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Preface

One of the main goals in medicine is to replace damaged tissues and regain 
organ functionality, which is hard to obtain by routine therapeutic procedures 
but might be achieved thanks to stem cells [1]. Lately, stem cell therapy has 
become a hot topic and as a treatment method has evoked great expectations. 
There are many books about stem cells, but most of them should be considered 
out of date when we consider how much new data are presented every year. 
Other books are extremely expensive, which narrows their readership. Equitable 
access to information and knowledge about legal aspects, isolation, preparation, 
and application possibilities may influence the treatment of many diseases in 
many countries. Equal opportunity for high-quality data about stem cells must 
include a realistic description of therapies to create a full picture for a critical 
approach to flooding the amount of material in this topic. Treating autism, 
rebuilding skin, injecting directly into the brain after a stroke to replace dam-
aged cells, and understanding how diseases occur. Can stem cells really do all 
these things? What is evidence-based medicine and what is fake therapy and 
expectations? My entire educational path was devoted to understanding the real 
potential and worth of stem cell therapy. But firstly – what are stem cells? Stem 
cells are present both in embryonic and adult cells [2] and are important for 
newly formed organisms for many reasons. They can develop into many differ-
ent cell types in the body during growth. Embryonic stem cells can differentiate 
into every cell type in the body and have unlimited potential for self-renewal, 
which makes them attractive cell sources for regenerative medicine. However, 
is the use of these cells ethically acceptable? Are they safe? Are there any other 
sources of stem cells? Do other stem cell types have similar properties and 
potentials? How to gather these cells? Are there any protocols? Where are stem 
cells stored? How can they be used? Are there any legal restrictions? There are 
many questions to be organized, revised, and summarized. This book is divided 
into three sections. The first section describes tissue bank institutions and the 
processing of stem cells. It is crucial to process stem cells in a standardized way 
because isolating and cultivating stem cells may result in obtaining a hetero-
geneous population, which does not fit the criteria of the International Society 
for Cellular Therapy [3]. Although stem cells have great potential in the treat-
ment of many diseases, after their processing, there remain many challenges to 
overcome before their therapeutic application [4]. The second section addresses 
the legal and ethical challenges of using stem cells. The third and final section 
examines clinical use and particular therapies of stem cells. Overall, this special 
volume presents authoritative views on what we know about stem cells.

Writing this book would not have been possible without Mateo Pulko, Author 
Service Manager at IntechOpen, who had great patience and provided me with 



a lot of support. I would like to thank everyone involved in stem cell research, 
as stem cell therapies have the potential to affect the lives of people all over the 
world. 

Diana, Kitala
Scientific Laboratories,

Tissue Bank,
Dr. Stanisław Sakiel Burn Treatment Center,

Siemianowice Śląskie, Poland

Ana Colette Maurício
University of Porto,

Portugal 

IVXIV



References

[1] Zakrzewski, W., Dobrzyński, M., 
Szymonowicz, M. et al. Stem cells: past, 
present, and future. Stem Cell Res Ther. 
2019, 10(1):68.

[2] Rohban R, Pieber TR. Mesenchymal 
Stem and Progenitor Cells in 
Regeneration: Tissue Specificity and 
Regenerative Potential. Stem Cells Int. 
2017:5173732, 2017.

[3] Squillaro T, Peluso G, Galderisi U. 
Clinical Trials With Mesenchymal Stem 
Cells: An Update. Cell Transplant. 
25(5):829-48, 2016.

[4] Li W, Shi L, Hu B, Hong Y, Zhang 
H, Li X, Zhang Y. Mesenchymal Stem 
Cell-Based Therapy for Stroke: Current 
Understanding and Challenges. Front 
Cell Neurosci. 15 :628940, 2021.

VXV





1

Section 1

Processing and Preservation 
Technology





3

Chapter 1

Introductory Chapter:  
Stem Cells - Do We Really Know 
Everything Already?
Diana Kitala and Wojciech Łabuś

1. Introduction

The current trend in medicine divides into two aspects of treatment - preventive 
medicine and regeneration of damaged tissues (regenerative medicine) [1]. One of 
goals of regenerative medicine is to improve wound healing without major surgical 
procedures and donor-site morbidity. This may be obtained by cell-based therapy 
[2]. The potential to restore tissue to its pre-injured state may be achieved by novel 
therapeutic modalities, including stem cells. Stem cells have been proposed for 
the treatment and management of variety of diseases in recent years. In PubMed 
366,445 results occur when stem cells phrase is searched, including 5,547 publica-
tions describing clinical trials (Figure 1).

2. Current knowledge

There is still much to know about stem cells. How they differentiate? Why some 
therapies may not be effective? How can we use stem cells in other way? Latest 
studies shown that shape change may be indicator of cell’s exit from pluripotency 
and prevention of release cell membrane from actin cortex may prevent cells 
from differentiation [3]. It is know that microenvironment impact cells responses 
which direct tissue growth and physiology [4]. Influencing cell responsiveness may 

Figure 1. 
Stem cell studies and research development during over 100 years.



Novel Perspectives of Stem Cell Manufacturing and Therapies

4

enhance the regenerative potential of stem cells and therefore improve therapies. 
Combination of mechanobiological factors can support MSCs to promote vascular 
regeneration, enhancing endogenous regeneration differentiating them to cell 
types crutial in neoangiogenesis [5]. But may stem cells be answer in whole organs 
regeneration or transplantation? Organoids, which are multicellular structures 
consisting of organ-specific cells are widely created not only to understand organo-
genesis and disease progression but also in order to potentially treat organ failure 
[6]. Unfortunately obtaining full organ from stem cells will be impossible for next 
few decades as organoids made from stem cells are highly simplified [7]. However in 
other clinical fields stem cells therapies has been widely used for many years.

3. The source

The sources of stem cells for different therapies may vary. Different types of 
stem and progenitor cells can be isolated from different perinatal tissues, making 
them particularly interesting candidates for use in cell therapy and regenerative 
medicine. The main source of perinatal stem cells is cord blood. Cord blood has 
been a well-known source of hematopoietic stem/progenitor cells since 1974. For 
over 30 years, umbilical cord blood obtained from biobanks has been used in the 
treatment of various hematological and immune disorders. Other perinatal tissues 
that are routinely discarded as medical waste contain non-hematopoietic cells of 
potential therapeutic value. Indeed, mesenchymal stromal cells are most commonly 
used in advanced research into perinatal cell therapy [8]. In this perspective, the 
placenta may deserve special attention [9]. The placenta is a temporary organ that 
is ejected after birth and is one of the most promising sources of various cells and 
tissues for use in regenerative medicine and tissue engineering, both experimental 
and clinical. The placenta has unique intrinsic features because it plays many roles 
during pregnancy: it is formed by the cells of two people (mother and fetus), 
contributes to the development and growth of an allogeneic fetus, and has two 
independent and interacting circulatory systems [8, 9]. The application of MSCs 
isolated from the amniotic membrane on the acelular dermal matrix ADM allowed 
for complete healing of extensive wounds of the burned patient without the need to 
perform an autologous skin transplant [10] which may be a game changer in burn 
treatment therapy.

4. Clinical applicability

Stem cells are used not only to support wound healing. Stem cells transplanta-
tion in patients with multiple sclerosis and amyotrophic lateral sclerosis was a 
clinically feasible and relatively safe procedure that produces an immediate immu-
nomodulatory effect [11]. Interesting results for the treatment of autism were pre-
sented in an open-label Phase I trial. Ongoing inflammation of the nervous system 
may contribute to the symptoms of autism spectrum disorder (ASD). Mesenchymal 
stromal cells (MSCs) have been shown to modulate inflammation in the nervous 
system [12]. Another interesting application of MSCs may be in the future the use 
of their potential to modulate the immune response during immunosuppressive 
therapy. Stem cells have been shown to modulate the action of immunosuppres-
sants, and when combined with immunosuppressants, they have a pronounced 
effect on cell activation and the balance between different T cell subpopulations 
and exert an inhibitory effect on pro-inflammatory T cell subsets while promoting 
anti-inflammatory Treg cell function. MSC-based therapy has been shown to be a 
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powerful strategy to mitigate the negative effects of immunosuppressive drugs on 
the immune system [13]. Those therapies may cause concern about safety but many 
clinical trials has been studying the safeness and efficacy of mesenchymal stem cells 
therapies. Most recent describes Phase 1 trial for treatment of COVID-19 patients 
with pulmonary fibrosis using hESC-IMRCs [14] in which none of the treated 
patients suffered any adverse events or abnormal responses related to cell therapy. 
This suggest that stem cell therapies has become more and more safe, popular and 
researchers discover every year new potential fields of treatment with usage of 
stem cells.

5. Possibilities

Where else stem cells can be used if not for transplantation? Another option is to 
study evolutionarily conserved mechanisms with usage of interspecies pluripotent 
stem cell (PSC) co-culture. This mode enables uncovered a unknown competitive 
cell interaction during early mammalian development [15].

Stem cells show ourselves many possibilities and when we start think that we 
know already something a whole new branch of research opens thanks to this 
unique cells. This book guides us through stem cell types, therapy possibilities, law 
and ethical aspects. It is complete source of knowledge which is base of further 
research.

© 2021 The Author(s). Licensee IntechOpen. 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. 
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Chapter 2

Development of a Novel 
Electromagnetic Rewarming 
Technology for the 
Cryopreservation of Stem Cells 
with Large Volume
Shen Ren, Zhiquan Shu, Jiaji Pan, Ji Peng, Junlan Wang, 
Chunhua Zhao and Dayong Gao

Abstract

Applications of stem cells have been playing significant roles in scientific and 
clinical settings in the last few decades. The foundation of these approaches is 
successful cryopreservation of stem cells for future use. However, so far we can only 
cryopreserve stem cell suspension of small volumes in the order of 1 mL mostly 
due to the lack of an effective rewarming technique. Rapid and uniform rewarming 
has been approved to be beneficial, and sometimes, indispensable for the survival 
of cryopreserved stem cells, inhibiting ice recrystallization or devitrification. 
Unfortunately, the conventional water bath thawing method failed in providing 
the rapid and uniform rewarming. The conversion of electromagnetic (EM) energy 
into heat provides a possible solution to this problem. This chapter will focus on (1) 
analysis of the combined EM and heat transfer phenomenon in the rewarming of 
a biospecimen, (2) numerical investigation of the rewarming system, (3) practical 
setup of an EM resonance system, and (4) test of heating performance with large 
volume of cells.

Keywords: stem cell, cryopreservation, large samples, electromagnetic,  
rapid-uniform rewarming

1. Introduction

Cryopreservation is one the most essential techniques that has been widely 
used for preserving stem cells in scientific research and cellular therapies [1]. The 
principle of cryopreservation is to use the super low temperature to reduce the 
biological and chemical reactions in living stem cells. The expansion in clinical tests 
for biomedical applications revealed the limitations of the current preservation 
technologies, i.e., only the small volumes of stem cells can be successfully cryopre-
served. In the case of large samples such as bulk volume of cells, tissues, or organs, 
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cryopreservation often fails because of the damage caused by ice crystal growth and 
thermal stress within the bio-samples [2, 3].

In 1960s, Mazur proposed “two-factor hypothesis” of freezing injury based on 
the study of Chinese hamster tissue [4]. During the cooling process, two distinct 
types of cryoinjuries determine the life or death of the cells, which are affected 
by the cooling rate. Neither too high nor too low the cooling rate is favored for the 
cryopreservation (Figure 1).

When cells are cooled down to subzero temperatures under a normal pres-
sure, ice crystals emerge and grow in the suspensions outside the cell membrane 
in the beginning [5]. The external ice growth into cells is blocked by the plasma 
membrane. The cytoplasmic region remains unfrozen and in the supercooled state 
[6]. However, the increase of osmolality and chemical potential difference across 
cell membranes due to the external ice formation will serve as a driving force for 
mass transfer between the intracellular components and extracellular environ-
ment, pulling water out of cells. If the cooling is too rapid, there is insufficient 
time for the water to flow out of the cells. As the temperature goes down rapidly, 
the unfrozen and supercooled state is disturbed and the intracellular ice forma-
tion (IIF) happens [7]. The lethal IIF can rupture the cell membranes and lead 
to the cell death. On the other hand, if the cooling rate is too slow, intracellular 
ice may be reduced or avoided. The plenty of time permits water transport out of 
the membrane under the influence of the osmolality difference. Cells then suffer 
from high concentration of intracellular solute/electrolytes (so called “solution 
effects”) and severe dehydration. The slower cooling process may expose the 
cells to “solution effects” for a longer time, which is unacceptable for the cells. 
Therefore, the cooling rate may not be too high or too low based on the “two-
factor hypothesis”.

Later in 1984, Mazur reported the rapid rewarming can ‘rescue’ the rapidly 
frozen cells [6]. Though the fast cooling process produces intracellular ice, the 
crystals tend to be small. Due to the unstable thermal properties, during rewarm-
ing, small crystals formed at lower temperature aggregate to become larger 
crystals. The process referred to as recrystallization. It has been proved that the 
cells cooled at rate far beyond the optimal one will survive if warmed at very rapid 
rate, but cells do not survive if warmed slowly [8, 9]. Besides the rapid rewarming 
rate, uniformity of temperature distribution also plays an important role to the 
survival of the samples [10]. Thermal stress caused by the temperature gradients 
will lead to the crack of the brittle material, especially the larger systems [11]. 
Thus, both of fast and homogeneity are essential in the thawing. A rapid-uniform 

Figure 1. 
Schematic drawing of physical events in cells during freezing.
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rewarming technology is needed to successful cryopreservation of stem cells with 
large volume.

A typical cryopreservation procedure is composed of five steps:

1. addition of appropriate cryoprotective agents (CPAs),

2. cooling at an optimal rate,

3. storage at the low temperature (e.g. -80°C freezer or − 196°C liquid nitrogen 
tank),

4. rearming to physiological temperature, and

5. removal of the CPAs.

Over the past decades, scientists made significant progress in the methods and 
protocols of addition/removal of CPAs, approaches of cooling to the target tem-
perature, and strategies to preserve biomaterials at sub-zero temperature environ-
ment. However, in the scientific and clinical applications, convective rewarming of 
the cryopreserved samples, typically thawing in a 37°C water bath, remains the gold 
standard for small samples [12].

2. Rewarming concerns

Warming in the water bath is a convective rewarming approach in which heat 
is transferred from the outer boundaries to the inner portion of the cryopreserved 
biological samples. Because of the high specific heat of biological materials, it 
requires a great amount of heat to rewarm them. Another obstacle for the rewarm-
ing process is the low thermal conductivity of biomaterials. Heat cannot be quickly 
transmitted into the core area of large samples. For a small volume of cell suspen-
sions, the problem caused by the lower thermal conductivity may possibly be 
solved by the design of sample holder (e.g. maximize the sample holder’s ratio of 
surface area to volume) [13]. However, for larger system with much smaller ratio 
of the surface area to the volume, they cannot be sliced or pressed into a thin film 
to increase the heat transfer area for convective warming in water bath. In this 
case, a large temperature difference will occur and lead to thermal stresses that 
can result in fracture of the samples during rewarming. Therefore, the traditional 
method of convective rewarming at the sample surface is not appropriate for the 
cryopreservation of large volume of biomaterials. A uniform and rapid rewarm-
ing method is needed to meet the urgent needs in tissue engineering and cellular 
therapy, which may be achieved by a volumetric rewarming technique, e.g., 
electromagnetic heating.

3. Electromagnetic rewarming

3.1 Fundamentals of electromagnetics

The electromagnetic field is a combination of the electric field and the magnetic 
field generated by electrically charged objects. The electric field and magnetic field 
are coupled with each other. A time varying electric field (contrary to static field) 
induces magnetic field changing over time, and vice versa. The distribution and 
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propagation of electromagnetic fields are governed by Maxwell’s equations. An elec-
tromagnetic wave is the propagation of the electromagnetic field through media such 
as air, water, etc., or in vacuum. This propagation also refers to radiation transmit-
ting the electromagnetic energy, momentum and angular momentum through space. 
As one of the basic forces in nature, the propagating electromagnetic fields interact 
with other materials and generate different effects depending on the frequency and 
power. Based on the mechanisms behind these interactions between electromagnetic 
waves and other materials, electromagnetic waves have been applied in numerous 
aspects including: telecommunications such as mobile phone calling, the short wave 
broadcast, TV signal transmission and connection between the spaceship and the 
base on earth, remote sensing for the weather forecasting, land mapping, infrared 
radiation detecting, X-rays and computer tomography (CT) or the disease diagnoses, 
and radiotherapy which employs higher energy radiation to kill cancer cells. These 
various applications are closely related to the spectrum of electromagnetic waves. 
The most commonly used frequency band is at radio frequency (RF) electromag-
netic wave and microwave.

3.2 Electromagnetic rewarming

The thermal effects of electromagnetic waves benefit the organism on earth even 
long before the prehistory. The thermal energy transmitted by the electromagnetic 
waves emitted from the sun allows the survival of plants, animals. This electromag-
netic wave emitted from the sun, or sunlight, is distributed across almost the entire 
spectrum but with major intensity on infrared, visible, and ultraviolet frequency 
ranges. These major components visible light has a frequency range in several 
hundreds of THz. Higher frequency electromagnetic waves such as X-rays carry 
much higher energy and are used for radiation therapy killing the tumor cells by 
ionizing the molecules. In the lower frequency range, electromagnetic waves (radio 
frequency electromagnetic waves, microwave) with less energy can hardly excite 
ionization, but can result in thermal effects with materials.

The investigation of the heating phenomenon by microwave occurred in the 
1940s. A candy bar under an active microwave generating devices melted and the 
engineer used this observation to develop equipment for preparing and heating 
food utilizing the thermal effects of microwave radiation. Since then, not only has 
the commercialization of the microwave oven become widespread, scientists also 
began to study the potential benefits for industry and medicine. Most of food is a 
dielectric material that can interact with the electromagnetic fields in the micro-
wave oven due to a large portion of water in the contents. The water molecules are 
dipole molecules comprising an electrical positive charged end and an electrical 
negative charged end. Under the influence of electric fields, these dipole molecules 
will align themselves with the applied electric fields. When the directions of 
external electric fields are changing as in the oscillating electromagnetic waves, the 
dipole molecules will rotate to follow up with the changing fields. The interactions 
between the rapid changing electromagnetic fields and water dipole molecules will 
cause mechanical friction forces among the water molecules. The frictions between 
these micro molecules generate heat volumetrically. Similarly, to the food in the 
microwave oven for heating, the biological materials in cryopreservation are organ-
isms that are primarily composed of water. Therefore, microwave can also be used 
for the heating of cryopreserved biological systems.

When using microwave as the rewarming approach in the cryopreservation, the 
biomaterials interact with the applied electromagnetic field. Since most biomateri-
als are nonmagnetic, the forced movement of molecules is mainly due to the electric 
field component of the electromagnetic field. As shown in Figure 2, a distinct 
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advantage of microwave rewarming compared with the traditional water bath 
rewarming is that the heat is generated over the entire region of the material which 
can lead to volumetric and uniform heating.

The electrical parameter that characterizes the interaction between the mate-
rial and electric field component is the relative complex permittivity, or dielectric 
property, expressed in Eq. (1):

 r iε ε ε= −′ ′′  . (1)

The real part of complex permittivity, ε ′, also known as dielectric constant, 
represents the ability of storing electric field energy. The imaginary part of complex 
permittivity, ε ′′, known as dielectric loss, represents the ability to absorb electric 
field energy. The heat generation density q  due to the electromagnetic rewarming 
in the material is given by Eq. (2):

 2
0 ,q f Eπ ε ε ′′=  (2)

where f  is the frequency of electromagnetic wave, 0ε  is the electric permittivity 
of free space, E  is the root mean square magnitude of the electric field. To deal 
with the slow warming obstacle due to the high heat capacity, two straightforward 
solutions can be figured out based on the heat generation principle. One is to select 
material with higher dielectric loss, and the other approach is to increase the 
magnitude of the electric field applied to the cryopreserved biomaterial. Provided a 
strong electric field intensity, the rewarming of cryopreserved biomaterials by 
electromagnetic wave could be ultrafast which seems to be a promising approach to 
avoid recrystallization and/or devitrification.

3.3 Previous electromagnetic rewarming attempts by Cryobiologists

The development of electromagnetic rewarming systems is limited by the cost 
and inadequate theoretical guidance. The establishment of an electromagnetic 
resonance rewarming system involves the selection of frequency source and power, 
manufacturing of the resonance chamber, optimization of the electromagnetic 
energy feeding approach to the cryopreserved materials. Setting up a specific reso-
nance rewarming system can take a few months to years and requires substantial 

Figure 2. 
Illustration of heat generation under the influence of electromagnetic waves.
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funding support. When the system is going to be scaled up to materials of a larger 
dimension, various parameters of the system should be replaced which will extend 
the time required for the optimization. The first experimental investigation of using 
electromagnetic energy in cryopreservation began in the 1970s. In Kettrer’s experi-
ment [14], 20 kidneys rewarmed by a microwave generation device with power 
control were considered partial success. By using a commercial 1.35 kW Toshiba 
microwave oven which generated by 2.45 GHz magnetron, Guttman [15] reported 
the electromagnetic rewarming of 16 cryopreserved canine kidneys. Half of the 
dogs receiving transplantation of these kidneys survived months.

However, in Pegg’s attempt [16] to repeat the rewarming of dog kidneys with com-
mercial microwave oven, none of the post-thawing dog kidneys function properly.

Another device designed by Burdette [17] generated an electromagnetic field 
with an open electromagnetic illumination system. The frequency can be adjusted 
to several distinct values. The rewarming results of rabbit and canine kidneys were 
published without the following viability analysis.

These preceding explorations opened a new avenue for cryobiologists, most 
specialized in biomechanical and biochemical physics, to implement new technolo-
gies from electrical engineering in the application of cryopreservation. A major 
problem for these early investigations of electromagnetic rewarming is that the 
frequency of the commercial microwave oven is too high to penetrate into the inner 
part of the cryopreserved biomaterials. A good uniformity should be achieved with 
lower frequency electromagnetic waves. In addition, electromagnetic rewarming 
can result in a ‘thermal runaway’ problem because the dielectric loss of biomaterials 
generally increases with temperature during rewarming process, which leads to an 
increasing temperature difference across the sample volume.

Thermal runaway phenomenon is depicted in Figure 3. Due to the complex 
interactions between the material and the applied electromagnetic wave, and non-
uniformity of material properties, the temperature distribution may not be that uni-
form initially. The slightly warmer area of the biological samples has a higher ability 
to absorb energy from electromagnetic waves and convert into heat than colder area. 
The temperature difference between these components will be magnified. When the 
difference in governing properties is significant and favors the ultrafast thawing of 
the hot area, the nonuniform temperature gradient is even intensified.

To avoid the localized warming associated with ‘thermal runaway’ and limited 
penetration depth for the 2.45 GHz high frequency electromagnetic waves, more 
delicate controlled electromagnetic rewarming systems operating in lower fre-
quencies are required for cryopreservation. Thereafter, a rewarming system using 
helical coil to generate tens of MHz electromagnetic waves was used to rewarm CPA 
solutions as a preliminary trial [18]. But the rewarming rate was moderate achieved 
by this open system. Later on, a few scientists reconsidered the electromagnetic 

Figure 3. 
Introduction of the ‘thermal runaway’ phenomena: The appearing of large temperature gradient by 
electromagnetic rewarming.
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rewarming in closed systems to confine electromagnetic energies [19, 20]. Unlike 
the commercial microwave oven in which the generated signal shifted around 
±50 MHz, the electromagnetic wave was synthesized by voltage-controlled oscilla-
tors. The stability of frequency was improved so that the design of chamber could 
fit with the electromagnetic source and establish resonant state to concentrate the 
electromagnetic energy.

A major problem for these resonant systems may come from an intention to 
reduce the non-uniformity by adopting multimode resonant cavities. In Rachman’s 
electromagnetic resonance cavity rewarming system [19], two resonant states of 
the cavity were excited (TE111 and TM010). Another multimode cavity rewarming 
system designed by Robinson [20] excited three different modes. The results of 
the warming test for CPA solutions were improved while the spatial temperature 
difference was not greatly reduced, which means thermal runaway could not be 
eliminated. The reason behind this is due to the interaction between the cryopre-
served CPAs and the properties of the resonant cavity. Multimode cavities resonat-
ing at different frequencies bring more difficulties in the control of signal frequency 
at each port to feed electromagnetic energy into the cavity. Hence, a single mode 
resonant cavity which excites only at a specific frequency may be superior in the 
control of field distribution in the rewarming process.

Our goal is to achieve effective cryopreservation protocol for bulk volume of 
stem cells. In this chapter, the target is to improve electromagnetic rewarming 
systems for the rapid-uniform rewarming, laying down the foundation for the 
cryopreservation of biomaterials with large volume.

4. Characterization of essential physical properties of CPA solutions

4.1 Determination of the electrical properties

The dielectric properties of the biomaterials characterize the interaction 
between applied electromagnetic field and the biomaterials, and thereby determine 
the absorption of electromagnetic energy by the biomaterials [21, 22]. The dielec-
tric properties are temperature dependent. If the warmer part of the biomaterial 
absorbs more heat, the temperature at that warmer part would be further increased, 
increasing temperature gradients, and therefore inducing thermal stresses. A large 
thermal stress can destroy the viability of cryopreserved materials and can be even 
more threatening to bulky systems [23, 24]. Since the dielectric properties play 
a key role in the absorption of electromagnetic energy, it is a priority to discover 
the dielectric properties of the biomaterials. In cryopreservation, particularly in 
vitrification using a high concentration cryoprotective agent, the CPA/vitrification 
solutions dominate the properties of the cell suspensions or tissues. Hence, the 
dielectric properties of the CPA/vitrification solutions should be determined so that 
electromagnetic rewarming can be optimized.

The measurement of the dielectric properties of biomaterials requires sensing 
and monitoring tools. In many biomedical applications, various measurement 
methods including transmission and reflection techniques have been used to deter-
mine dielectric properties [25–29].

The samples measured by transmission and reflection methods usually are 
fixed without morphologically change. But in the application of electromagnetic 
rewarming, the measurement of dielectric properties must be carried out in the 
subzero temperature range which may involves phase change and rules out the 
possibility using transmission and reflection techniques. The cavity perturbation 
method has been used for measuring the electric properties of different kinds of 
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materials [30–33] due to its ability to measure the dielectric properties of low loss 
dielectric materials [34]. In the subzero temperature range, the dielectric proper-
ties of biomaterials and CPA/vitrification solutions can be very small. Therefore, 
in this work, we adopted a cavity perturbation method to determine the dielectric 
properties of three different vitrification solutions at low temperatures. Briefly, a 
resonant cavity was designed and manufactured to measure the dielectric proper-
ties of cryopreserved biomaterials at 434 MHz. By inserting samples with different 
permittivity into the resonant cavity, the resonant frequency and quality factor 
could be changed. From the variation of the resonant frequency and the quality 
factor, the dielectric properties can be derived.

4.1.1 Perturbation theory

Through the change of resonant frequency ∆ f  and inverse of quality factor ∆ Q , 
the dielectric property (or complex permittivity) of CPA/vitrification solutions was 
obtained. The mathematical derivation is shown by following Equations [35, 36]:
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where ∆ f  and ∆Q  are resonant frequency and quality factor of unperturbed 
cavity, 0E  and 0H  represent electric field and magnetic field inside the unper-
turbed cavity, E  and H  represent those fields for the cavity with sample to be 
measured inside, ε  and µ  are complex permittivity and permeability of the sample, 
i  is an imaginary number of which the square equals 1− . More simplification can 
be applied to Eq. (4), equating the real and imaginary parts and the following 
relationship will be obtained:
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1k  and 2k  are constants to be determined.

4.1.2 Dielectric property measurement system

The experimental system is shown in Figure 4. A rectangular single-mode reso-
nant cavity resonating at around 434 MHz was manufactured. The dimension of the 
cavity was designed to 680 × 400 × 350 mm. Copper plates were used to manufac-
ture the cavity due to its high conductivity (to prevent electromagnetic leakage).

4.1.3 Calibration of the measurement system

Water, methanol, ethanol, 1-propanol, 2-propanol, ethylene glycol and cyclo-
hexane samples with known properties were used for calibration of the cavity to 
determine 1k  and 2k . The properties of these calibration solutions were reported by 
Robinson [37].
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Once 1k  and 2k  had been obtained, unknown cryopreserved biomaterials can 
be measured by the system. Similarly, the resonant frequency and quality factor 
were changed. According to the shift frequency and quality factor of the cavity, 
complex permittivity of samples can be derived.

4.2 Determination of the thermal properties

4.2.1 Measurement of specific heat

To determine the temperature-dependent specific heat capacity, Differential 
Scanning Calorimetry (DSC) was used to take accurate measurement of vari-
ous sample solutions. Isothermal step scan method is adopted to minimize the 
experimental error. The latent heat was incorporated into the effective specific heat 
capacity when the phase transition occurs.

4.2.2 Measurement of thermal conductivity

Thermal conductivity of sample solutions was measured using a micro thermal 
sensor developed by Liang, et al. [38] and manufactured in the lab. The sensor 
works on the principle of Transient Hot Wire (THW). This miniaturized device 
utilizes a SiO2/Au/SiO2 sandwiched structure to protect the microfabricated 
serpentine gold coil, which functions as both the heater and a passive thermometer. 
The sensor has already been tested and shown to measure thermal conductivity of 
biomaterials and solutions with high accuracy, repeatability and system reliability.

5.  Theoretic analysis and numerical simulation to improve the 
electromagnetic resonance system

5.1 Introduction

Previous cryobiologists have developed electromagnetic cavity rewarming for 
large biomaterials. Evans [39], Robinson [37] and Luo [40] built electromagnetic 
heating systems that could resonate at around 434 MHz but working at different 
modes. The sample was placed at the center with a large magnitude of the electric 

Figure 4. 
Schematic of the system for measurement of dielectric properties.
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field, which is critical to rapid rewarming. The size of the sample was controlled 
to reduce temperature gradients resulted from the electromagnetic field attenu-
ated away from the center. For multimode resonant cavity rewarming system, it 
could be difficult to control the resonant state or field distribution with several 
EM power inputs. While single mode cavity system is easier to concentrate a strong 
EM field and control in the rewarming process. Therefore, multimode resonant 
rewarming systems are excluded for optimization here. According to the warming 
results, electromagnetic rewarming has already demonstrated more effective than 
traditional water bath method. However, further improvement of the electromag-
netic rewarming system is still needed to optimize the rewarming protocol of bulk 
volume of cells.

Multiple theoretical analysis and numerical simulations had been accomplished 
[41–43] on different design possibilities of electromagnetic rewarming systems. 
Method of moments (MoM) was implemented to calculate and analyze the electric 
filed intensity and profile [42] and the method of finite-difference time-domain 
(FDTD) was applied to investigate the post-thawed temperature profile [44]. 
Another attempt involving the resonance rewarming in the numerical model com-
bined with nanoparticles to improve the warming rate. However, in this study, the 
model was based on the power consumption at 8000 W [45] that is hard to achieve 
in the real-world.

In this section, a more efficient and effective model based on finite element 
method combining electromagnetic wave propagation and heat transfer process was 
presented. The optimization of the shape of cryopreserved sample was performed 
numerically. The essential physical properties of several sample solutions includ-
ing complex permittivity, specific heat, and thermal conductivity characterized 
experimentally in the previous studies were used in this simulation test.

5.2 Theoretical formulations

The electromagnetic resonant system setup showed in Figure 5 consists of a signal 
generator with voltage control at lower scale, a power oscillator, a resonant cavity, a 
coaxial transmission wire, and a temperature sensor. An antenna made of high electri-
cal conductivity material was used to excite the electric field and create a standing 
wave pattern of electromagnetic field inside the rewarming cavity. A sample holder 
contained cryopreserved stem cells or other biomaterials was place in the center of the 
cavity, where the strongest electric field was established to achieve the fast rewarming.

Most of the cryopreserved biomaterials are insensitive to the magnetic field, e.g. 
the stem cells, with electrical parameters including, ε (absolute permittivity, 1F m−⋅ ), 
σ  (conductivity, 1S m−⋅ ), and 0µ µ=  (magnetic permeability of the free space, 

1H m−⋅ ,), the frequency domain Maxwell equations were used to calculate the 
electric field profile in the cryopreserved material:

 E j H Mωµ∇× = − −  (7)

 H j E E Jωε σ∇×∇× = − + +  (8)

where E is the electric field intensity ( 1V m−⋅ ), and H is the magnetic field 
intensity ( 1A m−⋅ ). Here, M is the magnetization filed intensity ( 1A m−⋅ ) that 
equivalent to the H term, and J is the flowing current density ( 2A m−⋅ ) that 
equivalent to the E term. Both M and J can be ignored since none of magnetic and 
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electric source was established inside of the given geometry. ω  is the angular 
frequency of the EM field ( 1rad s−⋅ ). The absolute permittivity iε ε ε= −′ ′′, where 
ε ′  is the real part, stands for the dielectric constant that describe the space’s 
ability to hold the electric power within the control volume. ε ′′ is the imaginary 
part, stands for the dielectric loss that describe the space’s ability to harness 
electric power. Heating is generated through the vibration of dipolar molecules 
affected by the electric field. The term q represents the absorbed electric power in 
the material is described as:

 E j H Mωµ∇× = − −  (9)

 2
0q f Eπ ε ε ′′=  (10)

where f (Hz) denotes the frequency of the electromagnetic field. q ( 3W m−⋅ ), 
the total absorbed power from the electromagnetic field, can be combined into the 
heat transfer equation as the heat source term [46]:

 ( ) 2
0

TC k T f E
t

ρ π ε ε∂
=∇

∂
′′⋅ ∇ +  (11)

where ( )3kg mρ −⋅  represents the density of the cryopreserved material, C 

( )1 1J kg K− −⋅ ⋅  denotes the specific heat, k ( /W m K⋅ ) is the thermal conductivity, T 

(K) is the temperature of the cryopreserved material, and t (s) is the time in the 
heating process.

In this numerical modeling analysis, the thermal properties of the cryopreserved 
material were preset to be temperature-dependent. The specific heat and thermal 
conductivity at different temperatures were captured once the temperature profile 
in the Eq. (11) was determined. With the updated thermal and electrical properties 
over the interested temperature range, the electromagnetic field profile was calcu-
lated. Cryopreserved material’s dielectric loss ε ′′  and applied electric filed intensity 
changed the heating source. Thus, the temperature and electric fields are coupled. 
Adiabatic ( 0convq = ) assumptions were applied to the boundary conditions to 
eliminate the natural convection within the cavity. The perfect conductor assump-
tion was also applied to the inner surface of the resonant cavity ( 0, n E n× =  denotes 
the inner wall’s unit vector of the cavity).

Figure 5. 
Schematic description of the experimental setup of the EM rewarming system.
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5.3 Numerical simulation

The numerical modeling was setup with COMSOL Multiphysics (COMSOL, 
Burlington, MA, USA), applying the finite element method. Adopting the analyti-
cal process discussed in the theoretical formulation section, the thermal science and 
combined electromagnetic rewarming system in the resonant chamber as shown in 
Figure 6. In this numerical investigation, the thermal and electrical parameters of 
the model were determined follow the methods discussed in the previous section.

Nyquist criterion was applied to the meshing grid of the simulation. The maxi-
mum size of the element grid was contained smaller than half of the wavelength of 
the electromagnetic wave. Six grids per wavelength in the finite element analysis 
was also employed to solve the Maxwell’s equation [47].

Tetrahedral grids were selected in this study due to smaller grid size comparing 
to the discretization of the resonant rewarming system. Once the tetrahedron grid 
applied, the grid size of the resonant chamber was calculated to be less than 10% 
of the wavelength of electromagnetic wave. In the mesh preparation (shown in 
Figure 7), different meshing approaches were adopted for different components 
of the system. Refined meshes were created near the boundaries of surfaces (in 
total, about 988,000 elements were generated). The area around probe antenna 

Figure 7. 
Geometric gridded model of the resonant cavity for simulation.

Figure 6. 
Schematic description of the simulated resonant EM rewarming cavity.
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and central part of the sample holder were treated with the enhanced meshing. 
A smaller grid size (about 163,000 elements) will diminish the difference of the 
temperature profile less than 0.5% over the entire field.

5.4 Results

5.4.1 Field distributions in the resonant cavity

The prepared simulation model was validated with the analytical results. In the 
model, the resonant frequency of the chamber was 434.767 MHz, consistent with 
the frequency from the analytical result. When the chamber was at the resonant 
state, the normalized electric field intensity profile was plotted for both of the 
simulated result and analytic result in the resonant cavity was plot in comparison 
with the analytic solution (Figure 8), which proofed a good alignment between two 
results. As the position advancing to the central part of the cavity, the intensity of 
the electric field increased significantly. Hence, the cryopreserved bio-sample was 
designed to be placed in the central to achieve a fast rewarming process by absorb 
more electromagnetic power.

5.4.2 Various sample holder shape’s effect on the rewarming process

The effect of sample holder’s shape to the rewarming was studied to minimize the 
injury to the biomaterials caused by non-uniform thawing. On the other side, differ-
ent sample holders might be selected based on the size and structure of the biomateri-
als. Considering the hardness to accurate calculate the energy conversion between the 
cavity and the sample through analytical solution, and precise temperature profile 
monitoring over the entire sample space through experiment, in this simulation, 
a total of four different sample holder shapes (geometry details shown in Table 1) 
with the same sample volume of 25 mL were calculated to study the difference over 
the rewarming process. The heating started at the initial temperature set to −80° C 
and ended at 0°C. The average rewarming rates of cylindrical, ellipsoidal, spherical, 
and cubic holders were 72.1, 63.5, 46.1, and 22.8° C/min, respectively. From the fast 
rewarming perspective, cylindrical and ellipsoidal shapes were the top choices.

Later, the temperature profile at the end of the rewarming was investigated. 
As shown in Figure 9, the temperature gradients that defined as the temperature 

Figure 8. 
Distribution of the electrical field magnitude at the central cross-sectional plane in the electromagnetic 
rewarming chamber. Analytical and simulated results show that electric field energy is focused in the center of 
the cavity.
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difference between the maximum and minimum temperatures in the holder divided 
by the ferret diameter, for spherical, ellipsoidal, cylindrical, and cubic samples 
were 0.27, 0.62, 0.95 and 1.24° C/mm, respectively. From the temperature gradient 
perspective, the spherical and ellipsoidal shapes were the top choices.

Both rewarming rate and temperature distribution results indicated the cubic 
shape will not perform well the resonant chamber, which aligned with the predic-
tion that samples with sharp edges or surfaces were inappropriate to be heated by 
the electromagnetic rewarming method [42].

Robinson et al. presumed that ellipsoidal sample shape works well for electro-
magnetic rewarming technology and performed the experiment with a cone-shape 
sample to approximate a ellipsoidal holder [21]. The currents from numerical 
modeling confirmed the fast and uniform rewarming of the ellipsoidal sample. 

Figure 9. 
Simulated post thawing temperature distribution of cryopreserved sample solution in different sample holder 
shapes. (a) Spherical shape; (b) ellipsoidal shape; (c) cubic shape; (d) cylindrical shape. The spherical and 
ellipsoidal samples manifested more uniform temperature distribution than cubic and cylindrical samples.

Parameter Value (mm)

Radius of sphere 18

Radius of cylinder 18

Height of cylinder 20

a-Semi axis of ellipsoid 23

b-Semi axis of ellipsoid 14

c-Semi axis of ellipsoid 18

Side length of cube 29

Table 1. 
Dimensions of sample holder shapes.
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However, it is extremally hard to manufacture a precise ellipsoidal shape holder in 
the real-world. The same hardness also applied to the spherical holder. Moreover, 
a cryopreserved material should be stored well in an optimized holder to achieve 
a better rewarming performance. Thus, the material of the holder was ideally a 
thin-layer to diminish the absorption of the electromagnetic power. Overall, it is 
an engineering challenge to manufacture a qualified sample holder with desired 
material and dimensions in spherical or ellipsoidal geometry. Additionally, an extra 
supporting structure is required to hold the position of the spherical and ellipsoidal 
sample in the center of the cavity, which may result as the effect of the electro-
magnetic profile. Therefore, cylindrical holder was the best option with the fair 
manufacturing and faster rewarming rate. Though, more improvements should be 
considered to enhance the uniformity of the temperature profile.

6. Real-time resonant frequency monitoring and controlling system

Convective warming methods are hindered by the poor abilities to conduct heat 
into the core part of the materials. While volumetric heating method is needed for 
bulky material, the previous multimode or commercial microwave systems could 
not be adopted since they lack a precise control system to maintain the resonant 
state, leading to either recrystallization or devitrification. Due to the slow heat-
ing, most of electromagnetic energy was reflected back from the cavity or causing 
thermal runaway problems and creating undesired hot spots.

There are two major limitations for electromagnetic resonance system to achieve 
rapid and uniform heating. Firstly, the system itself should provide sufficient elec-
tromagnetic energy to warm up biomaterials. Secondly, the temperature dependent 
dielectric properties of the biomaterials progressively shift the resonant frequency 
of the resonant chamber during the rewarming process. Therefore, when using 
resonant electromagnetic field as the heating source, if the electromagnetic signal 
parameters remain stagnant according to the frequency change resulted from the 
temperature change of biomaterials, the electromagnetic energy generated may not 
be converted into the strong electromagnetic field in the resonant chamber to excite 
resonance.

Moreover, if the electromagnetic system source remains static during the rewarm-
ing procedure, severe problems regarding the system safety and efficiency may 
emerge. A higher portion of reflected electromagnetic power can lead to the damage 
to the system components as well as potential electromagnetic radiation hazards to 
the surrounding operators. On the other hand, with smaller electromagnetic energy 
remaining inside the rewarming chamber, sufficiently strong electromagnetic field 
inside the resonant cavity could hardly be excited resulting a slow warming. Therefore, 
it requires delicate control on the set up of the electromagnetic resonant system.

6.1 Electromagnetic source

The electromagnetic signal is synthesized by a signal generator (Agilent, Santa 
Clara, CA, USA). The signal generator can generate continuous electromagnetic 
waves between 250 kHz and 3 GHz which covers lower frequency band of radiofre-
quency and microwave. And the power output range is +7 to −120 dBm (i.e. 0.005 
to 10–15 W). At this low power output, the electromagnetic field established in 
the resonant chamber is too weak to rewarm the cryopreserved biomaterials rapid 
enough avoiding devitrification. In order to intensify the electromagnetic field to 
achieve higher rewarming rates, a power amplifier (OPHIR RF, Los Angeles, CA, 
USA) was adopted to increase the electromagnetic power to over 57 dBm (501 W).
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The power amplifier has a frequency range between 300 and 500 MHz, which 
fully covers the working frequency range for this experimental investigation. The 
reflected power received by this power amplifier would also be detected by the 
control circuits. The power amplifier will automatically cut off excessive output 
generation to protect itself. Due to the relatively high electromagnetic power used in 
the system, two side panel cooling fans were incorporated to avoid internal circuits 
overheating and system shutdown. The connections between the signal generator 
and power amplifier, as well as other microwave components are through 50 Ω 
coaxial cables. These cables would have some attenuation effects. Thus, in order to 
maintain the high power signal from the amplifier to the rest part of the system, 
the length should be as short as possible. The measurement was done by the signal 
generator and a power meter. According to the measurements of six coaxial cables 
of different lengths, the attenuation for coaxial cables is around 0.1 dB/m.

The most significant difference between the current resonance system and the 
previous assembled circuits is attributed to the frequency tracking component. 
During the rewarming process, the resonant frequency of the resonant cavity with 
biomaterials would change on account of the temperature dependent dielectric 
properties of the inside biological samples. To prevent the mismatch between 
the synthesized electromagnetic source frequency and the resonant frequency of 
the rewarming chamber, the generated frequency source should be dynamically 
adjusted during the rewarming process.

6.2 Feedback control

In order to prevent the frequency mismatch between the signal generation and 
the resonant frequency which is swiftly altered by the massive cryopreserved mate-
rials inside, a dynamic feedback control component was added between the elec-
tromagnetic source and the resonant cavity. A directional coupler was introduced 
to sample the transmitted and reflected power. A spectrum analyzer was connected 
to the port corresponding to the reduced reflected power. The entire spectrum of 
the reflected power was evaluated and by looking for the highest power peak, the 
frequency corresponding to the most significant reflected power was determined. 
During the rewarming process, the frequency generated from the electromagnetic 
signal source is dynamically changed corresponding to this spectrum and minimize 
the reflected power. Otherwise, the large portion of reflected power could lead to a 
slow warming rate with less power into the cavity. In addition, the reflected power 
can cause a serious damage to the rest part of the electromagnetic resonance system 
itself, such as the amplifier, signal synthesizer.

6.3 Enhancement of electric field magnitude of the resonant cavity

In the numerical simulation model, the probe length was adjusted to be the 
original probe length and the extended probe length. The electric field intensity 
excited in the sample inside the cavity was calculated. As shown in Figure 10, the 
electric field intensity in the cryopreserved material increases almost ten times 
larger than that using the original probe antenna, which suggests that the imped-
ance matching between the loaded cavity and the electromagnetic source is greatly 
improved by adopting an extended probe antenna.

Since electric field power is proportional to the square of the electric field intensity, 
we could have much more power to heat the material using the optimized extended 
probe antenna. This numerical estimation of the electric field gives guidance to the 
experiment, the reflected power was measured by a network analyzer, and the quality 
factor of the loaded cavity was determined based on the reflection coefficient. It is 
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found the quality factor of the loaded cavity was improved from 1681 to 5577 after 
adding the probe extension, which can establish a much stronger electromagnetic field 
inside the cavity for the rapid rewarming of the cryopreserved biomaterials.

7. Test of the electromagnetic resonance system with Jurkat cells

To experimentally evaluate the heating performance of the electromagnetic 
resonance system, a rewarming test of the cryopreserved Jurkat cells with large 
volume (25 mL) was performed. Jurkat cell is an easily accessible cell line and shares 
similar cryopreservation protocol to the stem cells. The testing results will guide us 
the future trails of cryopreservation of large system of stem cells.

7.1 Materials and methods

7.1.1 CPA solution

The CPA cocktail contains 10% (w/v) dimethyl sulfoxide ( 2Me SO ; Sigma-
Aldrich, St. Louis, MI, USA) and 0.25 M trehalose (Sigma-Aldrich) in culture 
medium (Sigma-Aldrich) solution. This CPA combination is widely used for the 
cryopreservation of stem cells and immune cells. The thermal and electrical 
properties of CPA solution were determined using methods introduced in Section 4.

7.1.2 Samples for cryopreservation

Human T lymphocyte leukemia cells (Jurkat cells) were used in the rewarming 
test. The Jurkat cell lines were purchased from American Type Culture Collection 
(Manassas, VA). Cells were cultured in the incubator that setting at 37°C, 5% carbon 
dioxide, and proper humidity. T25 flasks were used during the cell culture. A unit of 
the growth medium was prepared of 450 mL RPMI medium (life technologies), 50 mL 
fetal bovine serum (FBS), 5 mL Penicillin–streptomycin, and 5 mL L-glutamine.

7.1.3 Cooling process

Cylindrical sample holder contains Jurkat cell suspension was placed in a 
Styrofoam box, then the box was transferred to the −80°C freezer and stored there 
overnight. The average cooling rate was 2–3°C/min.

Figure 10. 
Electric field intensity comparison.
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7.1.4 Temperature profile measurement

The temperature measurements were conducted by a fiber optic temperature 
meter (Neoptix Inc., Ville de Quebec, QC, Canada) during the rewarming process. 
The major challenge for the temperature measurement lies in the penetration 
through cavity wall. The cryopreserved sample remains in the center of the 
resonant chamber where the highest electromagnetic field was formed. However, 
the penetration through the cavity wall would undermine the quality factor of the 
resonant cavity, which means lower portion of electromagnetic energy remained 
inside the chamber for rewarming. Additional waveguide was designed to allow 
for the fiber optic temperature sensor to get through the chamber wall and 
maintain the quality factor at the same time. This waveguide was designed to have 
the cutoff frequency higher than the operating frequency during the rewarming 
process. Although the side effects associated with the EM waves are still in debate, 
it is nevertheless safer to keep away from the possible side effects caused by 
electromagnetic energy leakage.

At the end of the rewarming process, the surface temperature profile was 
recorded by an infrared temperature sensor (FLIR systems, Wilsonville, Oregon, 
USA). The temperature data in the central part of the cryopreserved sample 
recorded by the fiber optic meter and the surface temperature profile are combined 
to analyze the temperature gradient.

7.2 Results and discussion

7.2.1 Rewarming rate

Figure 11 shows the comparison of rewarming process of Jurkat cells between 
conventional water bath and electromagnetic resonance system. The average 
rewarming rate of water bath was 40°C/min, while increased to 90°C/min for the 
EM system.

7.2.2 Recovery rate of Jurkat cell

Membrane integrity was obtained by Trypan Blue (Sigma-Aldrich) staining to 
determine the recovery rate of Jurkat cells. Figure 12 shows the comparison of 
recovery rate of Jurkat cells between conventional water bath and our 

Figure 11. 
Rewarming process of Jurkat cell.
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electromagnetic resonance system. Water bath achieved the Jurkat cell’s recovery 
rate at 48.0 9.3%± , while EM system significantly improved to 78.3 6.2%± . The 
recovery rate obtained by EM method surpassed water bath by 63.1% (p < 0.01).

7.2.3 Post-thawed assessment of Jurkat cells

The post-thawed cell suspensions were cultured in a 37°C incubator with 5% 
carbon dioxide and proper humidity. As shown in Figure 13, after three days 
incubation, no significant change was noted to the normalized proliferation rate for 
the electromagnetic rewarming method. This indicates EM system does not affect 
Jurkat cell’s cellular functionality.

8. Conclusion

In this chapter, we provide detailed information about using electromagnetic 
resonance system to achieve rapid-uniform rewarming in cryopreservation of stem 
cells. The importance of rapidly and uniformly rewarming process to the bulky 
system of stem cells was explained, principles of electromagnetic warming were 

Figure 12. 
Recovery rate of the Jurkat cell.

Figure 13. 
Proliferation rate of the post-thawed Jurkat cell.
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described, essential physical properties of CPA solution and resonance cavity were 
covered. Theoretical analysis and numerical simulation were introduced to improve 
the heating performance. A dynamic resonance frequency monitoring and control 
system was developed. Apart from analytical analysis, a rewarming test of Jurkat 
cell was performed to experimentally evaluate the electromagnetic rewarming tech-
nology. A comprehensive section on cryopreservation of large volume of stem cell 
has been tried to prepare, and it is aimed to provide insights about rapid-uniform 
rewarming during cryopreservation.

© 2020 The Author(s). Licensee IntechOpen. 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, 
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Umbilical Cord Blood and Cord 
Tissue Bank as a Source  
for Allogeneic Use
Tokiko Nagamura-Inoue and Fumitaka Nagamura

Abstract

Recently, umbilical cord blood (CB) has received attention as the allogeneic 
 optimum source for immunotherapies. More recently, the umbilical cord (UC) has 
been rapidly utilized as an abundant source of mesenchymal stromal cells (MSCs), 
which migrate toward the inflammatory and damaged tissue to subside the inflamma-
tion and support tissue repair. Both CB and UC can be provided “off-the-shelf” cell 
products for immunotherapies and regenerative medicine. As biomedical wastes, CB 
and UC can be obtained noninvasively without any risks to the donor. CB cells and 
UC-derived MSCs (UC-MSCs) also have higher proliferation potentials than other cells 
obtained from adult tissues. In addition, UC-MSCs are less immunogenic and have 
significant immunosuppressive ability. Several clinical trials with CB or UC-MSCs 
have been conducted based on these advantages. The establishment of a stable supply 
system of CB and UC-MSCs is critical now for their utilization in regenerative and 
immune cell therapies. We have thus established the cord blood/cord bank, “IMSUT 
CORD,” as a new type of biobank, to supply both frozen CB and UC tissues and 
derived cells for research and clinical uses. In this chapter, we will introduce the overall 
flow from collection to shipment and discuss several issues that need to be resolved in 
unrelated allogeneic stable supply system.

Keywords: cord blood, umbilical cord, mesenchymal stromal cells, immune cell 
therapy, regenerative medicine, biobank, explant method, large-scale expansion

1. Introduction

Umbilical cord blood (CB) has been utilized as a source of hematopoietic stem 
cells for three decades. It could potentially also serve as the optimum source of 
immune cells, such as mononuclear cells (MNC), regulatory T cells, NK cells, and 
mesenchymal stromal cells (MSCs) with or without genetic modifications, for 
immunotherapy and neurogenic regeneration in some cases. In addition, UB could 
be prepared as readily available products [1].

It is well-known that human mesenchymal stromal cells (MSCs) can be har-
vested from various tissues that include the bone marrow (BM) [2], cord blood 
(CB) [3], adipose tissue [4], placenta [5], and umbilical cord (UC) [6]. Recently, 
clinical trials using MSCs for various diseases have been conducted, and some 
of them were approved. The BM is considered the traditional source of MSCs, 
and the characteristics and applications of BM-derived MSCs (BM-MSCs) have 
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been studied in detail. However, the harvesting of these cells is associated with an 
invasive procedure, and it may cause hemorrhage, infection, and chronic pain. In 
addition, BM-MSCs exhibit accelerated senescence as the donors’ age [7].

On the other hand, both CB and UC are routinely discarded as medical waste. 
The harvesting of CB and UC-derived MSCs (UC-MSCs) is therefore noninvasive 
and painless. The CB drawn from the UC and placenta is well-known as the source of 
hematopoietic stem cells for CB transplantations. However, in this article, we focus on 
the CB as the source for immune cells and regenerative medicine, such as regulatory T 
cells (Treg), NK cells, MSCs, and so on. The UC is the conduit between the develop-
ing embryo and placenta and consists of two umbilical arteries and one umbilical 
vein buried in the Wharton’s jelly. UC-MSCs have the abilities of multipotency and 
self-renewal properties comparable or superior to MSCs derived from other tissues in 
some papers. For this reason, several private CB banks have begun to collect CB and 
UC. We have thus established the cord blood/cord bank, “IMSUT CORD”, as a new 
type of biobank, to supply both frozen UC tissues and master cells for research and 
clinical uses.

In this chapter, we will introduce the overall flow from collection to shipment 
as taking the example of IMSUT CORD and discuss several issues that need to be 
resolved in unrelated allogeneic off-the-shelf stable supply system at present.

2. Cord blood and umbilical cord collection

There are many public and private CB banks in the world, in which procedures 
are nearly standardized intended for hematopoietic stem cell transplantation 
(HSCT) as shown in Section 5. The procedures include informed consent acquisi-
tion from the mother, collection of CB, processing, storage, to shipment, which 
have been already established. In the case of UC bank for unrelated allogeneic 
uses, the International Council for Harmonization of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) which issued ICH Q5A as the regulation 
of materials for biological products requires the second blood test from the baby’s 
mother, to deny viral infection in window period at delivery. Figure 1 shows the 
overall process of banking in the mother’s side. We deal with both CB and UC.  

Figure 1. 
Overall flow from informed consent acquisition to shipment.
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In the CB and UC collection hospitals, the purpose, overall process, private infor-
mation policy, the right to withdrawal, 6-month health check, and second blood 
test for the mother to confirm the negative study of infection are explained to the 
mother, and she gives written consent as the guardian of the baby. In addition to 
obtaining informed consent, questionnaires about medical history, genetic history 
of the baby donor’s family, and history for the mother’s communicable disease risk 
behavior are conducted to survey their health. The CB and UC are then collected, 
and the mother’s blood is tested for infections. These documentations and tests in 
CB bank can be referred to UC banking as well, although additional safety tests 
for UC banking shall be required strictly. UC-MSCs from one donor can be deliv-
ered and administered to many patients. Especially when the CB and UC passed 
the safety and some quality tests at clinical grade, the mother is asked to receive 
the blood test to make sure that all infection tests are negative in 6 months after 
delivery. These second tests are demanded by the Pharmaceuticals and Medical 
Devised Agency (PMDA) like the FDA and EMA, because it should be proven that 
the donor’s mother and baby were not in the window period of viral infections at 
delivery. On the other hand, bacterial contamination is also taken care because 
the baby and placenta with UC come out from nonsterile vagina. We collect UC in 
the case of a scheduled cesarean section to reduce the possibility of contamination 
due to the exposure to the vaginal bacterial/fungal flora.

CB and UC are then transported from the collection hospitals to the CB/UC 
bank under controlled and validated temperature. CB is transported at validated 
temperature range (2–25°C) to protect cell viability, and the UC is cooled at 2–10°C 
in our facility.

3. Cord blood processing

Among the processing methods to obtain nucleated cells from CB for hemato-
poietic stem cell transplantation, the hydroxyethyl starch (HES) centrifugation 
method (HES method) is the most efficient and common. The HES method 
originated from the New York Blood Center CB bank [8]. Recently, automated CB 
processing SEPAX® (GE Healthcare Life Sciences) [9] and AutoXpress Platform® 
(Cesca Therapeutics, Inc.) [10] have been developed. For CB cryopreservation, 
DMSO and Dextran 40 together with CB-plasma are used worldwide [8].

On the other hand, no processing method of fresh or frozen CB not for 
hematopoietic stem cell transplantation has been settled as standard. The use of 
mononuclear cells (MNCs) obtained by the Ficoll-Paque centrifugation method 
(Ficoll method) or cell sorting with antibody-conjugated magnetic beads might 
be a new candidate for further processing and culture method. CB processed by 
HES method resulted in whole nucleated cells including neutrophils, monocytes, 
lymphocytes, and nucleated red blood cells with some amount of red blood cells 
(RBC). The recovery rate of hematopoietic stem cells and mononuclear cells 
processed by HES method is superior to those by Ficoll method. That is why HES 
method is introduced by CB banks in the world [8]. However, neutrophils in 
the nucleated cells and residual RBC may cause the aggregation resulting in the 
difficulty of further processing, when the frozen and thawed cells are diluted 
with large volume of isotonic solutions such as medium. Only frozen-thawed 
CB nucleated cells can be diluted with dextran and albumin/saline solution 
[8]. On the other hand, frozen-thawed MNCs processed by Ficoll method does 
not require such a special solution and can be diluted with medium and PBS, 
although the recovery rate of MNCs from the fresh CB by Ficoll method is less 
than that by HES methods.
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MSCs derived from fresh CB are difficult to expand. Only one company, 
Medipost Co., Ltd., in Korea, has succeeded in expanding CB-derived MSCs. Their 
product, Cartistem®, has been approved by the Ministry of Food and Drug Safety 
in Korea for the treatment of osteoarthritis [11].

4. Umbilical cord processing

There are diverse procedures and culture methods for the isolation of MSCs 
from the various compartments of UC, such as Wharton’s jelly, veins, arteries, UC 
lining membrane, subamnion, and perivascular regions [12]. The isolation methods 
of MSCs from the Wharton’s jelly, vein, and arteries of UC are reported previously, 
although the marked differences were not found as far as the 10% fetal bovine serum 
(FBS) and α minimum essential medium (MEM) [13]. There are several papers to 
obtain MSCs from whole UC versus Wharton’s jelly [14] or different parts of the 
same UC [15], but we suggest that to process from whole UC seems sufficient and 
simple for further processing [15]. Despite the wide range of isolation and culture 
procedures, the different groups seem to agree on the cryopreservation of UC tissue 
[16] and explant method [17] followed by the harvest of migrating cells from tissue. 
However, large-scale culture methods remain to be determined. Figure 2 shows the 
example of scheme of CB and UC collection and process and shipping to clinical use.

4.1 Cryopreservation of UC tissue

It is known that the UC tissue can be frozen in a cryoprotectant. This possibility 
of cryopreservation is the advantages of UC tissue for both clinical and research 
uses. The reasons of the advantages are:

1. UC tissue processing can be started after the donor’s health and infection status-
es are confirmed well. This leads to initial cost-effectiveness because unnecessary 
works using inappropriate materials are eliminated. In addition, we can thaw a 
small amount of the UC to survey, before culturing MSCs in a large scale.

2. Storage of the tissues of origin allows us to keep traceability and to check the 
quality as the biological resources at a later date.

3. When new reagents or techniques were developed in the future, we can isolate 
novel cells from the cryopreserved UC tissues.

4. If the donor, the baby, has diseases that can be treated with autologous cells, 
including iPS cells or gene-modified cells, or autologous UC-MSCs, the cryo-
preserved UC tissues would be the appropriate source.

Several animal serum-free cryoprotectants containing 5–10% dimethyl sulfoxide 
(DMSO) are available. Whether the use of serum originating from animals, such 
as fetal bovine serum (FBS), is required, is critical, because it adds the risk of the 
transmission of zoonotic infections, immunological reactions, and additional regu-
latory issues [18]. There are several reports of cryopreservation of the UC tissue, 
using serum-free and xenogeneic animal-free (xeno-free) cryoprotectants. Ennis 
et al. introduced CryoStor CS10® (BioLife Solutions Inc., WA) for isolating human 
UC perivascular cells (HUPVCs). However, they did not show the comparative test 
results to those of fresh UC [19]. Roy et al. reported the cryopreservation of the 



35

Umbilical Cord Blood and Cord Tissue Bank as a Source for Allogeneic Use
DOI: http://dx.doi.org/10.5772/intechopen.91649

UC tissue in 10% DMSO and 0.2 M sucrose solution, but the cumulative cell yield 
derived from the frozen-thawed UC-MSCs in their solution was inferior to that of 
fresh UC-MSCs [20]. We previously reported the cryopreservation of UC tissue, 
with no impact on viability, using a serum- and animal origin-free cryoprotectant, 
STEM-CELLBANKER® [16]. We demonstrated that cells derived from UC cryopre-
served in this manner retained the phenotypic characteristics of MSCs, including 
the immunosuppressive activity in allogeneic mixed lymphocyte reactions, as well 
as differentiation potential. As shown in Figure 2, with the cryopreservation of UC 
tissue, UC processing might be altered.

4.2 Improved explant method

There are two major approaches after frozen-thawed UC tissue: explant and 
enzymatic digestion methods. Frozen-thawed UC tissue is manually minced into 
small fragments approximately 1–2 mm3 in size. Mincing is preferred to using a 
surgical scalpel or the use of an autologous mixer. These fragments are aligned and 
seeded regularly on a tissue culture-treated dish. After the tissue fragments attach 
to the bottom of the dish, culture media is added, slowly and gently in order not to 
detach the fragments [21–24]. Media is then refreshed every 3–7 days for 2–4 weeks 
until the fibroblast-like adherent cells reach 80–90% confluence. Subsequently, 
adherent cells and tissue fragments are rinsed once with PBS, detached using 
trypsin, and washed with media. The culture is then filtered to remove tissue frag-
ments. The disadvantage in the explant method is that tissue fragments often float 
in media, resulting in the poor recovery of cells. To protect the exfoliation of tissue 
fragments from the bottom of the culture dish, we introduced stainless steel mesh 
(Cellamigo®; Tsubakimoto Chain Co.) shown in Figure 2, No. 8. In this manner, 
we can plate source tissue more quickly and harvest more MSCs. In addition, the 
incubation time required to reach 80–90% confluence is reduced [17].

In the enzymatic digestion method, UC is minced into small pieces and 
immersed in the media containing enzymes such as collagenase, or a combination 
of collagenase and hyaluronidase with or without trypsin [21, 24–26]. The cells 
dissociated by the enzymes are then cultured until they reach full confluence. 

Figure 2. 
IMSUT CORD scheme of CB and UC from collection to shipping for clinical use.
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However, the digestion method is costly and time-consuming and may result in 
decreased cell viability due to lytic activity and varying sensitivity of the cells to 
collagenase. In addition, the initial harvested cells include more of the other types 
of cells compared with that harvested using the explant method.

4.3 Large-scale expansion and harvesting the cells

It is critical to consider how much we can expand the UC-MSCs to allow 
allogeneic “off-the-shelf ” industrial availability, because the proliferation of 
adherent cells needs a large surface area. The conventional method uses multi-
layered flasks, and the cells are cultured in incubators installed in cleanrooms. 
These multilayer flasks can consistently support the expansion of UC-MSCs, and 
the state of cell confluence can be examined under the microscope. However, 
this method requires the considerable involvement of operators because the 
processes of seeding, refreshment, passage, and harvest require individual and 
manual works. Several companies have introduced the spinner bioreactor with 
a microcarrier made of plastic, dextran, denatured collagen-coated beads, and 
other components. The bioreactor system may reduce the number of operators 
required and may allow to reduce the clean levels of facility since it is a closed 
system. On the contrary, several critical problems of the bioreactor system exist. 
The cost of equipment is high and it is difficult to evaluate cell proliferation 
environment such as pH, lactate, and so on. When some microcarriers are torn 
off by spinner, or undigested microcarriers are residual in the final products, 
we have no ideas to remove the residual microcarriers completely. Recently, a 
plastic bag bioreactor system with a microcarrier in gentle locking was reported 
[27]. The most critical problem is that the cells produced by the flask-based 
culture method may be different from those by bioreactors. Harvesting cells on a 
large scale is still not easy. Recently, filter-based cell concentration and washing 
systems were introduced (https://www.kaneka.co.jp/en/business/healthcare/
med_006.html, KANEKA, Japan). Automatic cell packaging may be also 
required in large-scale expansion.

The academic culture level such as IMSUT CORD is at small to middle scale. 
Only the company may have the ability to expand the cells at extra-large scale and 
maintain to control and supply the cell product for clinic constantly.

4.4 Long-term cryopreservation

Master and product cells of UC-MSCs for clinical use are usually required for 
long-term cryopreservation, together with records on the donor infant and the 
mother. There are several cryoprotectants for long-term cryopreservation. The most 
popular cryoprotectant consists of 5–10% dimethyl sulfoxide with human albumin. 
Recently, serum-free cryoprotectants, described in Section 4.1, have been com-
mercialized and are thought to be more ideal compared to those containing human-
derived serum. In addition to cryoprotectants, it is important to build an adequate 
record preservation system. Those who manage the long-term cryopreservation 
should preserve the records that include the documentation relating to the collection 
including donors, processing, results of quality tests, and instruments directly related 
to the products. The kinds of records and the length to be preserved are in accordance 
with the bank policies and standards and the corresponding domestic laws and 
regulations. It is necessary to discuss how long we should or we can cryopreserve CB 
and UC tissue, UC master cells, and product cells, in the technical and ethical aspects. 
In the technical aspect, the cell-preserving vessel to accommodate the cell suspension 
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for long-term freezing should be durable in a liquid nitrogen. In the ethical aspect, we 
do not expect whether the babies can recapture their ownership of CB and UC even 
though their mother waived the ownership of them, when they grow up to be adult.

4.5 Quality and safety assurance of UC-MSCs

The Mesenchymal and Tissue Stem Cell Committee of the International Society 
for Cellular Therapy proposed the minimal criteria for defining human MSCs 
[28, 29]. First, MSCs must be plastic-adherent when maintained in standard culture 
conditions. Second, MSC must express CD105, CD73, and CD90 but not CD45, 
CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR surface molecules. Third, 
MSCs must differentiate into adipocytes, chondroblasts, and osteoblasts in vitro 
[30–32]. Immunosuppressive effects have now become the most popular property 
of MSCs for potential clinical use [12]. Defect in HLA-class II expression with nega-
tive CD80 and CD86in UC-MSCs even in the presence of inflammatory cytokines 
such as IFN-γ can theoretically rescue them from immune recognition by CD4+ T 
cells [33]. MSCs can also inhibit proliferation of and cytokine secretion by immune 
cells, as well as alter subtypes of macrophage from M1 to M2 in vitro [34–37]. 
This immunomodulation is linked mainly to soluble factors such as indoleamine 
2,3-dioxygenase (IDO), PGE2, and HLA-G5 [38], hepatocyte growth factor, and 
transforming growth factor-β1 released from MSCs [39]. Further quality tests are 
dependent on clinical applications and characteristics of MSCs.

The safety tests required differ according to the risks of clinical applications. 
For example, the tests of CB banking for hematopoietic stem cell transplantation 
are different from those of UC-MSCs. Donor-recipient relation of the former is 
one-to-one, and the risk is limited to one patient. On the other hand, that relation-
ship of the latter, as UC-MSCs master cells and product cells, is one-to-many, so 
hundreds of patients may suffer health injuries by one donor. Thus, the vials of 
UC-MSCs are tested thoroughly at a designated time not only known viruses but 
also unknown viruses. Those tests should follow the local, national or international 
applicable laws and regulations. More precise safety tests for CB and UC shall be 
described elsewhere for the respective products for clinical application.

5. Standards and guidance for CB and UC from collection to release

There are international standards/guidance for CB collection, banking, and 
release of hematopoietic stem cell transplantation, such as the Foundation for the 
Accreditation of Cellular Therapy (FACT)/NETCORD [40], American associa-
tion of Blood Banks (AABB), US Food and Drug Administration (FDA) shown in 
Table 1, and local standards or regulations under the applicable laws in respective 
countries. A CB/UC bank, facility, or individual should implement if the standard 
of practice in the community or applicable law establish additional requirements. 
International standards/guidance for biobanking process for UC collection, 
processing, culture, and release has not been settled, but collection and banking 
protocols can follow the CB banking standards and good tissue practice. Each  
CB/UC bank, facility, and individual should analyze its practices and procedures 
to determine whether additional standards apply. Compliance with the standards 
is not an exclusive means of complying with the standard of care in the industry 
or community or with local, national, or international laws or regulations [40]. 
Allogeneic public CB banks requested US FDA accreditation with FACT/NETCORD 
or AABB in the USA, while the CB banks in Europe (EU) required FACT/NetCord 
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Items Accreditation 
organization

Standards or guidance titles

Cord blood (CB) processing 
for hematopoietic stem cell 
transplantation

FACT/NETCORD
FACT/JACIE

International Standards for Cord Blood Collection, 
Banking, and Release for Administration
International Standards for Hematopoietic Cellular 
Therapy Product Collection, Processing, and 
Administration
http://www.factwebsite.org/cbstandards/

FDA in the USA Guidance for Industry: Minimally Manipulated, 
Unrelated Allogeneic Placental/Umbilical Cord 
Blood Intended for Hematopoietic Reconstitution 
for Specified Indications
Guidance for Industry and FDA Staff: 
Investigational New Drug Applications for 
Minimally Manipulated, Unrelated Allogeneic 
Placental/Umbilical Cord Blood Intended for 
Hematopoietic and Immunologic Reconstitution 
in Patients with Disorders Affecting the 
Hematopoietic System
http://www.fda.gov/BiologicsBloodVaccines/
GuidanceComplianceRegulatoryInformation/
Guidances/default.htm.

AABB Standards for Cellular Therapy Services
http://www.aabb.org/sa/Pages/Standards-Portal.
aspx

Umbilical cord-derived cells 
including mesenchymal 
stromal cells (UC-MSCs)/
somatic cell or other  
derivative cells
CB not intended for 
hematopoietic stem cell 
transplantation

FACT Common standards for Cellular Therapies
http://www.factwebsite.org/cbstandards/

FDA in the USA Good Tissue Practice 21CFR 1271.210
Current Good Tissue Practice (CGTP) and 
Additional Requirements for Manufacturers of 
Human Cells, Tissues, and Cellular and Tissue-
Based Products (HCT/Ps)
Guidance for Industry: Preclinical Assessment 
of Investigational Cellular and Gene Therapy 
Products
Guidance for FDA Reviewers and Sponsors
Content and Review of Chemistry, Manufacturing, 
and Control (CMC) Information for Human 
Somatic Cell Therapy Investigational New Drug 
Applications (INDs)
http://www.fda.gov/cber/guidelines.htm

AABB Standards for Cellular Therapy Services
http://www.aabb.org/sa/Pages/Standards-Portal.
aspx

EMA in EU Tissues and Cells Directives: Guideline on 
human cell-based medicinal products (EMEA/
CHMP/410896/2006) for ATMP

PMDA (Japan) Good Gene, Cellular, and Tissue-based Products 
Manufacturing Practice (GCTP)

Quality management system ISO ISO9001
ISO/TC276 (Draft)
https://www.iso.org/standard/62085.html

Foundation for the Accreditation of Cellular Therapy, FACT; US Food and Drug Administration, FDA; American 
Association of Blood Banks, AABB; advanced therapy medicinal products, Pharmaceutical and medical devices 
agency (PMDA). This table does not include the law defined in each country. These standards, guidance, guidelines, 
and practices are not intended to apply all cell therapies using CB and UC. The CB/UC bank carefully chooses and 
implements them for your intended products under the applicable law.

Table 1. 
Standards or guidance related to cord blood and umbilical cord-derived cells.
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with additional requirements like FACT/JACIE standards, when it is requested by 
the respective national regulation affairs. There are many private or private-public 
combined CB banks in the world, which tend to follow the AABB standards and 
have the inspection and accreditation (http://www.aabb.org/sa/facilities/cellthe-
rapy/Documents/AABB-Accredited-Cord-Blood-Facilities.pdf).

6. Special issues of CB and UC bank system for allogeneic use

The number of clinical trials using CB and UC-MSCs in the fields of immune cell 
therapies and regenerative medicine has been increasing. On the other hand, CB as 
a source of hematopoietic stem cell transplantation is less used recently, because the 
cell number is limited, the engraftment of HSC is delayed, and HLA haplo-identical 
HSCT is induced and controlled. These clinical trials are aimed uses that include 
severe acute graft-versus-host disease (GVHD) treatment, rapid engraftment of 
HSCT, and the prevention of severe acute GVHD. Clinical trials using CB- and 
UC-MSCs are summarized in Tables 2 and 3, respectively. We started a sponsor-
investigator clinical trial using UC-derived MSCs for patients with treatment-
resistant severe acute GVHD supported by the research fund of the Japan Agency for 
Medical Research and Development (AMED). Consistent supply is the critical key 
to conduct clinical trials and for marketing. For the stable supply of frozen CB and 
UC, or UC-derived MSCs, we have established a CB and UC bank, named IMSUT 
CORD, in our institute. This bank also provides CB and UC-MSCs for immunother-
apy and regenerative medicine products to hospitals and pharmaceutical companies 
shown in Figure 2. The bank also provides frozen CB, frozen UC, master cells, and 
the cells after master cells as an intermediate products requiring further processing 
or more culture in the companies.

The following are also the major points for managing CB and UC banking.
First, to build an adequate quality management system to serve the resource 

of cell therapy products, we have introduced the concept of the ISO 9001 and 
obtained its certification, and as a result, we introduced the concept of PDCA 
cycle. Second, involvements of various kinds of specialists must be considered. 
There are many procedures, such as collection, obtaining informed consent, 
application to ethics review committee, and document management. Third, 
health check and infection test of the donor’s mother are required to ensure that 
no infection is detected after window period of infections. In this process, both 
traceability and personal information protection must be satisfied. Fourth, we 
respect the right of decision to donate, rejection, or withdrawal. Donor’s mother 
should be explained the policy of the bank that the consented withdrawal time is 
set at the initiation of processing for clinical use. Although the CB and UC belong 
to the baby, we obtain informed consent from the donor’s mother as guardianship 
and ownership are asked to be transferred to the bank. Fifth, there is also the issue 
of how long the UC tissue and UC-MSCs can be cryopreserved. For example, in 
the Japanese public CB bank for HSCT, the CB is cryopreserved for 10 years as a 
clinical grade of HSC source. After this period, they are used for basic research or 
preclinical studies or discarded if they are not used for research. A cryopreserva-
tion period of 10 years for UC and UC-MSCs may be the first threshold to be 
checked. In addition, we disclose the information in website for the mothers who 
have not been explained about the new researches or new clinical trials at the 
first IC acquisition. Lastly, because unlike CB, the UC is a tissue considered as a 
part of the perinatal appendage, we must follow the tissue transport and medical 
disposal/waste regulations under the applicable laws or local rules and ethical 
standards.
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7. Private CB and UC banking for autologous and family use

Recently, there are an increasing number of private CB banks, which have initi-
ated to serve the cryopreservation of UC, i.e., private CB and UC bank. Using private 
autologous CB, clinical trials for cerebral palsy caused by hypoxic ischemic encepha-
lopathy (HIE) reported their efficacy [88], although the collection of CB is difficult 
for the baby in such a severe situation of delivery, resulting in the limited application 
entry. Recently, we obtained the proof of concept that the UC-MSCs attenuated the 
neurogenic and functional damage caused by intraventricular hemorrhage (IVH) in 
newborn model mice. Duke University implemented the clinical trial using allogeneic 
UC tissue-derived cells for the patients with HIE. Allogeneic off-the-shelf UC-MSCs 
are a promising source; however, we do not know the adverse events such as HLA anti-
body induction caused by long-term repeated injections of allogeneic cells. Therefore, 
autologous use of CB and UC is still challenged to be discussed continuously.

8. Conclusion

Although several problems still remain to be dissolved, operation of adequate 
CB and UC bank should be considered as the provider of cell source for regenerative 
and immune cell therapy, because of their prominent characteristics and convenient 
and noninvasive collection.
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Abstract

In this study, patentability of the human embryonic stem cell lines has discussed 
in the legal and ethical perspectives. In vitro human embryonic stem cells can be 
defined as body parts that are departed from the body. Human embryonic stem cell 
lines are constituted of differentiated self-renewal pluripotent stem cells, which 
means they have no characteristics to become a human-being. However, interpret-
ing the terms like human embryo and right to property widely can cause the human 
embryonic stem cell lines are misunderstood as unpatentable. For our point of view, 
giving the human embryo the protections of both personal rights of the donor and 
the right to property of the owner of the invention does not reduce the legal/moral 
status of the human embryo. Besides, the obligations which these rights imposes to 
their owners, such as the principle of human dignity and prohibition of financial 
gain can protect the human embryo in a better way.

Keywords: human embryonic stem cell lines, patentability, human dignity, personal 
rights, right to property, prohibition of financial gain, law, ethics

1. Introduction

Human embryonic stem cell researches (HESCRs) has been widely discussed 
in different perspectives. In this chapter, the issue will be considered from the 
perspective of the patentability of the human embryonic stem cell lines (HESCLs). 
Embryonic stem cells are derived from the inner cell mass of an embryo in the 
blastocyst stage. Embryonic stem cells are “pluripotent” cells, which means, they 
are, technically, differentiable into a wide range of cell and tissue types [1]. The 
researches on human embryonic stem cells have the potential to discover and 
develop treatments for a variety of diseases including Alzheimer’s disease, diabetes, 
neurodegenerative disorders, heart diseases, Parkinson’s disease, or anemia [1, 2]. 
HESCLs make scientific researches and stem cell treatments possible by producing 
differentiated self-renewal pluripotent stem cells. However, conflicts of interest 
arise between patients seeking treatment and human embryos from the fact that, 
while harvesting HESCs, the human embryo is destroyed.

The subject of patentability of the HESCLs has also been discussed because 
of the legal prohibition of financial gain on the human body and its parts and the 
principle of human dignity [3]. It is not possible to accept human embryo and 
HESCLs as a property that is suitable for industrial applicability when the concepts 
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are regarded with their traditional definitions. The principle of human dignity 
and the prohibition of financial gain on the human body and its parts prevent such 
acceptance. However, the human embryo and the stem cells derived from it have 
a sui generis legal and moral status. Besides, in the patentability of the HESCLs 
issue, the patentable thing is not the human embryo itself, but the pluripotent cell 
lines differentiated into self-renewal pluripotent stem cells and the method of the 
process.

In the first part of this chapter, the sui generis legal status of the human embryo 
will be discussed by interpreting the legal status of the human body parts. In the 
second part, conditions of patentability will be analyzed from the perspective of the 
patentability of the HESCLs. Finally, in the third part of this chapter, the patentability 
of the HESCLs will be viewed in the moral and ethical aspects.

2. Legal status of the human embryo

It is possible to make an interpretation based on the legal status of the human 
body parts to understand the legal status of the in vitro human embryonic stem 
cells. Such an interpretation needs a few definitions and premises:

1. We can define human body parts as the body parts of a person.

2. Human body parts can be divided into two such as inter-body parts (which 
are in a unity with the body) and the body parts that are departed from the 
body [4].

3. It is possible to divide human cells into two such as somatic cells and germ cells.

4. A human embryo is a being that is composed of germ cells of women (OVAs) 
and men (sperms).

5. A human embryo can be in vivo (in the body of the pregnant woman) or in 
vitro (in the outside of a woman’s body, probably in a Petri tube).

6. Human embryonic stem cells are derived from the inner cell mass of an  
embryo in the blastocysts stage [1].

7. Embryonic stem cells are “pluripotent” cells, which means, they are, techni-
cally, differentiable into a wide range of cell and tissue types [1]. However, they 
are not “totipotent” cells. A basic meaning of this fact is: they cannot differ-
entiate into a human embryo; they can only differentiate into specific types of 
cells and tissues [5].

8. Since we agree with the general acceptance of the human embryo has no legal 
personality, we are in the view of human embryonic stem cells of an in vivo 
human embryo is within the body parts of the pregnant woman.

However, things are much more complicated in the subject of the in vitro embryo. 
Does it belong to the donor of the ova or the donor of the sperm or both of them? 
Does it belong to the patient of assisted reproduction treatment? What happens if it 
is donated for the researches? Does it belong to the researcher? What does “to belong 
to” mean for human body parts? Does it mean ownership? Is it possible to accept 
human body parts as properties?
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According to the traditional definition, the right to property is a right, which 
gives its owner the authority to use, to enjoy the fruits and the ownership. If one 
of these three authorities not legally enjoyable for a person, then that person 
has no right to property on that property or that thing is not subject to the right 
to property. Authority to ownership means legal availability to buy and sell. 
Authority to ownership is not enjoyable for body parts because the prohibition of 
financial gain on the human body and its parts is a fundamental principle, which 
is accepted worldwide in both international and domestic regulations. Article 21 
of the Convention on Human Rights and Biomedicine (CETS No. 164) with the 
title of “prohibition of financial gain” is a good example of such regulations by 
saying “The human body and its parts shall not, as such, give rise to financial gain” 
[6]. Another example is Article 3 of the European Union Charter of Fundamental 
Rights. According to the article with the title of “Right to the integrity of the 
person,”

1. “Everyone has the right to respect for his or her physical and mental integrity.

2. In the fields of medicine and biology, the following must be respected in particular:

• the free and informed consent of the person concerned, according to the  
procedures laid down by law,

• the prohibition of eugenic practices, in particular those aiming at the selection  
of persons,

• the prohibition on making the human body and its parts as such a source  
of financial gain,

• the prohibition of the reproductive cloning of human beings” [7].

Because of the prohibition of financial gain on the human body and its parts, 
according to the general view in the French, German and Turkish doctrine, germ 
cells that are departed from the body cannot be considered as property, and giving 
harm to these cells causes a violation of personal rights, not of the right to prop-
erty [4, 8–13]. While some of the authors claim that protecting human embryos 
is possible only with the personal rights of the donors [8–10] others emphasize its 
sui generis legal status [11–13].

As it is seen while the doctrine agrees with the view of human embryos have 
a sui generis legal status and can be protected with the donor’s personal rights, 
there is no unity in the view of it is also possible to protect the right to property 
to the human embryos. As we mentioned before, it is possible to make an inter-
pretation based on the legal status of the human body parts to understand the 
legal status of the in vitro human embryonic stem cells. Because human germ 
cells are about reproductive rights, more specific protection is provided for the 
germ cells than that of the somatic cells. Because the human embryo has char-
acteristics of both the donors’ and the embryo itself and also has the potential 
to develop into a living human, more specific protection is provided for in vivo 
human embryo (for example with abortion laws) than that of the germ cells. On 
the other hand, such a more specific protection is not provided to in vitro human 
embryo, although it has the same characteristics as in vivo human embryo. From 
our point of view, protecting it with the right to property besides the protec-
tion of personal rights can give the more specific protection the in vitro human 
embryo needs.
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3. The patentability of HESCLs from the legal aspect

A patent is a legal document, which provides a right to enjoy the innovation’s 
owner and prevent third parties from violating the rights of the owner. The owner 
of the patent has the opportunity to declare the rights related to the patent to 
third parties [14]. By giving patents, states aim to encourage scientists to make 
science. An innovation that is given patent improves the scientific development of 
societies by presenting the innovation to the memory of the society. States target 
community development by authorizing exclusive competence to the owner of the 
innovation [15].

Legislations which affect the patentability of HESCLs usually regulate the 
patentability of the biotechnological inventions field, in which the applications 
about the HESCLs take part. Unfortunately there is no legislation regulates the 
patentability of the HESCLs specificly. For this reason, rules for the patentability 
of the HESCLs are reachable by interpreting legislations on the biotechnological 
inventions. Therefore, in this part of the syudy, patentability criteria and interna-
tional regulations on the biotechnological inventions will be examined in the first 
two subtitles. Then, in the third subtitle of this part, patentability of the HESCLs 
will be specificly considered.

3.1  The relationship between biotechnological inventions and patentability 
criteria

Patents are qualified with three criteria. To an application is being patented, it 
has to be novel and inventive and have industrial applicability [16]. These criteria 
are also needed for the patent application in the field of biotechnology. However, 
because of the sui generis characteristics of biotechnological researches, some 
differences appear. In the paragraphs below, the affection of the sui generis charac-
teristics of the biotechnology field on the meaning of the patentability criteria will 
be explained.

Novelty, which is the first characteristic of patentability, means going beyond 
the state of art in the field of biotechnology [17]. To a research in biotechnology is 
beyond the state of art, it has to be about a technic that is more developed than the 
technic that was known before. It is not enough the research itself has the ethical 
values that are determined by the international organizations, the novel technic 
should also be compatible with these values. The qualification on the novelty in 
the field of Biotechnology is not far more different from the qualification on the 
novelty in the other fields. However, in the field of biotechnology, there has to be 
a specific qualification, since in these innovations the materials existed in nature 
are mentioned. The fact that proteins, genes, enzymes, and such materials are 
already existed in nature and in the researches such materials are processed, the 
characteristic of novelty does not appear traditionally. For this reason, in the field of 
biotechnology studying more on material or finding the different physical charac-
teristics and forms of the materials do not eliminate the innovations characteristic 
of novelty. Also the fact that its benefits are already known does not eliminate the 
characteristic of novelty [18]. However, if the subject of the patent application has 
the same technic with the technics that are already known, it is accepted that the 
application has not got the characteristic of novelty, without considering its produc-
tion method.

The second criteria for a patent application is its inventiveness. A patent appli-
cation should be inventive. In this context, firstly, the target of the application 
should be determined. If there is a determined target for the application and if 
this target is reachable with the estimated theory and the existing information for 
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the application, it is possible to say that there is an innovation. Another matter, 
which proves that there is an invention, is the application is capable of fulfilling the 
existing needs. Besides, there should be a reasonable expectation for the technic to 
be “obviously” successful, which means each time the technic has used the conse-
quences should be the same. No application that has obvious consequences can be 
patented [19].

PharmaStem v Viacell Case of United States District Court of Delaware is an 
example of the conflicts on inventiveness in Europe. The case is about an invention 
on an isolated DNA molecule, which codes human tissue plasminogen activator 
(t-PA). The court has decided that producing human t-PA by using human recom-
binant DNA technology is an obvious consequence for any expert in the field. The 
court says that, oligonucleotide probing was a known technic, any expert could 
reach the consequence of the invention that seeking for the protection of pat-
ent because choosing oligonucleotide probs did not need a high level of skill and 
experience. According to the court, the monopoly rights given to the patent owners 
provide much more than a prize given for winning the race of recombinant expres-
sion of the gene. For this reason, the court says that the invention seeking patent 
protection could not succeed in the criteria of inventiveness. It is seen that the court 
has emphasized the obviousness of the isolation methods of DNA, not the structure 
of the molecule, and reached the conclusion of the decision should be made by con-
sidering the creativity of the method, not by considering the speed of the method’s 
application [16, 20]. As is seen, the criteria of inventiveness qualified specially in 
biotechnological researches.

The last criteria for a patent application is industrial applicability. Determination 
of the industrial applicability can be hard for a biotechnological invention because, 
in general, it is not as clear as for an invention on a gene or a protein sequence, as 
for the inventions in other fields of science. For example, in genetic researches, 
short DNA sequences’ or expressed sequence tags are used as probs. However, some 
quarters claim that expressed sequence tags do not have enough benefits for patent-
ability [16].

A patent application, when it is considered with the knowledge that is widely 
known, should include a real industrial applicability expectation, instead of a com-
pletely theoretical probability of industrial applicability. Without a clear descrip-
tion related to its method or describing the method without pointing out one of its 
practical benefits, it is not enough for the industrial applicability criteria to succeed. 
It is also not enough to relate the structure to some reachable but undetermined 
theoretical aims for the industrial applicability criteria to succeed. However, having 
no experiment or laboratory data related to the method of the application seeking 
patent protection does not show that it is not reaching the industrial applicability 
criteria. Criteria of industrial applicability cannot be dependent on experiments or 
laboratory data. It is enough to give a reasonable and reliable benefit or estimated 
data. Reliability can be supported by the possible information that can appear later. 
Because laboratory reports, expert opinions, and clinical trials related to the inven-
tion increase the reliability of the applicability of the invention, they support the 
industrial applicability criteria indirectly [21].

It is possible having no industrial applicability criteria for one part of the 
invention to affect the industrial applicability criteria of its other part. For example, 
when a part of the invention is about receptor, if the receptor has no industrial 
applicability, the agonist (compounds forming reaction in the cell by connecting 
to the cell receptors) related to the receptor also have no industrial applicability. 
Likewise, a method, which defines an agonist related to a receptor, has no industrial 
applicability, either. On the other hand, it would not be possible to say that the 
receptor, agonists, and the method of defining the agonists do not have the criteria 
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of industrial applicability if, for example, it is clarified with some in vivo or in vitro 
data in the description that it is about the treatment of obesity [16]. To sum up, the 
situation of a part of the application is the lack of the criteria of industrial applica-
bility does not mean that the whole application is not patentable. Hence, the effect 
of technological developments on the criteria of industrial applicability increases in 
each passing day.

3.2 Patentability of biotechnological inventions in international conventions

In this part of the study, international regulations on the patentability will be 
discussed. In this context, The European Patent Convention and The Agreement 
on Trade-Related Aspects of Intellectual Property Rights are important for regu-
lating general criteria for patentability and its exceptions. Directive on the Legal 
Protection of Biotechnological Inventions is especially related to the subject of our 
study by regulating the general rules and exceptions of the patentability of stem 
cells.

The European Patent Convention [22] (Convention) makes giving valid 
patents in the state parties possible. Although there is no specific regulation on 
the patentability of biotechnological inventions, it is possible to conclude by 
analyzing its general provisions. To an invention is patentable in the context of the 
Convention, it should have the criteria of novelty, inventiveness, and applicability 
in industry. In the article 53 of the Convention, the unpatentable inventions are 
counted. According to article 53/a the patent protection cannot be provided to the 
inventions which violate ordre public and morality. In the article 53/b, it is regu-
lated that the patent protection cannot also be provided to “plant or animal variet-
ies or essentially biological processes for the production of plants or animals”. Finally, 
according to the article 53/c European patents cannot be granted to “methods for 
treatment of the human or animal body by surgery or therapy and diagnostic methods 
practiced on the human or animal body”.

The Agreement on Trade-Related Aspects of Intellectual Property Rights 
(TRIP’s) is another international agreement on patentability. In the article 27 
of TRIP’s limits for the patentability of inventions are regulated. The article is 
important for having wide coverage for the protection granted with patentability. 
According to the article, nearly all inventions, without considering its place, its 
ability to export or its technological area, are patentable and thereby they can be 
released into commercial circulation like the other trade objects. However, there are 
some exceptions to this wide regulation, too. The most important exception which 
is also essential for the biotechnological inventions is “ordre public and morality”. 
This regulation of the TRIP’s has parallels with article 53 of the Convention. Both 
regulations need reconsidering because the concepts of ordre public and morality 
are open to interpretation. In this interpretation biotechnological developments 
should also be considered [15].

Another international agreement in which the patentability of biotechnologi-
cal researches and especially stem cells are regulated in Directive 98/44/EC of The 
European Parliament and of The Council of 6 July 1998 on The Legal Protection of 
Biotechnological Inventions (Directive). The Directive is criticized for including 
uncertainties and gaps. The Directive’s attribution of being blocked off in a matter of 
confliction in which it should be clarified causes difficulties in interpretation. For this 
reason, modern technologies and necessities should contribute to the interpretation 
of the Directive.

The term “biotechnology” which appears in the title of the Directive and 
constitutes its target means, application of industrial and commercial processes 
on a biological material (living cells and microorganisms) with scientific methods. 
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This definition matches up with the definition in article 2 of the United Nations 
Convention on Biological Diversity [23] dated 1992. Because the investments in the 
field of biotechnology have high risks, the investors and owners of the inventions 
need to have legal protection and the preventions against them to be removed. So, 
the target is regulating the limitations on biotechnological material, especially on 
scientific researches related to the human body; not constituting a new and special 
kind of patent for the field of biotechnology. By regulating the limitations, it is 
aimed at both supporting biotechnological developments and reaching a level of 
development proper to public order and morality which is regulated in domestic 
and international regulations [24].

In the Directive, while the prohibited and conditioned subjects are determined, 
it is also regulated whether biotechnological inventions are patentable or not. 
According to article 3(2) of the Directive, biological materials are patentable if they 
are isolated from their natural environment. The article regulates that, “The human 
body, at the various stages of its formation and development, and the simple discovery of 
one of its elements, including the sequence or partial sequence of a gene, cannot constitute 
patentable inventions”. However in the second paragraph of the same article says 
that “an element isolated from the human body or otherwise produced by means of a 
technical process, including the sequence or partial sequence of a gene, may constitute 
a patentable invention, even if the structure of that element is identical to that of a 
natural element”. According to article 6 of the Directive,

“1.  Inventions shall be considered unpatentable where their commercial exploitation 
would be contrary to ordre public or morality; however, exploitation shall not be 
deemed to be so contrary merely because it is prohibited by law or regulation.

2.  On the basis of paragraph 1, the following, in particular, shall be considered 
unpatentable:

a. processes for cloning human beings;

b. processes for modifying the germ line genetic identity of human beings;

c. uses of human embryos for industrial or commercial purposes;

d.  processes for modifying the genetic identity of animals which are likely to 
cause them suffering without any substantial medical benefit to man or 
animal, and also animals resulting from such processes.”

As it is seen, ordre public and morality are also regulated in the Directive as 
limits of patentability of biotechnological inventions. Cloning human beings, 
modifying the germ line genetic identity of human beings, uses of human embryos 
for industrial or commercial purposes, and modifying the genetic identity of 
animals are accepted to be out of the patent protection.

The problem in the patentability of HESCRs is the Directive’s tendency to use the 
term “human embryo”. However, the term “human embryo” is not defined in the 
Directive. This situation causes the term human embryo to be widely interpreted as 
if it is the same thing with pluripotent cells of the human embryo. In fact, embryonic 
stem cells are “pluripotent” cells, which means, they are, technically, differentiable 
into a wide range of cell and tissue types [1]. However, they are not “totipotent” cells. 
A basic meaning of this fact is: They cannot differentiate into a human embryo; they 
can only differentiate into specific types of cells and tissues [5]. So, in the HESCRs 
pluripotent stem cells are used, processed, and human embryonic stem cell lines are 
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produced. Neither pluripotent stem cells nor the human embryonic stem cell lines 
are the same thing with human embryos. Besides, it is not possible for both of them 
to be used for producing or cloning human embryos. Pretending as if they are the 
same thing with the human embryos causes the patentability of human embryonic 
stem cell lines to be trapped into the discussion of the destruction of human embryos 
for research purposes which is another, but not the same, side of the story. As it is 
seen, when the knowledge learned with modern technology is not gathered with 
the regulations written before by the way of interpretation, the regulations cannot 
succeed in their aims.

As an example of the problem mentioned above, the European Court of Justice 
has decided in its Oliver Brüstle v Greenpeace eV. case (dated 18.10.2011, numbered 
c-34/10) that an application is unpatentable by interpreting the term of human 
embryo widely, in the context of article 6(2)c of the Directive. When the case is 
analyzed, it is seen that the Court has considered the principle of human dignity 
and the prohibition of commercial use in its decision. However, interpreting every 
patent application related to HESCRs within the contexts of human dignity and 
commercial use would cause a broad interpretation which is contrary to the aim of 
the Directive. Surely, human dignity is a fundamental principle, which should be 
considered in every legislating and interpreting process and the Directive serves 
for human dignity with all of its existence. However, both the Directive and the 
other international regulations on the matter also aim to support the researches to 
find treatments for severe and life quality reductive diseases such as Alzheimer’s, 
pancreas cancer, blindness, and Parkinson’s. For this reason, terms like human 
dignity, human embryo, or commercial use should not be interpreted in a way to 
cause go far from the total target. Preventing inventions with cruel commercial and 
industrial purposes and presentation of such inventions to the use is a noble cause 
which should be granted with legal regulations. However, steps to this cause should 
not be stopped from preventing human suffering. HSCRs need large amounts 
of economic resources. In order to that economical resources are granted, and 
researches are developed, patents are very important. The fact that an invention 
has an economical value should not shadow its necessity for the sake of human-
kind. However, to maintain the necessities of human dignity, the opportunity for 
each human being to reach such inventions in an equal way should be granted in 
the legal regulations.

3.3  The effect of the protection of the absolute rights on the patentability of the 
HESCLs

The sui generis legal status of human embryo basis on the characteristics of the 
ability to develop into a living human being, a person [4]. Because of this sui generis 
legal status and developments in science and medicine especially in the field of stem 
cell science, new interpretations on the right to property appeared. According to 
such interpretations, it is possible to provide human embryos the protection of both 
personal rights and the right to property. Providing the protection of the right to 
property besides the protection of personal rights do not decrease the legal status 
of the human embryo that of the property [4, 25]. On the contrary, providing extra 
protection increases the legal status of the human embryo [26, 27]. However, if 
these cells will be used as a continuation tool of the donor’s personality with the 
assisted reproductive technologies’ help it is better not to entitle them the legal 
status of the property [25]. In order to the subject of patentability of HESCRs is 
understand better, in this part of the study we will clarify the terms of personal 
rights and right to property, which are the branches of the absolute rights, the 
subjects of these rights, and the necessities of these rights for the patentability.
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Absolute rights are the rights that give its owner the broadest power over the 
owner’s own personality and the property they are subject to. Everyone must 
respect these rights and obey the limits drawn by them. In this respect, absolute 
rights are powerful rights that can be claimed against every third person. Personal 
rights are a type of absolute rights, which arise from being a person and they are a 
tool for the protection of the human embryo. With these rights, which cannot be 
waived, transferred be converted into money and can only be subject to a claim for 
compensation in case of violation, it is desired to protect the person’s material and 
moral existence.

As it is mentioned before, HESCs are body parts that can be departed from the 
body and they include their donors’ personal data. For this reason, personal rights 
of the donors’ need to be protected in the HESCRs. It is important to protect the 
personal data with personal rights against the interventions of the third parties. In 
his scope, personal data of the donors are under the protection against revealment 
and unauthorized use with the domestic and international regulations. Oviedo 
Convention [28] is a good example for such international regulations. According to 
article 5 of the Oviedo Convention;

“An intervention in the health field may only be carried out after the person 
concerned has given free and informed consent to it.

This person shall beforehand be given appropriate information as to the purpose 
and nature of the intervention as well as on its consequences and risks.

The person concerned may freely withdraw consent at any time.”

Article 22 of the Convention is also important for the subject of this study. 
According to the article 22, “When in the course of an intervention any part of a 
human body is removed, it may be stored and used for a purpose other than that for 
which it was removed, only if this is done in conformity with appropriate information 
and consent procedures.” If we interpret the articles for the case of HESCRs, we can 
say that before the human embryo is or the ova and sperms to constitute the human 
embryo are taken from the donors, the informed consent of the donors should be 
taken. The informed consent should include the purpose, process, and possible 
conclusions of the intervention. If the purpose of the intervention was, for example, 
treatment of assisted reproduction but the purpose has changed after having 
surplus embryos and the experts are willing to use the surplus embryos for HESCRs, 
they should take a new informed consent from the donors and clear the target, pro-
cess and possible conclusions of their new purpose, too. As it is seen, it is not pos-
sible to accept the patent application for HESCRs if the application includes HESCs 
that is taken without the donor’s informed consent. And if such research is done, the 
personal data of the donor will be protected with his/her personal rights [29].

As the personal rights of a person are protected against the interventions of the 
third parties, they are also protected from the person’s him/herself. The inalien-
able characteristic of personal rights requires the prevention of gaining economic 
benefits from the human body parts by the rule of the prohibition of financial gain. 
As it is mentioned above, it is not possible for a person to sell his/her body parts for 
research and therefore, such research would be unpatentable. Human body parts of 
the donors- for our case of study their human embryos or HESCs- are protecting 
as being their personal data with their personal rights. The restriction of having 
financial gain from the person’s own body parts is a necessity of human dignity.

The right to property is also claimed to be a tool for protecting departed human 
body parts. The right to property is one of the absolute rights. Absolute rights can 
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be divided into two, such as; absolute rights on tangible properties and absolute 
rights on abstract entities. Absolute rights on tangible properties are rights that give 
its owner direct control over the property and such rights can be claimed against 
everyone. Absolute rights on the abstract entities are defined as intellectual property 
rights. The intellectual property rights are the rights of individuals regarding their 
thoughts, intelligence, knowledge, and feelings. They are the rights of the products in 
the field of art, literature, law, or science. Such a right to property is not constituted 
on the product, it is directed on the intellectual property which has a legal entity 
independent of the product itself. Both property rights on the tangible properties and 
the intellectual property rights provide a superior power of protection to its owner. 
In the HESCRs, the object of the patent application, the object that the right to 
property is wanted to be constituted on, is not the body part of the donor. The object 
of the patent application to which the protections of the right to patent is wanted 
to be granted is the method or the HESCL which is produced as a conclusion of the 
application of the method. So, it is not possible to the right to property is constituted 
on a body part. Besides, HESCs themselves is not patentable since such an object of 
the patent application would not have the criteria of novelty and inventiveness. The 
thing that makes HESCs patentable is the technic, the scientific method applied to it.

It is possible to mention intellectual property rights in the patentability of 
the methods of the HESCRs. However, in the patentability of the HESCLs, since 
the object of the patent application is the stem cell line which is produced as the 
consequence of the research, a property right on the tangible properties should be 
mentioned. While the right to the property gives several rights to its owner, it also 
imposes several obligations. In this scope, the kinds of embryonic stem cells that 
the right to property can be constituted, the techniques that can be patented, and 
the ways that the patents can be used should be evaluated under the obligations 
imposed by the right to property. One of the obligations imposed by the right to 
property and thus the patent is that a legal act contrary to ordre public and morality 
should not be protected by the legal system. For this reason, with this obligation 
imposed by the right to property, the patent owner cannot act against human 
dignity while exercising his/her rights [29].

To sum up, HESCs, which are a kind of body parts that can be departed from 
the body, can be protected with both personal rights and the right to property. The 
protection granted with personal rights is for the favor of donors. This protection 
appears by both taking their informed consent and prohibiting the financial gain. 
However, the right to property is for the favor of the owner of the invention. With 
the right to property of the owner of the invention, the technique he/she applies on 
the HESCs and/or the HESCLs produced as the consequence of the technique are 
protected. So, the object which provides financial gain and the right to property will 
be constituted on is the technique of the owner of the invention and/or the HESCLs 
produced as a consequence of the technique. Another value that should be consid-
ered is the principle of human dignity. It is possible to prevent the patent applica-
tions contrary to human dignity, with the restrictions provided by the personal 
rights and obligations imposed by the right to property. By giving the patent right 
for the HESCRs, this researches will have economic support, which will help the 
development of science. This way, there will be an opportunity to find and develop 
the treatments of severe human diseases.

4. Ethical/moral discussions on the patentability of the HESCLs

Ethical debates on both HESCRs and the patentability of the HECSLs find 
their basis in the debate on the legal/moral status of the embryo. We have mainly 
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discussed the approaches to the legal status of the embryo in the first part of the 
study. The subject of legal status of the human embryo is mostly related to the 
ethical questions that arise due to the destruction of the embryo by HESCRs. In this 
part of the study, we will first consider ethical debates on stem cell discussions in 
general and then ethical debates on the patentability of the HESCLs based on these 
discussions.

The basis of the views which claim that HESCRs are unethical is the acceptance 
that the embryo is a part of human development. According to such views, embryo 
stage, which is a part of human development such as the stages of fetus, baby, child, 
old age, is also a humanbeing and is under the protection of human rights. Using 
the human embryo to treat diseases is the instrumentalization of humans. However, 
human should be an end, not a tool. This view may be called as “nongradualist 
position” [30].

It is clearly seen that the Kantian understanding of morality underlies this view. 
According to this, human beings are dignified and have certain rights due to their 
potential to be an intelligent and autonomous creature [31]. For the same reason, 
the embryo deserves the protection of human rights due to its potential to be a 
creature with intelligence and autonomy, just like other people who are lack of intel-
ligence and autonomy. This view, in the discussion of Kantian moral philosophy, 
which will be discussed below, adopts the idea that the embryo does not have to 
have reason and autonomy, therefore, having this potential is sufficient to benefit 
from the protection of human rights [32].

The second argument in the debate about the status of the human embryo is that 
the human embryo is a creature to be protected and respected, but does not have the 
quality of a fully developed baby. The moral status of the embryo increases with its 
development. Once formed, it gains the right to be protected as a human and to have 
rights. In this mode of understanding, the moral status of the embryo is not absolute 
but related to other moral elements. So it is at a relative level. When it comes to the 
possibility and benefit of other people’s treatment, the moral status of the embryo 
at a certain stage of development is decided by comparing it with this benefit. If the 
benefit to be achieved is a state of “goodness” that is superior to the destruction of 
the embryo, then destroying the embryo is not considered wrong. This argument 
provides an ethical opportunity for HESCRs [33].

Another question that needs to be answered after the question of whether the 
human embryo has the right to life is whether the human embryo is a carrier of 
human dignity. The main issue here is whether it is possible to talk about human 
dignity where there is no human life. For example, if we do not accept the embryo’s 
right to life, will we be able to honor it? In the doctrine, it was argued that the right 
to life and human dignity should be evaluated separately. It has been determined 
that there is human dignity wherever there is human life, but it cannot be said that 
there is no human dignity where there is no human life. However, the reason why 
the human embryo is honored here is because the dignity of the potential future 
person is preserved [34].

In another view, which describes the relationship between human rights  
and human dignity in a similar way and is based on the idea that the right to life 
and human dignity can exist independently, a distinction is made between respect 
for human life and the right to life with regard to the status of surplus human 
embryos. The human embryo is respected in terms of respect for human life. The 
right to life, on the other hand, is evaluated independently of this respect and is 
recognized gradually depending on passing certain stages. The result of this is 
that in some cases the general well-being outweighs the respect for the life of the 
human embryo. However, according to this opinion, the fact that the embryo can 
be sacrificed for the good of the society does not mean that the human embryo 
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is not honored. Even if the human embryo does not have the right to life, it has 
honor. This view is based on the assumption that the benefit of humanity is 
superior to respect for the life of the human embryos that will be destroyed under 
any circumstances and is criticized by its opponents as being consequential [35]. 
This view has also been criticized for its contradiction. It was stated that if the life 
of the embryo is respected, human rights should be given to it. It has been argued 
that the solution to this complicated issue would only be possible if the in vitro 
fertilization method is limited with fertilizing the OVAs that will be transferred 
to the uterus. Only in this case the human embryo is not instrumentalized and 
human dignity will be preserved [36], which is not possible for the current level of 
development of the assisted reproductive techniques.

John Harris, on the other hand, argues that the embryos that occur due to 
the in vitro fertilization method or miscarriages should be used instead of being 
wasted. He bases this thesis in the “Waste Prevention Principle”. The other option, 
which is wasting the resources, argues that there are very strong moral reasons for 
using these resources for a useful purpose. He states that if the surplus embryos 
are already going to be destructed, it is not wrong to use them for a good purpose. 
He goes one step further and claims that organ transplantation from a fetus sub-
jected to abortion is not different from organ and tissue transplantation from a 
cadaver [37].

Among the views which claim that HESCRs are supportable, there is another 
view that refers to the fact that the right to life is not an absolute right and that 
restrictions can be placed on this right in order to find treatment for incurable 
diseases. The basis of this view is the acceptance that the human embryo is a human 
and has the right to life. The view suggests that there is a conflict of interests 
between the right to life of the human embryo and patients seeking for treatment 
and in this conflict of interests finding treatment for severe diseases can be  
preferred [38].

The topic is getting a little more complicated in therapeutic cloning. Because, 
unlike the case of harvesting HESCs from surplus human embryos, in the thera-
peutic cloning the human embryos are created only for the purpose of harvesting 
HECSs. While the using surplus human embryos derived from the in assisted 
reproductive treatments is still discussive, it is claimed in the doctrine that creating 
embryos only to use them for therapeutic HESCRs or treatments of patients is much 
more problematic in the ethical aspect. In the initial phase of this technique, the 
nucleus removed from the patient is transferred to the OVA and a human embryo is 
created. The created human embryo however, is not transferred to the uterus and is 
used to obtain HESCs. Since the embryo has nearly the same genetic characteristics 
with the patient who will benefit from the HESCs, it is used in the treatment of 
the patient’s diseases and in the process of organ formation for transplantation to 
the patient. The main problem in therapeutic cloning is that the human embryo 
is formed to be destroyed for the treatment of another person’s diseases. In other 
words, the human embryo is produced to be destroyed for the benefit of another 
person or society.

According to the views that oppose to the therapeutic cloning technique, even 
if it has a therapeutic aim, this technique makes the embryo only a tool for the 
treatment of another person, and moreover, to know that the embryo will be 
destroyed at the very beginning of this process means the denial of any value of 
human life and accordingly the violation of human dignity [36]. As mentioned 
earlier, it has been suggested that the embryo can be attributed to pre-life dignity 
from the view of it has a potential to become a fully developed human being. 
However, in cloning for therapeutic purposes, the human embryo will not be able 
to benefit from honor protection retrospectively as the human embryo was not 
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created to become a human being. In other words, since the human embryo does 
not have the characteristics of a fully developed human being, its dignity will not 
be violated [39]. In this context, we need to evaluate whether the embryo is digni-
fied or not according to Kant’s ethics, which is our mainstay of human dignity. 
First of all, it has been claimed that making a differentiation between human 
dignity and the right to life made in German Law in order to protect dignity in 
terms of embryos and the dead was incompatible with Kant’s understanding of 
human dignity [40].

The view of the human embryo does not have human dignity is referred to by 
many authors by referencing the views of Kant. According to this, it is said that 
the embryo should not be honored as it does not have the characteristics of being 
self-aware, taking responsibility for its actions, acting independently, based on 
Kant’s grounding of human dignity within the framework of moral autonomy. 
However, this view was opposed, and it was argued that Kant did not connect 
human dignity to actions and fulfillment of these acts. According to Kant, anyone 
who has the capacity to act morally should be considered as an honored person in 
an experimental manner. Every human being has the capacity to take moral action 
that comes from being human. In Kantian ethics, human dignity is a concept which 
belongs to the imaginable world (the universe of noumens). Since honor belongs to 
the imaginable world and has a super-experimental quality, criteria such as brain 
activity belongs to the world of phenomena (universe of phenomena), life capacity 
outside the mother’s womb should not be taken into account. The embryo should 
be dignified from the moment of fertilization. According to this view, although the 
human embryo cannot use its capacity to act morally, it has been said that it should 
be regarded as an honored person because it has this ability [40, 41].

However, in the doctrine, there are views which also claim that it should be dis-
cussed briefly whether therapeutic cloning is an ethically problematic technique or 
not because finding treatments for severe human diseases is also a noble aim which 
serves to the human dignity. According to this view, in the therapeutic cloning, it is 
aimed to create a somatic cell or tissue type from another somatic cell. The fact that 
a step for this method is creating a human embryo and destroy it to harvest HESCs 
should not affect the whole purpose in a bad way. The created human embryo was a 
somatic cell which is processed to become another human cell, tissue or organ type, 
which means it was never going to be a fully developed human being. Indeed, the 
hope for finding and developing treatments for severe human diseases is an impor-
tant and unignorable necessity. For this reason therapeutic cloning technique which 
is legally accepted in some states such as United Kingdom and Holland deserves to 
be discussed without pretending as if it is the same thing with reproductive cloning 
which aims to produce human beings [42].

When the human dignity is violated is another point that should be mentioned. 
Human dignity becomes meaningful as an absolute law, as the human beings see 
themselves as an end and treat all other people in the same way. It goes beyond 
trends, personal qualities and acquires a universal quality. Just as we cannot hold 
the person who is used as a tool legally responsible for a passive act carried out by 
destroying his will over another; likewise, we cannot hold people responsible for 
their actions against their wills. Conversely, man is responsible for what he does, not 
what he suffers. However, by acting contrary to the value of her/his own species, 
of which a she/he is a member, she/he can act inappropriate to her/his own human 
dignity. The prerequisite for being understood with human dignity and its being so 
valuable seems to be protected by a good understanding of this value and thus by 
considering it with this understanding and valuing it at least as much as the value it 
finds in its own person. In this context, any interference with the possible right to 
life of the embryo, regardless of whether it human dignity or not, can be regarded 
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as a behavior that violates human dignity if it can be considered as a behavior 
contrary to the value of the species of which a human being is a member.

All these debates also constitute the basis for the debate on the patentability of 
the stem cell. According to our point of view, it would be appropriate to evaluate the 
ethical discussions about patentability of the HESCLs in the same way the discus-
sions on HESCRs are evaluated. So it would be meaningful to divide the topic of 
patentability of the HESCLs into two such as the patent applications that use surplus 
human embryos for their methods and the patent applications that create human 
embryos for their methods.

The first criticism of the patenting of HESCLs is that the human embryo has 
been instrumentalized, made into something tradable and of commercial value, 
just like the HESCRs. However, as mentioned in the previous sections, the subject 
of the patent is not the human embryo or HESC itself, but the processed state of the 
HESCs taken from in. In other words, it is not possible to patent the human embryo.

This criticism should be considered separately in terms of the therapeutic clon-
ing method, which includes the process of destroying the human embryo produced 
for the treatment of another person. As it will be remembered, this method was 
subject to heavy criticism that the human embryo, which has a life potential, 
would be instrumentalized in the production process, since human embryos were 
produced for the treatment of another person. If this view will be supported, the 
criticism that the human embryo is instrumentalized in the whole process in which 
it is already known that the human embryos will be used for therapeutic purposes 
and will be subject to patents after some procedures in which the stem cell in the 
human embryo is taken and subjected to a certain stage of this treatment would 
seem meaningful. When this point of view is accepted, developing a moral argu-
ment to meet the criticisms becomes striking.

On the other hand, considering the arguments for the ethical acceptability of 
HESCs, it becomes difficult to argue that patentability is a tool for instrumental-
ization. This will be the case especially for surplus human embryos or the human 
embryos with low result which are derived as a result of the application of assisted 
reproductive treatments. As stated above, within the framework of the principle 
that Harris named as the “Principle of Prevention of Waste”, it is possible to say 
that the destruction of the human embryos that will already be destroyed for a 
good purpose such as treatment cannot be different from the organ transplantation 
from a patient with brain death. Here, the debate of whether instrumentalization 
by patenting would be possible will come to the fore, since it will not be possible to 
instrumentalize the human embryo with stem cell studies alone.

It will be better to emphasize once again that it would not be correct to consider 
the inventions to be made thanks to stem cells obtained by this method as if it is the 
same thing with the patenting of the human embryo. In our opinion, the human 
embryo is not suitable for patenting on its own. Its moral/legal status does not allow 
it. Just like organ donation, the human embryo should only be offered by donation, 
and it should be prohibited to sell it for financial gain. However, it is also clear that 
using surplus embryos for therapeutic purposes is a morally supportable way. For 
this reason, the use of surplus human embryos to find new treatment is morally 
acceptable, and should be encouraged and facilitated.

The fact that HESCRs are highly expensive should also be considered. The 
sustainability of these studies despite this cost depends only on the fact that some 
financial gains can be obtained thanks to the inventions that will emerge as a result 
of these studies. If this opportunity is not provided, these studies can be carried 
out in an extremely narrow and barren framework. By considering this point, it 
seems appropriate to provide the financial support required for the continuation of 
these researches and treatments, which serve a great purpose such as the benefit of 
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humanity, through patents. However, since the issue of patenting stem cell studies 
is an issue that directly affects human life in many ways, just like organ transplanta-
tion, every stage should be handled with sensitivity and all kinds of abuse should be 
prevented. For this reason, a condition of patentability will be that the works to be 
carried out are in accordance with public order and ethical principles. In addition, 
prescribing appropriate restrictions, will prevent violation and abuse of rights.

5. Conclusion

As it is seen, misunderstanding the term of human embryonic stem cell line 
and pretending as if it is the same thing with human embryo that has a potential 
to become a human being causes it to be understood as an unpatentable value. 
Likewise, interpreting the right to property in its traditional definition causes 
biotechnological inventions to have difficulties to succeed the criteria of patent-
ability. However, developments in the medicine and science, the need for treatment 
for the severe human diseases, and the high costs of the human embryonic stem cell 
researches make the patent protection a necessity for the human embryonic stem 
cell lines. So, modern interpretations for fundamental rights and principles and new 
regulations on the biotechnological inventions become a need for such researches to 
be made and researchers to be supported for finding and developing treatments.

For a view in the doctrine, which we are agree with, providing the protection of 
the right to property to the human embryos is possible and it does not mean that 
human embryo is in the low status of a property. The sui generis legal status of 
the human embryo needs a sui generis protection. According to our point of view, 
providing the protection of both the personal rights of the donor and the right to 
property of the owner of the invention does not reduce the legal/moral status of 
the human embryo. On the contrary, providing extra protection is a proof for its 
high moral/legal status. Thanks to the obligations the personal rights impose its 
owner, the donors cannot have financial gain from selling their human embryos. 
And thanks to the obligations the personal rights impose to the third parties, 
the researchers cannot use the human embryos without their informed consent. 
Otherwise sanctions of private and criminal law appears because of the violation of 
personal rights based on the protection of the personal data of the donors and the 
research and it consequences become unpatentable. The same situation also appears 
with the right to property and accordingly patentability. Thanks to the prohibiton 
of having financial gain from the human body and its parts, a researcher cannot 
patent the human embryo or human embryonic stem cell. The researcher has to 
find a novel, inventive, and industrially applicable method for producing human 
embryonic stem cell lines or invent a new method for a treatment. The owner of 
the patent is restricted with both the criteria of patentability and the principle 
of human dignity. By this way owner of the patent right is supported for making 
expensive and difficult inventions for the human diseases to be treated and has to 
do it appropriately to the personal rights of the donor, criteria of patentability and 
the principle of human dignity.
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Abstract

Neurological disorders (NDs) are diseases of the central and peripheral nervous 
system that affected the hundreds of millions of people worldwide. Temporal lobe 
epilepsy (TLE) is a common NDs with hallucinations and disturbance of consciousness 
that cause the abnormal neurological activity in any part of brain. Neuroinflammation 
(NI) has been identified in epilepsy-related tissue from both experimental and clinical 
evidence and suspected to participate in the formation of neuronal cell death, reactive 
gliosis and neuroplastic changes in the hippocampus, may contribute to epileptogen-
esis. The NI is tightly regulated by microglia, but it is thought that excessive or chronic 
microglial activation can contribute to neurodegenerative processes. Therefore, the 
modulation of microglia responses may provide a therapeutic target for the treatment 
of severe or chronic NI conditions. Although the condition responds well to antiepi-
leptic drugs (AEDs), there are still unresponsive to AEDs in about 1/3 of cases. Neural 
stem cells are the origin of various types of neural cells during embryonic development. 
Currently, many results of stem cell therapies in the animal experiments and clinical 
trials were demonstrated the efficacious therapeutic effects in the attenuated symp-
toms of ND. Therefore, the combined application therapies of stem cells and drugs may 
be a promising  candidate for the therapeutic strategies of NDs, especially TLE.

Keywords: combined application therapies, stem cells, drugs, neurological disorder 
attenuation

1. Neurological disorders in people

When the disorders occurred in the brain and spinal cord included cranial 
nerves, peripheral nerves, nerve roots, autonomic nervous system, neuromuscular 
junction, and muscles, etc., these disorders were named neurological disorders 
(NDs). NDs are complicated and that are caused by a loss of neurons and glial cells 
in these injured areas in brain or spinal cord. NDs include epilepsy, Alzheimer’s 
disease, Parkinson’s disease (Figure 1), dementias, cerebrovascular diseases 
(stroke, migraine, and headache disorders, etc), multiple sclerosis, neuro-infected 
disorders, brain cancer-caused disorders, head trauma-caused traumatic  nervous 
 disorders, and malnutrition-induced NDs. Currently, NDs can affect about hun-
dreds of millions of people worldwide. Among NDs, more than 50 million people 
have epilepsy worldwide [1].
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2. Epilepsy

Approximately 1–3% of the worldwide population suffers from epilepsy. 
Pharmacotherapy represents the mainstay of treatment for most of the patient 
population. Moreover, surgery is another option for patients in whom a defined 
resectable seizure focus can be identified by brain imaging and seizure mapping 
techniques. For patients whose seizures cannot be controlled by antiepileptic drugs 
(AEDs) or not viable for surgery, vagal nerve stimulation will be a third possible 
option [2]. Unfortunately, there are a significant number of patients with epilepsy 
continue to live with uncontrolled seizures. Therefore, there is a clear need for more 
efficacious therapies for these epileptic patients with uncontrolled seizures. In order 
to identify an efficient therapy for preventing epileptogenesis, a validated animal 
model is required for translating discoveries at the molecular and genetic basis of 
epilepsy [3].

3. Neuroinflammation causes of epilepsy

Neuroinflammation is an underlying component of a diverse range of 
neurodegenerative diseases and their associated neuropathology, and increasing 
evidence suggests that microglia are a key causative factor in this process. Microglia 
comprised approximately 12% of cells in the brain [2]. They predominate in the 
gray matter especially in the hippocampus, olfactory telencephalon, basal ganglia, 
and substantia nigra. Commonly, microglia are readily activated in response to 
brain injury or immunological stimuli. Over-activated microglia can induce highly 
detrimental neurocytotoxic factors such as superoxide, nitric oxide (NO), and 
proinflammatory cytokines (IL-1β, IL-6, and TNF-α, etc.). In status epilepticus 
(SE), activated microglia have been shown to be present microgliosis [2, 3]. 
At present, many evidences have demonstrated rapid astrocyte and microglial 
activation following pilocarpine-induced seizures or SE. However, whether 
pilocarpine directly activate microglia is poorly understood.

Figure 1. 
Parkinson’s disease model. Mice were treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) by 
intraperitoneal injection once per day for continuous 5 days to induce Parkinson’s disease ①. The experimental 
process of Parkinson’s disease was described ②. ③ was the experimental end point.
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4. Treatments of epilepsy

SE is a major neurologic emergency which is characterized by continuous 
seizures lasting greater than 5 minutes, and SE generation may increase the mortal-
ity and morbidity in patients [4–6]. The mechanism of SE generation is believed 
to correlate with the increase of excitatory activity and/or the decrease of inhibi-
tory activity in the brain [7, 8]. Treatments can help epileptic patients to decrease 
seizures or stop seizures. These therapeutic treatments include medicines (anti-
epileptic drugs, AEDs), surgery, special diet (ketogenic diet), and electrical device 
therapy, etc. Traditionally, the strategies of SE treatment included the augmented 
inhibitory neurotransmission and/or reduced excitatory neurotransmission by 
pharmaceutical administration, but the clinically AEDs still fail to control the 
seizures in approximately 20–40% of SE patients [9–13]. Moreover, the underlying 
mechanisms of AEDs-resistant SE are still unclear, and it is important to figure 
out the response of pharmaco-resistance in intact brain for the development of 
 promising treatment.

5. Characteristics, types, and therapy of stem cells

The treatment of epilepsy is not cured for a long time, and frequent seizures 
have brought endless troubles to the majority of patients. Nowadays, the treat-
ment of epilepsy is no longer a medical problem, and can finally be completely 
ended. Only because of the advent of stem cell transplantation therapy, an indel-
ible milestone has been set for the treatment of epilepsy. Stem cell transplantation 
technology has brought good news to patients with epilepsy, and has achieved a 
major new medical breakthrough in the treatment of epilepsy. Stem cell treatment 
of epilepsy is to inject healthy and young stem cells (SCs) into the patient’s body 
through intravenous injection to replace their diseased or aging tissues and organs 
for the purpose of treating epilepsy.

Whether stem cell therapy effective for these epileptic patients who are not well 
treated by surgery? What is the principle? Stem cell transplantation increases the 
number of neurons In fact, it mainly uses the differentiation function of neural 
stem cells. Neural stem cells (NSCs) can divide and differentiate into corresponding 
cell types in the brain according to the induction of their surrounding microen-
vironment. Their morphology and function are very similar to those of nearby 
host cells, and they have a certain degree of safety. However, for drug-resistant 
intractable epilepsy, especially the effect of temporal lobe epilepsy (TLE) is better. 
TLE is caused by the degeneration, necrosis, and decrease in the number of hip-
pocampal neurons, which leads to a decrease in the inhibitory neurotransmitter 
γ-aminobutyric acid. However, stem cell transplantation can repair and increase 
the number of γ-aminobutyric acid neurons. Therefore, restoring the balance of 
inhibitory neurotransmitters and excitatory neurotransmitters may fundamentally 
cure TLE.

The principle of cell therapy is easily described as your own cells as “autologous 
cells” or other people’s cells as “allogeneic cells”. After in vitro culture or processing 
procedures, these treated cells are introduced into the patient’s body for apply to 
achieve the purpose of treating or preventing diseases [14].

SCs can build every tissue in the human body, there they have great potential 
for therapeutic applications in tissue regeneration and repair. SCs can differentiate 
into specific cell types. SCs’ characteristics are the perpetual self-renewal and the 
differentiation ability to become a specialized adult cell type. Currently, two major 
classes of SCs are pluripotent SCs (PSCs) and multipotent SCs (MSCs) [14].
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PSCs can differentiate into any cell in the adult body and it also was named “embry-
onic stem cells”. Recently, “induced PSCs” (iPSCs), with some of the same PSCs’ char-
acteristics as proliferation, morphology and gene expression were yielded adult cells 
back into the pluripotent state via applying the molecular manipulation (added Klf4, 
c-Myc4, Lin28, and Nanog). Unfortunately, these iPSCs via genetic engineering are not 
likely approved for human disease therapy. Consequently, the results of a purely chemi-
cal approach to deliver safer transcription genes into the cells look promising [14].

MSCs are only restricted to differentiate a limited cell population. MSCs were 
found in bone marrow and have been used therapeutically since the 1960s. Recently, 
the new sources for MSCs such as the placenta, heart, umbilical cord blood, and 
brain were found. In the brain, neuro-progenitor cells have differentiated abilities to 
become neural cells. MSCs may have a potential for clinical application. MSCs have 
the plasticity to become all the progenitor cells or become only one or two special-
ized cell types of a particular tissue [14]. Based on our in vivo model, the results of 
SCs therapy in the epileptic research have some progress (Figure 2).

SCs can develop into cells of different specialized cell types in the body and grow 
into new body tissues. For example as transformation into different body cell types, 
including muscle cells, nerve cells, and blood cells. SCs have the potential to treat 
many diseases, including stroke, heart attack, spinal cord injury, and macular degen-
eration, etc. Whether SCs be used to treat epilepsy? Since most cases of epilepsy can 
be attributed to differences in receptor expression in the brain (due to mutations), 
theoretically correcting these may reduce the likelihood of electrical seizures in the 
brain. In addition, during status epilepticus, excitatory overload sometimes kills neu-
rons, especially neurons in the hippocampus. Over time, this actually worsens the 
condition and leads to the development of temporal lobe epilepsy (TLE). Although 
AEDs can treat seizures, the damage to the temporal lobe is usually irreversible and 
permanent, and current treatments do not solve this problem [15–17].

Figure 2. 
Pilocarpine-induced status epilepticus model. Mice were firstly pretreated with scopolamine by intraperitoneal 
injection for 30 min before the induction of SE. Later, pilocarpine was administrated via intraperitoneal 
injection. Two hours after SE onset, mice were treated intraperitoneally with diazepam to terminate seizures. 
The process of status epilepticus was described as ① + ②. After one day post pilocarpine induction, stem cell 
therapy was performed until the experimental end point ③.
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The scientific research of SCs in the treatment of epilepsy were showed as (1) PSCs 
transplantation to treat TLE: Human induced pluripotent stem cells (hiPSCs) are 
induced to develop into any type of cells in the body, including GABAergic interneu-
rons. According to literatures, GABAergic interneuron progenitor cells derived from 
hiPSC were transplanted into the hippocampus of a TLE model to observe its efficacy. 
The results were presented that medial ganglion cells (MGE) derived from hiPSCs 
after the cell transplantation into the hippocampus. Later, researchers successfully 
reduced the frequency of seizures and reduced the loss of GABAergic neurons. (2) SCs 
were obtained from the patient’s own bone marrow to treat TLE: the use of autologous 
mesenchymal stem cells in patients with epilepsy can reduce overall seizure frequency. 
SCs are obtained from the patient’s own bone marrow and intravenously administered 
into the spinal cord. One year later, 30% epilepsy patients had a complete remission 
(without seizures), and 50% epilepsy patients who had not previously responded to 
the medication began to respond well [18–20].

6. Anti-epileptic candidate drugs

During neuro-inflammation, the pro-inflammatory cytokines as 
interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha 
(TNF-α) produced by activated microglia or astrocytes provoke pathological 
signaling cascades through the activation of phospholipase C and phospholipase 
A2. Later, the release of non-esterified arachidonic acid (AA) from phospholipids 
and the formation of lysophospholipids and bioactive eicosanoids by oxidized 
enzymes. Three enzyme systems, cyclooxygenases, lipoxygenases, and cyto-
chrome P450 (CYP) epoxygenases metabolize released AA to lipid metabolites as 
prostaglandins, leukotrienes, and epoxyeicosatrienoic acids (EETs), respectively. 
Brain parenchymal tissue metabolizes AA to EETs via the CYP epoxygenase, 
which regulate cerebral blood flow and perform anti-inflammatory and anti-
apoptotic effects. Previous results were showed that hypoxia and ischemic 
preconditioning experiments have shown that the increased expression of CYP 
epoxygenase and EETs in brain may confer protection from ischemic stroke 
induction. EETs signaling may play a role in suppressing the ischemia-evoked 
inflammatory cytokine responses in the brain circulation. Soluble epoxide hydro-
lase (sEH) is a key enzyme for metabolic conversion of EETs into their less active 
form, dihydroxyeicosatrienoic acids. The inhibition of sEH has been used to 
increase systemic EETs level and bioactivity. By using pharmacologic inhibitor or 
genetic deletion, the inhibition of sEH attenuated the vascular and neural injury 
induced by cerebral ischemia, suggesting sEH might be a novel target in treatment 
of stroke. In response to these findings, we hypothesized that sEH is involved in 
neuroinflammation-related epileptogenesis [21].

The sEH enzyme has thus been identified as a therapeutic target for inflamma-
tion, and therefore might serve to treat inflammatory pain [21]. Previous studies 
shown that during peripheral inflammatory, pain GABA A receptor mediated syn-
aptic inhibition was enhanced in neurons [22]. Inhibition of sEH may have elevated 
the GABA agonists levels and enhance spinal GABAergic transmission [22]. In this 
context, the basis of kindling-induced epileptogenesis has been hypothesized that 
enhanced and/or attenuated activation in pathways utilizing glutamate and GABA 
as the neurotransmitter, respectively [22]. The sEH enzyme may influence the 
balance between neuronal excitation and inhibition, where glutamate and GABA, 
respectively, play important roles, and alter the seizure-induction threshold.

sEH is a member of the α/β-hydrolase fold family of enzymes which has two 
domains: a C-terminal epoxide hydrolase domain (EH), which is responsible for 
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the biological roles associated with sEH and an N-terminal lipid phosphatase 
domain (PT) connected by a proline rich linker [23]. The role of sEH in lipid 
metabolism and lipid related disorders have been emerged in the recent years. sEH 
and dyslipidemia and related disorders such as atherosclerosis and coronary heart 
disease were related [24]. The products of the sEH hydrolase domain including fatty 
acid epoxide substrates and diol were found to activate PPARs, which can modulate 
plasma lipid by regulating lipid metabolism [24]. Moreover, the hydrolase domain 
of sEH are shown the effect on lowering cholesterol level by reducing the HMG-
CoA reductase expression. However, the phosphatase domain of sEH was shown 
to regulate the cholesterol biosynthesis pathway by hydrolyzing the isoprenoid 
intermediates which are involved in cholesterol metabolism [24]. Summarily, the 
hydrolase and phosphatase domains of sEH exhibit opposite effects on expression 
of cholesterol levels. According the context about the opposite effects of sEH C- and 
N-terminal domain on regulating the cholesterol expression, we hypothesize that 
the sEH C-terminal domain may play a seizure-induction role and the N-terminal of 
sEH may be a seizure-protection role. In the previous studies, the pharmacokinetic 
parameters of sEH C-terminal inhibitor, AUDA [12-(3-adamantan-1-yl-ureido)-
dodecanoic acid] in brain tissue samples were the mean residence time of 6 h and 
half-time elimination of 4 h [24].

7. Pilocarpine-induced SE models in vivo and in vitro

A pilocarpine-induced SE model is wildly used to investigate the alteration of 
neuronal circuits which reproduced most of the epileptic characteristics in patients. 
In the pilocarpine-induced SE model, acute SE is successfully induced in only a 
subset of rats after the high-dose pilocarpine injection [25]. According to our previ-
ous epileptic mouse model, mice were firstly pretreated with scopolamine methyl 
nitrate (1 mg/kg BW, Sigma-Aldrich) by intraperitoneal injection for 30 min before 
the induction of SE. Later, 325 mg/kg body weight (BW) pilocarpine hydrochloride 
was administrated via intraperitoneal injection. Mouse behaviors were monitored 
and scored according to Racine’s scale (Table 1) [24–26]. Two hours after SE onset, 
mice were treated intraperitoneally with 10 mg/kg BW diazepam to terminate 
seizures (Figure 3).

In vivo seizure models are important for the research of epilepsy and seizure 
activity. Currently, in vitro models for epileptic research included rodent brain 
tissue slices and central nervous system (CNS) cell cultures [26]. These in vitro 
models have been performed for the research of epileptic mechanisms. The status 
of “seizure” and “seizure-like” were described in the in vivo and in vitro epileptic 

Class (seizure stage) Racine’s scale behavioral expression

1 Mouth and focal movement

2 Head nodding

3 Contralateral forelimb clonus

4 Symmetrical forelimb clonus with rearing

5 Rearing and falling

Table 1. 
Five class of Racine’s scale for seizure stage.
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studies, respectively [27, 28]. In vitro CNS cell models were established by applying 
12-(3-Adamantan-1-yl-ureido)-dodecanoic acid (AUDA) that was ordered from 
Cayman Chemical (Ann Arbor, MI, USA) and dissolved in dimethyl sulfoxide 
(DMSO; Cat No. 472301; Sigma-Aldrich, MO, USA). Cells were obtained as mouse 
retroviral immortalized microglia BV-2 cells belonged to C57BL/6 background (a 
gift from Dr. Hsiao-Li Chuang, National laboratory animal center, Taipei, Taiwan). 
They were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/
ml streptomycin in 5% CO2 atmosphere at 37°C. Cells were grown to 90% conflu-
ency before experiments. Later, cells were treated with 100 μM pilocarpine and/
or 100 μM AUDA and cultured for 24 hr. in 10% FBS-DMEM on glass coverslips 
and performed the observation of BV-2 cell morphology by light microscope. Cell 
viability was measured by MTT assay according to the manufacturer’s instructions 
(MERCK, Darmstadt, Germany). In vitro scratch wounding-healing assay was 
performed as described. Briefly, confluent BV-2 microglia in 6-well plates were 
washed with serum-free DMEM three times. A line down the center of each well 
was scraped with a p200 pipette tip, followed by a wash to remove debris with 
serum-free DMEM. Images were taken at 10× magnification, scratch widths were 
measured, and wound closure was calculated by dividing widths measured after 
a 8 hr. incubation by the initial scraped width. Each experiment was carried out 
in triplicate and three fields were counted per well by scorers blinded to experi-
mental conditions. Boyden chamber assays were performed in the transwells (BD 
Bioscience, New Bedford, MA) as previously described. BV-2 microglia (4 × 104 cells 
in 200 μL of serum-free DMEM) were added to the upper chamber and allowed to 
adhere to the polycarbonate filters (8 μm pore) for 30 min at 37°C in a humidified 

Figure 3. 
Pilocarpine-induced status epilepticus model. Mice were firstly pretreated with scopolamine by intraperitoneal 
injection for 30 min before the induction of SE. Later, pilocarpine was administrated via intraperitoneal 
injection. Two hours after SE onset, mice were treated intraperitoneally with diazepam to terminate seizures. 
The process of status epilepticus was described as ① + ②. After one day post pilocarpine induction, drug 
therapy was performed until the experimental end point ③.
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atmosphere of 95% air and 5% CO2. Following, cells were pretreated with 100 μM 
pilocarpine at 37°C for 30 min prior to AUDA treatment. 100 μM AUDA were then 
placed in the upper chamber and lower chamber was added with 10% FBS-DMEM 
to allowed cell migration. Cells did not migrate and remained on the upper surface 
of the filter were removed. Cells had migrated to the lower surface were stained 
with Liu’s stain (ASK, Taoyuan, Taiwan) and counted under light microscope. In 
at least three independent experiments, three wells per treatment were counted in 
nine random fields at 40× magnification per well by scorers blind to experimental 
conditions.

8.  AUDA is safe in in vivo study and significantly inhibited pilocarpine-
induced BV-2 microglial viability and migration in vitro

In the acute toxic assay in vivo, high doses of AUDA (100, 200, and 300 mg/kg 
BW) were respectively administrated for mice (n = 6/dose), all mice were survival 
and their clinical symptoms were normal. The results of AUDA were verified safe. 
Non-cytotoxic concentration (100 μM) of pilocarpine and AUDA were used in this 
study. Non-cytotoxic effect was presented after 100 μM pilocarpine combined with 
100 μM AUDA treatment. According to our studies, AUDA significantly suppressed 
cell migration compared to the control by using respectively in vitro scratch wound-
healing assay and Boyden chamber assay (p < 0.001) (Figures 4 and 5). According 
to these results, AUDA had the ability for the inhibition of the C-terminal domain 
of sEH can suppress the seizure development. C-terminal domain of sEH may play 
an important role in the epileptogenesis.

Figure 4. 
In vitro scratch wound-healing assay. Non-cytotoxic concentration (100 μM) of pilocarpine and AUDA were 
used in this study. 100 μM pilocarpine was first treated to BV-2 cells before 100 μM AUDA treatment. Later, 
AUDA treatment for 7.5 hours until the experimental end.
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Figure 5. 
Boyden chamber assay. Pilocarpine (100 μM) and AUDA (100 μM) were used in this study. Pilocarpine was first 
treated to BV-2 cells before AUDA treatment. Later, AUDA treatment for 7.5 hours until the experimental end.

Figure 6. 
Amendments to the administrative measures for the implementation or use of specific medical technology 
inspection and testing medical instruments in Taiwan in 2018. The six major projects can be divided into two 
categories: “Disease therapy” and “tissue repair”. The two peripheral blood stem cells and immune cells are 
mostly used to treat cancer. The other four cell types belong to regenerative medicine, with the goal of helping 
tissue regeneration or repair.
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9.  Amendments to the administrative measures for the implementation 
or use of specific medical technology inspection and testing medical 
instruments in Taiwan

Cell replacement therapy and gene transfer to the diseased or injured brain have 
provided the basis for the development of potentially powerful new therapeutic 
strategies for a broad spectrum of human neurological diseases. However, the 
paucity of suitable cell types for cell replacement therapy in patients suffering 
from neurological disorders has hampered the development of this promising 
therapeutic approach. The full name of the “Special Control Law” issued by the 
Ministry of Health Services is “Administrative Measures for the Implementation or 
Use of Medical Instruments for Special Medical Technical Inspections”, which was 
officially announced on September 6, 2018. The six major projects may seem com-
plicated, but in terms of teleology, they can be divided into two categories: “disease 
therapy” and “tissue repair”. The two peripheral blood stem cells and immune cells 
are mostly used to treat cancer. The other four cell types belong to regenerative 
medicine, with the goal of helping tissue regeneration or repair (Figure 6).

10. Conclusions

Currently, cell sources, characteristics, differentiation and therapeutic strategies 
and applications are frequently discussed worldwide. SCs have great potential in 
the regeneration and repair of tissue in people. However, limited information were 
presented at present. Therefore, the deeper studies will be still needs to be learned 
about their biology, manipulation and safety before their full therapeutic potential 
can be achieved. SCs-based therapies have shown encouraging results in treating 
diseases including epilepsy. Experimental animal and clinical studies have shown 
that SCs have significant regenerative properties on epileptic animal and patients 
with epilepsy. However, before SCs therapy becomes routine, larger clinical trials 
are needed [29–31]. In addition, our previous studies suggested that sEH played a 

Figure 7. 
Combined application therapies of stem cells and drugs in the neurological disorder attenuation. Based 
on epilepsy, some symptoms were increase as spontaneous seizure, mossy fiber sprouting, brain edema, 
hippocampal volume, GABAergic interneuron number, astrocyte activity, microglia activity. However, neuron 
number was decrease. After the combined application therapies of stem cells and drugs in the neurological 
disorder, the above symptoms were reversed.
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critical role in regulating epileptogenesis in the pilocarpine-induced SE mice and 
in vitro CNS cell platform. Blocking of C-terminal activity of sEH via AUDA treat-
ment can attenuate significantly epileptogenesis. Blocking of C-terminal activity of 
sEH on epileptogenesis may be provided a novel therapeutic approach in epilepsy. 
Anti-functional sEH C-terminal domain also may be a potential biomarker therapy 
for epileptogenesis in the future. Finally, the combined application therapies of SCs 
and drugs as AUDA may be try to apply in attenuating NDs (Figure 7).
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Chapter 6

Dental Stem Cell Banking and 
Applications of Dental Stem Cells 
for Regenerative Medicine
Karley Bates and Vincent S. Gallicchio

Abstract

Since the identification of mesenchymal stem cells, stem cell biology is a greatly 
researched field of regenerative medicine and tissue engineering therapies and 
has become an essential part of dentistry. Mesenchymal stem cells are multipotent 
stem cells that can differentiate into many cell types. Dental mesenchymal stem cell 
populations have been identified in dental pulp, human exfoliated deciduous teeth, 
periodontal ligament, dental follicle of third molars, tooth germ of third molars, 
gingiva of periodontium, alveolar bone, and apical papilla. Dental stem cells are the 
most natural, noninvasive source of stem cells that have been identified, and they 
have gained recent attention due to their accessibility and the associated relatively 
low cost of integration into regenerative therapy. Long-term preservation of dental 
stem cells is becoming a popular consideration and mirrors the ideology of banking 
umbilical cord blood. This review outlines the recent progress in the mesenchymal 
stem cells used in dentistry as well as some advancements that are being made in 
preserving dental stem cells for future personalized medicine. The aim of this study 
was to completely and concisely review the current use of adult dental stem cells 
specifically oral sources of stem cells, banking of dental stem cells, and applications 
or uses of dental stem cells specifically in oral regions and in a clinical setting.

Keywords: dental mesenchymal stem cells, stem cell banking, regenerative dentistry

1. Introduction

There exists an association between oral health and overall health throughout 
the lifetime of an individual. Because of this association, advancements are being 
made in dental practice to maintain teeth and orofacial bone as a way to combat 
general decline in oral health. Current common practice includes the use of arti-
ficial materials in dental implant procedures and other prosthodontic therapies. 
While often effective, these methods frequently require costly and invasive proce-
dures and may result in failure or rejection. Recent research has given much atten-
tion to bettering therapeutic treatment and regenerative medicine associated with 
maintaining oral health. At the forefront of this research is investigating the use of 
stem cells in tissue regeneration, specifically in dental practices [1]. The use of stem 
cells in dentistry focuses on making the transition from using artificial materials in 
treatments to using individualized biological materials resulting in greater per-
sonalized medicine. The oral cavity has many locations from which to obtain stem 
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cells, and stem cells can be harvested throughout many stages in an individual’s life. 
Stem cell preservation through banking must be considered as a preventative way to 
obtain he biological materials necessary to make personalized medicine a common 
practice.

Adult stem cells, specifically mesenchymal stem cells (MSCs), can be loosely 
defined as immature multipotent cells that mature and multiply, and turn into 
many and more specific types of cells and tissues through the process of differentia-
tion. The MSCs can be first derived from neural crest cells and pluripotent progeni-
tor cells both of which develop during embryonic and child development [2]. A 
cell must be able to self-replicate and differentiate into two or more cell types to be 
considered MSCs [3]. Stem cells are the greatest source for means of regenerative 
medicine because they are autologous to the native tissue with low tumorigenesis 
risk and unlikely immune rejection [4]. Tooth derived MSCs, from both primary 
and permanent teeth, are of great interest regarding regenerative medicine because 
of how accessible they are due to the minimally invasive means through which these 
stem cells are obtained.

Stem cell use, specifically in dentistry, is on the forefront of research and 
clinical application because there are many sources of stem cells in the oral cavity. 
Treatment of a number of dental, oral, and craniofacial diseases using stem cells is 
currently being explored. Tooth-derived MSCs have great capability to proliferate 
and differentiate into many mesoderm lineages, and their performance aligns with 
MSCs from non-oral origins [5].

Discoveries are continuing to be made regarding which stem cells have the most 
advantageous characteristics for success in allogenic treatment in dental regen-
erative medicine. Dental stem cells come from a number of sources that can be 
obtained at different points throughout an individual’s life. These sources include 
dental pulp [6], human exfoliated deciduous teeth (SHED) [7], periodontal liga-
ment of periodontium [8], dental follicle of third molars [9], tooth germ progenitor 
cells of third molars [10], gingiva of periodontium [11], alveolar bone [12], and 
apical papilla [13–15]. These sources each have varying levels of proliferation and a 
range of differentiation capabilities.

Two types of stem cells are necessary for dental hard tissue regeneration: 
epithelial stem cells, responsible for the formation of enamel, and mesenchymal 
stem cells, responsible for the formation of dentin [16]. While research and clinical 
applications exist regarding the use of MSCs in dentistry, no information is cur-
rently available regarding dental epithelial stem cells [1, 16].

The success of stem cell therapy is exemplified through a process known as stem 
cell banking which includes harvesting, storing, and cryopreserving the cells. Stem 
cell banking highlights the ideology of individually personalized medicine being 
the best preparation for future treatment and is quickly increasing in research and 
clinical attention [17]. Advantages to dental stem cell banking include: (a) safety 
in harvesting, (b) low ethical concerns present compared to that of applications of 
embryonic stem cells [3], (c) noninvasive means of harvesting [7], and (d) autolo-
gous source of stem cells.

2. Background

MSCs are the group of stem cells that are the most heavily researched and com-
monly used in clinical application. Being multipotent, they possess the capability to 
mature and differentiate into multiple mesenchymal tissue lineages: mesodermal, 
ectodermal, and endodermal lineages [18]. MSCs are also characterized by their 
ability to self-renew and proliferate to maintain the source of undifferentiated stem 
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cells. Additionally MSCs have been shown to possess immunomodulatory effects 
including angiogenesis, anti-inflammation, and antiapoptosis [1] showing their 
great potential for use in regenerative medicine. Furthermore, MSCs are associated 
with minimal ethical controversy and can be obtained from many adult tissues in 
the body [19]. The study of human MSCs began with their being identified and 
researched in bone marrow. Through experimentation, bone marrow derived stem 
cells (BM-MSCs) have been found to regenerate certain skeletal tissues including 
bone, cartilage, and adipose and fibrous tissues [20]. While research has shown 
effective use of BM-MSCs in tissue regeneration, the rather invasive measures 
through which these cells must be obtained make BM-MSCs an unlikely candidate 
for expansion and normalization of personalized medical treatments. Scientists 
since have investigated means to obtain and isolate MSCs from other various tissues 
in the body. Some of these include adipose tissue [21], endometrial tissue [22], 
salivary gland [1], umbilical cord [23], synovial membrane and fluid [24], blood 
[25], and oral sources [1]. MSCs from oral sources are among the most easily acces-
sible stem cells and often may be obtained through minimally invasive measures. 
They have also been found to possess similar immunomodulatory characteristics 
as BM-MSCs [26]. Because of their accessibility, researchers continue to investigate 
their clinical applications in regenerative medicine. There are eight identified popu-
lations of MSCs found in teeth and their supporting structures of the oral cavity.

3. Dental pulp stem cells

In 2000 Gronthos et al. were the first to identify MSCs located in the dental pulp 
of teeth [6] that are today known as dental pulp stem cells (DPSC). These cells were 
investigated based on their supposed clonogenic and proliferative characteristics. 
Gronthos et al. suggested that DPSC have the progenitors required to amount 
similar cellular characteristics to those of BM-MSCs [6], a population of stem 
cells that is better understood. The research focused on comparing DPSC forming 
odontoblasts and BM-MSCs forming osteoblasts, specifically investigating if the 
DPSC possess the same proliferation and differentiation capabilities as BM-MSCs 
in both in vitro studies and in vivo by ex vivo transplantation into immunocom-
promised mice. Experimentation of DPSC mirrored the previously established 
biological pathways of BM-MSCs. Odontoblasts are responsible for the formation 
of dentin and are suspected to arise from the dental pulp, but little information is 
known about the specific cell population that gives rise to the odontoblasts in the 
dental pulp cavity [6] and what biological scaffold is most effective in aiding in the 
production of odontoblasts.

Gronthos et al. obtained pulp tissue from third molars of individuals aged 19–29. 
In vitro experimentation on differentiation potential of DPSC showed no forma-
tion of adipocytes, while BM-MSCs showed formation of adipocytes. Both cell 
populations were found to be clonogenic during in vitro manipulation. The DPSC 
were found to have a high proliferation capacity and proliferated more than the 
BM-MSCs [6]. BM-MSCs display bone formation on a hydroxyapatite/tricalcium 
phosphate (HA-TCP) powder, thus DPSC were observed in conjunction with 
HA-TCP powder to investigate if the DPSC would display a similar response as the 
BM-MSCs [6]. In vivo transplantation of DPSC resulted in odontoblast-like cells 
of human origin and contained the dentin-specific protein necessary to generate 
dentin [6]. This suggests the HA-TCP powder was conducive to the DPSC like the 
BM-MSCs.

Gronthos et al. concluded that the DPSC are able to be considered a source of 
stem cells because of their profound regeneration, differentiation, and proliferation 
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capabilities. DPSC may be harvested from one pulp cavity and applied to dentin 
regeneration in many teeth [6]. Granthos et al. call for future research to investigate 
the biological scaffold that will amount to the most dentin regeneration associated 
with in vivo transplantation of DPSC.

4. Stem cells from human exfoliated deciduous teeth

In 2003 Miura et al. identified human exfoliated deciduous teeth (SHED) as a 
profound source of MSCs [7] to be considered for use in autologous regenerative 
therapies. The cells were researched using prior methodology of umbilical cord 
derived stem cells and investigated specifically regarding the prior knowledge and 
research pertaining to umbilical cord derived stem cells. The study focused on ex 
vivo success through in vivo transplantation. An advantage of SHED as a source of 
stem cells is that they are easily obtained from an individual at a relatively young 
age. SHED are found in the dental pulp that is left in deciduous teeth that are lost 
and replaced with adult permanent teeth during adolescence in an individual’s 
lifetime. This makes SHED an ideal candidate for preservation through stem cell 
banking. The cells must be able to be preserved for use at a later time in the indi-
vidual’s life if they are to be considered a viable source of stem cells for regenerative 
medicine and treatment. Similar to DPSC, SHED provide a relatively large source of 
stem cells as cells harvested from one pulp cavity may be also used in regenerative 
treatment for many other teeth of the individual.

Miura et al. obtained pulp tissue from human exfoliated deciduous incisors 
from 7 to 8 year old individuals [7]. The researchers suggest SHED may be originat-
ing from a perivascular environment [7] due to their origin and association with 
vasculature in the dental pulp. The SHED were investigated in both in vitro studies 
and in vivo by ex vivo transplantation into tissues of immunocompromised mice. 
Single cells were isolated and allowed to proliferate to form populations of cells as 
a way to measure their characteristic clonogenicity. The study also showed that the 
SHED have greater in vitro proliferation capabilities regarding formation of cell 
populations as compared to both BM-MSCs and DPSC [7]. The cell populations 
were then induced to differentiate, and were successful in differentiating, into the 
following cell types in vitro: odontoblast-like cells, adipocytes, and neuronal cells 
[7]. Furthermore, the cells differentiated into odontoblast-like cells on HA-TCP 
powder and were able to survive after in vivo transplantation.

The same MSCs markers as BM-MSCs and DPSC have displayed were observed 
on SHED suggesting similar differentiation capabilities among the various sources 
of stem cells. However, SHED were found to differentiate into odontoblasts in vivo 
but were not successful in differentiating into dentin pulp-like complex like DPSC 
have been shown to do [7]. This suggests SHED possessing alternative differentia-
tion capabilities or means of differentiating than those understood to be true of 
DPSC. Additionally, while the SHED were successful in producing odontoblast-like 
cells, SHED were unable to differentiate to produce osteoblasts. The cells were, 
however, able to induce varying degrees of bone formation in nearby host cells in 
vivo after transplantation. Miura et al. proposed the SHED may play a role in bone 
formation around permanent adult teeth as the deciduous teeth are exfoliated [7].

Miura et al. concluded that SHED are in fact a viable source of multipotent stem 
cells and have great potential in playing a role in regenerative medicine [7]. The 
researchers suggest the differences between SHED and DPSC may be attributed to 
the developmental differences between adolescent deciduous teeth that are meant 
to be exfoliated and the development of permanent adult teeth that are made to 
survive an individual’s lifetime. Miura et al. call for future research to investigate 
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the purpose of SHED in adolescent deciduous pulp cavities, as understanding their 
purpose may lead to greater understanding of SHED and thus greater application of 
SHED in regenerative medicine.

5. Stem cells from periodontal ligament of periodontium

The periodontal ligament (PDL) was found by Seo et al. to be a source of 
multipotent stem cells capable of playing a role in regenerating periodontal tissue 
[8]. The cells of the PDL were investigated based on the known differentiation 
properties of the PDL, and this information was then used to obtain evidence 
that the PDL obtains stem cells and may be used for generation of cementum and 
new PDL specifically in vivo. Additionally, cellular markers and other multipotent 
determining properties of periodontal ligament stem cells (PDLSC) were com-
pared to those of both DPSC and BM-MSCs. There exist other populations of cells 
that are capable of regeneration and possess many osteoblast-like properties, but 
no prior evidence of a stem cell population had been observed in the PDL [8].

Seo et al. extracted third molars from 19 to 29 year old humans, and the cells 
from the PDL were isolated and induced to proliferate in vitro [8]. Interestingly, 
PDLSC were found to accumulate less calcium than DPSC [8]. Through in vitro 
studies, PDLSC were determined to have adipogenesis capabilities as well as 
proliferate into cementoblast and odontoblast-like cells. The ex vivo colonies were 
transplanted in vivo to immunocompromised mice through in vivo transplantation, 
specifically to the periodontal area of the mice. PDLSC developed cementum-like 
tissue different from tissues generated from BM-MSCs and DPSC suggesting a 
difference in differentiation capabilities of the three cell groups [8]. The PDLSC do, 
however, obtain the same cellular markers expressed by BM-MSCs and DPSC that 
suggest a potential perivascular origin [8]. The PDLSC were also able to interact 
physiologically with the host collagen fibers suggesting they possess the capability 
to differentiate into cells to produce collagen fibers as well [8]. The in vivo integra-
tion of PDLSC into the periodontal area of which they were transplanted suggests 
great potential for future application of periodontal tissue regeneration using 
PDLSC despite their failure to attach to the bone of the teeth [8].

Seo et al. conclude that PDL is a viable source for obtaining multipotent mesen-
chymal stem cells and is consistent with the clonogenic, proliferative, and differen-
tiating characteristic of mesenchymal stem cells from oral sources [8]. This was also 
confirmed by Kawanabe et al. [27] and Menicanin et al. who confirmed the stem 
cell properties of PDLSC and further evaluated the post-transplant self-renewal 
potential of PDLSC [28]. Menicanin et al. further concluded that PDLSC possess 
significant capability to self-renew and regenerate periodontal tissue [28]. Onizuke 
et al. confirmed PDL as a source of stem cells and further analyzed the applica-
tion of cell sheet engineer technologies in forming bioresorbable scaffolds to best 
support integration of the PDLSC for clinical applications [29]. Seo et al. call for 
future investigation of the cellular markers specific to PDLSC different from those 
expressed by BM-MSCs and DPSC. Additionally they conclude future research 
should analyze PDLSC and their PDL tissue regeneration on a larger quantity of test 
animals and a larger size test subject population [8].

6. Stem cells from dental follicle of third molars

Stem cells obtained from the dental follicle of third molars have also been deter-
mined to be a source of oral derived MSCs valuable in contributing to regenerative 
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medicine [9]. The dental follicle was investigated based on its supposed capacity 
to differentiate into cementoblasts, osteoblasts, and periodontal ligament cells as 
well as its ease in accessibility from extracted teeth. Dental follicle cells possess the 
progenitors for osteoblasts that are responsible for aiding the development of many 
tooth related structures during growth and eruption of teeth and development of 
alveolar bone [9]. Findings from Gronthos et al. [5] research of DPSC were applied 
to the study of DFSC to identify if DPSC possess similar proliferation and differen-
tiation capabilities.

Morsczeck et al. studied human dental follicle cells of extracted third molars [9]. 
The cells were isolated and induced to differentiate in both in vitro experimenta-
tion and ex vivo through in vivo transplantation using immunocompromised mice. 
A HA-TCP powder was included to induce uptake of the cells into the mice. It was 
found that DFSC behave similarly to the cells of the periodontium and are capable 
of regenerating cells types associated with the periodontium including alveolar 
bone, cementum, and periodontal ligament [9]. Morsczeck et al. concluded that 
DFMSC can play a role in bone tissue engineering and possess the necessary cellular 
markers to be considered stem cells [9].

A similar study was conducted by Park et al. that focused on comparing human 
skin derived MSCs, BM-MSCs, and DFSC [30]. Findings confirmed that DFSC have 
the capacity to differentiate into osteocytes, chondrocytes, and adipocytes in vitro 
[30]. Successful in vivo experimentation suggested that although the DFSC inves-
tigated possess MSC-like cellular markers similar to those of DPSC and BM-MSCs, 
further research should be conducted regarding the multipotency of the cells [30]. 
Osteogenic potential was however observed in both in vitro and in vivo cell popula-
tions of DFSC [30].

7. Tooth germ progenitor cells from third molars

In 2007 Ikeda et al. identified stem cells found in the tooth germ of developing 
third molars and termed them tooth germ progenitor cells [10]. The tooth germ 
includes many tooth-related tissues in the oral cavity, but more specifically refers 
to the developmental stage of these tissues [31]. The purpose of the study was to 
research the morphology, proliferation, and multipotency of the TGPC which were 
studied based on their ability to turn into hepatocytes mirroring the differentiation 
capabilities of BM-MSCs [32], but different from previously discussed orally-
derived MSCs. The researchers focused on investigating TGPC specifically regard-
ing their use in treatment of liver diseases with the goal of restoring liver function 
caused by liver disease through the use of stem cells as an alternative to drug 
therapy [10]. TGPC obtained at a young age from the tooth germ of developing 
third molars are associated with few ethical concerns due to their routine extraction 
that normally results in disposal making them a great source for potential harvest-
ing of stem cells.

The cell populations were tested both in vitro and ex vivo through in vivo trans-
plantation into immunocompromised mice with HA-TCP use in transplantation 
[10]. In vitro the cells were found to maintain their morphology and clonogenic 
properties through the isolation and cell population formation and showed the abil-
ity to differentiate into cells of three germ layers [10]. The cells possessed the cellu-
lar markers specific to mesenchymal cells, and transcription factors were observed 
suggesting pluripotency and confirming their stem cell characteristics [10]. The 
mesenchymal character of these cells was also confirmed by Yalvac et al in 2010 as 
well as their ability to differentiate into progenitor cells with adipocyte, neural, and 
osteogenic characteristics [31]. Yalvac and team also observed that TGPC expressed 
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the cellular markers indicating stem cell character at a significantly higher level 
compared to DPSC [31]. In vitro cells displayed characteristics of osteoblasts, dif-
ferentiated into neuronal cells and hepatocyte-like cells sharing characteristics of 
functional hepatocytes [10]. The Ikeda et al. were the first to show that the neural 
crest derived cells can differentiate into cells from the endoderm lineage [10]. After 
transplantation however, the in vivo cells showed great proliferation and indicated 
bone formation through the presence of osteocytes instead of only osteoblasts [10].

Ikeda et al. concluded that TGPC are able to play an important role in regenera-
tive medicine specifically related to the development of hepatocytes. Successful 
cloning and proliferation in both in vivo and in vitro studies confirmed the stem cell 
qualities of TGPC on treatment of liver disease. The team calls for future research to 
be conducted investigating the capacity to which the application of TGPC differen-
tiating into hepatocytes may be applied to regenerative medicine regarding other 
tissues [10], including tissues of the oral cavity.

8. Gingiva-derived mesenchymal stem cells

In 2009, Zhang et al. identified human gingival tissue as a source of MSCs to be 
considered for tissue regeneration and treatment [11]. The GMSC were investigated 
based on their abundance, accessibility, and tendency to be discarded as waste 
from surgical procedures. The focus of the study was to determine to what extent 
the GMSC are able to regenerate tissue and display associated anti-inflammatory 
characteristics, specifically in treatment of colitis [11].

The study was conducted using both in vitro and in vivo by ex vivo transplan-
tation of human gingiva cells collected from the periodontium. The cells were 
isolated, then showed higher proliferation capacity compared to BM-MSCs [11]. 
In vitro the GMSC displayed successful differentiation into adipocytes and osteo-
blasts of the mesoderm lineage as well as endodermal and neural ectodermal cells 
suggesting stem cell character [11]. Additionally the GMSC were shown to possess 
the cellular markers specific to stem cells and phenotype associated with mesenchy-
mal progenitor cells [11] further confirming their stem cell character.

The GMSC were transplanted using a HA-TCP carrier to mice infected with 
experimentally induced colitis. In vivo the cells were found to reduce disease 
severity and significantly reverse inflammation in the mice. Interestingly, the cells 
formed connective-like tissue instead of the expected osteoblast formation sug-
gesting these cells may be useful in tissue regeneration [11]. Zhang et al. call for 
future research to investigate if osteogenesis may be induced in vivo with the aid of 
a different transplant carrier [11].

More recent research has shown GMSC ability to differentiate into osteogenic 
cells in vivo [33]. Yang et al. compared the capacity of both GMSC and PDLSC 
to periodontal disease treatment [33]. GMSC exhibit enhanced ability upon 
transplantation to combat inflammation compared to PDLSC regarding in vivo 
osteogenesis which is explained by the unique characteristics associated with the 
gingival tissue regarding its immunoregulatory function and expedited healing 
[33]. Yang et al. call for future research on determining the best feasible methods 
to incorporate the use of GMSC in therapeutic treatment of periodontal disease 
in tissue repair and regeneration in a clinical setting [33]. Tomar et al. compared 
GMSC and BM-MSCs specifically regarding if they may be considered a viable and 
sustainable source of stem cells to be used in regenerative medicine in a clinical 
setting [34]. GMSC compared to BM-MSCs were found to provide a more stable 
source of stem cells regarding ability to proliferate and retain morphology in a 
long-term culture setting as is necessary for clinical application [34]. This was also 
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confirmed by Sun et al. [35] and Tomasello et al. [36] who agree GMSC should be 
considered as a source for generation of bone in regenerative medicine.

Continued research on GMSC examine the advantages the cells offer to cuta-
neous wound healing [37], tendon regeneration [38], as well as regeneration of 
peripheral nerve defects in vivo [39]. The wide array of applications and character-
istics these stem cells possess deem them potentially useful in tissue regeneration 
and treatment specifically in the oral region and in a clinical setting.

9. Alveolar bone-derived mesenchymal stem cells

In 2005 Matsubara et al. identified the alveolar bone of the jaw as a viable 
source for stem cells to be used in autologous bone regeneration [12]. An advan-
tage of ABMSC as a source of stem cells is that they are easily obtained from an 
individual during dental implant surgery or extraction of third molars as the 
alveolar bone is often exposed or accessible during both of these surgical proce-
dures. ABMSC are often less painful to obtain compared to BM-MSCs from other 
bones in the body [12].

Matsubara et al. harvested human alveolar bone during normal third molar 
extractions [12]. The cells were researched using prior methodology of BM-MSCs 
and investigated specifically regarding the prior knowledge and research pertain-
ing to BM-MSCs. Single cells were isolated and allowed to proliferate to form 
populations of cells as a way to measure their characteristic clonogenicity. The 
study focused on ex vivo success through in vivo transplantation into immuno-
compromised mice. The researchers compared the ABMSC to BM-MSCs from the 
iliac bone [12] regarding their proliferation and differentiation capacities. Upon 
examination in vitro, ABMSC were found to possess similar stem cell character and 
cellular markers as BM-MSCs regarding osteogenic proliferation, but displayed 
significantly less adipocyte and chondrocyte potential compared to BM-MSCs [12]. 
Furthermore, the cells differentiated into odontoblast-like cells on a calcium phos-
phate scaffold and were able to survive after in vivo transplantation. Additionally, 
an association between age of patient and proliferation was observed showing a 
decline in proliferation with increased age of individual from which the cells were 
obtained. This decline was noticeably larger than that of the MSCs from the iliac 
bone being studied. Matsubara et al. acknowledge the varying research regarding 
this association and suggest banking of the stem cells obtained from extracted third 
molars of individuals at a relatively young age suggests the greatest potential for 
application in a clinical setting [12].

Matsubara et al. concluded that ABMSC are in fact a viable source of multipo-
tent stem cells and have great potential in playing a role in regenerative medicine, 
specifically regarding bone regeneration. They call for future investigation to deter-
mine if a different transport medium might increase the potential of ABMSC to 
differentiate into adipocytes and chondrocytes. Because of the strong osteogenesis 
potential of ABMSC, they are interested in determining the best clinical application 
of ABMSC in repairing bone in treatment of periodontal disease [12].

Another in vivo study focused on using stem cell sheets made from ABMSC 
as a non-scaffold approach for bone regeneration in the calvaria bone of rabbits. 
Liu et al. observed greater osteogenic differentiation in ABMSC than in long bone 
MSCs [40] showing greater mineral deposition and cellular markers indicating 
osteogenesis. However, similar research by Pettersson et al. showed that ABMSC 
and BM-MSCs display no significant difference in their ability to differentiate into 
osteogenic cells [41]. Research is unclear regarding comparing the differentiation 
ability of ABMSC and BM-MSCs, however research concludes that ABMSC are a 
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potential source of MSCs to be considered for regenerative treatment in craniofacial 
defects in a clinical setting [40–42].

10. Stem cells from apical papilla

In 2006 Sonoyama et al. identified apical papilla from the root of human teeth 
as a novel source of mesenchymal stem cells to be considered for oral tissue regen-
eration [15]. The goal of the study was twofold: to confirm tooth apical papilla as 
a viable source of stem cells and to explore the combination of SCAP and PDLSC 
in regeneration of a root periodontal structure and associated tissues necessary to 
support an artificial crown [15]. A healthy and stable root is necessary to recover 
and maintain a functional tooth, and SCAP are thought to aid in regeneration of 
roots and surrounding tissues of teeth. SCAP provide a unique source of stem cells 
because they may be harvested from one source of apical papilla and applied to 
tissue regeneration in many surrounding teeth due to their great proliferation [15].

SCAP were collected and isolated from human apical papilla from normal 
extractions of third molars and allowed to proliferate to form cell populations for in 
vitro studies. The cells displayed cellular markers indicative of MSC character and 
were induced to successfully differentiate into osteoblasts and adipocytes [15]. Cells 
were then transplanted into immunocompromised mice with a HA-TCP carrier for 
further in vivo testing. The cells were able to generate both dentin and connective 
tissue in the in vivo model suggesting SCAP are a unique group of stem cells with 
different differentiation capacity than most dental derived stem cells [15]. In fact, 
SCAP showed greater differentiation into dentin than was expressed by DPSC [15].

An additional in vivo study was conducted using SCAP and PDLSC from swine 
followed by transplantation into immunocompromised mice. There exist simi-
larities between human dental tissues and those found in swine thus conclusion 
can be made regarding human regenerative medicine based on the success of the 
tissue from swine [15]. Sonoyama et al. used SCAP and PSLSC from the swine and 
observed formation of cementum on the scaffold. Formation of both dentin and 
PDL are necessary to regenerate a viable root periodontal structure capable of sup-
porting a tooth.

Sonoyama et al. propose that this is a viable method for functional restoration 
of teeth and supporting structures in a clinical setting [15]. They call for future 
research to be conducted regarding the immunogenicity of the cells and suggest 
that SCAP may be an ideal candidate for stem cell banking [15]. Current research 
focuses on identifying the precise biomaterials that make up the environment in 
which SCAP best contributes to tissue regeneration such as oxygen level [43] and 
ideal makeup of a transplant carrier [44, 45].

11. Current clinical applications

The current advancements and the recognition of the use of stem cells in 
regenerative medicine has resulted in human clinical trials. Various human clinical 
trials applying stem cells from different sources in treatment of oral conditions are 
presented below. Additionally, there continue to be preclinical studies aiming to 
perfect the transition from autologous source to implementation of stem cells prior 
to the application of research in human clinical trials. These preclinical studies often 
aim to determine which scaffolding methods and materials are the most promising 
to ensure effectiveness of stem cell application with minimal senescence [46]. The 
studies also attempt to identify the specific microenvironment conditions in which 
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the cells are both taken from and placed for regenerative treatment and how it 
will impact the potential and effectiveness of the proliferation and differentiation 
capacities of the cells [47].

Nakashima et al. performed a pilot clinical study with five patients in which they 
analyzed the capacity of DPSC to regenerate dental pulp in patients with irrevers-
ible pulpitis [48]. They observed great success in all of their patients regarding 
regeneration of pulp tissue in the root canals as well as dentin formation in over 
half of the participants [48]. Although their endodontic study was successful, 
Nakashima and team call for larger clinical trials to be performed before imple-
mentation of their practices [48]. Xuan et al. performed a larger human clinical 
study with 20 patients expressing regeneration of pulp tissue to teeth that had 
experienced necrosis resulting from trauma [49]. The tissue regeneration included 
blood vessel and nerve regeneration and successful regeneration was still observed 
24 months post stem cell implementation [49]. Raddall et al. further studied the 
specific scaffolding materials and methods for implementation of DPSC in end-
odontic regenerative treatment of the tooth root [50]. Their research both identifies 
successes and presents challenges with the scaffolds investigated. Their research, 
however, gives an example of how studies today are directed towards perfecting the 
methodology of implementation of stem cell therapies.

DPSC have also been successful in regenerating bone lost from periodontal 
disease [51–53]. Ferrarotti et al. observed a significant decrease in periodontal 
disease and an increase formation of bone in the intrabony defects when compared 
to the control patients of their study [51]. Hernández-monjaraz et al. observed 
decreased tooth mobility, a significant decrease in periodontal disease, and an 
increase in bone mineral density six months post operating [52]. Aimetti et al. also 
observed complete bone regeneration of intrabony defects on the mandibular bone 
in their study on a patient with chronic periodontitis [53]. All three studies con-
clude that the application of DPSC to bone periodontal disease shows significant 
improvement in a clinical setting with no observed adverse effects. Barbier et al., 
however, observed no significant difference in mandibular post extraction socket 
healing resulting from use of DPSC [54]. Also in this study, bone density nor 
interdental septum height were found to be significantly increased by the addition 
of DPSC [54].

Additionally, PDLSC have been used to treat periodontal disease in the regen-
eration of periodontal tissues. In a recent study by Iwata et al., bone regeneration 
decreased probing depth and increased radiographic bone depth in 10 patients six 
months after treatment [55]. The PDLSC were introduced using cell sheets into 
third molar extraction sites. Iwata et al. recognize PDLSC as a promising source for 
periodontal disease treatment and bone regeneration [55].

12. Discussion of stem cell banking

Stem cell banking may be loosely defined as the collection, isolation, and pres-
ervation of stem cells in preparation for use in regenerative treatment and therapy. 
The instance in which the cells are available for harvest might not align with when 
the cells are needed; thus the cells must be stored and preserved in a manner that 
will maintain the functionality of the cells over a potentially long period of time. 
The process is unique because it provides the means for individualized autolo-
gous medicine that can be implemented throughout an individual’s lifetime [17]. 
Personalized advancements in medicine have the goal of increasing tolerance of 
the immune system and low rejection by host due to the host and the donor being 



105

Dental Stem Cell Banking and Applications of Dental Stem Cells for Regenerative Medicine
DOI: http://dx.doi.org/10.5772/intechopen.95407

the same individual. Specifically, dental stem cell banking utilizes the stem cells 
obtained from the oral region, and dental professionals, especially oral surgeons, 
are responsible for the collection of the cells. Dental stem cell banks were created in 
response to the identification of the oral region as a source of stem cells and current 
research investigates the best means of collecting, isolating, and preserving the cells 
so that the full potential of use of these cells may be reached in the advancement of 
personalized medicine.

The various oral sources of stem cells, as previously discussed, can be harvested 
during tooth extractions, the naturally occurring exfoliation of deciduous teeth, or 
through other minimally invasive surgeries. An advantage of utilizing orally derived 
stem cells is that there are fewer ethical concerns associated with their harvesting 
than with obtaining stem cells from embryological sources [17]. Additionally, the 
harvesting of DMSC is often simple and painless through a less invasive manner 
than stem cells harvested from other regions of the body as they are often a byprod-
uct of a surgical procedure and would otherwise be discarded as waste. Dental stem 
cell banking, specifically using SHED, was found to be more cost efficient than 
banking stem cells obtained from cord blood [56]. If stem cells from cord blood 
were not obtained, stem cells from oral sources offer more opportunities in an 
individual’s life to harvest and bank stem cells [56]. Stem cell banking is a proac-
tive form of personalized medicine as the individual chooses to bank their cells in 
preparation for their future medical needs.

Current research regarding the banking of stem cells focuses on determining the 
specific conditions for optimal collection, isolation, and preservation of dental stem 
cells. By identifying the specific condition in which to harvest and store the cells, 
the proliferation and differentiation capacities of the stem cells can be maintained.

13. Collection

Stem cell banking begins in the dental chair with the collection of the cells 
during a scheduled extraction or routine eruption of the tooth. The dental profes-
sional assisting in the process works with the stem cell bank to decide regarding 
the specificities of harvesting the cell and initial processing steps. Dental stem 
cell banks currently exist in Japan, the United States, India, the United Kingdom, 
Germany, Singapore, Mexico, India and Norway. Dental stem cell bank information 
of FDA accredited banks in the United States is presented below:

USA:
BioEDEN, USA (https://www.bioeden.com/us/).
StemSave, USA (https://www.stemsave.com/).
Store-a-Tooth by Provia Laboratories, LLC, USA (http://www.store-a-

tooth.com/).
National Dental Pulp Library, LLC (https://ndpl.net/).
Tooth Bank, USA (https://www.toothbank.com/).
It is important that the tooth from which the cells are collected is a normal 

healthy tooth with little to no decay due to pulpitis. Tsai et al. investigated the 
impact of dental pulpitis on the effectiveness of stem cell banking and found it to 
be ineffective overall [57]. A slower colonization process and increased proinflam-
matory cytokines were observed on the cells infected with pulpitis making then an 
unideal candidate for stem cell banking [57].

The cells are immediately placed in a container of sterile saline solution to main-
tain the vitality of the cells and to keep them from drying out during transport. 
The time between when the cells are collected and when the cells are processed is 
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an important factor to determine the usefulness of the cells as the tissue may begin 
to degrade [58]. Perry et al. studied the impact of time between collection and 
processing and was able to obtain cells for culturing up to 120 hours after extraction 
[59]. This suggests that immediate processing post extraction is not a crucial factor 
necessary to effectively bank stem cells.

Perry et al. also investigated the most effective collection transport medium to 
be used in the transition from the dental office to the lab where the cells are isolated. 
No notable difference was found between using PBS compared to HTS. PBS is the 
cheapest and most accessible medium to store in a dental office, however, there 
exist other transport media that can be considered for use as well. Slight alterations 
in the numbers of cells that are obtained for processing from the different medias 
are negligible because as the cells are processed, enough cells will be proliferated in 
the growing cell cultures [59].

14. Isolation

Isolation refers to the processing of the cells in preparation for preservation 
by the stem cell bank that is preserving them. As previously mentioned, isolation 
of cells is possible up to 5 days after the tooth containing the cells is extracted or 
removed from its source [59]. The pulp from the harvested tooth is disinfected, 
and the cells are isolated and cultured in MSC media. The focus of current 
research is identifying the optimal conditions in which the cells are allowed to 
proliferate and colonize. Factors to be taken into consideration are the process 
through which the cells are isolated, the extent to which the cells are digested, 
the means of cellular attachment during culturing, and the media, serum, and 
supplements that are used to enhance cellular growth and function during the 
culturing process. Perry et al. identified proper sterilization of the harvested teeth 
as the most important aspect of forming uninfected and sterile cell cultures [59]. 
Additionally, they investigated the efficiency of the cells establishing cell cultures 
after being isolated from the harvested teeth. Cell colonies were present and dis-
played viable cells after 14 days of isolation [59]. Throughout the study, the stem 
cell populations were tested to confirm their MSC-like character. The cells pos-
sessed the necessary cellular markers characteristic of MSCs as well as displayed 
the ability to differentiate into osteogenic, adipogenic, and chondrogenic cells as 
is characteristic of MSCs [59].

15.  Preservation - cryopreservation and magnetic field programmed 
freezing

Cryopreservation is the process of cooling cells to an eventual temperature 
below 150°C by liquid nitrogen vapor. The cells must freeze carefully and quickly 
as to not form ice crystals which would result in cell death [60]. This is the main 
cellular damage that a cell may experience as a result of cryopreservation as well as 
mechanical stress from ice formed outside of the cell [61]. A cryoprotective agent 
(CPA) can be used in the vitrification process to maintain cell functionality during 
preservation, but the cryoprotectants are often harmful to the cells or even can 
cause cell death [62]. Through cryopreservation, cells are able to maintain their 
cellular markers, gene expression, and differentiation potential [59]. Perry et al. 
determined this through the comparison of DPSC before and after cryopreservation 
[59]. However, some changes in proliferation capacity are observed before and after 
cryopreservation [63–65].
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In 2010 Kaku et al. from Hiroshima University developed an alternative 
method for cryopreservation using a magnetic field programmed freezer instead 
of the established cryopreservation method. The novel method of preserva-
tion was created to combat both ice formation inside and outside of the cell as 
well as the toxicity associated with necessary levels of CPA [61]. This system 
of preservation is referred to as the cells alive system (CAS) and was adapted 
from an existing freezing methodology implemented in the food industry [61]. 
The CAS applies a weak magnetic field to the sample which lowers the freezing 
point. Kaku et al. were able to determine the optimal hold time and plunging 
temperature necessary to freeze the cells without inducing obstruction to the cel-
lular membrane. Proliferation as well as differentiation capacity were observed 
for the cells to ensure they maintained their MSC-like character throughout 
the study [61]. Kaku et al. specifically investigated the magnetic field freezing 
using PDLSC and found that they could proliferate equally as the teeth that were 
observed immediately post extraction [61]. Another study by Lee et al. observed 
similar results upon investigation of DPSC compared to cells from teeth that 
were not preserved [66].

Interestingly, viable stem cells have not only been obtained from post pres-
ervation isolated cell populations but also from teeth that were preserved intact 
[59, 65, 67]. This confirms that immediate processing post extraction is not a crucial 
factor necessary to effectively bank stem cells which would in turn result in lowered 
costs associated with banking stem cells as the processing of the cells is the most 
costly part of the process [58, 59, 63].

16. Conclusion

With the discovery and research of dental stem cells come great opportunities 
to utilize these cells in regenerative medicine and dental tissue repair. The aspects 
of each source of stem cells must be analyzed so that the best candidate for stem 
cell banking and the specific regenerative treatment may be used in personalized 
medicine. The eight sources of stem cells and their ability to successfully aid in 
regeneration of tissues have been analyzed: human exfoliated deciduous teeth, 
dental pulp stem cells, periodontal ligament stem cells, dental follicle stem cells, 
tooth germ progenitor cells, gingival-derived mesenchymal stem cells, alveolar 
bone mesenchymal stem cells, and stem cells from the apical papilla. The relatively 
recent developments in stem cell biology make banking dental stem cells a feasible 
option for regeneration of tissues and other oral structures. As with any new 
developments in research, however, there exist certain limitations associated with 
achieving a consistent application in a clinical setting. Despite the many advance-
ments that have been made in the field, the cellular conditions in which the stem 
cells may be collected, isolated, and preserved must be improved and perfected 
before clinical application is regularly implemented. The viability and stability of 
the preserved stem cells must be considered further so that the preservation efforts 
do not result in loss. Appropriate long term double-blind randomized clinical trials 
must be perfected before stem cell therapy may become a normalcy in a clinical 
setting. Additionally, current stem cell research is successful animal models but 
must be further applied to human models before clinical application may occur. 
The opportunity for immune rejection exists, but as is in the case with stem cells, 
immune rejection is limited due to the autologous nature of the cells. With contin-
ued research and developments in the field of stem cell biology, the dental stem 
cells support the continued development and betterment of the stem cell banking 
industry.
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Abstract

Over the history of humankind, knowledge acquisition regarding the human 
body, health, and the development of new biomedical techniques have run through 
some animal model at some level. The mouse model has been primarily used as the 
role model for a long time; however, it is severely hampered regarding its feasibility 
for translational outcomes, in particular, to preclinical and clinical studies. Herein 
we aim to discuss how induced pluripotent stem cells generated from non-human 
primates, pigs and dogs, all well-known as adequate large biomedical models, 
associated or not with gene editing tools, can be used as models on in vivo or in vitro 
translational research, specifically on regenerative medicine, drug screening, and 
stem cell therapy.

Keywords: pluripotency, regenerative medicine, stem cell, therapy, 
domestic animals, non-human primates

1. Introduction

For centuries, animal models have been used to aid on the quest for knowledge 
regarding human anatomy, physiology, and health, at first by simple observa-
tion, progressing to a proper investigation, selection of adequate models for given 
conditions and resuming on the development of specific transgenic animal models 
[1]. A recent concern regarding welfare and animal rights [2] has highlighted the 
relevance of in vitro models, such as pluripotent and adult stem cells. Here we 
describe the recent advances of biomedical research using induced pluripotent stem 
cell (iPSCs) models isolated from non-human primates, pigs, and dogs. Due to ana-
tomical, physiologic, genetic, environmental, and other similarities to humans and 
conditions, those animals are considered highly relevant models for translational 
studies, each presenting specific advantages and drawbacks. Herein we discuss the 
advantages of using iPSCs, associated or not with gene editing tools, to enlarge the 
value and possible applications for pharmaceutical development and therapeutic 
approaches in these models.
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2. Stem cells from animal models: applications on translational research

2.1 Non-human primates: most promising although challenging model?

Although non-human primates (NH-primates) represent only a small share of 
the animals used in medical research, the significance of those studies for human 
health, especially pharmaceuticals and new therapeutic approaches, is prominent 
[3, 4]. NH-primates are often the most suitable model for assessing the safety and 
efficiency of said drugs prior to human trials [5] and supply information to connect 
data from other relevant clinical models, such as rodents, to humans [6].

As study models, NH-primates are highly attractive due to longevity, behavioral, 
anatomical, genetic, physiological, and immunological similarities with humans 
[5, 7–10]. Over the past decades, NH-primates have been used on studies and 
research to prevent or cure human conditions, through the development of vac-
cines and drugs or treatment for cancer, diabetes, obesity, Parkinson’s and other 
neurodegenerative, respiratory and cardiovascular diseases [4, 5, 11, 12], as well 
as methods to prevent mother-fetus transmission of diseases such as HIV [13], 
amongst other conditions and illnesses. Moreover, it has recently been shown that 
some NH-primates present a working memory capacity similar to that of human 
children [14], which highlights their importance for cognitive and neurological 
studies.

Stem cells are also considered an excellent tool for disease modeling and drug 
screening [15]. Although pluripotent cells derived from embryos, also called 
embryonic stem cells (ESCs), and multipotent adult stem cells (ASCs) are relevant 
and have been widely used on stem cell research and therapy purposes [16–23], 
ESCs limited sources and ASCs limited proliferation, and differentiation potentials 
have hampered their use. The advent of inducing pluripotency in vitro on virtu-
ally any somatic cell from any species reported since 2006, led to an entire flock of 
biotechnological and therapeutic applications. Thus, since the debut of induced 
pluripotent stem cells (iPSCs) [24], it is possible to produce patient-specific plu-
ripotent stem cells that are highly valuable as models [15]. Furthermore, supported 
by age-related changes on the immune system of both humans and NH-primates 
[25], the use of said animals modeling human diseases associated with stem cell 
research might provide remarkable insight on translational stem cell-based therapy 
and  transplantation [6].

Since iPSCs were first reported, these cells are now available for a variety of 
wild and domestic animal species (reviewed by [26]). Amongst NH-primates, 
they include but are not limited to the rhesus [27]; drill [28]; cynomolgus monkey 
[29, 30]; marmoset [31]; baboon [32]; orangutans [33]; Japanese macaque [34]. 
These cells were mainly generated from fibroblasts and integrative methods, but 
more recently, they were produced through non-integrative methods, such as 
Sendai-virus and episomal vectors [10, 35–37]. NH-primate-derived iPSCs have 
been used in research related to or as models for neurological [38–41], cardiac 
[36, 42, 43], reproductive [44], hematopoietic conditions [37, 45], transplantation 
and grafting [30, 46] and others.

As previously stated, similarities between humans and NH-primates make 
them essential models to assess the safety of drugs and therapeutic methodologies 
before human trials [5]. Immunologic similarities were considered when multiple 
NH-primate species were chosen as models to establish an iPSCs-derived multipo-
tential hematopoietic progenitor cell differentiation protocol [37] and baboon enu-
cleated red blood cells derived from iPSCs [45], aiming at blood disease and others 
preclinical testing. Cell transplantation is a relevant therapeutic methodology for 
some cardiac conditions leading to heart failure [42]. NH-primates iPSCs-derived 
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cardiomyocytes were generated from rhesus monkeys [36, 43] and cynomolgus 
monkeys [42, 47] to assess drug screening, regenerative therapy,  grafting viability, 
and immune rejection potential.

Aside from immunologic, physiologic, and genetic similarities, NH-primates 
cognitive capacity and longevity drag special attention for these animals as models 
for mental illness, age-related or not. Huntington’s disease transgenic animals iPSCs 
have been used for generating neural progenitor cells that may be addressed for 
drug screening [48] pathogenesis modeling [40] and epigenetic and transcriptional 
profile analyses [49]. iPSCs and iPSCs-derived neural stem cells have also been 
generated from other NH-primate species aiming to develop regenerative therapy 
methods and modeling other neurological conditions, such as Alzheimer’s and 
Parkinson’s Disease [10, 36, 50–52].

Nevertheless, another possibility is the generation of custom-made specific 
transgenic disease models, by injecting retroviruses expressing target genes 
or gene editing techniques. The most known gene editing tools are zinc finger 
nuclease (ZFN), transcription activator-like effectors nuclease (TALEN), and 
clustered regularly interspaced short palindromic repeats (CRISPR). More recently, 
ZFNs and TALENs have been superseded by CRISPR/Cas9, which is equally, if 
not more efficient in inducing double-strand breaks (DSBs) and in stimulating 
homology-directed repair (HDR) [53, 54], also offering improved target specific-
ity, prediction of off-target effects and activity [53, 55, 56]. Those approaches have 
been  successfully applied to generate various NH-primate models (Reviewed by 
[57, 58]), including the above mentioned Huntington’s disease transgenic monkey 
[59], Parkinson’s [41, 60], neurodevelopmental disorders [61], Duchenne muscular 
dystrophy [62], severe combined immunodeficiency [63], and others.

Those models represent a significant scientific advance, allowing more  faithful 
models than rodents previously used [58]. Although the use of NH-primate as 
research models is notable, some issues still need to be addressed. The greatly 
developed social skills of those animals implicate in environmental and social 
requirements to be met to keep NH-primates in an ethical and healthy environment 
([64] art. 17), which implicates in high costs. Furthermore, results obtained from 
NH-primates studies are often not translatable to human research [65], highlighting 
the need for other research models, such as porcine and canine.

2.2 Swine: a large model in an already optimized production system

The domestication of swine (Sus scrofa domesticus) as a farm animal in 
 established and controlled housing conditions, including specific conditions free of 
pathogens, has led to an important wide public acceptance that requires only minor 
adaptations for research [66]. The swine reproductive maturity is relatively fast 
compared to other large species (6–8 months), and they present a short gestation 
period (115 days) associated with the capability to produce large litters, with around 
8–16 piglets per litter. Also, the swine body size, anatomy, physiology, and genetic 
homology are compatible with humans [66–69]. Hence, they are one of the most 
exciting species as a translational model for regenerative medicine research, and 
probably the most similar physiological model for humans apart from NH-primates.

The swine has already been explored as a biomedical model to develop diagnos-
tic methods, studies, and treatment for several different conditions and diseases. 
For example, immunology studies and allergy models [70], and respiratory and 
cardiovascular conditions, such as pulmonary surfactant function, reperfusion 
injury, pulmonary hypertension, and asthma [71–73]. Similar to humans, swine 
are omnivores, reassuring its adequacy in studies examining the gastrointestinal 
system: transit time of pharmaceuticals [74], inflammatory bowel disease [75], 
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gastric dilation [76] and metabolic disorders that influence of endocrine system 
[77–79]. The swine model has also been used to study neurological and neurodegen-
erative human disorders, such as amyotrophic lateral sclerosis, Alzheimer’s Disease 
[80, 81], and Huntington’s Disease [82].

For the advancement of regenerative medicine, specifically regarding cellular 
therapies, it is of great importance to study swine stem cells aiming to prove its 
efficacy and safety. Researchers have already demonstrated the effectiveness of 
treatment in the swine model using ASCs such as bone marrow mesenchymal stem 
cells (BM-MSCs) for the repair of myocardial infarction [83] and also for  autologous 
therapy for disc degeneration [84].

However, cellular therapies using multipotent stem cells are restricted to specific 
diseases due to the limited capacity for differentiation to specific types of cells. 
Pluripotent stem cells, nevertheless, circumvents such drawback by presenting the 
ability to differentiate into several cells from the endoderm, mesoderm, or ecto-
derm origin, thus expanding the possibility translational studies for regenerative 
medicine [67].

ESCs are often studied and divided into two pluripotency states: naïve or 
primed. Naïve ESCs are found in the pre-implantation embryo, in the inner cell 
mass (ICM), and primed ESCs are found in the post-implantation stage in the 
epiblast [85, 86]. It is known that the mice ESCs cultured and maintained in vitro 
are considered “naïve”, are collected from ICM and supplemented in culture with 
LIF, although human ECSs are collected from the epiblast and maintained in vitro 
with bFGF supplementation (for more details, refer to [87, 88]). For animal models 
including swine, the establishment of robust pluripotent ESCs using a straightfor-
ward and conventional approach has not yet been reported, and protocols regarding 
naive or primed pluripotency state characterization have not been consistent in the 
last decades [89].

Hence, the generation of iPSCs has shown to provide critical advantages over 
ESCs, particularly, when animal models are used. The iPSCs were already derived 
in the swine model (pig iPSCs or piPSCs) and reported in over 25 studies. The 
majority of those studies have used integrative methodologies to reprogram cells 
derived from embryonic, fetal, or adult fibroblasts. Although more efficient then 
non-integrative methods, integration of reprogramming factors onto the cell’s 
genome might lead to the persistent expression of said factors, which can generate 
tumors and become unfavorable for cell therapy [90, 91]. Pluripotency induction 
using non-integrative vectors would greatly assist their use in cellular therapy [92]; 
however, piPSCs produced by episomal non-integrative methodology were until 
now only considered iPSCs-like [93].

piPSCs have already been induced to differentiate into several lineages: 
 cardiomyocytes [94], hepatocytes [95], and even neuronal precursors cells [80, 96]. 
Kim et al. [96] for example, reported the derivation of piPSCs using porcine embry-
onic fibroblasts (PEFs) with four doxycycline-inducible human factors inserted 
into the cell by lentivirus, and the iPSCs generated were induced into neuronal 
progenitor cells (NPCs), positive for neuronal cells markers (PLAG1, NESTIN, and 
VIMENTIN). The differentiation protocol of iPSCs into NPCs can assist in future 
studies on animal models for neurodegenerative diseases, and the transplantation of 
these cells may provide details regarding the regenerative potency in vivo.

In particular, the swine is an attractive model to study human genetic diseases 
due to the genetic homology found between the species [97–99]. The extension 
of genetic editing tools to the piPSCs could significantly increase their value as 
a biomedical model, motivating efforts to develop safe and efficient genome 
 editing technologies in this model, aiming to replicate human disease and develop 
 therapeutic approaches [100].
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In swine, gene editing tools are more prone to be effective and accepted once 
reproductive biotechnologies (such as embryo manipulation and microinjection 
and somatic cell nuclear cloning – SCNT) are far more studied than other models 
such as NH-primates and dogs [101]. The use of CRISPR/Cas9 injection into swine 
zygotes, for example, has been reported as an exciting model for human disease 
based on gene knock-out [102–104], in special, presenting high efficiency and 
without detection of off-targets [105].

Gene editing is highly explored in human iPSCs for cardiovascular, 
 neurodegenerative diseases like Alzheimer’s and Parkinson’s, and degenerative 
muscular dystrophy (DMD), however, its applicability in autologous therapies is 
still restricted. Thus, gene editing in piPSCs to study diseases and their treatments 
[106] and transplant these cells or even to generate new entire edited organisms is 
a game-changer in the regenerative medicine field. Yu [104] edited swine zygotes 
using CRISPR/Cas9 for DMD the piglets born had the disease in skeletal muscle, 
heart and decreased smooth muscle thickness in the stomach and intestine. These 
models would enable, trough gene editing on piPSCs, to test autologous therapies 
for DMD.

Apart from the use of edited cells for cellular therapy, the technology would 
also be useful to the production of human organs by interspecies blastocyst-iPSCs 
complementation [68, 107]. Wu [108, 109] described the chimeras’ production 
through the complementation of hiPSCs in swine zygotes genetically edited via 
CRISPR/Cas9. Researchers also reported to efficiently disable pancreatogenesis in 
pig embryos via zygotic co-delivery of Cas9 mRNA and dual sgRNAs targeting the 
PDX1 gene. When combined with chimeric-competent human pluripotent stem 
cells, the authors inferred that these results would provide a suitable platform for 
the xeno-generation of human tissues and organs in pigs [108, 109].

Bypassing the ethical problems of possible humanization of the swine during the 
embryo complementation process, another option for producing patient-specific 
organs is to recellularize swine organ scaffolds with hiPSCs. The selected organ goes 
through the decellularization process that completely removes cells and organic 
components of tissue, such as lipids, DNA, and antigenic proteins, but maintains 
the extracellular matrix (ECM). Recently, Goldfracht [110] combined hiPSCS-
cardiomyocytes (hiPSC-CMs) with extracellular-matrix (ECM) derived from 
decellularized swine hearts, developing an ECM-derived engineered heart tissues 
(ECM-EHTs) model. Ohata and Ott [111] decellularized the lungs of human, swine, 
and NH-primates, the structure kept the original bronchial tree, vascular network, 
and most of the ECM composition and bioreactors were used to recellularize the 
lungs, and successful cell growth was achieved with perfusion culture.

Organ engineering based on recellularization with patient-derived iPSCs offers 
the unique potential to promote autologous treatment, and are also promising as 
tools for animal production, once piPSCs differentiated into germinative cells could 
be used to re-colonize depleted ovaries or testicles in order to spread the desired 
genetics in other animals [112]. Also, the use of muscle differentiation from iPSCs 
in scaffolds would benefit not only the cellular therapy for injured muscles in gen-
eral, but opens new possibilities regarding in vitro meat production. The produc-
tion of “animal-free” meat offers a reduction in environmental pollution and allows 
disease-free meat production due to its controllable and manipulative production 
system. However, technical challenges and intense research are still needed to 
establish such “animal-free” meat culture system [68, 113].

Although the complete reprogramming of iPSCs in the swine model is not yet 
fully elucidated as it is for human and murine reprogramming, the technology has 
the clear benefit of improving animal production and reproduction, opening new 
perspectives to study genetic diseases or develop cellular transplantation therapies. 
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Studies are still needed to optimize the production of non-transgenic piPSCs and 
their association with other biotechnologies in the swine model, and the inter-
species difference regarding pluripotency acquisition is important in order to define 
proper culture conditions to maintain the pluripotency and the reprogramming 
protocols in this model.

2.3 Canines: closer to humans than ever

The dog (Canis lupus familiaris) is considered a well-suited animal model for 
many diseases, drug development, and regenerative therapies. Like humans, dogs 
present a great phenotypic diversity and a well-mixed gene pool because of centu-
ries of random breeding [114], and they also exhibit metabolic, physiological, and 
anatomical similarities to humans [115]. More than 200 known hereditary canine 
diseases have an equivalent human disease, including cardiomyopathies, muscular 
dystrophy, and cancer. Moreover, the dog was the most prevalently used species in 
early transplantation research, including bone marrow transplantation and gene 
therapy [116], due to their similarities to humans concerning stem cell kinetics, 
hematopoietic demand, and responsiveness to cytokines [117, 118].

Because of the many similar cancer characteristics in dogs and humans, includ-
ing histological features, genetics, behavior, and response to conventional therapies 
[119], dogs are amongst the leading models for human cancer studies. Notably, 
the number of dogs that are diagnosed and managed with cancer is estimated to 
be over 6 million per year in the United States [119]. Such conditions triggered 
researchers’ interest and efforts to identify cancer-associated genes, study the envi-
ronmental risk factors, understand tumor biology and progression, and develop 
of novel cancer therapeutics [120]. Different researchers described similar types 
of cancer in dogs and humans that include prostate, skin, mammary, lymphoid 
neoplasia, and others [121–124]. Nonetheless, it should be recognized that just as in 
other models, both similarities and dissimilarities exist [119], including disparities 
concerning genomic factors, clinical behavior, and prevalence. For example, the 
BRAF gene’s somatic mutation occurs in nearly 60% of melanoma from humans, 
but only in approximately 6% of dogs [125]. Also, while osteosarcoma most typi-
cally affects the appendicular skeleton and metastasizes to lungs in humans and 
dogs, peak onset occurs at a young age in humans, but more often at an advanced 
age in dogs [126].

Stem cell research is a recent and increasing field for canines, unraveling the 
development of novel cell-based disease models, drug discovery, and therapies. 
Some research with ASCs has been performed dogs due to their regeneration 
properties. Canine MSCs (cMSCs), for example, successfully recovered damaged 
spinal cord neurons [127], increased tubular epithelial cell proliferation in cisplatin-
induced kidney damage [128], successfully treated osteonecrosis [129], repaired 
infarcted myocardial tissue [130], are capable of chondrogenic differentiation [131] 
and suppression of inflammation of ruptured crucial ligament [132].

As previously discussed, ASCs cells have limitations when considered for 
therapy or regenerative medicine, such as limited proliferation, expansion, and 
differentiation potentials. In contrast, pluripotent stem cells can fill a critical void in 
regenerative medicine by allowing autologous studies or gene editing for in vivo or 
in vitro disease modeling. Similar to pigs, but in particular in dogs, isolation of gen-
uinely pluripotent cells has been challenging. According to [133] six studies from 
2007 until 2009 derived ESCs from blastocysts that expressed the core pluripotency 
markers and were capable of differentiating into representative lineages of all three 
germ layers in vitro; however, a limited proliferative potential and differentiation in 
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germ cells layers were observed in all [134–139]. Moreover, a consensus regarding 
typical morphology and cell culture conditions are still unreported [136, 138].

iPSCs generation in canines has evolved quickly. Some studies have shown 
that the generation of canine induced pluripotency stem cells (ciPSCs) from fetal 
or adult cells through retroviral transduction of dog, human, or mouse factors 
[140–149]. The pluripotency state of the ciPSCs (naïve, primed, or other) has 
been discussed, and the proper characterization of these cells lacks consensus. 
These studies tested different medium and supplement combinations in culture 
and reported different pluripotency acquisition requirements and maintenance 
(different culture supplementation and different cell surface markers detection). 
Interestingly, [141] obtained ciPSCs derived from adipose multipotent stromal cells 
that showed similarity to human ESCs regarding morphology, pluripotency markers 
expression, and the ability to differentiate into all three derivatives germ layers in 
vitro (endoderm, ectoderm, and mesoderm).

Remarkably, dogs develop breed-associated genetic predispositions to particular 
disorders and suffer from many of the same maladies as humans. Many genetic 
diseases, such as Alzheimer’s disease, retinal atrophy, muscular dystrophy, cancer, 
obesity, cardiovascular diseases, and diabetes mellitus, affect dogs and humans 
[121, 135, 150]. For instance, the neurobehavioral syndrome called canine cognitive 
dysfunction (CCD), which affects 14.2–22.5% of dogs over eight years old, shares 
many clinical and neuropathological similarities with human aging and early stages 
of Alzheimer’s Disease [151–154]. Recently, Hyttel and collaborators [155] aimed 
to characterize the CCD condition in iPSC-derived neurons from aged demented 
and healthy dogs, allowing the comparison of CCD with human Alzheimer’s at 
the cellular level. Canine iPSCs have also been tested in other studies, as research-
ers transplanted autologous iPSCs into the myocardial wall of dogs to examine 
the potential for myocardial infarct treatment, and the stem cell population were 
tracked regarding distribution,  migration, engraftment, survival, proliferation, and 
differentiation [142].

Although biotechnological techniques and tools for the dog are less developed 
than for other species such as swine, the progress on gene editing technologies that 
can correct genetic defects, thereby offering potential treatment of some inherited 
diseases, is of great interest in canines due to the genetic proximity to humans 
described before [156, 157]. In 2015, [158] explored the feasibility of producing 
gene knockout (KO) dogs using gene editing by CRISPR/CAS9. The study focused 
to knock out the myostatin gene (MSTN), that is a negative regulator of skeletal 
muscle mass and demonstrated for the first time that a single injection of Cas9 
mRNA and sgRNA corresponding to a particular gene into zygotes, combined with 
an embryo transfer strategy, efficiently generated site-specific genome-modified 
dogs [158, 159].

Recent studies also focused on using CRISPR/Cas9 edition for canine cancer 
models [160, 161]. Eun et al. [161], reported the attempt to optimize the CRISPR/
Cas9 system to target canine tumor protein 53 (TP53), one of the most important 
tumor suppressor genes. The establishment of TP53 knockout canine cells could 
generate a useful platform to reveal novel oncogenic functions and effects of 
 developing anti-cancer therapeutics [161].

Whereas one of the key benefits of using ciPSCs in disease modeling is the 
already discussed advantage over murine models, mostly due to the higher similarity 
between dogs to humans, another important perspective about ciPSCs is its poten-
tial use in clinical applications to improve the health and welfare of dogs themselves, 
an important aspect to be considered, in particular, due to the increasing inclusion 
of pets inside families and their overall importance to the One Health concept.
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3. Future perspectives and final considerations

Herein advantages and hurdles of using of induced pluripotent stem cells were 
discussed concerning ongoing and future applications in large animal models, 
summarized in Figure 1. While true ESCs have only been described in mouse 
and rat models, it is widely accepted that these models are not the most adequate 
for studies on cellular therapies in regenerative medicine. Therefore, progress on 
translational medicine relies on the development of pluripotent-based technologies 
in suitable environments such as NH-primates, swine, or canine organisms. The 
alliance between in vitro induced pluripotency and gene editing tools opens a new 
road to suitable and experimental preclinical protocols. Besides the in vivo or in 
vitro disease modeling, the validation of pluripotency in domestic and wild animals 
holds great promise to contribute to animal production, preservation, and health 
by enabling, for example, the generation of gene editing and improved gametes, 
embryos, and animals.
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Figure 1. 
Biomedical and regenerative possibilities for translational use of induced pluripotent stem cells derived from 
large animal models.
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Abstract

The in vitro toxicology field seeks for reliable human relevant hepatic models for 
predicting xenobiotics metabolism and for the safety assessment of chemicals and 
developing drugs. The low availability and rapid loss of the phenotype or low bio-
transformation activity of primary hepatocytes urged the stem cell differentiation 
into hepatocyte-like cells (HLCs). Umbilical cord-derived mesenchymal stem cells 
(UC-MSC), in particular, offer a highly available cell source, with few ethical issues 
and higher genetic stability. However, the dynamic and complex microenvironment 
of liver development, including the cell-ECM and cell–cell interactions, pressure 
gradients (oxygen and nutrients) and growth factor signaling that are critical for 
the differentiation and maturation of hepatocytes, challenges the progress of in vitro 
hepatic models. Promising strategies like (i) cytokine and growth factor supple-
mentation mimicking the liver development; (ii) epigenetic modification; and (iii) 
bioengineering techniques to recreate the liver microphysiological environment are 
gaining increasing importance for the development of relevant in vitro liver models 
to address the need for higher predictivity and cost efficiency. In this context, this 
chapter reviews the existing knowledge and recent advances on the approaches for 
deriving HLCs from UC-MSC and their application for in vitro toxicology.

Keywords: human neonatal mesenchymal stem cells, umbilical cord mesenchymal 
stem cells, hepatocyte-like cells, hepatic differentiation, liver development, epigenetic 
modifiers, bioengineering, in vitro alternative models, in vitro toxicology

1. Introduction

The liver is a complex organ at the anatomical and physiological level, associated 
with numerous vital functions, including protein and urea synthesis, and regula-
tion of the energy metabolism. It is also the main organ responsible for xenobiotics 
metabolism, the reason why it is often the first to contact with their metabolic 
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products and most of the toxins, being one of the main targets of the toxicity 
caused by those drugs. Indeed, drug-induced liver injury (DILI) is responsible 
for nearly 60% of the cases of acute liver failure [1]. Despite the increased aware-
ness for DILI, its absolute frequency is not decreasing demonstrating the need for 
evaluating drugs’ hepatotoxicity and for smarter in vitro tools to increase predictiv-
ity and to represent the patients at a population level within the drug development 
process [2].

Traditional in vitro models for hepatotoxicity studies include monolayer cell 
cultures (2D) and suspensions of human hepatoma cell lines or primary hepa-
tocytes [3] (Table 1). The primary cultures of human hepatocytes present the 
most representative phenotypic and functional profile, but exhibit a short-term 
viability, with a quick loss of several cellular functions within the first days in 
culture [3], including a loss in CYP-dependent monooxygenase activities, signifi-
cant downregulation of phase I and phase II enzymes, stress-related upregulation 
of acute-phase-response enzymes and delocalization of transporter proteins. Rat 
primary hepatocytes, on the other hand, have also the disadvantage of presenting 
interspecies differences on the biotransformation of xenobiotics [4]. To overcome 
such limitations, different human hepatoma cell lines have been established. These 
can provide a high quantity of human cells and are cost-effective. However, those 
benefits are often surpassed by a number of other limitations, namely their disease-
like state, lower metabolizing capacity and incomplete biotransformation profile 
[5]. As a result, the drawbacks of the currently available models sustain the need 
for relevant human in vitro hepatotoxicity models that better resemble the in vivo 
microphysiology.

Stem cell-based hepatic models represent an important alternative to the con-
ventional hepatic in vitro systems. This chapter integrates the state of the art of 
human umbilical cord matrix (UCM-MSCs) or blood (UCB-MSCs) hepatic dif-
ferentiation and its role as an in vitro alternative model for biotransformation and 
hepatotoxicity studies.

Model Advantages Limitations Ref.

Isolated hepatocytes Obtained from whole livers or 
biopsies
Functions close to those of 
hepatocytes in vivo
Enable interspecies and 
pharmacogenomics studies
Representative of different lobular 
subpopulations

Viability: 2–4 h
No bile canaliculus
Low availability of human 
tissue
Interspecies differences

[6, 7]

Primary hepatocyte 
cultures (pHep)

Obtained from whole livers or 
biopsies
Functions close to those of 
hepatocytes in vivo
Longer viability than isolated tissue
Induction/inhibition of drug-
metabolizing enzymes
Enable interspecies and 
pharmacogenomics studies

Viability: 2–4 days
Early phenotypic changes
Altered bile canaliculi
Difficult recovery of cells and 
maintenance of function upon 
cryopreservation
Low availability of human 
tissue
Interspecies differences

[3, 7]

Hepatoma cell lines 
(HepG2, Huh7)

High proliferation activity and 
good availability
Well-characterized and abundant 
data available

Decreased drug enzyme 
activities
Genotype instability

[3, 5, 
8, 9]

Table 1. 
Advantages and limitations of traditional in vitro models for hepatotoxicity studies.
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1.1  Umbilical cord-derived mesenchymal stem cells as an alternative  
stem cell source for generating hepatocyte-like cells

Recent developments in stem cell technology have paved the way for identifying 
novel candidate sources of cells as an attempt to increase the availability of func-
tional human liver-like cells, as well as improving the reliability and the accuracy 
of drug screening in vitro [10, 11]. In fact, stem cells (SCs) are of human origin and 
possess the ability to self-replicate and differentiate into all cell types in the body. 
Regarding the liver, the differentiation strategies to derive hepatocyte-like cells 
(HLCs) from stem cells are mostly based on mimicking the development of hepato-
cytes in vivo and include the addition of soluble medium factors, the reconstruction 
of the cell-matrix and the intercellular interactions through the use of alternative 
cell culture strategies and the assessment of cell fate via genetic modifications and 
epigenetic modulation [12]. Yet, the major challenges on producing stem cell-
derived HLCs in vitro are still the immature phenotype of the HLCs [13], the lack 
of defined endpoints of hepatic differentiation and maturation [14], the absence of 
relevant positive controls [15] and defining the best stem cell source.

Several approaches have been developed for deriving HLCs from human 
embryonic stem cells (hESCs) [7, 16, 17], induced pluripotent stem cells (iPSCs) 
[7, 18–20], bipotent liver progenitor cells [21] and mesenchymal stem cells (MSCs) 
[22–42]. hESCs display various advantages for clinical applications when compared 
to immortalized cell lines and primary cell cultures, since they are genetically 
normal (diploid) and do not possess the high donor-dependent variability observed 
in primary cells [43]. The use of these cells raises, however, various ethical, techni-
cal and legal concerns [44]. Other types of SCs, like iPSCs and adult stem cells, do 
not give rise to those ethical issues. Nevertheless, there is some evidence suggesting 
that iPSC therapy has the risk of leading to tumor formation, raising safety con-
cerns that should be addressed by researchers to ensure the viability of this therapy 
[44]. iPSCs and hESCs also reveal a high risk for teratoma formation in vivo [45], 
exhibiting high genomic instability, through the accumulation of mutations [46], a 
concern that is not raised by neonatal MSCs [47]. MSCs, on the other hand, reveal 
many advantages over the other SCs, which make them suitable for toxicological 
and regenerative medicine applications. They can be isolated from non-contro-
versial sources at a relatively low cost, do not require feeder layers and high serum 
conditions, reveal a satisfactory proliferative capacity in vitro and are less immuno-
genic [23, 26, 34, 48–51]. Interestingly enough, iPSC-derived MSCs have also been 
reported as less immunogenic [52].

MSC classification is still controversial, being commonly defined as adult, fetal 
or neonatal MSCs depending on its origin. Independently of their origin, MSCs are 
characterized according to the International Society for Cellular Therapy (ISCT) 
criteria [53]. The position paper published by the ISCT states that the isolated cells 
must display: (a) plastic adherence when maintained in standard two-dimensional 
(2D) culture; (b) specific surface protein expression, typically confirmed by 
flow cytometry where a minimum of 95% of the cell population must portray the 
expression of surface markers CD105, CD73 and CD90, whereas the markers CD45, 
CD34, CD14 or CD11b, CD79α or CD19 and HLA-DR should show less than 2% 
expression among the isolated cells; and (c) tri-lineage differentiation capacity of 
the isolated cells, that is, these cells must be shown to differentiate to osteoblasts, 
adipocytes and chondroblasts using standard in vitro tissue culture-differentiating 
conditions [53].

MSCs are pluripotent stem cells that can be obtained from adult tissues like 
adipose tissue, brain, bone marrow and pancreas [54], but can also be isolated 
from neonatal tissues, like fetal-blood, amniotic sac and fluid, placenta [55] and 
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extra-embryonic tissues such as the umbilical cord (UC-MSCs) [56]. The umbili-
cal cord, in particular, represents a source of MSCs that is readily available as it is 
discarded as a medical waste after birth [57]. Herein, MSCs can be isolated from 
the blood (UCB-MSCs) or from the matrix (UCM-MSCs) through several isolation 
processes, namely by enzymatic, explants or mixed enzymatic-explant digestion 
methods [58, 59] that result in different yields [60–62].

Depending on their origin, MSCs may present variations in morphology, 
proliferation potential, growth rates and differentiation capacity as well as their 
regenerative potential. A significant advantage of the MSCs derived from neona-
tal and extra-embryonic tissues over their adult counterparts is their availability, 
extraction using non-invasive procedures, higher isolation yields and the absence 
of ethical concerns [16]. Nevertheless, other advantages have been linked to 
those cells. Several studies have reported superior cell biological properties 
such as less variability resulting from the epigenetic marks related to the donor’s 
lifestyle as well as high proliferative capacity, increased lifespan and, impor-
tantly, enhanced potency of the UC-MSCs over the other MSCs obtained from 
adult tissues (Figure 1). Indeed, in contrast to BM-MSCs, UC-MSCs maintain a 
significant expansion potential of 2.5 population doublings per week up to pas-
sage 22 (P22) keeping all MSC traits and genomic stability and without reaching 
senescence [63, 64]. Moreover, along with the adipogenic, chondrogenic and 
osteogenic lineages, UC-MSCs demonstrated differentiation ability into the 
mesodermal lineage originating from myoblasts and cardiomyocytes [65]; into 
the ectodermal lineage leading to neurons [66]; and into the endodermal lineage 
cells, giving rise to insulin-producing cells [51] and HLCs [22–42]. Besides, 
UC-MSCs can be obtained from donors with diverse pharmacogenetic profiles 
allowing for inter-individual pharmacogenomic studies and development of 
personalized therapies.

Figure 1. 
Main advantages of human umbilical cord MSCs (hUC-MSCs) over other MSC sources.
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2. Hepatocyte-like cell differentiation

2.1  Mimicking liver development by cytokines and growth factors 
supplementation

The underlying mechanisms inducing hepatocyte polarity and functional 
maturation in vitro remain largely elusive. Liver cells in vivo reside within a dynamic 
microenvironment in which biomechanical and biochemical properties of the 
extracellular matrix (ECM), dynamical cell-ECM and cell-cell interactions, pres-
sure gradients (oxygen and nutrients) and growth factor signaling are critical for 
the differentiation and maturation of hepatocytes. The relative importance of these 
various factors changes during liver development and maturation. This makes 
developing liver models enormously challenging.

Liver development has been studied using animal models, such as mouse [67], 
chicken [68], zebra fish [69] and Xenopus [70]. The knowledge of other species’ 
developmental biology contributed significantly to the progress and set up of 
protocols, which mimic the in vivo liver development, for deriving HLCs from 
human stem cells in vitro. As shown in Figure 2, the hepatogenesis process and the 
subsequent in vitro mimicking of liver development include several steps:

i. Initially, gastrulation and endoderm specification are activated by Nodal, 
bone morphogenetic protein (BMP) and Wnt signaling. Signaling by Nodal 
initiates endoderm and mesoderm formation in a concentration-dependent 
manner, in which high Nodal concentrations originate the definitive 
endoderm [71]. The endoderm induction step has been tested in vitro on 
ESCs through cell exposure to Activin A, a growth factor from the TGF-β 
family, which binds the same receptors as Nodal and therefore mimics its 
 activity [72, 73].

ii. Gradients of fibroblast growth factor (FGF), Wnt, BMP and retinoic acid 
secreted from the adjacent mesoderm are responsible for patterning of endo-
derm [70, 74, 75] to generate the midgut, foregut and hindgut. Each domain 

Figure 2. 
Hepatogenesis and the respective inducing factors for in vitro differentiation of MSCs into HLCs. The addition 
of a combination of soluble factors to the culture, at defined time points, to mimic (i) endoderm commitment 
and (ii) foregut induction (EGF and FGF), followed by (iii) hepatoblast and liver bud formation (FGF, 
HGF and ITS) and finally (iv) hepatocyte differentiation and maturation (OSM, dexamethasone and 
ITS) have been shown to allow hepatic differentiation to some extent, mimicking the in vivo ontogeny. AFP, 
α-fetoprotein; ALB, albumin; BMP, bone morphogenetic protein; CK, cytokeratin; EGF, epidermal growth 
factor; FGF, fibroblast growth factor; bFGF, basic fibroblast growth factor; HGF, hepatocyte growth factor; 
HNF, hepatocyte nuclear factor; ITS, insulin-transferrin-selenium; MAPK, mitogen-activated protein kinase; 
OSM, oncostatin M.
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expresses a specific transcription factor: HHEX in the foregut, PDX1 in the 
midgut and CDX in the hindgut. Activation of the HHEX gene expression is 
essential to foregut formation and therefore its development into the liver. In 
vitro, this step is mimicked by exposing cells to growth factors such as FGF 
and EGF, once these activate the HHEX gene [74, 76].

iii. After endoderm commitment and foregut induction, the foregut receives sig-
nals from the developing heart and septum transverse mesenchyme (STM), 
which release FGF and BMP respectively, and regulate hepatic specification 
to generate hepatoblasts [71, 77]. After hepatic specification, cells start 
expressing hepatic markers, such as α-fetoprotein (AFP), albumin (ALB), 
transcription factors as CEBPA and HNF4A, and change their morphology 
from cuboidal to pseudostratified columnar epithelium, forming the liver 
bud [78]. STM and hepatic mesenchyme secrete FGF, BMP, Wnt, retinoic 
acid and hepatocyte growth factor (HGF), which promote hepatoblast 
proliferation and survival [74, 75, 79, 80]. This step is generally mimicked 
in vitro using FGF to simulate the signals sent by the developing heart 
and STM, which induce a transformation in cell disposal and morphology 
[77, 79], mediating early hepatic differentiation [21]. Herein, HGF stimulates 
a mid-late hepatic phenotype and is commonly used to promote hepatoblast 
formation; however, it does not induce functional maturation [21]. FGF and 
HGF, as well as cell culture supplements like insulin-transferrin-sodium 
selenite (ITS) and nicotinamide, synergistically affect the hepatic driving 
pathway [34, 80].

iv. Finally, hepatoblasts, which are bipotent cells, can differentiate into hepato-
cytes or biliary epithelial cells. Initially, hepatoblasts express genes associated 
with both adult hepatocytes (HNF4A, ALB, CK18) and biliary epithelial cells 
(CK19), as well as fetal liver genes such as AFP [71]. Additionally, these cells 
express CK-14, DLK1, E-cadherin, EPCAM and CD133 and undergo prolifera-
tion and differentiation into hepatocytes and cholangiocytes [71]. One factor 
responsible for the induction of hepatoblast differentiation into hepatocytes 
and induction of metabolic maturation is oncostatin M (OSM), secreted by 
hematopoietic cells in the liver [81]. Indeed, several in vitro models for hepat-
ocyte differentiation use dexamethasone, HGF [22, 40, 41], OSM [25, 34, 40] 
and TNF-α factors [21, 71] to induce hepatocyte maturation. Moreover, the 
use of a collagen coating [21–23, 34] improves the in vitro environment to 
promote hepatogenic differentiation by mimicking in vivo ontogeny.

The protocols, to differentiate MSC into functional hepatocytes, based on the 
in vivo liver development process can be categorized into two groups: cocktail and 
sequential. The cocktail methodology is based on one single step, whereas the 
sequential and time-dependent procedures are based on four, three, or two steps. 
Campard et al. [22] study was one of the first described studies using a three-
step-based protocol for deriving UCM-MSCs into HLCs. Herein, UCM-MSCs (also 
designated as Wharton’s jelly cells) have been isolated by an orthodox method, 
involving complex vein and arterial excisions, and the authors departed from a 
mixed, heterogeneous population of cells. Nevertheless, after the differentiation 
procedure, HLC derived from UCM-MSCs exhibited a hepatocyte-like morphol-
ogy, the presence of several hepatic markers (CK18, ALB, AFP and connexin 32), 
had glycogen storage ability, produced urea and revealed an inducible CYP3A4 
activity. Still, the absence of some hepatic markers in the differentiated UC-MSCs, 
such as HepPar1 or HNF4A, suggested that a fully mature hepatocyte phenotype 
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was not achieved. In another study, Zhao et al. [37], after hepatic differentiation of 
UC-MSC, prompted by a two-step protocol with HGF and bFGF, HLCs exhibited 
hepatocyte-like morphology and specific functions including albumin secretion, 
low-density lipoprotein uptake and urea production. In contrast, Zhang and col-
leagues [36], using a simpler cocktail induction protocol (with HGF and FGF-4), 
successfully differentiated UC-MSCs into HLCs with the same hepatic features.

Overall, those studies indicate that UC-MSCs are capable of generating 
hepatocyte-like cells with essential hepatic specific functions displaying an exciting 
potential venue toward cell-based therapeutics, human liver development studies 
and disease models for liver failure disorders. Yet, the weak characterization of the 
cells in terms of biotransformation ability has delayed their implementation for 
in vitro hepatotoxicity studies.

2.2 Epigenetic modifiers for improving HLC phenotype

Stepwise addition of factors such as EGF, FGF, HGF, nicotinamide, ITS, dexa-
methasone or OSM to the culture medium is used in the majority of the studies 
to differentiate MSCs [23, 26, 34, 35, 41]. Although the addition of these factors 
seems to lead to hepatic differentiation, a full mature hepatic cell has not yet been 
achieved. As such, the search for additional differentiation-inducing factors to 
induce a mature hepatic phenotype persists [34].

The normal function of cells is controlled by epigenetics, in which a combina-
tion of signaling pathways controls the balance between growth and differentiation. 
Therefore, besides mimicking the in vivo extracellular communication pathways by 
the use of soluble molecules, such as growth factors, cytokines, hormones and glu-
cocorticoids, one of the strategies for controlling lineage-specific gene expression 
to induce a mature hepatic phenotype is by the use of chromatin remodeling agents, 
such as epigenetic modifiers (EM) as HDAC inhibitors (HDACi), DNMT inhibitors 
(DNMTi) and microRNA (miRNA).

Epigenetic modifiers change gene expression without changing the underlying 
DNA sequence, at the chromatin level, by modulation of its architecture between 
heterochromatin (transcriptionally inactive) and euchromatin (transcriptionally 
active) [82]. Epigenetic modulation allows to silence pluripotency transcription 
factors or to activate the transcription of genes of a specific lineage contributing to 
the improvement of the HLC phenotype [34]. These mechanisms are mainly regu-
lated by DNA methylation, histone modifications and miRNA [82] as presented in 
Figure 3. Indeed, different strategies for hepatic differentiation based on epigenetic 
modification have been described so far and those include DNA methylation, 
histone modification and the use of microRNAs.

2.2.1 DNA methylation

DNA methyltransferases (DNMTs) introduce a methyl group, generally at CpG 
islands, into the DNA [82]. Decrease of DNMT1 [83] and increase of DNMT3 [84] 
expression have been shown to be associated with hepatic maturation. Hence, 
modulation of DNMTs may present a strategy for increasing liver-specific gene 
expression and consequently maintain a hepatic fate in HLCs [12]. 5-Azacytidine 
(5-AZA) is the most commonly used DNA methyltransferase inhibitor (DNMTi), 
whereas dimethyl sulfoxide (DMSO) emerges as a modulator of DNMTs [85].

The alteration of the DNA methylation status occurs as 5-AZA mimics the cytidine 
base and thus is introduced into the newly synthetized DNA strain on the S phase of the 
cell cycle [86]. On the subject of hepatocyte differentiation, Rothrock and colleagues 
[87] administered 5-AZA in utero to 20 days gestational age rat fetus resulting in a 
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quicker maturation of hepatocyte morphology, associated with higher activation of 
genes normally expressed later in liver development as TAT and ALB. In vitro, Yoshida 
et al. [25] evaluated various combinations of inducing factors, plus the addition or 
absence of 5-AZA, and verified that the 5-AZA combined with soluble factors was 
the most effective strategy for differentiating UCB-MSC that displayed a significantly 
higher ALB, CEBPA and CYP1A1/2 gene expression levels, PAS positive results and 
urea production after 21 days of differentiation. In another study, Cipriano et al. [23] 
used 5-AZA as a promoter of differentiation, in the hepatoblast-like stage of differentia-
tion, and observed a significant increase in urea production and CYP activity on HLCs.

DMSO has also been proposed as an epigenetic modifier. Although the mecha-
nism by which DMSO induces hepatic differentiation is poorly understood, Iwatani 
et al. [85] suggested that it is by upregulation of the expression of DNMT3. This 
study was performed in mouse embryoid bodies. Yoon et al. [88], on the other 
hand, used trichostatin A (TSA) or DMSO treatment for the maturation steps 
within the hepatic differentiation procedure. Herein, TSA-treated MSCs showed 
higher EROD activity (human CYP450 1A1/1A2) and ammonia conversion than 
DMSO-treated cells. Conversely, Cipriano et al. [34] showed that, in addition to the 
sequential differentiation protocol, DMSO alone (in comparison to its combination 
with TSA) induced cellular modifications on UCM-MSCs, forming epithelial-like 
binucleated cells, and stimulated a homogeneous glycogen storage and improved 
HLC biotransformation activity. The introduction of DMSO for hepatic maturation 
also resulted in a significantly improved HLC phenotype and maintenance of the 
hepatocyte features up to 2 weeks in culture [34]. Hence, more studies are necessary 
in order to determine the effectiveness of DMSO on differentiation of MSCs.

2.2.2 Histone modifications

Histone deacetylases (HDCAs) remove the acetyl group from the histones and 
modulate chromatin to regulate cell proliferation, differentiation and growth [86]. 
The most commonly used histone deacetylase inhibitors (HDACi) are TSA, sodium 
butyrate (NaBu) and valproic acid (VPA).

Figure 3. 
Control of gene transcription by epigenetic modifiers. Hypomethylated CpG islands and hyperacetylated 
histone tails at the chromatin level allow gene transcription. DNMT inhibitors (DNMTi), microRNA 
(miRNA) and HDAC inhibitors (HDACi) modulate the chromatin structure by creating an open, 
transcriptionally active euchromatin. Consequently, the enhanced accessibility of transcription complexes to 
chromatin leads to increased transcriptional activation of several epigenetically suppressed genes. 5-AZA, 
5-azacytidine; DNMT, DNA methyltransferase; HAT, histone acetyltransferase; HDAC, histone deacetylase; 
NaBu, sodium butyrate; TSA, trichostatin A; VPA, valproic acid.
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Similar to other HDACi, TSA reversibly and specifically inhibits HDAC leading 
to hyperacetylation of histones, but the exact role in hepatic differentiation and 
maturation is still unclear [88]. Exposure to TSA on primary rat hepatocytes culture 
revealed increased cell viability and albumin secretion and maintained CYP phase I 
enzymes’ capacity by controlling the expression of liver-enriched transcription fac-
tors (LETFs) and cell cycle arrest [89]. Yoon et al. [88] found that TSA-treated MSC 
presented higher activity than OSM- or DMSO-treated cells, showing an epithelial-
like shape right after treatment and higher urea production and ammonia removal 
(compared to DMSO) on day 21, as well as the expression of late hepatic markers 
such as TAT gene expression and EROD activity. Although the expression of these 
markers and functions indicate a mature HLC phenotype, these values are still 
lower than in human primary hepatocytes. Likewise, Cipriano et al. [34] tested the 
effect of 100, 500 and 1000 nM of TSA on UCM-MSC differentiation and observed 
that 1000 nM of TSA resulted in cell detachment and cell loss, whereas 100 nM did 
not present relevant morphological changes from a fibroblastic morphology to a 
more epithelial morphology during the differentiation process. Conversely, 500 nM 
of TSA resulted in higher EROD and UGT activities, as well as CK18 presence and 
epithelial morphology [34], though, as referred in the above section, TSA-treated 
cells could not surpass the results with DMSO-treated cells [34].

Several protocols for hepatic differentiation of SCs prime the cells with NaBu 
[90], in combination to Activin A [73] or bFGF and BMP4 [91], in order to induce 
the definitive endoderm prior to further maturation of HLC through, for instance, 
DMSO [92]. However, the translation of these studies to UC-MSC is still limited. To 
the best of our knowledge, only Panta et al. [26] showed that pre-treatment of UCM-
MSCs with NaBu upregulated hepatoblast and hepatocyte markers and stimulated 
mature hepatic-associated functions, such as urea production, glycogen storage and 
G6P, CEBPA, and CYP2B6 activity, compared to non-treated differentiated cells.

Finally, VPA, an antiepileptic and anticonvulsant drug, has demonstrated to 
improve stem cell hepatic differentiation when administered in low doses. An et al. 
[27] suggested that hepatic differentiation of UC-MSC is stimulated by VPA due to 
upregulation of endodermal genes such as AKT and ERK. Raut and Khana [28] also 
verified that pre-treatment of UCM-MSC with VPA enhanced the expression of 
hepatocyte-specific miRNAs typically upregulated during fetal liver development, 
such as miR-23b cluster (miR-27b-3p, miR-24-1-5p and miR-23b-3p), miR-30a-5p, 
miR-26a-5p, miR-148a-3p, miR-192-5p and miR-122-5p, which contributed to a 
more efficient hepatic transdifferentiation.

2.2.3 microRNA (miRNA)

MicroRNAs are critical regulators during the development of liver [93]. In 
humans, miR-122 is the most abundant miRNA expressed in the adult liver and is 
known to regulate hepatocyte differentiation [28, 93].

Zhou et al. [50] validated that, besides miR-122, also miR-148a, miR-424, miR-
542-5p and miR-1246 are essential for UC-MSC differentiation, given that omitting 
any of these five-miRNA combination prevented hepatic transdifferentiation. In addi-
tion, it was also demonstrated that HLCs transdifferentiated from those five microR-
NAs expressed high level of hepatic markers in only 7 days. Moreover, Khosravi et al. 
[94] studied the role of embryonic overexpressed miRNAs such as miR-106a, miR-
574-3p and miR-451 and determined that upregulation of any of these three alone 
could not induce expression of hepatic genes, such as SOX17, FOXA2, HNF4A, ALB, 
AFP and CK18. However, the concurrent ectopic overexpression of the three miRNAs 
together could induce UC-MSC differentiation into functionally mature hepatocytes 
in an easier, faster and efficient way compared to conventional techniques [94].
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In summary, these results suggest that miRNAs have a role in hepatic differentia-
tion and can rapidly and efficiently convert stem cells into functional HLC.

2.3 Bioengineering tools for hepatic differentiation

Hepatocytes need to be exposed to the native physiology of the liver and to have 
cell-cell interaction similar to the in vivo microenvironment in order to maintain 
its differentiated state [95]. Engineering tools, such as microfluidics, biomaterial 
scaffolds and bioprinting, have enabled greater control over the cellular microenvi-
ronment and, subsequently, cell response [96]. These strategies may set the ground 
for producing organs or tissues on demand to be used for animal-free drug develop-
ment and personalized medicine. Moreover, optimizing cell-cell interactions using 
different bioengineering techniques, such as 3D liver spheroids and bioprinting, 
would allow a better mimic of the in vivo physiology and thus permit to analyze 
cells’ response to drugs and other stimuli more accurately.

Different research groups reported various hepatic differentiation protocols by 
resorting to bioengineering tools. Table 2 gathers several strategies for deriving 
HLCs from different umbilical cord sections both in 2D and 3D systems.

Within the umbilical cord, investigators seem to prefer using UCM-MSCs 
over UCB-MSCs to obtain HLCs, as shown in Table 2. This may be explained as 

MSC 
source

Induction factors Controls Functional 
analysis

Hepatic 
markers

Ref.

Monolayer culture

UCB HGF, ITS, OSM, 
dexamethasone

MSC LDL uptake ALB, AFP, 
CK-18, 
CK-19, GS, 
TAT HGF, 
c-Met, 
PEPCK, CPS

[40]

EGF, bFGF, 
HGF, OSM, ITS, 
nicotinamide, 
dexamethasone

Human Hep3B 
cell line

Albumin and urea 
production, LDL 
uptake, glycogen 
storage and CYP 
activity

HNF4A, 
CYP2B6

[41]

UCM HGF, FGF-4 MSC Glycogen storage, 
LDL uptake

ALB, AFP, 
CK18

[36]

Rat-tail collagen 
type I coating; bFGF, 
HGF, nicotinamide, 
dexamethasone, 
OSM, ITS

MSC and 
freshly 
isolated liver 
cells

Glycogen storage, 
G6P and CYP3A4 
activity, urea 
production

ALB, AFP, 
CK-18, 
CK-19, 
Cnx-32, 
TAT, TDO, 
CYP3A4

[22]

Monolayer culture; hypoxia

UCM HGF, FGF-4, 
nicotinamide, 
dexamethasone, 
OSM, ITS

MSC and 
HepG2

Albumin and urea 
production, LDL 
uptake, glycogen 
storage

ALB, AFP, 
HNF4, 
CK-18, 
AAT, G6P, 
CYP3A4

[42]

Monolayer culture; overexpression of TERT

UCM Lentiviral 
transfection 
of MSC; EGF, 
HGF, ITS, OSM, 
dexamethasone

Untransfected 
MSC and 
HepG2

Urea production, 
glycogen storage

ALB, AFP, 
CK-18

[35]
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MSC 
source

Induction factors Controls Functional 
analysis

Hepatic 
markers

Ref.

Monolayer culture; epigenetic modifiers

UCM Rat-tail collagen; 
EGF, FGF-2, FGF-4, 
HGF, nicotinamide, 
dexamethasone, ITS, 
OSM, DMSO, 5-AZA

MSC, HepG2 
and human 
and rat 
primary 
hepatocytes

Albumin and 
urea production, 
glycogen storage, 
CYP and UGT 
activity

CK-18, TAT, 
AFP, ALB, 
HNF4A, 
CEBPA, 
CYP1A2, 
CYP3A4, 
OATP-C, 
MRP-2

[34]

UCB HGF, OSM, FGF-2, 
5-AZA

Not-treated 
MSC

Urea production, 
glycogen storage

ALB, 
CEBPA, 
CEBPB, 
PEPCK, 
CYP1A1, 
CYP1A2

[25]

UCM EGF, bFGF, 
HGF, OSM, ITS, 
nicotinamide, 
dexamethasone, 
NaBu

MSC not 
treated with 
NaBu, HepG2 
and mouse 
embryonic 
fibroblast cell 
line NIH3T3

Urea production, 
glycogen storage

AFP, HNF3
B, ALB, 
CK-18, G6P, 
CEBPA, 
CYP2B6

[26]

UC Rat-tail type I 
collagen coating; 
dexamethasone, 
HGF, OSM, ITS, VPA

MSC and MSC 
not treated 
with VPA

Albumin and 
urea production, 
glycogen storage, 
LDL uptake

Not studied [27]

UCM FGF-4, HGF, 
dexamethasone, 
OSM, VPA

MSC, 
differentiated 
MSC not 
treated with 
VPA and 
human adult 
liver biopsy

Albumin and 
urea production, 
glycogen storage

ALB, AFP, 
CK-18, G6P, 
TAT, AAT, 
HNF4A, 
CYP3A4, 
CYP1A1, 
miR-23b 
cluster, 
miR-26a-5p, 
miR-30a-5p, 
miR-122-5p, 
miR-148a-3p, 
miR-192-5p

[28]

3D scaffold

UCM Collagen/heparin 
coating; IGF-1, HGF, 
OSM dexamethasone,

MSC, HepG2; 
2D culture

Albumin 
production, 
glycogen storage, 
G6P and CYP2B 
activity

ALB, CK-18, 
HNF4A, 
G6P, c-Met, 
CYP2B

[29]

UC GEVAC; HGF, FGF-4, 
ITS, dexamethasone, 
OSM

MSC and 
HepG2; 2D 
culture

Albumin and urea 
production, CYP 
activity

AFP, ALB, 
G6P, AAT, 
TAT, HNF4A, 
CYP3A4

[30]

3D spheroids through cell pellet

UC HGF, bFGF, 
nicotinamide, 
dexamethasone, 
OSM, ITS

Small 
intestinal 
submucosa 
supplement 
in cell pellet; 
HepG2

Albumin and 
urea production, 
glycogen storage, 
CYP activity

ALB, 
HNF4A, 
CYP3A4

[31]
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UCM-MSCs are easier to isolate [97] and produce higher cell numbers with better 
proliferation capacities when compared to UCB-MSCs [98].

2.3.1 3D cultures of UC-MSC-derived HLCs

Animal models often fail to recapitulate human biology and are not appropriate 
to study tissue-specific mechanisms in a controlled fashion without the interfer-
ence of other tissues [99]. Thus, creating a controlled human in vitro tissue using 
3D culture techniques is a key strategy for producing reliable knowledge on drug 
toxicity and disease mechanisms [23, 29, 100]. Studies using HLCs differentiated 
from UC-MSC through 3D systems are still scarce. Nevertheless, Figure 4 illustrates 
several strategies of bioengineering for producing functional HLCs from MSCs.

Cipriano et al. [23] reported that by resorting to 3D spheroid cultures, the HLCs 
obtained from UCM-MSCs exhibited a higher glycogen stain and CYP3A4 induc-
tion when compared to the correspondent 2D cultures (Figure 5). On the other 
hand, HLCs cultured in hollow-fiber bioreactors favored diclofenac conversion and 
albumin production [23], a function mostly associated with the perivenous phe-
notype [101] that is also regulated by the blood flow-mediated shear stress [100]. 
Alternatively, Ong et al. [31] observed that MSC-derived HLCs cultured as spher-
oids in pellet culture endorsed expression of a subset of hepatic genes (CYP3A4 
and HNF4A), secreted albumin and urea, stored glycogen and showed inducible 
CYP3A4 mRNA levels. Importantly, the culture conditions allowed stable cell 
anchorage, permitted the retention of ECM molecules produced by the cells, and 

MSC 
source

Induction factors Controls Functional 
analysis

Hepatic 
markers

Ref.

3D spheroids through miniaturized hollow-fiber bioreactor and self-assembled suspension 
culture; epigenetic modifiers

UCM Rat-tail collagen 
coating; EGF, FGF-2, 
HGF, nicotinamide, 
dexamethasone, ITS, 
OSM, TSA, 5-AZA, 
DMSO

MSC and 
HepG2, 
human and 
rat primary 
hepatocytes; 
2D culture

Albumin 
and lactate 
production, 
glycogen storage, 
negative glucose 
consumption, 
CYP induction 
and UGT activity

AFP, ALB, 
CK-18, TAT, 
HHEX, 
CEBPA, 
HNF4A, 
CYP1A1, 
CYP1B1, 
CYP3A4, 
OATP-C, 
MRP-2

[23]

3D spheroids through hanging drop cell culture

UCM IGF, HGF, OSM, 
dexamethasone

DMEM-
treated MSC 
and HepG2; 
2D culture

Glycogen storage CK-18, 
CK-19, ALB

[32]

5-AZA, 5-azacytidine; AAT, α1 anti-trypsin; AFP, α-fetoprotein; ALB, albumin; C-Met, HGF receptor; CEBP, 
CCAAT enhancer-binding protein; CK, cytokeratin; CM, conditioned medium; Cnx, Connexin; CPS, carbamoyl-
phosphate synthase; CYP, cytochrome P450; DMSO, dimethyl sulfoxide; EGF, epidermal growth factor; FGF, 
fibroblast growth factor; G6P, glucose-6-phosphatase; GEVAC, gelatin-vinyl-acetate-copolymer; GS, glutamine 
synthetase; HGF, hepatocyte growth factor; HNF, hepatocyte nuclear factor; IGF, insulin-like growth factor; ITS, 
insulin-transferrin-selenium; LDL, low-density lipoprotein; miR, microRNA; MRP, multidrug resistance protein; 
MSC, mesenchymal stem cells; NaBu, sodium butyrate; OATP-C, organic anion-transporting polypeptide C; OSM, 
oncostatin M; PEPCK, phosphoenolpyruvate carboxykinase; TAT, tyrosine aminotransferase; TDO, tryptophan-2,3-
dioxygenase; TPH2, tryptophan 2,3-dioxygenase; TSA, trichostatin A; UC, umbilical cord-derived mesenchymal 
stem cells, UCB-MSC, umbilical cord blood-derived MSC; UCM-MSC, umbilical cord matrix-derived 
mesenchymal stem cells; UGT, Uridine 5′-diphosphate glucuronosyltransferase; VPA, valproic acid.

Table 2. 
Protocols for differentiation of human neonatal MSC into HLC.
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Figure 4. 
2D and 3D culture strategies for the differentiation of MSCs into HLCs and potential clinical applications. 
Several strategies such as spheroid cultures, scaffolds, bioprinting and microfluidics have shown promissory 
results and represent good tools for future studies on drug screening, disease modeling and regenerative therapies 
using fully functional HLCs.

Figure 5. 
Immunohistochemical and PAS analysis of HLCs-derived UCM-MSCs cultured in 2D cultures, in spheroids 
and in bioreactors. Representative images show the presence of the plasma protein ALB, the efflux transporter 
MRP-2, the uptake transporter protein OATP-C and the biotransformation enzymes CYP1A2 and CYP3A4. 
Cell nuclei are stained with DAPI. Scale bar: 50 μm. ALB, albumin; CYP, cytochrome P-450; HLCs, 
hepatocyte-like cells; MRP-2, multidrug resistance protein-2; OATP-C, organic anion-transporting polypeptide 
C; PAS, Periodic acid–Schiff; UCM-MSC, umbilical cord matrix mesenchymal stem cells.
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when implanted into livers of hepatectomized rats also secreted human albumin 
into the bloodstream [31].

In the region between the blood and the hepatocytes (space of Disse) lies a 
diffuse matrix composed mostly of collagen type I and fibronectin [102]. Collagen 
base scaffolds have demonstrated to improve the adult hepatocyte functions as 
they mimic the naïve hepatocyte niche [21–23, 34]. Talaei-Khozani et al. [103] and 
Khodabandeh et al. [104] compared 2D and 3D cultures of UCM-MSCs in collagen 
films and demonstrated a better hepatogenesis and increased expression of HNF4A 
on the 3D environment. Additionally, Aleahmad et al. [29] used a 3D bioprinted 
collagen and heparin scaffold and verified that heparinized 2D cultures mainly 
expressed early liver-specific markers (e.g., HNF4A, ALB, CK18 and CK19) in the 
presence of heparin, whereas the heparinized 3D cultures expressed both early and 
late liver-specific markers (e.g., G6P, CYP2B). In this study, HLCs showed a two-
fold increase in albumin production compared to monolayer cultures [29]. These 
results infer that 3D culture conditions using collagen films can prevent loss of 
hepatocyte function and improve efficiency of hepatocyte differentiation.

Scaffolds other than collagen matrixes have also been proposed to direct hepatic 
differentiation of UC-MSCs. Chitrangi et al. [30] observed that gelatin-vinyl 
acetate (GEVAC) stimulates the differentiation of UC-MSCs into hepatospheroids, 
resulting in a better maturation, higher urea production, expression of CYP3A4 and 
CYP2C9, higher percentage of albumin-positive cells and hepatic markers compared 
to 2D cultures. Hashemi et al. [33] also presented a protocol for seeding UC-MSCs 
on a poly(ε-caprolactone) (PCL) nanofiber scaffold to stimulate and then maintain 
hepatic differentiation.

2.3.2 Microfluidic technologies

The hepatic zonation corresponds to the different functions revealed by the 
hepatocytes according to their location in the hepatic lobule, which results from 
the gradient of concentration of the various nutrients and oxygen observed in 
the hepatic environment [7]. The 3D culture systems create a gradient that may 
stimulate the hepatic zonation and influence HLCs obtained. For instance, the 3D 
configuration may mimic the liver periportal environment by generating a gradi-
ent with higher oxygen, glucose and nutrients in cells closer to the capillaries in 
the culture system, for example, in the outer side of spheroids, leading to higher 
xenobiotic metabolism, urea production and glycogen synthesis [7]. The perivenous 
hepatocytes have less access to oxygen supplies and are characterized by a higher 
xenobiotic metabolism, being exposed to physiologic conditions similar to the ones 
observed around the inner cells [3, 7]. Moreover, hepatocytes are not the only cells 
present in the liver as they interact with mesenchymal cells, stellate cells, Küpffer 
cells, macrophages, and lymphocytes, and are exposed, in vivo, to a fluid perfusion 
[105]. Hence, in vitro liver function may be optimized by resorting to microfluidic 
technologies.

Microfluidic culture devices (MD) permit to control the microenvironment and 
present the ability of continued delivery of medium, drugs and soluble molecules, 
allowing the study of drug metabolism and interactions [96]. The effect of medium 
flow on inducing albumin secretion was demonstrated by Prodanov et al. [100] 
using a human primary hepatocyte 3D microfluidic system. Likewise, McCarty 
et al. [106] demonstrated the creation of spatially-controlled zonation across mul-
tiple hepatocyte metabolism levels through the application of precise concentration 
gradients of exogenous hormones (insulin and glucagon) and chemical (3-meth-
ylcholanthrene) induction agents in a microfluidic device, using monolayer rat 
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primary hepatocytes. Herein, a high concentration of insulin was directly correlated 
with a gradient in glycogen storage and urea production [106].

Studies reporting the hepatic differentiation of MSCs are still limited, but two 
studies using bone-marrow-derived MSC cultured in MDs show already a cost-
effective method for HLCs production in 3 [107] to 4 weeks [108]; however, the 
obtained HLCs were only characterized with regard to albumin and urea quantifica-
tion and showed a low metabolic performance.

3. Characterization of hepatocyte-like cells in vitro

A great amount of work has been developed over the past years for generat-
ing human stem cell-derived hepatocyte systems for in vitro toxicity testing. 
However, the definition of what is considered a differentiated HLC is still not 
unanimous and largely depends on the authors and on the purpose for which the 
cells are to be used. Currently, a wide and variable range of parameters is used 
to demonstrate the acquisition of in vivo-like hepatic features, which often leads 
to an incomplete and inconsistent cell characterization. As such, the scientific 
community would benefit from the harmonization and definition of the number 
and type of performance criteria. Indeed, Vinken and Hengstler [14] propose an 
optimal characterization aiming at benchmarking of hepatocyte-based in vitro 
systems for toxicity testing. This proposal comprises critical elements such as 
cell viability, morphology, functionality and toxicological characterization, as 
follows:

• Cell viability should be assessed using at least two methods that evaluate early 
and late key events of cytotoxicity. Moreover, a threshold of 90% viability 
should be adopted to discriminate between spontaneous cell death and cell 
death induced by toxicants.

• In terms of cellular morphology, cells must be monitored closely in order to 
confirm the maintenance of the hepatic polygonal shape and the detection of 
structural polarity markers, essential for many hepatic functions.

• Hepatocyte-specific functions, including secretion of albumin and blood 
coagulation factors, metabolism of carbohydrates and lipids, bile acid produc-
tion and transport, as well as the detoxification of endobiotics and xenobiotics 
are some of the cells functionalities to be considered. This can be performed 
through measurement of albumin and urea production, of glycogen storage 
and of biotransformation enzyme activity. Other hepatic or liver-related mark-
ers, such as HNF-1/4A and PXR, should also be evaluated.

• The toxicological characterization of hepatocyte-based in vitro systems is 
important to confirm their capacity to detect prototypical types of liver 
toxicity. This can be achieved by using hepatotoxicants capable of replicating 
human in vivo intrinsic drug-induced liver injury, namely paracetamol dose-
dependent necrosis, microvesicular steatosis induced by valproic acid and 
cholestasis induced by cyclosporine A.

However, a systematic interpretation of HLC-based in vitro systems with respect 
to their translation for the human in vivo situation remains a major challenge for 
future research.
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4. In vitro toxicological applications of HLCs

Drug attrition is a major expense in the drug development process and the use 
of advanced in vitro models will likely contribute to its reduction [109]. Detection 
of hepatotoxicity often occurs late in the drug development process and contributes 
to drug attrition, withdrawn in a post-market scheme and restriction of therapeutic 
indications [110]. Animal-based testing is currently the base for translating in vitro 
studies to clinical trials but often do not correlate with human toxicity data [99], 
mainly due to interspecies differences in drug metabolism [4]. In vitro models 
cannot directly replace animal models but may occupy a new space in which, in the 
future, animal models will become obsolete (Figure 6). In vitro models provide 
tissue-specific mechanistic insights and allow to study a high number of conditions 
with the same cells, by means of, for example, miniaturization and higher through-
put [111]. However, current in vitro application of differentiated HLCs in drug 
metabolism studies and disease modeling is still in its infancy.

Numerous studies have been published on HLCs obtained from UC-MSCs 
[25, 27, 34, 35, 40] as shown in Table 2, but few were able to demonstrate cells’ 
biotransformation capacity, as follows: Xue et al. [49] showed that HLCs from UCM-
MSCs were capable of metabolizing midazolam through CYP3A4 activity. As men-
tioned earlier, using a three-step protocol for UCM-MSC differentiation, Campard 
et al. [22] obtained HLCs that expressed important hepatic features (ALB, G6P, 
TDO, AAT, TAT and AFP markers, glycogen accumulation and urea production) and 
exhibited CYP3A4 activity. However, the absence of markers of hepatic maturation 
such as CYP2B6 induction after exposure to phenobarbital suggested that a relevant 
phenotype was not fully achieved [22]. On the other hand, Cipriano et al. [34], in 
contrast to the results observed when comparing HepG2 and primary human hepato-
cytes (PHH), obtained a comparable expression of genes involved in drug transport, 
amino acid metabolism and proliferation of hepatocytes between UCM-MSC-
derived HLCs and PHH, indicating that HLCs are a better model for drug screening 
than low-metabolizing cell lines. In another study, using HLCs derived from UCM-
MSC in 3D spheroids culture, Cipriano et al. [23] also observed that diclofenac was 
effectively converted by CYP2C9 into its hepatotoxic metabolite, 4-OH-diclofenac, 
and was also metabolized to a lesser extent by CYP3A4 and UGTs. Furthermore, 

Figure 6. 
Potential of mature, fully functional HLCs on drug discovery and drug development. Conventional drug 
development pipelines involve preclinical in vitro and in vivo research in animal models followed by clinical 
trials on humans. In vitro toxicology models such as fully functional HLCs may shorten the way by performing 
a more similar to human toxicology screen and overcome limitations associated with poor correlation, 
interspecies differences and ethical concerns when using animal models.
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the determined IC50 felt in the range of what is found on the literature for primary 
hepatocytes, indicating that differentiated MSCs had similar dose-response char-
acteristics to mature primary hepatocytes for this hepatotoxicant. Diclofenac is one 
of the most prescribed nonsteroidal anti-inflammatory drugs (NSAIDs) worldwide 
[112]. As such, these results permit the future use of these HLCs on drug testing and 
potential hepatotoxicity screening, which is often dependent of bioactivation.

Acetaminophen (APAP) is an over-the-counter antipyretic and analgesic drug 
widely used in several pharmacological formulations. However, in toxic doses, 
APAP causes liver injury by saturation of its main inactivation pathway and shifts to 
the transformation, by CYP2E1, CYP2D6, CYP1A2 and CYP2A6, of APAP into its 
hepatotoxic metabolite N-acetyl-p-benzoquinone imine (NAPQI) [113]. Chitrangi 
et al. [30] used hepatospheroids derived from UC-MSCs as an in vitro model for 
studying the metabolism and toxicity of APAP. CYP3A4 and CYP1A2 were induced 
in HLCs by APAP as well as reactive oxygen species (ROS) cell damage, which lead 
to cytoskeletal disorganization, both in HLCs and primary hepatocytes.

Hepatocytes derived from SCs may also represent a platform for drug discovery 
trough disease modeling, in which in vivo cell functions and mechanisms involved 
in pathological processes on disease onset and progression may be analyzed [114]. 
There are already several liver diseases successfully modeled in vitro using iPSC-
derived hepatocytes as, for instance, familial hypercholesterolemia [115], hemo-
philia A [116], hepatitis C [117] and drug-induced hepatotoxicity [118]. One of the 
first studies to use human UC-MSCs to define a disease was Paganelli et al. [119], 
who developed an in vitro disease model to study the mechanisms underlying hepa-
titis B virus (HBV) infection by differentiating UC-MSCs into HLCs and infecting 
them with HBV. Results showed a higher susceptibility of HBV infection on HLCs 
rather than on undifferentiated MSCs. Despite low replication efficiency on HLCs, 
viral entry was as efficient as in primary hepatocytes and mimicked appropriately 
the in vivo-restricted HBV host range [119]. These similarities between the in vivo, 
in vitro gold standard and UC-MSCs lead, once again, to a promising opportunity 
for future development of in vitro models for drug discovery as human UC-MSCs 
represent a unique, human, easily available, non-transformed in vitro model.

5. Conclusion and future perspectives

This chapter provides insights into the potential use of human umbilical cord 
MSCs for obtaining a mature HLC phenotype suitable for in vitro toxicological 
studies. As primary hepatocytes present limited capacity to expand ex vivo, the pos-
sibility of obtaining comparable hepatocyte-like cells from MSCs may alleviate the 
low cell availability of human primary hepatocytes. Moreover, the use of MSCs in 
a physiologically relevant microenvironment that generates fully functional HLCs 
would allow an integrated approach to study xenobiotics biotransformation and 
mechanisms of action (MoA) or toxicity (MoT).

The differentiation process of MSCs into HLCs and their potential toxicology 
application are still in their infancy and, in the following years, there are still major 
challenges to resolve before their relevant application. Firstly, improvement of the effi-
ciency of hepatic induction in vitro and in vivo still requires further investigation on the 
hepatic transdifferentiation mechanisms of UC-MSCs. Secondly, the differentiation 
process is long and the generation and maintenance of high numbers of HLCs are still 
difficult to achieve. The definition of the most relevant endpoints of hepatic differen-
tiation and maturation is of extreme importance. Thirdly, the use of relevant positive 
controls such as human primary hepatocytes is essential for benchmarking HLCs and 
its absence represents a major issue in evaluating most of the published studies.
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As such, further studies will be required to allow the use of HLCs derived from 
UC-MSCs in the drug development process, but the strategies described in this 
chapter represent the first step toward the establishment of a relevant human 
in vitro hepatic model for toxicological studies. Exploring the full potential of 
UC-MSCs by the introduction of mechanistic models for toxicity testing, including 
in vitro disease models and hepatotoxicity models, at the pipeline of drug discovery 
and development will significantly reduce compound attrition rate and progres-
sively substitute current animal models by selecting safer and more efficacious lead 
molecules.
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Appendices and Nomenclature

2D two-dimensional
3D three-dimensional
5-AZA 5-azacytidine
AAT α1 anti-trypsin
AFP α-fetoprotein
ALB albumin
BMP bone morphogenetic protein
CEBP CCAAT enhancer-binding protein
CK cytokeratin
CYP cytochrome P450
DILI drug-induced liver injury
DMSO dimethyl sulfoxide
DNMTi DNA methyltransferase inhibitors
EGF epidermal growth factor
EROD 7-ethoxyresorufin-O-deethylase
FGF fibroblast growth factor
G6P glucose-6-phosphatase
GS glutamine synthetase
HDACi histone deacetylase inhibitors
hESCs human embryonic stem cells
HGF hepatocyte growth factor
HLC hepatocyte-like cell
HLCs hepatocyte-like cells
HNF hepatocyte nuclear factor
hnMSC human neonatal mesenchymal stem cell
hnMSCs human neonatal mesenchymal stem cells
hUCB-MSCs human umbilical cord blood mesenchymal stem cells
hUCM-MSCs human umbilical cord matrix mesenchymal stem cells
hUC-MSC human umbilical cord-derived mesenchymal stem cell
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ITS insulin-transferrin-selenium
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