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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) and Aalborg
(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

X1
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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.
(© 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]*~ silica tetrahedral arranged in hexagonal rings with a sheet of
[AIO4(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 AlsO3- 4Si09-Hs0 + xH50 [35].

Studies of the composition of the natural montmorillonite (bentonite)
showed that in the sheet of tetrahedrons, Si** ion might be partially replaced
by AI3T ion, and in the sheet of octahedral, AI** ion might be replaced by
Mg?*, Fe?t, Zn?t, etc. ions, such as, by the replacement of Si*t and AI>*
ions with lower valence ions, resulted an excess of negative charges. To obtain
the electric neutrality between layers hydrated cations Na®, K+, Ca?*, 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 um (1000
nm). For an aspect ratio (length to thickness ratio of silicate layers) of about
1000, clays specific surface area is about 750 m?/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:

e layered silicate purification to a sufficiently high level requested by the
field of application;
e 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 O 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]:

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

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

e Hydrogen bonding at platelet faces;

o Intercalation of non-ionic drugs via ion-dipole interactions;

e 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 SiO9, 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
isinvolved 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

Modification of layered
silicate

ionic exchange
or
complexation
reaction

Wodifi

maleic copolymers, chitosan, TiO,, methylen
blue, quebracho, aliphatic amines, etc

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

Control Porous matrix of nanocomposite

10x 10x
After 24 hours from hatching

20X 20X
After 72 hours from hatching

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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Methylene blue membrane

Quebracho membrane

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

Collagen membrane Collagen/Clay/Gentamicine
Membrane

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:

o 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.

e 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.

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

e 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.

e 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 (Ce*t/CeT). In the present
experimental study, 10, 25, or 50 ug/mL CeOy 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 CeO,
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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 pM H3O9
for 30 min, CeOs-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 CeO9 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 (CeOs, 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].

CeOy, 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: Cett / Ce3t [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 Ce?*
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 Ce?t 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, Ce?t ions would be oxidized in Ce** 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 Lin"¢9/Sca-1P%
CPC (CPCs) response following CeO, nanoparticle treatment 3%, In particular,
the possibility that CeO5 could confer protection to cells against the oxidative
stress was investigated. For this purpose CPCs were grown in the presence of
various concentrations of CeO» (10 pg/mL, 25 ug/mL and 50 ug/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 2.2 Representative TEM micrograph showing CeO2 NPs inside the cytoplasm of a
CPC at 7 days from the administration of 50 ug/mL CeOz 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 pg/mL of CeO, 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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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 H20; 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.
(#= H203 treated cells vs. CeO2-H20. treated cells). The values are expressed as means +
SD of the fold change in DCF fluorescence intensity with respect to HoO2-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 CeOs-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 CeOy 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 CeOs 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,
H>03-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 pg/mL)
was protective in the short run (24 hours). In fact, ROS production decreased
by an initial 30% with 50 ug/mL NPs to approximately 50% and 75% at
3 and 7 d, respectively, with 25 and 10 ug/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, CeO- was still able to protect spinal cord cells from HyOs-induced
cytotoxicity, showing better survival than their untreated counterpart [12].
Thus, these results suggest that with a single nanoparticle administration,
CeO 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 explain