallas, Robles [56]

Motility (Subjective) Cruz-Casallas, Medina-Robles

[57]

Motility (Subjective), fertilization

rate

Velasco-Santamaría, Medina-

Robles [27]

Brycon insignis Motility (Subjective-CASA) Low Viveiros, Orfão [58]

Motility (Subjective), viability Viveiros, Amaral [59]
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Species Assessed parameter Level of

knowledge1

References

Brycon nattereri Motility (Subjective),

ultrastructure

Low Viveiros, Maria [19]

motility (Subjective) Oliveira, Viveiros [60]

Brycon opalinus Motility (Subjective), viability Low Viveiros, Orfão [58]

Brycon orbignyanus Motility (CASA) Medium López, Leal [61]

Motility (CASA) Viveiros, Gonçalves [62]

Motility (CASA), viability,

mitochondrial functionality

Viveiros, Nascimento [46]

Motility, morphology (Subjective) Andrade, de Jesus [63]

Motility, morphology (Subjective) Galo, Streit Jr [64]

motility (Subjective) Viveiros, Maria [17]

Motility (Subjective), fertilization

rate

Maria, Viveiros [16]

Motility (Subjective) Carolsfeld, et al. [7]

Brycon orthoenia Motility (Subjective) Low Melo and Godinho [65]

Colossoma macropomum Motility (Subjective), fertilization

rate, DNA methylation

High de Mello, Garcia [66]

motility (CASA) Melo-Maciel, Leite-Castro [67]

Motility (Subjective), fertilization

rate, viability, mitochondrial

functionality, DNA integrity

Garcia, Vasconcelos [20]

Motility (Subjective), fertilization

rate, viability, mitochondrial

functionality, DNA integrity

Varela Junior, Goularte [24]

Motility (Subjective), fertilization

rate, viability, mitochondrial

functionality, DNA integrity

Varela Junior, Corcini [47]

motility (CASA) Leite, Oliveira [21]

Motility (Subjective) Menezes, Queiroz [68]

Leporinus macrocephalus Motility (Subjective) Low Ribeiro and Godinho [69]

Leporinus obtusidens Motility (Subjective) Low Viveiros, Maria [17]

Motility (Subjective), fertilization

rate

Taitson, Chami [26]

Piaractus brachypomus Motility (Subjective-CASA) Low Nascimento, Maria [70]
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Species Assessed parameter Level of

knowledge1

References
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motility (Subjective) Viveiros, Maria [17]

Motility (Subjective), fertilization

rate

Maria, Viveiros [16]

Motility (Subjective) Carolsfeld, et al. [7]

Brycon orthoenia Motility (Subjective) Low Melo and Godinho [65]

Colossoma macropomum Motility (Subjective), fertilization

rate, DNA methylation

High de Mello, Garcia [66]

motility (CASA) Melo-Maciel, Leite-Castro [67]

Motility (Subjective), fertilization

rate, viability, mitochondrial

functionality, DNA integrity

Garcia, Vasconcelos [20]

Motility (Subjective), fertilization

rate, viability, mitochondrial

functionality, DNA integrity

Varela Junior, Goularte [24]

Motility (Subjective), fertilization

rate, viability, mitochondrial

functionality, DNA integrity

Varela Junior, Corcini [47]

motility (CASA) Leite, Oliveira [21]

Motility (Subjective) Menezes, Queiroz [68]

Leporinus macrocephalus Motility (Subjective) Low Ribeiro and Godinho [69]

Leporinus obtusidens Motility (Subjective) Low Viveiros, Maria [17]

Motility (Subjective), fertilization

rate

Taitson, Chami [26]

Piaractus brachypomus Motility (Subjective-CASA) Low Nascimento, Maria [70]
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Species Assessed parameter Level of

knowledge1

References

Piaractus mesopotamicus Motility, morphology (Subjective) Low Andrade, de Jesus [63]

Morphology (Subjective) Paulino, Murgas [71]

Motility (Subjective), morphology

(Subjective)

Streit Jr, Benites [72]

Motility (Subjective) Carolsfeld, et al. [7]

Prochilodus lineatus Motility (CASA) Medium Viveiros, Gonçalves [62]

Motility (CASA), viability,

mitochondrial functionality

Viveiros, Nascimento [46]

Motility (Subjective), morphology

(Subjective)

Vasconcelos, Felizardo [73]

Motility, morphology (Subjective) Andrade, de Jesus [63]

Motility (Subjective) Navarro, Navarro [74]

Motility (Subjective) Paula, Andrade [75]

Morphology (Subjective),

fertilization rate

Miliorini, Murgas [76]

Motility (Subjective), morphology

(Subjective)

Felizardo, Mello [77]

Motility (CASA), fertilization rate Viveiros, Nascimento [15]

Motility (Subjective), fertilization

rate

Viveiros, Orfão [78]

Motility (Subjective) Viveiros, Maria [17]

Motility (Subjective) Murgas, Miliorini [79]

Motility (Subjective) Carolsfeld, et al. [7]

Pseudoplatystoma

corruscans 

Motility (Subjective), fertilization

rate

Low Cruz-Casallas, Medina-Robles

[57]

Rhamdia quelen Motility (CASA), fertilization rate Low Adames, de Toledo [23]

Salminus brasiliensis Motility (Subjective), fertilization

rate

Low Viveiros, Oliveira [18]

Fertilization rate Zanandrea, Weingartner [80]

Motility (Subjective) Zanandrea, Weingartner [81]

1 Level of knowledge according to the used methodology on the postthaw sperm analysis of each species. Data have
been collected from Web of Science platform since papers published from 2000 onwards by using as key words
“species name + cryopreservation.”

Table 1. Methods used for postthaw evaluation of sperm quality in freshwater Brazilian species.
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8. Difficulties in broodstock standardization and acquisition of wild or
genetic improved fish

Standardizing a broodstock requires much more than just buying animals from different
locations. To address this issue there is a need for a holistic knowledge of the whole process.
The technical efficiency of a germplasm bank goes far beyond the knowledge of physicochem-
ical characteristics of semen or a well-performed cryopreservation protocol. The first thing to
be defined is the goal of germplasm bank: for restocking or fingerlings production to fish
farming. When the goal is to restock environments, the most important aspect is the bank
composition by animals that have the greatest possible genetic diversity. We should include
here wild animals, even though they do not have a good seminal quality, but that make up the
nearest setting of natural environment. On the other hand, when we set up a broodstock for
commercial production of fingerlings we should seek animals with a greater genetic stand-
ardization, once the results will also have less variation. Thus, to establishment of a commercial
broodstock we should analyze the genetic similarity degree of the animals before selecting
them.

Insert wild fish in a broodstock whose objective is to produce fingerlings for fish farming can
be a terrible mistake. Wild animals can carry parasites and therefore introduce them in the
farm broodstock. Another important factor that should be considered is the broodstock
domestication. According to Ruzzante [48], domestication is a process of adaptation of
organisms in the man-made environment. We had an interesting experience a few years ago,
when we use a semen bank from wild P. mesopotamicus to produce fingerlings from eighth-
generation captive females. The generated fingerlings were darker and presented a different
behavior compared to those animals produced from domesticated parents. It is important to
note that this was just an observation and not an experiment.

The formation of a germplasm bank should be conducted with the support of molecular
techniques, which are still timidly used in Brazil [49]. Although being observed a high degree
of genetic variability in broodstock of native species that have been formed in the country, their
future efficiency may be compromised. We can cite as example the C. macropomum broodstock
from two large farms in northern Brazil, where there was no problem of genetic variability,
even with both having the same founder effect [50]. In another example, Jacometo et al. [51]
reported that in addition to the high genetic variability in C. macropomum broodstock it was
also observed a moderate differentiation and low genetic distance within themselves. The
broodstock formation in this species occurred in 1972 [52].

The broodstock of B. orbignyanus [53] and P. mesopotamicus [54] used for restocking showed no
genetic variability problems. We emphasize that even not having a compromising genetic
variability degree it is important to consider the degree of genetic distance of the animals to
be used as semen donors; once by accident the collection of semen from sibling animals can
occur, which could be compromising depending on the ultimate goal of the germplasm bank.

This context serves to show how much we should be careful in setting up a germplasm bank
from a random broodstock. It must be considered from the selected animals: the purpose of
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the genebank, age, genetic origin, and location; consanguinity degree, etc. A good application
example of these concepts can be found in the article published by Streit et al. [55], in which
two germplasm banks were created for use in breeding programs of two Brazilian fish species,
C. macropomum and Pseudoplatystoma reticulatum.

9. The challenge of making viable the use of cryopreserved semen in Brazil

The first question to be asked is: Are there any germplasm banks in Brazil? Yes, there are! They
began to be formed in the 1980s by Professor Hugo Godinho and the visit of two Canadian
researchers, Brian Harvey and Joachim Carolsfeld, who started extensive work with Brazilian
researchers. Among their actions, they have developed cryoprotocols for some species, already
recorded in this chapter [7]. For over 30 years some banks of native species semen were formed
and has been used mainly as deposit of genetic material for research at universities laboratories
and other ones as genetic reserve for restocking (personal communication from: Bombardelli,
R.; Maria, A.N.; Murgas, L.D.; Ninhaus-Silveira, A.; Resende, E.K.; Ribeiro, R.P.; Streit Jr., D.P.,
and Viveiros, A.).

A relevant question concerns the active use of germplasm banks in the country, either for
commercial purposes (fish farming) or conservation. Popularize the use of cryopreserved fish
semen in the country as far as the use of bovine or equine semen, for instance, is still far away.
Some conditions are crucial to this fact: the culture of fingerlings producers not to use a
germplasm bank; have actually consistent cryopreservation protocols that can be used
effectively; unfamiliarity of the market to absorb the product (frozen semen) and especially
the real need for the use of cryopreserved semen in fingerling production farms.

Almost all Brazilian farms are unaware of the genetic characteristics of their broodstocks. Thus,
there would be no sense to use semen from another location without any objective criteria to
explore genetic gain. Moreover, it is significant that most of the Brazilian migratory species
present reproductive asynchrony in captivity. It is quite common to note that at the end of
reproductive season there is availability of mature females but not males. Thereby, the
germplasm bank could meet this need. However, what is the cost to maintain a germplasm
bank? There would be any market demand? Are there concluding protocols ready, tested, and
efficient to be used for the main migratory species that are farmed? The last question is not
that simple to answer. The quality parameters from cryopreserved semen still vary widely.
From this reflection, we must establish priority in research in order to meet the demands, even
if they are as wide as the number of species that make up our ichthyofauna. Focus research
efforts to establish a secure protocol for commercial application purposes should be a goal.

The germplasm bank significantly facilitates the establishment of a breeding program for fish
[55]. Surely, the semen distribution from known strain animals will contribute to spread of
genebanks and there may be a specific market to the product cryopreserved semen. We believe
that in the future the industry will be aged enough to realize it, especially those fingerlings
buyers that will seek fish with known pedigree, even if it is necessary to pay a little more for
them. Soon, the company that offers high-quality genetic material can explore this market.
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Regarding germplasm banks with restocking purposes, most are circumstantial. They have
been created through research and development (R&D) projects, largely in partnership with
electric power companies. These gene banks are maintained while the project is running and
later are reduced to a small number of samples (as a collection), especially due to maintenance
costs. The genebanks that are intended for restocking, nowadays mostly consist of semen from
species that are also farmed. On the other hand, it would need to extend to other species, such
as the large Amazon catfishes: Phractocephalus hemioliopterus; Brachyplathystoma filamentosum
and B. Flavicans, and others as Zungaro jahu, Surubim lima and Hemisorubim platyrhynchos; in
addition to the species endangered by numerous factors such as the construction of hydro-
electric dams, overfishing, and pollution of the aquatic environment.

10. Conclusions, perspectives and future challenges

Although, cryopreservation of Brazilian species has been improving in the last years with more
publications coming to this field of research and especially with a far advanced analysis on
cryodamage, there is still a long way to follow. This is truly mainly in those species where
commercial interests and aquaculture benefits can arise or in species where conservation is a
main challenge. One of the main objectives to pursue is for sure a more exhaustive analysis of
sperm quality, adapting techniques that are already used in other species. This will give
guarantees of quality for producers that will set out the best protocols defined. Another point
to take in consideration is standardization of procedures and reporting, not only related with
cryopreservation protocol, but especially with the analysis performed. This lack in standard-
ization has been already identified in some of the most reported species around the world and
over the last years it has been a struggle to joint researchers in following certain rules. Building
a database of standardized information for semen analysis would be crucial. What has been
discussed throughout this chapter has significant relevance in the compression of events that
concern fish semen cryopreservation in Brazil. The advances made in recent years by efforts
of research groups are commendable. However, there still a lot to do, and joint efforts through
networking activities can be a good opportunity, not only for training young researchers and
technicians, but also to find solutions to the main problems.
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Abstract

The main aim of this study is to determine the effect of the straw volume (0.25 vs. 0.5 mL)
on Nile tilapia sperm quality after cryopreservation. Sperm was frozen according to
conventional slow freezing procedure and diluted at ratio of 1:3 with ionic extender
containing 350 mM glucose and 30 mM Tris containing 10% dimethylacetamide. Diluted
semen was equilibrated at 4°C for 10 min and drawn into 0.25-mL or 0.5-mL plastic straws
and sealed with polyvinyl alcohol. Samples were frozen 3 cm above of the liquid nitrogen
surface and exposed to the liquid nitrogen vapor (≈−140°C) for 10 min. After this, frozen
sperm cells were kept into the liquid nitrogen container (−196°C). The frozen sperm in
different volume of straws were thawed in a water bath at 30°C for 20 s (0.25-mL straws)
or at 30°C for 30 s (0.5-mL straws), respectively. Fertilization was conducted using 1 ×105

spermatozoa/egg ratio with each straw type. The findings of the present study indicated
that cryopreservation of sperm in glucose-Tris–based extender using 0.5-mL straws
improved  post-thaw  progressive  motility,  duration  of  progressive  motility,  and
fertilization results (P<0.01). On the other hand, differences in term of post-thaw cell
viability was not significant among the treatments (P>0.01). In conclusion, our results
suggest that Nile tilapia sperm can be successfully cryopreserved in Tris-based extenders
supplemented with glucose containing 10% dimethylacetamide in 0.5-mL straws.

Keywords: Oreochromis niloticus, sperm, cryopreservation, straw volume, dimethyla-
cetamide

1. Introduction

Cryopreservation biotechnology has important roles for aquaculture industry and also for
conservation of aquatic genetic resources. In this field, sperm cryopreservation has been used
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for transporting of genetic material between facilities, optimal using of gametes in aquaculture,
reducing risk of spreading infections, performing of hybridization studies,  conserving of
protecting endangered species, and also for conserving of biodiversity [1, 2].

Cryopreservation technique involves addition of cryoprotectants to the extender and freezing
and thawing of sperm samples, which may result in some damage to the spermatozoa and
may decrease egg fertilization rate. Therefore, before cryopreservation of spermatozoa, a
thorough evaluation of different extender solutions, cryoprotectants, and cooling and thawing
rates are essential to develop optimum cryopreservation protocol for various species [3–5].

During the cryopreservation process, some factors may change the physiological status of
sperm. The success of cryopreservation depends not only on preserving the motility of the
spermatozoa but also on maintaining their metabolic functions [6]. Extender composition and
cryoprotectant concentration are the main factors affecting cryopreservation success [7].
Extenders are required for dilution of fish sperm prior to cryopreservation and are generally
designed to be compatible with the physiochemical composition of the fish seminal plasma.
Most important function of the extenders is to maintain the spermatozoa in immotile state until
required [8].

Cryoprotectants are added to the extenders to protect the cells against ice crystal formation
during freezing and thawing [9]. Although cryoprotectants help to the prevention of cryoin-
juries during freezing and thawing, they may become toxic to the cells when exposure time
and concentration are increased [10, 11]. Thus, one of the most critical steps in successful
cryopreservation of fish semen is the choice of the cryoprotectant and its ratio in the extender
during the process.

Another important problem is the handling of sperm produced in small volumes by some fish
species such as tilapia. In spite of packaging of sperm in traditional 0.25-mL and 0.5-mL straws
has been successfully applied to freeze semen of the most fish species and to fertilize small egg
batches [9], there is a lack of information regarding their usage in cryopreservation of Nile
tilapia (Oreochromis niloticus) semen.

The Nile tilapia is one of the most cultivated freshwater fish species in the world aquaculture
[12]. This species has great breeding potential due to its hardiness against worse environmental
conditions, fast growth rate, adaptation to different environmental conditions (e.g. salinity,
temperature), and also good organoleptic characteristics of its flesh [13, 14]. On the other hand,
most of studies related with fish sperm cryopreservation have focused on some freshwater
species, such as cyprinids [15, 16], salmonids [17, 18], catfishes [19, 20], and loach [21].

Even though many successes have been achieved in fish semen cryopreservation, the technique
remains as a method that is difficult to standardize and use in all types of fishes. This is due
to the fact that cryopreservation of sperm from different fish species required different
conditions, where the protocol needs to be established individually [22]. To the best of our
knowledge, there is limited information regarding cryopreservation of Nile tilapia sperm. In
this concept, the effect of cryoprotectants and packaging methods on freezability and also on
post-thaw quality of Nile tilapia sperm still remains unclear. Thus, standardization and

Cryopreservation in Eukaryotes76



for transporting of genetic material between facilities, optimal using of gametes in aquaculture,
reducing risk of spreading infections, performing of hybridization studies,  conserving of
protecting endangered species, and also for conserving of biodiversity [1, 2].

Cryopreservation technique involves addition of cryoprotectants to the extender and freezing
and thawing of sperm samples, which may result in some damage to the spermatozoa and
may decrease egg fertilization rate. Therefore, before cryopreservation of spermatozoa, a
thorough evaluation of different extender solutions, cryoprotectants, and cooling and thawing
rates are essential to develop optimum cryopreservation protocol for various species [3–5].

During the cryopreservation process, some factors may change the physiological status of
sperm. The success of cryopreservation depends not only on preserving the motility of the
spermatozoa but also on maintaining their metabolic functions [6]. Extender composition and
cryoprotectant concentration are the main factors affecting cryopreservation success [7].
Extenders are required for dilution of fish sperm prior to cryopreservation and are generally
designed to be compatible with the physiochemical composition of the fish seminal plasma.
Most important function of the extenders is to maintain the spermatozoa in immotile state until
required [8].

Cryoprotectants are added to the extenders to protect the cells against ice crystal formation
during freezing and thawing [9]. Although cryoprotectants help to the prevention of cryoin-
juries during freezing and thawing, they may become toxic to the cells when exposure time
and concentration are increased [10, 11]. Thus, one of the most critical steps in successful
cryopreservation of fish semen is the choice of the cryoprotectant and its ratio in the extender
during the process.

Another important problem is the handling of sperm produced in small volumes by some fish
species such as tilapia. In spite of packaging of sperm in traditional 0.25-mL and 0.5-mL straws
has been successfully applied to freeze semen of the most fish species and to fertilize small egg
batches [9], there is a lack of information regarding their usage in cryopreservation of Nile
tilapia (Oreochromis niloticus) semen.

The Nile tilapia is one of the most cultivated freshwater fish species in the world aquaculture
[12]. This species has great breeding potential due to its hardiness against worse environmental
conditions, fast growth rate, adaptation to different environmental conditions (e.g. salinity,
temperature), and also good organoleptic characteristics of its flesh [13, 14]. On the other hand,
most of studies related with fish sperm cryopreservation have focused on some freshwater
species, such as cyprinids [15, 16], salmonids [17, 18], catfishes [19, 20], and loach [21].

Even though many successes have been achieved in fish semen cryopreservation, the technique
remains as a method that is difficult to standardize and use in all types of fishes. This is due
to the fact that cryopreservation of sperm from different fish species required different
conditions, where the protocol needs to be established individually [22]. To the best of our
knowledge, there is limited information regarding cryopreservation of Nile tilapia sperm. In
this concept, the effect of cryoprotectants and packaging methods on freezability and also on
post-thaw quality of Nile tilapia sperm still remains unclear. Thus, standardization and

Cryopreservation in Eukaryotes76

simplification of cryopreservation procedure for Nile tilapia sperm are needed for commercial
and gene bank applications.

The main aim of this study was to establish an efficient method for cryopreservation of Nile
tilapia sperm that can be applied to aquaculture of this species. The present experiment was
designed to study the straw volume (0.25 vs 0.5 mL) on Nile tilapia sperm quality after
cryopreservation using glucose-Tris–based solution containing 10% dimethylacetamide.

2. Materials and methods

2.1. Reagents

The additives and other chemicals used in this study were obtained from local representative
of Sigma-Aldrich Chemicals Company (St. Louis, MO, USA).

2.2. Broodstock handling

The experiments were carried out spawning season of the Nile tilapia. In the pre-spawning
period, sexually mature male (n=15) and female (n=5) Nile tilapia were pit-tagged and kept
separately in 150 L indoor tanks under constant environmental conditions. The broodstock
tanks were provided with freshwater constantly at ratio of 1.5 L/s, while compressed air was
provided trough air stones. The water temperature ranged from 27.2°C to 30.5°C, and salinity
was maintained at 1.5 ppm. Nile tilapia was fed with floating pellets twice daily (1–5% body
weight per day).

2.3. Gamete collection

Gametes were collected from healthy mature males and females following immersion anes-
thetization with 10 ppm quinaldine (Reanal Ltd., Budapest, Hungary) for a few minutes. For
sperm collection, 1-mL tuberculin plastic syringe, without needle, was used to aspirate sperm
released by gentle abdominal massage to eliminate urine in the ducts. Following, sperm
samples were transferred individually into 1.5-mL Eppendorf tubes on ice (0–4°C). A 10-μL
pipette tip connected to a mouth pipette was used to extract sperm cells, which were diluted
1:1 in Hanks’ balanced salt solution (HBSS) (280 mOsm/kg, pH 7.0) in 1.5-mL microcentrifuge
tubes and placed on ice until analysis. Eggs were also collected by gentle abdominal massaging
and stored in HBSS at 25°C and used for fertilization within 30 min following stripping [23].

2.4. Gamete quality determination

One microlitre sperm of each sample was placed on a microscope slide and observed under a
phase-contrast microscope (Olympus, Japan) at 100× magnification. The motility characteris-
tics of the collected sperm samples were evaluated by adding activation solution (AS) (45 mM
NaCl, 5 mM KCl, and 30 mM Tris–HCl, pH 8.2) [24] at a ratio of 1:100. Sperm cells that vibrated
in place were considered as immotile. Only samples whose quality parameters ranging
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between the following values were used for the cryopreservation experiment: osmolarity 50–
100 mOsm/kg, pH 7.0–8.0, and progressive motility 80–100% [25]. The quality of ova was
determined from their morphological features seen under a dissecting microscope as described
in the study of Fauvel et al. [26].

2.5. Cryopreservation and thawing experiments

Semen samples showing ≥80 motility was pooled into equal aliquots and chosen for cryopre-
servation experiments. Semen and extenders were kept at 4°C immediately under aerobic
conditions prior to dilution. Pooled semen was diluted at a ratio of 1:3 with an extender
composing 350 mM glucose and 30 mM Tris [27] containing 10% dimethylacetamide (DMA).
The diluted semen were drawn into 0.25-mL or 0.5-mL plastic straws (IMV France) and sealed
with polyvinyl alcohol (PVA). Following equilibration of semen for 10 min at 4°C, the straws
were placed on a styrofoam rack floating on the surface of liquid nitrogen in a styrofoam box.
Samples were frozen 3 cm above of the liquid nitrogen surface and exposed to the liquid
nitrogen vapor (≈−140°C) for 10 min [28]. Following, frozen sperm cells were kept into the
liquid nitrogen container (−196°C) until analyses for a few days.

The frozen sperm in different volume of straws were thawed in a water bath at 30°C for 20 s
(0.25-mL straws) or at 30°C for 30 s (0.5-mL straws). Thawed semen was activated using
activation solution (AS) (45 mM NaCl, 5 mM KCl, and 30 mM Tris–HCl, pH 8.2) [24] and
observed under a phase-contrast microscope (Olympus, Japan) for progressive motility (%),
progressive motility duration (s), and viability (%) evaluations (three replicates). At least five
straws were used for each parameter evaluation with three replications.

2.6. Post-thaw sperm quality determination

The percent of motile spermatozoa and motility duration was immediately recorded following
activation using a CCD video camera (CMEX-5, Netherland) mounted on a phase-contrast
microscope (100×, Olympus BX43, Tokyo, Japan) at room temperature (20°C). Progressive
spermatozoa motility and duration of progressive spermatozoa motility were evaluated from
sperm with forward movement. Immotile spermatozoa were defined as spermatozoa that did
not show forward movement after activation. Percentage of spermatozoa motility was
determined within 30 s post-activation. Motility duration was evaluated by counting the time
from spermatozoa activation until spermatozoa stopped moving. In order to assess viable
sperm percentage, eosin-nigrosin preparations were made according to the method described
by Bjorndahl et al. [29] and totally 300 sperm cells were counted on each slide at 1000×
magnification. At least five straws were used for each evaluation parameter, and analyses were
repeated three times for each treatment.

2.7. Fertilization experiments

Pooled eggs from five mature females were used to assess fertilization rates. In this stage, most
of the HBSS was decanted from the eggs, and fertilization was carried out in dry Petri dishes
(10 cm diameter). Fresh or thawed sperm was added over the eggs and gently mixed before
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activation with 20 mL of fertilization solution (3 g urea and 4 g NaCl in 1 L distilled water) [30].
Following fertilization process, 2 mL embryo buffer medium (EBM) (13.7 mM NaCl, 5.40 mM
KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 1.30 mM CaCl2, 1.00 mM MgSO4, 4.20 mM NaH-
CO3 at 52 mOsm/kg and pH 7.0) was added for activation as described by Westerfield [31].
After 10 min, 100 mL EBM was added again over the eggs and was left undisturbed without
movement in a convection type incubator at 27°C (Panasonic MCO-19M-PE, Japan). Unfertil-
ized eggs were removed, and EBM was changed twice daily. After 48 h, the eggs were evaluated
for fertilization results. Eggs that developed to stage 11 (embryonic keel and somite formation)
were recorded as fertilized eggs, described by Galman and Avtalion [32].

Fertilization experiments were carried out using 1×105:1 spermatozoa/egg ratio with each straw
types (0.25 or 0.5 mL) for the each aliquot of eggs (containing 100 eggs). Three straws were
thawed for each fertilization treatment (three replications). For the control, another three
aliquot of eggs (containing 100 eggs) were fertilized with fresh semen collected from two other
males. Eggs were fertilized with fresh semen samples using the same number of sperm cells
(1 × 105 cells) similar to treatments with frozen semen.

2.8. Statistical analysis

A two-way analysis of variance (ANOVA) including the straw volumes (0.25 and 0.5 mL) as
fixed effects was used. Means were separated by Duncan’s multiple range test and were
considered at 5% level of significance. Results are presented as mean ± S.D. All analyses were
carried out using SPSS 17 for Windows statistical software package.

3. Results

Semen volume was rather variable and ranged from 0.9 to 7.5 mL, with a mean volume of 3.6
± 0.40 mL. Progressive motility was ranged from 60% to 90%, and mean motility was deter-
mined as 80.4 ± 0.15%. In addition, mean progressive spermatozoa motility duration (s),

Figure 1. Post-thaw progressive motility (%) of Nile tilapia sperm cryopreserved with glucose-Tris–based extender.
Columns marked with different letters are significantly different (P<0.01, n=3).
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spermatozoa density (× 109/mL), viability (%), and pH values were determined as 64.2 ± 0.45
s, 1.75 × 109/mL, 92.5 ± 4.25%, and 7.2 ± 0.25, respectively. In addition, mean fertilization rate
was determined with fresh semen, which was 72.5 ± 0.20%. The findings of the present study
indicated that cryopreservation of sperm in glucose-Tris–based extender using 0.5-mL straws
increased post-thaw progressive motility (Figure 1), duration of progressive motility
(Figure 2), and fertility (Figure 4) (P<0.01). On the other hand, differences in terms of post-
thaw cell viability were not significant among the treatments (Figure 3, P>0.01). The fertility
of the frozen-thawed sperm showed high positive linear correlation with motility (r2=1.000,
Figure 5) and (r2=0.9932, Figure 6) in case of using 0.25-mL and 0.5-mL straws.

Figure 2. Post-thaw progressive motility duration (s) of Nile tilapia sperm cryopreserved with glucose-Tris–based ex-
tender. Columns marked with different letters are significantly different (P<0.01, n=3).

Figure 3. Post-thaw viability (%) of Nile tilapia sperm cryopreserved with glucose-Tris–based extender. Columns
marked with different letters are significantly different (P<0.01, n=3).
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Figure 5. Relationship between post-thaw spermatozoa motility (%) and fertility (%) of Nile tilapia sperm cryopre-
served with glucose-Tris–based extender using 0.25-mL straws.

Figure 6. Relationship between post-thaw spermatozoa motility (%) and fertility (%) of Nile tilapia sperm cryopre-
served with glucose-Tris–based extender using 0.50-mL straws.

Figure 4. Post-thaw fertility (%) of Nile tilapia sperm cryopreserved with glucose-Tris–based extender. Columns
marked with different letters are significantly different (P<0.01, n=3).
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4. Discussion

Tilapias are widely cultured in the tropical and subtropical regions of the world. Several species
of tilapia are cultured commercially, but Nile tilapia is the predominant cultured species
worldwide that its production reached 3,197,330 mt in 2012 [33].

Although Nile tilapia is a freshwater fish, it can tolerate a wide range of salinity [34]. Therefore,
the expansion of its culture in sea and brackishwater has attracted the attention of fish farmers
in recent years. However, limited reports have addressed semen cryopreservation in the Nile
tilapia. Therefore, standardization and simplification of the cryopreservation procedure for
the Nile tilapia sperm is needed for commercial application. On the other hand, because of
limited amounts of data are available, comparison of the methods and results have been mainly
made with the cyprinid species in this research. From this point of view, findings of this
research significantly contribute improving of the protocols applied for the cryopreservation
of the Nile tilapia sperm.

Sperm cryopreservation is an important biotechnological technique with specific advantages
to the aquaculture industry. Improvements in semen cryopreservation techniques require in-
depth knowledge of gamete physiology and the biochemical processes occurring during
semen collection, processing, freezing, and thawing [35].

In spite of routinely using of cryopreserved semen in aquaculture artificial insemination
programs worldwide, there are inconsistencies in experimental results [36]. The success of
cryopreservation mainly depends on maintaining the spermatozoal metabolic functions [37].
The major factors affecting the results of insemination with frozen/thawed sperm are the type
and properties of extenders and cryoprotectants, the damage caused by the formation of
internal ice crystals due to the increase in solute concentration in the extension media and the
interaction of these factors [38].

In the present study, glucose-Tris–based extender supplemented with DMA was used to
cryopreserve Nile tilapia sperm. In spite of using glucose mainly as energetic substrate, it has
been used due to its stabilization effects on the spermatozoa liposomal membrane [39]. It
should be noted that, carbohydrate-based solutions such as glucose have also been found
effective in some experiments [40, 41], and Tris is the most common buffer solution, not only
for cyprinidae but also for other fish species [42].

Cryoprotectants are added to the extenders in order to protect the spermatozoa from damages
during the freezing/thawing process. On the other hand, cryoprotectants can suppress most
cryoinjuries when used at higher concentrations but at the same time it can become toxic to
the cells. In addition, the amount and type of cryoprotectants used in sperm diluent depend
on fish species and can affect the physiological and metabolic structure of the spermatozoa
during cryopreservation procedure in different ways [43]. Therefore, selection of suitable type
and concentration of the cryoprotectant is needed for the development of an effective cryo-
preservation protocol. However, comparison of different cryoprotectants and freezing/
thawing protocols are difficult when each treatment tested for the ability of fertilization of the
eggs by spermatozoa. For this reason, the protective effect of different cryoprotectants varies
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in different fish species. In this concept, several cryoprotectants have been mainly used for fish
sperm cryopreservation, such as dimethyl sulphoxide (DMSO), dimethyl acetamide (DMA),
glycerol (Gly), methanol (MeOH), ethylene glycol (EG), and propylene glycol (PG) [44–46].

Cryoprotectants are essential for preservation, but it is dissimilarly toxic to the cells. The
toxicity tolerance level of the cells also depends on cryoprotectant concentration. Also, there
are differences in permeability of the cells according to cryoprotectant types. In this study,
DMA as penetrating cryoprotectant was used at 10% concentration, and diluted samples were
equilibrated for 10 min at 4°C. Some authors recommend having an equilibration period
following dilution, allowing cryoprotectants to penetrate the spermatozoa before cryopreser-
vation [9, 47]. However, some authors reported equilibration process did not improve cryo-
preservation success in fish [48, 49].

On the other hand, the freezing conditions depended on the straw size and were also species
specific. Insemination with cryopreserved semen of Arctic charr (Salvelinus alpinus) in 1.7-mL
flat straws using 10% DMSO resulted highest percentage of eyed eggs (57.9 ± 11.6%) than with
0.5-mL and 2.5-mL straws [50]. No significant difference was obtained between fertilization
percentage of blue catfish spermatozoa frozen in 0.5-mL and 1-mL straws. The larval hatch
rates of striped trumpeter (Latris lineata) semen frozen in 0.25-mL and 0.5-mL straws (44.3
± 2.9% and 44.2 ± 2.0%) [51]. In case of common carp, the use of conventional 0.5-mL straws
resulted in 67 ± 17% hatching [24]. The findings of the present study demonstrated that
progressive motility decreased for the two types of tested straws and varied from 55.7% in 0.5-
mL to 40.2% in 0.25-mL straws. In addition, the 0.5-mL straws gave the best results in fertility
as 45.7% when compared with 0.25-mL straws. The use of these small volumed straws during
the artificial reproduction in fish can be time consuming, as many straws are needed to fertilize
thousands of eggs. On the other hand, small volumed straws are more suitable for gene
banking or fertilization of small amounts of eggs under laboratory conditions.

Successful fertilization of eggs using cryopreserved sperm is the final target of cryopreserva-
tion process. Fertilization ability of the cryopreserved sperm is a reliable approach to evaluate
success of the cryopreservation protocol [52]. According to the results of the present study,
Nile tilapia spermatozoa were influenced by cryopreservation process, and depending on this
interaction, fertilization ability of frozen/thawed sperm decreased than fresh ones. The reason
for the low fertility rate of frozen/thawed spermatozoa may be attributed to the changes in
ultrastructural morphology, decrease in progressive motility and motility duration, and also
possible toxic effects of the DMA.

Motility is one of the most important factors to assess fish sperm quality because it gives
important information about the sperm cell’s energy sources. In addition, better knowledge of
the characteristics of fresh sperm motility is necessary to evaluate sperm quality in commercial
hatcheries before artificial reproduction and also in laboratories before experiments. Sperma-
tozoa motility is induced following releasing of the spermatozoa into the aquatic environment
during natural reproduction or after transferring to an activation medium during controlled
reproduction [53].
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The observed decrease in sperm motility might be due to decrease in the percentage of sperm
viability, high damage of sperm cells, or decrease in ATP content following cryopreservation.
Similarly, Alavi et al. [54] determined that almost all studies on sturgeon sperm cryopreser-
vation showed significant lower sperm motility and fertilizing ability of frozen/thawed sperm
compared to that of the fresh sperm.

On the other hand, when fish spermatozoa are released into water or activation medium, they
have a brief spermatozoal activity period [55]. For instance, in fresh sperm, the duration of
spermatozoa motility in several cyprinids have been reported to last 120 s [56]. Similarly, in
case of silver barb, the maximum motility period was observed until 150 s after water activa-
tion [4]. However, in case of frozen/thawed sperm, duration of mean post-thaw spermotozoa
motility (32.0 ± 8.16 s) of the Nile tilapia was determined as lower than the results assessed
with mirror carp [57] but higher than that of scaly carp [46] when DMSO, DMA, and glycerol
were used as cryoprotectant. Similar results for the motility parameters of frozen-thawed
spermatozoa were reported in fish in some experiments [48, 58, 59]. On the other hand, it is
interesting to note that Godinho et al. [60] reported 241.2 ± 57.3 s post-thaw spermatozoa
motility duration in glucose-based cryosolution containing 10% methanol in Nile tilapia.

In the present study, the applied sperm/egg ratio was 1×105:1 for fresh as well as frozen/thawed
sperm, which probably resulted in excessive sperm concentrations in all batches. However,
according to Lubzens et al. [48], the concentration of frozen/thawed sperm to be used to achieve
optimal fertilization and hatching success is approximately 100 times higher than for fresh
semen. This may be due to differences in extender compositions, cryoprotectant types,
equilibration periods, egg quality, or applied protocols. In the present study, high positive
correlation was determined between post-thaw spermatozoa motility and fertilization. This
situation was consistent with the results that obtained from turbot (Psetta maxima) [61],
common carp (Cyprinus carpio) [49], and African catfish (Clarias gariepinus) [62].

5. Conclusion

In conclusion, Nile tilapia sperm can be successfully cryopreserved in a glucose-Tris–based
cryosolution containing 10% DMA with 0.5-mL straws. The applied protocol can be used in
commercial hatcheries to facilitate artificial reproduction of Nile tilapia due to acceptable post-
thaw motility and fertility results obtained. On the other hand, additional researches are
needed to examine the growth and survival of the larvae originated from cryopreserved sperm.
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Abstract

Today, it is theoretically assumed that frozen storage of semen doses in liquid nitrogen
guarantees  sperm  functionality  indefinitely.  However,  there  are  few  studies  that
objectively evaluate the effects of long‐term storage on sperm quality parameters. In this
study, we show a freezability analysis of bull semen stored for 1, 10, 25, 40 and 45 years
at −196°C. Sperm viability and full sperm motility were analyzed by CASA system, and
acrosome integrity was assessed with Coomassie blue staining. Our results showed that
sperm viability and total sperm motility were not affected by long‐term cryopreserva‐
tion  at  −196°C.  Specifically,  we  did  not  find  any  significant  differences  (p > 0.05)
associated  between  different  long‐time  storing  analyzed;  both  parameters  showed
optimal values of sperm viability and total sperm motility (both over 60%). Additionally,
the acrosomal integrity parameter was not affected, showing an optimal range (87±1.6
‐ 95±0.5%). We conclude that the sperm quality of bovine semen is not affected by long‐
term storage at −196°C. However, future field trials will be necessary in order to validate
that both fertility and embryo viability are maintained for the times analyzed.

Keywords: sperm, cryopreservation, storage, liquid nitrogen, freezability, sperm qual‐
ity

1. Introduction

Cryopreservation protocols for the bull used in the animal production industry began in the
1950s [1]. Since then, both the packaging type and cryopreservation system were changing on
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the time. Primary considerations in the selection of a system for packaging semen were fertility,
insemination preference, ease of handling, ease of identification, freedom from contamination,
economics of storage and efficiency of ejaculates [2]. Sperm are commonly packaged in one of
three ways: (a) glass ampoules, normally containing 0.5–1.2 ml of frozen semen; (b) pellets
containing about 0.1 ml; and (c) polyvinyl chloride straws with a volume of 0.25–0.5 ml.

Early field trials showed that the bovine semen frozen to −79°C and packed on dry ice could
still yield high fertility [3]. Regarding to time storage factor, studies of sperm motility have
indicated a descent in sperm viability after storage [4, 5]. On the other hand, field trials carried
out at the Reading Cattle Breeding Centre (Great Britain, 1960) indicated no effect on concep‐
tion rate when using long‐term semen stored in a dry ice alcohol mixture for 4 years [6].

Until the 1970s, it was thought that frozen semen could be indistinctly stored in mechanical
freezers at about −25°C, in solid carbon dioxide at −79°C, or in liquid nitrogen at −196°C.
However, an inverse relationship between preservation of sperm viability and storage
temperature was shown [7]. Briefly, most frozen semen was stored in a mixture of dry ice and
alcohol at −79°C, which ultimately decreased fertility [8–10]. Meanwhile, studies of frozen
semen stored at −196°C have shown a consistently high non‐return rate [11–14].

Furthermore, since the 1970s, there have been mentions that deterioration continues even when
sperm are stored in liquid nitrogen; suspecting that aging of spermatozoa may occur if semen
is stored for long periods of time, and this may be associated with embryo mortality and
delayed return [9, 15].

Studies by Salisbury and Hart [16] suggested that bovine frozen sperm have a low fertility
level and promote increased embryonic mortality after 18 months of storage at −196°C, but
other studies have been unable to confirm this. In this context, Strom [14] found no evidence
of reduced fertility when approximately 60,000 inseminations were performed with semen
packaged in pellets, following storage in liquid nitrogen at −196°C for approximately 1–1.5
years. Cassou [17] reported no difference in fertility after 285,551 inseminations with frozen
semen in straws were stored at −196°C for up to 4.5 years. Similarly, a field trials of Roettger
et al [18], with 100,000 inseminations and using frozen semen stored at −196°C for 5 years, a
normal fertility rate was evidenced.

Field trials using frozen semen packaged in ampoules, pellets and straws have indicated that
the influence of packaging methods in fertility has been inconsistent [2]. Therefore, according
to these authors, if the semen fertility stored in LN is reduced with time, regardless of
packaging technique, some factors other than storage are responsible.

Today, cryopreservation in liquid nitrogen (−196°C) is a technique that allows for long‐term
storage of spermatozoa [19]. This is a highly practical method in breeding programs for
domestic animals and is used to maintain the establishment and genetic diversity of gene
banks [20, 21].

Cryopreservation requires many stages during cooling/freezing and thawing procedures,
which interactively affect its success [22, 23]. On the other hand, it is assumed that storage
period in deep freezing does not affect sperm viability [24, 25], and there is argument that
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spermatozoa retain their fertilizing potential indefinitely when stored at −79°C in dry ice, or
at −196°C in liquid nitrogen [26]. However, there is a scarcity of studies designed in order to
detect a decrease in reproductive performance of cryopreserved semen as a function of storage
time.

In this respect, Mazur [27] proposed that, by accumulative cosmic radiation, more than 3,000 
years. Then the question arises, how long cells can be stored in liquid nitrogen without suffering
damage? This question is probably irrelevant if the cellular storage temperature is below −120°C,
where chemical reactions do not occur in a human timescale. Moreover, at −196°C, the thermally
driven reactions only can occur on a geological timescale [28].

There is the possibility of slow accumulation of direct damage from ionizing radiation, but this
becomes significant only after centuries of storage [29]. Yet, as previously mentioned, insemi‐
nation trials with frozen stored semen [16] suggest a far shorter time period of optimal semen
storage at the above‐mentioned low temperatures, in consideration of fertility rate mainte‐
nance. However, other evidence suggests that this could be due to inadequate maintenance of
temperatures [26]. There are two studies that strongly reinforce the idea that fertilization
potential is maintained in long‐term storage in liquid nitrogen. Specifically, the in vitro
fertilization (FIV) was obtained using frozen spermatozoa, stored in nitrogen liquid during 37
and 27 years, for bovine and human, respectively [30, 31].

In relation to sperm quality parameters, there are few studies that objectively evaluate the
effects of long‐term sperm storage. Leibo et al. [30] reported a normal bovine sperm motility
after 37 years, and Rofeim and Gilbert [32] reported no statistical reduction in human sperm
quality after 5 years of follow‐up. More recently, although it was not analyzed by computer‐
assisted sperm analysis (CASA system), Malik et al. [33] showed that the viability and motility
of thawed sperm stored in liquid nitrogen during 6 years were lower than 1‐ to 2‐year storage .

The main goal of this study was to assess, through CASA system, the main sperm quality
parameters of cryopreserved and stored bull semen in liquid nitrogen for 10, 25, 40 and 45 
years.

2. Materials and methodology

2.1. Seminal doses, race of donor and processing

In this study, a total of 75 commercial doses from bulls Friesian breed were used. The cryo‐
preserved germplasm were defined and divided into five groups according to the storage time.
For each group, 15 seminal doses from five different donors (three each) were considered. All
seminal doses used were collected, processed, packaged, cryopreserved and stored (−196°C)
using commercial standard procedures by Center of Artificial Insemination (CIA), belonAus‐
tral University Chile (UACh).

The mean storage times or groups of the semen doses analyzed were the following: 45, 40, 25
and 10 years, which were packaged in glass ampoules, pellets, short straws and fine straws,
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respectively. As a control, commercial frozen doses cryopreserved in fine straws and stored in
liquid nitrogen for 1 year were used. The following thawing protocols were used, in accordance
with cryopreservation packaging supports (that is showed in Figure 1): Ampoule samples were
thawed in thermo‐stated water bath at 50°C for 75 s; pellet samples were thawed in a Thermos‐
stated water bath at 40°C for 55 s; short straw (Mini‐Tubes) and fine straw samples were thawed
in a thermo‐stated water bath at 37°C for 30 s.

Figure 1. Different freezing packaging system used in this study.

2.2. Sperm quality analysis of seminal doses

2.2.1. Plasma membrane integrity (viability assessment)

Plasma membrane integrity was determined using the acridine orange (AO)/propidium iodide
(PI) double‐staining technique, according to Córdova et al. [34], with modifications. Briefly,
post‐thawing samples (3 μL) were mixed (1:1) with a staining aqueous solution composed of
20 μM AO and 10 μM PI in a tempered microscope slide. Stained samples were analyzed using
the CASA System (viability module of the Sperm Class Analyser®, Microptic, Spain) coupled
to an epifluorescence microscope (Nikon E200, Japan) with a high‐velocity camera (Basler AG,
Germany). Viability percentages were established from a minimum of 1000 spermatozoa for
each sample.

2.2.2. Sperm motility assessment

Sperm motility was assessed using the CASA system (Motility module of the Sperm Class
Analyser®, Microptic, Spain), according to Ramírez et al. [35], with modifications. A total of
6 μL aliquots of samples was then placed on a prewarmed (37°C) slide and covered with a 24
mm2 coverslip. The motility analysis by CASA system was based on the analysis of 25
consecutive, digitalized photographic images taken over a time lapse of 1 s, obtained from a
single field using a negative objective (10× magnification) and a phase contrast microscope
(Nikon E200, Japan), coupled to a high‐velocity camera (Basler AG, Germany, scA780 54tc).
Four or seven separate fields were taken for each sample (at less 500 spermatozoa analyzed).
Sperm motility parameters were as follows: curvilinear velocity (VCL); linear velocity (VSL);
mean velocity (VAP); linearity coefficient (LIN): (VSL/VCL) × 100(%). Straightness coefficient
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(STR): (VSL/VAP) × 100(%). Wobble coefficient (WOB): (VAP/VCL) × 100(%). Mean amplitude
of lateral head displacement (ALH); frequency of head displacement (BCF). Bovine configu‐
ration of CASA system used was as follows—capture: 25 frames/s; particle area range: 5–70 
μm2; classification according to velocity (VAP): static < 10 μm/s < slow < 25 μm/s < medium <
50 μm/s < rapid. The progressive motility was defined as the percentage of spermatozoa
showing an STR above 70%.

2.2.3. Sperm acrosomal integrity assessment

The structural status of sperm acrosomes was assessed using Coomassie G‐250 staining,
according to Larson et al. [36]. Briefly, sperm aliquots were washed in TBS, fixed and permea‐
bilized for at least 30 min at 4°C in 100% methanol. Permeabilized spermatozoa dried onto
slides were then covered with a droplet of staining solution (0.22% W/V Coomassie blue G‐
250; 50% methanol and 10% glacial acetic). The samples were washed with excess of bidistilled
water, dried and observed under 100 × oil immersion lens. Percentage of stained cells was
determined by counting of at less 300 spermatozoa.

2.3. Statistical analysis

Statistical analyses were performed using one‐way ANOVA with post hoc Bonferroni multiple
comparison tests. For the analysis, we used GraphPAD (Prism 6) software and differences were
considered significant and highly significant for p values of <0.05 and <0.01, respectively.

3. Results and discussion

Our results showed that integrity of plasma membrane is not altered by long‐term storage at
−196°CC (Figures 2A and 3A). Specifically, we did not find any significant differences associ‐
ated with the different storage times analyzed (>10 years) or in relation to control (p < 0.05),
with a post‐thaw sperm viability percentage that oscillated between 60 ± 1.8 and 68 ± 2.1. A
similar situation was observed in the acrosomal integrity analysis, wherein the only significant
difference observed associated with storage time was specifically between 45 and 40 years (p 
< 0.01) (Figures 2B and 3C). Despite these differences, the percentage of acrosomal integrity
after thawing ranged between 87 ± 1.6 and 95 ± 0.5, and ultimately acceptable enough even for
fresh semen. On the other hand, comparative analysis of total sperm motility did not show
significant differences between times storage analyzed. Specifically, all values shown are above
60%, ranging between 60 ± 2.4 and 66 ± 3.2, similar to viability results (Figure 2A and 2C).

In respect to progressive motility, a higher significant value was found in samples from frozen
semen stored by 40 years (p < 0.01) (Figures 2D and 3B). Additionally, a similar behaviour in
other cinematic parameters (VSL, VAP, LIN and WOB) was observed in these samples, showing
higher values (p < 0.001) (Table 1). Consistently, lowest values of hyperactivity, ALH and BCF
were observed in the frozen semen stored for 40 years (p < 0.001). This great differences in
progressive motility and other cinematic parameters in samples of seminal doses storage by
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40 years may have been influenced by the thawing solution used in the pellets tube, particularly
with the presence of sodium bicarbonate (30.9 mM) [37].

Figure 2. Freezability evaluation of frozen‐thawed bovine sperm. A) Plasma membrane integrity or viability (%) analy‐
sis by CASA system using double stain (propidium iodide and acridine orange). A minimum of 1000 spermatozoa
were counted for each assay. B) Acrosomal integrity (%) analysis by Coomassie G‐250 staining. A minimum of 200 
spermatozoa were counted for each assay. C) Total sperm motility (%) analysis by CASA System, VCL > 10 μm/s. A
minimum of 500 spermatozoa were counted for each assay. D) Progressive sperm motility (%) analysis by CASA Sys‐
tem, STR > 70%. A minimum of 500 spermatozoa were counted for each assay. Each bar (storage time) represents the
mean ± SEM of a total of 15 doses were analyzed (from five bulls, three doses for each time analyzed). Significant differ‐
ences among time storing are shown: one‐way ANOVA/Bonferroni post‐test (p < 0.001 or by different letters).

The results shown differ from those obtained by Malik et al. [33], who reported a significant
decrease in both the viability and motility associated with prolonged storage (6 years versus
1–2 years). It is highly probable that these discrepancies, in the case of both viability and
motility, are due to differences in the sensitivity of the technique used, nigrosin/eosin staining
and bright field microscopy versus acridine orange/propidium iodine and epifluorescent
microscopy in our case. This could also be due to the evident differences associated with the
use of analysis of subjective sperm motility analysis versus our use of CASA system.

There is an argument that spermatozoa store at −79°C (in dry ice) or at −196°C (in liquid
nitrogen) retain their fertilizing potential indefinitely [26]; however, the storage time results
that studies are controversial. Effectively, although Mazur [29] proposed that several centuries
are required, of liquid nitrogen storage, for that ionizing cosmic radiation alters or damages
the DNA of the cell. However, there are studies that raise a discrepancy respect that cryopre‐
servation, for several years, completely stops the processes of sperm biochemistry, but whose
storage times do not exceed 6 years.

Fourteen five years ago, Salisbury and Hart [16] proposed that bovine frozen sperm have a
low fertility level and promote increased embryonic mortality after 1.5 years of storage at
−196°C. More recently, Haugan et al. [19] based on results of field trials indicated that the

Cryopreservation in Eukaryotes96



40 years may have been influenced by the thawing solution used in the pellets tube, particularly
with the presence of sodium bicarbonate (30.9 mM) [37].

Figure 2. Freezability evaluation of frozen‐thawed bovine sperm. A) Plasma membrane integrity or viability (%) analy‐
sis by CASA system using double stain (propidium iodide and acridine orange). A minimum of 1000 spermatozoa
were counted for each assay. B) Acrosomal integrity (%) analysis by Coomassie G‐250 staining. A minimum of 200 
spermatozoa were counted for each assay. C) Total sperm motility (%) analysis by CASA System, VCL > 10 μm/s. A
minimum of 500 spermatozoa were counted for each assay. D) Progressive sperm motility (%) analysis by CASA Sys‐
tem, STR > 70%. A minimum of 500 spermatozoa were counted for each assay. Each bar (storage time) represents the
mean ± SEM of a total of 15 doses were analyzed (from five bulls, three doses for each time analyzed). Significant differ‐
ences among time storing are shown: one‐way ANOVA/Bonferroni post‐test (p < 0.001 or by different letters).

The results shown differ from those obtained by Malik et al. [33], who reported a significant
decrease in both the viability and motility associated with prolonged storage (6 years versus
1–2 years). It is highly probable that these discrepancies, in the case of both viability and
motility, are due to differences in the sensitivity of the technique used, nigrosin/eosin staining
and bright field microscopy versus acridine orange/propidium iodine and epifluorescent
microscopy in our case. This could also be due to the evident differences associated with the
use of analysis of subjective sperm motility analysis versus our use of CASA system.

There is an argument that spermatozoa store at −79°C (in dry ice) or at −196°C (in liquid
nitrogen) retain their fertilizing potential indefinitely [26]; however, the storage time results
that studies are controversial. Effectively, although Mazur [29] proposed that several centuries
are required, of liquid nitrogen storage, for that ionizing cosmic radiation alters or damages
the DNA of the cell. However, there are studies that raise a discrepancy respect that cryopre‐
servation, for several years, completely stops the processes of sperm biochemistry, but whose
storage times do not exceed 6 years.

Fourteen five years ago, Salisbury and Hart [16] proposed that bovine frozen sperm have a
low fertility level and promote increased embryonic mortality after 1.5 years of storage at
−196°C. More recently, Haugan et al. [19] based on results of field trials indicated that the

Cryopreservation in Eukaryotes96

likelihood of conception decreased only a little more than one percentage after 5.5 years of
storage, but that level of decline seems to be so important because the calving rate predicted
by multiple logistic regression was 59.2%, optimal value according to commercial standard for
frozen semen. Contrary, field trial results of Strom [14] found no evidence of reduced fertility
when was used frozen semen storage by 1–1.5 years. Additionally, Cassou [17] and Roettger
et al [18] reported no difference in fertility when were used frozen semen stored at −196°C for
up to 4.5 and 5 years, respectively. Unfortunately, there are no field trials in that and both
pregnancy and calving rates have been analyzed; to rule out or confirm effects of prolonged
storage on embryo mortality, this would be the only one way to resolve the question.

Figure 3. Representative’s field captures for sperm quality parameters analyzed. (A) Plasma membrane integrity analy‐
sis, green or red fluorescents marks correspond to sperm recognized as live or dead, respectively. Images obtained
with epifluorescence microscope, objective: 10×. (B) Sperm motility analysis, the tracking in red, green, blue and yel‐
low, correspond to sperm sorted according velocity: rapid, medium, slow and static, respectively. Images obtained
with phase contrast microscope, objective: 10×‐negative. (C) Acrosomal integrity analysis, Coomassie blue G‐250
stained acrosome‐intact sperm or those with acrosome reacted or damaged (asterisks). Images obtained with bright
field microscope, objective: 40×.

Storage time
at −196°C

VCL (μ/s) VSL (μ/s) VAP (μ/s) LIN (%) SRT (%) WOB (%) ALH (μ) BCF (Hz)

45 years 68.23 ± 1.8a 34.88 ± 1.5a 43.94 ± 1.6a 47.8 ± 1.3a 71.5 ± 1.3a 63.1 ± 0.9a 2.57 ± 0.0a 9.38 ± 0.29a

40 years 77.27 ± 2.5a 52.63 ± 2.1b 65.47 ± 2.9b 60.2 ± 1.6b 72.5 ± 1.4a 78.4 ± 1.8b 1.97 ± 0.1b 7.07 ± 0.6b

25 years 75.67 ± 2.1a 32.46 ± 1.4a 48.26 ± 1.9a 42.5 ± 1.3a 63.9 ± 1.3b 63.0 ± 1.2a 2.81 ± 0.0a 9.46 ± 0.3a

10 years 78.64 ± 2.8a 34.03 ± 2.1a 50.23 ± 2.2a 41.7 ± 2.1a 63.0 ± 2.0b 62.2 ± 1.6a 2.94 ± 0.1a 8.87 ± 0.2a

1 year 69.08 ± 5.0a 32.42 ± 2.3a 45.02 ± 3.2a 45.0 ± 2.1a 66.9 ± 2.2a,b 63.5 ± 1.3a 2.59 ± 0.1a 9.19 ± 0.4a

Values are expressed as mean ± SEM. Different superscript letters (a and b) indicate significant differences among
storage times (one‐way ANOVA, p < 0.001).

Table 1. Effect of storage time at −196°C on bull sperm kinetic parameters.
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Our result showed that the more important parameters of sperm quality non‐present changes
associated to storage times analyzed (1–10–25–45 years). Considering that the plasma and
acrosomal membrane integrity are two irreversible parameters of sperm quality, and that the
motility is commonly believed to be one of the most important characteristics associated with
the fertilizing ability of semen [38]. Our freezability data, analyzed as a whole, suggest that
fertilizing potential of the seminal dose is commercially analyzed, independent of storage time,
and it is high. In this respect, Budworth et al. [39, 40] observed significant correlation of the
sperm motility and sperm velocity with the competitive fertility index. Moreover, Amann [41]
reported a high level of correlation between competitive fertility index and sperm motility,
VCL, VSL parameters, with 0.80, 0.68 and 0.70, respectively.

We conclude, and categorically, that the basic parameters of sperm quality of bovine semen
are not affected by long‐term storage at −196°C. Complementary analysis, including other
aspects as to mitochondrial metabolism, reactive oxygen species (ROS) levels, DNA fragmen‐
tation and chromatin integrity, could shed light on possible and potential changes induced for
prolonged storage.

Future studies of embryo production by in vitro fecundation (IVF) and field trials are needed,
in order to confirm effects associated to long‐term sperm storing at −196°C on fertility,
embryonic viability and calving rate.
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Abstract

Despite research developments in the area of sperm storage, it has become inevitable 
to realize a marked reduction in the quality of fresh semen following cryopreservation. 
As a result, research has continued and will also continue in the future looking forward 
for a much better and improved methods of sperm cryopreservation along with better 
understanding of the physical and biochemical challenges that the sperm has to face to 
survive during freezing. Among the various attempts made to improve the cryopreserva‐
tion process and subsequently result in superior quality of sperm after thawing include 
manipulating the composition of semen extenders by addition of exogenous products 
including antioxidants and fatty acids. While fatty acids are added to strengthening 
plasma membrane stability, Antioxidants are incorporated to compensate the reduction 
in the endogenous antioxidants level of seminal plasma due to dilution as well as to 
combat with the excess reactive oxygen species (ROS) production during freezing. In this 
chapter, the roles of antioxidants and fatty acids in mammalian sperm cryopreservation, 
both from endogenous and exogenous perspectives, will be discussed with reference to 
the latest research findings.

Keywords: antioxidants, fatty acids, sperm cryopreservation

1. Introduction

Demand for livestock products are increasing throughout the world, due to the shifting of con‐
sumption patterns toward livestock products and increase in human population. For example, 
meat and dairy consumption over the last decade increased at a rate of 3–5% annually in 
Asian countries [1]. To fulfill the increasing demand for animal products, there is a need to 
increase animal production by improved reproductive technologies. One of the reproductive 
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 technologies that have tremendously contributed to the genetic improvement and develop‐
ment of animal production especially, in the dairy cattle industry is artificial insemination (AI).

AI is a process of depositing sperm manually into a female reproductive tract (usually, uterus, 
or cervix) for the purpose of achieving viable pregnancy through in vivo fertilization using a 
method other than natural mating. The first documented history of successful use of AI back‐
dates to 1780 by L. Spallanzani who experimented in a bitch that subsequently gave birth to 
three pups. Later in about 1900, research on AI continued in farm animals and subsequently 
E.I. Ivanoff who initially studied in horses became the first to successfully inseminate cattle 
and sheep [2]. Since then, AI has undergone tremendous advances in techniques and applica‐
tions in a wide variety of species of animals and human.

AI provides a lot of advantages over natural breeding. It maximizes the lifespan reproductive 
potential of a given male as a single semen ejaculate can be diluted and used to inseminate sev‐
eral females. Other prominent advantages of using AI in farm animals include improvement 
of genetics through more accurate evaluation of breeder males and greater use of superior 
germplasm, control of sexually transmitted diseases, improved record keeping, and it avoids 
the cost and necessity of keeping breeder males in the farm. Although the need to detect 
females on estrus is one of the prominent disadvantages of AI considered, with the develop‐
ment and advances in other assisted reproductive techniques (ART) such as estrus synchro‐
nization and timed AI as well as heat detection aids, this disadvantage of AI is dwindling.

AI can be performed using either fresh or cryopreserved (frozen‐thawed) semen. Although 
the use of fresh semen in AI results in a higher success rate than using cryopreserved semen, 
it requires keeping males for semen collection in nearby place and immediate shipment of 
the semen for insemination; otherwise, the semen quality will quickly deteriorate. However, 

Figure 1. Proper placement of insemination gun to deposit semen in the body of the uterus [61].
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 cryopreservation provides the opportunity to store the semen for a longer period of time as 
well as an easy global shipment of superior germplasm to be used for AI. According to Turner 
[3], it has been documented that AI was estimated to be used on over 110 million breeding cattle 
(including buffaloes) globally by the turn of the twenty‐first century, with the largest number 
of AIs (50 million) being carried out in the Far East (mainly China, India and Pakistan). There 
were 1600 cattle semen banks globally and the cattle industry produced over 260 million doses 
of bull semen from a relatively small number of 41,000 bulls at 648 collection centers world‐
wide. There was an international trade in bull semen (most of it Holstein), with over 19 mil‐
lion doses recorded as exported globally. The proportion of all cattle inseminations that were 
carried out by AI rather than by natural mating accounted for about 61% in Europe and about 
25% in North America and the Far East. These reflect the significant contribution of semen cryo‐
preservation to the global application of AI in cattle for genetic merit as well as the impact of the 
quality of postcryopreserved semen that could have on the successful outcome of AI (Figure 1).

2. Semen cryopreservation

Semen cryopreservation is a reproductive biotechnology used to preserve and store sperm at 
a low‐freezing temperature for a short or long period of time for various purposes such as 
in assisted reproduction technologies (ART), species or breed conservation and fertility treat‐
ment as in clinical medicine. As discussed earlier, this technique has played a significant role in 
the livestock industry by overcoming space, distance, and time limitations for the transport of 
genetically valuable sperm globally and use of AI. Sperm cryopreservation is also an integral 
component of human reproductive medicine, recognized as an efficient procedure for manage‐
ment of male fertility before therapy for malignant diseases, vasectomy, or surgical infertility 
treatments, to store donor and partner spermatozoa before assisted reproduction treatments 
and to ensure the recovery of a small number of spermatozoa in severe male factor infertility [4].

The observation made by Spallanzani in 1803 stated that sperm cooled with snow was not 
killed but rendered motionless until exposed to heat, after which they became motile for sev‐
eral hours, and the successful cattle insemination in the 1900s could be considered the initial 
triggers toward the discovery of the cryopreservation procedure. It was in 1940, A. S. Parkes 
and C. Polge developed a successful method for sperm freezing and storage at low tempera‐
tures (‐79°C) using dry ice [2]. The same researchers were able to identify glycerol, which is 
commonly used as a cryoprotectant up to now, as an important factor that helps to protect 
fowl sperm during the freezing and thawing process. Later in 1957, the freezing mechanism 
transformed from the use of dry ice to the use of liquid nitrogen contained in a large stainless 
steel or aluminum vacuum containers, pioneered by the American Breeders Association [2]. 
Packaging sperm using plastic tubes (straws) or glass ampules were also important adjunct 
discoveries in the history of development of successful cryopreservation protocol. From the 
onset of using frozen semen until about the 1970s, glass ampoules were used almost exclu‐
sively for packaging, while the straws (0.5 ml—medium straw; 0.25 ml—mini straw) have 
been the package of choice from the 1970 up to now. As shown in Figure 2, liquid nitrogen 
tank is used to freeze and store the sperm.
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2.1. Semen cryopreservation media

A cryopreservation media, which is also known as semen diluent or extender, plays a cru‐
cial role in the quality of sperm after thawing and consequently, it affects significantly 
the success of AI in the livestock industry. This is because, the survival of the sperm after 
going through all the physical and biochemical challenges during cooling, freezing, and 
thawing is dependent mainly on the protective roles provided by the different components 
of the semen extender used. There are a number of ready‐to‐use commercially available 
semen extenders for the production of animals, which include Bioxcel®. Semen extend‐
ers such as tris‐egg‐yolk can also be prepared freshly in the laboratory provided that the 
components to be mixed are available. In spite of some variations among extenders in their 
composition, the ultimate objectives intended to be achieved are usually common. These 
objectives, which have been described as properties that a good semen extender should 
have [2], include:

1. To have the same free ion concentration or to be isotonic with semen.

2. To have a buffering capacity to maintain pH by neutralizing acid produced by sperm 
metabolism.

3. To protect the sperm from cold shock injury during cooling from body temperature down 
to 5°C.

4. Provide nutrition for the sperm metabolism.

5. Control microbial contaminants.

6. Provide sufficient protection to the sperm from damage during freezing and thawing.

7. Preserve the life of the sperm with minimum drop in fertility.

Figure 2. Liquid nitrogen tank used to freeze and store semen in straws (left) and a cross section of a typical semen 
storage unit (right).
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Despite vast research that has been conducted in the area of semen extender's composition 
and sperm cryopreservation, and remarkable improvements, yet it has remained inevitable 
for a big portion of the fresh semen to be damaged during cryopreservation and subsequently 
resulting in a significant decrease in its quality. This might conclude that the above‐men‐
tioned properties of a good semen extender are not good enough and the presence of many 
other unknown damaging factors that need to be identified and addressed as well. Among 
the other challenges that the sperm has to face during cryopreservation that appears to be 
overlooked is oxidative stress (OS). Traditional semen extenders lack specific components 
targeted to deal with oxidative stress or protect sperm from oxidative damage. As a result, 
recent studies have focused on finding supplements to semen extenders to protect sperm 
from oxidative stress as well as other supplements that would help to protect sperm damage 
in structure and function. In this chapter, we focus on antioxidants and fatty acids as supple‐
ments for sperm cryopreservation.

3. Oxidative stress and antioxidants

3.1. Oxidative stress (OS)

Before discussing about antioxidants and their role as supplements to protect sperm from 
oxidative damage, it is also important to review on what oxidative stress mean and evidence 
that shows sperm quality is indeed affected by oxidative stress. Oxidative stress (OS) refers 
to a disturbance in the balance between the production of reactive oxygen species (ROS) (free 
radicals) and the antioxidant defense that helps to counteract or detoxify their harmful effects. 
As discussed earlier, cryopreservation of sperm is a routine practice especially in cattle breed‐
ing industries for the purpose of artificial insemination. The freezing‐thawing procedures of 
cryopreservation are known to produce ROS in sperm samples. Exposure of semen to cold 
shock and atmospheric oxygen during cryopreservation increases the susceptibility to lipid 
peroxidation (LPO) due to higher production of ROS [5, 6].

Oxidants, such as reactive oxygen species (ROS) which are produced physiologically in liv‐
ing cells during respiration as well as by abnormal or dead sperm and phagocytic cells of 
both the ejaculate and female reproductive tract, affect the quality of postthawed sperm in 
animals [7, 8]. These ROS can inhibit sperm motility, capacitation, and acrosome reaction 
mediated by lipid peroxidation (LPO) of sperm membrane. Lipid peroxidation has been 
correlated with exposure of spermatozoa to ROS and it has been demonstrated that sper‐
matozoa undergoing freeze‐thaw cycles produces ROS [9]. A lipid peroxidation rate can be 
assessed by measuring malondialdehyde (MDA) level in the semen [10] which is one of the 
final products of polyunsaturated fatty acids (PUFAS) peroxidation in the cell and considered 
to be an oxidative stress biomarker.

Oxidative stress, which occurs when oxidants outnumber antioxidants in tissues or cells caus‐
ing pathological effects, is known to play a significant role in the pathophysiology of infertility 
in human [11]. Factors causing oxidative stress such as ROS are known to be involved in mul‐
tiple physiological processes from oocyte maturation to fertilization, embryo  development, 
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and pregnancy [11]. According to Agarwal et al. [12], OS is also considered to be one of the 
key causes of defective gametes and non‐ or poorly developing embryos in assisted repro‐
ductive techniques (ART). A poor fertilization rate, impaired embryo development, and 
higher rates of pregnancy loss associated with increasing OS in male germ cells are among 
the adverse effects recorded [13]. A number of other studies have also confirmed significant 
pathological effects of OS on gametes, embryos, and subsequent implantation resulting in 
poor pregnancy outcomes. Sperm DNA damage [14] implicated as the cause of increased 
incidence of abortion [13], loss of plasma membrane fluidity that leads to decrease in vigor 
and ultimate immobilization, and decrease in mitochondrial potential that leads to apoptosis 
are among the pathological effects of OS on sperm reported [15]. While reduced quality, early 
developmental block, and retardation of embryos [11], high fragmentation, and lower blas‐
tulation rate that lead to a lower pregnancy rate [2] are among the pathological effects of OS 
reported on embryos. Considering these adverse effects of OS on reproduction, ameliorating 
strategies such as in vivo and in vitro supplementation of antioxidants have been suggested 
and implemented with improved results [15, 16].

3.2. Antioxidants and their role in sperm cryopreservation

Antioxidants can be classified as enzymatic and nonenzymatic antioxidants. Enzymatic anti‐
oxidants are also known as natural antioxidants; they neutralize excess ROS and prevent it 
from damaging the cellular structure. Enzymatic antioxidants are composed of superoxide 
dismutase (SOD), catalase, glutathione peroxidase (GPx), and glutathione reductase (GR), 
which also cause reduction of hydrogen peroxides to water and alcohol [6, 11]. Nonenzymatic 
antioxidants are also known as synthetic antioxidants or dietary supplements. The antioxi‐
dant system in the body is influenced by dietary intake of antioxidants, vitamins, and miner‐
als such as vitamin C, vitamin E, zinc, taurine, hypotaurine, and glutathione [6, 11].

In mammals, seminal plasma contains a number of antioxidants which include superoxide 
dismutase, catalase, glutathione peroxidase, free radical scavengers such as vitamins C and E, 
hypotaurine, taurine, and albumin [17]. The presence of these antioxidants in semen helps to 
counteract with the oxidants and protect the spermatozoa from damage. Semen dilution using 
extenders for the purpose of having more doses from a single ejaculate and cryopreservation, 
however, decreases the concentrations of natural components of antioxidants. The decrease 
in the components of antioxidants due to dilution coupled with an increase in production of 
ROS during cryopreservation exacerbates the condition of spermatozoa and further degrades 
its postthaw quality and fertilizing ability. To minimize the effect of oxidants on a diluted 
semen, researchers have tested the impact of adding antioxidants into extenders in many 
species of animals including bull and have observed improvement in the quality of postthaw 
spermatozoa compared with controls based on conventional andrological tests [8, 17].

There are numbers of antioxidants tested as supplements to mammalian sperm cryopreserva‐
tion, but perhaps the most frequently studied antioxidant is alpha‐tocopherol form of vitamin 
E. Vitamin E is a fat soluble vitamin that may directly quench the free radicals such as peroxyl 
and alkoxy (ROO•) generated during ferrous ascorbate‐induced LPO; thus, it is suggested as 
major chain breaking antioxidant and a protectant of LPO and polyunsaturated fatty acids 
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(PUFAS) in cell membranes from oxidation [6]. Addition of natural antioxidants such as alpha‐
tocopherol and ascorbate has been reported to have protective effect on metabolic and cellu‐
lar viability of cryopreserved bovine spermatozoa [18, 19]. More recently, butylated hydroxyl 
toluene (BHT), a synthetic analogue of vitamin E, has been tested for its antioxidant effect on 
bulls [8] and buffalo bull spermatozoa [17]. These studies investigated the impact of adding 
BHT into semen extenders on postthaw semen quality based on conventional andrological 
tests such as motility and viability. Results of their study indicated improvement of semen 
quality following cryopreservation compared to untreated controls. A concentration range of 
BHT added between 0.5 and 1 mM for bull spermatozoa [8] and between 1 and 2 mM for buf‐
falo sperm [17] was reported to be optimum for cryopreservation and better postthaw sperm 
quality. BHT is a synthetic analogue of vitamin E that controls the auto‐oxidation reaction 
by converting peroxy radicals to hydroperoxides [17]. BHT has also been successfully tested 
to preserve liquid semen in other species of animals, such as turkey, to minimize cold shock 
damage in ram, boar, and goat spermatozoa [17]. Recently, BHT has also been tested in our 
laboratory as a supplement to both lecithin‐based and egg‐yolk‐based extenders for bull sperm 
cryopreservation [10]. Findings showed that supplementation of BHT improved general motil‐
ity, progressive motility, morphology, acrosome integrity, DNA integrity, and oxidative stress 
level of sperm at 0.5 mM/ml for lecithin‐based Bioxcel® and at 1–1.5 mM/ml of BHT for tris‐ 
and citrate‐egg‐yolk extenders compared with their controls. However, higher concentrations 
of 2.0 and 3.0 mM/ml of BHT had a detrimental effect compared with the control of all extend‐
ers evaluated and it was concluded that BHT supplementation at lesser concentrations (0.5–1.5 
mM/ml) could improve frozen‐thawed bull sperm quality by reducing oxidative stress pro‐
duced during the freezing‐thawing procedures in either lecithin or egg‐yolk‐based extenders.

4. Fatty acids and their role in sperm cryopreservation

Fatty acid is the composite of a hydrocarbon chain, a methyl group and a carboxylic acid 
group. The hydrocarbon chains vary in length between 14 and 24 carbon atoms and have dif‐
ference in the number and position of carbon‐carbon double bonds. Saturated fatty acids (SFA) 
contain no double bonds as all carbon atoms are saturated with hydrogen atoms. This gives 
the general formula of (CH3 (CH2) n COOH) where n is the number of hydrocarbon chain [20]. 
Fatty acids are classified as essential fatty acids (EFA) and nonessential fatty acids (nEFA) in 
mammals. Essential fatty acids cannot be synthesized by the body and must be included in 
the diet due to a lack of desaturase enzymes and the inability to synthesize fatty acids [21].

Fatty acids are vital components of phospholipids and diglyceride and triglycerides, where 
they are attached to a glycerol molecule, with an additional polar, organic molecule adjoined 
to the glycerol molecule of the phospholipid. Phospholipids and diglycerides contain two 
fatty acid chains while triglycerides contain three. When these fatty acids are not part of a 
larger structure, they are known as free fatty acids.

Fatty acids contain hydrophobic tail of long carbon chains and a hydrophilic head contain‐
ing a negatively charged phosphate group [22]. The roles of phospholipids are primarily as 
constituents of biological membranes [23].
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4.1. Types of fatty acids

Fatty acids are broadly classified as saturated and unsaturated fatty acids.

4.1.1. Saturated fatty acids (SFAS)

Saturated fatty acids (SFAs) are considered as they do not have double bonds in their hydro‐
carbon chain. The most common SFAs in sperm are palmitic acid (16:0) and stearic acid (SA; 
18:0) [24, 25] (Figure 3). Because of the absence of double and triple bonds, saturated fatty 
acids are crowded tighter in cell membranes, therefore, reduce membrane fluidity. Membrane 
fluidity increases as levels of membrane unsaturation increases [26].

4.1.2. Unsaturated fatty acids

Unsaturated fatty acids are further divided as monounsaturated fatty acids (MUFA) or poly‐
unsaturated (PUFAs). Monounsaturated fatty acid (MUFA) components contain only one 
double bond and PUFAs contain two or more double bonds. MUFAs and PUFAs are then fur‐
ther classified into three families, omega 3, 6, and 9 (n‐3, n‐6, and n‐9) unsaturated fatty acids 
according to the distance of the first double bond from the methyl terminal [26].

4.1.2.1. Omega 3, 6 and 9 fatty acids
Omega 3 fatty acid is a group of fatty acids in which the first double bond is located on the 
third carbon‐carbon bond from the methyl end of the hydrocarbon chain. The first double 
carbon‐carbon bond of omega 6 fatty acid is located on the sixth carbon‐carbon bond from the 
methyl end. Omega 9 fatty acids have the first double bond on the ninth carbon‐carbon bond 
from the methyl end group. Omega 3, 6, and 9 fatty acids can also be denoted as n‐3, n‐6, and 
n‐9 or ω‐3, ω‐6, and ω‐9 fatty acids, respectively. Omega 3 fatty acids in many species of sperm 
include ALA (18:3), DHA (22:6), DPA (22:5), and eicosapentaenoic acid (EPA; 20:5) (Figure 4). 
Arachidonic acid (AA; 20:4) and LA (18:2) are two n‐6 fatty acids in sperm (Figure 5) while 
oleic acid (OA; 18:1) is n‐9 fatty acid family (Figure 6) [27].

Animals, such as bull and boar, and humans cannot manufacture fatty acids with car‐
bon chains more than 18 carbons, because of deficiency in the desaturase enzymes at 

Figure 3. Structure of palmitic acid (upper) and stearic acid (lower). Both have COOH groups to the end with methyl 
(CH3) end to the left, C and H atoms not marked.
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Δ1‐desaturase, Δ2‐desaturase, and Δ3‐desaturase enzymes, which could form ALA, LA, 
and OA, whereas these animals contain Δ4‐desaturase, Δ5‐desaturase, Δ6‐desaturase, and 
Δ9‐desaturase, the number indicating the location that the desaturase enzyme places the 
double bond in the carbon chain [27]. n‐3, n‐6, and n‐9 fatty acids are commonly known 

Figure 4. Structure of n‐3 polyunsaturated fatty acids (PUFAs), alpha‐linolenic acid, docosapentaenoic acid, 
docosahexaenoic acid and eicosapentaenoic acid.

Figure 5. Structure of n‐6 polyunsaturated fatty acids (PUFAs), arachidonic acid and linoleic acid.

Figure 6. Structure of n‐9 monounsaturated fatty acids (MUFA) and oleic acid.
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as the parent fatty acids. These fatty acids are usually found in the diet. Longer chain fatty 
acids are manufactured by the process of elongation and desaturation reactions generally 
named as de novo synthesis of fatty acids [26, 27] (Figure 7).

4.2. Fatty acid compositions of sperm

Epididymis is the store house of sperm where sperm undergo the process of maturation and 
remodeling of the plasma membrane also occurs. During remodeling, secreted epididymal 
glycoproteins uptake takes place, consumption of phospholipids from the membrane bilayer 
and relocation of protein and lipid constituents are restructured during maturation [28] and 
sperm acquire progressive motility and the ability to fertilize an oocyte [29]. Particularly, bull 
sperm lose half of their phospholipid and major phospholipid [30]. Fatty acids, as a major 
component of phospholipids, also undergo a major reduction during epididymal stage [30]. 
Retention of fatty acids (SFA, MUFAs, and PUFAs) is an indication of immature and defec‐
tive sperm [25, 31] who studied bull sperm heads and tails described that sperm tails retained 
more  n‐3 PUFAs than the sperm head while  n‐6 PUFAs were more concentrated  in sperm 
heads than in the tails. Same patterns of n‐3 and n‐6 by were found in human sperm. A higher 

Figure 7. Metabolism of parent fatty acids ALA (n‐3) and LA (n‐6) into longer carbon chain fatty acids with relevant 
enzymatic reactions to form the fatty acids [26].
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 percentage of n‐6 fatty acids (28%) were found in the total bull sperm than n‐3 fatty acids (23%) 
in both bull and human sperm. Poulos et al. [30] reported that DHA was one of the main fatty 
acids of caudal and ejaculated bull sperm and human sperm, respectively. Lenzi et al. [26] 
has suggested that up to 60% of PUFA in normal human sperm consists of DHA; however, 
Zalata et al. [32] also reported the same.

Palmitic acid and stearic acid have been identified as the most saturated fatty acids of whole 
human sperm [25, 26]. Human sperm fatty acid from asthenozoospermic (low motility and via‐
bility) males differed from normospermic (normal) males in composition. The former showed 
lower of DHA but higher OA levels [32]. While unsaturated fatty acids, as a whole, were 
reduced in the asthenozoospermic males compared to normospermic males [33]. However, 
infertile human males were found to have higher levels of n‐6 PUFAs, which decreased sperm 
concentration, decreased motility, and higher abnormal count [34]. High levels of n‐3 PUFAs 
(ALA, DHA, DPA, and EPA) were linked with sperm development, improved motility, and 
morphology and cryogenic resistance [34]. The superabundance of unsaturated fatty acids, 
leave sperm extremely susceptible to reactive oxygen species (ROS) attack, oxidative stress 
(OS), and lipid peroxidation (LPO) [24, 25] (Table 1).

4.3. Roles of fatty acids in sperm cryopreservation

Adenosine triphosphate (ATP) produces anaerobic and aerobic respiration and provides 
energy within the cells for sperm functions. ATP produced through glycolysis (anaerobic 

Type Name Carbon chain length

Saturated fatty acids Myristic C14:0

Palmitic C16:0

Palmitoleic C16:1

Stearic C18:0

Unsaturated fatty acids n‐9 PUFAs;

Oleic acid C18:1n‐9OA

n‐6 PUFAs

Linoleic acid C18:2n‐6

Gamma linolenic acid (GLA) C18:3n‐6

Arachidonic acid (AA) C20:4n‐6

n‐3 PUFAs

Eicosapentaenoic acid (EPA) C20:5n‐3

Alpha‐Linolenic acid (ALA) C18:3n‐3

Docosapentaenoic acid (DPA) C22:5n‐3

Docosahexaenoic acid (DHA) C22:6n‐3

Table 1. Fatty acids found in sperm of different animals [35].
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 respiration) is a major source of ATP in sperm. Glycolysis occurs in the cytosol of sperm; hence 
it distributes ATP uniformly in sperm. Mitochondria present in sperm midpiece produce 15 
times more ATP by oxidative phosphorylation or aerobic respiration. The aerobic respiration 
requires oxygen (O2) and carried out through electron transport chain (ETC) is an effective 
energy production method. ROS is the by‐product of the ETC by leaking of electron and for‐
mation of superoxide during respiration [36]. The mitochondrial ETC is composed of four 
(Complex I–IV) multiprotein complexes and many electron carriers, i.e., flavoproteins, iron‐
sulfur proteins, ubiquinone, and cytochromes [37]. Electrons are uptaken on ETC by complex 
I and complex II. Complex I carries electron from nicotinamide adenine dinucleotide (NADH) 
and nicotinamide and complex II from succinate (C4H6O4) [37]. Succinate is a flavin adenine 
dinucleotide (FAD) linked substrate, which acts as a coenzyme in redox reactions in the body, 
and later electrons move through carrier to complex III by coenzyme Q (CoQ) or ubiquinone 
and after that by cytochrome C transport electrons to complex IV [37]. During transport at 
ETC, electrons escape and form superoxide, which are then transformed to ROS, i.e., hydro‐
peroxyl, hydrogen peroxide, and hydroxide radicals Superoxide are formed at complex I and 
complex III and O2 is fully reduced to water (H2O) at the end of the ETC [37].

Nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide phos‐
phate (NADPH) are reducing agents and provide protons within a cell. NADPH and NADH 
also are the source of increased ROS by supplying electrons for the formation of free radicals, 
by the reduction of oxygen to superoxide [38]. NADPH is present at the residual cytoplasmic 
droplet and triggers a NADPH oxidase (NOX) system in the human sperm plasma membrane 
[39]. According to the previous studies, human sperm generate ROS using the NOX5 enzyme 
with increase in calcium ions (Ca2+) [40]. NADPH oxidases are plasma enzymes that cata‐
lyze the production of ROS by electron flow from NADPH to surrounding cell membrane to 
molecular oxygen, in order to form superoxide by reduction [41].

The supplementation of exogenous NADPH human sperm encouraged superoxide genera‐
tion [39] and exogenous NADPH stimulate ROS effectively, necessarily, is to penetrate the 
sperm membrane and results that sperm damaged membranes showed a higher tendency 
to absorb NADPH and as a consequence form ROS. NADPH production in the cytoplasm is 
named as the monophosphate shunt, regulated by enzyme glucose‐6‐phosphate dehydroge‐
nase. This enzyme also controls the glucose efflux rate and the presence of this enzyme itself 
is an indicator for immature human sperm [38].

Many studies have been conducted to determine effect of fatty acids particularly polyunsatu‐
rated fatty acids on cooled, chilled, and frozen‐thawed semen quality in different species of 
animals. Some of the testimonies are discussed below.

4.3.1. Bulls

Kiernan et al. [42] determined that ALA maintained sperm motility at 100 µM and viability at 
10 and 50 µM in citrate‐based extender in bull semen chilled for 7 days. Palmitic acid and oleic 
acid maintained motility and viability at 50 and 100 µM. Takahashi et al. [43] reported that 
addition of linoleic acid improved frozen‐thawed spermatozoa motility and viability of bull 
semen. Nasiri et al. [44, 45] added DHA improved sperm quality of frozen‐thawed quality of 
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bull sperm. Dietary ALA improved the plasma membrane integrity, acrosome integrity, and 
DNA integrity of frozen‐thawed spermatozoa [46]. In feed also resulted in improved motility in 
fresh semen of bull [47, 48]. Kaka et al. [35, 49, 50] reported that individual addition of ALA and 
DHA in tris and bioxcell extender improved cooled and frozen‐thawed quality of bull semen 
while combination of ALA and DHA decreased semen quality after freezing. Kandelousi et al. 
[51] and Abavisani et al. [52] also reported that omega‐3 PUFAs did not improve motility, pro‐
gressive, morphology, and viability in citrate extender in frozen‐thawed quality of bull semen.

4.3.2. Goat

In vitro addition of omega‐3 increased the quality of frozen‐thawed spermatozoa in goats [53]. 
Supplementation of egg‐yolk DHA rich in citrate extender also improved the total motility, 
progressive motility, viability, and morphology of frozen‐thawed goat spermatozoa [54].

4.3.3. Sheep

Samadian et al. [55] and Towhidi and Parks [45] tested omega‐3 fatty acids and reported the 
improved frozen‐thawed quality of semen in rams.

4.3.4. Buffalo

Fatty acids such as arachidonic acid improved postthawed spermatozoa motility, membrane 
integrity, acrosome integrity, viability, and DNA of buffalo bull spermatozoa [7].

4.3.5. Human

Omega‐3 fatty acid is higher in fertile men than in the infertile so that omega‐6 fatty acid is 
important for sperm quality (Saferinajad et al., 2010). The existence of surplus of unsaturated 
fatty acids in defective human spermatozoa may increase the oxidative stress which reduces in 
male fertility [34].

4.3.6. Boar

Boar spermatozoa motility, viability, and acrosome integrity were also improved following 
addition of linoleic acid, oleic acid, and arachidonic acid [56–58]. Chanapiwat et al. [59] and 
Kaeoket et al. [60] added that DHA improved motility, membrane integrity, and acrosome 
integrity, viability, and DNA integrity in boar sperm when used alone and in combination 
with L‐cysteine in lactose‐egg‐yolk extender.

5. Conclusion

As research studies show, it is evident that supplementing semen extenders, with some anti‐
oxidants, such as vitamin E and its synthetic analogue, BHT, and fatty acids such as alpha 
linoleic acid, is beneficial to the sperm to endure the physical and biochemical changes and 
challenges faced during cryopreservation and results in a superior postthaw quality available 

The Roles of Antioxidants and Fatty Acids in Sperm Cryopreservation
http://dx.doi.org/10.5772/65571

115



for AI. However, it is worth noting that supplements work best at a particular optimum con‐
centration that varies with the type of extender used, as well as the species of the animal from 
which the sperm has come from. Hence, prior use of a particular antioxidant or fatty acid as a 
supplement, proper investigation needs to be conducted to determine their optimum concen‐
tration to be added into a specific semen extender type.
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Abstract

The recovery and cryopreservation of epididymal sperm are essential tools to preserve
genetic stocks of valuable domestic or wild animals under adverse conditions and also
as an alternative source of gametes in cases of human infertility.  This technique is
recommended after death or when it is not possible to recover semen by usual methods.
Sperm from the epididymis has been studied by many authors in different species.
Cryopreservation is the most effective method for long-term preservation of genetic
material  from valuable  breeding  individuals.  The  protocols  and diluents  used for
cryopreservation of  conventional  semen are well  established,  but  many challenges
remain working with sperm extracted directly from the epididymis. The spermatozoa
retrieved from the cauda epididymis have special  features,  such as the absence of
seminal plasma and large numbers of distal cytoplasmic droplets, which necessitate
special handling, both for cryopreservation and for fertilization. For these reasons, it is
important to describe in detail the features needed to cryopreserve sperm from the
epididymis.

Keywords: cryopreservation, epididymis, fertility, reproduction, sperm

1. Introduction

The cryopreservation technique is widely used in reproductive biology because it facilitates
the application of assisted reproduction techniques such as artificial insemination and in vitro
fertilization (IVF). Besides that it allows long-term storage of gametes, facilitating transport
over long distances and the formation of a genetic bank, essential for the conservation of
species. It is an important complementary tool for conservation to avoid excessive losses of
genetic variation or races of extinction. Cryopreservation is considered to be the most effective
way for long-term preservation of genetic materials, cells, tissues and microorganisms. It
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allows to maintain biological material at very low temperatures, indefinitely. The expansion
of genetic  material  from high-value breeders became possible with the advent of  semen
cryopreservation.  The main advantages  of  the technique are:  portability  for  world trade
because it is not necessary to purchase or move the males, and it also acts in the prevention of
diseases capable of transmission through natural breeding.

Semen constitutes the union of sperm with seminal plasma, secreted by the male accessory
glands. Sperms are produced in the testicles (gametogenesis), and maturation occurs in the
epididymis when cells enter in the caput of epididymis, progress to the corpus, and finally
reach the cauda region, where they are stored until the moment of ejaculation. Spermatozoa
stored in the cauda region are generally of good quality and have a high level of maturity,
being able to fertilize oocytes. The epididymis provides a favorable environment to retain the
sperm with fertilizing capacity for several weeks. Therefore, the cauda epididymis is a major
source of gametes of a breeder and in special cases they can be retrieved directly from it.

The sperm recovery from the epididymis is the last chance to use gametes from dead breeders,
in addition to enabling the maintenance of a germplasm bank of animals of commercial interest
or threatened with extinction [1]. A factor to be considered is the difficulty in collecting semen
from wild species and the unexpected death of animals of zoological interest. In this case, the
technic can be used to ensure the rescue of male gametes and the preservation by cryopreser-
vation process for maintaining germplasm banks [2]. For animal production as livestock, the
sperm recovery directly from the epididymis is a viable alternative when there is a sudden
death of breeder of high commercial value, to increase their genetic stock or in cases of bulls
unable to ejaculate for some reason [3]. It is the last alternative for future use of gametes from
a breeder in assisted reproduction programs. In equine, this technique is important because
there is a high incidence of accidental and unexpected death due to high incidence of colic or
severe traumatic accidents that compromise the reproductive life of the stallion.

The first important point is the recovery of still viable sperm with good parameters of motility,
concentration, and morphological defects as soon as possible after the male death. There is a
time limit for this to successfully occur, usually dependent on temperature. The first step is
getting the epididymis in the field, after the death of the animal. For handling ease, due to
their anatomical location, the testes can be removed with them. Then both should be sent to
the laboratory in suitable containers, with or without cooling. In the lab, the trained technicians
perform gonads cleaning, epididymis isolation and spermatozoa recovery. Then it can be used
in three different ways: first, shortly after harvesting; second, chilled, and third, after cryo-
preservation process. The last increases the availability time of gametes for application of
assisted reproduction techniques. Next we will focus on the key topics relevant to the
understanding of the epididymis spermatozoa cryopreservation technique.

2. Epididymal spermatozoa

When the spermatozoon leaves the testicle to the epididymis, it is a non-functional and infertile
gamete. Only after the passage through the epididymis, it becomes mature and acquires
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progressive motility to become able to fertilize the oocyte. This maturation is complex and
involves several factors, including the interaction of sperm with proteins that are synthesized
in each epithelium region of the epididymis. Sperm passively migrates through the epididymis
and after contact with the epididymal secretions get low-molecular weight and water-soluble
compounds by an isovolumetric regulatory process. These compounds can be spent together
with the cell water when the cells come into contact with hypo-osmotic fluids from accessory
glands or genital female tract. The volume adjustment process serves to maintain the volume
pattern into the sperm cell and to prevent angulation of the flagellum, which prevents the
sperm to migrate efficiently in the female reproductive tract, being unable to fertilize oocytes.
The channels responsible for this regulation are located in cytoplasmic droplets. The sperma-
tozoa located in the cranial portion of the epididymis (caput) are considered immature to
present an osmolyte content reduced insufficient for complete regulation of cell volume when
exposed to hypotonic solutions [4]. The movement of the sperm through the epididymis is
performed mainly by the contraction of smooth muscles of the wall of the Caput and corpus
region. On the cauda, the smooth muscles of the epididymal duct is generally at rest until it is
stimulated to contract at the time of ejaculation for the release of sperm, thus it is responsible
for the protection and storage of sperm until ejaculation.

There are two moments prior to recovery of sperm that interferes directly in the success of the
process. The first is the time from the death of the animal until the necropsy, and the second
is the period of recovery of the gonads to obtain the gametes in the laboratory [5]. The higher
the time of the gametes permanence in the cauda epididymis after death or after orchiectomy,
the greater the damage to the sperm cell. At room temperature, motility is the first parameter
affected. With the increase in the hours before recovery, there is a reduction in the percentage
of moving spermatozoa, worsening from 24 hours [6, 7].

There are two moments for the recovery of spermatozoa from the epididymis:

a. After death

b. After orchiectomy

The most common form of spermatozoa recovery from the epididymis is after death. It is
indicated in cases of use of last spermatic reserve after breeder death. It is usually recom-
mended when the breeder is found after dead in the field in cases of sudden death from a
serious illness, accidents, poisoning and stress problems. It is worth mentioning that infectious
diseases can contaminate tissues with pathogenic microorganisms, and in such cases the
technique is not recommended to avoid contamination. Moreover, in some infectious diseases,
there is an acceleration of tissue degradation, affecting the preservation of tissues and reducing
the time for manipulation. One example is infection by Clostridium chauvoei, a bacterium when
multiplied produces a toxin that causes injury to the host body as well as muscles and other
tissues. The acute disease is considered highly lethal.

After death there is limited time to work before the occurrence of the degeneration of tissues
(postmortem autolysis), damaging the quality of sperm. This time must be sufficient for
catching the gonads in the field and transport to the laboratory. Trained technicians are
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required to perform rapidly obtaining of the spermatozoa, and then adding the medium to
provide substrates necessary for maintenance of gametes.

The recovery after orchiectomy is usually performed in experimental works. Once is not
common execute euthanasia in animals for research, the orchiectomy is an option to simulate
the death for testis and epididymis. The interruption of blood supply to the testis and epidi-
dymis causes the same degenerative changes which occur after death. The orchiectomy is
indicated in any situation where you do not want to eliminate the animal. In cases of unilateral
testicular involvement, contralateral testicle can be tapped.

For wildlife, the difficulty of semen collection by conventional methods such as electroejacu-
lation and artificial vagina turns recovery from epididymis interesting. Sperm can be ob-
tained after orchiectomy, and the animal will stay alive, but will be unable to reproduce on
their own. Both techniques are considered the last chance to use male gametes. The concen-
tration of spermatozoa recovered is limited by storage capacity in the cauda epididymis of
each species. The number of insemination doses is directly proportional to this concentra-
tion.

After recovery, the epididymis can be handled in two ways:

a. Room temperature (about 19°C)

b. Chilled (4–5°C)

When an animal is found dead in the field, it was exposed to climatic conditions for hours.
This ambient temperature accelerates tissue degeneration with loss of sperm viability in a
given time period. This condition has been represented in previous studies to be closer to
reality, to verify the time available and establish a window of opportunity to work. A large
variation in ambient temperatures was reported successfully, between 18 and 24°C [2, 7–9].
At a temperature of 18–20°C, it is possible to recover viable gametes, With 41.25% of pro-
gressive motility by up to 30 hours after orchiectomy [7]. Thus, after the death of bulls ex-
posed at Ambient temperature, the ideal time until sperm recovery is up to 30 hours. With
the increase of the residence time of the gametes in the cauda epididymis after death or after
orchiectomy, there is greater damage to the sperm cell. In general, motility is the first pa-
rameter affected.

On the other hand, in most studies the epididymis are kept at a refrigeration temperature of
5°C before recovery, which slows down the process of cell degradation increasing the time for
collecting viable gametes. For bulls, the maintenance of refrigerated epididymis enables the
achievement of viable sperm for up to 72 hours after the death [10]. By comparing the refrig-
erating temperature (4.9–6°C) with room temperature (21.5–17.9°C) for maintenance of the
epididymis before harvesting in sheep, the highest temperature affects earlier some spermatic
parameters such as the acrosome integrity, motility, concentration and morphology [11]. If
possible, the testicles and epididymis should be transported to the laboratory chilled to
increase the time for processing.

For spermatozoa recovery, The main techniques that can be used are:
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a. Retrograde flow

b. Flotation

The methods to obtain gametes depend on the animal species, size of the epididymis and the
experience of the laboratorist. The retrograde flow consists of cannulation to perfuse the lumen
of epididymis with diluent, promoting the backflow of the cauda epididymis content [12]. This
technique is used for large animals, which have bigger testicular size and larger epididymis.
It has been used successfully in horses and cattle [6, 7]. Being a detailed technique, the time for
extracting spermatozoa is wide. In general, the sperm collection technique by retrograde flow
results in less contaminated samples and better sperm quality than other methods, and is more
suitable [13].

For small animals, the flotation method is most appropriate because of the anatomical size of
the epididymis. It consists of performing longitudinal and cross cuts in the cauda region of the
epididymis, the fragments are deposited into a petri dish containing medium for release of
sperm and later retrieval by filtration [14]. For the smallest mammal in the world, the shrew
(Tupaia belangeri), this is the only technique applicable because of the epididymal size in this
species [15]. The flotation method requires less technician experience, because of the facility
of implementation it is also often used for large animals such as sheep [16] and bulls [5, 10].
One disadvantage of this practice is that the samples are usually contaminated with blood and
cellular debris, as some blood vessels are also incised during the process. The recovered sperm
concentration is lower, as some are stuck between the tissue fragments so they cannot swim
through the diluent in the petri dish.

The spermatozoa collected from the epididymis are free of seminal fluid which is added by
the accessory glands during ejaculation, and serves as a vehicle, stimulating sperm metabolism
and provides the energy necessary for the spermatozoa to pass through the uterus [17]. For it
is a gamete storage location, the concentration of spermatozoa in the epididymal tail is
significantly higher than the concentration of semen after ejaculation. When sperms are
retrieved from the epididymis, there is a lack of ejaculatory reflex, and thereby sperms have
no contact with the plasma rich in electrolytes, fructose, ascorbic acid, various enzymes and
vitamins. Because of this it is recommended to add seminal plasma or other medium that has
the components necessary to maintain sperm viability after recovery. It is important that
whatever the diluent, it must have composition substances favorable to sperm: macromole-
cules such as lipoproteins and phospholipids to act as stabilizers of the plasma membrane,
nutrient source for sperm metabolism (sugars) and buffer to maintain the pH. For cryopreser-
vation, it is indispensable to use a medium containing cryoprotectants.

Besides the absence of seminal plasma, another important characteristic of epididymal sperm
is the presence of large amounts of medial and distal cytoplasmic droplets in the tail of the
sperm [7, 10, 17, 18]. The cytoplasmic droplet is a small spherical mass of 2–3 m in diameter
found in low amounts in the ejaculated spermatozoa as it is released during ejaculation, as
shown in Figure 1. During the transit through the epididymis, the caudal migration of the
cytoplasmic droplet occurs. The presence of distal cytoplasmic droplets is not considered a
severe alteration because it does not interfere with the fertilizing capacity of the sperm.
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Although it represents an alteration in the normal morphology of the spermatozoa, the
presence of cytoplasmic droplets in epididymal sperm is a physiological finding. Sperms with
a large number of distal cytoplasmic droplets tend to lose them after 15–30 minutes of
incubation in a water bath (35°C) or after the agitation [17]. Therefore, it is recommended to
keep the sperm from the epididymis in a water bath at 29 to 35°C for a period of 30–60 minutes,
so that the cytoplasmic droplets are released spontaneously. With the release of the drops, the
sperm changes the circular movement pattern for rectilinear.

Figure 1. Phase contrast microscopy (1000×) of a medial cytoplasmic droplet in bull epididymal sperm. During the
transit through the epididymis the cytoplasmic droplet migrates along the middle piece of the sperm from the proxi-
mal to the medial and distal region.

The pair of testicles (right and left sides) of a male breeder has similar characteristics of
dimensions and gamete production and reserve. It has been reported for bull and stallion [6,
19]. Bulls at reproductive age (between 3 and 7 years) have epididymis (caput, corpus and
cauda) with an average weight of 34.2 g. Moreover, sperm motility parameters, morphology
and concentration do not differ when compared with the epididymal spermatozoa recovered
from right and left. The information becomes useful in cases of unilateral testicular involve-
ment, assisting in the reproductive male prognosis and also in clarifying the normal male
genital tract physiology.

3. Cryopreservation of epididymal sperm

The first experiments arose with the need for establishment of a genetic bank for maintenance
of the gametes for future use. Another reason for the cryopreservation of sperm from the
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epididymis is because there is a possibility that a bull could die before their semen is deposited
in semen banks or at a time when only a small amount is in storage. While the use of frozen
bovine semen has favored the establishment of semen banks which prolongs the usefulness of
a bull and acts as a safety procedure in the event of an unexpected illness or death, not always
the existing reserve is sufficient. The semen conservation methods in liquid form allow
maintenance for only a few days, but it frozen in liquid nitrogen (N2L) it is possible to keep for
years.

Sperm were recovery from the epididymis of a Jersey bull aged nine years after death and were
frozen for the first time on November 26, 1953 [3]. The procedure was carried out as follows:
The intact scrotum from the slaughtered bull was brought to the laboratory as soon after death
as possible. The time for delivery varied between 1.5 and 3 hours. On arrival the scrotal skin
and tunica vaginalis were incised and the testicle was handled as aseptically as possible after
its removal. Spermatozoa were recovered from the epididymis by means of several incisions
in each, following which the organ was squeezed, and the expressed fluid was scraped off with
a scalpel and deposited in a small volume of diluent (pasteurized homogenized whole milk
and antibiotics added). Epididymal fluid containing spermatozoa were added to milk diluent.
An equal volume of 20% of glycerinated milk diluent was then added gradually in increasing
amounts, over a period of 30 minutes, so that a final glycerol concentration of 10% by volume
was present. The sample was then placed in a refrigerator for an equilibration period of 18
hours. Subsequently the sample was distributed into ampoules and frozen.

Although some characteristics are already previously mentioned, the epididymal spermatozoa
resemble the ejaculated and may be successfully cryopreserved similarly. The protocols used
for freezing and thawing interfere with sperm fertility rate, so different situations are tested
to identify the best protocol and the best diluent used in this process. The absence of seminal
plasma in epididymal spermatozoa seems to be a positive factor in the maintenance of
membrane integrity during the cryopreservation process. Furthermore, the sperm membrane
composition between individual breeders can affect the resistance to cryopreservation [20].
The post-thaw incubation of the spermatozoa from epididymis of cats with seminal plasma
resulted in a lower total and progressive motility, and plasma membrane integrity than
control [21]. Thus, if the objective is the cryopreservation, it is recommended to add a diluent
itself instead of seminal plasma.

The protocols used for cryopreservation of conventional semen with the same diluents seem
to be effective for epididymal spermatozoa. What differs is the pre-preparation of sperm
samples. If there is a high percentage of cytoplasmic droplets in the tail of the spermatozoa
after recovery, it must remain for a period of about 30–60 minutes in a water bath, for drops
release. For this first step, the sperm must be diluted in a medium without cryoprotectants that
present some toxicity when stay long in contact with the sperm cells. At the end of the process,
a sperm sample should be evaluated under light microscope to see if there was the release of
most of the cytoplasmic droplets. After this step, the sample must be centrifuged to remove
any trace of the previous medium and other dirt, and then the cryopreservation diluent with
cryoprotectants is added. The amount of diluent is based on the concentration of spermatozoa
and the number of insemination doses.
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The epididymal spermatozoa seem to be more resistant to the cryopreservation process than
the ejaculated. In sheep, the sperms from the epididymis were more resistant to the stresses
caused by freezing (osmotic variations, cryoprotectants toxicity and temperature variation)
compared to the ejaculate [22].

The cryopreservation protocol in liquid nitrogen and the dilution with TRIS base-egg yolk are
effective [8, 23]. For bulls, the process consists of first sample centrifugation to separate the
spermatozoa from other contaminants and the recovery medium. The supernatant needs to be
discarded, and the pellet resuspended with an extender consisting of Tris-egg yolk and 7%
glycerol as cryoprotectant. The pre-freezing parameters of motility and the total cell number
should be assessed to verify the effects of centrifugation and diluent. The straws are filled with
a concentration of 20 million viable spermatozoa and sealed. For temperature stabilization, the
doses were maintained for 3 hours in a semen cooling container (5°C), and then placed
horizontally on a 6-cm high support in an expanded polystyrene box containing liquid nitrogen
for 20 minutes. Finally, straws they are immersed in liquid nitrogen at a storage temperature
of −196°C. Cryopreservation can also be performed in automatic machines with controlled
temperature drop.

There is not yet a specific commercial diluent for epididymal sperm in any species. Thus, recent
research was conducted in order to test and identify the best diluent in this case. Some results
are mentioned below.

In sheep, the results of post-thaw viability and fertility after artificial insemination with
Cryopreserved successfully epididymal spermatozoa show that the diluent with 20% egg yolk
and 8% glycerol and base TES-Tris-fructose (TTF) was significantly more effective in main-
taining the sperm viability [24]. Egg yolk base medium with 4% glycerol was used for epidi-
dymal sperm cryopreservation of domestic and wild cats (Panthera tigris) successfully,
providing the application of this technology in genetic resources of banks of wild species of
cats [25]. Also with the aim of maintaining a genetic resource bank of wild species, Cuvier’s
gazelle (Gazella cuvieri) spermatozoa can be cryopreserved using a diluent containing 18.5%
raffinose with 20% egg yolk and 6% glycerol [26]. The concentration of glycerol varies among
species and must be previously tested in each case.

The concentration of sugars and the type of carbohydrate added to the medium also affect the
quality of post-thaw spermatozoa from the epididymis. In tests with epididymal sperm from
wild deer (Cervus elaphus hispanicus), the use of monosaccharides in diluents for freezing,
especially fructose, improves the maintenance of post-thaw viability compared to trisacchar-
ides [27]. Furthermore, the addition of antioxidants such as cysteine, water-soluble vitamin
analog or enzymes [28, 29] leads to improvement in total motility and post-thaw integrity in
sperm plasma membranes of cat epididymal sperm.

Commercial extenders for Conventional bull semen (Botu-Bov® and Bovimix®) are viable
options for cryopreservation of epididymal bull sperm. Both are effective in maintaining
sufficient amounts of post-thaw viable spermatozoa for use in artificial insemination. When
compared, these show no difference in sperm viability (movement, morphology and integrity
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of plasma and acrosomal membrane) after thawing [23]. These two extenders have egg yolk
in its formulation and glycerol as a cryoprotectant.

The variations in response to cooling protocols and semen freezing must be attended. Indi-
vidual male effects affect directly the longevity of spermatozoa during preservation. The
mammals may be regarded as “good” or “bad” freezers, according to the characteristics of the
sperm plasma membrane structure which is genetically determined and the survival predis-
poses to thermal stress. This fact allows researchers to sort the spermatozoa as resistant or
susceptible to cryopreservation. The proportion of cells, which survive the cryopreservation
protocol, is determined by the sensitivity to osmotic stress during cryopreservative addition
and removal, and during cooling and rewarming. While there may be species differences in
overall sperm sensitivity to cryopreservation, the ejaculate is heterogeneous with a variable
resistance to osmotic stress among the cells. Nevertheless, even if we optimize the process and
minimize the cell death, there will still be a proportion of cells which fail to survive. We need,
therefore, to concentrate on the function of the surviving population [30].

After cryopreservation identified doses containing the spermatozoa can be deposited in
canisters of cryogenic cylinder, indefinitely. Inside the cylinder, the semen is kept in liquid
nitrogen (N2L), which preserves the frozen doses at a temperature of −196°C. The storage time
is indefinite as long as the same is supplied periodically in order to maintain the N2L above
the minimum required level, which should never be below 15 cm height. The cylinder should
be stored and handled with utmost care, avoiding possible damage.

4. Epididymal sperm fertility

It is already proven the fertility potential of spermatozoa retrieved directly from the Epididy-
mis in some species. The epididymal sperm, as well as the ejaculated, can be used in assisted
reproductive technology (ART) as conventional artificial insemination, fixed time artificial
insemination (FTAI), in vitro fertilization of oocytes (IFV) and intracytoplasmic sperm injection
(ICSI). The viability of spermatozoa after cryopreservation depends on how well the quality
is preserved throughout processing, storage and thawing procedures. High-quality semen is
the one that will initiate a high percentage of pregnancies when properly used. The longest
time to sperm recovery after death or after orchiectomy reduces the motility and other sperm
parameters before freezing. Thus, this results in worse performance for fertilization and in
consequence worse pregnancy outcomes.

In vitro fertilization is the most appropriate technique to use this material because it requires
a lower concentration of viable sperm for embryo production, when compared to artificial
insemination. The ability to in vitro and in vivo fertilization has been proven. Sperms collected
from the epididymis tail of bulls and kept at 5°C have been used for in vitro production of
embryos [10]. Under these conditions, it was viable to produce embryos in vitro, with blastocyst
formation up to 9 days of development using Cryopreserved sperm from epididymides
refrigerated for 24, 48 and 72 hours at 5°C. When the sperm was recovery up to 30 hours at
ambient temperature (18–20°C) and then cryopreserved in liquid nitrogen successfully, it was
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also possible to produce viable embryos (blastocysts) of eight days from in vitro development.
The total number of blastocysts and hatching rates were lower when the recovery of sperma-
tozoa was performed 24–30 hours after orchiectomy. When the collection was performed 6–18
hours after orchiectomy the embryo production rate was approximately 30% [31]. This means
that sooner the recovery and cryopreservation are performed, the better the results. The
individual bull effect on embryo production is a relevant factor that can influence the success
of IVF in those cases. Great individual variation in both post-thaw sperm parameters and
embryo production between bulls can be observed. It is important to know the genetic
background and the fertilization potential of sperm donors to maximize the success of IVF.

Figure 2. Flowchart of the recovery technique and sperm utilization from bulls epididymides, post-orchiectomy or
postmortem when kept at ambient temperature; TM, total motility (adapted from: Bertol [34]).

Another option for use of gametes is fixed time artificial insemination (FTAI). This technique
offers the following advantages: (1) does not require detection of estrus, (2) there is induction
of the estrus and ovulation, (3) synchronizes births and (4) reduces the calving interval. It is
already reported in the literature a pregnancy after FTAI with spermatozoa that remained for
30 hours in the epididymis at room temperature [31]. As already mentioned, recovery at room
temperature is an important condition in gamete handling of epididymal reserve. After the
death of a breeder, the first question we must ask is how long the animal is exposed to ambient
temperature. If it was for a period of 30 hours, it would be possible to perform the retrograde
flow technique for spermatozoa recovery from the cauda epididymis. If the evaluation of the
total motility parameter (TM) in sperm after retrieval is greater than or equal to 40% of motile
cells, it can be cryopreserved. This is important for future use without time limit in techni-
ques of in vitro produce of embryos and artificial insemination. If it was less than 40% sperm
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must be used immediately after recovery. The flowchart of how to act in this situation is
shown in Figure 2.

Regarding insemination with spermatozoa from the epididymis, the literature is scarce. The
ability of frozen-thawed boar spermatozoa obtained from epididymides stored at 4°C for 1
day to produce piglets (three males and two females) after fallopian insemination or in vitro
fertilization (IVF) of in vitro matured (IVM) oocytes was described [32]. This demonstrates the
potential for in vivo fertilization of gametes. In sheep, insemination with the frozen/thawed
epididymal sperm resulted in a lambing rate of 87.5%. Fourteen lambs (10 males, four females)
were born from seven ewes. The average gestation length was 145.6 ± 1.1 days. Birth weights
were 4.4 ± 0.4, 3.2 ± 0.7 and 3.6 ± 0.7 kg for single lambs, twins and triplets, respectively [18].

The technique of intracytoplasmic sperm injection to achieve fertilization, especially using
retrieved epididymal spermatozoa from men with obstructive or non-obstructive azoosper-
mia, has revolutionized the field of assisted reproduction in humans. The characteristics of
postpartum development of children born after fertilization with spermatozoa from the
epididymis did not differ from those from conventional methods. Children born from the
intracytoplasmic injection of spermatozoa method (ICSI) with gametes from the epididymis
were monitored and compared to those born from ICSI with spermatozoa from the ejaculated
and by in vitro fertilization of embryos. The results showed that the method was successful,
not to cause any fetal malformations, stillbirth or problems in the development of children [33].
These scientific findings have grounded the progress of biotechnology of reproduction. The
possibility of recovery sperm from epididymis without ejaculation of animals and man, for
later cryopreservation, has ensured the maintenance of important genetic source and the
maintenance of compromised male in reproduction.

5. Conclusion

It is very important to have knowledge that it is possible to use the genetic reserve of a breeder
even after his death. This avoids gamete wastage and an early loss of reproductive potential
of a male of important genetic value. The application of this biotechnology should be proposed
by the veterinarian at the time of the death of a high-value breeder. The owner of the animal
should be aware that it is still possible to obtain the last descendants of the breeder. A basic
protocol for the cryopreservation of epididymal sperm can be suggested as follows:

1. Recovery of gonads as soon as possible.

2. Transport to the laboratory (preferably refrigerated at 5°C).

3. Manipulation of the epididymis and the spermatozoa recovery by retrograde flow or
flotation methods.

4. After recovery, spermatozoa kept in recovery medium―without cryoprotectant―in a
water bath (29–35°C) for at least 30 minutes.

Cryopreservation of Epididymal Sperm
http://dx.doi.org/10.5772/65010

131



5. Centrifugation at least 600 × g for 10 minutes.

6. Resuspension with an extender of Tris-egg yolk base, and glycerol as cryoprotectant, in
appropriate concentrations for each species and preparation of the straws.

7. First temperature drop to 5°C for 3 hours for stabilization, preferably in a semen cooling
container.

8. Cryopreservation in liquid nitrogen by a 6-cm high support in an expanded polystyrene
box or automatic cryopreservation systems.

9. Immersing straws in liquid nitrogen at a storage temperature of −196°C.

10. Storage in a cryogenic container for an indeterminate period.

It is important to note that in all of these steps (1–10), an aliquot should be removed for sperm
evaluation of some parameters such as motility, concentration and morphology. This is
essential for identifying flaws in the sperm handling or viability changes by temperature drop
during processing, osmotic stress and the formation and dissolution of extracellular ice
crystals, which can impair the fertility of sperm. The success of epididymal sperm cryopre-
servation depends on the effectiveness of the process, including cautious handling of the sperm
cells and the technical skills in the laboratory.
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Abstract

The need to find an efficient method to store gametes and embryos was driven both by
medical and agricultural necessities. Gametes were the first cells used in early attempts
of cryopreservation, yet these proved to be the most elusive. This chapter details the
story of the development of techniques for gamete and embryo freezing, starting with
hot air balloons and ending with cryotop open vitrification systems. Since gametes were
the first cells to be frozen and the last to successfully thaw, their story provides an
overview of the development of the science of cryopreservation.

Keywords: cryopreservation, oocytes, sperm, embryos, vitrification, slow freezing

1. Introduction

The advent of embryo cryopreservation 25 years ago [1, 2] was revolutionary as well as critical
in reproductive medicine. Cryopreservation and storage of gametes and embryos provide cost
and procurement efficiencies in treatment options, which otherwise would be inaccessible
without substantial financial resources.

Cryopreservation maximizes fertility potential per retrieval cycle, providing a repository for
individual’s gametes/embryos that may not exist elsewhere. Thus reproductive potential is not
limited to reproductive years, but available as one manifests the need. Use of this technology
has paved the way toward single embryo transfer (SET), thereby decreasing the risk of multiple
gestation pregnancy and associated health risks.
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Additional application has unfolded to address needs associated with convenience and
transport for the purposes of using gestational carriers, family planning, travel, and using
donor oocytes/embryos in support of non-fertile couples in conception and familial continuity.

Advances in cryopreservation are paralleled and even rooted in key developments in assisted
reproductive technologies (ARTs). Historically, advanced culture techniques, complex culture
media, and supplements specific to the support of late stage embryonic development attempt-
ed to mimic in vivo conditions [3]. Together with carefully controlled culture environment,
blastulation rates have increased exponentially from decades prior [4, 5].

In addition to these supportive measures, newer technologies including time lapse morpho-
logical assessment allow for the development of observation-based algorithms as prognostic
indicators of embryonic competence. Collectively these factors form the paradigm in increased
opportunities for cryopreservation and subsequent improved selection criteria for single
embryo transfer. In fact, this is the current trend.

The goal of healthy ART outcome should not be clouded by commercial success rates, and
while not a mandate, single embryo transfer (SET) is now widely accepted as the default
position in good prognosis patients. According to a meta-analysis of randomized controlled
trials, SET versus double embryo transfer (DET) in a fresh In Vitro Fertilization (IVF) treatment
cycle resulted in a lower pregnancy rate, lower rate of multiple births and preterm birth, and
better odds of delivering a term singleton live birth. The reported SET versus DET pregnancy
rate disparity is virtually eliminated with an additional frozen SET cycle [6]. However, the
immediate consequence is that in order to achieve similar results, the patient may require/need
multiple cycles of embryo transfers.

Approximately 30–50% of embryos make it to a blastocyst stage. The average number of
embryos frozen per IVF cycle is age dependent: women of age >35 have fewer than two embryos
frozen, while younger women responding better to ovarian stimulation and producing more
eggs, result in a higher likelihood of having excess embryos available for freezing [7]. The
Department of Health and Human Services estimates that in 2015 more than 600K frozen
embryos were stored nationwide in the USA [8]. Figures for the year 2012 released by the
Human Fertilization and Embryo Authority (UK) report that of the >3.5 million embryos
created since 1991, 840K (24%) were cryopreserved for clinical use. In Canada, it is estimated
that >60K frozen embryos are in storage [9]. The current trend of freezing all the embryos with
no fresh embryo transfer [10] in IVF treatment would suggest these numbers will likely grow
much faster. Despite this uncertainty, these values underscore the importance of cryopreser-
vation technologies.

2. Historical perspectives

Since the discovery of the tissue preserving effect of low temperatures, it has been an aspiration
to maintain the vitality of human tissues by freezing. Soon after early attempts at tissue
cryopreservation had failed, the main hurdle in achieving this goal became apparent; water
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crystallizes upon freezing and the sharp edges of the crystals disrupt cell membranes and
destroy the cells. From that point onward the history of the study of cryopreservation is a
description of the relentless attempts to prevent intracellular crystallization at subzero
temperatures. This journey has been even more elusive for those trying to cryopreserve
oocytes.

It has been known for many centuries that subzero temperatures can preserve tissue, mostly
following the accidental discoveries of intact ancient animals frozen in ice for many years.
However, from studying patients inflicted by frostbite it was clear that freezing may also cause
tissue destruction [11].

2.1. Early days

Interestingly, the cells that were chosen for the early studies on the effects of freezing and
thawing on cell viability were gametes. Spermatozoa were chosen due to their availability,
small size, and their motility, which was a simple marker of viability. Oocytes were chosen
since their size is large enough to allow for simple morphological evaluation.

Spallanzani, in 1776, was the first to study the effect of subzero temperatures on stallion semen
and silkworm eggs [12]. He discovered that when thawed the sperm regained its motility. This
was the first report of a successful sperm freeze thaw. However, it was not until 1938 that Jahnel,
while searching for a remedy for syphilis, found that sperm cooled to −79°C for 40 days
regained some of its motility upon thaw and reinvigorated efforts to devise an efficient
freezing method [13].

Very early in the study of cryopreservation two opposing schools of thought had been
developed in parallel; slow freezing with gradual desiccation of the cell and ultra-rapid
freezing of small volumes also known as vitrification.

2.2. Vitrification

The term vitrification originates from the Latin word “vitreum” (glass) that describes the
transformation of a substance into a non-crystalline amorphous solid. The process commonly
involves rapid cooling of a liquid so that it passes through the glass transition to form a vitrified
solid.

The French, Joseph Luis Gay-Lusac, in 1804 ascended in a hot air balloon and noticed that the
water drops (size around 8–10 μm) in the clouds are not frozen despite the sub-zero temper-
atures (−5°C) [14]. He later went on to find that water can be subcooled to −12°C when contained
in small tubes [15]. In 1858, Albert J.R. Mousson, a Swiss physicist, had found that the smaller
the sprayed water droplets (diameter < 0.5 mm), the longer they can stay subcooled [16]. The
liquid state of the water droplets in subzero temperatures is attributed to rapid cooling forming
a non-crystalized solid. Luyet in his book coined the term “crystallization zone”, which relates
to the range of temperatures in which crystals form. He concluded that in order to avoid
crystallization one must traverse this zone faster than the time it takes to form crystals [14]. It
later became apparent that the small volumes are essential for achieving the high cooling
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velocity since it is proportional to the ratio of surface area to volume. It was also noticed that
different solutions of similar volumes cool at different rates. The concentration of the solutes
was shown to affect the “thermal mass (heat capacity)”, which represents the ability of a
substance to store thermal energy and is inversely proportional to the velocity of cooling. Pure
water has a very high heat capacity and therefore is almost impossible to cool fast enough to
exceed crystal growth unless very small volumes are used [17]. Walton and Judd measured
the velocity of ice crystal growth in undercooled water and found it to be 65 mm/s, thereby
providing the basis for calculation of the necessary speed of cooling to avoid crystallization
[18]. Fahy and Rall found that in order to vitrify pure water a cooling rate of 100 × 106oC/min
is necessary. Since such cooling velocities are not feasible, to achieve vitrification one needs to
increase to solute concentration (cryoprotectants) and reduce the solutions volume. This is the
current basis for clinically applied vitrification [19].

The work done by Luyet and Hodapp with colloid solutions (gelatin or agar) had led to the
first successful vitrification of sperm [20]. They were able to show that the water content of the
solutions was the determining factor on whether vitrification was achievable. With a 50%
gelatin solution they were able to vitrify layers of 0.3 mm; however, when using a 10% gelatin
solution, they could only vitrify a layer a few microns thick [15]. The drawback of these
concentrated solutions was their cell toxicity. Therefore, there is a need to balance the solutions’
cooling velocity on one hand and the solutes’ cell toxicity on the other. It was not until 1985
that an ice-free cryoprotectant system was developed that could attain vitrification and achieve
live birth for vitrified thawed mouse embryos [21–23]. Others were able to achieve high post-
thaw survival rates with vitrified hamster oocytes, as well as with immature and mature
murine oocytes [24–26].

Attempts to simplify the vitrification solution using a high concentration of a single cryopro-
tectant (dimethyl sulphoxide, DMSO) were initially successful for mouse and hamster oocytes,
but later proven to be toxic causing aneuploidy, malformations and a high rate of miscarriage
[27–30]. These publications halted further attempts to vitrify oocytes and focused the attention
on the alternative, slow freezing.

2.3. Slow freezing

Parkes et al., in 1945 discovered, accidentally, that the rate of cooling is associated with post-
thaw survival rate. They found that large containers used for freezing semen, in which, due
to the large volume, the rate of cooling is slower, gave the best post-thaw motilities [31].
Hence, opposite to vitrification, slower cooling rates were associated with better cell vitality.
The explanation for this observation was the physical principle of osmotic dehydration; as
ice crystals formed in the suspending solution, the relative concentration of solutes in the
unfrozen fraction of the solution increased and thereby increasing its osmolality. The cells
suspended in the solution will respond to the higher osmolality by losing water. Therefore,
slower cooling rates are associated with greater cellular dehydration and reduced risk of in-
tracellular ice crystals formation, leading to a better post-thaw viability. Further work by
Chang on rabbit ova recognized the importance of cooling rate on the maintenance of viabil-
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ity, the artificial activation of oocytes by rapid cooling and the achievement of litters from
embryos stored at 0°C [32, 33].

Mazur was the first to describe cell‐specific optimal cooling rates [34]. He was able to formulate
an equation that was based on the rate at which the cells responded to osmotic pressure
(hydraulic conductivity) and the effect of temperature on the movement of water across the
cell membrane (temperature coefficient of water permeability) and could therefore predict
cell‐specific optimal cooling rates. Leibo et al. constructed a graph describing cooling rate
against survival rate [35]. He showed over a 1000‐fold difference in the optimal rate of cooling
between oocytes (0.3°C/min) and erythrocytes (1000°C/min) due to the oocytes low hydraulic
conductivity and high temperature coefficient of water permeability.

In order to guarantee ice crystal formation in the cryo‐solution that will ensure the increase in
its osmolality and cell desiccation, a process of ice crystal seeding was developed [36].

Two groups worked in the early 1970s independently on slow freezing of embryos. Both groups
had published in 1972 the first survival of murine embryos after slow freezing [1, 2] and live
offspring [1]. Both groups used slow freezing and a cryosolution containing 1 mol/l of DMSO.
Wilmut and Rowson published in 1973 on the first farm animal (a calf) to be born after a transfer
of a frozen thawed embryo [37].

With the advent of clinical use of IVF at the beginning of the 1980s a significant effort was made
to optimize human embryo freezing in order to increase the efficiency of IVF by storing excess
oocytes and embryos. This came to fruition with the first pregnancies and birth from frozen
thawed embryos that were frozen using slow freezing and DMSO [38, 39]. Soon after, these
were followed by publications reporting on human live births subsequent to the use of other
cryoprotectants such as propanediol and sucrose. These methods proved to be more reliable
and more widely adopted [40–42]. The success of human embryo freezing ignited a public
debate on the ethics of embryo freezing. These ethical dilemmas prompted research on the
possibility of clinical application of oocyte freezing, which was deemed to be more ethically
acceptable.

In 1986, Chen reported a twin pregnancy following slow freezing of human oocytes with
DMSO [43]. Chen reported high post‐thaw survival, fertilization and development rates of
oocytes frozen with this technique, however, attempts to replicate his success by others failed
[44–46]. Furthermore, in line with the observation in animals, a high proportion of thawed
human oocytes resulted in polyploid embryos [44, 47]. The poor results of oocyte cryopreser‐
vation relative to the success with embryo freezing brought clinical oocyte freezing to a halt.

2.4. Cryoprotectants

A cryoprotectant is a substance used to protect biological tissue from freezing damage. Arctic
and Antarctic insects, fish and amphibians create cryoprotectants (antifreeze compounds and
antifreeze proteins) in their bodies to minimize freezing damage during cold winter periods.
Their exact mechanism of action is yet not fully understood. 1949, Polge et al., once again by
accident, discovered the cryoprotective effects of glycerol [48]. They found that the glycerol
solution protects from crystal formation during freezing by cellular dehydration. This
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discovery had led to successful semen storage of farm animals in 1953 and human sperm in
1964 [49]. Cryoprotectants are divided into two groups: intracellular (such as DMSO, glycerol
and propylene glycol) and extracellular (such as sucrose, polyvinyl pyrrolidone, hydroxyethyl
starch and dextran). One of their modes of action is lowering of the freezing point of the
solution. Use of an intracellular cryoprotectant such as DMSO will prevent intracellular ice
formation, while the seeding drives extracellular crystallization and the resulting increase in
the osmolality of the cryosolution leading to cellular dehydration [50]. Cryoprotectants may
also protect the cell membrane from the drastic changes occurring during the transition
between fluid and solid states. Cryoprotectants may, however, be toxic to the cells, therefore
over the years a relentless search for less toxic and efficient cryoprotectants ensued as well as
for protocols combining several cryoprotectants in order to reduce individual solute concen-
tration and the associated cell toxicity.

2.5. The return of vitrification

In 1985, Rall and Fahy were able to successfully vitrify a strew of a relatively large volume
(0.25 ml) containing mouse embryos with a mixture of DMSO, acetamide and polyethylene
glycol that was snap frozen in liquid nitrogen [22]. Shortly after the publication on the first
births from slow-frozen oocytes, the first pregnancy and live birth from vitrified oocytes was
published [51]. Developments that led to this breakthrough included the understanding that
the length of exposure of the cells to the vitrification solution should be minimized to reduce
toxicity [52], as well as replacing DMSO with ethylene glycol and mixtures of several cryo-
protectants [53]. These changes brought about successful vitrification of bovine, murine as well
as human oocytes with multiple live births [54–56]. These advancements were accompanied
by the development of appropriate carriers to facilitate rapid cooling such as open-pulled
straws [57], electron microscopy grids [55] and nylon loops [58]. By the end of the 1990s,
vitrification was applied to human embryos achieving live births with both blastocyst and
cleavage stage embryos [59, 60]. The vitrification of oocytes, despite these developments, was
lagging until the introduction of appropriate carriers. The development of Cryotop in Japan
was the breakthrough that allowed the adoption of oocyte vitrification into routine clinical
practice. It allowed for an extremely rapid cooling rate that was facilitated by a minimal volume
and resulted in a very high survival rate and live births [61–63]. A few methodological
modifications that were made to the kit simplified its use and supported its wide spread
distribution. Two large comparative studies established its lead role in oocyte cryopreserva-
tion [64, 65].

3. Cryopreservation protocols

Cryopreservation protocols are numerous and optimized for the cell type being frozen. These
protocols fall into two major categories: equilibrium freezing and non-equilibrium freezing.
Critical to either process is the partial elimination of water in the cell to avoid ice crystal
damage. This chapter focuses on the two main methodologies employed in freezing repro-
ductive cells.
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Conventional slow freeze methodology is characterized as equilibrium freezing. Cells are pre-
equilibrated in cryo-protecting agent (CPA) and gradual temperature depression in a control-
led rate freezer optimized for the cell type being frozen is initiated. As super-cooling is
achieved, a manual seeding process is required to initiate ice crystal formation outside of the
cell. Continuous equilibrium of the cells is achieved by increasing the osmotic gradient initiated
from the increasing proportion of ice in the surrounding medium. As a result, the cell dehy-
drates, thereby lowering the freezing point of the cell. At a point, with the cell being almost
devoid of water, ice crystal formation is negligent and freezing occurs. This method is viewed
as “forgiving” in practice, given increased pre-equilibration exposure times to relatively low
concentrations of CPAs and as such promotes efficiencies by accommodating batch freezing
of multiple samples.

As water excursion depends on the rate of cooling, risk can be mitigated. Rapid cooling can
trap excess water inside the cell, leading to the formation of intracellular ice crystals, whereas
slow cooling promotes high intracellular solute concentration by severe volume shrinkage.
Both have deleterious effects on the cell.

In addition, cells that are cooled slowly are susceptible to cryo damage. Mechanisms of cryo
damage include upregulation of heat and cold-shock proteins in response to cold tempera-
tures [66, 67]. Induction of apoptosis [68], a mechanism of cryo damage, may not be immedi-
ately visible but delayed for several hours as cells try to recover from such cryopreservation
stresses [69].

Largely contrasting this technology, non-equilibrium freezing was developed to overcome the
many shortfalls of slow freeze methodology. Cells exposed to (usually 7.5–10%) lower strength
cryoprotectant solution undergo dehydration and permeation with CPAs. Subsequent (30–
60 s) rapid exposure to higher (40%) hyperosmotic solution results in complete dehydration
of the cell. The sample is plunged directly into liquid nitrogen. This avoids deleterious ice
crystal formation with high concentrations of CPAs and supremely rapid cooling rates (15,000–
30,000°C/min). The extreme elevation in solution viscosity promotes solidification or a glass-
like, suspended state as opposed to crystallization. This method requires high level manual
dexterity, is labor-intensive, while offering decreased incubation times can consistently and
reliably accommodate only one sample being frozen at a time. Highly skilled technicians may
stagger multiple samples as per protocol, yet this leaves success rates subject to human
variation. As a benefit, this method is easily introduced without the need of expensive
equipment. Though unconventional, an added benefit is a comparable survival after repeat
vitrification and warming of the same sample [70, 71].

Recent technological advancement into this freeze methodology is semi-automated vitrifica-
tion. This platform allows simultaneous cryopreservation of up to four embryos in a closed
system, addressing the long-term debate of cross-contamination in shared liquid nitrogen.
Non-clinical preliminary data comparing GAVITM (Genea BIOMEDX) to commercial manual
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clinical evaluation and advancement to oocytes and all embryonic stages is under way. Given
success of this platform, process standardization demonstrating improved ART efficiencies
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may implore the few labs resistant to convert to vitrification technologies to reconsider; albeit
cost considerations excluded.

4. Cryo-protecting agents

The biophysical changes that take place during temperature depression, extracellular ice
formation and the creation of a potentially lethal hyperosmotic environment leads to further
dehydration of the cell. Termed “freeze dehydration” this effect is implicated in organelle
disruption and loss, as well as fusion or changes in cell membranes [73]. At more depressed
temperatures, the viscosity of the highly concentrated solution inside and outside of the cells
remains as a glassy matrix, which is relatively stable for long-term preservation.

Additional cell damage may be caused by intracellular ice formation, which is more prominent
during inappropriate rapid cooling as time might be insufficient for water to move down the
chemical potential gradient established by the difference in solution concentrations between
the two sides of the membrane. If a cell can be cooled to a ‘glass region’, under conditions
inhibiting ice crystal formation, successful preservation can be achieved. This is termed
vitrification as previously described.

While the methodologies of slow freeze and vitrification technologies may vary within clinics,
the underlying principles are fundamentally the same. Combinations of reagents provide a
delicate balance between the protective and toxic effects of CPAs aiming to maintain the
functional capacity of organelles, while avoiding the two main causes of cell death associated
with cryopreservation: solute toxicity [74] and ice formation [34].

CPAs are generally small molecular weight solutes with high aqueous solubility, bearing polar
groups that interact weakly with water [75]. CPAs act to (i) moderate the effects of the rising
solute (electrolyte) concentrations in the intra and extracellular environment, (ii) stabilize
intracellular protein structure and (iii) provide increasing viscosity during temperature
depression that may kinetically slow or inhibit ice crystal formation. There has been a myriad
of solutes that exhibit some CPA activity: amino acids (e.g. alanine, glycine, proline), amides
(e.g. acetamide, formamide), diols (e.g. 1,2-propanediol, ethanediol), sugars (glucose, lactose,
ribose raffinose, dextrans, hydroxyethyl starch), large polymers (polyethylene glycol, polyvi-
nylpyrrolidone, polyvinyl alcohol) and alcohols (methanol) although some at low efficiencies
[76, 77]. Modern cryopreservation protocols are largely based on few reported CPAs that are
considered moderately or very effective in preserving nucleated cells [78].

CPAs can also be deleterious as osmotic effects resulting in too rapid excursion of water across
a cell membrane can cause membrane rupture. Similarly, hydrogen bonding may disrupt the
hydration shell around macromolecules. Chemical toxicity of high concentrations of CPAs is
another cause for concern, largely in vitrification methods, the nature of which is not entirely
understood [79, 80]. The suggested protein denaturation effect, even DNA conformational
changes and fragmentation have been debated [80, 81]. Finally, CPAs have been shown to alter
cytoskeletal components in mammalian oocytes, particularly filaments and the meiotic spindle
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[82]. The reversibility of this disruption is concentration and CPA dependent and varies
amongst species [54, 83–85].CPA reagents are classified as permeating, non-permeating and
stabilizing.

Permeating cryoprotectants (e.g., glycerol, propane diol, dimethyl sulphoxide or ethylene
glycol) cross the cell membrane through an osmotic gradient displacing water. These agents
act to reduce ice crystallization and reduce cell dehydration but are toxic at higher concentra-
tions. More specifically, in vitrification, the role is to completely inhibit ice formation. Perme-
ating cryoprotectants also stabilize intracellular solutes which otherwise would be lethal in a
hyperosmotic state. A similar dehydration effect is mimicked in the extracellular environment
with temperature reduction promoting further dehydration. Dehydration is dependent upon
the rate of temperature depression and limited by the cell permeability to water [35, 86].

Non-permeating cryoprotectants are generally higher molecular weight polymers (e.g.,
sucrose, polyethylene glycol, polyvinylpyrrolidone, ficoll, dextran). These agents mimic the
dehydration mechanism of penetrating cryoprotectants but remain outside of the cell.

Generally, less toxic than penetrating cryoprotectants at the same concentration a successful
vitrification strategy is to create a mixture of non-toxic level of permeating cryoprotectant(s)
by the addition of non-permeating cryoprotectant. Interestingly as toxic effects of permeating
cryoprotectants have been shown to be at least somewhat biochemical and unique in action,
total molarity of a mixture may not be a reliable indicator of cryosolution embryotoxicity [53].

For application, CPAs are contained within a “carrier” solution that will help keep cells alive
during cryopreservation. They act to provide osmotic and physiological support and avoid
deviations from isotonicity, which could result in dehydration or swelling and burst of cells.
It is important to note that the efficacies of carrier solutions are unpredictable and vary based
on the individual or mixture of CPAs present [19].

Concern of long-term putative effects of these chemicals has paved the way for investigation
into and application of extracted or modified natural biological agents, which are evolutio-
narily found in extreme environments. While conventional cryoprotectants interact with water,
the application of uniquely acting, naturally based complementary agents, is an attractive
proposition.

Biological anti-freeze molecules of sorts (e.g., cyclohexanediol and polyvinyl alcohol) [87, 88]
selectively adsorb to the surface of ice crystals inhibiting ice crystal growth and ice re-
crystallization. Ice blockers, including polyvinyl alcohol and polyglycerol (i.e., X-1000 and
Z-1000) [89], specific to vitrification solutions act to prevent ice crystal formation. Together,
these agents may also play a role in potentially damaging re-crystallization of ice growth
during warming [90].

Ice-nucleating agents act to achieve deliberate ice growth in defined sites. This phenomenon
is largely important in intact tissues and organs where integrated cell cooperation is essential
to normal function. Unlike small tissue sections, organs are unable to effectively absorb
cryoprotectant solution by simply soaking in a solution. In the case of whole organs, intro-
duction of cryoprotectants by perfusion (through existing vasculature) is necessary. As
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perfusion, due to capillary distribution and time requirement of CPA diffusion, may not be
equivalent throughout a larger structure, random ice crystal growth can be lethal simply by
mechanical disruption. By achieving deliberate ice growth in specific sites, the damaging
effects of super-cooling and likewise intracellular ice formation can be mediated and poten-
tially avoided.

Lastly as organisms synthesize solutes and metabolites in response to cold survival strategies
(e.g., trehalose [91], glycerol [92], polyols [93, 94]), understanding how biological structures
interact with these mixtures may offer added benefits to current freezing regimes.

5. Slow freezing versus vitrification

To compare slow freeze technology to vitrification, the efficiencies of cryopreservation must
take into consideration several factors: (i) disparities in embryo quality between the “best”
freshly transferred embryo and subsequent frozen embryos; (ii) lab-specific criteria for embryo
cryopreservation may foster higher implantation rates by discarding some reproductive
potential of lesser quality embryos; (iii) cryo-survival should be defined in terms of complete
or partial survival and (iv) post-thaw selection criteria for the transfer of cryopreserved
embryos.

Therefore, a randomized control study comparing slow freeze and vitrification protocols
would require standardization of protocol under optimal conditions with sibling specimens.
To add more complexity in comparative analysis are individual case variations, including age
discrepancies, effects of hormonal stimulation, supplementation, and endometrial priming, all
of which must be taken into account.

Despite these challenges in reviewing evidence based data, as a generality the technique of
vitrification has been preferentially adopted over the more traditional approach of slow
cooling.

Vitrification of oocytes [95, 96] and embryos of all stages has been shown to be superior to
slow freezing [6]. A large amount of clinical data suggest that one of the major consequences
of the intracellular damage to embryos from slow “conventional” freezing is decreased
survival as well as diminished implantation potential and outcomes when compared to
vitrification [97–99]. Despite lower survival rate, there are some data that suggest similar if
not improved implantation rate with slow freeze technology with fully intact good quality
day 3 embryos [100]. It is known that embryo survival is not an all or none phenomenon, and
therefore, comparison should be stratified on a similar quality basis.

The lack of homogeneity in some reported data is anticipated and may be due to laboratory
practice or clinic-specific differences, as with other ART procedures.

As the majority of early vitrification was with cleavage stage embryos, it was recognized that
failure to develop to an expanded blastocyst stage was largely a consequence of chromosomal
compromise and inability to lead to a successful outcome. A bifurcated movement to karyotype
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embryos through pre-gestational genetic screening and cryopreserve blastocysts rather than
their cleavage stage counterparts is advantageous in the identification of embryo competence
and in reducing risk of miscarriage and chromosomal defects [101, 102]. This practice is
important in that common morphological parameters of blastocyst scoring are not related to
chromosomal status [101] and particularly for women of advancing maternal age [103].

Over the past decade, with vitrification, it has become a standard of practice to expect a post-
thaw survival of >90% [104, 105] and implantation and pregnancy potentials marginally
equivalent to fresh embryos [106–109].

Studies reveal longer gestational periods and heavier and healthier babies born as a result of
frozen embryos compared to their fresh counterparts [110]. It is not clear whether this is related
to cryotechnique or maternal factors [111]; but confirms the value of vitrification.

Reports of increased post-revitalization implantation potential over fresh counterparts [112]
may be a consequence of staggered embryo transfers in which embryo procurement and
implantation are performed in separate cycles. In this scenario, optimal synchronization and
endometrial receptivity may be achieved in contrast to the impact of high levels of hormones
present in harvesting cycles [113].

Success rates with vitrification supporting this revolutionary technology are not limited to
gametes and embryos; however, extend to gonadal tissues, and non-reproductive applications
including cornea [114], brain [115], heart [116], vascular [117] tissues, and cartilage [118]. The
permeation of larger tissue sections and even whole organs, e.g., ovaries [119–122], shows
promise in transplantation. Efficacy and potential of vitrification technologies as demonstrated
through such a broad spectrum of applications justify its utility and warrant further investi-
gation into enhanced cryopreservation potential.

Though the safety and efficacy of cryopreservation technologies is largely supported by current
success rate, however, some degree of uncertainty and challenge remains.

Human embryonic stem cells (hESCs) have been established from isolated inner cell masses
and more recently from single blastomeres obtained from cell stage embryos [123, 124]. The
systemic reporting of chromosomal abnormalities and the recurrent manner in which they
appear highlights the importance of understanding the underlying source [125]. In part, these
changes are ascribed to the cryopreservation method, “adaptive pressure to” or “lab-specific
variations in” cell culture [126–128] or are simply inherent to the cell itself [129–131]. Similarly,
IVF embryos may be associated with increased risk of epigenetic abnormalities. At least in the
case of hESCs, for cell line stability and quality assurance, the safety and efficacies of different
cytogenetic methodologies have been assessed as they relate to genomic integrity and chro-
mosomal stability [132]. As chromosomal instability is largely related to carcinogenesis, similar
investigation into embryo cryopreservation methods may provide insight into the quality and
safety of established cryopreservation protocols. Understandably, in as much as embryonic
culture periods are acute in length (as compared to hESCs), still, the long-term effects of even
small epigenetic changes are unknown.
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6. Trends in embryo storage

Worldwide, 1.5 million ART cycles are performed each year and this number continues to rise
[133]. Up to a third of patients who undergo IVF have supernumerary embryos that are
cryogenically stored. A case is made for the perpetually increasing reserve of embryos and
more importantly those of patients lost to follow up. For reasons undescribed here, these
embryos are termed “abandoned”.

At least in the USA, estimates provide that there are up to 1.4 million abandoned embryos
[134] and though unknown it is safe to assume this number dwarfs the combined world-
wide total. Even with permitting signed patient consents, clinics are hesitant to act and dis-
card unclaimed embryos, largely because of the lack of regulatory guidance [135], leaving
clinics vulnerable to unanticipated legal ramifications. Recently, several solutions have been
proposed.

Consideration of imposing strict time limits on storage, outlining relevant responsibilities
of fertility clinics and patients, and clarifying absolute guidelines related to unrestricted
utility of embryos in terms of donation for third party, teaching or research use must be
defined within a strict legal framework. Above all adequate long-term storage facilities are
lacking.

A somewhat limited solution supporting non-fertile couples in conception and familial
continuity is embryo donation. It is noteworthy to mention that cryopreservation has indirectly
found a place in a larger market in terms of the transport and exchange of all types of biological
samples. Initial concern over the sensitivity of microscopic volumes employed in vitrification
to potentially shifting conditions during shipment has largely been overcome by advanced
vapor shipping dewars, temperature monitoring, and precautionary handling.

Specific to embryo donation, ethical and genetic consequences of donation to related and
unrelated parties, including offspring, must be carefully considered. In addition, given lack of
restrictions on storage time limits, decades old donated embryos, thus far, may provide
relatively antiquated genetics which ultimately interfere with the natural evolution of the
population.

Similarly, in the case of multiple embryos donated to different parties, even a marginal risk of
unsuspecting, related siblings, procreating by chance may have devastating consequences for
the developing fetus. This is even more likely if embryos are donated to a clinic within the
same geographical region. As such, advanced screening methods prior to procreation and/or
pre-natal testing may be of benefit.

Contrary to this line of thought, in a separate context, in animal and cell line research laboratory
settings, recessive gene expression and cell line mutations confer an advantage for study
purposes and cryopreservation provides cell line stability against undesired changes induced
by adverse events or long-term culture [136].
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7. The thawing process

Given the worldwide exchange of reproductive cells, which is practically commonplace, IVF
labs generally house a repository of embryos cryopreserved with various methodologies and
formulations. The core responsibility of clinics is to ensure safety and best practice outcomes,
and this requires staff training and laboratory access to a myriad of cryopreservation formu-
lations and techniques.

In actual practice, IVF laboratories may permit revitalization of embryos using readily
available thaw solutions/protocols. This is in contrast to purchasing the specific formulations
matched to the cryopreservation solutions that the cells were frozen in. The impact of such
mix and match freeze/thaw practices on embryos/oocytes is largely unexplored and may be
quite significant given the unique actions of CPAs and unpredictability of carrier solutions
as previously described. Observed success may be due to the robustness of certain repro-
ductive cells and this may provide some artificial confidence in this regard. Prior to such
validation cross-use of combinations of cryoprotectant solutions should be approached with
caution.

The development of cryopreservation techniques has had immense impact across many
disciplines, most notably reproductive medicine. While significant advances have been made,
further advances are needed in the changing landscape of fertility. Cryopreservation has
allowed IVF to evolve into a medical procedure that is efficient, safe, readily accessible, and
relatively affordable.

8. Oocyte cryopreservation

While the cryopreservation of cleavage stage embryos has been a proven method for 20 years,
more recently, all pre-implantation stages of embryos, including oocytes, were shown to be
successfully frozen. Recent resurgence into oocyte freezing makes this application a notewor-
thy aspect of cryopreservation as it applies to clinical reproductive medicine.

Oocyte cryopreservation was initially focused on fertility preservation of females undergoing
gonadotoxic treatments. Further application circumvented restrictions imposed on embryo
freezing, which were largely a consequence of ethical, moral and legal boundaries barring
embryo cryopreservation. Similarly, viewed as insurance for individuals of advanced repro-
ductive age, oocyte banking for non-medical purposes, otherwise termed social egg freezing,
supports future fertility potential in an increasingly growing group.

Women delaying childbearing until age 35 are a growing group. A trend citing increasing
pregnancy rates in women in their thirties and forties is attributable to first births rather than
subsequent birth, and is more pronounced in women of higher education. Psychosocial issues
supporting delayed conception include parental financial stability, decreased marital discord,
and increased behavioral and cognitive test scores of offspring. These are compounded with
increased risk to mother and fetus including prenatal care requirements, fetal distress, preterm
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birth, neonatal intensive care admission, and morbidity to women of advanced maternal age
[137–140].

In the USA, first birth rates for women aged 35–39 generally increased from the mid-1970s to
2012, while steady increases for women aged 40–44 began later in the early-1980s [141]. While
the trend is not as dramatic in Canada, over the past two decades the average age for births to
first time mothers in 2011 had risen to over 30, the oldest age on record. The year 2015 marks
the first year that the average age of British women having children has passed 30 for the first
time. More women over 35 are now first time mothers than the under 25s in marked contrast
with the pattern as recently as 5 years ago [142]. This trend of women waiting longer to have
children is consistent across race and ethnicity [143].

The high success rate with egg donation confirms that egg quality, rather than uterine factors
associated with age, is the primary barrier to pregnancy in older women [144]. Progressively
by early 40s to age 43, the chance of becoming pregnant through IVF exponentially decreases
to near 5% and by age 45, the use of donor eggs is the only reasonable alternative. Despite these
dismal outcomes, many couples or single women in their early 40s will choose to accept the
lower chance of becoming pregnant and use their own eggs.

Egg freezing for preservation of fertility shows promise for success. Age remains a problem
faced by women interested in using elective egg freezing. As the age of women undergoing
egg freezing increases, the outcomes of assisted reproductive technology cycles utilizing their
frozen eggs become less favorable.

A non-discriminatory cost-basis analysis of otherwise healthy 25-year-old women foregoing
fertility until 40 revealed oocyte cryopreservation as cost-effective if IVF cycles exceeded
$22,000 [145]. A hypothetical decision tree surrounding elective oocyte cryopreservation with
procreation attempt at 3, 5, or 7 years after initial decision reveals greatest improvement in
probability of live birth occurring if oocytes are banked at 37; noting an additional $29,000 cost
per live birth in this group otherwise. However, highest probability of live birth was achieved
with oocyte cryopreservation <34 years of age with no cost benefit observed for 25–30 year old
age range delaying pregnancy to 40 years of age [146]. A separate analysis cites 36 years of age
as the upper cut-point of non-donor oocyte cryopreservation for “success versus failure”, with
vitrification technology superior to slow freeze methodology [147]. Although an absolute value
may not be identified for childbearing based on individual factors and resources, success
probabilities at 42 years of age declining to <5% may safely advocate against oocyte cryopre-
servation for women >42 years of age. These models may not be reflective of all patient
populations including elective, infertile, and cancer patients pursuing oocyte freezing, and
individualized analyses may provide a more discriminatory framework.

Fertility preservation for (non-)medical reasons is controversial and becoming increasingly
common [148]. Ethicists have upheld women’s reproductive freedom while pointing out
that the so-called social freezing merely postpones social problems, rather than solving
them. The real challenge is two-fold. There is a clear lack of information and inadequate
regulation.
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Success rates of frozen oocytes vary among clinics, and this is reflected in conflicting statistics
and the lack of a scientifically sound framework for patient education. Reports are as low as
10 and as high as 60% success rate. Access to data in establishing clinic‐specific reliable
predictors is lacking as individual clinics are limited in critical mass numbers to effectively
determine the feasibility of this relatively new technological offering.

Though it has been reported that rates of survival, fertilization, and implantation of “young”
cryopreserved oocytes fertilized with ICSI are comparable to those of fresh oocytes [149], limits
imposed by nature are a constraint lending to advance planning as egg quality decline begins
at age 30 and increases significantly after age 35. With respect to aging, this technique of
suspending the biological clock aiming to reconcile “personal and professional timelines” must
align with current limits of scientific technologies and should be critically discussed on a case‐
by‐case basis. Critics warn of bio‐objectification [150], where women could be even considered
unaware victims of “a commercially exploitative context, thus undermining rather than
expanding reproductive autonomy” [151].

An acceptable degree of success allowed regulatory bodies providing ART oversight including
ASRM, CFAS to lift the experimental designation of oocyte cryopreservation; albeit with
limited guidance. Still the majority of health care companies have yet to support elective oocyte
cryopreservation for purposes other than medical necessity. Select companies are leaders in
providing paid benefits for social egg freezing [152]. Mollifying procreation with career casts
light on the authenticity of this offering as the employment organization benefits by not
prioritizing the adjustment of the social framework of the employment organization to
incorporate motherhood. Rather opinions suggest these companies seek “a productive, not a
reproductive, workforce” [153].

This controversial interaction between technology and society shifts the attention from a
medical procedure to a social phenomenon, which needs to be analyzed within a regulatory
framework of bioethics, biopolicy, bioeconomy, and biolaw [154] with unbiased, validated
reporting. In this regard, men and women can make educated choices in life decisions to
harmonize personal, professional needs [155], and pregnancy.
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Abstract

Cryopreservation of human gametes and embryos is an important and widely used
method in  most  embryology laboratories.  During last  years,  the  practice  of  single
embryo transfer was a greater demand for reliable cryostorage of surplus embryos.
Currently, there are two basic principally different methods usable for cryopreservation:
slow freezing and vitrification. Vitrification is a very promising method with massive
use in embryology. Nowadays, this method is also suitable for cryopreservation of
human mature oocytes (one of the most problematic cell in cryobiology). This progress
in the field of cryopreservation opens new perspectives in assisted reproduction. Recent
effective oocyte vitrification systems have a significant impact on clinical practice. This
chapter gives a view of human gametes (sperms, oocytes) and embryos cryopreserva‐
tion application and possibilities. Indications and methods of cryopreservation and
thawing are mentioned.

Keywords: gamete, oocyte, spermatozoa, embryo, cryopreservation, assisted repro‐
duction, vitrification

1. Introduction

Cryopreservation of human gametes and embryos is very important method in most embry‐
ology laboratories. Two basic cryopreservation techniques rule the field, slow‐rate freezing
(first developed) and vitrification, which have gained a foothold in recent years. Vitrification
is relatively simple, requires no expensive programmable freezing equipment and uses a small

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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amount of liquid nitrogen for freezing. Vitrification of human oocytes and embryos (especially
at early stages) is more effective than slow freezing.

During last years, the practice of single embryo transfer was a greater demand for reliable
cryostorage of surplus embryos. The first reports of successful freezing and thawing of human
embryos were in 1983 [1]. There are a growing number of indications for oocyte cryopreser‐
vation as oocyte donation, fertility preservation for cancer patients or social egg freezing.
Reproductive behaviour of women has been changed in last years. There is a delay in the age
of motherhood due to various reasons like career, live style or education. It is known, that in
women older than 35 years, reduction of ovarian reserve is observed. The use of younger
cryopreserved oocytes can reduce the risk of foetal loss and aneuploidies associated with
ageing oocytes. Oocyte cryopreservation simplifies the logistics of assisted reproductive
technology (ART) cycles in donation programme, and there is no need for menstrual cycle
synchronization between donor and recipient.

Damage of reproductive function is very frequent and well documented side effect associated
with the treatment of malignant tumours. The increasing success of cancer treatment and
determined efforts to improve the quality of life after successful treatment has turned attention
to the preservation of reproductive function in young women and also in young men. Sperm
freezing is largely recommended to preserve fertility prior to the oncology treatment. Cryo‐
preservation of spermatozoa is routinely used in a variety of reasons (sperm bank, donor
programme, etc.).

For this reasons, cryopreservation of gametes and embryos is more and more important part
of human‐assisted reproduction.

2. Cryopreservation: principles and methods

2.1. Cellular cryotolerance

Cryopreservation of cells and their storage in liquid nitrogen at −196°C is not physiological
process. The freezing process can cause stress and mechanical damage of cells by ice crystal
formation [2]. Cell damage can occur at any time during cryopreservation process. Cell lysis
can be induced by intracellular ice formation. This major change is easily observed through
routine microscopic observations. However, damages can also occur in the cellular structural/
functional levels involving intracellular organelle changes, what is more difficult to diagnose.

Three types of damage during cooling process in oocytes and embryos were described:

• the damage of microtubules, including meiotic spindle with relative high temperature (from
+5 to −5°C);

• intracellular crystal formation (temperature from −5 to −80°C);

• damage of zona pellucida or the cytoplasm (temperature from −80 to −150°C).
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The using of cryoprotectants makes a damage of oocytes via cytotoxic and osmotic effect. The
addition and the removal of cryoprotectants from the oocyte create an osmotic imbalance
across the oocyte membrane, which may result in large volumetric changes and cause damages
in the cell morphology, cytoskeletal structures and physiologic function.

Protein structure and function, as well as metabolism, can also be affected. Cells require a
period of recovery after thawing, and then, they are able to continue normal intracellular
function.

Cryopreservation affects various organelles like intracellular lipids [3], mitochondria
(Figure 1) cortical granules [4], cytoskeletal structure, zona pellucida and also meiotic spindle
[5]. Deleterious effects of meiotic spindle can resulted into chromosome disaggregation.
Improper chromosome segregation could lead to aneuploidy and genetic errors, which may
cause embryonic and foetal abnormalities. Furthermore, cryopreservation can induce releasing
of cortical granule what makes changes of zona pellucida (zona hardening) [4].

Figure 1. Mitochondria from primary oocyte after cryopreservation with morphological alterations: swollen mitochon‐
dria (*) and mitochondria with atypical tubular cristae (black arrow). Scale bar represents 2 μm.

2.2. Cryoprotectants

Cryoprotectants are substances with high solubility and cytotoxicity, what is directly propor‐
tional to their concentration and temperature. They aim to protect cells from any damage what
is known as cold shock, during freezing‐warming procedure. Cryoprotectants bond water and
they reduce the toxic effect of high concentrations of other compounds. At high concentrations,
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cryoprotectants minimize the damage caused by ice formation, as they cause the water to form
a glass rather than ice crystal. After thawing, the cryoprotectants must be removed from cells
to avoid their deleterious effect on further fertilization and embryonic development.

2.2.1. Membrane permeable cryoprotectants

These solutions displace water via an osmotic gradient and partly occupy the place of the
intracellular water. Indeed, increase in the extracellular osmolarity generates an osmotic
gradient across the cell membrane‐supporting dehydration of the cell. In this group, com‐
pounds are with relatively low molecular weight (<100 g/mol). The most commonly used
cryoprotectants for oocyte and embryos are ethylene glycol, 1,2‐propandiol and dimethyl
sulfoxide (DMSO) [6]. Ethylene glycol is widely used during the vitrification of human oocytes
and embryos due to its low toxicity and high permeability. In present time, it is standard part
of all vitrification protocols. During equilibration step especially in oocyte vitrification, the
compounds of very high concentration (>4 M concentration) are used.

2.2.2. Membrane nonpermeable cryoprotectants

Nonpermeable cryoprotectants are usually large molecules, which remain in extracellular
solution. Extracellular saccharides and macromolecules (sucrose, trehalose, Ficoll, PVP) are
commonly added to vitrification solutions. They help draw water out of the blastocoel to attain
better dehydration and reduce osmotic shock. Very frequent approach is combination of more
cryoprotectants for decreasing the individual specific toxicity of each solution. At least, one of
these cryoprotectants should be permeable (with higher toxicity) and one or two nonpermeable
(lower toxicity) [7].

For example, during vitrification commonly used ethylene glycol or DMSO or propanediol
(permeable) are often combined with sucrose or PVP (nonpermeable), which reduce the
concentration of permeable cryoprotectants and facilitate dehydration and vitrification.

Cell permeability is an important factor for determining the conditions for cryopreservation.
The permeability of mouse embryos increases as development proceeds to the compacted
morula. Ethylene glycol is less permeating than propylene glycol at the one cell stage. In morula
stage, ethylene glycol is far more permeating than other cryoprotectants. Exchange of water
and cryoprotectants in expanded pig blastocyst occurs predominantly by facilitated diffusion
but in oocytes predominantly by simple diffusion [8]. This was related to the expression of
aquaporin three mRNA, which was abundantly active in expanded blastocyst, but not in
oocytes. The common consensus is that rapidly permeating agents are favoured for oocyte
cryopreservation, because the exposure time before cooling can be shortened, and because
osmotic swelling during removal of the cryoprotectant can be minimized.

2.3. Slow freezing

This technique involves stepwise programmed decrease in temperature. The procedure is
lengthy and requires the using of expensive equipment (Figure 2). This process does not
exclude ice crystal formation, which can have extremely deleterious effects [9].
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Figure 2. Programmable cryo freezer Planer Kryo F10.

Slow freezing is a technique with long history but in comparison to vitrification actually does
not bring any advantages. Vitrification methods are more efficient and reliable than any version
of slow freezing [10]. After a long period of practising was the convention slow freezing method
completely stopped in many centres and was replaced by routine vitrification.

2.4. Vitrification

Limiting factor for all cryopreservation methods is ice crystal formation that drastically
reduced survival of embryos and oocytes. Vitrification process produces a glasslike solidifi‐
cation of living cells, which completely avoids ice crystal formation. It is well known that
vitrification requires a greater amount of cryoprotectants, what increases the toxicity of their
environment. However, it was claimed higher survival rate after using vitrification instead of
slow freezing [11]. Vitrification is very simple, cost‐effective process, but the skills to perform
require good manual training.

3. Gamete cryopreservation

3.1. Spermatozoa cryopreservation

Cryopreservation of human semen is well‐established laboratory procedure to maintain the
fertilizing potential of spermatozoa during storage in liquid nitrogen. Modern trends in
assisted reproduction technologies influenced the indications for human sperm cryopreser‐
vation. Spermatozoa are not so sensitive to cryopreservation damage (in comparison with other
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cell), because of the high fluidity of the membrane and the low water content (about 50%). The
effect of cryopreservation on sperm DNA integrity is still unclear. There is no agreement in
literature on whether or not affect cryopreservation sperm chromatin integrity.

When clinicians became aware that azoospermia or very severe oligozoospermia could not be
improved by medical treatment, it arises the idea to create sperm banks. Today, cryopreser‐
vation of spermatozoa is routinely used in a variety of reasons:

1. Donor or husband semen storage for assisted reproduction.

2. Sperm banking for husband sperm for psychological or other reasons (it is not always
possible to produce sperm samples at the appropriate time in the cycle).

3. Storage of epididymal or testicular spermatozoa after MESA/TESE, to avoid repeated
biopsies or aspirations.

4. Storage of sperm as a fertility “insurance” for future.

5. Preservation of semen before surgical, chemical or radiological cancer therapy, which may
lead to testicular failure or ejaculatory dysfunction. Also other nonmalignant diseases,
such as diabetes or autoimmune disorders, may lead to testicular damage.

6. Male gamete freezing is largely recommended to preserve fertility in those subjects who
are exposed to potentially toxic agents, which may interfere with gametogenesis.

Semen preservation before the beginning of therapy should be proposed to all adult men and
postpubertal boys. To date, no clinically proven methods are available to preserve fertility in
prepubertal males. The testicular cancer survivors have a good chance of fathering a child by
using sperm cryopreserved prior to the oncology treatment thanks to assisted reproduction
methods [12].

In the ICSI era, almost all cryopreserved semen sample, even when it contains only few sperm,
could be used for subsequent infertility treatment. Genetic damage is unknown.

Cryopreservation is known to cause some changes in sperm morphology, including damage
to mitochondria, the acrosome and the sperm tail. The sperm motility is particularly sensitive,
and it is generally accepted that it can be reduced to 50% after the cryopreservation/thawing
procedure. Due to this fact, it is necessary to choose potential donors with an emphasis on this
sperm parameter.

3.2. Oocyte cryopreservation

Cryopreservation of human oocyte can be an alternative to circumvent many of the ethical
issues associated with embryo cryopreservation. For oocyte cryopreservation, it is very suitable
to use vitrification method. Oocyte cryobanking is a new more efficient approach in oocyte
donor‐recipient treatment. On the basis of guideline from the Practice Committees of the
American Society for Assisted Reproductive Medicine (from 2013) and, in March 2012,
European Society of Human Reproduction and Embryology (ESHRE), it is indicated that
mature oocyte vitrification and warming are not experimental and should no longer be
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considered as experimental procedures. This progress in the field of cryopreservation opens
new perspectives in assisted reproduction. Recent effective oocyte vitrification systems have
a significant impact on clinical practice. It is a possible way in countries where the law forbids
the cryopreservation of embryos. Indeed, efficient oocyte vitrification technology eliminates
synchronization between donor and recipient. It enables the establishment of egg banks by
eliminating the logistics of coordinating egg donors with their recipients. Progress in oocyte
vitrification brings new possibilities mainly for women, who are trying to postpone child‐
bearing from professional or social reasons. The process was originally developed as a way to
preserve the fertility of cancer patients undergoing possibly sterilizing chemotherapy, and it
is relatively simple.

Oocyte cryopreservation is less successful than embryo cryopreservation for many reasons.
Oocytes have small surface to volume ratio, temperature‐sensitive metaphase spindle [13],
zona pellucida as very specific structure and susceptibility to parthenogenetic activation.
Oocytes are one of the biggest cells with high likelihood of intracellular ice formation [14]
Oocytes are very unique cells, because of their developmental capacity to be fertilized and then
to support early embryonic development. This capacity derives from maternal legacy of the
myriad of transcript, proteins and energetic substrates and also cytoplasmic organelles, which
facilitate early mitotic divisions of the embryo until embryonic genome activation occurs [15].
This highly organized structure often incurs serious damage after cryopreservation. The
volume of mammalian oocyte is much bigger than that of spermatozoa, thereby substantially
decreasing the surface to volume ratio and making them sensitive to chilling and highly
susceptible to intracellular ice formation. In fact, in a developing embryo, cleavage division
occurs without any increase in volume until blastocyst stage, leading to higher nucleus‐
cytoplasmic ratio of embryo blastomeres compared with the oocyte. Oocytes are substantially
more prone to cryo damage than are embryos. Number of blastomeres in early embryos
provides great flexibility to compensate for any detrimental effects of cryopreservation,
because missed blastomeres can be replaced by the daughter cells of dividing intact ones.
Oocytes contain one‐half of the genetic material of the future individual, and so any damage
to its chromatin structure may result in deleterious defects in the developmental competence
of the resulting embryos. Damage of meiotic spindle can result in chromosomal abnormalities
after thawing. The permeability of oocyte plasma membrane to cryoprotective agents is low
compared with embryo [6].

Although mature oocytes in metaphase II are sensitive to cryopreservation (detrimental effect
on meiotic spindle or premature cortical granule release) and immature oocytes on prophase
I (GV oocytes) look that are more suitable for cryopreservation. It is well known that oocytes
frozen at GV stage exhibited decreased affectivity of in vitro maturation and increased
spontaneous parthenogenetic activation [16]. For this reason in case of immature oocytes, it is
recommended to use in vitro maturation and after that perform their subsequent vitrification.

It was presented that highly organized structure of fresh oocyte changes dramatically (at
cellular, ultrastructural, molecular and developmental levels) after cryopreservation. Cryo‐
preserved oocytes have cellular characteristics that differ from those of the fresh oocytes.
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3.2.1. Cryopreservation of ovarian tissue

Fertility preservation has a great importance to many young women with cancer [17]. Cryo‐
preservation of ovarian tissue is a safe, simple and effective option for preserving fertility in
young patients facing or undergoing gonadotoxic therapy. Oocytes in primordial follicles are
very small and tolerate cryopreservation very well. The removal of ovarian tissue is a simple
procedure. Ovarian tissue can be obtained using minimally invasive techniques during
laparoscopy, with unilateral ovariectomy or partial ovariectomy. Ovarian tissue can be
cryopreserved independently of the menstrual phase.

Figure 3. Primary follicle from ovarian cortex before (a) and after (b) cryopreservation with morphological alterations.
The oolemma of oocyte after cryopreservation is more undulated and interrupted (E), and the cytoplasm of follicular
cells (F) is vacuolated. N, nucleus; M, mitochondria; L, lipid droplets. Scale bar represents 5 μm [19].

In 2004, first live birth after autotransplantation of human ovarian tissue was reported [18]. To
date, 60 live births have been reported worldwide following transplantation of cryopreserved
ovarian tissue. However, research on the cryopreservation of ovarian tissue as a method of
fertility preservation has now been continuing for more than a decade, and considerable
successes have recently been achieved.

In centres that offer cryopreservation of ovarian tissue, the procedure can be performed one
day after the patient’s first visit. After the tissue has been removed, it can be processed
immediately or transferred in special transportation containers to a centre specializing in the
cryopreservation of ovarian tissue, with an associated cryobank (Figure 3).

4. Zygote and embryo cryopreservation

Cryopreservation of human embryos is a safe procedure, which has been carried out for more
than last 30 years. In development of in vitro techniques and together with single embryo
transfer becoming greater demand for an efficient and reliable cryopreservation method for
surplus embryos. It is possible to cryopreserve the human zygotes immediately after fertili‐
zation, at the pronuclear stage or embryos during early cleavage stages (2–8 cells) or at the
expanded blastocyst stage (after 5–7 days in culture).
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Embryos are cryopreserved in any embryonic stages. Still there does not exist a common
consensus what is the most optimal developmental stage for embryo cryopreservation.

Since morphology of vitrified and thawed embryos is not enough to assess the viability, the
possibility of culturing for a few more days before transfer can ensure that embryo is for
transfer. In contrary to oocytes, embryos are after cortical reaction, which gives the ooplasmic
membrane more stability to cope with the low temperature and osmotic changes.

4.1. Cryopreservation of zygotes

For cryopreservation of human zygotes, it is suitable to use only vitrification method. Slow
freezing method has more than threefold worse results than vitrification [20].

The recent reported data for successful pregnancies suggested that the vitrification of human
zygotes and early‐stage embryos is a perfect alternative to slow freezing techniques especially
in countries where cryopreservation of later stage human embryos is prohibited either by law
or due to religious reasons.

4.2. Cryopreservation of cleaved embryos

Vitrification of early‐stage human embryo is acceptable and better alternative than slow rate
freezing because of the higher survival rate and increased rates of pregnancy. Cryopreservation
of cleaved embryos is not so effective as cryopreservation of blastocyst.

4.3. Cryopreservation of blastocyst

Blastocysts are the top embryos, what have successfully passed the critical step of genomic
activation and have a high developmental potential. Their advantage is containing numerous
small cells; thus, the loss of some cells during freezing and thawing is probably less harmful
for future development of the embryo. Furthermore, during extended cultivation, embryos
with worse viability are arrested in development and will not be cryopreserved.

Figure 4. Laser blastocoel puncture (assisted shrinkage): human expanded blastocyst before puncture; (a) laser pulse
open zona pellucida (red circle) and make a small defect in the trophectoderm (b), which resulted to blastocyst shrink‐
ing (c). Scale bars represent 30 μm.
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Blastocyst presents special challenge to cryopreservation. Excessive water in the blastocoel
may lead to ice formation and subsequent damaging of cellular structures. To minimize this
risk, removal of some of the blastocoel fluid has been attempted. Removal of blastocoel fluids
can be done by perforating the blastocoel and letting the fluid flow passively out [21]. The
process called assisted shrinkage can be performed in a variety of ways, including microneedle
puncture, repeated micropipetting of the blastocoel or laser‐pulse opening of zona pellucida
(Figure 4).

5. Our experiences with cryopreservation of gametes, embryos and tissues

We have cryopreserved sperm since 1991, and we introduced embryo freezing in 1995. In the
beginning, we performed slow freezing by Planer, but from 2007, we prefer vitrification. Well‐
functioning cryopreservation was an essential prerequisite for a donation of gametes and
embryos program. Within the centres of assisted reproduction, we had the first and the largest
sperm bank in the Czech Republic from 1995 (currently, we have 100 donors).

We have also built a centre for fertility preservation for both male and female oncologic
patients. Methods of preserving the fertility in young women can be divided into three
cryopreservative methods: embryo‐, mature oocyte‐ and ovarian tissue‐cryopreservations. We
have started as the first with ovarian tissue freezing and sperm freezing before gonadotoxic
treatment in the Czech Republic. We cryopreserved ovarian tissue of 23 women before
gonadotoxic treatment (from January 2006 to December 2015). During October 1995 to
December 2015, we cryopreserved the sperm of 1231 men—oncologic patients (587—testicular
cancer diagnosis). The testicular cancer survivors have a good chance of fathering a child by
using sperm cryopreserved prior to the oncology treatment, even when it contains only limited
number of spermatozoa. There are 41 patients in our centre, who returned for infertility
treatment underwent 58 treatment cycles with cryopreserved sperm. Totally, 20 pregnancies
were achieved, that is 34.5% pregnancy rate. The implementation of all young oncological
patient sperm cryopreservation has an important place in our laboratory methods.

6. Trends and future perspectives

Many researchers are studying different methods to improve cryopreservation outcome by
modification of essential factors (cryoprotectants, freezing rate, warming). Trends and new
perspectivities in cryopreservation in human‐assisted reproduction are an important part of
this chapter.

6.1. Optimization of current methods

6.1.1. Inhibition of ROCK kinase

Several new steps and procedures for optimization of current methods were developed during
last years. It is well known that vitrification procedure often increases apoptosis in embryonic
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cells, and it results in decrease of developmental competence. Specific postvitrification
treatment can suppress this effect in somatic cells or animal oocytes. It was reported that
inhibition of Rho‐associated coiled‐coil kinase (ROCK) improves developmental competence
of vitrified/thawed bovine oocytes [22]. This treatment was also effective in human embryon‐
ic cells [23], or bovine blastocysts [24]. ROCK kinase is involved in regulation of metabolism,
apoptosis, growth, cytoskeletal assembly and cell contraction.

6.1.2. New vitrification devices

New way to increase the cooling rate is reducing the use of cryoprotectants consist in the
reduction of liquid nitrogen temperature. In order to avoid vaporization of liquid nitrogen,
the temperature is reduced until −210°C, applying a negative pressure [25]. In this condition,
nitrogen partially solidifies and creating nitrogen slush, which is less likely to evaporate on
contact with specimen compared to liquid nitrogen. This method was very effective in human
blastocyst [26]. Cells immersed into nitrogen slush cool more rapidly because they come into
contact with liquid nitrogen sooner than those immersed in normal liquid nitrogen. It can
provide very high cooling rate (up to 135,000°C/min. The cooling rate is enhanced mainly in
the first part of cooling (from 20 to −10°C).

6.1.3. Hydrostatic pressure

Survival of cryopreserved oocytes and embryos is affected by many factors, and their role is
still unclear. Recent studies also reported promising results after applying of high hydrostatic
pressure during pretreatment of oocytes and embryos. Some studies show that cultivation
medium has a dramatic effect on efficiency of cryopreservation methods. However, it was
tested that short time exposition of high hydrostatic pressure prior to vitrification (probably
thought production of HSP proteins [27]) significantly improved the survival and hatching
rate in murine blastocyst [28].

6.1.4. Antioxidative treatment

Oxidative stress has been implicated in many different types of cell injuries, including
membrane peroxidation, oxidation of amino acids or nucleic acids, apoptosis and necrosis,
which decrease survival rate after cryopreservation. Experiment realized in model animals
indicated positive effect of the presence of antioxidant in cultivation medium after thawing of
embryos [29]. Indeed, supplementation of α‐tocopherol in recovery culture medium resulted
in a significantly higher blastocyst yield from the postwarm bovine oocytes in comparison with
control oocytes [30]. Actual methods are capable of achieving proper vitrification attaining
high level of viscosity and dehydration and delivering high freezing and warming rates. Recent
studies realized on experimental animals bring new applicable knowledge suitable for
optimization of current method. In our opinion, further research in vitrification media and
devices is important for next development of these methods.
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It is well known that type of culture media (where are embryos after thawing) is very important
for successful thawing process. This fact is often ignored and we believe that gentle appropriate
treatment after thawing can improve the survivability of oocytes and embryos.

6.2. New trends

6.2.1. Freeze all

One of the new strategies is also “freeze all”. In “freeze all cycle”, all embryos are cryopreserved
and later used after thawing in another reproductive cycle. This approach is very often used
in cooperation with preimplantation genetic screening (PGS) of embryos before their transfer
into the uterus. New trend in this approach is genetic screening of blastomere after biopsy at
the fifth day of in vitro cultivation or later. There is no other way and all embryos must be
cryopreserved and stored in liquid nitrogen. Embryos are thawed after final decision about
embryo aneuploidy and their suitability for transfer into the uterus.

It was presented that implantation, clinical and ongoing pregnancy rates of ART cycles may
be improved by performing cryoembryotransfer compared with fresh embryo transfer [31]. It
can be explained by a better embryo endometrium synchrony achieved with endometrium
preparation cycles. In frozen embryo transfers, endometrium priming may be achieved with
the use of E2 and P, and the endometrial development can be controlled more precisely than
in cycles with gonadotropins [32].

6.2.2. Social freezing

Frozen oocyte replacement is a technique where oocytes are retrieved, frozen, stored and
fertilized only after thawing them for transfer. This technique helps women to preserve the
future ability of having genetically related children at later point in life. It was first used for
cancer patients before chemotherapy or radiotherapy. However, it can be also used for delaying
motherhood for any reason, such as an absence of suitable partner or a work career. Large
companies like Facebook or Apple have recently included social freezing for female employees
as an employment benefit. Indeed, just as for fresh oocyte, the outcome of IVF with vitrified
oocytes is highly dependent on maternal age. The most appropriate age for effective cryopre‐
servation is unknown, but ideally, it would be in the early to mid‐30s, before age at which
woman’s fertility naturally declines. Younger women have higher chance that they will never
require these eggs. Elder women can be under risk of insufficient procedure with few amounts
of oocytes, aneuploidy oocytes and very low probability of pregnancy [33].

7. Conclusion

Finally, it is well known that the embryologist training would have a major bearing on the
vitrification outcome. Further vitrification procedural improvements using postvitrification
chemical treatment would reduce the high sensitivity of oocytes and embryos to cryopreser‐
vation and provide valuable information during an advanced postcryopreservation thawing
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procedure. Furthermore, the strategic placement of embryonic culture media is very important
for a successful freezing/thawing process. This fact is often ignored, and we have determined
that gentle appropriate treatment after thawing can improve survivability of human oocytes
and embryos in much the same manner as witch model animals.
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Abstract

Clinical vitrification evolved slowly, with interests and acceptance being commercially
driven by the development of unique devices, safer solutions, and the misconception
that ultra‐rapid cooling in an “open” system was a necessity to optimizing vitrification
success. Furthermore, the dogma surrounding the importance of cooling rates has led
to unsafe practices subject to excessive technical variation and risky modifications to
create closed‐storage devices. The aim of this chapter is to highlight important quality
control  factors  (e.g.,  ease  of  use,  repeatability,  reliability,  labeling  security,  and
cryostorage safety) into the selection process of which device/solution to use, inde‐
pendent of commercial manipulations. In addition, we provide clinical and experimen‐
tal evidence in support of warming rates being the most important factor determining
vitrification  survival.  Lastly,  we  exhibit  indisputable  support  that  aseptic,  closed
vitrification  systems,  specifically  microSecure  vitrification  (μS‐VTF),  can  achieve
success  with  attention to  quality  control  details  often lacking in  open vitrification
devices.

Keywords: blastocyst, cryopreservation, device type, oocyte, quality control, vitrifica‐
tion

1. Introduction

The early successes of William F. Rall, PhD, and coworkers with mammalian embryo vitrifi‐
cation  (VTF)  were  based  on  extensive  experimentation,  meticulous  solution  and  straw‐
handling preparations, and precise straw sealing [1, 2]. Although there was less overt cellular
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damage, these early investigations simply proved that vitrification was a potentially effective
alternative cryopreservation procedure, but not necessarily more effective than conventional
slow‐freezing methodologies.  The degeneration experienced with visually intact  vitrified
embryos could have been due to  the  potential  cryotoxicity  of  high‐molarity  vitrification
solutions (e.g., VS3a = 6.5 M glycerol) [3]. An alternative consideration involved the importance
of  warming  rates  to  prevent  recrystallization  events  that  could  adversely  effect  cellular
survival of vitrified blastomeres [4]. In the early to mid‐1990s, most investigations focused on
developing safer, less toxic solutions [5–7] to improve vitrification success. It was widely
accepted that the combined use of less concentrated permeating cryoprotective agents (CPAs)
made  for  safer  vitrification  solutions  [6].  Indeed,  by  combining  permeating  CPAs  (e.g.,
dimethyl sulfoxide (DMSO), ethylene glycol (EG), and glycerol (GLYC)), and adding other
nonpermeating CPAs (e.g., sucrose and ficoll) to create moderately concentrated vitrification
solutions, brief intervals of exposure proved to be safe to embryonic blastomeres and oocytes.
Combined  with  the  commercial  development  of  novel  vitrification  devices  [8],  and  the
proposed  relative  importance  of  cooling  rate  to  vitrification  success  [9–12],  vitrification
technology has essentially replaced slow‐freezing procedures for human oocytes and embryos
in the twenty‐first century.

The history and general discussion of vitrification's application to human oocytes, zygotes,
and embryos have been previously reviewed [13]. Cryopreservation in the absence of damag‐
ing ice‐crystal formation (i.e., vitrification) efficiently preserves cell membrane integrity,
typically yielding high complete survival rates (>90%) for oocytes and embryos utilizing
various vitrification methods. Live birth rates associated with the vitrified embryo transfer
cycles are considered equal to or higher than those of fresh blastocysts [14–16], and others
claim that the use of vitrified donor oocytes is comparable to fresh donor oocytes [17, 18]. Yet,
vitrification success is susceptible to procedural variation between programs referred to as
“technical signature” [19]. Variation associated with technical repeatability and reliability
between individuals, and a multitude of vitrification devices and methods have resulted in
inconsistencies between programs applying vitrification. To optimize the application of
vitrification industry‐wide, several quality control factors should be taken into account. This
chapter describes those quality control factors and problematic events/examples associated
with the development of different vitrification devices. In addition, we detail the successful
implementation of a noncommercial, simple, and secure aseptic‐closed procedure (i.e.,
microSecure‐VTF) which has aimed to minimize quality control‐related variation. Further‐
more, there is a growing need to educate reproductive biologists about the complexity of the
vitrification process and understand the relative importance of warming rate to cooling rate
and their relationship to the vitrification solution used.

2. Quality control considerations

In the last decade, vitrification technology has rapidly supplanted conventional freezing
practices. To a great extent, this was due to the commercial industry's development of speci‐
alized vitrification devices. However, the overall safety, efficiency, and effectiveness of clinical
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vitrification have been handicapped by these same commercial influences introducing inherent
design flaws in devices used in the in vitro fertilization (IVF) industry. Indeed, specific
differences in devices and their utilization have introduced significant technical variation
between individuals and programs. Although the efficacy of any single vitrification method/
device can be optimized within a program (i.e., intra‐program variation), through extensive
training and experience, its adoption throughout the assisted reproductive technology (ART)
industry may be less effective (i.e., inter‐program variability). It is this inability to easily and
successfully apply a vitrification method between laboratories (i.e., technical signature) that
warrants attention, if an optimized universal method(s) is to be executed throughout the IVF
industry. When attempting to integrate an effective vitrification system into your clinical
laboratory, several quality control factors should be taken into account to fully assess the
completeness of a vitrification device and its potential pitfalls. These quality control consid‐
erations include the following:

1. Labeling potential

a. Can labels be securely adhered and easily identified?

b. Do they offer dual color identification potential?

c. Are they tamperproof and fail safe?

d. Does it require a secondary label and can the label be easily removed for record‐
keeping purposes (i.e., patient verification) postwarming?

2. Technical ease and reliability

a. Can embryos be easily loaded into or onto the device in a timely and repeatable
manner?

b. Can the device be easily and safely extracted to facilitate rapid warming (i.e., achieve
a warming rate >its cooling rate)?

c. Can embryos be simply identified and tracked postwarming?

3. Procedural simplicity and repeatability

a. Does the vitrification method offer simplicity and reliability?

b. Does it easily allow for repeatable applications within and between patients which
minimizes variation between technicians (internal) and programs (external)?

4. LN2 storage capacity

a. Can the devices be easily and safely handled and identified?

b. Is the device's storage potential space efficient?

c. Does the device offer security and safety from physical damage?

d. Does the container provide safety and reliability from possible pathogenic contami‐
nants as an aseptic closed system?
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5. Recovery potential/survivability

a. Is the device design prone to potential problems in the guaranteed recovery of
embryos?

b. Will the system reliably vitrify and maintain complete cellular integrity postwarm‐
ing?

2.1. Vitrification device development

New concepts in vitrification device/container design began emerging in the assisted repro‐
ductive technology industry the late 1990s through mid‐2000s, as previously reviewed and
discussed by Vajta and Nagy [8]. Dr. Vajta and his coworkers created an “open‐pulled straw”
(OPS) which tapered from the conventional 0.25‐ml straw diameter to a >50% reduction in
diameter over an approximate 4‐cm length [20]. This novel design effectively increased the
surface‐to‐volume ratio which increased its cooling rate capacity in a lower volume, which
reduced cryoinjury to vitrified bovine oocytes. The OPS was simple to use (i.e., load) for animal
scientists and veterinarians familiar with handling and sealing 0.25‐ml straws, yet it was
difficult to label and store in a secure, organized, and effective manner. The labeling of the
plastic straw with a fine sharpie or cryomarker was subject to being partially rubbed off in
cryostorage and becoming un‐identifiable. Then, there was also concerns on how to safely and
securely store these opened OPS units. One good alternative was to enclose and seal them
inside a larger 0.5‐ml semen straw [21], preferably an ionomeric resin CBS straw capable of
achieving reliable weld seals. Thus, the former quality control issues were resolved at the
expense of the insulated OPS having slower cooling rates without direct contact to liquid
nitrogen (LN2). A couple of years later, another adapted straw procedure emerged, called the
hemi‐straw, which involved supercooling a microdroplet on the inner edge of a transverse cut
0.25‐ml straw plunged into LN2 [22, 23]. Like the OPS, the hemi‐straw could be inserted into
a 0.5‐ml semen straw before LN2 exposure (as a closed system) or following ultra‐rapid cooling
and then plug‐sealed [24]. The hemi‐straw concept led to the commercial development of the
aseptic‐closed high‐security vitrification device (HSV; CryoBioSystem, France) which used a
plastic wand device with an elongated trough tip (i.e., gutter) to support a vitrified micro‐
droplet, which was then inserted into a 0.25‐ml CBS™ ionomeric resin straw [25].

In the years between the development of the OPS and hemi‐straw, a unique carrier system
called the “Cryoloop” was adapted from X‐ray crystallography applications (Hamilton
Research Instruments, USA). A nylon loop, barely detectable to the eye, supported the
suspension of a thin film of vitrification solution to facilitate the supercooling (>10,000°C/min)
of an embryo or oocyte in the confines of a liquid nitrogen‐filled cryovial [26]. Although
cryovial labeling and storage were standard practices, the precise loading of the fluid‐embryo
combination onto and handling of the delicate loop affixed to a metal post was subject to
technical variation. Despite the cryoloop's clinical success over the next decade [27, 28], the
device required assembly (i.e., glue adhesion of the loop/post to the cap) and the use of
specialized instruments (e.g., curved grasping forceps, an extended rod with magnet) to
facilitate handling. Although a published comparison between the hemi‐straw method and
the cryoloop ultimately revealed no differences in survival rates or pregnancy outcomes [24],
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the proposed importance of ultra‐rapid cooling rates to insuring high vitrification success rates
dominated the commercial push to integrate vitrification into the human IVF industry. While
other novel thin‐film, supercooling procedures were proven effective (e.g., electron microsco‐
py (EM) grid, nylon mesh; see review [8]), it was the development of an open‐system, plastic
wand‐flat‐blade device called the “Cryotop” [29, 30] that would have the greatest impact on
the adoption of clinical vitrification (Kitizato, Japan), as a routine cryopreservation method
used for human embryos and oocytes [31]. Promoting the importance of ultra‐rapid cooling
rates in a micro‐volume (0.1 μl), the popularity of open‐blade methods grew (e.g., Cryoleaf,
Cryolock, and Cryotech) and, like the Cryotop, each device was subject to technical variation
and other unique quality control issues discussed below.

While open‐system advocates minimized concerns over the potential risks of pathogen cross‐
contamination among LN2‐stored samples [32], there are others who express strong appre‐
hension over the long‐term cryostorage of embryos/oocytes in containers or devices which are
unsealed (i.e., leaky, open container, and protected device systems) or poorly/improperly
sealed due to disease transmission risk assessments, based on animal model research [33].
Although LN2 vapor‐phase storage tanks offset these concerns, they were and still are not
common to, nor practical, in most clinical IVF laboratory settings. Thus, there were additional
commercial efforts to produce effective closed vitrification systems in the mid‐2000s. During
the development of the CBS™ HSV device (mentioned above), an ultra‐fine OPS system, called
the Cryotip™, was marketed by Irvine Scientific as the first Food and Drug Administration
(FDA)‐approved vitrification device. This modified closed micropipette system produced
comparable postwarming embryo outcomes compared to the Cryotop [30]. Unfortunately, the
Good Manufacturing Practice (GMP) focus by the FDA was strictly on the effectiveness of the
device to achieve a reliable seal, and not on other important quality control issues influencing
gamete and embryo safety. Indeed, the Cryotip™ was a mass‐marketed flawed vitrification
device that proved to be technically challenging to use (i.e., “technical signature” concept
applied) due to aspiration, bubbling, and sealing issues, as well as biosecurity and cryostorage
identification issues. Shortly thereafter, another closed micropipette device called the Cryop‐
ette™ (Mid‐Atlantic Instruments‐Origio, USA) was developed to overcome loading and dual‐
sealing problems associated with the Cryotip™. In addition, this device added color coding,
a positive feature originally found in CBS™ 0.3‐ml embryo straws. By mounting a colorized,
cryo‐resistant bulb on one end of a shortened flexipette, it strived to control technical aspiration
and expulsion of embryos, and simultaneous close one end. Again, FDA's approval of this
device insured that the open end of the flexipette could be effectively sealed without harm to
its cellular contents, but did not address concerns regarding labeling, cryostorage safety, or
bulb reliability. These quality control flaws were left to the consumer to discover, as discussed
below.

The Cryotip and Cryopette devices are both considered “closed systems” as the gametes and
embryos they contain are sealed in an environment away from any potential contact with liquid
nitrogen. However, the outer surface of their micropipettes still reside in direct contact with
LN2, and thus are still at potential risk of being a carrier of pathogens found free floating in
stored LN2 (e.g., adherent bacteria [34, 35]). Although the risk of transfection is unproven, risk
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assessment potential is virtually eliminated in an “aseptic, closed vitrification system” such as
the HSV [25] and enclosed OPS or cut standard straw [36, 37] approaches (described previ‐
ously). Unlike many original suboptimal designs, CryoBioSystems made improvements in
their HSV system enhancing the ease and reliability of device extraction to reduce warming
variation, as well as improving device identification by offering color coding. Subsequently, a
similar device, referred to as Vitrisafe (Astro‐med Tec, Austria), has also produced a high level
of clinical success [38, 39], similar to open systems. In the last decade, three additional novel
approaches were developed, with two in particular, the rapid‐i [40] and microSecure vitrifi‐
cation [41] being clinically validated. The rapid‐i (Vitrolife, USA/Sweden) is a hybrid‐designed
device mimicking both the flat‐blade wand of a cryotop possessing a micro‐hole drilled in the
center of the surface to suspend the vitrification solutions, like the Cryoloop. The advantage
of the hole in the plastic blade was the ability to directly view the embryo in a 0.05‐μl volume,
with residual vitrification solution easily aspirated from the blade surface. However, technical
precision is still required in terms of embryo/oocyte handling, but with less concern aspirating
residual fluid off the blade. The rapid‐i system has a special LN2 bath that allows closed bottom‐
weighted straws to be supported upright in LN2 with the open end being accessible above a
covered surface. Each rapid‐i wand could then be supercooled inside each straw, theoretically
in a rapid manner, followed by heat sealing and LN2 storage. Unfortunately, one unexpected
problem was the latent conversion of LN2 vapor to liquid inside the straw during the equili‐
bration period, resulting in the transfer of kinetic energy to a warm wand dropped into the
straw. To prevent the initial expulsion of the device, the company adopted a procedural step
to cover the straw opening upon device insertion, followed by sealing. Other than that, the
straw does not have any colorized component, or system for secure or duplicate labeling.

The growing high level of success and undeniable security advantages of some aseptic closed
systems [38–42] has prompted another new and potentially problematic development of
hybridizing vitrification systems. Attempting to gain the benefits of direct LN2‐mediated ultra‐
rapid cooling, some innovative embryologists and at least one commercial company have
begun sealing LN2‐exposed open devices into plastic straws. Unlike the safety and security of
weld‐sealing an ionomeric plastic straw under ambient (20–22°C) conditions (i.e., HSV and
mS‐VTF), the compliance of supercooled straws to effective heat sealing may be compromised
leading to suboptimal, unsecure closure. Without the specialized LN2 bath lid of the rapid‐i
device, the sealing of straws while primarily submerged in LN2 could lead to the incomplete
heat sealing of straws and/or the partial trapping of N2 gas inside a straw. Upon rapid warming,
the consequences of such a scenario could be disastrous, as the rapid expansion of N2 gas from
a liquid phase can be explosive in a closed container [43]. In an at‐risk situation, as described
above, the straw should be cut and the vitrification device removed while still partially
submerged in LN2. Furthermore, if the warming rate of a hybrid device does not exceed its
initial cooling rate, the viability of its vitrified gametes or embryos will be compromised.

2.2. Relative importance of warming rates

Over 60 years ago, Dr. Peter Mazur first discussed the relative importance of warming rates to
cellular solutions which had been cooled very rapidly [44]. He proposed that unstable ice
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crystals can grow to a size damaging cells if the warming velocity was not sufficiently high to
melt the unstable ice formation. Then, with the development of vitrification in the 1980s, both
Drs. Greg Fahy [45] and William Rall [4] warned us about the importance of warming for
cellular survival. Yet, it was Dr. Mazur again, with his postdoctoral fellows and scientific
colleagues, who defined our path to successful vitrification over the past decade. The answer
today is definitive, and the efficacy of vitrification success is more highly dependent on
warming rates than cooling rates [46–50]. Independent of the vitrification device or open/
closed system used, the warming rate must exceed the cooling rate to insure high survival
rates. Using a slow warming model, Dr. Brian Wowk has demonstrated the relationship of ice
nucleation during cooling and recrystallization of ice growth upon warming relative to
cryoprotective agent concentration [50], as well as the thermodynamics behind vitrification
[51]. Under low‐warming conditions, today's typical commercial vitrification solutions (e.g.,
30–32% (total permeable cryoprotective agents), EG/DMSO or EG/PPG) are classified as
“unstable” and are highly dependent on rapid cooling and higher warming rates for cell
survival. Whereas metastable solutions (e.g., 50–70% (total permeable cryoprotective agents))
have a lower temperature of heterogeneous ice nucleation (Th) where the warming rate does
not need to outrun the temperature of devitrification (Td) to inhibit (i.e., melt) the potentially
damaging recrystallization of ice, as originally eluded to by Mazur [44].

Although commercial vitrification solutions work well in both open and closed systems, the
use of metastable solutions (e.g., VS3a, 6.5 M glycerol or ICE‐BL, >7.9 M glycerol/EG) may
offer aseptic closed vitrification systems a higher level of biosafety. As we learned in the 1990s,
the mixture of cryoprotective agents reduces the cytotoxicity for a potential vitrification
solution [52]. Additional research from Mazur's laboratory [53] has shown that infrared laser
technology can be used to exponentially increase warming rates and achieve high oocyte
survival using a threefold diluted vitrification solution. But is there really a need to make
solutions even less concentrated at the expense of becoming warming rate dependent?
Concerns over the potential toxicity of vitrification solutions are likely as misunderstood, as
the importance of cooling rates to successful vitrification. Recently, we have shown that human
blastocysts (BL) diluted into a more concentrated ICE‐BL non‐DMSO vitrification solution
(Innovative Cryo Enterprises, USA) are as viable as those in 30% EG/DMSO (LifeGlobal, USA/
Canada) and 32% EG/PPG (Vitrolife, USA/Sweden) solutions for up to 10‐min exposure [54],
revealing that human blastocysts are more resilient to vitrification toxicity than previously
believed. Furthermore, we conducted a series of revitrification (rVTF) studies aimed at
understanding the cryotoxicity and osmotic stress associated with different vitrification
solutions [54]. Using our control metastable vitrification solution (ICE‐BL), no difference in 0‐
h survival or 24‐h development was exhibited after up to 5X rVTF, with or without sucrose
elution between treatments, proving how cryotolerant human blastocysts are to metastable
vitrification in an aseptic closed system. Interestingly, ongoing unpublished data using a
common EG/DMSO solution revealed no difference in survival, but a significant decline in
sustained viability at 24 hr after the second rVTF treatment. Like Wowk's slow‐warming model,
our data may be revealing the vulnerability of unstable solutions to cryoinjury when exposed
to a cryostress model. These studies demonstrate interesting findings in support of theoretical
vitrification principles regarding the relationships of cooling and warming rates relative to
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molar concentration of cryoprotective agents. In addition, it reveals that the commercial
industry should seriously reevaluate vitrification formulations to optimize their product for
the IVF industry [55].

2.3. Identifying and troubleshooting device‐related quality control problems

A huge problem among early non‐straw or cryovial products was in how a particular device
was labeled. Most experienced embryologists with good laboratory practices found effective
ways to properly label a device (as described below in Section 3). When using Brady labels to
wrap around an open‐system handle or a 0.25‐ml straws, care is needed to insure the font size
is readable. A horizontal wrap may be more secure than a vertical placement, but will likely
not provide sufficient space for readable text. Therefore, validation testing should be per‐
formed to confirm that the vertical surface is reliably adherent. Alternatively, the label could
be adhered horizontally to create an external flag on the device, which optimizes the labeling
surface. If a flag label is used, be cautious to not overcrowd samples causing possible breakage
of the flag. In most cases, a secondary ID on the device is warranted to prevent possible identity
loss in storage. For example, the Cryotip was a poorly planned device in terms of labeling and
storage, but there was a simple solution suggested to the company after their FDA approval
and marketing commenced. The user had the option of placing or handwriting (with sharpie)
the label onto the metal protector or handwriting of the upper straw by retracting the metal
protector in a sterile manner during setup. Difficulty in the ease and safety of extracting these
miniature devices from a shortened goblet for identification/selection was a commonly
experienced storage problem (discussed further below). The simple solution was the use of
0.5‐ml straws crimped at the open end and slid over the sealed end of the device, as used for
conventional one‐step straws. Each straw handle could be used to correspondingly label each
device to facilitate safe and easy identification under ambient conditions while the device
remained safely submerged in LN2. Such a solution was not possible to the alternative
Cryopette system, which may have improved the system for aspirating embryos into the device
but did so at the expense of the important factor of labeling. Perhaps, the most outlandish
experience I witnessed was with a shipment of OPS units (n = 8–10 OPS) simply stored in a
flat cartridge meant to hold straws. Each OPS only had a hand‐printed last name and a date,
without any further identification distinguishing them. Then to make matters worse, when I
attempted to slide the wand upward to systematically extract them, they did not move up like
a straw but instead the tapered tips slid down and jammed up the glide track creating a real
problem. These possible conditions must be carefully thought out before implementation.

Technical ease and reliability of the methods used are an important consideration. This factor
is important within your group, but perhaps even more important outside your program.
Often times patients move or simply change physicians (i.e., clinics/laboratories), resulting in
the transport of your embryos and oocytes to another laboratory. To avoid possible liability
issues associated with lost embryos, faulty devices, or nonsurvival issues of the patients’ only/
last embryo, it is critical to insure the end user will also be successful. Thus, simple and reliable
products are essential. Early open systems such as EM grids and nylon mesh units were
difficult to use for an individual unfamiliar with the device. Even a more established product
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such as Cryoloops presented challenges to the unknowing user. For example, upon warming
if the supercooled metal post holding the loop, containing the embryo(s), contacted the
warming medium it would cause excessive vaporization and bubbling which would hinder
an efficient recovery process. Worst yet, the Cryoloop device required assembly (i.e., glue
adhesion of the loop/post to the cap) and was susceptible to device error associated with loose/
fallen posts, broken loops, as well as variable microdroplet sizes. The Cryotip has also been
known to be susceptible to recovery problems associated to excessive internal bubbling and
damaged tips. Then, there are the popular open‐blade methods that predominate the world‐
wide ART industry. Tremendous technical variation exists with respect to the amount of
vitrification solution to retain on the surface with the embryo or oocyte(s). If too large, the
droplet could disengage from the surface during storage, or in a closed system such as the HSV
the droplet could displace itself to the inner straw surface. At least in the closed system, there
is still the opportunity to recover the lost embryo or oocytes from the sterile inner straw surface.
If the microdroplet surrounding the embryo/oocyte(s) is aspirated too much (i.e., nearly dry),
it places the embryo/oocyte(s) at risk of dehydration and osmotic injury prior to vitrification.
One final example worth acknowledging here is a more recently developed device called the
Cryotech, made of a lighter weight, more transparent film with a 90° angle to the embryo/
oocyte‐loading surface. On at least three occasions, involving the international shipment of
oocytes, the oocytes were lost upon warming. The last shipment was actually tracked by the
same experienced, senior embryologist performing both vitrification and warming events in
two different countries. In the latter situation, the device failed, suggesting that the excessive
handling dislodged the droplet from the surface. These are the types of very unpleasant
circumstances that typically leave each party, or worse the patient, blaming negligence of one
laboratory or the other, but could have simply been the fault of the device design. In these
scenarios, a closed pipetting device, such as microSecure‐vitrification (μS‐VTF), is ideal in its
simplicity and reliability to retain the cellular products they contain.

Emphasis on procedural simplicity and repeatability cannot be underestimated. Ideally, you
want to minimize the time and effort required to place the embryo/oocyte(s) onto or into a
device. We have already seen problematic examples above that can create significant hardship
for all parties involved. Thus, it is critical that we strive to use fail‐safe systems, and that the
procedures involved are also safe for the embryologist to perform. An important technical
example here is the sealing or securing of a device once the embryo/oocyte(s) are loaded onto
the device. Most closed systems are loaded at room temperature and their straws heat sealed,
preferably in an ionomeric‐resin straw (e.g., CBS™) and using an automatic sealer. However,
if using a manual impulse sealer or other miscellaneous approaches (e.g., heated forceps,
curling iron, etc.) then a meticulous quality control practice must be implemented to insure
the completeness of each straw seal by each technician. One approach I learned from Dr. Rall
over 30 years ago on the sealing of conventional 0.25‐ml plastic straws with a standard impulse
sealer was to flip them 180° several times until it adheres to the Teflon surface (over the
electrode) and then do it one more time (requiring a slight delay to gently pry the straw from
the cooling surface). That technique was repeatable and teachable, and more importantly
created reliable and secure seals that never resulted in an exploding straw post rapid warming.
If the seal is incomplete due to a poor sealing technique or a noncompliant plastic due to LN2
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vapor conditions (described above), these straws will allow LN2 seepage into the container to
occur. If these containers are warmed too rapidly, the vaporization pressure could be excessive
and damaging. One other noteworthy example here is a device requiring two different heat
settings to optimally seal two different size openings (e.g., Cryotips). The latter was simply a
formula for repeated errors, frequently resulting in bent and burnt tips. It is also possible that
the overheating of the fine tip ends may have been partially responsible for the excessive and
problematic bubbling experienced in these devices.

Another problem experienced by many inexperienced user of the Cryotip device was the
overcrowding of devices within a given storage goblet. Unlike a compact arrangement of
straws, the tight opposition of Cryotips could cause their protective shields to rise, leaving
their delicate tips exposed to damage (e.g., bending, breakage). Similarly, although Cryop‐
ettes were not as delicate, they were completely unexposed in storage without support. The
potential for breakage or fracturing its bulb connection, if accidentally compressed in frozen
storage, was a real risk. Another important practical factor to consider is the LN2 storage
capacity of a device. If we consider that 0.25‐ml straws (e.g., HSV, Vitrisafe) or perhaps
Cryotop devices in large goblets is an optimal standard of 10 units/goblet, then the storage
of 8 units of 0.5‐ml straw‐size devices (e.g., rapid‐i, μS‐VTF) or square‐capped Cryolock de‐
vices is very good. However, the safe storage of five Cryotips per goblet begins to become
inefficient, while one or two Cryoleaf devices are completely impractical. Lastly, we have
already discussed the ability to safely access and visualize samples in storage/LN2‐filled
dewar flasks or specialized bathes, but what about the safety of the handler. Most open‐sys‐
tem methods require the placement of a protective straw cover (e.g., Cryotop, Cryotech) or a
plastic cap (e.g., Cryolock) over the supercooled device end for storage protection. Likewise,
these protective covers must be removed in LN2 prior to warming to facilitate high warming
rates. However, these covers can be difficult to unlock and remove under freezing condi‐
tions. Any miscues in the insertion or removal of the protective covers could adversely in‐
fluence the stability of the embryo/oocyte(s) on the surface of the open blade. Both
vitrification and warming events entail the coordinated handling of device components,
with fingers and forceps, in close proximity to LN2, thus creating reoccurring safety issues.
Although the use of protective liners provides delicate finger agility in handling and re‐
duces potential contact burns, it does eliminate a mishandling event (e.g., connecting or
sealing hybrid devices) that could result in the accidental LN2 spillage of a full dewar flask.
In short, the unnecessary handling and manipulation of devices in LN2 creates biosafety is‐
sues for the user. By contrast, the assembly and sealing of aseptic closed devices under am‐
bient conditions eliminates similar safety concerns.

Our final end point consideration is the recovery and survival rate potential of a given de‐
vice. As we have already discussed above, there are several quality control factors that can
ultimately influence the final outcome. One issue we have not touched on is the advantage
of being able to visualize the embryo or oocyte(s) upon warming. This is particularly impor‐
tant with oocytes as they do become highly translucent during their initial exposure to the
T1 sucrose solution. Therefore, methods that allow you to distinctly image and account for
the expected number of embryo(s)/oocyte(s) present (e.g., Cryoloops, rapid‐i and pipetting
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methods) offer distinct advantage to efficiently locate the desired cell products. Blade and
hemi‐straw microdroplet methods can leave the technician wondering if the unfound em‐
bryo(s) and oocyte(s) are still on the device or free floating on the surface of the sucrose
solution or attached to an air bubble. The fact is problems can arise and some methods sim‐
ply make it easier to troubleshoot the issue at hand. Unfortunately, most technical and clini‐
cal publications failed to discuss recovery rate potential and associated problems, but
instead choose to disguise that outcome among the nonsurvival group. It is unclear why
that has been a scientifically acceptable practice, considering rare embryo losses using con‐
ventional slow‐freezing technology typically warranted an incident report. If we are to fully
evaluate the efficacy of a vitrification device or our ability to efficiently apply the technolo‐
gy, we must be willing to honestly share our mistakes and device experiences, as touched on
by Vajta and others [56].

3. The microSecure‐VTF (μS‐VTF): a quality control solution

Having a firm grasp of the cryobiological principles of vitrification, we developed an aseptic
closed vitrification device aimed at insuring the simplicity, efficacy, and reliability of vitrifica‐
tion success [57]. It was developed in 2008 as an inexpensive, noncommercial, FDA‐compliant
method which optimized quality control aspects of vitrification to reduce or eliminate technical
variation. Using the CBS™ 0.3‐ml embryo straw (with hydrophobic plug) as our model, our
system uniquely offers tamperproof internalized, dual‐colored labeling. The use of different
label and rod colors allows for quick identification of patient samples based on day of
cryopreservation, whether blastocyst biopsy was performed, or blastocyst quality, for example.
In contrast to the HSV system, we maintained secure labeling by not reducing the straw
diameter. Having internalized labels allows us to use nonpermanent adhesion labels (GA
International, USA) that can be easily removed postwarming and placed onto the patients’
Cryo‐data sheet record to confirm identification with the patient at the time of ET. Furthermore,
in the case of a preimplantation genetic screening (PGS) cycle with discard aneuploidy
embryos, the placement of removed labels onto the Cryo record is an excellent quality
assurance practice. Finally, in terms of labeling it is essential that an accurate description of the
patient sample is conveyed, including the last and first name, secondary ID, embryo descrip‐
tion (#, stage, quality grade; Ex: 1x4AA or 1x8cB), and the cryopreservation date. Upon
receiving other devices in our laboratory, it is so surprising to witness how little information
some programs actually provide on a device. Out of respect to all IVF laboratories, proper
labeling is essential to avoid possible liability issues.

Since μS‐VTF uses shorten sterile flexipettes to pipette, load, and directly store embryo(s) or
oocytes, there is no secondary device surface to introduce technical variation. Thus, μS‐VTF
embryos and oocytes are simply loaded and easily visualized upon removal to insure >99.9%
recovery rates. To achieve rapid warming after safe patient sample identification in a dewar
flask, the straw is cut below the plug/seal (below the ID rod) and quickly tipped (60° angle)
and tapped to promote the free fall of the flexipette into a warm sucrose bath (see You Tube
video “microSecure vitrification warming”). On rare occasion, if an embryo is missing upon
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pipetting into T1 solution it has invariably been found in the sucrose bath, due to it having
been loaded to close to the tip. From this rare experience, we have learned that although there
is capillary drift into flexipettes while resting on the sidewall of a 60‐mm dish in the sucrose
bath (for 5–10 s, as the pipette fluid volume will attempt to equilibrate to the sucrose level), the
initial plunge into the bath may create an initial force that pulls a fraction of fluid from the tip.
It is important that biologists remain mindful to load the embryo(s)/oocytes approximately
mid‐way in the fluid column. Again, we control this by aspirating a full, fresh 3‐μl column of
vitrification solution into the pipette (i.e., plunger released, no technical variation) and then
expel one‐third to a half of the fluid upon picking up the embryo(s)/oocytes, followed by
controlled plunger release (to preset fill volume). Upon pipette removal and tip drying (i.e.,
sterile gauze wiping), the capillary volume in the flexipette is stable during handling proce‐
dures. Our rare loss of an embryo has been exclusively related to hatched blastocysts post‐
biopsy. These embryos can be extremely adherent on contact with any plastic (i.e., charged
surface) and potentially difficult to ID in their completely collapsed state. Thus, as with our
standard blastocyst biopsying of trophectoderm cells, we suggest pre‐coating the surface of
all pipettes with human serum albumin (HSA) before handling to minimize cellular stickiness
and possible loss of hatched blastocysts.

Next, the μS‐VTF system uses CBS™ ionomeric‐resin straws that completely weld seal us‐
ing an automated sealer, which again effectively eliminates technical variation. By not wor‐
rying about the quality of the seal, our system offers repeatability and reliability only found
in CBS™ straw products (e.g., HSV). Prior to sealing, we make sure the tip of the flexipette
has dropped down to the plug end, insuring at least 1 cm of air space to safely seal the
straw. Next, we suggest supporting the straw at the point of sealer contact (as opposed to
the natural instinct to hold the end of the straw) to minimize any abrupt vibration stimulat‐
ed by the automatic sealer. Upon inverting the straw label‐end up, we check the quality of
the seals and whether any fluid remnant/discharge appears in the upper straw air space (as
the flexipette base should now be resting against the bottom seal). The upper air space near
the plug/labeling rod insures safety to cut the straw postwarming. If any fluid was visual‐
ized, we check to make the flexipette did not accidentally get sealed into the straw. If on a
rare occasion this happened: (1) if the seal is incomplete then you must extract the flexipette
and attempt to find the embryo in the residual fluid droplet before reloading; or (2) if the
seal is complete, simply make a note on the record (for that straw #) of the situation, so that
proper care is taken postwarming to rinse the inner straw for possible extruded oocytes/
embryo(s). Upon storing the straws in LN2 on canes with large open goblets, up to eight
straws can be stored/cane (i.e., good storage capacity). Furthermore, there is no need for an
upper cover on the cane, as each straw is weighted, unless they are transported and suscep‐
tible to not maintaining their upright position. Coincidentally, if a straw is ever to acciden‐
tally drop into an LN2 tank, they are easily recovered as the weighted rod drops the tank
bottom and sticks straight upward (due to air buoyancy in the straw), as opposed to lying
on the bottom somewhere in the residual N2 debris.

As an aseptic closed system whose vitrification device (i.e., a sterile flexipette) is stored in
an outer straw container, the μS‐VTF device achieves a cooling rate of 1391°C/min and
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corresponding warming rate of over 6000°C/min. As an insulated device with lower cool‐
ing rates than an open device system, it has proven to be more resilient to accidental room
temperature exposures (Ovation Fertility, unpublished data). Overall, the μS‐VTF device
has been systematically validated to be a simple and reliable approach that minimizes in‐
tra‐ and inter‐laboratory technical variation, while providing maximum cryosecurity using
sterile products [41]. In addition, it has been developed without commercial influence and
marketing pressure, thus providing the added benefit of substantial cost‐savings. In to‐
day's IVF industry, which is increasingly reliant of biopsying and vitrifying every fair to
excellent quality blastocyst to optimize pregnancy success [58], costs are an increasingly
important factor to consider. This is especially true when one realizes that 50–75% of the
genetically tested blastocysts will be aneuploidy and destine to be discarded after short‐
term storage. In conclusion, the μS‐VTF system has proven to be a highly effective proce‐
dure that may offer “universal” acceptance to alleviate current quality control concerns
with the handling, storage, and shipment of vitrified oocytes and embryos.

4. Conclusion

Vitrification is the single most impactful assisted reproductive technology in the IVF industry
since the development of intracytoplasmic sperm injection (ICSI). Today, we faithfully
cryopreserve blastocysts and oocytes without regard to possible loss. We have had to reeducate
ourselves, and our infertility patients, that fresh ET is no longer better than vitrified ET cycles,
especially in combination with blastocyst biopsying and preimplantation genetic screening.
By adhering to strict quality control standards and quality assurance practices, we can continue
to improve the reliability of our laboratory outcomes, and help avoid future liability issues
together.
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Abstract

Many native orchid populations declined yearly due to economic development and
climate change. This resulted in some wild orchids being threatened. In order to main-
tain the orchid genetic resources, development of proper methods for the long-term
preservation is urgent. Low temperature or dry storage methods for the preservation of
orchid genetic resources have been implemented but are not effective in maintaining
high viability of certain orchids for long periods. Cryopreservation is one of the most
acceptable methods for long-term conservation of plant germplasm. Orchid seeds and
pollens are ideal materials for long-term preservation (seed banking) in liquid nitrogen
(LN) as the seeds and pollens are minute, enabling the storage of many hundreds of
thousands of seeds or pollens in a small vial, and as most species germinate readily,
making the technique very economical. This article describes cryopreservation of orchid
genetic resources by desiccation and a case study of Bletilla formosana. We hope to
provide a more practical potential cryopreservation method for future research needs.

Keywords: long-term conservation, Bletilla formosana, Desiccation, Dry, Orchid, Seed,
Pollen, genetic resources

1. Introduction

Germplasm conservation is mostly applied for breeding purpose. Four methods are usually
used in orchid preservation. The first method is more easy to preserve whole plant. It preserves
the whole plant in the net-house or greenhouse, most orchid breeders follow this method, but
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the orchid plants are often lost due to natural disasters, pests, diseases, and physiological
disorders during cultivation process. The second method is to preserve orchid cells or tissues
by tissue culture. Besides much labor requirements, a lot of problems may occur, such as
genetic variation, germplasm pollution, and somatic cell clone variation during the continuous
subculture process. The third method, dry storage or low temperature method has been
carried out for the preservation of orchid genetic resources [1, 2]. In order to achieve a
successful hybridization or a special breeding purpose, orchid breeders must preserve pollens
from different flowering parents. Moreover, seeds of some important, economic value, partic-
ularly endangered species also need to be preserved. Depending on the equipment, cost, and
convenience, orchid breeders often preserve pollens or seeds at 4°C in a refrigerator. However,
this method does not get an acceptable result in keeping high viability of certain orchids for
long period [3–5]. In addition, dry storage and low temperature methods used in case of many
orchid seeds are only for short-term preservation for 1–6 months. Viability of most orchid
seeds is significantly reduced after less than 1 year for preservation. Furthermore, the seeds of
certain orchid species lose their viability quickly upon desiccation [6, 7]. Therefore, the last
method, cryopreservation which is a long-term preservation technique has been researched
and developed intensively for the need of orchid genetic resources preservation and the orchid
industry. Cryopreservation is one of the most reliable methods for long-term conservation of
plant genetic resources, because all metabolic processes and physicochemical changes are
arrested at the cryogenic temperature (-196°C) [8, 9]. However, it is usually lethal to expose
biological specimens to such low temperatures without any pretreatment because of intracel-
lular freezing [4]. Vitrification and desiccation methods have been often used to preserve seeds
by removing water from the cells [9–11] because the water content of plant materials may
affect cryopreservation success. Orchid PLB (protocorm like body) conservation by combining
encapsulation and dehydration has been suggested [12–14].

Bletilla formosana belongs to genus Bletilla in the family Orchidaceae. The species is distributed
widely in Taiwan and is renowned for its ornamental value [5, 15, 16]. B. formosana is endan-
gered due to the destruction of its habitat and over collection for ornamental use. Therefore,
preservation of B. formosana is urgent to be proceeded. The purpose of this article is to review
the cryopreservation of orchid germplasm, describe a practical method of long-term preserva-
tion for Bletilla formosana seeds, and to provide potential cryopreservation methods for other
orchid species.

2. Cryopreservation

The process of cryopreservation preserves structurally intact living cells and tissues by cooling
them to very low temperatures [17]. Cryopreservation is one of the most effective methods for
the long-term conservation of plant germplasm at ultra-low temperatures (–196°C) because
through it, the vitality of cells is preserved despite the cessation of almost all of their biological
activities [8, 9]. During cryopreservation, degradation or somatic mutation phenomenon rarely
occurs [4, 8, 9, 18, 19].

The advantages of cryopreservation are as follows:
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1. The ability to preserve the vitality and regenerative potential of cells.

2. A requirement for minimal tissue to be effective, resulting in minimal space being used for
operation.

3. The prevention of genetic variation and germplasm pollution, and the reduction of
somatic cell clone variation rates.

4. The protection against damage from natural disasters, pests, and diseases by using liquid
nitrogen (LN) as the storage material.

5. The reduction in labor requirements to accomplish the complicated process of subculture.

6. The possibility of being applied to vegetative propagation plants, nonseed propagation
plants, transgenic plants, and gene banks.

3. Cryopreservation of orchid genetic resources: seed and pollen

The main purpose of the long-term preservation of orchid seeds and pollens is to preserve
endangered or economically crucial species. Since orchid seeds and pollens are minute, storing
many hundreds of thousands of them in a single small vial is possible, making them ideal
materials for long-term preservation in LN. Furthermore, most species of orchids germinate
readily. Thus, for both of these reasons, cryopreservation is economical and convenient [11]. As
reported in [20], maintaining the proper water content (WC) of seeds is critical for successful
cryopreservation because excess moisture can result in ‘free’ water in tissues forming damag-
ing ice crystals during freezing. In most species, exposing biological samples to such low
temperatures without any WC pretreatment is typically lethal because of intracellular freezing
[4]. Therefore, pretreatment technologies, for example the vitrification and desiccation
methods, have been developed [21] to use dehydration for the reduction of the WC of cells
and avoid the formation of ice crystals from ultra-low temperature preservation. Prior to ultra-
low temperature preservation, suitable pretreatment methods are used to increase the survival
rate of the materials to be preserved. Three pretreatments, namely desiccation, vitrification,
and encapsulation–dehydration, are typically applied for orchids [13, 21–24]. Pretreatment
technologies prior to cryopreservation are still a fancy work to investigate now.

According to the aforementioned reports, three cryopreservation methods are available for
orchids.

3.1. Vitrification method

The vitrification technique was introduced by Sakai et al. and is typically used to preserve
immature and mature seeds with a higher than average WC for extended periods. Preserved
materials are sufficiently dehydrated osmotically by being placed in a high osmolarity vitrifi-
cation solution (glycerol, dimethyl sulfoxide, and ethylene glycol), which alters their intracel-
lular WC so as to vitrify them through the penetration of cryoprotectants. The chemicals used
in this process are toxic. The functions of cryoprotectants are to reduce the amount of freezable
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water in seed tissue, reduce the freezing temperatures of the intracellular solutes, and inhibit
ice nucleation and growth [24–27].

The seeds of some orchids cannot survive, when preserved at cryogenic temperatures even with
relatively low WC. For example, mature seeds of Oncidium flexuosum (11% WC) and a
Dendrobium hybrid (13%WC) were unable to germinate or exhibited a low germination percent-
age after direct immersion in LN [28, 29]. The seeds of these species should be cryopreserved
through a vitrification method combined with rapid cooling and rewarming [28–30].

Vitrification has been applied in the cryopreservation of immature and highly hydrated seeds
of orchid species from several genera including Bletilla, Cymbidium, Cyrtopodium, Dendrobium,
Doritis, Encyclia, Phaius, Ponerorchis and Vanda [24]. The vitrification method is effective for all
types of in vitro material and for not fully dehydrated materials, but the procedure is more
complex and high concentrations of cryoprotectants may be toxic to plant tissues [10, 11].

3.2. Desiccation method

The desiccation method is more suitable for mature seeds than for immature seeds. Narrow
desiccation refers to when seeds are first dehydrated through slow drying with a controlled
desiccation rate under a constant relative humidity (RH) or through rapid drying under a
laminar flow chamber or with silica gel or a saturated salt solution of CaCl2

.6H2O (approxi-
mately 33% RH) to reduce seed WC before LN preservation. For example, Bletilla formosana,
Caladenia arenicola, Caladenia flava, Caladenia huegelii, Dactylorhiza fuchsii, Dactylorhiza majalis
spp. praetermissa, Diuris fragrantissima, Diuris laxiflora, Diuris magnifica, Eulophia gonychlia,
Eulophia stenophylla, Gymnadenia conopsea, Microtis media spp. media, Orchis coriophora
(Anacamptis coriophora), Orchis morio (Anacamptis morio), Paphiopedilum rothschildianum,
Pterostylis recurva, Pterostylis sanguinea, Thelymitra crinita, Thelymitra macrophylla, and
Dendrobium candidum (Dendrobium moniliforme) are all most successfully preserved through
the desiccation method [21, 31–35] (Table 1).

A generalized drying method should be included as the storage condition before LN, such as
seeds stored in a low RH environment for a period or fresh seeds stored in a refrigerator, then
directly immersed in LN. For example, harvested seeds of Calanthe gorey, Calanthe vestita var.
rubro oculata Paxt., Encyclia cochleata, Angraecum magdalenae, Miltonia flavescens × Brassia
longissima, and Trichopilia tortilis were stored in a refrigerator for 7 days to 7 years prior to
cryopreservation [36]. Harvested seeds of Dactylorhiza balitica, D. fuchsii, Dactylorhiza incarnata,
and Dactylorhiza maculata were stored at 5–6°C for 2–3 weeks, then directly immersed in LN
[37]. Harvested seeds of Disa uniflora, Eulophia Alta, Eulophia streptopetala, Satyrium nepalense
var. ciliatum, S. nepalense var. nepalense, and Phalaenopsis equestris are stored at 2°C without
silica gel for 6–12 weeks prior to immersion in LN [34] (Table 1).

The critical factor for successful cryopreservation through desiccation is the existence of the
proper WC of tissue, which varies among species [38]. However, because the orchid seed is
tiny and light, accurately measuring its moisture context is technically difficult [21]. Therefore,
numerous orchid seeds are required to determine their moisture content (MC) prior to desic-
cation [4, 7, 11]. Moreover, seed viability after cryopreservation by desiccation varies among
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longissima, and Trichopilia tortilis were stored in a refrigerator for 7 days to 7 years prior to
cryopreservation [36]. Harvested seeds of Dactylorhiza balitica, D. fuchsii, Dactylorhiza incarnata,
and Dactylorhiza maculata were stored at 5–6°C for 2–3 weeks, then directly immersed in LN
[37]. Harvested seeds of Disa uniflora, Eulophia Alta, Eulophia streptopetala, Satyrium nepalense
var. ciliatum, S. nepalense var. nepalense, and Phalaenopsis equestris are stored at 2°C without
silica gel for 6–12 weeks prior to immersion in LN [34] (Table 1).

The critical factor for successful cryopreservation through desiccation is the existence of the
proper WC of tissue, which varies among species [38]. However, because the orchid seed is
tiny and light, accurately measuring its moisture context is technically difficult [21]. Therefore,
numerous orchid seeds are required to determine their moisture content (MC) prior to desic-
cation [4, 7, 11]. Moreover, seed viability after cryopreservation by desiccation varies among
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Species
Preserved
material Pretreatment before LN

Storage
duration

Germination%

Referencecontrol z cryo.z

Angraecum
magdalenae

Mature seed At refrigerator for
7 days-7 years

1 month 55 80 [36]

Bletilla formosana MAPymature
seed

Direct LN 1 day 77 2 [35]

Bletilla formosana 3MAP mature
seed

Air dry
dry over silica gel for 24 h

1 day
1 day

77
77

69
69

[35]

Bletilla striata 2, 3, 4MAP
immature
mature seed

Direct LN 30 min 2 MAP:0.2
3 MAP:25
4 MAP:99

0
12
33

[43]

Bratonia ×
Miltonia
flavescens

Mature seed At 8°C for 403 days 1 month 100 100 [55]

Caladenia
arenicola

Mature seed Dry over silica gel for 24 h 1 week 31 37 [31]

Caladenia
arenicola

Mature seed Air dry for 1week !20°C 3-24
months

70-83 55-85 [33]

Caladenia flava Mature seed Air dry for 1week !20°C 3-24
months

35-80 0-83 [33]

Caladenia huegelii Mature seed Air dry for 1week !20°C 3-24
months

63-95 80-97 [33]

Calanthe Gorey Mature seed At refrigerator for 7 days-7
years

1 month 59 90 [36]

Calanthe vestita
var. rubrooculata
Paxt.

Mature seed At refrigerator for 7 days-7
years

1 month 56 69 [36]

Dactylorhiza
balitica

Mature seed At 5-6°C for 2-3 weeks 1 month 33 39 [37]

Dactylorhiza
fuchsii

Mature seed Dry over a saturated salt
solution of CaCl26H2O
(ca. 33% RH)at 16°C

1-12
months

74 51 [6]

Dactylorhiza
fuchsii

Mature seed At 5-6°C for 2-3 weeks 1 month 36 44 [37]

Dactylorhiza
incarnata

Mature seed At 5-6°C for 2-3 weeks 1 month 14 27 [37]

Dactylorhiza
maculata

Mature seed At 5-6°C for 2-3 weeks 1 month 71 42 [37]

Disa uniflora Mature seed No wit silica gel at 2°Cfor 6-
12 weeks

15 min 61 56 [34]

Diuris
fragrantissima

Mature seed Air dry for 1 week !20°C 3-24
months

<20 <20 [33]

Diuris laxiflora Mature seed Air dry for 1 week !20°C 3-24
months

55-85 20-55 [33]

Diuris magnifica Mature seed Dry over silica gel for 24 h 1 week 37 44 [31]
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Species
Preserved
material Pretreatment before LN

Storage
duration

Germination%

Referencecontrol z cryo.z

Encyclia cochleata
(Prosthechea
cochleata)

Mature seed At refrigerator for 7 days-7
years

1 month 100 100 [36]

Eulophia alta Mature seed No wit silica gel at 2°C for
6-12 weeks

15 min 52 47 [34]

Eulophia
stenophylla

Mature seed In wit silica gel at 2°C for
8 months

15 min 68 70 [34]

Eulophia
streptopetala

Mature seed No wit silica gel at 2°C for
6-12 weeks

15 min 63 58 [34]

Gymnadenia
conopsea

Mature seed In wit silica gel at 2°C for
6-12 weeks

15 min 45 46 [34]

Juglans regia
(English walnut)

Pollen 1.at -1°Cmin-1 by a
controlled-rate freezer
2. air dry 24 h
3. air dry 72 h

12 months
12 months
12 months

1. 82-96
2. 60-88
3. 5-54

1. 0-70
2. 48-81
3. 2-40

[23]

Luisia
macrantha

Pollen 1. air dry: 0-30 min
2. dry over silica gel:120 min

48 h 1. 65-67
2. ca.67

1. 54
2. 51-52

[44]

Microtis media
spp. media

Mature seed Air dry for 1 week!20°C 3-24
months

30-67 5-63 [33]

Miltonia
flavescens×Brassia
longissima

Mature seed At refrigerator for 7 days-7
years

1 month 100 100 [36]

Narcissus St.
Keverne

Pollen AF, AN, PN x 3 days
351 days

AF:27
AN:27
PN:27

AF:16(3 days),
0.1(351 days)
AN:15(3 days),
13(351 days)
PN:16(3 days),
13(351 days)

[56]

Orchis coriophora
(Anacamptis
coriophora)

Mature seed In wit silica gel at 2°C for
6-12 weeks

15 min 43 43 [34]

Orchis morio
(Anacamptis
morio)

Mature seed In wit silica gel at 2°C for
6-12 weeks

10 cycle(5
min each)

62 75-82 [34]

Phalaenopsis
equestris

Mature seed No wit silica gel at 2°C for
6-12 weeks

15 min 84 79 [34]

Platanthera bifolia Mature seed At 5-6°C for 2-3 weeks 1 month 49 24 [37]

Pterostylis recurva Mature seed Air dry for 1week!20°C 3-24
months

70-85 0-90 [33]

Pterostylis
sanguinea

Mature seed Dry over silica gel for 24 h 1 week 49 50 [31]

Pterostylis
sanguinea

Mature seed Air dry for 1 week!20°C 3-24
months

85-90 25-75 [33]
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Species
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material Pretreatment before LN

Storage
duration

Germination%

Referencecontrol z cryo.z
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different species. The seeds of some species lose viability after drying to a specific level of WC.
Some seeds remain highly viable after being air-dried or exposed to a controlled desiccation
rate under a constant RH or to rapid desiccation.

The advantages of the desiccation method are simple, practical, nontoxic, and low cost. Also,
the method is more suitable for orchid seed with low WC [24]. Therefore, it can be used for
long-term preservation of orchid seed by international plant germplasm centers and private
companies.

3.3. Encapsulation-dehydration method

The third cryopreservation method for orchid materials is encapsulation-dehydration. This
procedure is based on the technology developed for the production of artificial seeds [39].
Preserved tissues encapsulated in alginate beads, pregrown in a liquid medium with enriched
sucrose, partially desiccated in the air current of a laminar airflow cabinet or with silica gel to
reduce the WC to a suitable level, and then directly immersed in LN [21].

Species
Preserved
material Pretreatment before LN

Storage
duration

Germination%

Referencecontrol z cryo.z

Satyrium
nepalense var.
ciliatum

Mature seed No wit silica gel at 2°C for
6-12 weeks

15 min 58 55 [34]

Satyrium
nepalense var.
nepalense

Mature seed No wit silica gel at 2°C for
6-12 weeks

15 min 62 62 [34]

Thelymitra crinita Mature seed Dry over silica gel for 24 h 1 week 59 67 [31]

Thelymitra crinita Mature seed Air dry for 1week!20°C 3-24
months

25-85 0-80 [33]

Thelymitra
macrophylla

Mature seed Air dry for 1week!20°C 3-24
months

20 3-37 [33]

Trichopilia tortilis Mature seed At refrigerator for 7 days-7
years

1 month 83 90 [36]

Vanda pumilla Mature seed Not given 15 min 94 97 [34]

Vanda tricolor Mature seed Direct LN 1 day 11 1 [22]

Vanda tricolor Immature
seed

Direct LN 1 day 26 10 [22]

z Germination of control and cryopreserved seeds, control indicates germination of seeds before cryopreservation.
y MAP means months after pollination.
x AF: anthers held in a desiccator with calcium chloride at 2°C; AN: anther kept overnight in a desiccator at room
temperature!-130°C 1h; PN: anther kept overnight in a desiccator at room temperature! shake, pollen transferred to
straw!-130°C 1h.

Table 1. Cryopreservation of orchid seed or pollen by desiccation prior to LN.
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Among the three aforementioned techniques, the encapsulation-dehydration method is
applied only for particular orchid species. For example, pretreatments prior to LN only
improved germination of Cyrtopodium hatschbachii immature seeds (control/cryopreservation
50/64%), and Oncidium bifolium (Gomes Bifolium) mature seeds (control/cryopreservation 88/
89%) [40, 41] (Table 1).

4. Factors affecting cryopreservation

For successful cryopreservation, the required WC of tissue is a critical factor, and varies among
species [21, 38]. However, studies have revealed that the survival of orchid seeds in storage is
also affected by other factors [7, 42]. For example, the WC of preserved tissue is also affected by
the desiccation time and the maturity of the preserved material [43, 44]. An inappropriate
desiccation time also reduces the viability of the tissue. Furthermore, the WC of seeds gradu-
ally decreases after pollination [43]. The impact of these factors is described as follows.

4.1. Water content

For most orchid species, for example, Bletilla striata, B. formosana, D. candidum (D. moniliforme),
and Vanda tricolor [22, 35, 43, 45], preserving tissue immersed directly in LN without any
pretreatment results in high mortality rates because of formation of intracellular ice nucle-
ation and growth in the cells [4, 20, 21, 38]. Only a few examples were exceptions, for
example, fresh pollens of English walnut (Juglans regia L.) described above [23]. As revealed
in related studies, various terrestrial and epiphytic species have not been damaged by storage
in LN when seed WC was below a critical point [6, 21, 34, 36]. For example, in seeds of D.
candidum, a high survival rate (approximately 95%) was obtained when the WC of seeds
decreased to 8–19% prior to cryopreservation [33]. E. cochleata seeds sealed in cryovials with
a 24% WC could be cryopreserved without any loss in viability [36]. Fresh mature seeds of B.
formosana, an endangered Taiwanese orchid, reached a 68% germination rate after being air-
dried for 24 h to a 25% WC and cryopreserved through direct immersion in LN [35]. These
studies reveal that the WC of orchid seeds required for successful cryopreservation clearly
varies among the species.

Pretreatment techniques must be performed before preserving seeds in LN for most orchids.
Previous research on plants such as B. striata, Phaius tancarvilleae, and Vanda coerulea has
revealed that preserved tissue must be pretreated prior to cryopreservation to yield high
survival rates [4, 11, 18, 43, 46]. Pretreatment is critical and should be applied to most plant
tissues before cryopreservation, as stated in the preceding paragraph. Therefore, although
cryopreservation has been employed for the long-term preservation of plant tissues for a
number of decades, investigation into pretreatment techniques has continued to contribute to
improved tissue viability [14, 34, 47].

Some seeds of orchid species have exhibited sensitivity toward extreme desiccation and a
reduced viability after short periods of storage under dry conditions (3–5% WC) at high
subzero temperatures (e.g., −5°C to −20°C) generally applied in conventional seed banking
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regimes [4, 24, 36, 45, 48, 49]. The seeds of P. tancarvilleae are difficult to preserve with low WC
(2–5%) and at 4°C and 25°C [4]. Pollinia of Luisia macrantha subjected to 0–30 min of dehydra-
tion exhibited maximum germination rates of 65–67% [44]; their germination rates decreased
with increasing desiccation time. A high survival rate (approximately 95%) of Dendrobium
candidum (Dendrobium moniliforme) seeds can be achieved by drying seeds to WC of 8–19%;
however, seed growth is slower in samples dried to WC less than 12%. This reveals that an
optimal WC of 12–19% exists for cryopreservation. Species with such desiccation sensitivity
have a different optimal cryopreservation method than the general orchid species.

4.2. Maturity

Successful cryopreservation is closely related to the WC of plant tissue [49]. Furthermore, the
WC of seeds is related to seed maturity. For example, the seeds of B. striata revealed a steady
reduction in WC with an increase in time after pollination: 84, 57, and 33% for 2, 3, and 4
months after pollination (MAP), respectively [43]. The WC of the developing seeds decreased
with time after pollination [43]. When these immature seeds were directly immersed in LN
without any pretreatment, there was a tendency toward an improved germination rate with an
increase in seed age: 0, 11.6, and 32.8% for 2, 3, and 4 MAP, respectively. Those of the three or
four MAP samples might have developed an ability to survive the frozen state. Vacuolation
has been observed in young embryo cells of orchids [50, 51]. However, it disappears as the
orchid tissue approaches maturity. In the aforementioned study of B. striata, reduced vacuola-
tion and, consequently, a lower level of bulk water in the embryo cells that accompany seed
maturation may have prevented intracellular freezing in immature seeds [43].

The cryopreservation methods also differ depending on the seed maturity level. The desicca-
tion method is more suitable for mature seeds as a cryopreservation pretreatment. The vitrifi-
cation method or the encapsulation-dehydration method may be used for many immature
and highly hydrated orchid seeds. The pretreatment in concentrated cryoprotectant solutions
before rapid immersion in LN is critical for post-cryopreservation survival of orchid seeds,
for example, Bletilla, Cyrtopodium, Doritis, Phaius, Ponerorchis, and Vanda [4, 10, 11, 22, 24, 41,
43, 52].

4.3. Other factors

In addition to WC and seed maturity, successful cryopreservation is related to the type of
orchid species [21]. Studies have shown that the survival of orchid seeds in storage is affected
by factors, such as desiccation time [7, 31, 42]. Desiccation time, by directly affecting the level
of seed WC, is crucial for the survival of preserved tissue. Inappropriate desiccation time
reduces tissue viability. For example, seed germination of Coelogyne foerstermannii, C. rumphii,
and D. stratiotes decreased to 1–5% from initial values of 65–96% after drying in equilibrium to
a 15% RH and storage at −20°C for 9–12 months. By contrast, X. undulatum seeds lost 13% of
their germination rate during the same interval [53]. Such varying results to conventional
banking conditions have strengthened the requirement for research into the cryostorage
behavior of orchid seeds and the seeds of other species [54]. According to Seaton and Hailes
[7], silica gel reduces Cattleya aurantiaca seed moisture to a level that results in a rapid loss of
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viability. This contrasts with results that have indicated that desiccating orchid seeds over
silica gel for 24 h induces a significant increase in seed germination. The effect of longer seed
desiccation durations remains to be determined. For example, the seeds of P. tancarvilleae are
difficult to preserve with a lowWC (2–5%) at 4 and 25°C [4]; however, the germination rates of
B. formosana dried seeds with a low WC are 68.5% after cryopreservation [35]. Thus, the
appropriate WC that orchid seeds require for successful cryopreservation varies among the
species.

The values for the pollen germination and WC of the English walnut (Juglans regia L.) were
the highest before storage. Subsequently, the values decreased along with an increase in
storage time at room temperature. However, they did not decrease linearly with time. The
ability to germinate was significantly reduced during drying, though some pollen retained
some viability until a 3.2% MC [23]. Pollinia of L. macrantha subjected to 0–30 min dehydra-
tion within a laminar air flow cabinet showed maximum germination of 65–67% in desic-
cated controls and 54% in LN treated samples. The germination rate decreased with
prolonged desiccation time [44].

Long-term preservation of plant genetic resources is not easy. Orchid seeds and pollens are
ideal materials suitable for cryopreservation because of the characteristics of tiny volume and
low water content. This article describes common pretreatment techniques used in orchid
cryopreservation and the factors affecting material viability. Besides, this describes Taiwan's
endangered native medicinal and ornamental plants, and the desiccation method applied in a
case study of Bletilla formosana. The genetic resources of other economic orchids will continue
to be tested by the desiccation method in the future. The ultimate object of our study is to
provide a more practical potential cryopreservation method and apply in the other economic
orchids for sustainable development of orchid industry.

5. Case study for cryopreservation of Bletilla formosana seeds
(Orchidaceae) by desiccation

B. formosana belongs to genus Bletilla in the family Orchidaceae. The species is distributed
widely in Taiwan and is known for its medicinal and ornamental value [5, 15, 16]. B. formosana
is endangered during the destruction of habitat and over collection for ornamental use. There-
fore, preservation of B. formosana is urgent to be proceeded.

Seeds of Bletilla genus had been studied in the pretreatment method prior to cryopreservation.
However, the procedure of common vitrification method is more complex and high concentra-
tions of cryoprotectants may be toxic to plant tissues [10, 11]. Therefore, the purpose of this
study is to establish a practical method of long-term preservation for B. formosana seeds and to
provide potential cryopreservation methods for other orchid species.

Mature seeds of B. formosana obtained from capsules 3 months after hand-pollination (3 MAP)
were collected as the test materials, then dried at room temperature (27 ± 1°C) for 24 h in the
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laboratory with air conditioning and dried in a sealed container using silica gel for 0–24 h,
respectively. Seeds were then stored in LN for 24 h, to investigate the viability rate and the
germination rate of seeds after warming.

The viability and germination rates of fresh seeds of B. formosana are 89.9 and 76.8%, respec-
tively. The initial water content of fresh seeds is 49.5% but decreasing significantly within 1–4 h
by silica gel desiccation and then getting stable to 1.9%, 1 day after desiccation. When fresh
seeds placed directly into LN for cryopreservation, the viability and germination rates are
suddenly went down to 2.3 and 1.8%, respectively. However, for the fresh seeds pretreated by
silica gel desiccation for 24 h or air-dried for 24 h at room temperature before putting in LN,
the viability rates dramatically increased to 86.8 and 84.9%, respectively, and germination rates
are up to 68.5 and 68.6%, respectively (Figure 1). These data show that the seed viability of B.
formosana after cryopreservation is affected by the water content of storage seeds. When the
water content of orchid seeds decreases to 24.8% by 24 h air drying or to 21.9–31.2% by 1–2 h
silica gel drying, high viability and germination rates still remain after long-term

Figure 1. Effect of desiccation on viability of Bletilla formosana seeds after cryopreservation by TTC staining method.
(A) Harvested fresh seeds; (B) fresh seeds plunged into liquid nitrogen (LN, -196°C); (C) fresh seeds dried for 24 h
with silica gel prior to LN; (D) fresh seeds dried for 24 h with air-drying in laboratory conditions prior to LN. Bar =1 mm
[49].
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cryopreservation. Therefore, those desiccation methods are recommended for long term stor-
age of B. formosana. Fresh seeds of orchid pretreated in sucrose solution or vitrification before
LN treatment are unsuitable for cryopreservation in our previous study [35]. Seedlings derived
from the seeds desiccated by these two methods and then preserved in LN grew well 6 weeks
after seed sowing (Figure 2). In addition, B. formosana seeds with 1.9–24.8% water content were
found to be suitable for cryopreservation [35].
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Figure 2. Seedling growth of Bletilla formosana for 6 wk after sowing on MS medium. (A) Fresh seeds; (B) fresh seeds were
dried for 24 h with air-drying in laboratory conditions prior to LN; (C) fresh seeds were dried for 24 h with silica gel prior
to LN; (D) fresh seeds were dried for 24 h with silica gel, vitrification (0.06 M sucrose solution+LS+PVS2 1 h) prior to LN.
Bar =1 mm [49].
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