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Preface

In spite of intensive investments and investigations carried out in the last
decade, many aspects of the stem cell physiology, technology and regulation
remain to be fully defined. After the enthusiasm that characterized the first
decade of the discovery that, when given the right cue, stem cells could repair
all the different tissues in the body; it is now time to start a serious and
coordinated action to define how to govern the stem cell potential and to
exploit it for clinical applications. This can be achieved only with shared
research programs involving investigators from all over the world and making
the results available to all.

The Disputationes Workshop series (http://disputationes.info) is an inter-
national initiative aimed at disseminating stem cell related cutting edge
knowledge among scientists, healthcare workers, students and policy makers.
The present book gathers together some of the ideas discussed during the
third and fourth Disputationes Workshops held in Florence (Italy) andAalborg
(Denmark), respectively. The aim of this book is to preserve those ideas in
order to contribute to the general discussion on organ repair and to bolster
a fundamental scientific and technological leap towards the treatment of
otherwise incurable diseases.

Editors
Mayuri Prasad

Paolo Di Nardo, MD
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Abstract

Nowadays one of the big challenges is to obtain materials that can find appli-
cations in biomedicine. In order to develop tailor-made biomaterials different
aspects need to be considered such as selection of materials in terms of purity,
toxicity and biocompatibility, manufacturing process and final application
of the new material. For such materials to be used in biomedicine, certain
mechanical properties are typically desired (i.e., low friction coefficient, wear
resistance, thermal stability). Nanocomposites materials have been tested for
biomedical use and especially those based on layered silicates have shown
great properties. Due to special properties that layered silicates possess, and
by dispersing them into different polymer matrices, bioactive materials can be
obtained which can find applications as: drug delivery systems and targeting
into sites of inflammation or tumours, wound healing patches, covers for
implants biointegration, tissue engineering, bone repair, a.s.o.

Keywords: Nanocomposites, biomaterials, bioactive, biocompatibility,
layered silicates, collagen, scaffolds, drug delivery systems.

1.1 Introduction

Research in biomaterials has increased in the last years, due to promising
results that have been observed and due to the versatility within these materials.

Mayuri Prasad and Paolo Di Nardo (Eds.), Innovative Strategies
in Tissue Engineering, 1–24.
c© 2014 River Publishers. All rights reserved.
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Materials developed in this sense are important for drug delivery systems and
tissue engineering approaches and can play a key role in developing of artificial
organs or on growing organs.

Many types of polymers can be used as carrier systems due to their ability
to provide delivery of active substances to specific sites. Moreover, such
biomaterials can deliver cells to the surrounding tissue, which makes them
excellent candidates for controlling the attachment, growth and differentiation
of the cells [1].

Bioactive ceramics can form a mechanically strong interfacial bond with
bone depending on the conditions. Thus, bioactive composites present excel-
lent biochemical compatibility, but less optimal biomechanical compatibility.
To be an ideal bone replacement material, composite biomaterials have to
combine bioactivity with biomechanical properties [2].

Biomaterials can find applications in biomedicine as soft or hard implants
and can be used as: joint replacements, bone cements, artificial ligaments,
dental implants, blood vessels, heart valves, skin repair, contact lenses, and
cochlear replacement [3].

Considering the various types of implants that can be engineered and
their functions, they need to be designed with appropriate geometry, size
and weight for a given patient. To obtain tailored made prosthesis, many
researchers have incorporated different features to promote tissue ingrowth
[4], several described rapid prototyping [5, 6] to create artificial tissue by
means of computer numerical controlled machining and others used electron
beam melting [7] to fabricate complex shape implants. In the future years it
is overseen a dramatically increase in use of biomaterials and development
of advanced materials in medical-device industry due to materials complex
properties and shapes [8].

At the beginning, the only requirement for materials when they were used
for the first time in biomedical applications was to be “inert” so as to reduce
the inflammatory response [9]. These type of materials were classified as
“first – generation” and had to possess proper combination of physical
properties as for the replaced tissue with a low toxic response of the body.

The second-generation of biomaterials appeared between 1980 and 2000.
They were completely opposite to the first generation in terms of interaction to
the human body. These materials had the ability to interact with the biological
environment, to improve their biointegration and some were bioabsorbable;
they undergo degradation while the new tissue was regenerated.

The third-generation of biomaterials combines bioactivity and biodegrad-
ability with the ability to stimulate cellular response [10]. Moreover,
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three-dimensional porous structures are being developed that can stimulate
cell proliferation or can act as drug delivery systems [11–13]. Tissue engi-
neering and the third-generation of biomaterials appeared approximately at
the same time as a potential solution to tissue transplantation and grafting
[14–16]. Regenerative medicine is a recent research area, which explores
ways to repair and regenerate organs and tissues using combination of
stem cells, growth factors and peptide sequences with synthetic scaffolds
[17, 18].

1.2 Factors that Influence the Quality of a Biomaterial

Polymer matrices used in therapeutic applications are often resorbed or
degraded in the body. In this case, two key challenges can be identified.
First, the degradable polymers used in tissue engineering were selected
from materials used for other surgical uses and thus such materials may
have deficiencies in terms of mechanical and degradation properties [19]. To
overcome this, new classes of polymers and biopolymers are being developed.
The second major challenge concerns tailoring these polymers into scaffolds
with defined and complex porous shapes, which can undergo cell attachment
and proliferation [20, 21].

Biodegradable three-dimensional scaffolds play an important role in
maintaining the cell functions. The cells adhere to the porous scaffold in all
three directions, proliferate and replace the temporary scaffold. Moreover,
the scaffold should be biodegradable, biocompatible, and highly porous
with a large surface area, with a specific mechanical strength and shape to
permit cell attachment, proliferation and maintaining of differentiated cell
functions [22].

When obtaining a biomaterial several factors need to be considered starting
with selection of raw materials in terms of purity, toxicity and biodegradability,
the obtaining process and last but not least the mechanical and structural
properties of the final material.

Polymer purity as well as purity of other additives is important for
biocompatibility of medical devices and drug delivery systems. Residual
monomers, catalyst residue or impurities strongly affect cell viability; a
special consideration must be given also to the biodegradability compounds.
Therefore, quality assurance of productions processes must be taken into
account especially for biocompatibility of newly obtained biomaterials [23].

Many natural polymers have been extensively used in biomaterials
in tissue repair and regeneration, for example collagen, gelatine and
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chitosan [24–27]. The use of natural polymers in tissue engineering as scaf-
folds or biomaterials is limited by poor mechanical properties and by the loss of
biological properties during processing [28]. Thus, natural polymers in gen-
eral are chemically treated or mixed with other materials to improve their
mechanical properties and maintain their biological activity. However, some
problems were observed in the chemical treatment of some biopolymers
i.e. when collagen was modified with glutaraldehyde, which promoted
calcification of heart valve [29, 30].

Implants in general are used for several years, thus they must perform
adequately, must not cause locally abnormal reactions and should not produce
toxic or carcinogenic effects inside the body. Similar, biodegradable scaffolds
should not release toxic products or affect the healing process anyhow, while
serving their intended function [31].

New approaches are needed for processing the polymers to make implants
with complex architectures and macroscopic shapes, allowing the composition
to change to accommodate changes in tissue development. A great challenge
arises in tissue engineering from materials issues, that the biological processes
are not yet well understood to set the design parameters specifically. The
development of materials and understanding of biological processes take place
simultaneously. The development of new materials gives indications about the
complexity of biological processes, which consequently improves the design
of scaffolds. From tissue engineering great challenges and opportunities arise
for material science in terms of materials design and processing. Scaffolds
must be designed in three-dimensional configuration and direct the cells
proliferation to form the desired tissue structure, especially in a way that
can be reproducible and on a large scale. From molecular point of view it is
important that the new materials interact with cells controlling adhesion and
proliferation phenomena [32].

Usually, implanted devices are subjected to high stresses and cycle loading;
consequently, the materials used are exposed to environmental aggressive
conditions inside the body, which often leads to failure. During erosion of
an implanted device, fragments can be detached which can lead to an acute
host-tissue reaction by producing highly corrosive enzymes and chemicals
which in return will affect the biomaterial. Thus, it is necessary to develop
methods for fatigue evaluation for biomaterials to understand the host-tissue
reaction to fragments formation and simulate accurately in vivo stress-strain
behaviour and environmental conditions. The development of such biomate-
rials with high resistance to fatigue and wear conditions is still in its early
stage [33].
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1.3 Layered Silicate Nanocomposites for Biomaterials

Nanocomposites are materials with unique properties which have found
applications in wide areas of activity: aircraft industry, automotive, packaging,
construction, electronics, and especially in medicine and in the pharmaceutical
industry. Materials with 2 to 7% inorganic nanofillers (i.e. a layered silicate)
exhibit improved properties like composites with 20 to 40% inorganic filler
dispersed at macro or microscopic scale. Among these, several polymer
nanocomposites have potential to be used as biomaterials in the biomedical
field.

1.3.1 Layered Silicate Properties

Clay minerals used in nanocomposites belong to the general family of layered
silicates whose main representative in terms of “utilization degree” is the
montmorillonite. The crystal structure of montmorillonite consists in layers
of oxyanions (with thickness of 0.95 nm), formed by fusion of two sheets
of [SiO4]4− silica tetrahedral arranged in hexagonal rings with a sheet of
[AlO4(OH)2] alumina or magnesia octahedral, sandwiched between two
opposing tetrahedral sheets (Figure 1.1.).

The ratio between the octahedral and tetrahedral sheets is 2:1. A feature of
the montmorillonite is that it contains molecular water that is fixed by adsorp-
tion between layers. Between the layers of montmorillonite, water molecules
associate in according with hexagonal symmetry. Therefore, montmorillonite
formula is Al2O3· 4SiO2·H2O + xH2O [35].

Studies of the composition of the natural montmorillonite (bentonite)
showed that in the sheet of tetrahedrons, Si4+ ion might be partially replaced
by Al3+ ion, and in the sheet of octahedral, Al3+ ion might be replaced by
Mg2+, Fe2+, Zn2+, etc. ions, such as, by the replacement of Si4+ and Al3+

ions with lower valence ions, resulted an excess of negative charges. To obtain
the electric neutrality between layers hydrated cations Na+, K+, Ca2+, etc.
are adsorbed [36].

By arranging of oxyanions layers, spaces (galleries) are formed, connected
by weak Van der Waals links [37]. These galleries are occupied by mobile
hydrated cations that compensate the charge deficit generated by isomorphic
substitution between the layers. The water from the space between the layers
tends to be associated with mobile cations and forms around them “hydrated
coatings”, whose number depends on the relative humidity and of cations
nature between the layers [38].
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Figure 1.1 Montmorillonite structure (Modified form [34])

Montmorillonite can absorb water increasing the volume of 20–30 times.
Each layered sheet is smaller than 1 nm thick, with surface of about 1 µm (1000
nm). For an aspect ratio (length to thickness ratio of silicate layers) of about
1000, clays specific surface area is about 750 m2/g, resulting in high reinforce-
ment efficiency at lower clay concentrations (2–5%) [39]. However, natural
layered silicates are not suitable for obtaining nanocomposites because they
are too hydrophilic and layers are compacted too tightly by inorganic cations to
interact with the hydrophobic molecules of polymer and to be able to disperse
among them. To ensure compatibility between the clay and the polymer matrix,
modification of the layered silicate surface (organophilisation) is necessary.
This technology implies two steps:

• layered silicate purification to a sufficiently high level requested by the
field of application;

• modification of the layered silicate surface (organophilisation).

The large specific surface area, layer charge, swelling capacity and adsorp-
tion properties of different organic/ inorganic substances make clay minerals
(hydrated layered silicates) to be useful as materials for pollution control [40],
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carriers of pesticides [41], liners in waste disposal [42], barriers in nuclear
waste management [43] and last but not least as materials beneficial to human
health.

The intelligent properties of clays are known from antiquity in all part
of the world: antiseptic, bactericides, scar action, antitoxic properties, sans
microbial germs. Since prehistoric times, a large variety of clays and clay
minerals (i.e. bentonite, kaolinite, montmorillonite, smectite) have been used
for therapeutic purposes, including the treatment of wounds, inhibition of
haemorrhages and as a preservative in mummification (in ancient Egypt),
used as antiseptic cataplasms to cure skin diseases, as scars, or as an anti-
inflammatory agent for snake bites [44]. Based on the capacity to adsorb and
retain harmful and toxic substances, the mineral clays have beneficial effects in
the treatment of gastrointestinal disorders. Clays can adsorb a variety of toxic
substances, such as toxins, pesticides, viruses, bacteria, and other digestive
irritant [45]. However, clay minerals can be harmful to human health when
they are inhaled over a very long period. The toxicity of these minerals is
generally related to the presence of very fine-grained quartz and cristobalite
in the range from 0 to 24% [46], which inhaled in the lung, can cause cancer.
For this reason, the purification process of clay minerals is very important
especially for uses in biomedicine.

1.3.2 Layered Silicate Purification

Usually, the natural layered silicates are mixtures or associations of minerals
and/or amorphous materials. In order to enrich one clay mineral and/or
to remove other unwanted clay mineral, a purification step is necessary.
Purification is also required for identification and for characterization of clay
minerals. Very important is the chemical composition of layered silicates when
they are used as reinforcing agent for preparing nanocomposites. The final
properties of nanocomposites depend on stable compositions. The montmo-
rillonite (MMT) is the most important layered silicate used for preparation of
nanocomposites. Different minerals such as quartz, zeolite, calcite, feldspar
and pyrite have a great effect on the composition and influence the purification
technology [47].

The purification procedure involves two main steps: one of them consists
in removal of carbonates, hydroxides, and organic materials and the other one
consists in fractionation by sedimentation. However, not all the purification
steps are always necessary. The purification of layered silicates from identified
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geological deposits consists in replacing the exchangeable cations with Na+

followed by washing with water.
The natural layered silicates (bentonites) may contain different percent-

ages (5–40%) of quartz and other impurities, which act as a sterile, hindering
the surface modification process, in order to ensure the compatibility between
the silicate and a polymer matrix [48]. Purification is made by dispersing the
layered silicate in distilled water at 60–90 ◦C. Quartz and other hydrophobic
impurities are separated by decantation [49]. Often is required additional
purification to ensure a high degree of purity, imposed in the biomedical
field. By additional purification, the concentration of MMT increases with
7–10% [49].

1.3.3 Layered Silicate in Drug Release Systems

Layered silicates are widely used ingredients in pharmaceutical products as
both excipients and active substances. Based on their adsorption capacities,
swelling and colloidal properties, clay minerals can be used in drug delivery
systems to achieve technological (taste masking), chemical (increasing sta-
bility), biopharmaceutical (decreasing or increasing dissolution rate, delaying
and/or targeting drug release) and pharmacological (prevention or reduction
of side effects) benefits [50].

Layered silicates, especially montmorillonite and saponite, because of
their high cation exchange capacity, were used and studied in controlled-
release drug delivery systems. The interaction between clay minerals and
active substances depends on the type of mineral involved and on the
functional groups and the properties of the organic compounds.

There are some mechanisms of interaction or complexation between
montmorillonite and drug [51–67]:

• Cation exchange with cationic drugs. This produces a strong interaction
bonds between montmorillonite and basic molecules;

• Anion exchange of anionic drugs at slightly positive-charged platelet
edges. This produces weak interaction bonds with anionic drugs;

• Hydrogen bonding at platelet faces;
• Intercalation of non-ionic drugs via ion-dipole interactions;
• Adsorption by solvent deposition onto the high surface area of the clay

to increase the dissolution rate of poorly soluble drugs.

Depending on the degree of interaction between montmorillonite and
drug, nanostructured systems with intercalated, partial exfoliated or exfoliated
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lamellar structures, able to release faster or slowly the bioactive substance
could be obtained [68].

1.3.4 Biopolymers Properties

Biopolymers are materials produced from renewable resources. In recent
years, the worldwide interest in biopolymers increased due to their positive
environmental impact such as reduced carbon dioxide emissions. Many
biopolymers are biodegradable, being degraded and gradually absorbed and/or
eliminated by the body. This property is of high interest for biomedical
applications (tissue engineering, bone replacement/repair, dental applications
and controlled drug delivery).

Many biomedical applications require biomaterials with high performance
and mechanical properties. For such materials to be used in biomedicine is not
enough to be biocompatible and biodegradable, certain mechanical properties
are imposed (i.e., low friction coefficient, wear resistance, thermal stability,
modulus, strength and toughness). Not all these properties can be achieved by
using the biopolymer alone [69–71]. By dispersion of inorganic/organic fillers
at the nanometer scale into a biopolymer matrix, new class of bionanocom-
posites, with enhanced mechanical properties as compared to conventional
microcomposites, was developed.

One of the most researched and used biomaterial in various fields of
medicine is collagen, due to its biocompatibility, biodegradability, and weak
antigenicity [72]. It is well known the use of collagen as biomaterial, biocom-
patible and bioresorbable for connective tissue prosthesis in which collagen
is the basic protein. To use collagen as a scaffold in bone reconstruction,
modifications are necessary in the structure and composition of the matrix to
achieve the osteoconductive and osteoinductive effect. This was achieved
by preparation of biocomposites with SiO2, TiO2, clays, hydroxyapatite,
etc. [73, 74]. The collagen fibrils have high elasticity while the mechanical
properties are relatively limited. Substantial improvement of its properties
can be achieved by the nanoscale dispersion of the layered silicate in a
collagen matrix. Depending on the collagen morphologies, nanocomposites
with intercalated or exfoliated lamellar structures and improved thermal
stability were obtained [75].

In order to use a material in biomedicine, both its bulk and surface
properties are important to be known, especially interfacial behaviour with
aqueous environment. The wettability capacity, the swelling behaviour, the
presence of surface roughness, liquid and vapour water absorption are only
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a few of the properties required for biomaterials with biomedical purposes.
Valuable informations about these properties were achieved by water contact
angle and determination of water absorbency [68].

1.4 Routes for Obtaining Bio-Nanocomposites

In literature, there have been described three main processes to prepare
polymer layered silicate nanocomposites [76]:

The first process is known as intercalation from solution. The layered
silicate is swelled in the same solvent in which the polymer is soluble. Using an
adequate solvent and due to the weak forces that are between silicate platelets,
the sheets of layered silicate can be dispersed and form a stable suspension.
Furthermore, the solvated polymer penetrates into the silicate galleries. In
this way the sheets are delaminated and an ordered multi-layered structure is
formed when the solvent is evaporated [77, 78].

The second technique also takes place in solution and is called in situ
intercalative polymerization. As compared to the previous one, this time
the silicate is swelled into liquid monomer or prepolymer followed by
polymerization reaction.This reaction takes place between the silicate platelets
if the initiator is introduced in the swelling step or in special cases if the sample
is subjected to heat or radiation [77, 78].

Melt intercalation technique is the third process in which the already
modified clay is mixed with melted polymer [77]. To obtain nanocomposites in
which the polymer melt must be intercalated between modified silicates, a tem-
perature with 10–12 ◦C higher than polymer softening temperature is required
when using static or shear stress thermal treatment [79]. In this case, no solvent
is involved and thus if the compatibility between polymer and modified silicate
is good enough, intercalated or exfoliated nanocomposites can be formed [78].

It has been demonstrated that melt intercalation technique is more effective
in terms of dispersion rather than intercalation of a monomer followed by poly-
merization or by intercalation of a polymer from solution [80]. However, when
obtaining nanocomposite biomaterials, other aspects need to be considered,
hence all these techniques have some limitations. There are biopolymers like
collagen, which cannot be extruded or melted due to low polymer degradation
temperature.

Intercalative polymerization technique can be used to obtain nanocom-
posite biomaterials if the solvent in which the polymer is soluble should not
produce toxic or carcinogenic effects, since traces of solvent may still be
present in the final material.
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Among all techniques, in situ intercalative polymerization presents most
limitations, since traces of monomer, initiator and other impurities, which
can produce abnormal reactions inside the body, may still be present in the
scaffold.

Figure 1.2 synthesise the main steps for obtaining a nanocomposite,
furthermore one must take into consideration all the implications discussed
above and the factors that influence the quality of a biomaterial.

Complex polymer bio-nanocomposite materials are being developed as
scaffolds, tissue regenerating patches and control drug release systems for
the hope of better and faster treatment of diseases. Implants in general must
have superior performance and mechanical properties as well as biological
function. Thus, facing these challenges, implants properties and design can be
tailored so to optimize the functionality and performance [81].

Taking into consideration the final application of the scaffold and the
necessity to create biomaterials with complex structures, porous matrices or
transparent membranes can be obtained (Figure 1.3.)

Porous scaffolds play an important role in tissue engineering and they
were used to construct cartilage, bone, skin, ligaments a.s.o [82–85].Three

Figure 1.2 Scheme flow for obtaining layered silicate nanocomposites
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Figure 1.3 Scheme flow for obtaining collagen based nanocomposites

dimensional porous scaffolds can be obtained from synthetic polymers such
as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copoly-
mer poly(DL- lactic-co-glycolic acid) (PLGA), and from naturally derived
polymers such as collagen [86–88].

To obtain hybrid collagen microsponges, gaseous glutaraldehyde was used
as cross-linking agent to form their pores and to stabilize the collagen in water
[22, 89, 90].

1.5 Biomaterials Development

The quality of biomaterials is strongly influenced by composition, architec-
ture and three-dimensional design, biocompatibility, but also by mechanical
strength of the scaffold that mimics the mechanical strength of the tissue
intended to repair or replace. Pore size distribution as well as pore types
influences the attachment of specific cells and interaction of biomaterials
with the body. Furthermore, it is important also to identify and isolate the
appropriate cells from the primary source, when selecting the cells for the
engineered scaffold [91].
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In the recent years, more and more encouraging results are being obtained.
Biomaterials that may find applications in bone tissue engineering were
developed which showed impressive results. Such hybrids were synthe-
sised by dispersing of layered silicate modified with maleic anhydride
methyl methacrylate copolymer into collagen gel denoted CG/PB/MA-MMA.
Nanocomposites in form of microporous matrix (scaffold) having a spongy
structure, which contains macro, and micro interconnected nanopores were
obtained at different pH’s using freeze-drying technique.

The spongeous matrix was in vitro tested on osteoblast cell cultures and
followed after 24 and 72 hours from hatching. Figure 1.4. presented that cells
proliferated on the ternary nanocomposite and no cytotoxic response was
observed. The cells presented normal phenotype and moreover, the viability
was reported to be 97% [49].

Layered silicate/collagen membranes with different amounts of methylene
blue and quebracho were also obtained and their biocompatibility was tested

Figure 1.4 Microscopic analysis of osteoblast culture samples sowed on CG/ PB/ MA-MMA
ternary nanocomposite (Originally published in [49] under CC BY 3.0 license. Available from:
http://dx.doi.org/10.5772/25947).
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Figure 1.5 Microscopic analysis of human dermal fibroblast culture samples sowed on
collagen/clay/bioactive substance membranes (Reproduced with permission from [92])

on human dermal fibroblast (HDF) cells. Figure 1.5. presents in vitro results
after 24 and 72 hours, respectively. The cells were uniformly distributed and
presented a normal phenotype after 24 h. However, quebracho membrane
showed a 99% cell viability as compared to methylene blue membrane which
after 72 h presented only 30% viable cells [92].

Water vapour adsorption was also tested for the same type of materials
and compared to collagen membrane. Figure 1.6. shows the adsorption curves
of the membranes for 48 hours. It was observed that the collagen membrane
presented a continuous increasing variation as compared to nanocomposite
membranes. The hybrids continuously adsorbed water vapours in the first
24 hours from exposure, then reached a plateau and the adsorption remained
constant [92].

These findings showed that such type of materials especially the membrane
with quebracho, which presented a biostimulating effect on the growth
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and development of fibroblast cells, could be used as antiseptic and good
regenerating patches [92].

Other collagen/layered silicate nanocomposites which contained gen-
tamicine as active substance were obtained. In vitro biocompatibility test
was performed on human dermal fibroblast cells and the results were
compared to a collagen membrane as it can be seen in Figure 1.7. The
layered silicate increased the biocompatibility of the materials; the cells
presented a normal phenotype and proliferated. As compared to the collagen

Figure 1.6 Water vapour adsorption for nanocomposite membranes with quebracho and
methylene blue (Reproduced with permission from [92])

Figure 1.7 Microscopic analysis of human dermal fibroblast culture samples sowed on
collagen/clay/gentamicine membrane (Reproduced with permission from [74])
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Figure 1.8 Gentamicin release concentration in time from collagen/layered silicate
membranes (Reproduced with permission from [74])

membrane, the viability of the cells increased which showed that gentam-
icine had a positive effect on cells viability and diminished the cytotoxic
effect.

In Figure 1.8. it is presented the drug release capacity of gentamicine
from such membranes. This is evidence that these materials can act like
drug delivery systems [75], moreover it shows that the drug release can be
tailored by changing the order of introducing the components when mixing
the materials [74].

1.6 Conclusions

Today, advances in tissue engineering are extending the possibility to treat
and heal diseases that have put medicine in difficulty. To achieve a successful
development in this filed, researchers from various disciplines like biology,
medicine, material science, mechanical engineering a.s.o. have to cooperate.
It has been showed that there is the possibility to tailor biomaterials so
to obtain scaffolds with specific properties. Moreover, nanotechnology is
accelerating the development of biomaterial-based systems with effective
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individual approaches. However, from material science point of view to
ensure a successful development of biomaterials, certain aspects need to be
considered to realize their maximum potential:

• The raw materials must be selected from natural based resources so they
exhibit good compatibility with the human body and must be as pure as
possible to avoid inflammatory response.

• While processing the material, contamination with impurities, residual
initiator or catalyst, which can affect the biocompatibility and biointe-
gration of implant and additionally cytotoxic and carcinogenic effects,
must be avoided.

• Materials must be selected such that cell adhesion and/or proliferation
occur so the scaffolds perform as intended.

• Performance of scaffolds must be considered from mechanical point of
view, so that the implant should resist to fatigue and cyclic loading as
long as possible.

• Last but not least and probably most important, the final application of
the scaffold needs to be considered starting from materials selection.

The successful development in this field lies in the complexity and
understanding of how to rationally design biomaterials. Even though there
is no ideal biomaterial that satisfies all the requirements needed for implants,
the possibility to regenerate tissues and organs and even more to grow organs
from stem cells should not be neglected. The possibility to modify surfaces and
obtain tailored materials constitutes one of the major breakthroughs because
it opens new horizons in this young field of study.
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Abstract

In the last decade, the combined applications of nano- and stem cell technol-
ogy are among the newest approaches in regenerative medicine and Tissue
Engineering (TE). In this context, the possibility to fabricate scaffolds with
composite materials consisting of a polymer matrix and nanoparticles (NPs)
as structural elements could allow to develop a novel generation of bioactive
materials, capable of directing and controlling cell behavior. In particular,
cerium dioxide (CeO2) NPs are promising tools to scavenge reactive oxygen
species (ROS) and to confer protection to cells from the oxidative stress owing
to cerium ability to switch the oxidation state (Ce4+/Ce3+). In the present
experimental study, 10, 25, or 50 µg/mL CeO2 powder was administered
to murine adult cardiac progenitor cells (CPCs) in complete medium for 24
hours (h) and the effects onto cells evaluated at 1, 3 and 7 days (d) from
the ceria powder withdrawal from the culture. After a single 24 h CeO2
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pulse, CPCs were able to take up the NPs and retain them inside the cytosol,
while preserving their stemness phenotype and multipotential capability at all
time-points considered. Moreover, when challenged with 50 µM H2O2
for 30 min, CeO2-treated CPCs were protected from the oxidative stress.
In particular, after 24 h, only the highest concentration was protective; after 7
d, ROS levels were mitigated with all concentrations. This study demonstrated
that internalized CeO2 NPs can act as a long-term defense against the oxidative
insult. NPs were activated only when cells were hit by an external oxidative
perturbation, remaining inert in respect to the main CPC characteristics. In
conclusion, these results suggest that CeO2 nanoparticles hold an enormous
potential in TE treatments protecting stem cells against the oxidative damage.

Keywords: Cerium dioxide, cardiac precursor cells, tissue engineering,
reactive oxygen species.

2.1 Interaction of Cerium Oxide Nanoparticles
with Biological Systems

Over the last few years, nanotechnology has made significant strides especially
in the field of regenerative medicine, thus enabling the development of a new
generation of nanostructured biomaterials for medical applications. In partic-
ular, nano-composite hybrid scaffolds, made by incorporating nanoparticles
into bio-compatible/erodible polymeric matrices, have gained rising attention.
The possibility to fine-tune the properties of these materials to meet a broad
range of applications makes them attractive systems for tissue engineering.
For example, polymeric scaffolds loaded with hydroxyapatite nanoparticles
are already used for bone tissue reconstruction [1]. In this respect, deciphering
how cells interact with scaffolds and the mechanisms through which nano-
components are internalized without exerting direct effects on cell behavior
is particularly intriguing in order to obtain novel biomaterials with promising
and controllable properties.

Recently, cerium oxide nanoparticles (CeO2, nanoceria) have been demon-
strated to favor cardiac precursor cell (CPC) adhesion and growth when
embedded into PLGA scaffolds [2]. In particular, cerium oxide nanoparticle
filling of PLGA films resulted in enhanced mechanical properties and in
a change in scaffold nano-rugosity. On these functionalized supports, cells
exhibited better adhesion and growth as compared with PLGA alone. CPCs
were able to acquire a typical alignment, due to support rugosity, which, com-
bined with that determined by the presence of ceramic nanoparticles, provided
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better anchorage sites for cell engraftment. Nevertheless, cardiac-derived cells
displayed better growth performance when cultured onto CeO2-PLGA films,
as compared with films loaded with titanium oxide (TiO2), thus suggesting a
potential chemical stimulus can be exerted by ceria nanoparticles on cardiac
resident progenitor cells [2].

CeO2 is a rare earth oxide material of the lanthanide series commonly
used in important industrial applications [3, 4], but recent reports highlighted
the beneficial effects of cerium oxide in biological systems [5, 6]. In partic-
ular, it has been proposed that ceria nanoparticles could exhibit an oxidant
scavenging activity reducing the cytotoxic effects of intracellular oxidative
stress conditions via changes of the oxidation state: Ce4+ / Ce3+ [7–9].
Ceria nanoparticles display their unique property to store and release oxygen
because of the great mobility of these atoms inside the lattice; each released
oxygen atom causes the formation of a vacancy and electron transfer to Ce4+

which reduces to Ce3+. This mechanism seems to be greatly facilitated in
nanoparticles, where the higher surface area is accompanied by more oxygen
vacancies and, thus, higher Ce3+ concentration in the lattice, resulting in
enhanced catalytic properties [10, 11]. Indeed, reactive oxygen species (ROS),
such as superoxides and peroxides, could react on these active sites and be
counteracted; as a consequence, Ce3+ ions would be oxidized in Ce4+ ions
in a reversible and autocatalytic way. This is because of the cerium ability
to switch between the 3+ state under reducing conditions and 4+ state under
oxidizing conditions [6, 12]. This ability, combined with multiple active sites
that may be generated on a single nanoparticle, could provide an explanation
to ceria antioxidant properties with the ability to scavenge ROS and mostly
as a catalyst with superoxide dismutase (SOD) and catalase mimetic activities
[13–15]. These properties candidate ceria as a novel long-lasting antioxidant
compound with the promise to actively participate in mitigating oxidative
stress, which is considered a critical actor in the establishment and progression
of several diseases, including cardiovascular dysfunctions [16–19], or after
treatments such as chemotherapy [20].

2.2 Cerium Oxide Nanoparticles Shield Cardiac Precursor
Cells against the Oxidative Stress

In the last decade, evidence has been acquired that an adult stem cell pool
is present in almost every organ of the body. These cells are endowed with
self-renewal capability and can be committed to a specific cell lineage. The
identification of a cardiac progenitor cell (CPC) population in the adult
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mammalian heart has definitively broken the dogma that the adult myocardium
is a terminally differentiated tissue [21, 22]. CPCs are believed to control the
healthy tissue homeostasis and to repair the diseased tissue in pathological
conditions [23]. Cardiovascular diseases, such as the Myocardial Infarction
(MI), represent the first cause of mortality and morbidity in both industrialized
and developing countries, and the oxidative stress is cause and/or consequence
leading to a reduced cardiac functionality [24]. Moreover, ROS plays a crucial
role in reducing stem cell lifespan and inducing senescence [25] as well as in
maintaining self-renewal [26] into special hypoxic microenvironments, named
“niches”. Ito K. and co-workers have demonstrated an active role of ROS
in inducing loss of Hematopoietic Stem Cell self-renewal capacity via p38
MAPK phosphorylation [27]. In particular, in the post-ischemic myocardium,
the release of inflammatory cytokines and ROS production [28–30] generate
a hostile microenvironment, which, on one hand, could favour stem cell
recruitment, also from other body districts [31], while, on the other hand,
might hamper resident progenitor cell proliferation and differentiation [32].
Indeed, recent reports suggested an inductive role for low-levels of oxidant
production and cytokines in promoting stem cell differentiation [32–34] and
in cardiomyogenesis during the embryonic development [35]. Conversely,
the generation of high-ROS levels during pathophysiological conditions
contributes to cell damage and remodelling [36]. Thus, the stem cell behavior
appears tightly dependent on the microenvironmental niche properties, not
only in terms of nutrient and oxygen supply, but also of reactive oxygen
species balance [37].

In a recent work, our research group investigated mouse Linneg/Sca-1pos

CPC (CPCs) response following CeO2 nanoparticle treatment 38. In particular,
the possibility that CeO2 could confer protection to cells against the oxidative
stress was investigated. For this purpose CPCs were grown in the presence of
various concentrations of CeO2 (10 µg/mL, 25 µg/mL and 50 µg/mL) having
mean particle size of about 5–8 nm (Figure 2.1).

Ceria antioxidant effects have been already proved in other biological
systems, but the interactions between these nanoparticles and cardiac resident
progenitor cells has never been analyzed, to the best of our knowledge. In
this study, cells were subjected to a single administration for 24 hours; after
that, ceria was removed and analyses were conducted. Interestingly, at 7 days
after ceria withdrawal, nanoparticles had been internalized and retained as
aggregates inside the cell cytoplasm (Figure 2.2).

CPC morphology and undifferentiated phenotype were not affected being
Sca-1 expression stable at all time points and preserved at high levels with
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Figure 2.1 Transmission (A) and Scanning (B) electron micrographs of CeO2 nanoparticles.

Figure 2.2 Representative TEM micrograph showing CeO2 NPs inside the cytoplasm of a
CPC at 7 days from the administration of 50 µg/mL CeO2 in vitro.

all ceria concentrations. Also self-renewal and multipotency, two important
properties defining stem cells, were maintained when CPC were pre-treated
with 10, 25 and 50 µg/mL of CeO2 nanoparticles. Cell counts at 1 d, 3 d and
7 d demonstrated that cells were viable and proliferating without significant
differences in respect to untreated controls (Figure 2.3, A). Appropriate
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A

B

Figure 2.3 A) CPC proliferation assessed at 1 d, 3 d, and 7 d after 24 h CeO2 exposure. The
values are expressed as means ± SD of three independent experiments. (#= p > 0.05). B) Effect
of H2O2 on intracellular ROS levels in Lin- Sca-1pos CPCs at 7 days after CeO2 treatment.
ROS production, measured using a DCFH probe, decreased with all NPs concentrations tested.
(#= H2O2 treated cells vs. CeO2-H2O2 treated cells). The values are expressed as means ±
SD of the fold change in DCF fluorescence intensity with respect to H2O2-untreated control
(ctr-) from three different tests (p < 0.05).
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differentiating stimuli as well as the presence of neonatal cardiomyocytes
in direct co-culture with CeO2-treated CPCs were able to induce adipogenic,
osteogenic and cardiac commitment as demonstrated by the occurrence of
lipid droplets, calcium deposits, the up-regulation of GATA-4, the mem-
brane translocation of connexin 43 and the expression of a-sarcomeric
actinin, respectively. Furthermore, the incubation with 24 h CeO2 did not
promote a pro-oxidant effect in cells, meaning that, in the absence of any
stress stimulus, ROS levels remained unmodified as compared to controls
(Figure 2.3, B).

Altogether, these results demonstrated that no toxic effects were exerted
by CeO2 nanoparticles on CPCs at the concentrations tested and NPs were
activated only when cells were hit by an external oxidative perturbation,
remaining inert in respect to CPC homeostasis and differentiation. In fact,
H2O2-induced cell injury and subsequent dichlorofluorescein fluorescence
assay revealed a strong capability to reduce the oxidative stress in the long
run (7 days) with all concentrations, while only the higher dose (50 µg/mL)
was protective in the short run (24 hours). In fact, ROS production decreased
by an initial 30% with 50 µg/mL NPs to approximately 50% and 75% at
3 and 7 d, respectively, with 25 and 10 µg/mL as well. In agreement with
other reports, our data indicated that intracellular nanoparticles worked as a
potent scavenger able to protect cells from the oxidative damage and markedly
attenuated ROS production over time. Consistently, Das et al. reported that,
after 30 d, CeO2 was still able to protect spinal cord cells from H2O2-induced
cytotoxicity, showing better survival than their untreated counterpart [12].
Thus, these results suggest that with a single nanoparticle administration,
CeO2 could be able to act over time, limiting the generation of ROS following
a tissue damage and, so, favouring the establishment of better conditions for
CPC proliferation and differentiation in vivo. On the other hand, such findings
also indicated that a possible intracellular threshold level could be necessary
before the antioxidant effects could appear. It is clear that a number of
aspects, such as the synthesis techniques, nanoceria characteristics in terms of
size, shape and charge, dosage and exposure time, administration procedures,
need to be considered and thoroughly tuned for maximizing the beneficial
effects of the nanoceria before these nanoparticles could be effectively used in
therapeutic applications [39]. Indeed, differences in each of these parameters
could help explaining the conflicting results so far obtained with cerium oxide
in biological systems [5, 38–41]. Recently, Park et al. showed that cerium
oxide treatment induced oxidative stress with ROS formation and cytotoxicity
in some mammalian cells; however, the authors also admitted that these
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effects were not detectable in other cell types [41]. Therefore, it could be
worth conducting further investigations in order: i) to elucidate the biological
mechanisms behind the action of cerium oxide; ii) to understand the interac-
tions between this promising material and tissues (both healthy and damaged)
in vivo.
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3.1 Introduction

3.1.1 Animals in Medical Research

The use of animals has been considered an essential part of biomedical
research. Researchers have studied and experimented on animals in order
to better understand the functioning of the healthy, living body, and what goes
wrong in disease or injury. Animals are also used in the safety and efficacy
testing of drugs and other means of preventing or treating those diseases or
traumatic insults to the body. Indeed, to date, the use of animals has enabled the
various advances that have been made to both human and veterinary medicine.

3.1.2 Ethical Considerations of Animal Use

The welfare of animals used for scientific experiments is in most countries
protected by strict laws and regulations dictating the extent of research that
can be performed. These laws usually incorporate the three R’s principals
introduced by Russel and Burch (1959) [1] encouraging the reduction, refine-
ment and replacement of animal research. Any animal experiment requires
obtaining an ethical permit, which is granted based on appropriate justification
of the experimental design and the potential benefits of the experiment are
weighed against the suffering of the animals. The selection of the animal
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model of the lowest possible phylogenic scale and the lowest possible animal
numbers is encouraged [1]. On the other hand the researcher must consider the
translational relevance of the animal species and use an appropriate number of
animals to ensure significance. It is also important to conduct pilot experiments
where variation can be tested and this data can be used for power calculations.
Experiments with too low animal numbers do not save animals as the ones
used go to waste and in the end a higher number of animlas will be sacrificed
to obtain reliable results. Pilot studies are also very valuable for optimizing
methods, e.g. surgical skills. It is important to achieve a certain level of
reproducibility in an animal model because a high variation or mortality will
require higher animal numbers. All these efforts are qualified as refinements.
Finally, before starting an animal experiment, it is important to fully explore
all in vitro test methods to fulfil the replacement demand. A large number of
biocompatibility and in vitro characterisation studies can be done using cell
culture or organotypic cultures.

In this chapter, we will briefly review animal testing in general and show
how we complement animal testing with in vitro organ equivalent models for
testing of biomaterials, using the development of biosynthetic corneal implants
as an example.

3.2 Designing Animal Experiments

3.2.1 Randomization and Blinding

The lack of a proper randomization protocol is an important source of bias.
Many animal studies do not report the randomization method or even whether
it was used. Picking animals randomly from a cage does not qualify as
randomization. The physiological status of the animal can affect the ease
at which it is caught thus producing bias [2]. One must develop a system
where the animal selection is totally at chance, e.g. using sealed envelopes or
throwing dice. Both complete randomization and randomized blocking can be
used [3]. Another important factor is blinding the experimental groups, so that
the person analysing the data and evaluating outcomes does not know which
animals received the treatment and which the controls are. This ensures that
the researchers do not tend to see results that they expect or hope for. This
is especially important when using subjective criteria or scoring systems for
outcomes. Generally, these should be avoided if possible and substituted by
more objective ones, e.g. instead of mild to severe redness, a number for the
area affected or intensity of colour change [4].
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3.2.2 Control Groups

Designing the appropriate control groups is crucial for obtaining reliable
results. They should include positive, negative, sham and comparative controls
at the least. When performing any invasive, traumatic procedure it is important
to have sham-operated animals to test whether the procedure itself could affect
the outcome. In the case of developing new treatments as an alternative to
established ones, it is desirable to include a group receiving the standard
treatment as a comparative control [5].

3.2.3 Statistical Analysis

The selection of the appropriate statistical test is extremely important for the
outcome of the study. It should be selected already at the planning stage based
on the type of data obtained, expected distribution and variation. It is not
acceptable to analyse the experimental data with a series of tests until one
of them generates the desired p-value. The statistical analysis method should
be decided upon after a pilot study or based on data obtained from published
studies along with the power calculations and estimation of the minimum
number of animals needed.

3.2.4 Design Stages

Any animal experiment should be carefully planned and preceded by a
thorough literature search to obtain as much information as possible about
the available animal models and their limitations as well as to avoid repeating
experiments that have already been done. Performing pilot studies is very ben-
eficial, especially for new experimental systems, as they can lead to refinement
of the methodology and help calculate the group sizes. As mentioned above,
selection of the statistical method should be done at this stage [6].

3.3 Limitations of Animal Models

There have been many concerns raised about the usefulness of animal exper-
imentation to predict the outcome of human responses to treatments or assess
their safety.

3.3.1 Animal Species

As mentioned above the demand to choose the animal species on the lowest
phylogenic level has to be balanced with selecting the one closest to humans
with regard to the process or organ to be studied. There have been some
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publications analysing the relevance of animal models to clinical outcome
in patients which have raised concerns about the predictive value of animal
experimentation in general. The conclusions drawn by the different authors
vary, with some even claiming that animal models have no predictive value
whatsoever [7]. Others conclude that this poor outcome may be the result
of poor experimental design and incorrect statistics for both the animal
and clinical trials and not only differences in the anatomy, physiology and
biochemistry [2]. It is very important that the best animal model or models are
chosen for every interaction, pathway or process. The costs of experimental
models are a limiting factor in the study design and small laboratory animals
are favoured due to this. In general animal models can be divided into large
outbred models (e.g. pigs, dogs, sheep) and small inbred models (e.g. mice,
rats). They offer a different level of uniformity, with inbred animals being
more genetically similar while outbred animals will exibit a higher degree
of variation. The larger species can be especially helpful when anatomical
similarity is important whereas the inbred species might be more useful when
studying pathways, processes on a lower, molecular level, where greater
genetic variation could conceal small differences [8].

3.3.2 Health and Age Status

An important difference between the test animal and the patient is the health
background and age. The experimental model is usually young and healthy
whereas the patient is often older and with an underlying disease condition.
Furthermore, patients usually receive a battery of medication for their condi-
tion whereas the animal is exposed only to anaesthetics if the tested therapy
requires invasive procedures. All these differences can affect the outcome of
the tested treatment.

3.3.3 Reproducibility

The reproducibility of the model is important for the outcome as it affects
variation, power and significance. It is affected by factors originating from
both the scientist and the animal. The scientist’s skills in performing a surgical
procedure will determine the reproducibility and this can lead to bias or the
necessity to use large numbers of animals. On the other hand the differences
in the animal’s anatomy or physiology can also determine how reproducible a
model is. It is therefore important to conduct pilot studies to gain the necessary
skills and estimate the natural variation occurring within each species and
strain [5].
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3.4 Examples of Animal Models for Cardiac and Corneal
Regenerative Medicine Testing

3.4.1 Myocardial Infarct and Other Ischemic Models

Ischemia of the myocardium due to a blockage in a coronal artery leads to
myocardial infarction (MI). Depending on the size of the vessel obstructed
and duration of blood flow the degree of tissue damage and its consequences
will vary [9]. Thanks to advances in reperfusion therapy, the mortality of acute
MI has decreased greatly [10]. However, this has led to an increase in patients
with chronic heart failure as a result of the infarction. The patients develop
a progressive heart disease, mainly as a result of ventricular remodelling
occurring post-MI [11]. In humans the size of the infarct is approximately
10% of the left ventricle but with quite high variation (7–28%). If reperfusion
therapy is introduced quickly, the infarct size is decreased to 7% [12]. During
the ischemic event the amount of tissue without blood flow is the area at risk.
Depending on the location of this area, development of collateral circulation
or applied reperfusion therapy the actual infarcted area will be smaller to a
certain extent. Cell death occurs in the MI region, followed by infiltration of
immune cells and finally scar formation [13].

Different animal species ranging from rodents (mice, rats) to large animals
(e.g. pigs) have been used. A range of different methods have also been used
to create the infarcts. Examples of these are given below.

3.4.1.1 Myocardial coronary artery ligation
The most commonly used method for induction of a myocardial infarct in
animals is ligation of the left anterior descending (LAD) artery[14–16]. This
is one of the arteries providing blood supply to the left ventricle and septum
in some species. This model is technically challenging as it requires open
chest surgery and therefore intubation and ventilation of the animal. Two
different types of LAD occlusion are used – permanent and temporary [17].
Temporary ligation of the artery is an ischemia-reperfusion model, which in
fact better resembles the clinical reality. It has been shown that damage to
the myocardium occurs not only during the ishemic phase but also during
reintroduction of blood circulation [18]. This however requires the animal’s
chest remains open for up to an additional 30 minutes before the occluded
artery can be released and the operation completed. This affects the mortality
of the model and the requirement for better surgical skills and equipment [19].
Figure 3.1 shows an example of a LAD occluded rat heart.
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Figure 3.1 Ischemia resulting from ligation of the LAD in a rat model.

An overview of human and animal trials using stem cell therapies for heart
regeneration showed that large animal myocardial infarct models do exhibit
clinical relevance [10]. The results from rodent models are unfortunately not
as comparable, yet they remain the most commonly used, probably due to the
much lower cost of small animal experimentation. One of the limitations of
rodent models is the very large infarct size after LAD binding (60–80%). This
is not representative of the clinical situation where infarcts tend to be smaller,
usually about 10% of the left ventricle [12]. The rodent models do not allow
for fine tuning the infarct size, due to anatomical and technical reasons. Very
small changes in the location of the LAD binding site in the mouse model can
lead to a shift from an extensive infarct to no infarct [20].

3.4.1.2 Cryoinjury
A model for myocardial damage as a result of very low temperatures has
been proposed as an alternative to the LAD ligation, where infarct size can
be controlled in a better fashion. A probe of varying size that is chilled
down with liquid nitrogen and then applied to the exposed myocardium
for a fixed amount of time resulting in cell death and focal necrosis
[21, 22]. This method is technically easier than LAD ligation but from a
physiological point of view does not reflect the pathological processes that
occur during an ischemic event. Another limitation is that the heart failure
that results from this damage is usually not overt and therefore the evaluation
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of the tested therapies success or failure in clinical terms is not as easy.
However, this can be considered as an initial model for testing various
therapies [21].

3.4.1.3 Hind-limb ischemia
An alternative to a MI model for testing therapies aimed at restoring cir-
culation is the ligation of the femoral artery in the inguinal canal leading
to ischemia of the hind leg. It is a much less technically demanding
model and the success rate, as well as animal survival rate is much higher.
It has been widely used for testing cell and material based therapies in
which the goal is to stimulate in-growth of vessels into the damaged tis-
sue. We have previously used the rat hind-limb ischaemia model in the
development of injectable collagen-based hydrogels used to deliver angio-
genic progenitor cells and growth factors for promoting re-vascularization
[23, 24].

3.4.2 Corneal Transplantation Models

The use of animal models for corneal transplantation dates as far back as 1853,
when a corneal transplant was performed in a gazelle. Animal experiments
made it possible to develop the techniques and instruments that lead to
successful corneal transplantations in people [8].

3.4.2.1 Animal species
A variety of animals are used for modelling corneal transplantation, ranging
from mice, through rabbits to pigs and sheep. The choice of model depends
on the particular question that is to be answered.

The larger models are more useful for investigations of clinical changes
and the host responses to the graft, as they respond more similarly since their
eye anatomy is closer to that of humans [8]. In this case, similar equipment used
for non-invasive examination of human patients are applicable to these animal
models. Examples of theses examinations include slit lamp biomicroscopy, in
vivo confocal microscopy (Figure 3.2), and measurements of ocular pressure,
sensitivity as we have previously reported [25, 26].

However, the rodent models, as mentioned earlier are valuable for their
genetic uniformity and therefore are very useful in studies on the immunology
of graft rejection. Especially mice offer the possibility of detailed inves-
tigations of immunological responses due to the availability of knock-out
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Figure 3.2 In vivo confocal microscopy is used after transplantation as a non-invasive means
to track in-growth or overgrowth of cells and nerves into the implant, and also to detect any
undesired issues, e.g. neovascularisation, imflammatory cell invasion.

models. Knock-out animals allow for the removal of any element of a response
pathway and how this potentially affects the immunological outcome can be
determined [8].

3.4.2.2 Lamellar and penetrating keratoplasty
Full-thickness replacement of the cornea is referred to as penetrating kerato-
plasty (PK). Lamellar keratoplasty (LK) refers to partial-thickness corneal
transplantation, which can reach all the way to Descemet’s membrane, the
layer just before the corneal endothelium. The preservation of the endothelial
layer is significant for the outcome of grafting,

The larger animal models are appropriate for both lamellar and penetrating
keratoplasty, however the rabbit reacts very strongly to any entry into the
anterior chamber, leading to extensive clotting. This is a limiting factor in the
case of PK [8].

3.4.2.3 Infectious models
In both humans and animals, there are a range of pathogens that infect the
cornea and where the infection leads to severe immunopathological reactions,
the cornea is scarred and requires transplantation with a donor graft. However,
there is a severe shortage of human donor corneas worldwide and also in a
number of conditions, donor grafting is contraindicated. An example is in the
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case of Herpes Simplex Virus-1 (HSV-1) keratitis, where the virus remains
latent within the host and can reactivate to cause active disease and rejection
of the donor graft. Animal models of viral and bacterial infection have been
established, most of them in rodents [27–29].

3.5 In Vitro Systems as Alternatives to Animal Testing

The demand to replace research on live animals when possible makes it
necessary to explore alternative methods before commencing in vivo exper-
iments. In vitro methods are faster and more cost effective compared to
animal experimentation. Initial screening of new materials or compounds
using cell lines to assess biocompatibility and to detect possible cytotox-
icity is a standard. Organotypic culture is another alternative to animal
trials, giving the benefit of a maintained tissue structure and sometimes
functions.

An example of this is the beating heart slice culture system. Heart slices
obtained from newborn rats sustain spontaneous beating for weeks to months if
cultivated in the air-liquid interface [30]. This model has been used for testing
cell engraftment when developing stem cell therapies for heart regeneration.
The rhythmic beating of the heart slices is important to evaluate how the
contractions of the heart tissue could affect materials or cells being introduced,
as engraftment is less challenging in a static tissue. Whole organ cultures have
also been developed, e.g. the isolated heart [31]

Within our group, we have developed 3-dimensional organotypic equiav-
lents to the human cornea, which we have used in pre-screening all our
biomaterials prior to testing within animals. This is detailed below.

Apart from being simply cost effective alternative to animal trials, organ-
otypic cultures allow for studies of specific cell interactions with bioactive
factors that would be possible in whole animals due to the presence of often
confounding systemic effects.

3.5.1 In Vitro Corneal Equivalents for Screening Biomaterials
as Potential Implants

In 1999, Griffith et al. reported the development of the first 3-dimensional
human corneal equivalent made using human corneal cell lines that reproduced
the key morphology and functional characteristics of the human cornea [32].
This was followed up by innervation of the whole system that allowed for
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discrimination of potentially neurotoxic substances [33]. The same models
have been used to evaluate the potential safety and efficacy of biomaterials
that we have been developing as potential replacements for human donor
corneas [25]. Figure 3.3 shows an example of our innervated human corneal
equivalent.

To test a potential biomaterial as a corneal implant, the construct under
investigation is “implanted” into the in vitro corneal model by embedding
into the 3D in vitro models during the fabrication process. For example, in
Figure 3.4, a hydrogel implant was evaluated for its ability to support
the proliferation and differentiation of corneal epithelial cells. A hydro-
gel formulation that does not support epithelialization is discarded while
a formulation that supports epithelial differentiation and stratification is
retained for further investigation, e.g. in an animal model. Similarly, the
model can be used to determine the capacity for promoting nerve in-growth
(Figure 3.5).

Figure 3.3 In vitro model of “cornea” with surrounding “sclera” with a nerve source
embedded within the “sclera”. This allows for in-growth of neuritis into the cornea, mimicking
albeit in a highly simplistic manner, the in vivo situation where the nerves enter the cornea
from the limbal area just beyond the cornea.
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Figure 3.4 A) A potential hydrogel constructed is “implanted” into a 3D human corneal
equivalent model to evaluate the potential for that biomaterial formulation to support growth,
differentiation and stratification of corneal epithelial cells. B) Examples of poor and good
epithelial growth on two different hydrogel formulations. C)After implantation of the hydrogels
that supported good epithelial development into a mini-pig model, the hydrogel did indeed
support epithelial re-growth with the formation of a basement membrane complex including
anchoring fibrils.

Figure 3.5 A) A corneal construct is “implanted” into a 3D human corneal equivalent that
is supplied with a nerve source, e.g. from a ganglion. B) Nerve growth patterns within the a
collagen-polyamide hydrogel as viewed by confocal microscopy. The pseudo-coloured image
shows surface located neurites that are coloured red, and neurites inside the polymer, coloured
green and blue are at depths of 5 µm and 15 µm, respectively. Bar, 20 µm.

3.5.2 In Vitro Angiogenesis Models

A number of in vitro angiogenesis and vasculogenesis models have been
developed and various kits have been made commercially available [34, 35].
A simple system is illustrated in Figure 3.6, where different collagen-chitosan
formulations were screened for their ability to support angiogenesis prior to
selection of the best formulations for in vivo evaluation.
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Figure 3.6 (A–E) Images of human umbilical vein endothelial cells cultured on various
hydrogels after 2 days. Capillary-like networks were formed on (A) 5:1 and (B) 10:1
ratio collagen–chitosan hydrogels. (F) The average complete tube length on the different
hydrogels. *p≤0.003 versus collagen; {p≤0.04 versus all other groups. Scale bar¼75 mm.
(G) The average complete area of tubule structure formation on the different hydrogels.
*p≤0.005 versus collagen; {p≤0.0004 versus all other groups. Reproduced from Deng C et al.
(2010) [36].
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3.6 Conclusion

We have shown some examples of how animal models are still the mainstay
for testing the safety and efficacy of many bioactives, and here in particular,
for testing biomaterials as potential implants and injectable delivery systems.
However, 3-dimensional, mechanistically accurate in vitro models can be
developed as alternatives to animal use, particularly for the initial screening
of biomaterials implants.
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Abstract

Pluripotent stem cells hold the key to replacing cells in several degenerative
and intractable diseases as well as offer the possiblity of modeling human
diseases and developing new drugs diseases. Stem cells can be differentiated
into specialized cell types and can be a useful source of healthy cells in genetic
disease, especially those which can be corrected by only a small amount of
functional protein. In the last years impressive efforts have been made in
understanding the potential application of pluripotent stem cells in the field
of regenerative medicine.

In these review, we will discuss the differentiation plasticity of mouse
Germline Cell-derived Pluripotent Stem Cells (GPSCs) into different cell
types with the aim to translating these potentialities to human organ
regeneration.
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4.1 Introduction

Most of the evidence that pluripotent stem cells can be directed to differentiate
into specific types of cells suitable for transplantation comes from experiments
with mouse cells, and offers the cues for translational research. The application
of stem cells in human regenerative medicine could be an alternative to organ
transplantation, avoiding the problem of donor shortage and rejection [1]. One
important question that has to be answered before stem cells can be effectively
translated into significant medical treatments is what type of pluripotent stem
cells are the most suitable for human clinical application.

Embryonic stem cells (ESC) are the most versatile cells among pluripotent
stem cells. These cells, derived from the inner cells mass of blastocysts, are
able to give rise to all type of adult differentiated cells. The development
of human embryonic stem cells (hESC) gave an incredible acceleration to
stem cell research [2, 3]. Human ESC, like murine ESC, can be differentiated
into tissue derived from all three germ layers and have a limitless repro-
ductive capacity. Despite their huge potentiality, the use of human ESC in
cell therapy is impeded by moral and ethical concern of destroying human
embryos for derivation of ESCs [4]. The recent discovery of the ability to
reprogram adult cells into pluripotent embryonic-like stem cells (known as
induced pluripotent stem cells; iPS) has profound implications for stem cell
therapy [5–8]. The first generation of iPS was generated by introduction of
transcription factors, including c-Myc, by retroviral vectors, this probably
lead to the generation of neoplastic cells from some induced cells. This
problem was solved by using alternative vectors that do not comprise c-Myc
[9]. Rapid progress has been made in finding alternative ways to reprogram
cells. Now virus-free iPS are available from adult somatic cells [10, 11],
this could have important implication in terms of clinical application. iPS
have shown remarkable promises in many ways, including the generation
of patient-specific iPS [12]. However, the drawback of iPS-based therapy
is the need of transducing cells with reprogramming factors to achieve an
efficient generation of iPS. Moreover, the existence of inherent epigenetic
differences between iPS and ESC can affect iPS functionality [13, 14]. Adult
stem cells have been identified in several human tissues, such as liver [15],
blood [16], skin [17] and testis [18]. Adult stem cells could be an autologous,
free-from-ethical concern, source of pluripotent stem cells. A particular type
of adult stem cells that have attracted the interest of the scientific community
in the last years are spermatogonial stem cells. Spermatogonial stem cells
(SSCs) reside in the basal membrane of testis, these cells are the only stem



4.2 Hepatocytes Derived from GPSCs 55

cells that undergo self-renewal during all life and generate male gametes.
Spermatogonial stem cells derive from primordial germ cells (PGCs) which
migrate from proximal epiblast to the gonocytes. Around 7 days post-partum
in mice, the gonocytes turn into SSCs that then provide the basis for the first
and the following rounds of spermatogenesis [19, 20]. This rare population
of cells (0.03%) can give rise to spermatozoa through subsequent division
and it is able to restore spermatogenesis once injected in the testis of infertile
mice [21]. The capacity to generate spermatozoa seems to be strictly related
to the microenvironment, that probably inhibits the potentiality of SSCs and
maintains their unipotent state [22, 23]. When transferred in vitro, SSCs get
free from the inhibitory action of niche, show a broad developmental potential.
SSCs are highly specialized cells but several lines of evidence highlight the
multipotency of these cells. In fact, teratomas, that are particular types of
benign tumors containing derivates of the three germ layers, occur almost
exclusively in the gonads [24]. Moreover, PGCs have the unique feature
to give rise to pluripotent ESCs once cultured in vitro [25, 26]. In the last
ten years, the research demonstrated that SSCs can undergo a spontaneous
process to re-acquire pluripotency when cultured in vitro for a long period of
time [27–33]. In 2004, the first report about SSCs conversion of Kanatsu-
Shinoara proved that murine neonatal SSCs could be converted to a ESC-like
feature. Since 2004, a large number of groups demonstrate that not only
murine neonatal SSCs can form ES-like colony but adult murine SSCs as
well. The ES-like colonies derived from SSCs (called Germline Cell-derived
Pluripotent Stem Cells, GPSCs) share many hallmarks with ES cells. GPSCs
are able to self-renew and differentiate into derivatives of all three germ
layers [32]. GPSCs also display a broad potential in that they can be differen-
tiated in vitro into functional cardiomyocytes, neurons, glia and hepatocytes
[34–36]. Furthermore, GPSCs are capable of forming teratomas once injected
subcutaneously in immunocompromized mice and to generate chimeras
when injected into blastocytes [27]. Taken together, these data show a
huge potential of GPSCs in regenerative medicine. In 2008, Conrad et al.
for the first time, claimed to be able to obtain ES-like cells starting from
human SSCs [29]. Initially, the pluripotency of these ES-like cells has been
demonstrated [30, 31, 33], but more recently, some researchers challenged
the concept of pluripotency of human SSCs (hSSC). Despite the murine
counterpart, hSSC seems to have less developmental potential in that they
are not able to give rise to teratomas or to form all three germ layers after
EBs induction [37]. The debate is currently open and more investigation is
needed.
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4.2 Hepatocytes Derived from GPSCs

Hepatic disorders affect hundreds of millions of people worldwide. The mild
conditions, if not cured properly, may lead to progressive liver injury, liver
fibrosis and ultimately cirrhosis, portal hypertension, liver failure, and, in some
instances, cancer [38]. Orthotopic liver transplantation (OLT) has become
the standard of care for the treatment of patients with end-stage liver disease
resulting in elevated request for OLT. However, the ongoing organ shortage has
impeded the treatment of all recurrent-incurable hepatic diseases. Importantly,
adult hepatocytes are capable of replicating under particular conditions, for
e.g. after a partial hepatectomy [39]. The human liver also contains resident
stem cells and the bipotential oval cells that can differentiate into hepatocytes
when necessary [15, 40]. However, in a severely compromised liver, the
regenerative capacity of hepatocytes and liver stem cells is impaired and
can no longer restore functionality. Thus, cell therapy may be the only
way out. Hepatocytes transplant have been reported in several cases. For
e.g., repeated hepatocyte transplantation in a patient with acute liver failure
due to mushroom poisoning has been shown to improve patient’s condition
and liver functionality [41]. The reported viability of the thawed primary
hepatocytes was 62%. This loss in cell viability upon thawing may be a
problem, especially when billions of cells are needed for transplant in patients.
Hence, alternative sources of hepatocytes are being looked for. Human bone
marrow-derived stem cells have been shown to differentiate to hepatocytes
in vitro and reverse liver failure in vivo, but these cells are present in minute
fractions and thus are tedious to isolate and difficult to expand [42]. ESCs
are considered a very promising source of hepatocytes for cell therapy due to
their limitless capacity for self-renewal and proliferation, and their ability
to differentiate into all major cell lineages [42]. However, the allogenic
nature of these cells as well as the ethical burden, has impeded their use in
the clinical setting. GPSCs are an interesting alternative. The differentiative
potential of GPSCs are being extensively studied in the mouse with the
aim of extending the results to human. EBs generated from mouse GPSCs
express the early hepatic marker, alpha fetoprotein. We and others have
reported on the directed differentiation of GPSCs into hepatocyte-like cells
[36, 43]. Metabolically active hepatocytes, capable of albumin and hap-
toglobin secretion, urea synthesis, glycogen storage, and indocyanine green
uptake can be derived from GPSCs in vitro [36]. Our large scale microarray
analysis comparing GPSCs to ESCs during hepatocyte differentiation revealed
that there was a marked similarity in gene expression profile between these two
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cell lines. The GPSC-derived hepatocytes, at Day 28 of in vitro differentiation,
were closer to fetal hepatocytes (embryonic day 16) than adult hepatocytes
(post natal day 1) [36]. In vivo studies in mouse models of liver diseases
will reveal if these GPSC-derived hepatocytes can home to liver and restore
functionality.

GPSCs are thus a promising tool for the treatment of liver diseases.
Hepatocytes derived from GPSCs may provide the minimal amount of func-
tional protein that is required to correct certain metabolic diseases. These
cells may also be useful in the period awaiting transplant as in the case of
newborns with genetic defects [44]. As liver transplant requires mainly blood
group compatibility, there is the possibility of transplanting GPSC-derived
hepatocytes in both male and female patients [45].

4.3 Cardiac Cells Derived from GPSCs

Heart transplantation is one the most effective treatment for severe car-
diomyopathies. However, the insufficient number of matching donor hearts
has elicited search for other sources of cardiomyocytes including extracar-
diac ones. Transplantable cell sources identified hitherto comprise cardiac
progenitor cells [46], mesenchymal stem cells [47], fetal cardiomyocytes
[48], bone marrow cells [49], ES cells [50] and iPS cells [51]. Due to the
advantages described above, GPSCs may also offer a substitute to ES cells
or iPS cells in cardiomyocytes generation. EBs formed from mouse GPSCs
form contracting areas which show cardiomyocyte phenotype characterized
by sarcomeric striations when stained for α-sarcomeric actinin, sarcomeric
MHC and cardiac troponin T, organized in bundles [32]. Functional car-
diomyocytes could also be generated from these GPSC-derived EBs [34].
Through molecular, cellular, and physiological assays, Guan et al. demon-
strated that GPSC-derived cardiomyocytes engrafted into the left ventricular
free wall of mice one month post-injection. These cells proliferated in
the normal heart without giving rise to teratoma. However, no sponta-
neous in vivo differentiation into cardiomyocytes were observed in the
normal heart. The GPSCs differentiated in loco into vascular endothe-
lial and smooth muscle cells probably related to the fact that these cells
were not induced to differentiate into cardiomycoytes prior to transplanta-
tion [52]. Interestingly, Flk1+ cells from differentiating GPSCs could give
rise to mature cardiomyocytes and endothelial cells as efficiently as ES
cells [53]. Transplantation of these Flk1+ GPSCs directly into the heart of
ischemic mice improved cardiac function [54]. Four weeks after treatment,
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there was a small number of cardiomyocytes derived from Flk1+ GPSCs
in these mice. Enhanced angiogenesis and decreased senescence around the
ischemic area was noted the early phase of ischemia [54]. These results are
quite promising and indicate GPSCs as potential cardiomyocyte-generating
cells for cardiac repair.

4.4 Neuronal Cells Derived from GPSCs

Stem cells that have the propensity to form neural precursors, mature neurons
and glia upon induction in vitro are good candidates for cell therapy of
neurodegenerative diseases. These include fetal neuroprogenitor cells, bone
marrow stem cells [55, 56], ES cells [57] and iPS cells [58]. Recently,
the direct conversion of adult human bone marrow stromal cells or skin
fibroblasts to neurons have been reported [56, 59, 60]. GPSCs are also
capable to differentiating into different neural cell types when given the right
cues in vitro [35]. Electrophysiological analyses showed maturation of these
progenitors into functional neurons (GABAergic, glutamatergic, serotonergic,
and dopaminergic neurons) and glial cells (astrocytes and oligodendrocytes)
was achieved in the mouse. It was also shown that GPSC-derived neurons
can give rise to functional networks which use both GABAergic synaptic
transmission and engage in synchronised oscillatory activity [52, 61]. Another
important point is that GPSC-derived oligodendrocytes are capable of under-
going complete maturation and ensheathing host axons in myelin-deficient
tissue in organotypic slice cultures of the myelin-deficient rat cerebellum [61].
Neural cells can thus be derived from mouse GPSCs and assuming translation
to the human system, these cells represent a great potential for the treatment
of neurodegenerative diseases.

4.5 Hematopoietic Cells from GPSCs

GPSCs are also promising candidate for the generation of hematopoietic stem
cells for transplantation in patients suffering from hematological malignan-
cies and inherited disorders. GPSCs have been shown to generate CD45+
hematopoietic cells, including Gr-1+Mac1+ myeloid cells and Ter119+ ery-
throid cells [27]. In a recent report, Yoshimoto et al. reported the generation
of multipotent hematopoietic progenitor cells with myeloid and lymphoid
potential emerging from Flk1+ differentiating GPSCs and described the
localisation of GPSC-derived hematopoietic cells in the bone marrow cavity
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after intra-bone marrow injection in immunodeficient mice [52, 62]. These
GPSC-derived hematopoietic cells, however, failed to expand and showed
stem cell repopulating ability in vivo. Improved in vitro differentiation condi-
tions may be needed to generate a more efficient multipotent hematopoietic
progenitor that is capable of proliferating in vivo. But there may be also
no need to leave the SSCs to acquire pluripotency for so long in vitro
prior to the transplantation experiments. Ning et al. have shown that GFP+

Sca-1+ H-2Kb+ cells isolated from mouse testis and transplanted directly
into the bone marrow of GFP− male busulfan-treated recipient mice acquired
the functional properties of hematopoietic stem cells. Donor derived-GFP+
cells were present in the bone marrow, peripheral blood and spleen 12
weeks after transplantation. These observations indicate the transdifferen-
tiation potential of mouse SSCs to hematopoietic stem cells in vivo [63].
This concords with a previous observation, in another system, that mouse
SSCs, when transplanted into the renal parenchyma of whole body irradi-
ated adult mice, could directly differentiate into mature renal parenchyma
cells [64].

4.6 Vascular Cells Derived from GPSCs

Most recently, Im et al. demonstrated that GPSCs can be induced to
differentiate into into vascular endothelial cells and smooth muscle cells
in vitro [65]. The vascular differentiation process of GPSCs displayed a devel-
opmentally appropriate sequence of transcription factor expression, similar to
ES cells, indicating again that GPSCs and ES cells have similar differentiation
properties [36]. The GPSC-induced vascular endothelial cells expressed VE-
cadherin or CD31 proteins at their cell-cell junctions as observed in primary
endothelial cells and these VE-cadherin- or CD31-positive cells formed
sprouted branch-like structures. The efficiency of conversion of GPSCs to
vascular endothelial cells was 7% compared to 18% of ES cells. The authors
also demonstrated that GPSCs could be differentiated into vascular smooth
muscle cells. Some differentiated cells from GPSCs were co-stained with
anti-SM22-α and anti-α-SMA IgGs, typical markers of adult vascular smooth
muscle cells, and exhibited the intracellular fibril structure seen in the control
vascular smooth muscle cells. These findings indicate that GPSCs may be
considered as a source of vascular smooth muscle cells and endothelial cells for
potential therapeutic applications like for the treatment of ischemic vascular
diseases.
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5.1 Background and Introduction

It is well accepted that mechanical stimulation influences cell differentiation
and growth. In the related field of pressure ulcers, investigations have revealed
that mechanical deformations can lead to tissue necrosis. For a comprehensive
review of theories explaining tissue necrosis under mechanical loads, please
refer to Olesen, de Zee, & Rasmussen (2010) [1]. In other words, mechanics
plays an important role for the entire lifecycle of cells and tissue in gen-
eral. Methods for the consistent investigation of the related phenomena are
therefore important.

This chapter reports on development of methods to impart controlled
states of deformation to tissue samples in vitro. These methods are generally
applicable for tissue growth but we shall focus on experimental investigation
of cell necrosis in response to different loading conditions. This can possibly
contribute to development of an injury criterion for tissue, which can have
direct impact on healthcare practices.

5.1.1 Mechanical Theories of Material Damage

Mechanics of materials is a well-developed area considering both macroscopic
and microscopic behavior of materials. In this field, the concept of strength
refers to the ability of a material or a structure to withstand loads without
breaking or collapsing. The applied loads may be static, such as the self-
weight of a bridge, or dynamic, such as the vibrations affecting the wing
of an aircraft in turbulent air or the cyclic bending and torsion of a bicycle
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crankshaft. Common to these cases is the idea that the material is inert,
i.e. does not change its properties except from the damage caused by the
applied loads.

Stress and strain are central concepts in strength of materials, and the
concept of strength is coupled to an idea of the local stresses or strains causing
immediate or cumulative damage at each material point. For materials with
linear behavior (which is usually the case for sufficiently small deformations)
stresses are coupled to strains through Hooke’s law, stating that

σ = Eε (5.1)

where σ is the stress tensor, ε is the strain tensor, and E is the elasticity
tensor. Two points are important for later application of this idea to living
tissues. Firstly, stress cannot be measured but only calculated, whereas strain
is derived directly from deformation, which can be experimentally observed.
It may not be immediately obvious to the casual student of mechanics that
force (and stress) are imaginary physical quantities, but it becomes obvious if
we look at methods for measuring force: they are all based on some form of
observation of deformation.

Secondly, all terms of Equation (5.1) are tensors, i.e. multidimensional
properties. In its most general form, E contains 81 components, which by
means of symmetry conditions and thermodynamic considerations can be
drastically reduced.All properties, however, remain multidimensional to some
extent depending on the properties of the material in question. It therefore
rarely makes sense to discuss “the strain” or “the stress” as though the property
is one-dimensional.

It is therefore also impossible, except in much idealized cases, to appoint a
single stress or strain level that breaks a given material. However, many tech-
nically important materials can with good approximation be assumed ductile,
homogeneous and isotropic and, for such materials, the yield criterion of von
Mises is well-established. This criterion is based on a scalar combination of
components of the stress tensor. We shall call this scalar combination the
von Mises stress. For a certain class of materials, it is well accepted that
yield, i.e. permanent deformation, occurs when the von Mises stress exceeds
a magnitude that is characteristic for the given material. It is important to
notice that many different combinations of stress components can result in
the same value of the von Mises stress and therefore lead to yield. Similar
yield or failure criteria have been developed with varying success for more
complex materials, for instance the Tsai-Hill [2] and Tsai-Wu [3] criteria for
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composites or statistical failure prediction based on Weibull statistics [4] for
ceramics.

Let us review the definition of the von Mises stress.Amaterial has six stress
components in its tensor. These components depend on the coordinate system,
so the stress tensor changes when the reference frame is rotated, although the
material remains in the same state. In other words, the same stress state in the
same material point can be expressed by many different stress tensors. In its
general form, a stress tensor contains the following components:

σ =

⎡
⎣ σxx σxy σxz

σxy σyy σyz

σxz σyz σzz

⎤
⎦ (5.2)

where indices x, y and z refer to directions in the chosen coordinate system.
The diagonal elements,σii, are normal stresses and designate pure compression
or tension of the material, and the off-diagonal elements are shear stresses. The
tensor is always symmetrical and positive definite for any physical material.

It turns out that stress tensors have the interesting property that it is always
possible to rotate the coordinate system such that the tensor takes the simplified
form:

σ =

⎡
⎣ σ1 0 0

0 σ2 0
0 0 σ3

⎤
⎦ (5.3)

In this particular rotation of the coordinate system, the material experiences
no shear stress. The normal stresses in this state, σ1, σ2 and σ3, are called
principal stresses, and σ1 ≥ σ2 ≥ σ3 by definition. Most people have
an immediate physical comprehension of the difference between shear and
normal deformation and are able to recognize these states when they see them
applied to a soft material with sufficiently large deformations. It is mind-
boggling that viewing the same material point in the same state of deformation
from a different vantage point would reveal no shear. That is, however, a
mathematical fact.

There exists another rotation of the coordinate system where the shear
stresses are at their maximum, and it furthermore turns out that these shear
stresses are equivalent to the so-called deviations of the principal stresses:
σ1 – σ3, σ1 – σ2, and σ2– σ3. We can therefore conclude that there exists
only a single state of stress that has no shear, namely the case where
σ1 = σ2 = σ3. This case of similar stress in all directions is called a hydrostatic
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stress state because it is equivalent to the state of a material subjected to
constant pressure from all sides as if it were submersed into water.

We can now look at the definition of von Mises stress in terms of principal
stresses:

σvM =

√
1
2

(
(σ1 − σ2)

2 + (σ1 − σ3)
2 + (σ2 − σ3)

2
)

(5.4)

Notice that Equation (5.4) contains only the principal stress deviations.
This means that

1. Hydrostatic pressure, according to this criterion, does not contribute in
any way to the yield of a material.

2. Shear stress, measured in the direction where it is at its maximum, is
actually the sole contributor to damage of a material.

5.1.2 Damage of Living Tissue

There is good experimental evidence [5] that deformation alone, as with
engineering materials, can cause injury in the form of cell necrosis to living
tissue, but a criterion for material damage similar to the von Mises yield
criterion does not exist for living tissues.

It is also fair to state that living tissues from a material science point-
of-view are very different from the underlying assumptions of ductility,
homogeneity and isotropy necessary for the von Mises criterion. Furthermore,
living tissues in a state of homeostasis have the ability to repair themselves,
whereas a partial damage of an engineering material is permanent.

It would appear that there is no reason to presume that living tissue
composed of cells and protein structures would be damaged by similar
mechanisms as engineering materials. However, similarly to living tissue,
engineering materials are only homogeneous on a macroscopic scale. Metals
are composed of crystals, many alloys even of patterns of different crystals
and, on a smaller scale, materials are made of discrete molecules and atoms.
Any material is in fact a structure on a sufficiently small scale.

Living tissues also share a high resistance towards hydrostatic pressure
with engineering materials. Marine animals can transition without tissue injury
between the sea surface and great depth where the water pressure is significant.

On the other hand, it is also known from clinical practice that a deformation
of sufficient size sustained for sufficient time will lead to tissue necrosis. This
is the case for pressure ulcers, a serious tissue injury affecting individuals
with reduced sensibility and/or inability to relieve pressure on the tissues,
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such as paraplegics, diabetics and bedridden patients in general. The etiology
of pressure ulcers is poorly understood [1], and this lack of understanding is
an obstacle to prevention and treatment of pressure ulcers.

It is obvious that a closer investigation of the matter requires experiments
in which living tissue can be subjected to controlled states of deformation.
We shall base the following on strains rather than stress because strain
is an experimentally measurable quantity and the strain tensor shares the
aforementioned properties of the stress tensor, i.e. we can discuss normal
strains, shear strains and principal strains.

5.2 Mechanical Loading in Two Dimensions

Mechanical stimulation of growing tissue in two dimensions can conveniently
take place on elastic membranes, such as the Flexcell well system. This system
comprises a circular silicone membrane on which tissue samples can be grown.
The membrane can be subjected to deformation to impart strain on the attached
tissue sample. The deformation is obtained by draping the membrane over
a post by means of vacuum on one side of the membrane as illustrated in
Figure 5.1.

Deformation experiments with the Flexcell system have traditionally taken
place using circular posts. However, with non-circular posts, non-hydrostatic
strain states can be obtained. It is possible by finite element analysis to obtain
accurate predictions of the resulting strain states as illustrated in Figure 5.2.

Figure 5.2 shows the resulting maximum shear strains when draping
a membrane over differently shaped posts ranging from circular (left) to
elliptical with an axis ratio of 1.23 (right). Please notice that the circular post
results in zero shear strain on the membrane over the post while non-circular
posts impart shear strain to the membrane and thereby to the tissue sample.

Figure 5.1 Draping the membrane over a post by means of vacuum. The colors on the right-
hand picture are membrane shear strains simulated by a 3-D model. Notice that the strain field
is uniform over the post.
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Figure 5.2 Finite element simulation of maximum shear strains on a membrane draped over
posts with varying degrees of ovality.

While it is theoretically possible to control the amount of shear strain
imposed on a tissue sample by means of non-circular posts, it unfortunately
turns out that the adhesion between the silicon membrane and the tissue sample
is insufficient to cause tissue injury. When imposing strain levels similar to
those experienced by, for instance, muscle tissue in the buttocks in the seated
posture, the cells come loose from the membrane and cease to follow the
membrane’s deformation. Thus, this method is not suitable for investigations
of tissue injury, but it does allow for mechanical stimulation of tissue samples
for other purposes [6].

5.2.1 Hertz-inspired Tissue Deformation

An alternative loading mechanism, inspired by Hertz contact mechanics [7],
was invented to enable imposition of sufficient strain to cause necrosis.
Mechanical problems of contact are in general highly nonlinear and very
challenging, but a famous analytical solution attributed to Heinrich Hertz
covers the special case of two linearly elastic spheres in contact. Given the
material properties, the radii of the two spheres and the compression force, the
analytical solution predicts the deformation state including strain and stress
fields in the two parts. This is one of the truly classical problems of mechanics
and it is an important part of the basis of the field of tribology and the ability
to develop many important machine parts such as bearings and gears. An
important special case of Hertz’ solution is when one of the spheres has an
infinite radius, i.e. is flat.

The case of a sphere pressed into a planar surface is axisymmetric and
so is the resulting strain state. If we focus on the planar part, this means
that the strain tensor in a given point depends only on the force (or relative
displacement of the two parts), the point’s depth under the planar surface
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and the point’s radial distance from the center of pressure as illustrated in
Figure 5.3.

Thus, a cell embedded in the material under the flat surface will be
subjected to a predictable strain state depending only on its location in the
material. Furthermore, the strain state created by surface pressure is non-
hydrostatic and three-dimensional, such that the strain ingredients that would
be decisive to material yield or failure would be present in various amounts
at different locations.

The feasibility of this idea depends on the material into which the cell
is embedded being an order of magnitude stiffer than the cell, such that the
deformation of the cell is commanded completely by the surrounding material.
Furthermore, the material must sustain the life of the cell, i.e. be permeable
to oxygen and provide nutrition. It was experimentally verified that specific
compositions of alginate gels have these properties and can be exploited in
the experimental setup illustrated in Figure 5.4.

In this setup, tissue in a culture dish is covered with a layer of gel and
a spherical indenter controlled by means of precision motors can be pressed
into the gel causing axisymmetric strain as described above.

Hertz’ surface pressure model requires linear elasticity of the involved
materials, and this is not the case for a gel undergoing large deformations.
The actual prediction of the strain field therefore cannot be based on Hertz’
equations but must be computed numerically by a nonlinear finite element
analysis as illustrated in Figure 5.5.

Figure 5.3 Indentation of a sphere into a planar surface. The strain state will be symmetrical
about the z axis, and the strain tensor at a given (r, z) position can be predicted.
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Figure 5.4 Experimental setup.

Figure 5.5 Axisymmetric, nonlinear finite element model of sphere indentation into an
alginate gel.

The finite element model predicts the strain field under the indenter and
consequently also the strain state felt by a cell located at a given point in the
gel. It is possible to visualize the strain field in terms of maximum shear strain
to obtain the strain map of Figure 5.6.

The fact that the strain field decreases systematically (albeit nonlinearly)
from the center of pressure to zero at about 8 mm distance means that the
viability of cells under varying shear strain can be studied systematically
using this setup.



5.2 Mechanical Loading in Two Dimensions 75

Figure 5.6 Maximum shear strain as a function of radius (r) and height (z) in a gel under
compression of a circular indenter. The strain is at its maximum at (r, z) = (0, 0) i.e. directly
below the center of pressure and decreases radially.

The viability of the cells is observed under microscope by means of
Lentiviral transfection of emerald green fluorescent protein (GFP). This
staining technique allows the simultaneous study of cell morphology and
viability by combination of the red and green channels of the microscope
image. Necrotic cells appear as bright spots in the image.

5.2.2 Preliminary Results of Cell Straining

Figure 5.7 shows the viability of cells under the indenter, where the yellow
dots designate dead cells. In this test, the indentation was increased over time
to compensate for a significant stress relaxation of the gel.

Figure 5.7 Necrosis of cells over time with different compression forces applied.
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It is obvious that cell necrosis increases significantly over time until all
cells are dead after about two hours. Please notice that it was verified prior
to this experiment that no significant necrosis occurred under similar circum-
stances in the absence of the indenter load. Thus, the experiment corroborates
the theory that imposed and sustained deformation causes cell necrosis.

This experiment simply observed cells directly under the indenter, while
an attempt to determine the correlation between location, and thereby strain
state, and the risk of necrosis is left to future studies.

5.3 Conclusions and Outlook

A theoretical foundation addressing strain state and cell necrosis has been
developed, and an experimental procedure capable of imposing controlled
amounts of strain to cells imbedded into gel is established and tested.
The tests show that the imposed strain has a clear influence on the
necrosis of the cells, and it is possible that such experiments, when con-
ducted systematically, can lead to development of an actual cell necrosis
theory.

Such a theory, in turn, is of fundamental as well as practical interest. The
clinical uses include prevention and treatment of pressure ulcers and tissue
engineering in a broader sense.
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Abstract

Mesenchymal Stem cells (MSCs) are in clinical trails for a variety of disorders
and thus far, there is no report of deleterious effect. Early studies suggested
that MSCs were mesodermal in origin. However, more recent studies indicate
that MSCs could be neuroectodermal in origin. This origin might explain
why MSCs can efficiently form functional neurons. MSCs are proposed for
several medical indications, mostly due to reduced ethical concerns, ease
in expansion, ability to be transplanted across allogeneic barrier (off the
shelf) and plasticity. Indications include, but are not limited to therapy for
inflammation, tissue repair, protection of tissue damage and neuronal disorder.
Despite the therapeutic promise for MSCs, there are variations in the data
among and within labs. The hindrance appears to be mostly due to the lack of
consensus to expand MSCs. We discuss the potential treatment of spinal cord
and traumatic brain injury with MSCs and, the utilization of zebrafish as a
model system for regenerative medicine. We also discuss the importance of a
molecular balance to prevent transformation of MSCs during differentiation to
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neural cells. We explain the over-arching chapter role of the immune properties
of MSCs in the translation of MSCs as well as safety issues for clinical
application.

Keywords: mesenchymal stem cells, immunosuppression, bone marrow,
cytokine, cancer, stem cells.

6.1 Introduction

Stem cells have the potential to self-renew and differentiate into all cell
types, making stem cells as the future therapy for tissue regeneration and
organogenesis. Embryonic stem cells are linked to ethical concerns and
scientifically, in tumor formation. These issues dampen the regenerative
potential of embryonic stem cells. Similar arguments can be also made for
induced pluripotent stem cells. Thus, clinical application is narrowed to
adult stem cells such as those in the brain and in bone marrow, such as
mesenchymal stem cells (MSCs). The clinical and experimental data indicated
that MSCs can have regenerative/repair potential for several clinical disorders
(www.clinicaltrials.gov).

The multipotent mesenchymal stem cells are primordial in origin and can
be isolated from fetal and adult tissues such as the placenta, bone marrow
and adipose tissues [1–4]. Several membrane proteins have been identified to
select and to phenotype MSCs. These include, but not limited to CD73, CD90,
CD105. MSCs do not express markers like CD45, CD34, CD14, CD19. In
addition to phenotype, other molecules have been proposed as methods to
identify MSCs. These include vimentin and fibronectin. In all studies, the
function of MSCs need to be validated for multipotency. In general, it is
acceptable to induce MSCs to differentiate into osteoblast, adipocyte and
chondrocyte [5].

MSCs are attractive for stem cell treatment, mostly due to reduced ethical
concerns and ease of in vitro expansion. Furthermore, there is no need for a
match at the major histocompatibility complex; thus making MSCs available
as ‘off the shelf’sources in cell therapy. The microenvironment plays an impor-
tant role in the functional response of MSCs. The immune function of MSCs is
particularly relevant. MSCs can be immune enhancer and suppressor cells.The
immune function of MSCs depends on the milieu of the microenvironment.
Specific cytokines and chemokines can be chemoattractant to facilitate the
migration and homing of MSCs and other immune cells to the site of tissue
injury.
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6.2 MSC Immunology

MSCs show functional plasticity with regards to their immune properties by
exerting both immune suppressor and enhancer functions [6], producing var-
ious cytokines that can stimulate the cells through autocrine and/or paracrine
manner [7]. It has been suggested that major histocompatibility complex-
II (MHC-II) expression be included among the minimum requirements for
designating a cell as MSC [5]. However, there are several reports of MHC-II-
negative cells with a phenotype and multi-lineage capacity similar to MSCs
[8], suggesting that a population of MSCs do not express (detectable amounts
of) MHC-II.

MHC-II allows cells to act as antigen presenting cells (APCs), with
the cell mounting the antigen within the MHC-II grove to activate CD4+
T cells. The MSCs expressing MHC-II may then be able to act as APCs.
However, unlike most APCs, MSCs express MHC-II in a bimodal fashion,
with high MHC-II densities at low levels of interferon gamma (IFNγ),
and low MHC-II density at high IFNγ levels [9]. This is highly significant
when considering MSCs as a therapeutic tool, as the MSCs would be in an
inflammatory microenvironment, in the presence of a milieu of inflammatory
cytokines – including IFNγ. This bimodal activity has been observed in
vitro in MSC-derived neurons, whereby the neurons expressed low levels
of MHC-II, but MHC-II level could be restored by stimulation with IFNγ
[10]. Thus MHC-II expression has the potential to be problematic in case the
MHC-II is re-expressed. If so, this could result in rejection of the transplanted
MSCs.

Since the majority of MSCs show low to undetectable expression of
MHC-II molecules on their cell surface they fail to activate T-cell response
[5, 8]. In the absence of an allogeneic response, MSCs are suitable candidates
for allogeneic transplant [6]. In the absence of pro- and anti-inflammatory
cytokines, MSCs are further immunoprivileged in that they interfere with
other immune cell functions, such as inhibiting B-cell proliferation and
chemotaxis [11], suppressing the activity of dendritic and natural killer cells
[12], and triggering the proliferation of regulatory T-cells to suppress an
immune response [13]. It has been suggested that these immunosuppressive
properties may play a role in tissue repair, modulating the other immune
cells to prevent immune inflicted tissue injury and promote healing [14].
An equilibrium of these two properties must be understood and balanced
for normal MSC function, as well as for MSC function in regeneration and
repair [6, 15].
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6.3 MSCs and Cancer

As a consideration to the translational potential of MSCs, one must examine
the long-term effects of their presence in patients. We have discussed the
immunomodulatory properties of MSCs and now must consider what may
happen when the cellular signals go awry. This brings us to the role of MSCs
in cancer; the current research has found them to be both tumor suppressive
and enhancing, depending on the microenvironment. This section reviews the
supportive and inhibitory properties of MSC in cancer and then takes a closer
look at MSCs and cancer of the brain. In this special case we will consider
how MSCs can be used for treatment of this deadly disease.

The association of MSCs with respect to tumors is of great interest from
the past decade. MSCs have a contradictory role in cancer, in some studies it is
found that MSCs can promote tumor progression through immune modulation,
increase in metastasis, or increasing tumor cells, while in others a tumor
suppressive role of MSCs was described. This contradicting behavior may
be due to difference in the source of tissue, method of cell administration,
individual donor variability, and injection timing of MSCs.

6.3.1 Role in Tumor Growth

MSCs, irrespective of their origin, were shown to have a role in tumor
progression by initiation, growth and metastasis of the cancer or tumor cells
[16–20]. Function and properties of MSCs can also vary depending on the
origin of MSCs. Although MSCs are ubiquitous, there are two major organs of
MSC. In the adult, the bone marrow and adipose tissues are the major sources
of MSCs. Other sources of MSCs include the skin, muscle, lung, tendons
and periodontal ligament. MSCs from peripheral origin exhibit greater tumor
tropism than the MSCs from bone marrow. The immune suppressive function
of MSCs is relevant for tumor initiation and growth. This was observed in
an experimental transplantation model of B16 melanoma cells, which formed
tumors only when co-injected with MSCs into allogeneic mice [16]. MSCs role
in metastasis of cancer was demonstrated by co-injecting human breast cancer
cells with human MSCs derived from bone marrow into immune compromised
mice [18].

Growth-promoting effect of MSCs was shown in an invivo model of colon
cancer with co-injecting of adult and fetal MSCs [21]. The role of MSCs in
tumor survival was shown invitro with human B-cell lymphoma. [22].Tumor
promoting properties of MSCs were also shown with MSCs derived from
peripheral tissues like adipose tissue [23]. These MSCs were also responsible
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for the increase in the tumor size and the viable tumor cells count when
co-injected with lung cancer or glioma cells [24].

The research studies that showed MSCs aiding tumor growth needs careful
evaluation as MSCs have the tendency to proliferate in the presence of tumor
cells. Hence, the increase in tumor mass could be due to the ability of MSCs
forming carcinoma associated fibroblasts to support tumor growth.

6.3.2 MSCs in Tumor Suppression

MSCs can be used as tumor suppressors by secreting anti-tumor molecules
like TNF, IFN-ß and Dickkopf-related protein-1 (DKK-1) [25–27]. These
molecules will modify pathways that include Akt signaling, ß-catenin and
c-Myc, which are linked to tumor progression [25, 26, 28, 29].

The tumor suppressive effect of MSCs was shown when they were co-
administered with glioma cells, resulting in modified Akt signaling [26].
Glioma cells secrete VEGF and other soluble factors to facilitate the invasion
and migration of the transplanted MSCs to the site of the tumor. Human
fetal skin-derived MSCs inhibited human liver cancer cell lines, with reduced
proliferation, colony formation, and oncogene expression both in vitro and
in vivo [30]. When these cell lines were co-injected with equal ratio of
MSCs, tumor development was delayed and tumor size decreased. MSCs
were shown to inhibit the growth of rat colon cancer when equal number
of MSCs and tumor cells were co-injected [31]. The pro-inflammatory role
of MSCs was suggested by the infiltration by Macrophages and granulocytes
when co-injected with tumors. The anti-tumor effect of MSCs was noted when
ß-catenin signaling was inhibited through DKK-1 with solid and hematolog-
ical tumors [25, 32].

6.3.3 MSC and Brain Cancer

The most common type of primary brain tumor is glioblastoma multiforme
(GBM). GBM is a very aggressive and invasive cancer with an extremely
poor prognosis. Current therapy involves tumor resection followed by both
radio- and chemotherapy and these results in a median survival of less than 15
months [33]. Due to an urgent need for new treatments, scientists have begun
to look at MSCs as tumor targeting drug delivery vehicles. This is partly due
to the many characteristics that make MSCs a great transplant option. This
topic is discussed above, describing the ease of access, production, and the
donor of MSCs as universal. In addition to these benefits, MSCs also showed
tumor tropism.
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An increase in the interest of the mechanisms of homing and migration of
MSCs to tumors, has led to a better understanding of this process. There are
several different molecules that have been found to be involved. Although the
candidate molecules vary with the cancer type, they include growth factors,
chemokines, and cytokines that are released from the tumor or surrounding
stroma. One example is stromal cell derived factor 1α (SDF-1α) and its
receptor chemokine (C-X-C motif) receptor 4 (CXCR4) commonly expressed
on cancer cells. MSCs have been found to use SDF-1α-CXCR4 signaling for
migration to areas of inflammation, which is often common in the tumor
microevironment [34].

Other factors, such as VEGF, can enhance tumor tropism of MSCs to
tumors. Breast cancer and gliomas have been reported to express high levels
of VEGF, which induces the migration and invasion of MSCs to tumors [35].
MSC migration may be also increased in response to irradiation and hypoxia.
Radiation may lead to increased expression of inflammatory mediators to
enhance the migration of MSC to the tumor [35]. Hypoxia is often associated
with tumor progression and can lead to the production of IL-6 which acts in
a paracrine fashion on MSCs, causing increased migration to the tumor [36].
The mechanism of MSC homing and migration to the tumor site continues
to be elucidated. However, the clinical and experimental evidence provided
information on the tropism of MSC to brain tumors.

One of the earlier reports showing MSCs migrating to the region of gliomas
was indicated with an experimental model using rats [37]. Autologous MSCs
were intracranially implanted into rats that developed gliomas. The MSCs
migrated and dispersed within the tumor mass [37]. Subsequent studies with
immunocompromised mice showed human MSCs migrating to the region
of human gliomas [38]. The MSCs were injected into the ipsilateral and
contralateral carotid arteries of the mice [38]. In other studies, rat MSCs were
injected intratumorally and this resulted in the migration to the invasive rat
glioma and to the distant tumor microsatellites [39]. The investigators also
observed that the implanted MSCs avoided the normal brain gray matter [40].

Based on the above findings, MSCs show promise as a delivery system for
toxic substances to the tumor while being able to avoid adverse effects of the
drug on normal brain tissue. Given the dire need for improved therapy for GBM
researchers have also started looking at ways to increase the efficacy of current
treatments by sensitizing the cells. Our group has recently published on the
chemosensitization of GBM cells through the transfer of functional anti-miR-9
within MSCs, by packaging it within the exosomes [41]. As a cellular vehicle,
MSCs could deliver chemosensitizing reagents as adjuvant to other treatments.
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As an example, TRAIL-secreting MSCs in combination with lipoxygenase
inhibitor, MK886, enhanced apoptosis of the resistant cancer in vitro and, also
increased tumor regression in an orthotopic mouse model of glioma [42].

The reports are not consistent with regards to favoring the use of MSCs as
cellular targets for brain cancer. Rather, there is some evidence of a supportive
role for MSCs in brain tumors [43, 44]. In a murine model of GBM, MSCs were
shown to infiltrate the tumor and this correlated with tumor progression [43].
Similarly, in vitro studies with the tumor-associated MSCs led to increased
proliferation of the GBM cells [43]. One must also consider the source of the
MSCs that will be used for cellular based therapy. Akimoto et al examined the
effect of MSCs from different sources on primary GBM cells and found that
umbilical cord blood-derived MSCs inhibited the proliferation of the GBM
cells while the adipose tissue-derived MSCs supported proliferation of the
cells’ proliferation [44]. Although there is substantial data to support the use
of MSCs as cellular vehicle of drugs to brain cancers there are still some
reports that should not be ignored.

Amajor concern with using MSCs in the treatment of cancer is their poten-
tial to become immunosuppressive, which could become a survival advantage
for the very GBM cells that are being targeted. One must also consider the
long-term fate of the transplanted MSCs in patients after the treatment has
been completed. There are two major reasons for this, first would be to avoid
continuous exposure of normal tissue to anti-tumor agents delivered by the
MSCs. Second, MSCs respond strongly to their microenvironment, which
may change dramatically once the cancer is eliminated and could lead to
malignant transformation. To avoid these issues, scientists have developed
suicide gene therapy. This method involves the transfer of a gene encoding
a suicide protein into the MSCs for selective elimination. Herpes simplex
virus thymidine kinase (HSV-TK) is the most commonly used. Expression
of HSV-TK in the cells sensitizes it to the prodrug ganciclovir (GCV) by
phosphorylating GCV into its toxic form. This will allow targeting of only the
cells producing thymidine kinase. The activated form of GCV inhibits DNA
synthesis, which leads to cells death of the MSCs but also has a significant
bystander effect that will cause the death of neighboring cells [40]. There
is continued research to increase the efficacy of the suicide gene engineered
MSCs, by co-expressing other proteins known to target cancer cells. One
example is a group that co-expressed a potent and secretable variant of tumor
necrosis factor apoptosis-inducing ligand (S-TRAIL) in addition to HSV-TK.
This caused caspase-mediated GBM cell death and selective sensitization of
the MSCs to the prodrug GCV [45].
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6.4 Regenarative Potential

MSC was discovered by Friedenstein et al. and was referred as CFU-F (colony
forming unit-fibroblasts). Similar cells were isolated from the bone marrow
and with similar formation of colonies [46, 47]. MSCs have several functions,
including support of hematopoiesis during transplantation with simultaneous
decrease of graft versus host through veto property [48].

MSCs have been shown to restore heart function [49, 50]. At a high dose
of MSC when injected into the intracoronary region of left ventricle showed
significant improvement in the normal function of the heart [49, 50]. This is
a highly significant property of MSCs because cardiac failure is the leading
cause of death in USA. The use of MSCs for neurological disorder has not yet
reached the patients. However, the use of MSCs for neural disorder is widely
accepted. Several animal models have shown full recovery of the damaged
neurons. There are three possible explanations why MSCs might be important
for neural repair. MSCs can differentiate into neurons, undergo cell fusion,
release neurotropic factors to maintain the survival of the neurons and/or the
release of non-neurotropic factors to promote the tissue repair [51]. Despite
MSC is able to introduce repair and regeneration in the brain, it is still unclear
if it is able to cross the blood brain barrier [52].

Human MSCs injected at the site of brain injury release neurotropic factors
to induce endogenous recovery of damaged neurons [53]. This occurred by
reduced inflammation, inhibition of apoptosis and increased proliferation and
differentiation of neural stem cells. An early set of studies [54, 55] used a co-
culture technique to shown that brain derived neurotropic factor (BDNF), glial
derived neurotropic factor secreted by MSCs, induced neurite formation in
neuroblastoma cell line. The role of BDNF was demonstrated with neutralizing
antibodies, which prevented the regenerative potential of MSCs [54, 55]. In a
spinal cord injury model with zebrafish, TAC1 expression in MSCs improved
the sensory and locomotors recovery by releasing some neurotropic factor
[56]. Other examples of neurotropic factors can be nerve growth factor,
neurotropin-3, ciliary neurotropic factor and vascular endothelial factor. In
addition to neurotropic factors, in vitro studies showed that the extracellular
matrix from MSCs can have a positive effect on the adhesion of neuronal cells
by inducing neurite growth and astrocyte proliferation [57].

Both in vitro and in vivo studies suggest that MSCs can transdifferentiate
into neurons, thereby providing these cells with the potential to promote neu-
ronal repair. MSCs can be induced with defined condition and with cytokines
to differentiate into neurons [56]. There are occasions if transdifferentiation of
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MSC to neural cells can occur within a few hours and, whether the formation
of neurons can be solely dependant on morphology [58, 59]. Subsequent
studies indicated that transdifferentiation could happen only under stress and
not under normal conditions [58–61]. In 2001, noggin, which can induce
neural formation by inhibiting BMP2/4, TGF-ß, was used to induce neuron
formation by transfecting MSCs. The noggin-transfectants expressed neuronal
and astrocyte markers [62]. Retinoic acid (RA) was identified as an inducer
of MSCs to form neurons with the expression of the neurotransmitter gene,
TAC1 with synaptic transmission [63]. There are several induction factors that
can up regulate transdiffentiation of MSCs into neural cells such as matrigel
[64]. The logic behind transdifferentiation of MSCs is not based solely on in
vitro studies, as the conditions provided are totally artificial. When MSCs
were injected to rat it migrated to the brain in the way neural stem cell
(astrocyte engraft) migrated further losing MSC marker [65]. This showed the
engrafted MSCs was well supported by the microenvironment of the rodents.
The gradual increase in the neural marker in these MSCs showed its ability to
transdifferentiate.

In Parkinson’s disease (PD) rat model when hMSCs were injected it
improved the motor function [66]. This was followed by clinical trial of
using hMSCs in PD patient and it eventually lead to improvement in motor
function with no significant side effect [67]. Amyotrophic Lateral Sclerosis
(ALS) is a neurodegenerative disease caused by the death of motor neurons in
cerebral cortex, brain stem and spinal cord. Human MSCs when transplanted
in transgenic ALS mouse model with spinal cord injury improved the motor
activity [68].

Patients with stroke who were injected with autologous MSCs showed
transient improvement [69]. A subsequent repeat of the trial indicated that the
transdifferentiated MSCs were able to retain their function for a prolonged
period [69]. A recent in vitro study generated neurosphere-like aggregates
from MSCs and then when injected them into a rat model of ischemic stroke
to show that this method induced neuroprotection [70].

Other than neurotropic factor and transdifferentiaton, it is possible for the
injected MSCs might fuse with the neural cells at the site of injury to cause
functional improvement. Although evidence for this mechanism is limited
there was a report in which MSCs were introduced into the rodent model
[71, 72]. There was fusion with the neural cells and epigenetic changes with
complete recovery of neuronal function [71, 72].

MSCs can be obtained and expanded easily without any ethical issues.
These cells can differentiate into both mesenchymal and non-mesenchymal
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types of cell depending on the microenvironment. There are several successful
clinical trials with MSCs. There are concerns associated with these successes.
Long-term follow up are needed with the MSC transplantation since MSCs
can also exert immune regulation. Also, as discussed above, MSC therapy has
to cautiously examined for patients who have survived cancer since this could
reactive the tumor. Hence, long-term follow up is necessary for any patient
receiving MSC or regeneration of the damaged tissue.

6.5 Safety

The safety of MSCs has been addressed throughout the text above. However,
this section discusses that issue of care for tumor formation by the MSC itself.
Here we discuss the differentiation of MSCs to neurons. REST, which is a
tumor suppressor gene, is expressed in MSCs [73]. During differentiation to
dopamine neurons, REST is decreased [74]. Thus, there is point where the
balance between neuronal formation and the decrease of a tumor suppressor
gene in stem cells could become tumorigenic (Figure 6.1). Similarly, the

Figure 6.1 Shown is the differentiation of MSCs into neurons. A. MSCs are cultured from
bone marrow aspirates and then subjected to differentiation to neurons. B. As the MSCs
differentiate, REST expression is decreased. If REST protein is rapidly decreased this could
cause cell transformation.
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decrease in REST during neuronal differentiation can cause the oncogenic
TAC1 gene to be expressed [75]. This shows a scenario in which a tumor
suppress gene (REST) is decreased with concomitant increase in the oncogenic
TAC1. Going forward, studies are needed to carefully determine how the
balance occurs and the rate of differentiation for safe trials.

6.6 Conclusion

MSCs have a dual role in regulating the immune response, depending on
the microenvironment where the MSCs are placed. MSCs have the poten-
tial to introduce tissue repair and regeneration in brain and other organs.
The differentiation of MSCs to neurons is mostly regulated by transcrip-
tional repressor RE1- silencing transcription factor (REST; also known as
neuron restrictive silencer factor-NRSF). REST regulates neurogenesis neg-
atively and is degraded during normal neural differentiation. Its reduction
induces MSCs to differentiate into neuron and repopulate the damaged
neurons. (Figure 6.1), which under normal condition is highly expressed
MSC, as it is tumor suppressor protein. Thus, the level of REST pro-
tein needs to be downregulated for efficient differentiation to neurons. A
rapid decrease in REST protein in MSCs can also be oncogenic. There-
fore, before using MSCs as a clinical therapeutic in neuronal damaged
tissue for its repair, there is a need to figure out ways to balance REST
protein.

Translation of this exciting research to the clinic will take time but the
supportive results seen thus far have promise. MSCs are an ideal candidate for
cellular therapy, their ease of isolation and lack of ethical concerns, along with
tumor targeting properties make them a model transplant cell. Development of
MSCs that release more potent tumor destroying molecules, addressing safety
concerns of MSC transformation with improved therapeutic transgenes, and
identifying the best route of administration are areas of continued research.
However, a scenario where MSCs can be genetically modified and implanted
into inoperable or partially resected invasive tumors, giving patients much
needed treatment options is definitely on the horizon.
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Abstract

The processing systems for cell and tissue cultures suitable for therapeutic
application are promising devices to save labor tasks, space, and contam-
ination risk. Similar to the isolator system in the aseptic processing of
healthcare products based on pharmaceutical regulation, the installation of
a decontamination apparatus into the processing system will realize a further
reduction in manufacturing costs based on the proposed siting criterion in
an ISO Class 8 clean area without any increment of contamination risk.
Furthermore, flexible modular platform (fMP) technology will realize the
flexible combination of isolator modules, the practical design for cell sheet
assembling was successfully performed. These proposals of the siting criterion
and manufacturing system for the isolator and fMP technologies are expected
to enhance process versatility accompanied by safety, security and cost-saving.

Keywords: bioreactor, manufacturing facility, flexible modular platform,
automation, cell processing facility, cell sheet.

7.1 Introduction

In the last decade, cell and tissue therapies have encompassed a broad, rapidly
growing field of medicine that involves the manipulation and administration of
cells for the treatment of disease. Especially, the advances in tissue engineering
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have offered promising strategies for reconstructing and repairing defective
tissues in vivo (1-2), enabling damaged tissue to be replaced with cultured
tissues that meet the needs of the individual patients. A number of companies
manufacturing cultured tissues have been established. The manufacture of cul-
tured tissues is still burdened by instability owing to the qualitative fluctuation
of cell sources as raw materials and the risk of biological contamination.

Innovative techniques of cell and tissue processing have been developed
for therapeutic applications. The subculturing for cell expansion is a core
process. In manufacturing, strict management against contamination and
human error are compelled due to un-sterilable products and the complexity of
culture techniques, respectively. In addition, the development of a processing
system is considered to lead to safety, security and cost-saving for cell and
tissue cultures. However, the criterion of facility design to date has not been
clear. This article describes a novel strategy for bioreactor and facility designs.

7.2 Bioreactor Design for Cell Processing

Bioreactors are a core element to produce high-value materials in biological
processes using mammary cells which can be employed for many purposes
on various scales of operation in pharmaceutical production, cell therapies
and tissue engineering (3). These range from simple, small-scale systems for
basic research to sophisticated production-scale systems, which are in use
for commercial manufacture. The development of industrial-scale bioreactors
was initiated in the mid-1950s to meet the demand for mass production
of vaccines. The cell culture bioreactors employed stirred tanks containing
micro-carriers with adherent cells, which were, in principle, an adaptation
of homogeneous culture systems used for microbial culture to meet the
requirements of mechanically sensitive animal cells. The fundamental idea
was to overcome the major limitations of cell cultivations that caused slow
cell growth and low attainable cell densities by providing an environment
that allowed the cells to continuously produce the products of interest at high
levels.

In recent years, a new trend has emerged, that of tissue engineering. In
contrast to traditional approaches of bioreactor design for mass production,
the manufacturing features inherent for cell-based health care products leads
to the requirement for small-scale design of patient-oriented bioreactors
for clinical use. The automation platform becomes the core technology to
realize the 3S (safety, security and cost-saving of manufacturing). Especially,
the installation of a processing system for cell and tissue cultures leads
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to: 1) process automation of machinery operations, 2) maintenance of the
closed aseptic environment to reduce contamination risks, 3) mimicry of
the biological environment with chemical and mechanical stimuli, and 4)
information utilization of culture monitoring. These functional progresses
provide some solutions to the features inherent to cell and tissue processing,
being contributable not only to the process control including the saving of labor
and process stability, but also to the quality control including the evaluation
of cell and tissue potentials.

In our previous study, the automation for expansion process including the
operations of seeding, medium change, passage as well as observation were
developed (4, 5), and proposed the intelligent culture system accompanied
by automated operations (liquid transfer and cell passage) to perform serial
cultures of human skeletal muscle myoblasts, as shown in Figure 7.1(6). An
automated culture system that could manage two serial cultures by monitoring
the confluence degree was constructed. The automated operation with the
intelligent determination of the time for passage was successfully performed
without serious loss of growth activity, compared with manual operation using
conventional flasks. This intelligent culture system can be applied to cultures
of other adherent cells and will lead to the qualitative stability of products in
the practical manufacturing of cells available for transplantation.

Recently, this technique applied to the development of chip culture system
for maturation of retina pigment epithelial cells derived from human iPS
cells (Figure 7.2). The chip bioreactor system for long-term culture of human
retina pigment epithelial (RPE) cells consists of incubation unit and medium
supplier unit. In the incubation unit, the chip as closed vessel (2.5 mm in
diameter, working volume 25 ml) was set to be 37◦C and 5% CO2, where
gas permeable resin (PDMS) was used for the vessel wall. Whole bottom
surface of chip was observed through the culture to detect the immature

Figure 7.1 Intelligent bioreactor system for passage automation. A; overview of the system,
B; culture vessel, and C; monitoring system.
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Figure 7.2 Chip bioreactor system for maturation of retina pigment epithelial cells.
A; overview of the system, B; medium supplement (arrow a) unit and incubation unit
(arrow b), C; chip culture vessel, and D; culture image in chip.

RPE cells. The medium was changed with fresh one every day by introducing
from the medium supplier unit by syringe pump. Here, the storage solutions
were stocked in the refrigerator and freezer parts, and the fresh medium
was prepared on time for the medium change by warming up to 37◦C and
mixing. The seeding were conducted at 5.0×104 cells/cm2 to be confluent
state at initial, and long-term culture for 36 days is initiated for the maturing
of RPE cells. The culture system will contribute to the process control as
well as the quality control by detecting morphology of whole cells in their
chip.

7.3 Facility Design for Cell Processing

Efforts to commercialize cell-based therapies are driving the need for capable,
scalable, manufacturing technologies (7–10). It should be certificated that
these therapies meet regulatory requirements and are economically valuable
at the industrial scale production. In a commercial aspect, a major challenge
is to translate lab-scale designs into production-scale designs of biologically
functioned products that are reproducible, safe and clinically effective, as well
as being economically acceptable and competitive, so that the engineering
knowledge for the strategies of cell and tissue processing can be realized on
the production scale (11).
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On the basis of the guidelines for aseptic processing for healthcare
products, the siting criterion of the processing systems for cell and tissue
cultures is discussed in perspective of manufacturing therapeutic products
(12, 13). The practical managements of processing systems for cell and tissue
cultures have referred to the guidance for aseptic processing of healthcare
products. The guidance describe that aseptic processes are designed to mini-
mize exposure of sterile articles to the potential contamination hazards of the
manufacturing operation. Limiting the duration of exposure of sterile product
elements, providing the highest possible environmental control, optimizing
process flow, and designing equipment to prevent entrainment of lower quality
air into the clean room are essential to achieving aseptic process for product
sterility. In addition, the International Organization for Standardization (ISO)
guideline for the aseptic processing of healthcare products (Part 1: General
requirements, ISO 13408-1) states the set-up of an aseptic processing area
(APA). To site the highly controlled area, the influx prevention of chemical
and biological contamination sources is one of the critical issues. The critical
processing zone in the APA is defined to be an ISO Class 5 clean area using
the biological safety cabinet (or laminar flow hood) where the sterilized drug
products, containers, and closures are exposed to environmental conditions
that must be designed to maintain product sterility. Moreover, the critical
processing zone must be set in the direct support zone (ISO Class 7 clean
area) where the indirect support zone (ISO Class 8 clean area) is surrounded.

In terms of autologous cell processing for therapeutic application,
the fundamental criterion of the APA has been applied to the siting
of the cell processing facility (CPF) for therapeutic purpose. In this respect,
the bioreactor system should be installed in the direct support zone (ISO
Class 7) of CPF because some culture operations including the cell seeding
and harvesting are conducted in the critical processing zone of a laminar
flow hood. The costs for operation and facility maintenance for the pro-
cessing in CPF are known to be very high. Therefore, it is difficult to turn
a profit for the small scale production with the autologous cell process-
ing. For the cost saving, the aseptic processing has required a promising
device: 1) to minimize the space where the closed and regulated environ-
ments are maintained rather than minimizing the critical processing zone
within the aseptic processing area, 2) to minimize operator’s entrance to
reduce contamination risk, and 3) to minimize cross-contaminations lead-
ing to catastrophic events such as the expansion of serious contaminations
which is transmitted from one batch operation to another by the aerosolized
route.
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In the pharmaceutical manufacturing of healthcare products, the min-
imization of space, operator’s entrance and cross-contamination raise the
development of the isolator as useful alternatives to full-scale clean rooms,
being described as: “A device creating a small, enclosed, controlled or clean-
classified environment in which a process or activity can be placed with a high
degree of assurance that effective segregation will be maintained between the
closed environment, its surroundings and any personnel involved with the
process or manipulation” (14). According to the ISO guideline for the aseptic
processing of healthcare products (Part 6: Isolator systems, ISO 13408-6), the
isolator is placed in a clean room in which the environment is controlled to
give the same conditions as an ISO Class 8 clean area equivalent to an indirect
supporting zone in the aseptic processing of healthcare products.An economic
analysis using the parameter of lifecycle cost indicated that the total cost per
lot in the infrastructures for aseptic cell processing was based on: (i) the
critical processing zone with manual operations, (ii) the isolator with manual
operations, and (iii) the isolator with automated operations using the robot arm.
Aseptic cell processing based on the isolator system with manual operations
could reduce the lifecycle cost by 43%, compared with that based on the critical
processing zone (15). The installation of a robotic system to realize automated
processing in the isolator was suggested to achieve a 38% reduction in cost in
the production scale, although the expenses related to facility costs increased
by 2% compared with that based on the critical processing zone. Even though
a further estimation will be required for practical management of the aseptic
processing of cells and tissues for therapeutic use, these estimations are consid-
ered to promote the broad utility of the isolator for the aseptic cell processing
for not only healthcare products but also for therapeutic cells and tissues.

The installation of isolator technology applied to the cell and tissue
processing for therapeutic application would be a similar layout to that for
aseptic processing of healthcare products as mentioned above. The critical
issue of the isolator is to equip the pass box with a decontamination appa-
ratus, so that the aseptic environment can be prepared by exposing it to
decontamination reagents such as vaporized hydrogen peroxide using the
decontamination apparatus, enabling materials such as culture vessels and
containers for cells and medium to pass through the border from the ISO
Class 8 clean area (equivalent to indirect supporting zone) to the ISO Class
5 clean area (equivalent to critical processing zone) without any additional
buffer spaces (equivalent to the ISO Class 7 clean area of direct support zones),
enabling the saving of costs for the operation and maintenance as well as space
in the manufacturing of cell and tissues. As the siting criteria depend on the
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respective processing, further discussion on the availability of these proposed
manufacturing systems with the decontamination apparatus will be required
in terms of the GMP regulatory issue, accompanied by validation data for the
aseptic environment and biohazard level. The expectation shos that culture
systems equipped with a decontamination apparatus takes countermeasures
against biohazards and can be met for the autologous cell and tissue cultures
because of specific requirements including: (i) the small-scale production
for each patient, (ii) the utilization of non-sterilable materials derived from
patient’s cells, and (iii) independent biohazard spaces for healthy and virus-
carrying (infected) patients. These specific requirements provide reasonable
basis for the installation of manufacturing systems equipped with a decon-
tamination apparatus for autologous cell processing. On the basis of the siting
criterion mentioned above, the comparison of management between CPF
and cell aseptic processing system (CAPS) employing isolator technology
revealed that CAPS leads to reductions of the running cost as well as
operational laboriousness in the small production.

7.4 Flexible Modular Platform Technology

Recently, as shown in Figure 7.3, a novel design of manufacturing facility
based on a flexible Modular Platform (fMP) has been proposed to realize
that the individual aseptic modules can connect and disconnect flexibly with
keeping the aseptic environment in each module, leading to the compactness of
aseptic processing area and quick change-over for multi-purposes and patients.
This technology will make cost-saving with safety and security. To effectively
implement this fMP technology an interface that can be aseptically detached
and attached from one device to another is required and such a device must be
able to handle diverse aseptic processing requirements. A common approach
utilized in isolator based manufacturing of sterile pharmaceuticals is a transfer
system using rapid transfer ports (RTP) or Double Porte de Transfert Etanche
(DPTE). However, its interface limited to a circular configuration, and a more
versatile aseptic transfer mechanism is sought for handling the connection
between devices.

As shown in Figure 7.4, in the collaboration with Profs. Okano and Shimizu
in Tokyo Women’s Medical University and several companies in Japan, the
isolator module system based on fMP for the cell sheet assembly has been
developed, which will make automated formation of multilayered sheets
and their incubation. The machinery operations were successfully performed.
And this system can realize some procedures by having flexible connections
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Figure 7.3 Proposal of manufacturing system based on flexible Modular Platform (fMP)

Figure 7.4 Automation system of sheet assembly based on the fmp technology

between modules under aseptic conditions by developing the interface of
double door system for modules, suggesting the broad versatility for the
production in other types of multilayered cell sheets.
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8.1 Introduction

Cutaneous melanoma is among the most aggressive types of human cancer,
and if untreated, has the potential to metastasize.While patients with low tumor
thickness can be cured in 90% of cases by surgery, the majority of patients
with metastatic disease die because of the inefficiency of current systemic
treatments to produce long-term effects.

Cutaneous melanoma is defined as a malignant tumor derived from
the transformation and proliferation of epidermal melanocytes, enabling a
stepwise progression from common melanocytic nevus to radial growth
phase melanoma, vertical growth phase melanoma and, finally, metastatic
disease [1]. However, recent data suggest that a considerable number – around
60% to 75% – of melanomas develop de novo, without any precursor lesions.
On the basis of these observations and according to repeated findings on
melanoma heterogeneity, an alternative hypothesis has been proposed in light
of the emerging cancer stem cell (CSC) concept. Mounting evidence suggests
that melanoma may arise from a multipotent CSC that is able to self-renew,
differentiate into diverse progenies and drive continuous growth [2].In this
context, the term melanoma stem cell represents an operational definition,
indicating a multipotent tumor-initiating cell subset that – although mono-
clonal in origin – can give rise to a heterogeneous progeny that recapitulates
the tissue of origin.

Mayuri Prasad and Paolo Di Nardo (Eds.), Innovative Strategies
in Tissue Engineering, 107–116.
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8.2 Evidence for the Existance of Melanoma Stem Cells
with Self-Renewing and Tumorigenic Properties

During the past decades, indirect evidence has supported the presence of
melanoma stem cells. First, melanomas show phenotypic heterogeneity both
in vitro and in vivo, suggesting an origin from a cell with multilineage
differentiation abilities. Melanomas retain their morphologic and biological
plasticity, despite repeated cloning. Second, melanoma cells often express
developmental genes such as Sox10, Pax3, Mitf and Nodal. Melanomas also
express the intermediate filament Nestin, which is associated with multiple
stem cell populations. Third, melanoma cells can differentiate into a wide
range of cell lineages, including neural, mesenchymal and endothelial cells.

Next to these indirect findings, recent studies have provided direct
evidence for the existence of melanoma stem cells [reviewed in 2]. Apply-
ing growth conditions suitable to human embryonic stem cells, Fang and
colleagues [3] found a subpopulation of melanoma cells propagating as non-
adherent spheres in approximately 20% of metastatic melanomas, whereas
in standard media only adherent monolayer cultures developed. Sphere for-
mation in vitro has been proposed by different groups as a common growth
feature of stem cells, including neural crest–derived stem cells. The authors
showed that melanoma spheres can differentiate under appropriate culture
conditions into multiple lineages, such as melanocytes, adipocytes, osteocytes,
and chondrocytes, recapitulating the plasticity of neural crest stem cells [3].
Multipotent melanoma spheroid cells persisted over several months after
serial cloning in vitro and transplantation in vivo, indicating a stable capacity
to self-renew. Interestingly, sphere cells were more tumorigenic than their
adherent counterparts when grafted into mice. Finally, the authors found that
the stemness criteria were significantly enriched in a small CD20-positive
subpopulation, indicating that CD20 might be a suitable surface marker for
the identification of melanoma stem cells [3].

Additional support for the existence of melanoma stem cells came from
the finding that the surface marker CD133, a stem cell marker previously
applied to neural stem cells, could be employed to isolate a subset of stem-
like melanoma cells from patient biopsies [4]. Using fluorescence-activated
cell sorting (FACS) from freshly isolated melanoma cells, the authors demon-
strated that the CD133-positive subpopulation represents less than 1% of the
total tumor mass of melanoma, a finding consistent with designated stem cell
subpopulations from other tissues. Like the CD20-positive population defined
by Fang and colleagues [3], CD133-positive melanoma cells revealed an



8.2 Evidence for the Existance of Melanoma Stem Cells 109

increased tumorigenicity when injected into non-obese diabetic/severe com-
bined immunodeficiency disease (NOD/SCID) mice [4]. However, because
of stringent experiments on self-renewal and transdifferentiation capacity of
CD133-positive melanoma cells were not performed, the role of CD133 as a
potential melanoma stem cell marker remains elusive. Of interest however,
the marker CD133 was highly co-expressed with ABCG2, a member of the
ATP-binding cassette (ABC) transporter family [4].

Another common characteristic of stem cells is the ability to efflux Hoechst
33342 dye and thus to exhibit low fluorescence in FACS analysis. Using flow
sorting of three melanoma cell lines isolated from lymph node metastases,
Grichnik and colleagues detected a tiny subpopulation (also called the side
population) of small-sized cells with Hoechst 33342 efflux and with the ability
to give rise to cells of different morphology when cultured in vitro [5]. Cells
from this sub-population additionally showed a low proliferation rate but a
high ability to self-renew.

Later, an important study showed that ABCB5 is a functional biomarker
of melanoma stem cells [6]. In contrast to previous reports, this study
examined i) serial xenotransplantation of prospectively isolated subpop-
ulations of melanoma cells, ii) in vivo genetic lineage tracking and iii)
targeting of melanoma cells using a monoclonal antibody to ABCB5, to
demonstrate the existence of ABCB5-expressing cells. ABCB5+ melanoma
cells, but not their ABCB5- counterpart, not only proved capable of
tumorigenesis, but also of self-renewal and differentiation into a hetero-
geneous population. Interestingly, the authors established also a clinical
correlation between ABCB5 expression and disease progression, suggest-
ing that ABCB5 may be a biomarker of melanoma progression [6].
Most importantly for therapeutic purposes, administration of anti-ABCB5
monoclonal antibodies impaired growth of melanoma xenografts in nude
mice [6].

However, soon after the identification of ABCB5 as a melanoma stem cell
marker, the existence of cancer stem cells in human melanoma was questioned.
In fact, two studies using a severely immunocompromised mouse model
(interleukin-2 receptor γ chain-null NOD/SCID) suggested high frequency
of tumor-initiating cells in melanoma [7, 8]. These studies failed to find any
correlation between a specific phenotype and tumor-initiating ability and led
to questioning the existence of melanoma stem cells [7, 8]. Much of the
controversy might be found on the use of dissimilar methodologies to study
melanoma stem cells and on differences in the definition of cancer stem cells
and their abundance.
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Additional evidence that melanoma follows a cancer stem cell model came
from recent studies. Melanoma cells from primary and metastatic tumors that
expressed CD271 (nerve growth factor receptor), a surface marker of neural
crest stem cells, displayed a marked capacity for self-renewal and differenti-
ation plasticity when compared with CD271- melanoma cells. Furthermore,
when tumorigenesis was examined CD271+ melanoma cells, but not CD271-,
formed tumors and metastases [9, 10]. Interestingly, CD271 and ABCB5 were
recently found to be co-expressed in clinical human melanoma samples.

In another study, a sub-population of melanoma cells identified by
higher aldehyde dehydrogenase (ALDH) activity displayed enhanced tumori-
genicity and capacity to self-renewal when compared to ALDH-negative
cells [11]. Melanoma cells that express the receptor activator of NK-kB
(RANK) demonstrated increased tumorigenicity compared with RANK-
negative melanoma cells. Moreover, RANK was coexpressed with ABCB5
and CD133 in melanoma cells, and preferentially expressed by peripheral
circulating melanoma cells [12]. Recently, a temporary distinct subpopulation
of slow-cycling cells characterized by the expression of the H3K4 demethy-
lase JARID1B has been shown to be required for continuous melanoma
growth [13].

8.3 The Hedgehog Signaling Pathway

A handful of morphogenetic signaling pathways regulating developmental
processes, organ homeostasis and self-renewal in normal stem cells, plays
also a critical role in tumorigenesis. Among them, Hedgehog (Hh) is crucial
for determining proper embryonic patterning and controlling growth and cell
fate during animal development. Similarly, in the adult, is involved in tissue
maintenance and repair, regulating stem cell behaviour.

Activation of the Hh signaling is initiated by the binding of Hh ligands
(Sonic, Indian and Desert) to the trans-membrane protein Patched (Ptch),
which, in absence of the ligands, represses the pathway by preventing
the activation of the essential trans-membrane protein Smoothened (Smo).
Binding of Hh to Ptch allows activation of Smo, leading to the formation
of activating forms of the Gli zinc finger transcription factors Gli1, Gli2
and Gli3 [14, 15] (Figure 8.1). Direct transcriptional activation of Gli1
by Gli2/3 enhances the level of Gli activators and high level expression
of Gli1 is considered a reliable indicator of Hh pathway activity. Gli1 and
Gli2 act as main mediators of Hh signaling in cancer by controlling the
expression of target genes involved in proliferation, metastasis, survival and
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Figure 8.1 Schematic diagram of the Hh signaling pathway. In the absence of the ligand
(left), the Ptch receptor suppresses the function of Smo. Full-length Gli proteins (Gli, yellow)
are converted to a C-terminally truncated repressor form (Gli-R, red). Formation of the Gli-R
is promoted by sequential phosphorylation of full-length Gli by GSK3 β, PKA and CKI, which
creates binding sites for the adapter protein β-TrCP, becoming subject of ubiquitination. The
Gli-R mediates transcriptional repression of target genes. In presence of the ligands (right),
binding inhibits Ptch’s function, which results in activation of Smo. Active Smo promotes
the activation of full-length Gli proteins (Gli, green), which enters the nucleus and promotes
transcription of target genes.

stemness [14, 15]. The activity of the three Gli proteins is tightly controlled.
First, nuclear-cytoplasmic shuttling is tightly regulated by protein kinase A
(PKA) and by Suppressor of Fused (Sufu), which not only prevents their
nuclear translocation, but also inhibits Gli1-mediated transcriptional activity.
Second, ubiquitination and protein degradation of Gli proteins are regulated
by several distinct mechanisms, including β-TrCP-, cul3/BTB-, Numb/Itch-
and acetylation-mediated ubiquitination. Third, Gli3 and, to a lesser extent,
Gli2, can be processed into transcriptional repressors [reviewed in 16]
(Figure 8.1).
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8.4 Role of the Hedgehog Signaling in Regulating
Self-Renewal and Tumorigenicity of Melanoma
Stem Cells

In physiological conditions, Sonic Hh promotes the development of multi-
potent neural crest progenitors [17], from which melanocytes derive, and
regulates proliferation of human melanocytes [18]. Similarly, it regulates
brain stem cell lineages [e.g. 19] and skin stem cells [e.g. 20]. Aberrant
activation of the HH-GLI signaling has been demonstrated in several types of
human cancers [16]. The HH pathway is active and required for melanoma
proliferation and growth in vivo of human melanoma xenografts [18] and
GLI2 has been shown to drive melanoma invasion and metastasis [21]. In
particular, our group has showed that HH signaling is active in the matrix
of human hair follicles and that it is required for the normal proliferation
of human melanocytes in culture. HH signaling additionally regulated the
proliferation and survival of human melanomas. The growth, recurrence,
and metastasis of melanoma xenografts in mice were prevented by local
or systemic interference of HH function. Moreover, we presented evidence
that oncogenic RAS-induced melanomas in transgenic mice express Gli1 and
require Hh signaling in vitro and in vivo [18].

HH signaling has been shown to regulate CSC survival and expansion in
several types of cancer, such as glioma, colon and gastric cancer, multiple
myeloma and myeloid leukemia [22–26].

In a recent work, we have used the sphere assay to enrich for melanoma
stem cells in a collection of primary and metastatic human melanoma samples
obtained from a broad spectrum of sites and stages [27]. We have found
that spheres display extensive in vitro self-renewal ability and that as few
as 10 melanoma cells can sustain tumor growth in vivo, generating human
melanoma xenografts that recapitulate the phenotypic composition of the
parental tumor. We have shown that spheres express high levels of HH
pathway components and embryonic pluripotent stem cell factors, such as
SOX2, NANOG, OCT4 and KLF4. In addition, we have demonstrated by FACS
and immunocytochemistry that human melanomas contain a subset of cells
expressing high ALDH activity (ALDHhigh), which is endowed with higher
self-renewal and tumorigenic abilities than the ALDHlowpopulation. More-
over, we found a good correlation between the number of ALDHhigh cells and
sphere formation efficiency in vitro [27]. In addition, we discovered a potential
clinical correlation between ALDH expression and melanoma progression.
In fact, primary and metastatic melanomas contained more cells expressing
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ALDH than normal and dysplastic melanocytic nevi. We also detected more
ALDH-positive cells in thick primary melanomas and melanoma metastases
than in thin primary melanomas. Interestingly, in most of the thick melanomas
ALDH was highly expressed in tumor cells at the tumor-host interface,
suggesting that the ALDH-positive melanoma stem cells might be mainly
localized at the invading tumor front. These results led us to hypothesize
that ALDH-positive cells might therefore be involved in the formation of
metastatic melanoma, whereas less aggressive tumors might originate from
other types of melanoma-initiating cells. Notably, the aggressive biological
behaviour demonstrated in mice by isolated ALDHhigh cells and the high
percentages of these cells detected in some rapidly lethal melanomas of our
collection suggested that ALDH might be a melanoma stem cell marker that
correlates with a poor prognosis [27].

To demonstrate the role of the HH signaling pathway in regulating self-
renewal and tumorigenicity of human melanoma stem cells, we knocked-down
the transmembrane protein SMO and the transcription factor GLI1 by using
specific short hairpin RNA (shRNA). Silencing of SMO and GLI1 drastically
reduced self-renewal of melanoma spheres and the number and self-renewal of
putative ALDHhigh melanoma stem cells. Similar results in terms of decrease
in self-renewal were obtained by pharmacological inhibition of SMO with the
antagonist cyclopamine and of GLI with GANT61, a novel GLI inhibitor [27].

To test the role of the HH signaling in ALDHhigh melanoma stem cells
in vivo, we engrafted subcutaneously into athymic nude mice ALDHhigh

melanoma cells transduced with shRNA specific for SMO and GLI1. Cells
transduced with the control yielded rapidly growing tumors, whereas silencing
of SMO and GLI1 greatly reduced tumor growth. These results strongly
suggest that the HH signaling is required for growth in vivo of ALDHhigh

melanoma stem cells [27].

8.5 Conclusions

During the past decades, numerous reports have portrayed melanoma as
an aggressive cancer with an exceptionally high degree of heterogeneity
and plasticity. Today, a growing body of experimental data provides direct
evidence that many characteristics of melanoma might be found on the
existence of a cell population with stem cell–like properties. Recent data
support the existence within human melanomas of a subpopulation of highly
tumorigenic cells with features similar to embryonic stem cells, including the
potential to self-renew and differentiate into a variety of tissue types. Our
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study highlights the role of the HH signaling pathway in driving self-renewal
and tumorigenicity of melanoma stem cells and points to SMO and GLI1 as
novel and effective therapeutic targets for the treatment of human melanoma.

Although most reported findings seem to be highly promising, many unan-
swered questions still exist. We do not yet know how many subpopulations
of melanoma cells with stem cell properties exist. First, is there a definite
number of clearly distinguishable subpopulations, or is there a continuous
spectrum of cells, that is passing through a state of trans-amplifying cells that
gradually lose their stemness, to differentiated tumor cells? Second, although
many cancers contain cells that display stem cell–like features, the identity of
the normal cell that acquires the first genetic hit leading to the tumor-initiating
cell remains elusive in melanoma. Normal cells that already have stem cell
properties represent likely targets, but other mechanisms are conceivable.
Third, almost nothing is known so far about the niche of melanoma stem
cells. What is the impact of the niche on melanoma development, maintenance
and metastasis? As a long-term perspective, melanoma stem cell research
will certainly influence and improve the diagnosis, prognosis, and therapy of
melanoma. Traditional treatments might be recalibrated and novel therapies
need to be developed focusing on the ability to target the melanoma stem cell
population and its specific signaling pathways.
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Abstract

A recent ruling of the European Court of Justice (EU-CJ) in Luxembourg
(18 October 2011) on ES cell patenting has renewed the interest in addressing
so-far unsolved ethical problems of stem cell research. In this contribution
I will outline ethical and patenting problems that arise when working with
pluripotent stem cells, specifically in the modern field of induced pluripotent
stem cell (iPSC) technology. The focus will be on stem cell potentiality, and I
will argue that potentiality rather than the act of sacrificing embryos will have
to be a central point of concern in stem cell ethics and patenting in the future.
Possible solutions will be discussed.

When somatic cells are reprogrammed to gain “full” pluripotency, they
acquire (so to say as a by-product) the capability to form viable embryos if
tetraploid complementation (TC) is performed (termed “gold standard” by
some authors). I argue that any human cells possessing this capability cannot
be patented. In analogy to the arguments used by the EU-CJ, this must apply not
only to patenting cell lines themselves but also to patenting technologies using
these cells. The patenting problem is more than an obstacle for researchers and
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companies: It points to an ethical problem behind. The fact that the problem is
being created by the process of iPSC induction asks for alternative strategies
of stem cell derivation as well as for stringent criteria how to define and to test
pluripotency vs. lower levels of potentiality. It will have to be discussed which
genes should be seen here as crucial (e.g. genes involved in early embryonic
pattern formation / self-organization processes). For ethical reasons it cannot
be defended to use TC as a test for “full” pluripotency with human cells. It is
thus necessary to discuss alternative test criteria.

Recent reports suggest that it may indeed be possible to directly induce
lower degrees of potentiality (e.g. multipotency) while bypassing a pluripotent
state, thus avoiding the addressed problems. It appears timely and prudent,
therefore, to redefine goals and to refocus strategies for stem cell derivation,
in addition to stem cell quality testing criteria, in order to avoid the ethical
and patenting dilemma.

Keywords: iPSC, potentiality, pluripotency, multipotency, derivation strate-
gies, bypassing pluripotency, direct reprogramming, tetraploid complementa-
tion, patenting, ethics.

9.1 Introduction

A recent ruling (of October 18, 2011) of the European Court of Justice in
Luxembourg (EU-CJ) has renewed the interest of researchers as well as of
the broader public in addressing so-far unsolved ethical problems of stem cell
research [1, 2]. The Court ruled that human embryonic stem cells (hESCs)
are to be excluded from patentability due to the fact that their derivation
involves sacrificing embryos, an act that is considered contrary to ordre public
and morality. Remarkably, the Court, by addressing definitions of the term
“embryo”, specifies that its rulings include products of artificial activation
of eggs, i.e. parthenotes, and products of nuclear transfer to oocytes. This is
in contrast to arguments that had been put forward by some authors before,
i.e. that such artificially created embryos would not deserve the same moral
status. Thus the EU-CJ puts emphasis on potentiality as an ethical argument,
which is indeed a new focus and is in contrast to the circumstantial arguments
used before by others (e.g. putting weight on the question where and how an
embryo had been created, in vivo or in the lab, by sperm penetration or by
nuclear transfer, etc.) which had led them to different conclusions.

I will argue in this contribution that considering the potentiality of cells
is very timely and needs to be pursued seriously in stem cell ethics, in the
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future. This argument is based not only on the ruling of the EU-CJ but even
more so on the fact that most stem cell laboratories now focus on actively
changing cell potentiality, specifically when deriving induced pluripotent stem
cells (iPSCs). By endowing cells with properties they did not have before
researchers unintentionally create at the same time an ethical problem: When
cells reach pluripotency they acquire the ability to enable direct cloning by
tetraploid complementation (TC). Acquisition of this new property, I will
argue, must indeed preclude patentability, a consideration that illuminates the
ethical ambiguity of inducing pluripotency.

For many researchers this warning may come as a surprise. Indeed,
human iPSCs (hiPSCs) are so far most often addressed as ethically non-
problematical since, in contrast to ESCs, iPSC derivation does not involve
sacrificing embryos. Examples for such statements can be found often in
the literature, e.g.: “Direct reprogramming through the ectopic expression of
defined transcription factors. . . represents a simple way to obtain pluripotent
stem-cell lines from almost any somatic tissue and mammalian species. The
use of such cells also circumvents the ethical issues associated with human
cells” [3]. However, there are also contrasting statements but they are so
far found more rarely in the literature, e.g.: “There would be severe ethical
problems associated with using tetraploid complementation technology [with
iPSCs] in humans, even without the intention of implanting the resulting
artificially created embryos into a uterus (see, for example [4]). The issues
are similar to those that have arisen over embryonic stem cells and include
aspects of patentability.” [5]. Likewise: “The use of iPSCs and tetraploid
complementation for human reproductive cloning would raise profound ethi-
cal objections. Professional standards and laws that ban human reproductive
cloning by somatic cell nuclear transfer should be revised to also forbid it by
other methods, such as iPSCs via tetraploid complementation.” [6].

In the present contribution I will discuss in some detail what reasons are
behind such warnings, focussing on the potentiality of ESCs and iPSCs. I will
specifically address a peculiar property that pluripotent stem cells (ESCs and
iPSCs) have, i.e. early embryonic pattern formation potential, which becomes
particularly obvious when tetraploid complementation (TC) is performed. I
will argue that this precludes patentability. Finally, I will put emphasis on
alternative strategies for stem cell derivation, circumventing pluripotency,
and I will argue that these strategies indeed appear successful and practical,
which leads to the conclusion that their use is clearly preferable under ethical
and patenting aspects.
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9.2 Potential for Autonomous Pattern Formation:
Embryoid Bodies

One of the remarkable biological properties of pluripotent cells is their ability
to form, in suspension cultures, “embryoid bodies” (EBs). What is most
widely known about EBs is that formation of these embryo-like structures
promotes the formation of germ layers. Much less intensely studied is the
degree of order that the germ layers and their derivatives can attain in EBs,
and how close their organisation can really come to the basic body plan of
viable embryos. Surprisingly, this aspect appears to receive increased attention
only recently.

A particularly remarkable observation on early embryonic pattern forma-
tion in EBs was published already in one of the pioneering papers on ESCs [7].
In this case the spontaneous formation of astonishingly embryo-like structures
was observed in dense cultures of common marmoset ESCs (Callithrix jac-
chus, a SouthAmerican primate): These structures were described to consist of
a flat embryonic disc as typical for primates, with primitive ectoderm, primitive
endoderm, an amnion with amniotic cavity, a yolk sac. Most remarkably, those
authors also depicted and described, within this embryonic disc, an area of
ordered ingression of cells, which they addressed as a primitive streak (PS).
The PS is of utmost importance in vertebrate embryology, because it is the
site where not only the formation of the definitive germ layers (in particular
mesoderm and definitive endoderm) takes place but is also instrumental in
individuation: The anterior part of the PS is the equivalent of Spemann’s
organizer which plays a central role in laying down the basic body plan,
i.e. the ordered arrangement of germ layers and their derivatives according to
the main body axes (dorso-ventral, anterior-posterior = cranio-caudal). The
development of single or double organizers is decisive for the formation of a
singlet vs. monozygotic twins (discussed in [8]).

While the structures formed spontaneously in the marmoset ESC cul-
tures according to Thomson et al. [7] were remarkably embryo-like, and
even appeared to show signs of incipient individuation (discussed in [8]) a
comparable degree of order has never since been described to occur in ESC
cultures in any other species, including the rhesus monkey and the mouse.
Locally restricted gastrulation-like events have, however, been observed
[9–12] . The degree of order attained appears to depend very much on physical
conditions of culturing [9, 12], as was to be expected on the basis of what we
know from developmental biology [8]. It is strongly influenced by other (non-
stem) cells or matrix simultaneously present in the cultures. On the other
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hand, such an early embryonic pattern-formation process has never been
observed in comparable cultures of non-pluripotent cell types (e.g. fibroblasts)
and thus obviously primarily depends on intrinsic properties of pluripotent
cells. It was observed to occur either in suspension cultures, i.e. without the
addition of other cell types and without attachment, or in dense flat cultures
on feeder cells (fibroblasts) which likewise cannot be expected to provide
specific pattern information, so that it is reasonable to assume that this pattern
formation process is primarily autonomous and can be correctly addressed
as a process of self-organization [9, 11]. The biological basis for these self-
organization phenomena has been discussed earlier [8]. With respect to the
question how close the observed in-vitro events may come to embryogenesis,
ten Berge et al. [11] were astonished to observe a much higher degree of
spatiotemporal order in gene activation cascades than they had expected to
see in ESC cultures, specifically concerning wnt pathway-associated events,
and that this was comparable to what is observed in mouse gastrulation in vivo.

What can EBs teach us with respect to ethical considerations?According to
the described observations, pluripotent stem cells (PSCs) possess gastrulation
potential and can show impressive early embryonic pattern formation (self-
organization) potential in vitro. These processes are central elements of basic
body plan formation and individuation during embryogenesis (for a review
see [8]). Formation of EBs in vitro obviously can (depending on culturing
conditions) come much closer to in vivo embryogenesis than originally thought
by many. However, in praxi EBs rarely reach the high degree of order of a
harmonious basic body plan. Therefore, depending on the degree of stringency
one likes to use with respect to ethical norms, it could be argued that EB
formation does or does not offer arguments with respect to ethical aspects of
PSC use. With the recent focus of PSC research in mind we should not leave
this discussion, however, without noticing that all these considerations do not
only apply to ESCs but also to iPSCs because the latter cells basically show
the same biological properties, including EB formation capacity, although the
latter has so far been studied much less in detail with iPSCs than with ESCs.

9.3 Potential for Assisted Development:Tetraploid
Complementation

Tetraploid complementation (TC) is a method for cloning viable indi-
viduals from PSCs (ESCs, but also iPSCs). We are discussing it here as
a topic concerning stem cell quality testing strategies, ethics, legislation, and
patenting regulations that is just beginning to be recognized.
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TC was developed as a variant of chimera formation in the mouse. It
provides a method to produce viable embryos and even offspring derived
entirely from PSCs that had been propagated before in vitro [13–15]. The
method relies on the combination of the pluripotent cells with tetraploidized
blastomeres or, alternatively, on the injection into tetraploidized blastocysts.
Remarkably, this method of cloning viable individuals is successful not only
with ESCs but also with iPSCs. In the latter case the term “all-iPSC mice”
has become popular for the products of this type of cloning [16–20].

Cloning by TC is widely used in experimental research as some type of
quality control for PSCs (ESCs and iPSCs) in the mouse. Testing cells for
TC capability is being addressed by some authors as the “gold standard” of
pluripotency and its use is being advocated in a way that might suggest using
it also with human cells [16, 18].

Why would anyone possibly be interested in applying TC with human
cells? It may appear improbable that TC will be used in the near future for
reproductive cloning in the human since so far there is widespread consensus
to consider this unethical. However, there appears to be reason to question
whether this consensus can be expected to hold for long and worldwide. In the
Western world, it has already been proposed to consider using TC technology
in order to increase success rates in in-vitro fertilization/embryo transfer
(IVF-ET) clinics [21]. The idea is to derive ESCs from human IVF embryos,
expand them in vitro, and (re-)construct from them a (larger) number of
embryos by TC which can then be used for embryo transfer (while aliquots of
the ESCs as well as some of the numerous identical embryos produced could
of course be stored in liquid nitrogen to be available for later use in repeated
attempts) [21]. Since this means cloning, and since reproductive cloning in
the human is considered illegal at least in a number of countries, one may
be skeptical whether this technique will ever be applied in Western world
countries. However, it cannot be excluded that legislation may develop in a
different direction in other cultural environments. As an example, Buddhist
authorities have expressed that they would consider embryo destruction in the
course of “therapeutic cloning” (for the production of ESCs) unethical, but
not so the (re-)construction of embryos in the course of reproductive cloning
(for literature see [4]).

While any application of TC for reproductive cloning in the human
may appear improbable at the moment its use for research and quality
testing purposes has indeed been proposed frequently, in the mouse, and
with respect to human cells at least indirectly. This notion is found in the
literature particularly often since the advent of iPSC research. First of all TC is
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recommended as the most rigorous pluripotency test (“gold standard”) for iPS
cells in the mouse (“We therefore consider the tetraploid complementation as
the state-of-the-art technique to assess the pluripotency of a given cell line”
[22]; “This study underscores the intrinsic qualitative differences between
iPS cells generated by different methods and highlights the need to rigorously
characterize iPS cells beyond in vitro studies.” [23]). Likewise in the first
reports on the generation of viable mice from iPSCs it had already been
suggested indirectly to apply TC technology for iPSC quality testing also in the
human, for the reason that this is considered the most rigorous pluripotency test
[16, 18]. Remarkably, it was felt necessary, therefore, to publish a comment on
these papers (in the same journal) clarifying that for ethical reasons it cannot
be defended to follow this (implicit) recommendation, i.e. to use the technique
for iPSC quality testing in the human [5].

Temptations may indeed be high to consider applying TC technology with
human pluripotent cells, in spite of these warnings. Why? Recent literature is
full of data asking for stringent quality testing in iPSC research. Individual
iPSC lines are observed, in the mouse as well as in the human, to vary with
respect to differentiation capacities, gene expression patterns and epigenetic
marks/memory [24–28]. Stadtfeldt et al. [20] provided a typical and interesting
example. They observed that transcripts encoded within the imprinted Dlk1-
Dio3 gene cluster were aberrantly silenced in most of the iPSC clones, and
that these clones failed to support the development of entirely iPSC-derived
animals (“all-iPSC mice”) when TC was performed thus revealing a lack
of “complete pluripotency”. This failure could, however, be corrected by a
treatment with a histone deacetylation inhibitor which reactivated the locus. It
is clear that investigators wish to have a test available to monitor the success
of this type of cell quality improvement. In addition to epigenetic peculiarities
of PSC lines (as compared to early embryonic cells) even chromosomal
aberrations and gene deletions have been observed in some cases [29, 30].

Such observations obviously could be seen as a strong argument for using
the most stringent pluripotency test (TC) also with human iPSCs in order to
select “optimal” cell lines and/or stem cell derivation protocols. This logic
may be particularly obvious if cells are to be used for therapeutic purposes
(cell and tissue replacement) in the human, and likewise whenever iPSCs are
used for disease modelling. In cell and tissue replacement, the concern is
that transplanted cells should be genetically and epigenetically as “normal”
as possible in order to minimize risks e.g. with respect to tumor formation.
In disease modelling with genetic/epigenetic focus, experiments are usually
done in the first place in the mouse model, sometimes including TC technology
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(which of course poses no ethical problem in the mouse) (as an example,
see [22]: “Genetic manipulation of iPS cells in combination with tetraploid
embryo aggregation provides a practical and rapid approach to evaluate the
efficacy of gene correction of human diseases in mouse models.”). But: How
then could that be translated to human therapy without testing human iPSCs
with comparable stringency, as it is being done with the mouse cells within the
same experimental project? Would such considerations be a valid argument
for the application of TC with human cells in order to use again the most
stringent test? A simple and strict logic might suggest studying differentiation
and gene expression in human TC embryos so produced in vitro. It should be
seen, however, that even without transferring such human embryos created
from iPSCs (“artificial“ or “test” embryos) to a uterus such a procedure would
(re-)create the problem of embryo destruction which the original idea of iPSC
technology intends to eliminate. It would clearly be in conflict with e.g. the
German embryo protection law (Embryonenschutzgesetz). Furthermore, any
use or possible use of such a quality testing strategy involving cloning by TC
would definitely need to be included in the catalogue of information to be
given to cell donors when informed consent is obtained; so far cell donors
are not informed about the possibility of cloning embryos from PSCs by
TC at all. Indeed, the catalogue of information that is so far routinely given
to cell donors must urgently be updated, in particular with regard to hiPSC
derivation: It cannot be defended anymore to omit information that the gain
of pluripotency implies the gain of cloning capability by TC. I will not expand
on this important topic here because it has been addressed before [31] but it
should be seen that appropriate regulations are still missing so tat the ethical
problem remains unsolved.

9.4 Pluripotency, an Obstacle for Patenting

The recent ruling of the European Court of Justice (EU-CJ) mentioned in the
Introduction is of interest not only with respect to embryo use for stem cell
derivation, i.e. the point that received most of the attention of the broader
public. This decision is also of interest with respect to consequences to be
drawn from the developmental potential of pluripotent cells just discussed, in
particular the TC capability. The court emphasized, in the definitions which
it had been asked to provide of the term “embryo” in the context of the
legal/patenting regulations in question, the aspect of potentiality. It was
ruled that “any human ovum after fertilisation, any non-fertilised human ovum
into which the cell nucleus from a mature human cell has been transplanted,
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and any non-fertilised human ovum whose division and further development
have been stimulated by parthenogenesis constitute a ’human embryo’; - it
is for the referring court to ascertain, in the light of scientific developments,
whether a stem cell obtained from a human embryo at the blastocyst stage
constitutes a ’human embryo’within the meaning of Article 6(2)(c) of Directive
98/44.” [1].

Previously a number of authors had argued that the degree of respect
to be paid to human embryos (and the degree of legal protection given to
them) should depend on the way how they had been created (natural fertil-
ization vs. intracytoplasmic sperm injection or nuclear transfer technologies,
artificial egg activation/parthenogenesis), on the actual location of the early
embryo in question (within the female genital tract or in vitro) or whether
the embryo is already implanted in the uterus or not yet. So for example
Vrtovec and Vrtovec have argued with respect to ethical aspects of patenting
of PSCs that “the exclusion from patentability is probably not justifiable for
human totipotent cells that are produced outside the human body by (. . . )
‘techniques which human beings alone are capable of putting into practice
and which nature is incapable of accomplishing by itself’” ([32], p. 3028).
This argument has immediately been rejected [33] but can still be heard.
A logical consequence of the recent ruling of the EU-CJ, however, is that the
potentiality of the cells (original embryonic cells or cells possessing equivalent
potential, i.e. hESCs or hiPSCs) need to be seen as a major argument for ethical
considerations and patenting. My prediction is, therefore, that future court
decisions and legislative actions will have to use potentiality as a new focus,
and that this will necessarily play a major role in future decisions specifically
with respect to iPSCs, since the main point in the derivation of iPSCs is
to endow originally ethically non-problematic cells with new potentiality.
In case of PSCs these peculiar new properties include, as discussed above,
early embryonic pattern formation (individuation) and TC capability, the main
biological characteristics of early embryonic cells.

9.5 Alternative Approaches

Are there alternative strategies available for deriving stem and/or precursor
cells while avoiding the ethical and patenting problems just discussed?

Recent literature suggests that it is indeed possible to choose alternative
strategies for stem and precursor cell derivation bypassing pluripotency. Until
recently it was assumed by most authors that somatic/adult stem cells are
not sufficiently expandable in vitro, and that only pluripotent stem cells
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Figure 9.1 Strategies for stem and progenitor cell derivation and cell reprogramming.
The “traditional” strategy includes a pluripotent state of cells (ESC, iPSC; above); from
these pluripotent stem cells multipotent lineage-specific progenitors and finally the various
differentiated cell types are derived. In case of iPSC, the cells of origin are differentiated
cells (e.g. fibroblasts) which are reprogrammed by activation of the four pluripotency-
associated genes Oct4, Sox2, Klf4 and c-Myc (Yamanaka factors; left part of diagram).
The alternative strategy (lower part of the diagram) avoids the induction of the ethically
problematic pluripotent state (direct reprogramming, bypassing pluripotency): In this strategy,
transcription factor-induced lineage reprogramming results either in cells remaining within the
same cell lineage (i.e. mesoderm), or may produce functional cells of other lineages (converting
mesodermal fibroblasts into ectodermal neurons). This transcription factor-induced lineage
reprogramming not only avoids the ethical problem posed by a self-organizing and cloning
capability gained (e.g. TC capability) but possibly also reduces tumor-formation risks (from
[48] with permission).

(ESCs and iPSCs) offer the advantage of growing well and of being able,
in addition, to differentiate as desired for regenerative medicine. In the
“classical” approach, iPSCs are created by transduction and overexpression
or at least temporal activation of the “Yamanaka factor” genes Oct4, Sox2,
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Klf4, c-Myc; for transplantation or for disease modelling experiments the
pluripotent cells so created are subsequently converted into multipotent
progenitor cells, and these to the various differentiated cell types of interest
(Figure 9.1). This strategy has been more or less the same in all investigations
involving the creation of PSCs, irrespective of the cell type of origin chosen
(fibroblasts, epithelial cells, etc.), and also irrespective of the mode of deriva-
tion (transient or permanent genetic, or epigenetic modification). Since with
this “classical” strategy the induction of pluripotency is the first goal (in case
of iPSCs; in case of ESCs it is not the induction but the maintenance of it), this
strategy unfortunately creates exactly the ethical problem discussed above.

According to recent literature it appears possible, however, to use alter-
native strategies bypassing pluripotency. This opens a chance to avoid
the ethical (and patenting) problems posed by an early embryonic pattern
formation/self-organization potential of cells. Direct reprogramming, not
including a (transient) state of pluripotency, has now been described for the
derivation of e.g. cardiomyocytes, blood progenitors and neuronal cells, and
in some of these cases the derived cells were efficiently expandable in vitro, a
property that many authors previously considered to be a specific characteristic
and major advantage of PSCs only. Literature on this new line of research is
very rapidly expanding at present. These alternative strategies are depicted
graphically in the lower part of Figure 9.1. The cells of origin (e.g. fibroblasts)
are in these cases directly reprogrammed to form stem and progenitor cells
possessing a lower level potentiality (without passing through a pluripotent
state), using combinations of transcription factors that are specific for the
desired differentiation pathway (direct transduction or indirect epigenetic
modification). Examples are given in the lower part of Figure 9.1 (for more
examples see [34–44]).

9.6 Conclusions

That the developmental potential of pluripotent stem cells must be considered
as an eminent aspect of the ethics of stem cell use (including aspects of
patenting) has been pointed out and discussed already since many years
[4, 45, 46]. In particular after the advent and widespread use of cell repro-
gramming technologies it must be seen as a logical necessity to discuss
which avenues could be taken to develop strategies for stem cell deriva-
tion which avoid the ethical problem of pluripotency [4, 47]. While this
argumentation had originally been based predominantly on theory and only
on few experimental findings, the numerous recent publications on direct
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reprogramming/bypassing pluripotency mentioned in the previous paragraph
suggest that we have now arrived at a point at which such avenues become
indeed a most attractive option. One may ask why such a redirection of focus
(direct reprogramming) has not been searched for more actively already during
previous years, although the ethical arguments why such efforts should appear
necessary had already been published since years.

The new strategies of inducing direct conversion of somatic cells to a
stem/progenitor state, bypassing pluripotency, appear highly promising and
recommendable. They are obviously preferable for ethical reasons because
they avoid the problem created by inducing an embryo formation/cloning
potential which fully pluripotent cells have. An additional advantage of these
new strategies may be to reduce the risk of tumor formation after transplanting
such cells because the tumor formation potential may be connected with the
embryonic pattern formation/self-organization potential. A word of caution
appears to be in place, nevertheless: In order for any such alternative strategy
to be ethically acceptable, it must be made sure that it does not involve a
transitory state of pluripotency that could remain undetected. Many of the
induction protocols require very long culturing time periods, and we are far
from understanding exactly what cascade of events takes place during this
time period. Some of the protocols include while some omit Oct4, some use
combinations of certain (but not all) of the Yamanaka factors while others
do not. Which of the possible protocols will be safest in order to exclude
TC capability as well as tumor formation risks? It will have to be discussed
which genes should be seen here as crucial (e.g. genes involved in early
embryonic pattern formation / self-organization processes) [4, 47]. This will
be an important topic for future research. Strategies for testing this will need
to be developed and discussed: For ethical reasons it cannot be defended to
test human cells by cloning via TC [5]. It will thus be necessary to define
appropriate combinations of in vitro gene expression profiling that may be
useful instead in a first approximation, combined with in vitro culturing
conditions that avoid the initiation of individuation processes. In any case
it will be necessary to improve the catalogue of informations routinely given
to cell donors: This information needs to include all aspects of the potentiality
that the donated cells will or may acquire as a result of reprogramming,
including TC capability, because this touches upon personal interests donors
have (genetic identity and uniqueness). Implications of cell banking need to
be included keeping in mind that ethical and legal standards may change
and already differ in the various cultural environments. These aspects are
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particularly relevant when long term storage and widespread use of the cells
are envisaged.

Obviously this complex field of ethical problems can be avoided by
circumventing any gain of pluripotency at all. A general recommendation for
strategies of stem cell derivation would thus be to deviate from the widespread
practice of activating the pluripotency program (creating iPSCs) and rather to
rely on the alternative strategies bypassing pluripotency, i.e. to convert cells
directly to multipotent stem/progenitor cells as in the examples given above.
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10.1 Introduction

This paper deals with constitutive modeling of the viscoplastic response of
nanocomposite hydrogels under an arbitrary deformation with finite strains.

Hydrogels are three-dimensional networks of polymer chains connected
by physical and chemical cross-links. When a hydrogel is brought in con-
tact with water, it swells retaining its structural integrity and ability to
withstand large (up to 3000%) deformations. A shortcoming of conven-
tional (chemically cross-linked) gels that restrains their applicability is that
these materials become relatively weak and not sufficiently tough in the
swollen state. To enhance mechanical properties of hydrogels without sacrifice
of their swellability and extensibility, concentration of reversible physical
crosslinks is to be increased [1] either by changes of molecular architecture
(double-network hydrogels, gels with hydrophilic and hydrophobic chains [2])
or by reinforcement with nanoparticles that serve as effective multi-functional
cross-linkers [3, 4].

Mechanical properties of hydrogels have been a focus of attention in the
past decade as these materials demonstrate potential for a wide range of appli-
cations including biomedical devices, drug delivery carriers, superabsorbent
materials, filters and membranes for selective diffusion, sensors for on-line
process monitoring, smart optical systems, and soft actuators [5–8].

Mayuri Prasad and Paolo Di Nardo (Eds.), Innovative Strategies
in Tissue Engineering, 135–172.
c© 2014 River Publishers. All rights reserved.
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As mechanical properties of nanocomposite hydrogels are close to those
of extracellular matrix (ECM), our interest to their analysis is driven by
potential use of these materials for manufacturing synthetic multi-functional
scaffolds for in vitro support of stem cell culture. The present study focuses
on the viscoplastic response of nanocomposite hydrogels in uniaxial tensile
cyclic tests. This choice of experimental program is explained by the fact that
to ensure survival, proliferation, and differentiation of stem cells imbedded
into a hydrogel-based matrix, the latter should be subjected to biophysical
cues [9], among which mechanical stimuli play the key role [10, 11]. The
standard protocol for mechanical stimulation of stem cells involves periodic
deformations with relatively large amplitudes (cyclic loading) followed by
periods of rest when thermodynamic equilibrium is established between the
hydrogel and its environment [12, 13].

In the past five years, advanced constitutive models for the elastic behavior
of hydrogels subjected to swelling have been developed in [14–22], to mention
a few. Experimental and theoretical studies of relaxation mechanisms in
hydrogels have been performed in [23–26]. Fracture, crack propagation, and
self-healing of hydrogels have been investigated in [27–31].

Substantially less attention has been paid to the analysis of irreversible
(associated with plastic flow and damage accumulation) phenomena in
hydrogels. Stress–strain relations in finite viscoplasticity of hydrogels were
developed in [32]. Constitutive equations for the elastic response and dam-
age accumulation in double-network hydrogels were derived in [33, 34].
Time-dependent recovery of residual strains was investigated experimentally
in [2, 35, 36].

The objective of this study is threefold: (i) to develop constitutive equations
in finite viscoplasticity of nanocomposite hydrogels, (ii) to find adjustable
parameters in the stress–strain relations by fitting observations in uniaxial
tensile tests with various strain rates and tensile cyclic tests, and (iii) to reveal
peculiarities of the mechanical behavior of hydrogels reinforced with various
types of nanofiller (silica particles versus clay platelets).

As this work concentrates on the mechanical response of nanocomposite
hydrogels swollen in salt-free water, and our aim is to derive relatively simple
constitutive equations for their viscoplastic behavior, it seems natural to treat
these composite materials as neutral gels and disregard the effects of co- and
counter-ions. The novelty of the present approach consists in the following:
(i) the initial configuration of a dry undeformed hydrogel is presumed to
differ from the reference configuration of an equivalent polymer network
(in which stresses in chains vanish), (ii) transformation of the initial
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configuration into the reference configuration involves solvent-induced
isotropic inflation of the polymer network and its traceless deformation driven
by sliding of junctions between chains with respect to their reference positions,
(iii) the specific free energy of the polymer network equals the sum of the
mechanical energy stored in polymer chains (which depends on the Cauchy–
Green tensor for elastic deformation) and the energy of interaction between
chains and nanoparticles (which is treated as a function of the Cauchy–Green
tensor for plastic deformation).

The exposition is organized as follows. Constitutive equations in
finite viscoplasticity of nanocomposite hydrogels under an arbitrary
three-dimensional deformation accompanied by swelling are developed in
Section 10.2. The governing equations are simplified for uniaxial tension in
Section 10.3. Adjustable parameters in the stress–strain relations are deter-
mined in Section 10.4 by fitting observations under cyclic deformation.
Concluding remarks are formulated in Section 10.5.

10.2 Constitutive Model

To develop constitutive equations for the viscoplastic behavior of a nanocom-
posite hydrogel that involve a relatively small number of adjustable parame-
ters, a homogenization concept is applied. The solid phase of a nanocomposite
hydrogel (formed by a permanent network of flexible chains and a secondary
network of clay platelets) is replaced with an equivalent viscoplastic medium
whose behavior captures characteristic features of its mechanical response.
The presence of nanoparticles within the polymer matrix is accounted for by
assuming adjustable parameters in the stress–strain relations to depend on
filler content.

10.2.1 Kinematic Relations

Macro-deformation of a nanocomposite hydrogel coincides with that of the
equivalent medium. For definiteness, the initial configuration of a hydrogel is
chosen to coincide with that of an undeformed dry specimen. Transformation
of the initial configuration into the actual configuration is determined by the
deformation gradient F. The Cauchy–Green tensors for transition from the
initial to actual configuration read

B = F · F�, C = F� · F, (10.1)
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where the dot stands for inner product, and � denotes transpose. The principal
invariants of the Cauchy–Green tensors are denoted as J1, J2, J3.

The reference configuration of the equivalent network (the configuration
in which stresses in chain vanish) differs from the initial configuration. Denote
byF∗ andFe deformation gradients for transition from the initial configuration
into the reference configuration and from the reference configuration into the
actual configuration, respectively (the subscript index “e” designates elastic
deformation). These tensors are connected with deformation gradient for
macro-deformation F by the multiplicative decomposition formula

F = Fe · F∗. (10.2)

Transition from the initial configuration into the reference configuration
reflects two processes: (i) changes in specific volume (swelling and shrinkage)
induced by solvent transport, and (ii) viscoplastic deformation (sliding of
junctions between strands in the equivalent polymer network and slippage of
nanoparticles with respect to their positions in the initial configuration).

Local transformation of the initial configuration into the reference config-
uration due to solvent diffusion is described by the deformation gradient f .
For an isotropic equivalent medium,

f = f
1
3 I, (10.3)

where f stands for the coefficient of inflation induced by solvent uptake,
and I is the unit tensor. Local transformation reflecting irreversible sliding is
described by the deformation gradient Fp where the subscript index “p" refers
to plastic flow. The plastic deformation is presumed to be volume-preserving,

detFp = 1. (10.4)

It follows from the multiplicative decomposition formula that [21]

F∗ = Fp · f . (10.5)

Equations (10.2), (10.3), (10.5) imply that

F = f
1
3 Fe · Fp. (10.6)

The Cauchy–Green tensors for elastic deformation read

Be = Fe · F�
e , Ce = F�

e · Fe. (10.7)
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To develop differential equations for principal invariants Je1, Je2, Je3 of these
tensors, we differentiate Equation (10.6) with respect to time t, introduce
velocity gradients

L = Ḟ · F−1, Le = Ḟe · F−1
e , lp = Ḟp · F−1

p , (10.8)

and obtain

L = Le + Lp +
ḟ

3f
I (10.9)

with
Lp = Fe · lp · F−1

e . (10.10)

Equation (10.9) implies that that

D = De + Dp +
ḟ

3f
I, (10.11)

where

D =
1
2
(L+L�), De =

1
2
(Le+L�

e ), Dp =
1
2
(Lp+L�

p ) (10.12)

denote rate-of-strain tensors. Under the conventional hypothesis that the
plastic spin vanishes,

lp = l�p = dp, (10.13)

where dp is the rate-of-strain tensor for plastic deformation in the reference
configuration, Equations (10.10)–(10.12) imply that

2Dp = Fe · dp · F−1
e + F−�

e · dp · F�
e . (10.14)

Derivatives of the principal invariants of the Cauchy–Green tensors for elastic
deformation with respect to time are given by

J̇e1 = 2Be : De, J̇e2 = 2(Je2I − Je3B−1
e ) : De, J̇e3 = 2Je3I : De,

(10.15)
where the colon stands for convolution of tensors. Combination of
Equations (10.11) and (10.15) implies that

J̇e1 = 2Be : (D − Dp) − 2ḟ

3f
Je1,

J̇e2 = 2(Je2I − Je3B−1
e ) : (D − Dp) − 4ḟ

3f
Je2,

J̇e3 = 2Je3

[
I : (D − Dp) − ḟ

f

]
. (10.16)
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It follows from Equations (10.7) and (10.14) that

Be : Dp = Ce : dp, I : Dp = 0, B−1
e : Dp = C−1

e : dp.

Insertion of these expressions into Equation (10.16) results in

J̇e1 = 2Be : D − 2Ce : dp − 2ḟ

3f
Je1,

J̇e2 = −2(B−1
e : D − C−1

e : dp)Je3 + 2
(
I : D − 2ḟ

3f

)
Je2,

J̇e3 = 2
(
I : D − ḟ

f

)
Je3. (10.17)

Denote by
Bp = Fp · F�

p , Cp = F�
p · Fp (10.18)

the Cauchy–Green tensors for plastic deformation, and by Jp1, Jp2, and
Jp3 = 1 their principal invariants. Keeping in mind that dp is a traceless
tensors, we write, by analogy with Equation (10.17),

J̇p1 = 2Bp : dp, J̇p2 = −2B−1
p : dp. (10.19)

10.2.2 Free Energy Density of a Hydrogel

Denote by Ψ the specific free energy of a nanocomposite hydrogel (per unit
volume in the initial configuration). For a hydrogel with an isotropic polymer
network, Ψ is treated as a function of seven arguments

Ψ = Ψ(Je1, Je2, Je3, Jp1, Jp2, n, t), (10.20)

where n stands for numbers of water molecules per unit volume of a hydrogel
in its initial state. An explicit dependence of Ψ on time t is introduced to
account for evolution of the equivalent polymer network driven by swelling–
shrinkage of a nanocomposite hydrogel. The following equation is adopted
for the specific free energy

Ψ = μ0n + Ψsolid + Ψmix, (10.21)

where μ0 is chemical potential per solvent molecule in the bath (which, in
general, differs from chemical potential μ per solvent molecule in a gel),
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Ψsolid denotes strain energy density of the solid phase, Ψmix stands for the
energy of mixing of solvent molecules with chains and nanoparticles in the
equivalent network.

The strain energy density of an isotropic equivalent medium reads

Ψsolid = Ψsolid(Je1, Je2, Je3, Jp1, Jp2, t). (10.22)

Within the Flory–Huggins theory of mixing, the specific energy of mixing is
given by

φsΨmix =
kBT

v
(φf lnφf + χφsφf), (10.23)

where kB is Boltzmann’s constant, T stands for absolute temperature, v is
the characteristic volume of a solvent molecule, χ denotes the Flory–Huggins
interaction parameter, and

φf =
nv

1 + nv
, φs =

1
1 + nv

(10.24)

are volume fractions of the fluid and solid phases, respectively. Insertion of
Equations (10.22) and (10.23) into Equation (10.21) implies that

Ψ = Ψsolid + μ0n +
kBT

v

(
nv ln

nv

1 + nv
+ χ

nv

1 + nv

)
. (10.25)

10.2.3 Derivation of Constitutive Equations

To develop constitutive equations, we apply the method of [14]: the problem of
mechanical deformation of a hydrogel subjected to swelling is immersed in a
larger class of problems with volume and surface mass uptake (in terminology
of [14], pumps injecting solvent are ascribed to each elementary volume of a
specimen).

Under quasi-static deformation of a hydrogel, the first Piola–Kirchhoff
stress tensor P satisfies the equilibrium equations

∇0 · P + b = 0 (in Ω) n0 · P = t (at ∂Ω), (10.26)

where Ω is an arbitrary domain occupied by the hydrogel in the initial
configuration, ∂Ω is its boundary, ∇0 is the gradient operator in the initial
configuration, n0 is unit outward normal vector at ∂Ω, b denotes volume
force, and t is surface traction.
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Changes in number of solvent molecules n with time are governed by the
equations

∂n

∂t
+ ∇0 · j0 = R (in Ω), n0 · j0 = −r (at ∂Ω). (10.27)

Here R is the rate of injection of solvent molecules per unit volume, r is
the rate of injection of solvent molecules through unit boundary surface, and
j0 stands for flux of solvent in the initial configuration (number of solvent
molecules moving through unit surface per unit time).

Transport of solvent through an isotropic network is described by the
diffusion equation

j = − DN

kBT
∇μ, (10.28)

where D stands for diffusivity, N = n/ detFdenotes concentration of solvent
molecules per unit volume in the actual configuration, and j, ∇ are flux vector
and the gradient operator in the actual configuration. Keeping in mind that

j0 = (detF)F−1 · j, ∇0μ = ∇μ · F,

we present Equation (10.28) in the form

j0 = − Dn

kBT
F−1 · ∇0μ · F−1. (10.29)

Deformation gradient F and number of solvent molecules n are connected
by the molecular incompressibility condition

1 + nv = detF, (10.30)

which means that volumetric macro-deformation is driven by changes in
concentration of solvent molecules.

The free energy imbalance equation is written in the form [14]

d
dt

∫
Ω

ΨdV −
(∫

Ω
b ·vdV +

∫
∂Ω

t ·vdA
)

−
(∫

Ω
μRdV +

∫
∂Ω

μrdA
)

≤ 0,

(10.31)
where the term in the first parentheses denotes work of external forces (per
unit time), and that in the other parentheses stands for rate of changes in the
free energy driven by mass flux. Here v stands for the velocity vector, dV is
volume element, and dA is surface element (the volume and surface elements
are determined in the initial configuration).
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Standard transformations of the expression in the first parentheses in
Equation (10.31) (integration by parts with application of Equation (10.26))
result in the formula∫

Ω
b · vdV +

∫
∂Ω

t · vdA =
∫

Ω
(detF)T : DdV, (10.32)

where T is the Cauchy stress tensor connected with the Piola–Kirchhoff tensor
P by the equation

P = (detF)F−1 · T,

and D is given by Equation (10.11).
Calculation of the derivative of free energy density (10.20) with the help

of Equations (10.17) and (10.19) implies that

d
dt

∫
Ω

ΨdV =
∫

Ω

{∂Ψ
∂t

+
∂Ψ
∂n

∂n

∂t
− 2ḟ

3f

(
Je1Ψ,e1 + 2Je2Ψ,e2 + 3Je3Ψ,e3

)
+

2
[
(Ψ,e1Be − Je3Ψ,e2B−1

e ) + (Je2Ψ,e2 + Je3Ψ,e3)I
]

: D +

2
[
(Ψ,p1Bp − Ψ,p2B−1

p ) − (Ψ,e1Ce − Je3Ψ,e2C−1
e )

]
: dp

}
dV,

(10.33)

where

Ψ,em =
∂Ψ

∂Jem
Ψ,pm =

∂Ψ
∂Jpm

.

The second term in Equation (10.33) is transformed by integration by parts
with the help of Equation (10.27),∫

Ω

∂Ψ
∂n

∂n

∂t
dV =

∫
Ω

[∂Ψ
∂n

R + j0 · ∇0

(∂Ψ
∂n

)]
dV +

∫
∂Ω

r
∂Ψ
∂n

dA. (10.34)

Combination of Equations (10.33) and (10.34) yields

d
dt

∫
Ω

ΨdV

=
∫

Ω

{
Θ + 2

[
(Ψ,e1Be − Je3Ψ,e2B−1

e ) + (Je2Ψ,e2 + Je3Ψ,e3)I
]

: D +

2
[
(Ψ,p1Bp − Ψ,p2B−1

p ) − (Ψ,e1Ce − Je3Ψ,e2C−1
e )

]
: dp +

[∂Ψ
∂n

R + j0 · ∇0

(∂Ψ
∂n

)]}
dV +

∫
∂Ω

r
∂Ψ
∂n

dA, (10.35)
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where

Θ =
∂Ψ
∂t

− 2ḟ

3f

(
Je1Ψ,e1 + 2Je2Ψ,e2 + 3Je3Ψ,e3

)
. (10.36)

The molecular incompressibility condition (10.30) establishes a connection
between the deformation gradient F and the rate of injection of solvent R. To
account for this dependence, we differentiate Equation (10.30) with respect
to time. Keeping in mind that

d
dt

detF = (detF)I : D,

and replacing the derivative of n by means of Equation (10.27), we obtain

v(R − ∇0 · j0) − (detF)I : D = 0. (10.37)

Multiplying Equation (10.37) by an arbitrary function Π, integrating over Ω,
and performing integration by parts with the help of Equation (10.28), we
arrive at∫

Ω

[
Π

(
vR− (detF)I : D

)
+ j0 ·∇0(Πv)

]
dV +

∫
∂Ω

ΠvrdA = 0. (10.38)

Inserting Equations (10.32), (10.35) into Equation (10.31) and adding
Equation (10.38), we find that∫

Ω

{
2
[
(Ψ,e1Be − Je3Ψ,e2B−1

e ) + (Je2Ψ,e2 + Je3Ψ,e3)I −

(detF)(T + Π I)
}

: DdV +

2
∫

Ω

[
(Ψ,p1Bp − Ψ,p2B−1

p ) − (Ψ,e1Ce − Je3Ψ,e2C−1
e )

]
: dpdV +

∫
Ω

(∂Ψ
∂n

+ Πv − μ
)
RdV +

∫
∂Ω

(∂Ψ
∂n

+ Πv − μ
)
rdA +

∫
Ω

j0 · ∇0

(∂Ψ
∂n

+ Πv
)
dV +

∫
Ω

ΘdV ≤ 0. (10.39)

Keeping in mind that D, R, r are now arbitrary functions (the only connection
between them (10.30) is accounted for by means of the function Π), we
conclude that the thermodynamic inequality (10.39) is satisfied, provided that
(i) the Cauchy stress tensor is given by

T = −Π I +
2

detF

[
(Ψ,e1Be − Je3Ψ,e2B−1

e ) + (Je2Ψ,e2 + Je3Ψ,e3)I
]
,

(10.40)
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and (ii) chemical potential reads

μ =
∂Ψ
∂n

+ Πv. (10.41)

It follows from Equations (10.25) and (10.41) that

μ = μ0 + Πv + kBT
[
ln

nv

1 + nv
+

χ

(1 + nv)2
]
. (10.42)

Substitution of Equations (10.29), (10.40), and (10.41) into Equation (10.39)
implies that∫

Ω
ΘdV + 2

∫
Ω

[
(Ψ,p1Bp − Ψ,p2B−1

p ) − (Ψ,e1Ce − Je3Ψ,e2C−1
e )

]
:

dpdV −∫
Ω

Dn

kBT

(
F−1 · ∇0μ

)
·
(
F−1 · ∇0μ

)
dV ≤ 0. (10.43)

Keeping in mind that the last term in Equation (10.43) is non-negative, and
using Equations (10.4) and (10.36), we conclude that in order to satisfy the free
energy imbalance condition, it suffices to require that (iii) the rate-of-strain
tensor for plastic deformation dp is governed by the equation

dp = P
[
(Ψ,e1Ce − Je3Ψ,e2C−1

e ) − (Ψ,p1Bp − Ψ,p2B−1
p )

]′
, (10.44)

where P is an arbitrary non-negative function, and the prime stands for the
deviatoric component of a tensor, and (iv) the coefficient of inflation of the
network f obeys the inequality

∂Ψ
∂t

− 2ḟ

3f

(
Je1Ψ,e1 + 2Je2Ψ,e2 + 3Je3Ψ,e3

)
≤ 0. (10.45)

It is convenient to present Equation (10.44) in the form

dp = P
{[

Ψ,e1

(
Ce − 1

3
J1eI

)
− Je3Ψ,e2

(
C−1

e − 1
3
(C−1

e : I)I
)]

−
[
Ψ,p1

(
Bp − 1

3
J1pI

)
− Ψ,p2

(
B−1

p − 1
3
(B−1

p : I)I
)]}

.

Taking into account that

Je3(C−1
e : I) = Je2, B−1

p : I = Jp2,
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we arrive at the formula

dp = P
{[

Ψ,e1

(
Ce − 1

3
J1eI

)
− Ψ,e2

(
Je3C−1

e − 1
3
Je2I

)]
−

[
Ψ,p1

(
Bp − 1

3
J1pI

)
− Ψ,p2

(
B−1

p − 1
3
Jp2I

)]}
. (10.46)

It follows from Equations (10.8), (10.13), (10.18) that

Ḃp = dp · Bp + Bp · dp.

Substitution of Equation (10.46) into this equation yields

Ḃp = 2P
[1
2
Ψ,e1(Ce · Bp + Bp · Ce) − 1

2
Je3Ψ,e2(C−1

e · Bp + Bp · C−1
e )

−1
3

(
(Je1Ψ,e1 − Je2Ψ,e2) − (Jp1Ψ,p1 − Jp2Ψ,p2)

)

Bp + Ψ,p2I − Ψ,p1B2
p

]
. (10.47)

Equations (10.8)–(10.10) and (10.13) imply that

Ḟe =
(
L − ḟ

3f
I
)

· Fe − Fe · dp.

Combination of this equation with Equation (10.37) results in

Ḟe =
(
L − ḟ

3f
I
)

· Fe − PFe ·
{[

Ψ,e1

(
Ce − 1

3
Je1I

)

−Ψ,e2

(
Je3C−1

e − 1
3
Je2I

)]
−

[
Ψ,p1

(
Bp − 1

3
Jp1I

)
− Ψ,p2

(
B−1

p − 1
3
Jp2I

)]}
. (10.48)

Given a free energy density (10.20), Equations (10.40), (10.41), (10.47),
(10.48) provide stress–strain relations in finite viscoplasticity of hydrogels.

10.3 Simplification of the Constitutive Equations

Our aim now is to perform quantitative investigation of the viscoplastic
response of nanocomposite hydrogels in short-term tests whose duration is
noticeably lower than the characteristic time for diffusion of solvent. For
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this purpose, we simplify the constitutive equations in order (i) to make them
suitable for fitting experimental data and (ii) to reduce the number of adjustable
parameters.

First, we suppose that the strain energy density Ψsolid depends on principal
invariants Je1, Je3, and Jp1 only, and present this function in the form

Ψsolid = W1(Je1, Je3, t) + W2(Jp1, t), (10.49)

where W1 denotes mechanical energy stored in individual chains of the
equivalent polymer network (this quantity depends on principal invariants
of the Cauchy–Green tensor for elastic deformation) and W2 stands for the
energy of interaction between chains and nanoparticles (treated as a function of
principal invariants of the Cauchy–Green tensor for plastic deformation). The
influence of second principal invariants of the corresponding Cauchy–Green
tensors on the mechanical response is disregarded in Equation (10.49).

Substitution of Equations (10.21), (10.24), (10.30), (10.49) into
Equation (10.40) implies that

T = −Π I + 2φs(w1Be + Je3w
′
1I), (10.50)

where

w1 =
∂W1

∂Je1
, w′

1 =
∂W1

∂Je3
. (10.51)

Combination of Equations (10.47–10.49) results in

Ḃp = 2P
[1
2
w1(Ce · Bp + Bp · Ce) − 1

3
(w1Je1 − w2Jp1)Bp − w2B2

p

]
,

Ḟe =
(
L − ḟ

3f
I
)

· Fe − PFe ·
[
w1

(
Ce − 1

3
Je1I

)
−

w2

(
Bp − 1

3
Jp1I

)]
(10.52)

with

w2 =
∂W2

∂Jp1
. (10.53)

Under an arbitrary deformation of a nanocomposite hydrogel subjected to
swelling, Equations (10.50)–(10.52) together with Equation (10.42) for chem-
ical potential should be accompanied by the equilibrium equations for the
Cauchy stress tensor T and diffusion Equation (10.27) with R = 0,

ṅ = ∇0 ·
( Dn

kBT
F−1 · ∇0μ · F−1

)
.
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In conventional mechanical tests, a hydrogel specimen is, first, swollen
in water (to reach a fixed degree of swelling), then annealed without contact
with water bath (to reach an homogeneous distribution of solvent across the
sample), and, afterwards, loaded with a relatively high strain rate (to avoid
evaporation of solvent from the surface). After annealing, concentration of
solvent molecules becomes independent of spatial coordinates, but its value
differs from that in a fully swollen sample (chemical potential μ does not
coincide with μ0). When the characteristic time for diffusion of solvent
exceeds substantially duration of a test, changes in n under deformation can
be neglected, and this quantity may be treated as an experimental parameter.
Keeping in mind that n remains constant, we disregard dependencies of W1,
W2 and f on time. Adjustable parameters in expressions for W1, W2, f adopt,
however, different values for different concentrations of solvent n.

Introducing the notation p = Π − 2φsJe3w
′
1 and setting ḟ = 0 in

Equation (10.52), we present Equations (10.50) and (10.52) in the form

T = −pI + 2φsw1Be,

Ḃp = 2P
[1
2
w1(Ce · Bp + Bp · Ce) − 1

3
(w1Je1 − w2Jp1)Bp − w2B2

p

]
,

Ḟe = L · Fe − PFe ·
[
w1

(
Ce − 1

3
Je1I

)
− w2

(
Bp − 1

3
Jp1I

)]
. (10.54)

The deformation gradientF is split into the product of the deformation gradient
driven by swelling from the dry state into the undeformed swollen state
(1 + nv)

1
3 I and the loading-induced deformation gradient F̃,

F = F̃(1 + nv)
1
3 . (10.55)

Combination of Equations (10.6) and (10.55) implies that

Fe =
(1 + nv

f

) 1
3 F̃ · F−1

p . (10.56)

Under uniaxial deformation of an incompressible medium, tensor F̃ reads

F̃ = ke1e1 + k− 1
2 (e2e2 + e3e3), (10.57)

where em (m = 1, 2, 3) are base vectors of a Cartesian frame in the initial
state, and k stands for elongation ratio. Assuming tensor Fp to be determined
by Equation (10.57) with a coefficient kp, we find from Equation (10.56) that

Fe =
(1 + nv

f

) 1
3
[ k

kp
e1e1 +

(kp

k

) 1
2 (e2e2 + e3e3)

]
. (10.58)



10.3 Simplification of the Constitutive Equations 149

Insertion of Equations (10.57) and (10.58) into Equation (10.54) results in

k̇p =
2
3
P

[
w1X

k3 − k3
p

kkp
− w2(k3

p − 1)
]

(10.59)

with

X =
(1 + nv

f

) 2
3
. (10.60)

Keeping in mind that under uniaxial tension, the stress tensor is given by

T = σke1e1,

where σ stands for engineering tensile stress, we find from Equation (10.54)
that

σ = 2φsw1X
k3 − k3

p

k2k2
p

. (10.61)

Constitutive equations for uniaxial tension of hydrogels (10.59), (10.61)
involve two functions, w1 and w2, that characterize the energy stored in
polymer chains and the energy of inter-chain interactions.

The following expression is adopted for the strain energy density of the
equivalent polymer network [37]

W1 = −1
2
G

[
J ln

(
1 − Je1 − 3

J

)
+

1
2

lnJe3

]
, (10.62)

where G stands for an elastic modulus, and J > 0 characterizes extensibility
of chains. When J → ∞, Equation (10.62) is transformed into the specific
strain energy of a network of flexible chains [38]

Ψsolid =
1
2
G

[
(Je1 − 3) − 1

2
lnJe3

]
.

Differentiation of Equation (10.62) with respect to Je1 implies that

w1 =
1
2
G

(
1 − Je1 − 3

J

)−1
. (10.63)

The energy of inter-chain interaction W2 is determined by integration of
Equation (10.53) with

w2 =
1
2
G̃

[
1 + K(Jp1 − 3)α

]
, (10.64)
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where G̃ stands for an analog of elastic modulus, and K > 0, α are material
constants. To reduce the number of adjustable parameters, we presume that

K = 1, α = 2

under tension, and

α = −1
2

under retraction.
Insertion of Equations (10.63) and (10.64) into Equations (10.59) and

(10.61) results in the stress–strain relation

σ = GXφs

[
1 − 1

J

(
X

(k2

k2
p

+ 2
kp

k

)
− 3

)]−1 k3 − k3
p

k2k2
p

(10.65)

and the kinetic equation for plastic flow

k̇p = S
{

X
[
1 − 1

J

(
X

(k2

k2
p

+ 2
kp

k

)
− 3

)]−1 k3 − k3
p

kkp
−

R
[
1 + K

(
k2

p +
2
kp

− 3
)α]

(k3
p − 1)

} |k̇|
k

(10.66)

with

S =
PG

3D
, R =

G̃

G
, (10.67)

where D = |k̇|/k stands for strain-rate intensity.
Constitutive Equations (10.65) and (10.66) involve six adjustable param-

eters: (i) G stands for elastic modulus of an equivalent polymer network,
(ii) X characterizes swelling-induced inflation of the network, (iii) J is
a measure of extensibility of chains, (iv) S denotes rate of plastic flow,
(v) R stands for strength of inter-chain interactions, (vi) K characterizes
energy of inter-chain interactions under retraction. These quantities may be
affected by composition of a hydrogel, strain rate k̇ (due to the neglect of
viscoelastic properties associated with rearrangement of polymer network),
and deformation program (the energy of interaction W2 adopts different values
under tension and retraction).

Although the number of material constants in the constitutive equations
appears to be reasonable compared with conventional models in finite vis-
coplasticity of polymers, this number can be reduced further for special loading
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programs. In particular, when observations are analyzed on as-prepared
hydrogels, one can set

X = 1, (10.68)

which means that the reference state of the equivalent polymer network
coincides with the as-prepared state.

In the analysis of active (without unloading) deformations of as-prepared
hydrogels, the dimensionless parameter K is not needed, which implies that
the total number of parameters to be found by matching observations is reduced
to four.

10.4 Fitting of Observations

We intend now to determine adjustable parameters in the stress–strain relations
by fitting experimental data on nanocomposite hydrogels under uniaxial ten-
sion with finite strains and to assess the effects of type and content of nanofiller
on the kinetics of plastic flow. Approximation of experimental stress–strain
diagrams is performed for hydrogels with poly(dimethylacrylamide) and
polyacrylamide matrices. Hydrogel specimens are characterized by polymer
content φp = mpolymer/mwater, nanofiller content φf = mfiller/mwater,
concentration of solid phase φs = (mpolymer +mfiller)/(mpolymer +mfiller +
mwater), where mpolymer, mfiller, mwater are masses of monomers, filler
particles, and water in the as-prepared state, and degree of swelling Q =
Mwater/(mpolymer + mfiller), where Mwater stands for mass of solvent in the
actual state.

10.4.1 Nanocomposite Hydrogels Subjected to Drying
and Swelling

To demonstrate the role of coefficient of inflation f in constitutive modeling,
we focus on the analysis of mechanical response of nanocomposite hydrogels
subjected to drying and subsequent swelling.

We begin with observations on poly (N,N-dimethylacrylamide) (DMAA)
physical gels reinforced with Laponite XLG nanoclay (NC). Samples are
prepared by free-radical polymerization of N,N-dimethylacrylamide (DMAA)
in an aqueous dispersion of nanoclay by using potassium peroxydisulfate
K2S2O8 (KPS) as an initiator and tetramethylethylenediamine (TEMED) as
a catalyst [39].

The experimental procedure involved: (i) drying of as-prepared samples
(with φp = 99 g/L, φf = 25.4 g/L, and Q = 7.2) down to various degrees
of swelling Qdry (in the range between 0.06 and 3.0), (ii) re-swelling of
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dried samples to the initial degree of swelling Q, (iii) uniaxial tensile tests on
dried–reswollen specimens. Mechanical tests were performed at room tem-
perature with strain rate ε̇ = 0.02 s−1 (ε = k−1 stands for engineering tensile
strain) up to breakage of samples.

Experimental stress–strain diagrams are depicted in Figure 10.1 where
engineering stress σ is plotted versus elongation ratio k. To reduce the number
of material constants to be found by matching observations, we presume the
response of the nanocomposite hydrogels to be merely elastic. By setting
S = 0 in Equation (10.66), we conclude that kp = 1 and each stress–strain
curve is determined by three parameters G, J , X .

We begin with fitting observations on the as-prepared specimen for which
Equation (10.68) is fulfilled. To find adjustable parameters G and J , we fix
some interval [0, J◦], where J is located, and divide this interval into I = 10
sub-intervals by the points J (i) = iΔJ with ΔJ = J◦/I (i = 0, 1, . . . , I−1).
For each J (i), Equations (10.65), (10.66) are integrated numerically by the
Runge–Kutta method with step Δt = 0.01. The modulus G is calculated by
the least-squares technique from the condition of minimum of the function

F =
∑

n

[
σexp(kn) − σnum(kn)

]2
,
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Figure 10.1 Stress σ versus elongation ratio k. Symbols: experimental data in tensile tests
on DMAA-NC hydrogel subjected to drying down to various Qdry and subsequent re-swelling
up to Q = 7.2 (◦ – as-prepared; • – Qdry = 3.0; ∗ – Qdry = 1.7; � – Qdry = 0.8; � –
Qdry = 0.06). Solid lines: results of simulation.
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where summation is performed over all elongation ratios kn at which the
observations are reported, σexp stands for engineering stress measured in
the test, and σnum is given by Equation (10.65). The best-fit value of J is
found from the condition of minimum of F . Afterwards, the initial interval
is replaced with new interval [J − ΔJ, J + ΔJ ], and the calculations are
repeated.

After finding the best-fit value G = 48.2 kPa, we fix this quantity, and
match observations on samples subjected to drying-reswelling by means of the
above algorithm with adjustable parameters X and J . Given X , we calculate
f from Equation (10.60) and plot f and J versus Qdry in Figure 10.2. The
data are approximated by the linear equations

f = f0 + f1Qdry, J = J0 + J1Qdry (10.69)

with coefficients calculated by the least-squares technique. Following [39], the
strong (by twice) reduction in f induced by drying and re-swelling is attributed
to rearrangement of the secondary network (a house-of-cards structure formed
by clay platelets).

10.4.2 As-Prepared Poly(Dimethylacrylamide)–Silica Hydrogels

We proceed with the analysis of observations on polydimethylacrylamide–
silica (DMAA-Si) hydrogels manufactured by free-radical polymerization
of N,N-dimethylacrylamide in aqueous suspensions of silica nanoparticles
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Figure 10.2 Parameters f and J versus solvent content after drying Qdry. Circles: treat-
ment of observations on DMAA-NC hydrogels. Solid lines: approximation of the data by
Equation (10.69).
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(Si) by using KPS and TEMED as initiator and catalyst, respectively
[40].

First, experimental data are matched in tensile tests with strain rate
ε̇ = 0.06 s−1 at room temperature on as-prepared specimens with a fixed
concentration of polymer network φp = 142.2 g/L and concentrations of
nanoparticles φf ranging from 71.4 to 710.5 g/L (Figure 10.3). According to
Equation (10.68), their viscoplastic response is determined by four adjustable
parameters G, J , R, S.

To find these quantities, we start with fitting observations on a specimen
with φf = 710.5 g/L by using the above algorithm. After finding the
best-fit values J = 28.0 and S = 1.7, we fix these quantities and approximate
experimental data on samples with φf = 71.4, 142.7, and 284.4 g/L with the
help of two parameters G, R.

The influence of concentration of solid phase on elastic moduli G and G̃
(given R, the latter is determined from Equation (10.67)) is illustrated in
Figure 10.4 where these quantities are plotted versus φs. The data are
approximated by the equations

G = G0 + G1φs, G̃ = G̃0 (10.70)

with coefficients calculated by the least-squares technique. Figure 10.4 shows
that G grows with concentration of silica particles, in agreement with
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Figure 10.3 Stress σ versus elongation ratio k. Symbols: experimental data in tensile tests
on DMAA-Si hydrogels with φp = 142 g/L and various φf g/L (◦ – 710.5; • – 284.4;
∗ – 142.7; � – 71.4). Solid lines: results of simulation.
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Figure 10.4 Parameters G and G̃ versus concentration of solid phase φs. Circles: treatment
of observations in tensile tests on DMAA-Si hydrogels with φp = 142 g/L and various φf g/L.
Solid lines: approximation of the data by Equation (10.70).

observations on other nanocomposite hydrogels [35], whereas G̃ remains
constant.

To assess plastic flow in nanocomposite hydrogels under tension, simula-
tion of the stress–strain relations is conducted. Results of numerical analysis
are reported in Figure 10.5. According to this figure, (i) nanocomposite hydro-
gels reveal pronounced plastic deformation (with plastic strains exceeding
100%), and (ii) elongation ratio for plastic deformation kp decreases weakly
with concentration of nanoparticles.

To evaluate the effect of strain rate on the mechanical response of
nanocomposite hydrogels, observations are matched on specimens with
a fixed concentration of polymer network φp = 142.2 g/L and con-
centrations of nanoparticles φf = 142.7 and φf = 710.5 g/L under
tension with strain rates ε̇ = 0.06 and 0.6 s−1. Experimental data are
depicted in Figure 10.6. Adjustable parameters are found by approxima-
tion of the experimental data with the help of the above algorithm. Each
set of observations is fitted separately with the help of two parameters
G, R. The best-fit value of J and the values of S and R at strain
rate ε̇ = 0.06 s−1 are taken from Figure 10.4. The value of S at
ε̇ = 0.6 s−1 is calculated from Equation (10.67), whereas the value of R
at this strain rate is determined by matching the stress–strain diagrams.
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Figure 10.5 Elongation ratio for plastic deformation kp versus elongation ratio k. Symbols:
results of simulation for tensile tests on DMAA-Si hydrogels with φp = 142 g/L and various
φf g/L (◦ – 710.5; • – 284.4; ∗ – 142.7; � – 71.4).
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Figure 10.6 Stress σ versus elongation ratio k. Symbols: experimental data in tensile
tests with various strain rates ε̇ s−1 (◦ – 0.06; • – 0.6) on DMAA-Si hydrogels with
φp = 142.2 g/L and φf = 142.7 g/L (A), φf = 710.5 g/L (B). Solid lines: results of simulation.

Evolution of elastic moduli with strain rate ε̇ is illustrated in Figure 10.7
where G and G̃ are depicted versus duration of loading t′ = (kmax − 1)/ε̇
with kmax = 11. For comparison, observations in tensile relaxation tests
with strain ε = 0.5 are also presented (in semi-logarithmic coordinates with
log = log10). Following [40], relaxation curves are plotted in the form σ̃(t′)
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Figure 10.7 Dimensionless stress σ̃ (∗) versus relaxation time t′ and moduli G (◦), G̃ (•)
versus loading time t′. Symbols: observations on DMAA-Si hydrogels with φn = 142.2 g/L,
φf = 142.7 g/L (A), and φf = 710.5 g/L (B). Asterisks: experimental data in tensile relaxation
test with strain ε = 0.5. Circles: treatment of experimental data in tensile tests with strain rates
ε̇ = 0.06 and 0.6 s−1. Solid lines: results of simulation.

with σ̃ = σ/σ0 and t′ = t − t0, where t0 and σ0 stand for time and stress
at the beginning of relaxation. The aim of Figure 10.7 (where observations
in relaxation tests are approximated with a model proposed in [41]) is to
demonstrate that alteration of elastic modulus G with strain rate found by
fitting observations in tensile tests may be ascribed to the viscoelastic response
of nanocomposite hydrogels (treated as rearrangement of chains in a transient
network). The latter is disregarded in the constitutive model as its account
leads to a substantial increase in the number of adjustable parameters.

To examine the influence of nanofiller on the viscoplastic behavior of
DMAA-Si hydrogels under tensile cyclic deformation, we analyze observa-
tions reported in Figure 10.8. The experimental stress–strain diagrams are
obtained on as-prepared specimens (with a fixed concentration of polymer net-
work φp = 142.2 g/L and various concentrations of nanoparticles φf = 142.7,
284.4, 710.5 g/L) subjected to tension with a constant strain rate ε̇ = 0.06 s−1

up to maximum elongation ratio kmax = 6 and retraction down to the zero
minimum stress σmin = 0.

As the stress–strain curves under tension reported in Figure 10.8 differ from
those depicted in Figure 10.3, we, first, apply the above algorithm (with R and
S taken from the analysis of observations presented in Figure 10.3) to deter-
mine G and J under stretching, and afterwards, employ the same technique
to find parameters K, R, S under retraction. The best-fit value K = 150.0
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Figure 10.8 Stress σ versus elongation ratio k. Symbols: experimental data in cyclic tests on
DMAA-Si hydrogels with φp = 142 g/L and various φf g/L (◦ – 710.5; • – 284.4; ∗ – 142.7).
Solid lines: results of simulation.

is found by matching observations on hydrogel with φf = 710.5 g/L and used
without changes to approximate observations on other specimens. Numerical
analysis shows that the best-fit values of J are slightly lower and the best-fit
values of G are slightly higher than those found by matching observations in
Figure 10.3.

The effect of concentration of solid phase φs on coefficients G̃ and S found
by matching observations under retraction is illustrated in Figure 10.9. The
data are approximated by the equations

log G̃ = G̃0 − G̃1φs, log S = S0 + S1φs, (10.71)

with coefficients calculated by the least-squares method. Figure 10.9 shows
that the energy of inter-chain interactions G̃ decreases and rate of plastic
deformation S increases with concentration of solid phase.

To examine the kinetics of plastic flow under cyclic loading, integration
of the stress–strain relations is conducted with the adjustable parameters
found by matching observations in Figure 10.8. Results of simulation are
presented in Figure 10.10. The following conclusions are drawn: (i) under
tension, plastic elongation ratio kp increases monotonically with k and remains
practically independent of clay content (in agreement with the data reported
in Figure 10.5), (ii) under retraction, kp grows pronouncedly at the initial
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Figure 10.9 Parameters G̃ and S versus concentration of solid phase φs. Circles: treatment
of observations under retraction in cyclic tests on DMAA-Si hydrogels with φp = 142 g/L
and various φf g/L. Solid lines: approximation of the data by Equation (10.71).
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Figure 10.10 Elongation ratio for plastic deformation kp versus elongation ratio k. Symbols:
results of simulation for cyclic tests on DMAA-Si hydrogels with φp = 142 g/L and various
φf g/L (◦ – 710.5; • – 284.4; ∗ – 142.7).

stage of unloading (when k remains in the vicinity of kmax), reaches its
maximum (plastic overshoot), and decreases afterwards, (iii) intensity of
plastic overshoot (kp max) and residual strain (kp at the instant when σ
vanishes) increase strongly (by twice) with nanoclay content.
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10.4.3 As-Prepared Polyacrylamide–Clay Hydrogels

To verify the above conclusions regarding the influence of strain rate and
nanofiller content on the viscoplastic response of nanocomposite hydrogels,
experimental data are approximated on polyacrylamide–nanoclay (PAM-NC)
hydrogels manufactured by free-radical polymerization of acrylamide (AM)
monomers in aqueous suspensions of hectorite nanoclay (NC) Laponite RD
by using KPS and TEMED as initiator and catalyst, respectively [42].

First, we approximate observations on as-prepared samples with various
concentrations of polymer network φp and filler φf in tensile tests with strain
rates ε̇ = 0.083, 0.83, and 1.67 s−1 at room temperature. Experimental data are
presented in Figures 11–13 for nanocomposite hydrogels with φp = 200 g/L,
φf = 20 g/L, φp = 250 g/L, φf = 20 g/L, and φp = 100 g/L, φf = 40 g/L.

For each concentration of polymer and filler, we start with matching
observations under tension with the highest strain rate ε̇ = 1.67 s−1, and
determine parameters G, J , R, S by means of the above algorithm.Afterwards,
we fix the best-fit value of J and approximate the other stress–strain diagrams
with the help of three parameters G, S, R.
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Figure 10.11 Stress σ versus elongation ratio k. Symbols: observations in tensile tests with
various strain rates ε̇ s−1 on PAM-NC hydrogels with φp = 200 g/L and φf = 20 g/L
(◦ – ε̇ = 0.083; • – ε̇ = 0.83; � – ε̇ = 1.67). Solid lines: results of simulation.
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Figure 10.12 Stress σ versus elongation ratio k. Symbols: observations in tensile tests with
various strain rates ε̇ s−1 on PAM-NC hydrogel with φp = 250 g/L and φf = 20 g/L
(◦ – ε̇ = 0.083; • – ε̇ = 0.83; � – ε̇ = 1.67). Solid lines: results of simulation.
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Figure 10.13 Stress σ versus elongation ratio k. Symbols: observations in tensile tests with
various strain rates ε̇ s−1 on PAM-NC hydrogel with φp = 100 g/L and φf = 40 g/L
(◦ – ε̇ = 0.083; • – ε̇ = 0.83; � – ε̇ = 1.67). Solid lines: results of simulation.

The effect of strain rate ε̇ on elastic modulus G is illustrated in
Figure 10.14 where G is plotted versus duration of loading t′ = (kmax −1)/ε̇.
For comparison, experimental data in shear relaxation tests with small strain
ε = 0.005 are also presented (as observations in relaxation tests on specimens
with φp = 200 g/L, φf = 20 g/L were not reported in [42], we replace
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Figure 10.14 Dimensionless stress σ̃ (�) versus relaxation time t′ and modulus G ver-
sus loading time t′. Symbols: observations on PAM-NC hydrogels with φp = 200 g/L,
φf = 20 g/L (A), φp = 250 g/L, φf = 20 g/L (B), φp = 100 g/L, φf = 40 g/L (C).
Stars: experimental data in tensile relaxation test with strain ε = 0.005. Circles: treatment of
experimental data in tensile tests with various strain rates. Solid lines: results of simulation.

them with those on samples with φp = 250 g/L, φf = 20 g/L). According to
Figure 10.14, an increase in elastic modulus with strain rate revealed by fitting
observations in tensile tests may be attributed to the viscoelastic response of
hydrogels (in agreement with the conclusion drawn from Figure 10.7).

To assess the influence of strain rate on the viscoplastic flow, parameter S
is plotted versus ε̇ in Figure 10.15. The data are approximated by the equation

log S = S0 + S1 log ε̇, (10.72)

where the coefficients are calculated by the least-squares technique.
Equation (10.72) demonstrates that S increases monotonically with ε̇, but
the rate of growth is strongly sub-linear: S ∼ ε̇β with β ≈ 0.2.

Given G and R, we calculate G̃ from Equation (10.67) and plot this
quantity versus strain rate ε̇ in Figure 10.16. The data are approximated by the
equation

log G̃ = G̃0 + G̃1 log ε̇ (10.73)

with coefficients calculated by the least-squares technique. Figure 10.16
demonstrates a pronounced difference between PAM-NC hydrogels (for which
G̃ increases strongly with strain rate) and DMAA-Si hydrogels (for which this
parameter is independent of ε̇).
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Figure 10.15 Parameter S versus strain rate ε̇. Circles: treatment of observations in tensile
tests on PAM-NC hydrogels with φp = 200 g/L, φf = 20 g/L (A), φp = 250 g/L,
φf = 20 g/L (B), φp = 100 g/L, φf = 40 g/L (C). Solid lines: approximation of the data
by Equation (10.72).
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Figure 10.16 Parameter G̃ versus strain rate ε̇. Circles: treatment of observations in tensile
tests on PAM-NC hydrogels with φp = 200 g/L, φf = 20 g/L (A), φp = 250 g/L,
φf = 20 g/L (B), φp = 100 g/L, φf = 40 g/L (C). Solid lines: approximation of the data
by Equation (10.73).
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To examine the effect of concentration of solid phase φs on the mechanical
response of nanocomposite hydrogels under cyclic loading, we approximate
stress–strain curves under tension with constant strain rate ε̇ = 0.083 s−1

up to maximum elongation ratio kmax = 17 followed by retraction with the
same strain rate down to the zero minimum stress σmin = 0. Observations
on specimens with φf = 20 g/L, φp = 200 and 250 g/L are reported in
Figure 10.17, and those on samples with φp = 100 g/L, φf = 30 and 40 g/L
are presented in Figure 10.18 together with results of simulation. Adjustable
parameters in the stress–strain relations are found by fitting each set of data
separately by means of the same algorithm that was employed to match
observations in Figure 10.8. As the stress–strain diagrams under tension in
Figures 10.17, 10.18 differ from those reported in Figures 10.11–10.13, they
are approximated by using four parameters G, J , S, R. Afterwards, unloading
paths of the stress–strain curves are fitted with the help of three coefficients
K, S, R.
Adjustable parameters determined by matching observations under tension
and retraction are reported in Figures 10.19, 10.20, where they are plotted
versus concentration of solid phase φs. The data are approximated by the
equations

log G = G0 +G1φs, log G̃ = G̃0 + G̃1φs, log S = S0 +S1φs,
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Figure 10.17 Stress σ versus elongation ratio k. Circles: experimental data in cyclic tensile
tests on PAM-NC hydrogels with φf = 20 g/L and φp = 200 g/L (A), φp = 250 g/L (B).
Solid lines: results of simulation.
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Figure 10.18 Stress σ versus elongation ratio k. Circles: experimental data in cyclic tests on
PAM-NC hydrogels with φn = 100 g/L and φf = 30 g/L (A), φf = 40 g/L (B). Solid lines:
results of simulation.
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Figure 10.19 Parameters G, G̃, S, J versus concentration of solid phase φs. Circles: treatment
of observations under tension in cyclic tests on PAM-NC hydrogels. Solid lines: approximation
of the data by Equation (10.74).

log J = J0 + J1φs (10.74)

under tension and

log G̃ = G̃0 + G̃1φs, log S = S0 + S1φs, log K = K0 + K1φs
(10.75)
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Figure 10.20 Parameters G̃,S,K versus concentration of solid phaseφs. Circles: treatment of
observations under retraction in cyclic tests on PAM-NC hydrogels. Solid lines: approximation
of the data by Equation (10.75).

under retraction. The coefficients in Equations (10.74), (10.75) are calculated
by the least-squares method.

To examine how concentrations of polymer and filler, φp and φf , affect
plastic flow in PAM-NC hydrogels under cyclic deformations, numerical
integration of the stress–strain relations is performed for cyclic loading
with strain rate ε̇ = 0.083 s−1, maximum elongation ratio under stretching
kmax = 17, and the zero minimum stress under retraction. Results of simula-
tion are reported in Figure 10.21. The following conclusions are drawn: (i) the
dependency kp(k) for PAM-NC hydrogels is qualitatively similar to that for
DMAA-Si hydrogels (elongation ratio for plastic deformation increases under
tension and reveals a pronounced overshoot under retraction), (ii) given φf ,
an increase in polymer concentration φp results in a modest increase in kp
under tension and retraction, whereas (iii) given φp, an increase in nanoclay
concentration φf induces a decay in plastic deformation.

10.4.4 Discussion

Figures 10.1, 10.3, 10.6, 10.11–10.13 demonstrate ability of the constitutive
model with four adjustable parameters G, J , R, S to describe stress–strain
diagrams under uniaxial tension with finite deformations (elongation ratios up
to 20).
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Figure 10.21 Elongation ratio for plastic deformation kp versus elongation ratio k. Symbols:
results of simulation for cyclic tests on PAM-NC hydrogels (◦ – φp = 200 g/L, φf = 20 g/L;
• – φp = 250 g/L, φf = 20 g/L; ∗ – φp = 100 g/L, φf = 30 g/L; � – φp = 100 g/L,
φf = 40 g/L).

Figures 10.8, 10.17, 10.18 show good agreement between observations
in cyclic (loading–unloading) tests and results of simulation based on the
constitutive equations that involve three additional parameters for retraction
R, S, and K.

According to Figures 10.4, 10.9, 10.19, 10.20, phenomenological
Equations (10.70), (10.71), (10.74), (10.75) describe correctly evolution of
adjustable parameters with concentration of solid phase (which means that
φs may serve as the only parameter characterizing mechanical properties of
nanocomposite hydrogels).

Figures 10.15, 10.16 reveal that Equations (10.72), (10.73) predict
adequately the effect of strain rate ε̇ on parameters G̃ and S.

An advantage of the constitutive equations is that they involve a relatively
small number of material constants, on the one hand, and describe correctly
experimental data in cyclic tensile tests, on the other. A shortcoming of the
model is that it disregards viscoelastic properties of nanocomposite hydrogels.
As a result, the elastic modulus is allowed to alter with strain rate in the fitting
procedure. Although these changes are confirmed by comparison with obser-
vations in relaxation tests (Figures 10.7 and 10.14), they restrict applicability
of the model to deformation processes with constant strain rates. To describe
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time-dependent phenomena in nanocomposite hydrogels, rearrangement of
the networks of flexible chains and nanoparticles should be modeled explicitly
(the latter leads, however, to a noticeable increase in the number of material
constants).

Comparison of experimental data under cyclic deformation with results
of numerical simulation demonstrates that elongation ratio for plastic defor-
mation kp grows monotonically under tension and reveals a non-monotonic
behavior under retraction: kp increases, reaches its maximum value (plastic
overshoot), and decreases afterwards (Figures 10.10 and 10.21). Intensity of
the overshoot increases with concentration of solid phase, but the rate of its
growth depends strongly on type of nanofiller.

10.5 Concluding Remarks

A constitutive model is developed in finite viscoplasticity of nanocomposite
hydrogels under an arbitrary deformation with finite strains. A hydrogel is
treated as a two-phase medium composed of a solid phase (polymer network
reinforced with nanoparticles) and a fluid phase (solvent). Transport of solvent
through a hydrogel is treated as its diffusion governed by the gradient of
chemical potential.

Constitutive equations are derived by means of the free-energy imbalance
equation. The free energy of a nanocomposite hydrogel equals the sum of
strain energy density of the solid phase and the energy of mixing of the solid
phase with solvent.

The solid phase is modeled as an isotropic compressible viscoplastic
medium, whose deformation gradient is split into the product of deforma-
tion gradients for elastic deformation, plastic deformation, and deformation
induced by swelling (characterized by the coefficient of inflation of the
polymer network). Strain energy density of the solid phase equals the sum of
the stored mechanical energy and the energy of interaction between chains and
nanoparticles.

The constitutive equations involve (i) stress–strain relation, (ii) flow rule
for plastic deformation, and (iii) diffusion equation for solvent. These relations
are accompanied by equations for mechanical equilibrium and appropriate
boundary conditions.

The model is applied to the analysis of rapid deformation (the rate of
loading exceeds strongly the rate of solvent diffusion) of (i) nanocomposite
hydrogels subjected to drying and subsequent re-swelling, and (ii) as-prepared
nanocomposite hydrogels.



References 169

Analysis of observations in uniaxial tensile tests on nanocomposite hydro-
gels subjected to drying and reswelling demonstrates that the constitutive
equations describe adequately the effect of rearrangement of the secondary
network of clay platelets under drying on the mechanical response of reswollen
gels (Figure 10.1). The effect of drying–reswelling can be accounted for with
the help of the only parameter that changes consistently with solvent content
(Figure 10.2).

Approximation of observations in uniaxial tensile tests and tensile cyclic
tests on as-prepared nanocomposite hydrogels reinforced with Si particles
and clay platelets shows that the constitutive equations with four adjustable
parameters under stretching and three more parameters under retraction
describe correctly the experimental stress–strain diagrams and predict char-
acteristic features of plastic flow (in particular, plastic overshoot under
retraction).
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11.1 Introduction

This chapter discusses European requirements for development of
Advanced Therapy Medicinal Products (ATMP) based on stem cells,
describing the framework for clinical trials and for marketing authorization,
as well as the critical issues and challenges for developing stem cell-based
ATMP.

The recent advances of biotechnologies have opened new promising
perspectives for the development of ATMP, including stem cell therapy and
regenerative medicine, which may potentially have a great beneficial impact
on many human diseases, including among others cancer, degenerative and
genetic diseases.

ATMP are based on the cutting-edge progress of biomedical research and
on the use of novel and sophisticated technologies progressively aiming at
patient-tailored interventions.
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ATMP comprise a variety of novel therapeutic strategies, including Cell
Therapy, Gene Therapy and Tissue Engineered Medicinal Products (CTMP,
GTMP, TEP, respectively).

In Europe, as in most countries in the world, ATMP are considered as
medicines, therefore they are covered by the pharmaceutical legislation.

11.2 European Regulatory Frame for ATMP

ATMP are covered by the European legal frame for medicinal products
through the EU Regulation 1394/2007 [1]. The current EU definition of
GTMP and of CTMP is contained in the new Annex 1 that has been recently
issued amending Directive 2001/83/EC [2], while the definition of TEP
as well as of combined ATMP is contained in the EU Regulation 1394/2007.

GTMP are defined as those biological medicinal products that contain
or consist of a recombinant nucleic acid used in or administered to human
beings with a view to regulating, repairing, replacing, adding or deleting a
genetic sequence; in addition, their therapeutic, prophylactic or diagnostic
effects relate directly to the recombinant nucleic acid sequence they contain,
or to the product of genetic expression of that sequence. Therefore, medicinal
products such as viral or non viral vectors, plasmid or bacterial vectors,
recombinant oncolytic viruses, genetically modified cells, cancer immune-
therapeutics (so called “cancer vaccines”) are considered GTMP if they fulfil
the current definition. It should be noted that, according to new Annex 1,
vaccines for infectious diseases are no longer considered GTMP [2].

Somatic CTMP are defined as those biological medicinal products
that: i) contain or consist of cells or tissues that have been subject to
substantial manipulation so that their biological characteristics, physiological
functions or structural properties relevant for the intended clinical use have
been altered, or ii) contain or consist of cells or tissues that are not intended
to be used for the same essential function(s) in the recipient and the donor,
and iii) are presented as having properties for, or are used in or administered
to human beings with a view to treating, preventing or diagnosing a disease
through the pharmacological, immunological or metabolic action of its cells
or tissues [2].

TEP are defined as those biological medicinal products that contain or
consist of engineered cells or tissues; and are presented as having properties
for, or are used in or administered to humans with a view of regenerating,
repairing or replacing a human tissue. Cells/tissues shall be considered
‘engineered’ if they have been subject to substantial manipulation or are not
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intended to be used for the same essential function(s) in the recipient and the
donor [3].

Medicinal products for stem cell therapy and regenerative medicine
are considered as CTMP or TEP, whereas if genetically modified they are
considered as GTMP.

ATMP may also contain a medical device (MD), such as e.g,
biomaterials, scaffolds, matrices. In this case, EU Regulation 1394/2007
stipulates that the combination of ATMP and MD is defined as combined
ATMP and that it is handled completely under the pharmaceutical legislation.
Therefore, while MD directives are applicable to the MD before it is put
in the combination, the whole combined ATMP shall be subject to EMA
evaluation. Any type of MD that is present in the combination shall meet the
MD essential requirements; the dossier for market authorization application
of the combined ATMP shall include description of MD physical characteris-
tics, performance and design methods, as well as evidence of conformity and,
where available, results of assessment by a Notified Body [4].

Through EU Regulation 1394/2007, ATMP are within the frame of
EU Regulation 726/2004 according to which no medicinal product can
be marketed in Europe without an approval. For biological medicines,
EU- wide market authorization is granted or denied by the European Commis-
sion through the centralised procedure taking place at the European Medicine
Agency (EMA) [5]. In addition to those Regulations, the main EU regulatory
framework for ATMP includes also Directive 2001/20/EC regulating clinical
trials [6].

In the EU Regulation 1394/2007 a specific Committee for Advanced
Therapy (CAT) is created. CAT covers the scientific areas relevant to ATMP,
including gene therapy, cell therapy, tissue engineering, MD, biotechnology,
surgery, pharmacovigilance, risk management, ethics.

CAT is responsible for ATMP evaluation in the centralised procedure,
but EMA final opinion to the European Commission is always given by the
Committee for Human Medicinal Products (CHMP).

Two new procedures specific for CAT have been established in the
European Regulation 1394/2007: ATMP classification [7] and certification
of quality and non-clinical data [8]; the latter is available for SME only.

European Regulation 1394/2007 also contain two very important legal
requirements for ATMP: i) long term follow-up of safety and efficacy, in
order to build up knowledge on ATMP long term effects [9], and ii) an
active traceability system enabling to track the ATMP used to the patient who
received it, and vice-versa, for 30 years after ATMP expiry date [10].
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Development of medicines includes basically two steps: preclinical and
clinical development. The first part includes designing the substance/molecule
that represents the medicine, proving its activity and testing its safety in a
preclinical model, while the latter part includes translating those results into
human subjects by means of clinical trials.

As for any other medicine, in Europe clinical trials with ATMP are covered
by the Directive 2001/20/EC [6], that stipulates that for all medicines, clinical
trial approval is the responsibility of Competent Authority in each European
Member State (MS). Therefore clinical development takes place at national
level. For any given clinical trial to be performed in a given MS, the EU
Member State performs a separate evaluation and authorization procedure.
This is also the case when a multinational trial is to be carried out, which may
represent a difficult task if reviewers have divergent opinion in the different
EU MS on the same clinical trial proposal. Procedures and initiatives have
been put in place by EMA and national Competent Authorities to decrease the
chance that such divergences occur and to facilitate an efficient translation of
research discoveries into effective ATMP.

EMA and national Competent Authorities are also concerned that
patients are offered SC-based medicinal products only under controlled
conditions, such as e.g. in clinical trials or if market authorized. To ensure
patients’safety, SC-based medicinal product development should comply with
the highest standards, as for any investigational medicinal product, under the
supervision of statutory regulatory bodies.

Thus a number of guidance documents (guidelines or reflection papers)
describing quality, preclinical and clinical requirements for CPMP/TEP as
well as for GTMP, have been produced by EMA to help applicants in
developing their products. All guidance documents are available through the
EMA website [11].

The main guidance documents for CTMP/TEP is the guideline on
human cell-based medicinal products [12], while for GTMP it is the guide-
line on quality, preclinical and clinical aspects of gene transfer medicinal
products [13].

Other guidance documents are available, covering aspects such as for
example: risk based approach [14], chondrocyte-based CTMP [15], potency
testing of cell-based immunotherapy medicinal products for the treatment of
cancer [16], clinical aspects related to TEP [17], genetically modified cells
[18], risk of germ-line transmission for GTMP [19], long term follow up
for GTMP [20], environmental risk assessment for GTMP [21], non-clinical
studies required before first clinical use of GTMP [22].
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CAT has recently produced a reflection paper [23] that covers
specifically stem cell (SC)-based ATMP. This reflection paper addresses
all medicinal products that are presented for marketing authorization and
that use any types of SC as starting material, regardless of SC differentiation
status in the final product.

11.3 Stem Cell-Based ATMP

SC therapy holds the promise to treat degenerative diseases, cancer and
repair of damaged tissues for which there are currently no or limited ther-
apeutic options. SC-based ATMP in general can be classified as CTMP or
TEP; if they are genetically modified, they are classified as GTMP. When they
contain a MD, they are considered as combined ATMP.

SC-based ATMP can be obtained from adult stem cells or pluripotent
stem cells, such as mesenchymal/stromal stem cells (MSC), hematopoietic
stem cells (HSC), tissue-specific progenitor cells.

They can be also prepared from human embryonic stem cells (hESC) or
induced pluripotent stem cells (iPSC).

Although stem cells share the same principal characteristics of poten-
tial for self-renewal and differentiation, SC-based medicinal products do
not constitute a homogeneous class. Instead, they represent a spectrum of
different cell-based products for which there is a variable degree of scientific
knowledge and clinical experience available. For example, while MSCs or
HSCs have been more extensively used for therapeutic purposes, this is not
the case for hESCs or iPSCs.

Despite their clinical potential, SC-based ATMP bear also potential risks,
that require a thorough evaluation before clinical use. Different levels of risk
can be associated with specific types of SC. For example, the risk profile
associated with iPSCs is expected to be different from those of adult SC (e.g.
MSCs or HSCs) for which a substantial amount of clinical experience has
already been gained.

The risk profile of SC-based ATMP depends on many risk factors,
such as for example the type of stem cells, their differentiation status and
proliferation capacity, in vitro manipulation steps, the route of administration
and the intended site for clinical effect, the irreversibility of treatment or on
the other hand the risk of cell loss, the long-term survival of engrafted cells.

The risks so far identified in clinical experience or the potential risks
(i.e. those observed in animal studies) include tumour formation, unwanted
immune responses and the transmission of adventitious agents.
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Cell plasticity and product differentiation might also affect results gener-
ated during development, therefore it is expected that nonclinical and clinical
studies are performed with well defined and characterized product so that
results can be better interpreted.

11.4 Quality Issues for Stem Cell-Based Product
Development

The risk of transmitting adventitious agents, such as viruses or TSE agent, is
common to all biological medicinal products.

Such risk is to be dealt with by building the safety of the final product
from the safety of starting cells and raw materials. Therefore, screening of
donors [24, 25] and of all reagents that are used in the production process [26]
for presence of infectious agents is a mandatory activity.

Based on their characteristics of unlimited self-renewal and high pro-
liferation rate, SC are often defined as cells able to form teratomas in
vivo. Therefore, inherent with SC therapy is the risk of tumorigenicity. To
control this risk, lineage-commitment before administration to the patient is a
desirable characteristics of a SC product. To obtain the intended lineage-
committed cell population, production process is critical.

Process factors (e.g. separation methods, growth factors, serum) as well
as conditions and duration of in vitro culture can affect cell population
composition and differentiation capacity in vivo, thus affecting also the mode
of action. Therefore, impact of those factors should be carefully taken into
consideration when planning and executing production process as well as
quality controls. Critical manufacturing steps that are employed to reach
required differentiation stage should be controlled with relevant markers to
ensure the intended phenotype is maintained.

Since identity of the SC-based ATMP is defined by self renewal capac-
ity (proliferation) and expression of specific markers, and the starting cell
material (i.e. bone marrow, fat tissue, umbilical cord blood) is often a mixed
cell populations, identity of the cell population as well as the heterogene-
ity profile of final product should be carefully defined and characterized.
Several markers can be employed to establish identity, investigating cell
type, lineage commitment, terminal differentiation and/or functionality.
Whatever the test method chosen, the cell identity markers should be specific
for the intended cell population and should be based on biological or molecular
mechanism of therapy.
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For pluripotent SC as well as somatic SC there is a risk of genomic
instability in culture. Culture conditions (e.g. feeder cells and excipients)
influence SC genomic stability. Therefore, to decrease such risk the presence
of proliferative and pluripotent cells tolerated in the final product should
be measured by means of e.g. cytogenetic analysis, telomerase activity,
proliferative capacity, senescence, etc., and limited.

Biological activity (i.e. potency) of SC-based ATMP can be investi-
gated by means of expression of relevant macromolecules, such as for
example growth factors, enzymes, cytokines, and/or formation of extra cel-
lular matrix cellular structures, and/or cell-cell interactions (e.g. immune
activation/inhibition), and/or differentiation or self-renewing capacity or
migration. In vivo functional assays may also be employed.

More probably, a combination of different assays may be needed to
confirm the potency of a SC-based product. Whatever the assays chosen, they
should be utilized both at quality and non-clinical level.

11.5 Non Clinical Issues for Stem Cell-Based Product
Development

As compared to cell-based medicinal products that contain only differentiated
cells, for SC-based medicinal product non-clinical evaluation may need to be
more substantial.

Non clinical studies should evaluate different aspects including proof of
concept, biodistribution and microenvironment (niche), ectopic tissue forma-
tion, in vivo differentiation, immune rejection and persistence, tumorigenicity.
Potential inflammatory/immune response to SC product is also very important,
since it underlies the risk of stem cell elimination and of long term failure of
treatment.

Notwithstanding a thorough quality control program, a SC-based product
may still contain cells in an undifferentiated proliferative state, that bear the
potential for tumor formation.

Therefore during development appropriate tests should be carried out to
minimize risk of transformation and tumor formation, in particular when
using hESC or iPSC, that have a relatively higher potential risk than other
types of SC.

Both tumorigenicity and chromosomal stability should be evaluated in
the SC product before initial clinical use.

Traditionally, preclinical studies for testing safety of medicines are carried
out in animal models.
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Even though animal models reflecting the addressed disease would be
ideal, in practice this can be prevented by several limitations. In fact, not only
the relevant model strain may not be available, but also large animal models
may be preferable for studying surgically implanted products, or for long-term
evaluation of tissue regeneration and repair or in those situations where the
animal size, organ physiology or immune system is relevant for the clinical
effect (e.g. regeneration of tissue). Very likely, more than one animal species
or strains might be needed. In vitro models may also provide additional and/or
alternative ways to address some specific aspects.

Ideally, the human cell product should be used, thus requiring immune-
suppressed animals. However, for studying aspects such as e.g. persistence
or functionality, homologous animal models might provide the most relevant
system, even though predictiveness of such a model may be limited because
of the still limited knowledge of the similarity between animal and human SC
differentiation processes.

11.6 Clinical Issues for Stem Cell-Based Product
Development

Ideally, nonclinical evidence on the proof-of-concept and safety of the SC-
based product is expected before administration to humans.

In practice, as discussed above, there may be cases where sufficient
nonclinical data cannot be obtained. In such cases the evidence should be
generated in clinical studies by including additional end points for efficacy
and safety, for instance to address the effect of an altered microenvironment
(e.g. by inflammation, ischemia).

Clinical studies should evaluate different aspects including proof-of-
concept, mode of action, dose finding, biodistribution, persistence, ectopic
presence of SC product, safety and long term efficacy.

The mode of action of a SC- based product may be directly dependent
on the stem cell population, on molecules secreted by the cells or on their
engraftment in the host tissue.

Studies to follow the cells during the clinical studies, i.e. to assess
biodistribution of SC product, may be important, depending on the SC
product risk profile and its mode/site of administration. Due to a number of
circulating SC higher than in physiological condition, abnormal distribution
may occur leading to ectopic engraftment in non-target tissues.

On the other hand, such studies may be very imposing on the patients and
in practice are hampered by the lack of suitable non invasive tracers.
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Developing and validating new non-invasive methods for biodistribution
studies in humans as well as markers or tracers for tracking cells in clinical
studies is a highly desirable activity for future development of the field.

A specific safety concern relates to the SC ability to form teratomas. If
a tumor is observed in a treated patient, then an investigation (e.g. genetic
analysis) on whether it is due to SC product or to endogenous causes should
be carried out.

From the clinical efficacy point of view, it is necessary to set up
appropriate structural and morphological endpoints. Those should enable to
study tissue regeneration, repair or replacement both at short term and at
long term. It should be considered that for SC-based products impairment
of efficacy is also a safety issue.

11.7 Conclusion

Stem cell therapy may represent great hope for many diseases and
degenerative conditions, but a thorough evaluation of quality as well as safety
and efficacy characteristics of the SC- based medicinal product is critical
during clinical development in order to obtain a safe and efficacious SC-
based ATMP. Developers of SC-based products are strongly encouraged to
engage in dialogue with the CAT/EMA as well as with national Competent
Authorities at an early stage of this process.

The cooperation between all the actors in the development process
is crucial to contribute in the continuous effort to protect the European
patients, while helping in developing safer and more efficacious SC- based
ATMP.
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