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Glossary

AD: alzheimer’s disease

ADSC: adipose derived stem cells

APA: alginate-poly-L-lysine-alginate microcapsules
BFGF: basic fibroblast growth factor

BHK: baby hamster kidney

BMP-2: bone morphogenetic protein 2

BMSC: bone marrow stromal cells/ bone marrow stem cells
BrdU: bromodeoxyuridine

CaCl2: calcium chloride

CaCO03: calcium carbonate

CaS04 : calcium sulfate

CNS: central nervous system

CPC: calcium phosphate cements

D1-MSC: D1 mesenchymal stem cells

DMEM: dulbecco’s modified eagle growth medium
DNA: deoxyribonucleic acid

DPBS: dulbecco’s phosphate-buffered saline

DS: degree of substitution

ECM: extracellular matrix

EDC: (1-ethyl-dimethylaminopropyl) carbodiimide
EDTA: ethylenediaminetetraacetic acid

EGF: epidermal growth factor

ELISA: enzyme-linked immunoabsorbent assay
EPO: erythropoietin

ESC: embryonic stem cells

FBS: faetal bovine serum

FGF2: fibroblast growth factor

FIX: factor IX

GLP-1: glucagon like peptide-1



HA: hialuronic acid

HCI: hydrochloric acid

HGF: hepatocyte growth factor

HOP: human osteoprogenitors

IGF-1: insulin-like growth factor-1

IKVAV: isoleucine-lysine -valine-alanine-valine
IL: interleukin

IPC: insulin-producing cells

mAb: monoclonal antibodies

MFI: mean fluorescent intensity

MMPs: matrix metalloproteainases

MSC: mesenchymal stem cells

NPCs: neural progenitor cell

NSC: neural stem cells

NTF: neurotrophic factors

PBS: phosphate-buffered saline

PDGF: platelet-derived growth factor
PEG: poly(ethylene glycol)

PLGA: poly(lactic-co-glycolic) acid

PLL: poly-L-lysine

PRP: platelet rich plasma

RGD: arginine-glycine-aspartate

SDF-1: stromal cell-derived factor

SPIO: superparamagnetic iron oxide
TCP: tricalcium phosphate

TGF-f: transforming growth factor-3
UPLVG: ultra pure low-viscosity high guluronic acid alginate
VEFG: vascular endothelial growth factor

YIGSR: tyrosine-isoleucine-glycine-serine-arginine



Index

1.Hypothesis 1
2.Introduction 7

Stem cellsinalginate bioscaffolds 11
3.0bjectives 49
4. Experimental design 53

Chapter 1: Evaluation of different RGD ligand densities in the development of

cell-baseddrugdeliverysystems 57

Chapter 2: The synergistic effects of the RGD density and the microenvironment
on the behavior of encapsulated cells. In vitro and in vivo direct comparative
study. 77

Chapter 3: Assessment of the behavior of MSCs immobilized in biomimetic

alginatemicrocapsules 99
5.Discussion 123
6.Conclusions 147

7.Bibliography 151







Hypothesis







Hypothesis

In the last decades, cell based biological systems are evolving rapidly achieving more
sophisticated devices for cell immobilization. Biomaterial strategies are gaining more
attention in the scientific community to obtain increasingly biological scaffolds leaving

behind the traditional inert platforms [1,2].

Among the wide range of possibilities that biomaterial science offers, the chance
of including bioactive molecules which provide attachment to immobilized cells is
particularly relevant. Indeed, some mammalian cells need adhesion moieties to survive
into 3D scaffolds and the incorporation of extracellular matrix (ECM) proteins on cell
matrices represents a suitable strategy to overcome this drawback [3,4]. Besides the long
natural components of ECM as fibronectin or collagen, other small molecules derived
from these proteins have also been employed for those purposes [5]. Probably (Arginine-
Glicine-Aspartate) RGD is one of the most frequently employed small proteins and
according to the existing literature, it is highly effective at promoting the attachment of

numerous cell types [6].

However, recent investigations have shed controversial results concerning the effect of
this adhesion moiety, opening an extended debate about its use [7-9]. While in vitro studies
have confirmed the effectiveness of RGD peptides in enhancing cell function through the
regulation of integrin-mediated signaling pathway, in vivo studies have been shown to
be more variable [10-12]. The background produced by the serum proteins adsorbed in
the matrix [13,14] or the synergistic effect mediated by the different physicochemical
cues coming from the surrounded microenvironment [15,16] are some factors that could

influence on this lack of consistency.

Cell microencapsulation technology is a well-known cell-based therapy which allows
the implantation of genetically modified non-autologous cells with the aim of achieving
a sustained secretion of therapeutic factors. These cells are normally immobilized
into polymeric matrices surrounded by a semipermeable membrane to avoid the host
immune response, as in the case of alginate-poly-I-lysine-alginate (APA) microcapsules
[17,18]. Preserving the viability of encapsulated cells is of crucial importance to achieve a
suitable drug delivery system, since the reduction of living cells may come along with the

decrease of therapeutic factor secretion.
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Assuming this, we hypothesized that the inclusion of the small tripeptide RGD derived
from longer proteins of ECM as bioactive molecule into alginate microcapsules might
improve encapsulated cell survival, increasing their long-term viability and thus,
maintaining our drug delivery devices functional for longer. Nevertheless, some variables
which could vary RGD effectiveness must be taken into account in the design of RGD-
modified scaffolds, including RGD density, one of the main parameters that should be
defined for each particular cell type [19,20]. We decided to evaluate the influence of the
same alginate matrices modified with low, intermediate or high RGD densities in different
cell types to observe if the optimal adhesion ligand density changes depending on this

factor.

Fibroblasts and myoblasts have been widely employed in cell-based therapies and
diverse works have investigated their behavior in RGD modified scaffolds, mainly focused
in regenerative medicine applications [21-23]. However, the effect of RGD-modified
alginate on these cells has not been thoroughly analyzed for drug delivery applications
and there we considered exploring further the effects of RGD density on cell functionality

within 3D microcapsules.

Nevertheless, over the years, cell biology also has suffered an evolution: the emergence
of stem cells with their impressive biological characteristics has been a turning point for
cell based therapies increasing our desire to use these promising cells for drug delivery
systems [24-26]. Thus, we decided to evaluate our RGD-modified scaffolds also with
therapeutic factor secreting D1 mesenchymal stem cells (MSCs) to analyze their behavior
in our matrices and to prove if they would be a suitable cell type for drug delivery devices.
The present doctoral thesis aims to provide new insights on the biomimetization of
alginate 3D matrices with RGD and how RGD density may impact cell functionality and
drug delivery.
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ABSTRACT

The immobilization of cells into polymeric scaffolds releasing therapeutic factors, such
as alginate microcapsules, has been widely employed as a drug-delivery system for
numerous diseases for many years. Alginate is the biomaterial of choice for the elaboration
of diverse biomimetic scaffolds due to its excellent properties. Additionally, during
recent decades, stem cells have gained the attention of the scientific community in the
field of cell microencapsulation technology and have opened many perspectives. These
cells represent an ideal tool for cell immobilization and so does alginate offering us the
opportunity of benefiting from both disciplines in a synergistic way. This review intends
to give an overview of the many possibilities and the current situation of immobilized
stem cells in alginate bioscaffolds, showing the diverse therapeutic applications they
can already be employed in; not only drug-delivery systems, but also tissue engineering

platforms.
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1. Background

In recent decades, the immobilization of
cells into polymeric bioscaffolds to release
therapeutic factors has been widely
employed like drug-delivery systems
in numerous diseases [1-4]. Since 1980,
when Lim and Sun encapsulated islets
of Langerhans as bioartificial endocrine
pancreas [5] the use of this type of cell-
entrapping system and, more precisely,
(APA)

microcapsules, were promoted, making

alginate-poly-L-lysine-alginate

this polymeric system an attractive new
therapeutic tool. The immobilization
of cells in alginate surrounded by a
semipermeable membrane allows the
bidirectional diffusion of nutrients,
oxygen, therapeutic products and waste
of enclosed cells while at the same
time prevents the entrance of immune
cells and antibodies, permitting a safe
transplantation of encapsulated cells
without the use of immunosuppressive
therapies. This type of alginate scaffold is
one of the most widely studied devices
for the immunoprotection of transplanted

therapeutic cells [6-10].

Based on the potential alginate offers
as a tunable biomaterial together with

the stem cells advantages, many types of
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alginate-based bioscaffolds are currently
being developed, not only for drug-
delivery purposes, but also to be used as
devices for applications in regenerative
medicine [11-13]. This review comprises
an overview of how the combined use
of alginate scaffolds and stem cells can
benefit from each other, as well as the
latest therapeutic approaches in which
these cell-based devices are being
employed (i.e, drug-delivery systems,
tissue engineering and regenerative

medicine).

2, Alginate as a polymeric matrix
for cell microencapsulation

Alginate is a negatively charged natural
polymer typically obtained from brown
seaweed and composed of (1-4)-linked
3-D-mannuronic acid (M units) and a-L-
guluronicacid (G units) [14]. Alginates with
high G content resultin more stable gels of
greater permeability than those with high
M content. On the other hand, M residues
are known to provide elasticity to the gel
so the mechanical properties of alginate
are influenced by the ratio of G and M
blocks [15,16]. Importantly, alginate can
be purified to a very high purity and did
not induce any significant foreign-body
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reaction when implanted into animals
[17]. The biocompatibility and low toxicity
of this biomaterial makes it an ideal choice
for cell encapsulation technology and it
has become the most studied material for

immobilization of living cells [18,19] .

However, beside previous mentioned
advantages, alginate is an inert polymer
and does not promote cell attachment
which may be a critical condition for high
cell viability and proliferation for some
cell types [20,21]. Thus, recently alginate
derivatives  containing  cell-adhesive
peptides have been gaining significant
attraction. The cell binding peptides
include native long chain extracellular
matrix (ECM) proteins [22]such as gelatin
[23], xyloglucan [24], collagen [25],
fibronectin [26]or fibrinogen [27], as well
as short peptide sequences derived from
intact ECM proteins that can incur specific
interactions with cell receptors. Various
substrates have been functionalized with
short peptide moieties such as Tyr-lle-
Gly-Ser-Arg (YIGSR) or lle-Lys-Val-Ala-
Val (IKVAV) [28]. However, probably the
most studied short peptide for alginate
funtionalization is the sequence Arg-
Gly-Asp (RGD), the signaling domain
derived from fibronectin and laminin.
have been

This peptide sequence
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extensively used as adhesion ligand to
promote cell attachment and to regulate
cellular interactions in alginate scaffolds
prolonging cell survival in these non-cell-

interactive matrices [29,30].

The versatility of alginate as a biopolymer
also offers other properties which may
have a great impact on the encapsulated
cells. Encapsulation of alginate is generally
carried out by dripping a suspension of
cells and sodium alginate into a solution of
CaCl,duetotheioniccrosslinking between
alginate and divalent cations. Although
calcium is the cation most commonly used
to induce alginate gel formation including
CaSO, or CaCO,, barium ions show higher
affinity towards alginate, increasing
the alginate’s mechanical stability [31].
However, long gelation times, which are
essential for the generation of uniformly
crosslinked barium-alginate spheres, are
not feasible considering the toxicity of
barium ions [32]. The structure of alginate
within microcapsules depends not only
on the type and concentrations of cations
but also on the process of ionic linkage

formation.

These parameters together with
alginate composition mentioned above
or its biofunctionalization by adhesion



motifs are of significant importance when
immobilizing cells [33]. FIGURE 1 collects
some microcapsule properties which
can be of outstanding importance in cell

microencapsulation systems.

3. Stem cells and alginate: the
influence of the polymer on stem
cell fate

In the last years, the use of stem cells
has produced a great impact in the field

of cell microencapsulation, providing
bulk nature: water content, chemical composition,
cross-linking density. stimuli responsiveness,
mechanical properties

size and shape

cell density, %
cell clusters

or single cell

co-culture

: h bk T
J'.’I't‘
= q.il}tf
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potential benefits that other cell

types cannot offer so far. For example,

the possibility of differentiation into
diverse cell lineages [34]. Moreover,
mesenchymal stem cells (MSC) are

being carefully studied and considered
due to the highly interesting features
they present. In addition to the low
immunogenicity [35], which turns out to
be a feature of outstanding importance
in the field of transplantation of organs,
tissues and/or cells, they are able to
secrete a variety of therapeutically
core properties (internal
microstructure,

hierarchical organization,
adhesion motifs)

degradability

surface properties
(protein adsorption/
adhesion to tissue,
protective shell,
h bioinstructive motifs,
™) topography)
s

N

removal of waste,
release of
biomolecules
diffusion of nutrients,
oxygen, biomolecules

permeability

Figure 1. A scheme outlining the properties of mlcrocapsules for cell encapsulation. Reprinted

with permission from [19]. © The Royal Society (2014).
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amenable cytokines and growth factors

spontaneously [36,37].

The use of stem cells combined to
adaptable biomaterials, such as alginate,
has opened many perspectives in the
field of cell microencapsulation. Apart
from their applicability as drug-delivery
systems [38], stem cell immobilization
in alginate biomatrices is also being
employed for tissue regeneration due
to many characteristics they show, for
example, differentiation to specific cell
lineages or integration in the implantation
site [39,40].

The biomaterial employed in the
development of a bioscaffold can change
the behavior of stem cells, either in terms
of viability, proliferation or differentiation
[34,41]. There are a variety of porous
scaffold polymers, such as alginate [42],
collagen [43], calcium phosphate [44]
or polyethylene glycol (PEG) [45,46], but
nowadays alginate is the biomaterial
of choice due to the fact that it shows
the most pliant characteristics for many

therapeutic applications [47-49].

Focusing on alginate biosystems, either
encapsulated or in hydrogels [42,50],
by varying different parameters during

the elaboration process, such as cell
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density, alginate types, divalent cation
concentrations, PLL concentration (when
preparing APA bioscaffolds) or even
diameter of the bead employed, stem cell
fate might be controlled [51-55]. Hence, it
can be said that the way 3D platforms are
developed will have an influence on cell

mechanobiology and fate [56].

Among other factors, the elasticity of the
niche where cells are entrapped has a great
influence on their behavior [57]. As shown
in FIGURE 2, the fate of a multipotent stem
cell may be determined by the flexibility of
the environment. Arrays of long pillars are,
therefore, effectively equivalent to a soft
substrate (perhaps as soft as fat), whereas
arrays of short pillars might be perceived
by cells as effectively stiff or rigid, like

bone. Cells possess tactile mechanism

=10 more fat cels

= P
/ | / |
@ I Mi — [l
Wl il
Alhessi /’ = Add scluble M
i"ﬁh‘c S‘ilkfs‘iﬂm Soft and thick lke fat mﬂ;

~2x mare bone cells
Rigid support \) P —_— _‘;:)

Stiff like bone

Figure 2. Adherent stem cells need to attach
to a solid substrate to survive, but whether
the cells attach to a substrate that is soft or
one that is stiff can influence differentiation.
Reprintedwithpermission,from[56]©Macmillan
Publishers Ltd (Nature Methods) (2010).



to allow them to feel differences and, in
some cases, the factor that can produce
the differentiation of stem cells is the
elasticity of their microenvironment

[58,59].

Another interesting modification
alginates offer which can influence the
behavior of stem cells is the previous
mentioned functionalization with ECM
proteins or their derivatives. In addition to
its influence on cell bioactivity, adhesion
moieties as RGD also promotes a higher
differentiation capacity of MSCs. Many
research groups are making great efforts
in this promising therapeutic field, which
is in demand by the scientific community
due to the lack of therapeutic alternatives
to treat tissue engineering problems

[60,61].

Focusing on tissue regeneration using
stem cells, the nature of growth-factor
delivery systems plays a significant role
in regulating stem cell behavior, because
stem cell differentiation into a specific
lineage involves a cascade of the multiple
events with which certain growth factors
or hormones are temporally and spatially
associated [62,63].

In addition to locating the cells into the

injury site, these scaffolds can provide, or
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be cultured with, different factors (e.g.,
growth factors, cytokines or inducer
factors) that control stem cell fate [64].
An interesting work recently reported
by Li et al. showed that they were able
to differentiate embryonic stem cells
(ESCs) into hepatocytes and neuronal
cell lineages by changing the alginate
concentration of microcapsules, and then
culturing them in the presence or absence
of retinoic acid (a soluble inducer of neural
cell lineages). Their studies corroborated
that the incorporation of retinoic acid
into the permeable microcapsule system
decreased cell aggregation, enhancing

neural-lineage differentiation [65].

4. Dual activity of encapsulated
stem cells: from tissue
regeneration to continuous
growth factor delivery

Regenerative medicine involves the
process of creating living, functional
tissues to repair or replace those lost
one and/or restore organ function due
to age, disease, damage or congenital
defects [66-68]. In certain regenerative
medicine applications, it is desirable
to use degradable scaffolds for fast
release of therapeutic products from the

entrapped cells in the injury site. Alginate,
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being a tailorable polymer which can be
modulated depending on the intended
[69,70]
possibility to modify its degradation rate.

application also offers the
Partial oxidation and bimodal molecular-
weight distribution are two strategies
that have been successfully combined to

regulate alginate gel degradation [71].

Using cell microencapsulation as a
biotechnological approach, cells may be
conducted to a specific organ to become
integrated in the new microenvironment

[72,73]. As previously mentioned, the type

of scaffold plays a key role in the fate of
stem cells, but in addition, depending
on the type of stem cell selected, such
as MSCs [73], ESCs [74], NSCs [75] and/or
adipose-derived stem cells (ADSC) [76],
the final outcome will also be different
(FIGURE 3).

In addition to drug-delivery applications,
the use of stem cells in tissue regeneration
is a promising therapeutic tool in many
fields such as cartilage [77], bone [78],
myocardial [79], renal [80] or neuronal

repair [81], among others, and depending

Figure 3. Combination of alginate scaffolds and stem cells. A new therapeutic tool not only for drug

delivery, but also regenerative medicine and tissue engineering. The influence of alginate over stem

cell fate.
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on the injury site, different types of stem
cells are used. As previously mentioned,
due to their potential benefits and
interesting characteristics, one of the most
frequently employed stem cells in tissue
engineering and regenerative medicine
are MSCs.

It has been reported that MSCs can
secrete many growth factors, including
VEGF [82], HGF [83], IGF-1 [84], SDF-1 [85],
BFGF [86], matrix metalloproteainases
(MMPs) [87], TGF-B [88] and PDGF [89].
These growth factors and cytokines
stimulate endogenous repair mechanisms
[90]. For example, various growth factors
have been found to be of outstanding
importance when infarct occurs, such as
VEGF, PDGF or FGF2, all of them being key
molecules in blood vessel formation [91].
Moreover, depending on the application,
these cells also can be genetically
modified for the secretion of diverse
growth factors [92] or other therapeutic
products [93,94]. In a recently published
work, bone marrow stromal cells (BMSCs)
were genetically modified to secrete
BMP-2 or VEGF followed by alginate
encapsulation to induce osteogenic
differentiation of autologous nonmodified
BMSCs cells. Encapsulated and genetically

modified BMSCs were able to secrete a
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sufficient amount of BMP-2 and VEGF
to induce osteogenic differentiation of
noonmodified BMSCs. These cells were
seeded onto tricalcium phosphate (TCP)
scaffolds for in vivo implantation to repair
orbital wall bone defects in a canine
model achieving the bone repair of the
orbital wall defect [92].

Another interesting strategy is the
possibility to combining the benefits stem
cells offer with the advantages of the
scaffold in which they are entrapped. Yu
et al. for example observed an increase in
FGF2 expression of human MSCs (hMSCs)
encapsulated in RGD-modified alginate

compared with nonmodified alginate [95].

The delivery of above mentioned
growth factors can induce stem cell
differentiation and, thus, create the desired
microenvironment for the regeneration
of tissues [96]. In a recent work Razavi
et al. combined those characteristics
to promote neurogenic differentiation
of stem cells. In their study, adipose
derived stem cells (ADSCs) induced to
secrete neurotrophic factors (NTF) were
encapsulated in alginate microbeads
to coculture with non-induced ADSCs
evaluating their differentiation potential.

They could prove thatinduced ADSCs were

21



Biofunctionalization of alginate microcapsules: advances in cell-based drug delivery systems

able to secrete a range of neurotrophic
factors whose levels in culture could
promote neuronal differentiation of
ADSCs [97]. Kerby et al. carried out another
interesting work co-encapsulating
isltes with MSCs. In their in vivo study
syngenic mouse islets alone or co-
encapsulated with MSC were transplanted
intraperitoneally into diabetic mice. The
results showed that capsules recovered at
6 weeks had greater glucose-stimulated
insulin secretion and insulin content in
the islet co-encapsulated group. This
positive effect was attributed to the
immunosuppressive effect mediated by
cytokine or metalloproteinase secretion

from MSCs [98].

One final therapeutic strategy that the
authors would like to mention related
to promoting stem cell differentiation, is
the use of combined systems composed
of encapsulated cells and drug-loaded
micro/nano particles [99]. One example
is the use of poly (lactic-co-glycolic acid)
(PLGA) microparticles containing BMP-
2, an osteogenic differentiation growth
factor, and dexamethasone (Dex) for bone
tissue engineering inside the alginate
domain [100]. The release of these two
products has been found to promote

osteogenic differentiation of MSCs.
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The combination of stem cells
releasing diverse growth factors and
alginate scaffolds that promote their
differentiation in a specific cellular lineage
to finally become integrated in the injury
site represents a potential strategy in

regenerative medicine [101].

5. Applications of encapsulated
therapeutic stem cells

5.1.Type 1 diabetes

At present, pancreas transplantation
is one of the most frequently employed
therapies of all cell-based treatments to
achieve insulin levels controling plasma
glucose. The disadvantages related to this
therapy, such as the immunosuppression
treatments required, the limited and
irregular supply of cadaveric donors
[102,103] and the increased mortality
[104], have promoted the development
of alternative therapeutic approaches
for this purpose. Recent studies have
demonstrated that stem cells, such as ESCs
[105], induced pluripotent stem cells [106]
or MSCs [107], can differentiate into cells
able to secrete insulin and can, therefore,
be considered potentially useful for the

treatment of Type 1 diabetes.



An interesting approach was recently
proposed by Ngoc et al. [108]. They
differentiated MSCs derived from mouse
bone marrow and human umbilical
cord blood into
cells  (IPCs)

in alginate matrices. To evaluate the

insulin-producing

and encapsulated them

capability of these cells, encapsulated
and nonencapsulated IPCs differentiated
from mMSCs and hMSCs were compared
in diabetic mice after intraperitoneal
Their

confirming the differentiation potential of

injection. results, aside from
MSCs, showed higher treatment efficacy
when cells were encapsulated by means
of body weight, blood glucose levels and

white blood cell count.

In another similar study, Wang et al.
(mESCs)

capsules and they

encapsulated mouse ESCs
within  alginate
incubated these alginate beads with the
appropriate medium in order to promote
differentiation of encapsulated ESC into
IPCs. They observed that differentiated
ESCs could release insulin upon glucose
challenging in vitro in a 3D alginate
system [109]. In another study carried out
by Tuch et al, hESC were encapsulated
in alginate and cultured to produce
pancreatic progenitors with four sets

of medium containing different growth
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factors and inhibitors, over 12 days.
They transplanted these devices into
immunodeficient diabetic NOD/SCID mice
to achieve mature IPCs (B cells). The results
demonstrated that encapsulated human
islets transplanted into diabetic mice
readily normalized blood glucose levels
and also maintained euglycemia for up to
3 months [110].

Another evaluated

the possibility of encapsulating hESCs

research group

at different stages of differentiation.
They could observe that encapsulation
hESCs

induction

of undifferentiated followed

by differentiation upon
encapsulation resulted in the highest
viability and differentiation compared
to predifferentiated cells. Surprisingly
alginate encapsulation resulted in a
much stronger differentiation compared
to parallel two-dimensional cultures,
demonstrating thatalginateencapsulation
of hESCs and differentiation to islet-cell
types provides a potentially translatable

treatment option for type 1 diabetes [111].

5.2. Cancer and Hemophilia

Oncogenesis involves an accumulation
of somatic mutations that alter the cell’s

genotype and phenotype, leading to a

23



Biofunctionalization of alginate microcapsules: advances in cell-based drug delivery systems

breakdown of mechanisms controlling
normal cell growth and differentiation
[112].

Many research groups are investigating
the possibilities that cell encapsulation
offers in this area, based on the potential
benefits and advantages that stem cells
offer. In the particular case of MSCs for
example, it has been observed that they
may exhibit potent anti-tumor effects,
which may even be enhanced through
genetic modifications. Thus, we can
introduce and overexpress exogenous
target genes for expression/secretion of
a desired therapeutic factor for targeted
types
(FIGURE 4) [113]. The encapsulation of

this type of cells permits an increase of

treatment of different cancer

retention time in the resection cavity,
robust tumor-selective migration and a
good secretion of anti-tumor proteins
[113,114].

The glioblastoma tumor model depends
on angiogenesis to grow. These traits
make such tumors highly susceptible
to inhibition by antiangiogenic agents
[115]. Kleinschmidt et al. investigated
the cerebral cotransplantation  of
syngeneic glioma cells and encapsulated

hMSCs in immunocompetent rats with
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cerebral glioma. In this case, empty
alginate capsules, capsules containing
hMSCs,  and

containing genetically engineered hMSC

unmodified capsules
to produce the antiangiogenic peptide
endostatin were compared [116]. Results
demonstrated a significant reduction of
tumor growth after coencapsulation of
glioma cells with encapsulated hMSC

regardless of the endostatin released.

In an interesting approach carried out by
Goren et al.,, MSCs were transduced before
encapsulation to express hemopexin-like
protein (PEX), a 210-amino acid fragment
of human MMP-2. PEX is known for
its  antimitoticc  anti-invasive  and

anti-angiogenic  properties in  vitro

and in vivo, inhibiting endothelial
cell proliferation  and migration
and, thus, resulting in anti-tumor
properties. They demonstrated

that MSCs can be encapsulated in
alginate-poly-L-lysine, maintaining

their proliferation in the capsule, long-

lasting stability and differentiation
potentia. One of the advantages
of encapsulating engineered

hMSCs to secrete tumor inhibitors is the
long-term expression of those inhibitors,
avoiding repeated administrations and

overcoming problems, such as their
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Figure 4. Transgene strategies potentiating MSC for tumor therapy. Tailored to the specific molecular

profiles associated with individual tumor types, stem cells can be designed with a variety of different

anti-tumor effects. Reproduced with permission, from [113] © Elsevier (2011).

short half-life and instability. In their
in vivo study, they observed that the
injection of hMSC-PEX microcapsules
adjacent to the glioma cells of mice,
resulted in a suppression in tumor
growth, showing a significant decrease

in tumor volume and weight [117].

Hemophilia is a genetic disorder
related with blood and characterized
by the deficiency of plasma proteins
required for regular blood clotting.
Microencapsulation of cells able to secrete

deficient coagulation factors may be a

potential strategy to treat this bleeding
disorder [94]. Sayyar et al. have focused
their effort to evaluate the use of alginate
based microcapsules to immobilize
genetically modified cells able to secrete

factor IX (FIX). In a first attempt, they

encapsulated  FIX-engineered = MSCs
in fibrinogen-supplemented  alginate
microcapsules achieving positive

results since they found that modified
microcapsules significantly increased the
viability and proliferation of cells while
at the same time enhanced the secretion

of FIX compared to non-suplemmented
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microcapsules [27]. Following this work,
this group also observed the behavior
of cord blood derived MSCs in alginate
microcapsules modified with RGD or
fibronectin. In the first case, the results
showed a higher viability in RGD-modified
matrices, but a lower level of proliferation
and  FIX

fibronectin supplemented alginate [118].

secretion compared to
Additionally, they evaluated the effect of
different concentrations of that protein
of ECM on the MSCs behavior. They could
observe that while low concentration of
fibronectin did not significantly affect the
viability and protein secretion from the
encapsulated cells, higher concentrations
improved cell viability, proliferation and
FIX secretion [119].

5.3. Cartilage repair

In recent decades, research studies
involving cartilage repair in patients of
different ages have increased. Specific
characteristics of this connective tissue,
such as the limited vascular properties
and poor capability of regeneration,
have impulsed the study of alternative
therapies, such as therapeutic approaches

based on stem cell immobilization [120].

In addition to the most employed
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strategies in the field, such as autologous
chondrocyte implantation [121], MSCs are
also being considered for cartilage repair
since MSCs offer several advantages over
chondrocytes. Autologous chondrocytes
may present some limitations, such as the
reduction of chondrogenesis capability
with increasing age and the reduced
ability to maintain their characteristics
[122].

Moreover, the isolation of this type of cells

with  cummulative  passages
requires a biopsy of articular cartilage and
this can produce additional damage to the
joint surface [123]. MSCs have emerged
as an attractive alternative for these
treatments, not only because of their self-
renewal capability and differentiation
potential towards chondrogenic lineages,
but also because they do not demonstrate
the unpleasant disadvantages related to
obtention of the cells, as in autologous

chodrocyte implantation strategies [124].

An interesting work was focused on
define the appropriate cell source to
generate a functional and stable matrix.
The behavior of human chondrocytes from
ear, nose and articular joint as well as bone
marrow derived and adipose derived MSCs
was evaluated. After culture-expansion
and encapsulation in alginate matrices,

scaffolds were implanted subcutaneously.



They found that cells from articular joint
had the highest chondrogenic capacity
in vitro while chondrocytes from ear and

nose were more potent in vivo [125].

In the presence of
MSCs

chondrogenesis with

appropriate
growth factors, also undergo

consecutive
deposits of specific cartilage matrix [126].
One of the growth factors that induce
TGF-B  [127,128].

stimulation of chondrocyte

chondrogenesis s
Besides
proliferation, experimental studies have
shown the influence of this factor in
cartilage hypertrophy prevention [129].
However, there are some difficulties when
it comes to implanting scaffolds delivering
factors such as TGF- in vivo due to
scaffold diffusion, foreign-body response
and proteolytic activity [130]. There lies
the interest in creating a biocompatible
scaffold with sustained local delivery of
TGF-B to implement MSCs directly into
cartilage defect sites [131].

Several works have been conducted
to prove MSC differentiation capability
into cartilage. For example, an in vivo
study compared allogenic chondrogenic
pre-differentiated MSCs (CMSC) and
undifferentiated MSCs for the repair of full
thickness articular cartilage defects. In this
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work, Dashtdar et al. created bilateral full
thickness cartilage defects on the media
femoral condyles of rabbits. They treated
defects of the right knee, using the other
knee as a control, and worked with two
groups of rabbits. One group received
alginate-encapsulated MSCs, while the
second group
CMSCs [132]. To achieve predifferentiation
of MSCs, TGF-$3 and BFGF were used.

Results demonstrated a production of

received encapsulated

good quality cartilage in the treated
knees without any significant differences
between MSCs and CMSCs. Other studies
have also reported that alginate capsules
can induce chondrogenesis of MSCs
without the need of stimulating factors
[133]. In a recent work carried out by
Valiani et al., the differentiation potential
of chondrocytes from ADSCs in alginate/
carbon nano-tubes scaffolds with and
without TGF-B1

expected,

was investigated. As

results showed a higher

expression  of  chondrogenic-related
genes, collagen type Il and SOX 9 in the
group cultured with medium enriched

with TGF-B1[134].

5.4. Bone tissue regeneration

There are diverse injuries, such as

congenital malformations,  trauma,

27



Biofunctionalization of alginate microcapsules: advances in cell-based drug delivery systems

skeletal diseases and tumor resections,
which require new bone formation. The
need for suitable and efficient bone repair
is increasing, and this is encouraging

tissue engineering advances.

Although many biomaterials have
been used in bone formation [135], one
of the most recurrent is alginate, due to
its intrinsic tunable properties offering
many possibilities [20]. It is well known
that the natural degradation of alginate,
without any modification, is slow and
uncontrollable. However, in some cases
the objective of the study is the integration
of the cells in the damaged tissue. In those
cases, the degradation of alginate may
be desirable and partial oxidation is one
of the most employed method for this

purpose [136].

Grellier et al. immobilized human
osteoprogenitors (HOP) from bone marrow
MSCs with or without human umbilical
vein endothelial cells inside irradiated,
oxidized and/or RGD-grafted alginate
microspheres. The aim of this study was
to prove the influence of endothelial cells
in the osteogenic potential of HOPs in
bone regeneration. They saw a significant
increase of mineralization when HOPs

were co-immobilized together with
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human umbilical vein endothelial cells,
and alginate was modified with RGD [60].
With these results they demonstrated the
benefits RGD-modified alginates offer, not
only in terms of cell behavior, but also to

promote differentiation of cells.

Other
modified-alginate

groups employed also RGD

scaffolds for bone
formation. In an interesting study, Bhat
et al. presented microbeads coated with
extracellular matrix (ECM) secreted from
MSCs suspended in aginate hydrogels.
Human MSCs entrapped in alginate
hydrogels containing these cell-interactive
beads exhibited higher osteogenic gene
expression compared to RGD-modified
hydrogels. Bone formation at 6 weeks was
similar in both cases, demonstrating that
engineered ECM can also be employed to

direct formation of bone tissue [137].

Another interesting strategy for bone
regeneration is the employment of
(CPQ),

which contains oxidized alginate-fibrin

calcium  phosphate  cement

microbeads. These novel degradable
microbeads permit the release of human
umbilical cord MSCs (hUCMSCQ) into the
CPC scaffolds, while the macropores of the
cement permits the maintenance of good
viability levels. It could be stated that the



degradation rate in oxidized alginate-
fibrin is higher than alginate microbeads
without modifications or even than

oxidized alginate microbeads [138].

Zhao et al. have also developed a similar
type of scaffold by modifying CPCs. In this
case, injectable and mechanically resistant
cell constructs with CPC-paste-containing
alginate hydrogels were developed with
the aim of protecting hUCMSC during the
mixing and injection procedures, to avoid
any stress the CPC paste may provoke on
the cells. Moreover, to improve mechanical
properties of CPCs, they used chitosan and
absorbable suture fibers and proved that
the incorporation of these two products
resulted in stronger and tougher scaffolds,
without compromising the injectability
of the solutions. But most importantly,
they demonstrated that the viability of
hUCMSCs was not affected and they could
be differentiated into the osteogenic
lineage after their genetic modification to
produce alcalin phosphatase, osteocalcin
and collagen |, and express osterix (FIGURE
5) [139].

In a similar approach, Zhou et al.
compared alginate, oxidized alginate
and oxidized alginate-fibrin microbeads

encapsulating hUCMSCs. They found
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Figure 5. (A) hUCMSCs in microbeads (without
CPC, without injection). (B) hUCMSCs in
microbeads after mixing with CPC-chitosan-
fiber paste and after injection. Live cells (green)
were numerous. (C) Dead cells (red) were very
few. (D) Percentage of live cells (mean =+ sd; n
= 5). (E) Live cell density. The CPC mixing and
injection process did not significantly harm
the encapsulated hUCMSCs. Reprinted with
permission from Ref. [139] © Elsevier (2010).

quick degradation of the scaffold and
release of the cells from alginate-fibrin
microbeads; the released cells also showed
excellent proliferation and osteogenic
differentiation in addition to synthesizing
bone minerals [140]. They proved the great
potential of fast-degradable alginate-
fibrin microbeads in the release of cells

into the injury site.
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Huang et al. aimed at evaluating the

beneficial characteristic that platelet
rich plasma (PRP) offers due to the fact
that this plasma has several growth
factors, such as PDGF, TGF B, BFGF, IGF,
VEGF and EGF, which induce osteogenic
differentiation of skeletal muscle satellite
cells. The aim of the study was to evaluate
ectopic bone formation after implantation
in the subcutaneous pockets of nude mice
of an alginate hydrogel containing muscle
satellite cells only or cells in combination
with PRP. Their study demonstrated the
use of PRP-enhanced induction into the

osteoblastic phenotype [141].

5.5. Heart diseases

Heart diseases are major causes of

morbidity and mortality linked to
extensive loss of cardiac cells. Due to the
lack of donor organs for transplantation,
cardiac cell replacement therapy has
emerged as an appealing alternative to

achieve functional cardiomyocytes [142].

When infarction occurs

there is a damage of the infarcted area,

myocardial

and cell therapy is used to repair the
injured myocardium [143], but if these
cells are injected in the injury site, a large

proportion can be lost within the first
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minutes post-injection due to beating of
the heart [144,145].

To address this problem, Al Kindi et al.
proposed the encapsulation of MSCs in
alginate microcapsules to increase the
initial retention of the injected cells [146].
Animal studies and clinical trials showed
that MSCs could potentially improve
ventricular function following ischemic
injury using this retention strategy by
means of microencapsulating the cells,
rather than just administering the naked
cells [147]. Additionally, MSCs have
also been found to present protective
paracrine effects on cardiomyocytes [148],
and their ability to induce myocardial
regeneration and improve cardiac
function has also been demonstrated
[149]. Following this approach another
group developed a cell encapsulation
system which consisted on porcine
adipose tissue-derived stem cells (ADSCs)
encapsulated in
labeled with

APA  microcapsules
superparamagnetic iron
oxide (SPIO) to follow cells in vivo. After
the implantation of non-encapsulated and
encapsulated ADSCs in a porcine model
of myocardial infarction they proved
that cell retention was enhanced after
enclosing ADSCs within labeled capsules.

However, in vivo results also showed



no statistically significant differences in
heart rate and cardiac output between
treatment groups. In another similar work
hMSCs were encapsulated in alginate with
the aim of improving cell retention. The
intrapericardial delivery of microcapsules
were performed safely leading to
high cell retention and survival in an

immunocompetent swine model [150].

Taking into account the cardioprotective
effects of glucagon-like peptide-1 (GLP-
1), a research group immortalized and
engineered hMSCs to produce a GLP-1
fusion protein to encapsulate in alginate
beads. A pig myocardial injury model
was used to prove that encapsulated
genetically modified MSCs provided a
prolonged supply of GLP-1 and paracrine
which

left ventricular function and reduced

stem cell factors, improved

epicardial infarct size. In this case,
combined benefits of paracrine stem cell
factors and GLP-1 were superior to those

of stem cells alone [151].

In an attempt to study the effect
of scaffold biomaterials on stem cell
fate in the field of cardiac repair, Yu
et al. encapsulated hMSCs in alginate
microspheres modified with RGD, and

investigated the effect of this type of
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scaffold on cell survival, maintenance of
left ventricle geometry and preservation
of left ventricle function in a rat model
of acute myocardial infarction. Results
showed beneficial effects in stem cell
behavior (e.g., migration, proliferation,
differentiation and  modulation  of
cytokines and FGF-2 signaling, one of
the major signaling molecules in blood-
vessel formation), due to the dynamics
of cell-ECM

demonstrated the effectiveness of RGD-

interactions, but mainly
modified alginate microspheres for the
delivery of stem cells to myocardium and
myocardial repair, reducing the infracted
area and enhancing arteriole formation
[95].

Jing et al. explored the cardiogenic
mESCs  and  hESCs

encapsulated in alginate poly-L-lysine

potential  of

capsules with a liquid core to enable the
production of cardiac cells derived from
stem cells. They showed, for the first time,
that encapsulated hESCs and mESCs could
be coaxed to cardiac cells when cultured
in dishes or stirred-suspension vessels
[152].

5.6. Central Nervous System (CNS)

The use of strategies based on neural
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tissue implantation may contribute
to improvements in diseases such as
Parkinson’s, Alzheimer’s disease (AD),
Huntington’s disease and/or spinal cord
injury [153-155]. NSCs are considered
very attractive for regenerative purposes
because of their ability to self-renew
and differentiate into the three major
neural lineages (neurons, astrocytes and
oligodendrocytes) [156,157]. Moreover,
many studies suggest that NSCs have the
potential to promote neuroprotection
and axonal regeneration of the host tissue

[158].

Alginate has been widely employed in
the encapsulation of NSCs, not only for
the optimal compatibility it shows with
central nervous system tissues [159],
but also because it allows proliferation,
differentiation and integration of newly-
formed NSCs as it gradually degrades.
Ashton et al, encapsulated alginate
lyase into PLGA to degrade alginate
enzymatically in a controlled and
modifiable fashion; observing a significant
increase in the expansion rate of neuronal
(NPCs)

alginate that degraded enzymatically,

progenitor cells cultured in

in comparison with NPCs cultured in

standard alginate hydrogels. They also

demonstrated that PLGA microspheres
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did not influence NPC proliferation [160].

However, not only NSCs have been
encapsulated in alginate matrices to
treat central nervious system diseases.
Some works present approaches to drive
differentiation of ESCs toward neuronal
lineages using cell encapsulation in
alginate [161]. Bozza et al. encapsulated
mouse ESCs in alginate beads with or
without modification by fibronectin or
hialuronic acid (HA). Moreover they also
tried to evaluate the influence of the
alginate bead stiffness employing different
alginate concentrations although all their
experimental conditions presented elastic
moduli in the range of those found in
brain. Their results demonstrated that cell
behavior is influenced both by chemical
and mechanical properties achieving the
most efficient and homogeneous neural
differentiation using the lower alginate
concentration and modifiying alginate
with HA [59]. Banerjee et al. also carried
out another interesting work focused
on the elasticity of alginate to know the
influence of alginate elastic modulus on
the proliferation and differentiation of
encapsulated neural stem cells (NSC).
They were able to observe the greatest
enhancement in expression of the neural

marker B-tubulin Il within hydrogels



having an elastic modulus comparable to
that of brain tissues [58].

To treat brain injuries, Heile et al.
proposed an interesting strategy where
MSCs
Glucagon-like peptide-1 (GLP-1), because

were transfected to secrete
stimulation of GLP-1 receptors has been
found to be associated with neurotrophic
activity. Using a controlled cortical impact
rat model, they compared hippocampal
neuronal cell loss, and neuronal and
glial skeletal abnormalities, observing a
significant reduction of damage in the
cell-treated groups, which was more
pronounced in the GLP-1 secreting MSC

treated group [162].

Klinge et al employed a similar
approach, using the same cell line to
study the effects of encapsulated native
and GLP-1 transfected MSC in AD. In a
double transgenic mouse model of AD,
the effects of encapsulated hMSCs with
and without GLP-1 delivery on amyloid-f3
deposition, microglial and glial tissues
were investigated after intraventricular
implantation of the cell-based devices.
They observed a decrease in amyloid-f3
depositions and suppression of glial and
microglial response with both types of

encapsulated cells (GLP-1 transfected or

Introduction

not) [163].

Based on the successful results
obtained in these studies, Heile et al.
continued with clinical trials using an
intracerebral hemorrhage disease model.
They

allogenic hMSCs into the brain tissue

transplanted microencapsulated

cavity after neurosurgical evacuation of

the hematoma as shown in FIGURE 6.

Results revealed that up to 30% of
the transplanted MSCs survived the
2-week-implantation period and were
still secretorily active after explantation.
Although the preliminary results suggest
that the cell capsules may even decrease
cerebral edema, additional preclinical
studies are required to determine the
biosecurity of the transplantation of cell

capsules [164].

5.7. Other organs

At present, liver transplantation is the
only effective treatment for terminal liver
failure, but it is associated with numerous
problems, suchasachronicdonorshortage
and high costs. However, nowadays
there are several groups making great
efforts to overcome this issue working on
strategies based on tissue engineering

and regenerative medicine [165-1671].
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Figure 6. Encapsulated mesenchymal cell biodelivery of GLP-1. (A) Human bone marrow-
derived, mesenchymal stem cells producing GLP-1 are encapsulated with alginate. (B) The
microcapsules are filled into a 1.5 x 1.5-cm bag that is manually sutured from a polypropylene. (C)

The mesh bag is implanted into the hematoma cavity. Reprinted with permission from Dialogues
Clin.Neurosci.13, 279-286 (2011) © Les laboratories Servier, Neully-sur-Seine, France [164].

Several research groups have outlined
techniques to differentiate stem cells into
hepatocytes [168,169]. Maguire et al. have
proposed the use of APA microcapsules
to differentiate mESC into hepatocytes
without the formation of embryoid bodies.
Their results demonstrate that the alginate
microenvironment maintains cell viability,
is conductive to ESC differentiation,
the differentiated
cellular function [170]. The hepatocytes

and maintains
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co-encpasulation with bone marrow
stem cells (BMSC) has been the strategy
of choice to other reseasrch groups. The
in vivo studies demonstrated that co-
encapsulation of hepatocytes and BMSCs
prolongs the viability of hepatocytes and
enhances the ability to correct congenital
hyperbilirubinemia in rats [171].

In another study regarding renal

diseases, Trouche et al. implanted MSCs



in APA microcapsules under the renal
capsule in a rat model of renal ischemia-
perfusion, showing the possibility of
grafting microspheres in this particular
implantation site with no degradation
of the devices and/or impact on renal
function but, most importantly, the
paracrine activity of MSCs was confirmed,

by means of recovery of the kidneys [172].

6. Conclusion and future
perspective
Since researchers began using cell

encapsulation based on alginate-like
drug-delivery system platforms, this
technique has developed significantly.
Most interestingly, achievements in this
field have expanded from drug delivery,
to tissue engineering and regenerative
medicine applications. The use of stem
cells in combination with alginate-based
bioscaffolds in cell microencapsulation
technology has made this expansion a

reality, opening new perspectives.

In this review we have tried to highlight
the potential benefits of combining
alginate scaffolds and stem cells due to the
effect this biomaterial may have on stem
cell fate, providing up-to-date information

regarding therapeutic applications in the

Introduction

fields of drug delivery, but mainly in tissue
engineering and regenerative medicine.
Although many works mentioned above
still employed non-antilogous stem cells,
the impressive biological characteristics
of this cell type offer a promising future
for cell-based therapies. Besides, the
increasingly ~ comfortable  resources
to obtain stem cells from patients are
opening new possibilities in the field
allowing the implantation of autologous
cells. On the other hand, the modifications
of alginate matrices focused on achieving
specific goals provide a powerful tool
to the research community. Stem cell
biology and biomaterial science together
are called to be a source of significant
advances in the modern society, opening

a new era for cell based therapies.
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Objectives

Cell microencapsulation is a promising therapeutic strategy which involves the
immobilization of cells into a polymeric matrix usually surrounded by a semipermeable
membrane. To date, a wide variety of cells have been encapsulated in alginate
microcapsules with the aim of achieving a sustained delivery of numerous therapeutic

factors.

One of the main limitations of this therapy is the maintenance of high cell viability, as
cell apoptosis and necrosis within the capsules impairs the delivery of therapeutic factors.
The modification of polymers with extracellular matrix (ECM) proteins or its derivatives is
one of exciting strategy to address this issue. The short-sequence peptide derived from
fibronectin arginine-glycine-aspartate (RGD) has been widely employed to promote and
regulate cellular interactions, providing the encapsulated cells with a microenvironment
that more closely mimics their natural conditions. However, some discrepancies regarding
the therapeutic benefits of RGD collected in recent works have led to questioning its

effect, increasing the need to assess this adhesion ligand exhaustively.

Thus, the specific goals of this work are the following:

- To design alginate microcapsules elaborated with different RGD densities to assess the
behavior of immobilized cells in terms of viability, proliferation and therapeutic factor

secretion.

-To evaluate the influence of different RGD densities on the behavior of diverse cell types
in order to determine the optimal adhesion ligand density that provides the highest cell

activity for each cell type.

- To compare the effects of different RGD densities in vitro with the results obtained in

vivo.
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ABSTRACT

Background: The inclusion of the tripeptide Arg-Gly-Asp (RGD) in otherwise inert
biomaterials employed for cell encapsulation has been observed to be an effective
strategy to provide the immobilized cells with a more suitable microenvironment.
Purpose: The objective of the present study was to determine the impact of different
RGD densities on the behavior of baby hamster kidney (BHK) fibroblasts able to secrete
vascular endothelial growth factor (VEGF) encapsulated in alginate microcapsules.
Methods: Alginate was modified by varying the concentration of RGD peptides in the
coupling reaction. After obtaining four different types of alginate, cells were encapsulated
in alginate-poly-I-lysine-alginate (APA) microcapsules.

Results and discussion: The results obtained after viability, cell proliferation and VEGF
secretion assays showed that the inclusion of RGD in alginate enhances the functionality
ofimmobilized cells, obtaining the highest values with the high-intermediate RGD density.
Conclusion: These results put in evidence that alginate modification influences the
behavior ofimmobilized cells but even more that the employed density of the tripeptide is
of crucial importance, obtaining in some cases even excessive activity of the encapsulated

cells.

Keywords
RGD density, microcapsule, alginate, BHK fibroblasts






1. Introduction

In the last decades, encapsulation
of genetically modified cells has been
employed as a promising therapy for
“de novo” delivery of diverse therapeutic
factors to treat many diseases or disorders
[1-4]. Thus, a broad range of cell lines
has been enclosed within polymeric
matrices surrounded by a semipermeable
membrane designed to immune-protect
the cell content from both mechanical
stress and host’s cellularimmune rejection,
allowing a safe transplantation [5-9].
Although the effectiveness of this therapy
depends on many factors, the key to its
success is to preserve a good cell viability
in order to achieve the last goal of this
technology, a controlled and sustained
delivery of the therapeutic agent. For that
reason, increasingly sophisticated three-
dimensional (3D) scaffolds are designed
natural

mimicking the physiological

environment of immobilized cells,
enhancing their survival and well-being

within the matrices [10-13].

Alginate is a natural biomaterial widely
used in cell encapsulation due to its
several favorable properties, but it does
not provide sufficient cues for cell-matrix

interactions, being an inert polymer

Experimental design: Chapter 1

[14,15]. One way to prolong cell survival
in these non-cell-interactive matrices
is to modify them with the amino acid
sequence Arginine-Glicine-Aspartate
(RGD), a short adhesion peptide found in
fibronectin and other natural components
of the ECM. The use of this tripeptide
offers some advantages over the use of
the whole protein; for example, simplicity,
cost effectiveness, easy manipulation
for functionalization and low immune
response [16,17]. For these reasons, RGD
has generated attention as a potential
means to provide inert polymers with
biological cues and thus extending the
long term viability of the immobilized

cells.

Although there is a significant biological
foundation to support the activity of RGD
moiety and an exhaustive literature has
established that it is highly effective at
promoting the attachment of numerous
cell types in diverse biomaterials [18-
22], some inconsistencies collected in
recent works, especially in vivo, have led
to questioning its actual effectiveness.
Indeed, the variability that offers this
adhesion ligand might become a
disadvantage in certain cases, which
has generated some discrepancies in

the scientific community to date [23-
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27]. Among others, the use of different
RGD ligand types, the differences in
RGD presentation patterns or the effect
of the microenvironment enhancing/
decreasing its activity are variables that
must be taken into account when using
RGD [28-32]. In this regard, the influence
of adhesion ligand density is one of the
main parameters that must be defined
for each particular cell and application,
being pivotal to obtain the optimum
functionality of immobilized cells
[26,33,34].

In the present study, vascular endothelial
growth factor (VEGF) secreting baby
hamster kidney (BHK) fibroblasts were
chosen as a cell model. With the aim to
evaluate the behavior and the secretion
ability of this cell type in RGD-coupled
microcapsules, different densities of the
adhesion ligand ( DS 1, DS 5, and DS 10)
were incorporated in alginate matrices
to further analyze the number of viable
cells per capsule, cell proliferation and
morphology and, most importantly, the

secretion of the therapeutic factor.

2. Materials and methods

2.1. Cell culture

60

Baby hamster kidney (BHK) fibroblasts

genetically engineered to produce
human VEGF, were grown in Dulbecco’s
modified (DMEM)

supplemented with 10% fetal bovine

Eagle’s medium

serum (FBS), L-glutamine to a final
concentration of 2 mM, 4.5 g/L glucose
and 1% antibiotic/antimycotic solution.
Cells were maintained in culture at 37°Cin
a humidified 5% CO,/95% air atmosphere
and passaged every 2-3 days. All reagents
were purchased from Life technologies,

Spain.

2.2. Incorporation of adhesion molecules

into alginate

Alginate was chemically modified by
the aqueous carbodiimide chemistry.
A water soluble carbodiimide, (1-ethyl-
dimethylaminopropyl) carbodiimide
(EDC), was used to form amide linkages
between amine containing molecules
and the carboxylate moieties on the
backbone, with a

alginate polymer

reaction efficiency of approximately
80% [35]. The total number of RGD
peptides per alginate chain, defined as
the degree of substitution (DS) [36], was
modified by varying the concentration of
RGD peptides in the coupling reaction,

obtaining four different types of alginate:



DS 0 (No modified alginate), DS 1 (0.112
mM), DS 5 (0.5 mM) and DS 10 (1.12 mM).

2.3. Cell microencapsulation

BHK fibroblasts genetically modified
to release VEGF were incorporated into
3D alginate-poly-I-lysine-alginate (APA)
microcapsules using an electrostatic
droplet generator with brief modifications
of the procedure designed by Lim and
Sun [37]. Briefly, cells were harvested from
monolayer cultures using trypsin- EDTA
(Life technologies), filtered through a 40
um pore mesh and suspended in four
different solutions of 1.5% (w/v) sodium
alginate (DS 0, DS 1, DS 5, DS 10) at 5x10°
cells/ml density. The resulted suspensions
were extruded in a sterile syringe through
a 0.35 mm needle at a 5.9 mL/h flow rate
using a peristaltic pump. The resulting
alginate particles were collected in a
55mM CaCl, solution and maintained
under agitation for 15 min after the end of
the process to ensure complete gelation of
all the beads. Then, the obtained particles
were suspended in 0.05% PLL solution for
5 min, washed twice with 10 mL of manitol
1% and coated again with another layer of
0.1% alginate for 5 min. All the process
was carried out under aseptic conditions

at room temperature, and resulting

Experimental design: Chapter 1

microcapsules were cultured in complete
medium at 37 °C in a 5% CO,/95% air
atmosphere standard incubator. Ultra
pure low-viscosity high guluronic acid
alginate (UPLVG) was purchased from FMC
Biopolymer, Norway, and poly-I-lysine
(PLL hidrobromide Mw 15 000-30 000
Da) was obtained from Sigma-Aldrich (St.
Louis,MO, USA).

2.4. Cell Viability

Cells entrapped into APA microcpasules
were dyed with the LIVE/DEAD kit (Life
technologies) following manufacturer’s
indications. After 30 min, fluorescence
micrographs were taken using an epi-

fluorescence microscope (Nikon TSM).

2.5. Quantification of the total number of

living cells per capsule

In order to determine the exact number
of living cells quantitatively, enclosed cells
were firstly de-encapsulated with 500 pg/
mL of alginate lyase (Sigma-Aldrich). LIVE/
DEAD kit (Life technologies) was used to
differentiate living and dead cells. After
incubation of samples for 20 min at room
temperature and protected fromlight, cells
were counted by means of flow cytometry
(BD FACSCalibur) using Trucount Tubes

(BD). All samples were assayed in triplicate
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for all groups, and obtained values are
shown as mean of 3 independent samples

+ S.D per study group.
2.6. Measurement of VEGF secretion

Encapsulated BHK fibroblasts
supernatants were assayed for VEGF
using the VEGF
Quantikine ELISA Kit purchased from R&D
Systems (Minneapolis, MN). Standards and

secretion Human

samples were run in duplicate according
to the procedure specified in the Kkit.
The VEGF secretion of the equivalent of
1.67x10° cells/mL was measured for a 24
h release period in triplicate per study
group, and results are expressed as mean
+S.D.

2.7. Cell proliferation assay

The equivalent of 2x10* cells/100 uL
(=100 microcapsule/ well) was placed
into each well of 96-well plate. All
groups were incubated with complete
medium supplemented with 10% FBS
except the negative control group, which
was incubated with starving medium
supplemented with 0.1% FBS. After 24 h,
the encapsulated cells were incubated
in the presence of 10 uM BrdU for an
additional  day,

except  non-specific

binding control group. The third day cells
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were de-encapsulated using 500 pg/mL of
alginate lyase (Sigma-Aldrich) and assayed
for BrdU uptake using Cell Proliferation
Biotrak ELISA System (Amersham, NJ, USA)
following manufacturer’s indications.
Absorbance measurements of the non-
specific binding control group (without
BrdU) were subtracted from the rest of
the groups, and results were normalized
with the corresponding negative control
(microcapsules incubated with 0.1 % FBS)
for each experiment. Data are shown as
mean of 5 independent samples + S.D per

study group.

2.8. Cell morphology. Determination of F

actin

Microcapsules (100 ul of capsules) were
fixed using 4 % paraformaldehyde, washed
in pre-warmed DPBS and permeabilized
by 0.1 % Triton X-100 for 10 minutes. The
cytoskeleton of encapsulated cells was
stained with Alexa Fluor 488 phalloidin
(Life technologies). A volume of 15 uL
methanolic stock solution was mixed for 30
min in the dark in 200 pl DPBS containing
1 % bovine serum albumin to reduce
nonspecific background. The nucleus of
the cells were dyed with Hoechst (1 pg/
ml) and the samples were analyzed by

inverted confocal microscopy (Olympus



Fluoview 500 Confocal Microscopy).
2.9. Statistical analysis

Data are presented as mean + S.D. One-
way ANOVA and post-hoc test were used
in multiple comparisons. The Bonferroni
or Tamhane post-hoc test was applied
according to the result of the Levene
test of homogeneity of variances. In the
case of non-normally distributed data,
Mann-Whitney non-parametric analysis
was used. All statistical computations
were performed using SPSS 20 (SPSS, Inc.,
Chicago, IL).

3. Results and discussion

3.1. Microcapsules characterization and

cell viability evaluation

VEGF secreting BHK fibroblasts were
encapsulated in 4 different alginate
matrices modified with increasing RGD
densities (DS 0, DS 1, DS 5 and DS 10)
in order to test the behavior of this cell
line during a month (Fig. 1). All types of
microcapsuleshadaspherical morphology
without irregularities in the surface and an
homogeneous size distribution (diameter
450-470 pum). Moreover, the number of
cells in each capsule was similar in all

groups at the beginning of the study
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Figure 1. Schematic illustration of VEGF-
secreting BHK fibroblasts encapsulated in 4
alginate matrices elaborated with different
RGD densities.

(=200 cells/cap) (Fig. 2 A-D).

To further evaluate the potential impact
of RGD bioactivated matrices on BHK
fibroblasts, firstly we measured the viability
of immobilized cells. Green fluorescence
of micrographs taken by day 15 showed a
similar number of living cells in all studied
microcapsules, without visual differences
between them (Fig. 2 E-H). However, after
30 days of encapsulation we could clearly
observe the trend of fibroblasts to form
living cell aggregates in the presence of
RGD (Fig. 2 I-L), while cells entrapped in

no modified microcapsules remained with
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Day 1

DSO
DS 1
DS 5

DS 10

Day 15
& »

Day 30

Figure 2. Fluorescence micrographs taken by day 1 (A-D), day 15 (E-H) and day 30 (I-L). Scale bars =

100 pm.

the same distribution observed at day
1. This finding come along with other
previously reported results in the
literature revealing that this cell line tends
to form cell aggregates in the presence of

adhesion ligands [38,39].

In order to provide more accurate
data about the viability of encapsulated
fibroblasts, the number of living cells
was measured by flow cytometry. These
results suggested that although by day
15 there were not statistically significant
differences between all groups (values

around 50 % in all cases) (Fig. 3A), at day
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30 the RGD-enriched microcapsules
maintained higher viability rates than
unmodified ones (24.62 % * 3.9), being
DS 5 the group that exhibited the highest
normalized values (286.42 % + 26.62)
(p<0.001)(Fig. 3B). This data confirmed
that the incorporation of RGD in otherwise
inert biomaterials plays a significant
role on the survival of immobilized cells,
probably due to the interaction between
the cells and the biomaterial which
additionally leads to the stabilization of

the cell-polymer biosystem [20,40].
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Figure 3. Percentage of living cells after 15 (A) and 30 days (B) of encapsulation. The number of
living cells obtained for the day 0 was considered as 100% in each microcapsules group, and all
values were expressed in function of this percentage. Bar graphs symbolize the mean + S.D (n=3).
Statistical significance *p < 0.05 and ***p < 0.001 compared with DS 0 group.

3.2.  Proliferation and  aggregates

formation in RGD-coupled matrices

The results of BrdU uptake by day 15
revealed a higher proliferation activity in
all RGD-coupled alginate groups, being
the highest one the DS 5 group with a
3.22 + 0.50-fold higher BrdU uptake with
respect to DS 0 group (p<0.001). The
differences were lower when this group
was compared to DS 1 (p<0.01) or DS 10
groups (Fig. 4A). It has been previously
described that fibroblasts have a basal
proliferation activity when entrapped
within 3D scaffolds [41].

according with obtained results, when

However,

they are embedded in modified alginate
the proliferation of these cells increases
considerably leading in some cases to cell

aggregates as observed in the figure 2.

Although the rest of groups maintained
a similar BrdU uptake by day 30, DS
5 group continued with a higher
proliferation activity achieving values of
2.42 + 0.1-fold higher with respect to DS
0 group (p<0.001) (Fig. 4B). It must be
taken into account that such uncontrolled
proliferation may result in a rupture of
the microcapsule, with the subsequent
spread out of cells compromising the
stability of the implant and their survival.
To avoid this event, diverse alternatives
should be analized, such as increasing the
mechanical stability of the microcapsules,
reducing the initial encapsulated cell
density, the inclusion of biosafety genes
to inactivate encapsulated cells and
control their therapeutic effects or the

choice of the optimum adhesion ligand
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Figure 4. BrdU uptake after 15 (A) and 30 days (B) of encapsulation. The results were normalized with
those obtained with DS 0 group each day. Bar graphs symbolize the mean + S.D (n=5). Statistical
significance *p < 0.05 and ***p < 0.001 compared with DS 0 group.

(RGD density).
3.3. Therapeutic factor secretion

The results of VEGF secretion from BHK
fibroblasts proved that cells enclosed
within microcapsules elaborated with
RGD-coupled alginate were able to
secrete more quantity of therapeutic
factor comparing with cells within no
modified alginate scaffolds. Although
there were not significant differences
in both analyzed days (Fig. 5), DS 5 was
the group with the highest secretion of
VEGF the last day of the study achieving
values over 1200 % * 59 (Fig. 5B), 6-fold
higher quantity than VEGF secreted
by cells encapsulated in no modified
alginate. However, there is a clear trend in
the results, which in accordance with cell

viability assays, suggests that DS 5 is the
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RGD density that induces the highest
secretion ability in this particular cell type.
Most likely, this is directly related to the

superior proliferation observed in this

group.

Several studies carried out in the field
were intended to enhance the viability
of encapsulated cells and therefore to
achieve an increase on the release of
therapeutic factor secreted by cells. With
that purpose different molecules derived
from ECM have been employed to modify
polymers such as alginate [11,42,43]. As
demonstrated in this study, the inclusion
of small peptides such as RGD might
be a potential strategy to achieve that
aim. Results show that maintaining the
same number of encapsulated cells, the
production of therapeutic factor can

be increased. However, it is important
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Figure 5. VEGF secretion after 15 (A) and 30 days (B) of encapsulation. Therapeutic factor secretion
levels obtained for the day 0 were considered as 100% in each microcapsule group, and all values

were expressed in function of this percentage. Bar graphs symbolize the mean + S.D (n=3).

to notice that the enhancement of that
production by the inclusion of this type
of moiety may occur in an uncontrolled
way, and in some cases this fact could
result in appearance of side effects [44].
In this sense, the secretion obtained
over a month by the DS 5 group may
be excessive, and an exhaustive in vivo
evaluation is necessary to estimate the

dose required to achieve the best results.

Extensive research has been carried out
regarding the formation of multicellular
structures and the direct relation between
the high proliferation activity of fibroblasts
and the increase of their therapeutic
factor production ability [38,39]. Our data
come along with the previous ones which
suggest that aggregation of cells may
lead to improve cell function, such as the

increase of therapeutic factor secretion.

Altogether, these results suggest that for
the particular case of fibroblasts, DS 5 was
the peptide density with more capacity
to promote the highest cell viability,
proliferation activity and secretion of
VEGF. Nevertheless, in a recent work
published by our research group, we
could observe that in the case of CC ,
myoblasts, DS 1 was the group which
obtained the highest activity in vitro
[33]. It is known that RGD acts in a cell
dependent way and these results also put
forward the same observation [27,39]. In
addition, the results collected here come
along with previous studies reporting
that intermediate levels of the triamino-
acid sequence are optimal to obtain the
maximum functionality of enclosed cells
while the incorporation of excessively

high densities of RGD may be inhibitory
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[45,46]. This could be explained by the fact
that strong adhesions resulting from too
much bound receptors may impede cell
division, producing an inhibitory effect
when the employed densities of RGD are

too high.
3.4. Change of cell morphology: F-actin

The interaction of fibroblasts with 3D
matrices was evaluated by confocal
microscopy. The staining of F-actin
filaments with phalloidin Alexa Fluor
488 permits the observation of some
filopodia-like membrane extensions when
cells were immobilized in RGD-coupled
alginates (Fig. 6). This filament alignment
pattern was not observed in unmodified
where BHK

fibroblasts retained the typical round

alginate  microcapsules,
shape with no detectable cytoplasm

extensions. Although the cytoplasm
extensions collected in the pictures are
not very clear, unlike in DS 0 group, some
surface modifications may be observed
These

cell surface modifications indicate that

in alginate-modified  groups.

fibroblasts embedded in the presence
of cross-linked RGD peptides have the
ability to interact with the biomimetic
cues provided by this moiety. Upon ligand

binding, integrins can trigger downward
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Figure 6. Cytoskeleton organizations of

fibroblasts encapsulated in microcapsules
elaborated with four different types of alginate
DS 0 (A), DS 1 (B), DS 5 (C) and DS 10 (D). The
cells inside APA microcapsules were stained
with phalloidin Alexa Fluor 488 for F-actin
(green) and Hoechst (blue) for nucleus. Scale
bars =20 um.

biochemical signals inside the cells
inducing multiple responses such as cell

survival or proliferation [47-49].

Although we concluded that DS 5 is
the optimal ligand density to obtain
the highest activity on BHK fibroblasts,
the lack of an in vivo study to observe
the effects of different VEGF doses and
excessive proliferation activity showed in
vitro presents a limitation of the present
work. Moreover, the high variability

obtained in the samples of VEGF secretion



assay hindered the statistical analysis

not getting statistical differences in
the provided data. However, we could
provide interesting results about the
importance of the RGD ligand density
achieving maximum activity of enclosed
cells with intermediate levels of the
sequence although depending on the
scaffold

designs can be preferable to avoid the

intended application other
high functionality obtained by the group
DS 5 on immobilized cells. Future studies
are required to more precisely evaluate
behind

RGD-cell interactions that regulate cell

the biological mechanisms

behavior and therapeutic factor secretion.

4, Conclusions

In summary, these preliminary results
suggest that RGD density is an important
factor to take into account in the design
of drug delivery biosystems. Moreover,
the role of RGD over cell behavior should
be evaluated individually and carefully
for each cell line, since its effects may be
different depending on the cell type. A
judicious choice of ligand density is critical
for the efficacy of this therapeutic strategy
and tailoring the properties of the scaffold

to every cell will result of paramount

Experimental design: Chapter 1

importance to obtain improved and
more controllable results with increased

biosafety.
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ABSTRACT

The inclusion of the tripeptide RGD (Arg-Gly-Asp) in otherwise inert biomaterials
employed for cell encapsulation has been observed to be an effective strategy to
provide the immobilized cells with a more suitable microenvironment. However, some
controversial results collected during the last years, especially in vivo, have questioned
its effectiveness. Here, we have studied the behavior of cC, myoblasts immobilized in
alginate-poly-L-lysine-alginate (APA) microcapsules with different densities of RGD. The
use of these microcapsules offer the advantage of avoiding native proteins influence
permitting to establish direct comparisons between in vitro and in vivo assays. Results
suggest that RGD-modified matrices provide higher dynamism, achieving therapeutically
more active biosystems not only in vitro, but also in vivo. The highest functionality of the
immobilized cells in vitro was obtained with the lowest RGD density. However, higher RGD
densities were required in vivo to obtain the same effects observed in vitro. Altogether,
these results suggest the lack of in vitro-in vivo correlation when cell behavior is evaluated
within different RGD-tailored cell-loaded scaffolds.

Keywords
Microcapsule, RGD, scaffold, ligand density, microenvironment






1. Introduction

During the last decade, the behavior
of entrapped cells and the functionality
of 3D biosystems have become a major
focus of interest in the field of therapeutic
cell encapsulation, leading to increasingly
sophisticated  scaffold designs that
provide the encapsulated cells with a more
suitable and natural microenvironment
[1-3].
molecules for such aim is the tripeptide
(RGD), the

integrin-binding

One of the most employed

arginine-glicine-aspartate
principal domain
present in natural adhesion proteins of
the extracellular matrix (ECM) such as
fibronectin, vibronectin or fibrinogen.
The inclusion of RGD in otherwise inert
biomaterials promotes the adhesion and
survival of encapsulated cells, leading
to mechanically optimized cell-based
scaffolds, which enhance the long-term
functionality of the cell-based biosystems
[4-7]. Furthermore, the use of this short
amino acid sequence offers several
advantages over the previous mentioned
native ECM molecules including the
low risk of immune reactivity, the tight
control over ligand presentation or the

straightforward synthesis [8-10].

However, despite the demonstrated

Experimental design: Chapter 2

potency of this peptide sequence as
bioactive molecule, recent investigations
have shed controversial results concerning
the effect of this adhesion moiety, opening
an extended debate about its use [11-
14]. While in vitro studies have confirmed
the effectiveness of RGD peptides in
enhancing cell function through the
regulation of integrin-mediated signaling
pathway, in vivo studies have been shown
to be more variable [15-17].This fact makes
the so far used in vitro methods unreliable
reporters of in vivo activity and, thereby,
highlights the need for more invivo studies
in order to bring this therapy towards
clinical reality. In this sense, researchers
in the field are currently discussing
the diverse factors that may influence
in this lack of consistency between in
vitro and in vivo results, including the
background produced by the serum
proteins adsorbed in the matrix [18,19]
or the synergistic effect mediated by the
different physicochemical cues coming
from the surrounded microenvironment
[20,21]. Besides, the use of different RGD
ligand types, densities or presentation
patterns, may be additional parameters
that introduce variability and confound
the interpretation of the obtained results
[22-24]. In addition, the effect of all these
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variables is much probably cell type
dependent [25,26]. In fact, although
numerous studies have been carried out
to gain insight into the repercussion of
the tripeptide RGD, the drawn conclusions
are diverse and unalike [27,28]. The
discrepancies regarding the therapeutic
benefits of RGD as optimal strategy
to modify biomaterials still continue,
increasing the need for collecting these

parametersin a unique comparative study.

The inability of alginate to support cell
interaction and attachment of mammalian
cells, together with the low protein
adsorptive capacity of its hydrogels, makes
this polymer an ideal platform for this type
of study [29,30]. Moreover, one of the most
studied 3D alginate scaffolds, namely
(APA)

microcapsules, represents an especially

alginate-poly-I-lysine-alginate

attractive model, as the semipermeable
PLL membrane avoids/prevents the
possible diffusion of serum proteins
from the surrounding microenvironment
[31]. Thus, it is possible to remove the
“background noise” and isolate the
variables under study. In addition, this
biosystem, due to its biocompatibility and
biosafety, offers reliable translation from
in vitro to in vivo studies, allowing facile

and direct comparison between both [32-
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34].

In the present work, cC, myoblasts
genetically engineered to secrete EPO
were encapsulated in APA microcapsules
with different RGD densities to further
analyze the number of viable cells per
capsule, the proliferation and the secretion
of therapeutic factor either in vitro or in
vivo. To the best of our knowledge, this is
the first report involving in a unique and
comprehensive study some of the prime
factors that may have influence in the
effect of RGD on the encapsulated cells,
providing comparative data between
results obtained in vitro and in vivo. This
is intended to shed some light on the
existing debate about this issue in the
field.

2. Materials and methods
2.1. Cell culture

C3H-mouse CZC12

genetically modified to deliver EPO,

myoblasts,

were kindly provided by the Institute
des Neurosciences (Ecole Polytechnique
Federale of Lausanne, Switzerland). The
cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented

with 10% foetal bovine serum (FBS),



L-glutamine to a final concentration of 2
mM, 4.5 g/L glucose and 1% antibiotic/
antimycotic solution. Cells were plated
in T-flasks, maintained at 37 °C in a 5%
CO,/95% air atmosphere and passaged
every2-3days.Allreagentswere purchased

from Gibco BRL (Life technologies, Spain).

2.2. Incorporation of adhesion molecules

into alginate

Alginate was chemically modified by
the aqueous carbodiimide chemistry.
A water soluble carbodiimide, (1-ethyl-
dimethylaminopropyl) carbodiimide
(EDC), was used to form amide linkages
between amine containing molecules
and the carboxylate moieties on the
alginate polymer backbone, with a
reaction efficiency of approximately 80%
[8]. The total number of RGD peptides
per alginate chain, defined as the degree
of substitution (DS) [10], was altered by
varying the concentration of RGD peptides
in the coupling reaction, obtaining four
different types of alginate: DS 0 (No
modified alginate), DS 1 (0.112 mM), DS 5

(0.5 mM) and DS 10 (1.12 mM).
2.3. Cell microencapsulation

C,C,, myoblasts genetically modified

to release EPO were incorporated into

Experimental design: Chapter 2

3D alginate-poly-I-lysine-alginate (APA)
microcapsules using an electrostatic
droplet generator with brief modifications
of the procedure designed by Lim and
Sun [35]. Briefly, cells were harvested from
monolayer cultures using trypsin- EDTA
(Life technologies), filtered through a 40
pm pore mesh and suspended in four
different solutions of 1.5% (w/v) sodium
alginate (DS 0, DS 1, DS 5, DS 10) at 5x10°
cells/ml density. The resulted suspensions
were extruded in a sterile syringe through
a 0.35 mm needle at a 5.9 mL/h flow rate
using a peristaltic pump. The resulting
alginate particles were collected in a
55mM CaCl, solution and maintained
under agitation for 15 min after the end of
the process to ensure complete gelation of
all the beads. Then, the obtained particles
were suspended in 0.05% PLL solution for
5 min, washed twice with 10 mL of manitol
1% and coated again with another layer of
0.1% alginate for 5 min. All the process
was carried out under aseptic conditions
at room temperature, and resulting
microcapsules were cultured in complete
medium at 37 °C in a 5% CO,/95% air
atmosphere standard incubator. Ultra
pure low-viscosity high guluronic acid
alginate (UPLVG) was purchased from FMC

Biopolymer, Norway, and poly-I-lysine
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(PLL hidrobromide Mw 15 000-30 000
Da) was obtained from Sigma Aldrich (St.
Louis,MO, USA).

2.4. Cell Viability

Cells entrapped into APA microcpasules
were dyed with the LIVE/DEAD kit (Life
technologies) following manufacturer’s
indications. After 30 min, fluorescence
micrographs were taken using an epi-

fluorescence microscope (Nikon TSM).

2.5. Quantification of the total number of

living cells per capsule

In order to determine the exact number
of living cells quantitatively, enclosed cells
were firstly de-encapsulated with 500
pg/mL of alginate lyase (Sigma-Aldrich).
LIVE/DEAD kit (Life technologies) was
used to differentiate living and dead cells.
After incubation of samples for 20 min at
room temperature and protected from
light, cells were counted by means of
flow cytometry (BD FACSCalibur) using
Trucount Tubes (BD). All samples were
assayed in triplicate for all groups, and
obtained values are shown as mean of

3 independent samples + S.D per study
group.

2.6. Measurement of EPO secretion
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Encapsulated CcC

.G, myoblasts

supernatants were assayed for EPO
secretion using the Quantikine IVD Human
ELISA  Kit

from R&D Systems (Minneapolis, MN).

Erythropoietin purchased
Standards and samples were run in
duplicate according to the procedure
specified in the kit. The EPO secretion of
the equivalent of 1.5x10* cells/mL was
measured for a 24 h release period in
triplicate per study group, and results are

expressed as mean + S.D.
2.7. Cell proliferation assay

The equivalent of 2x10* cells/100 puL
(=100 microcapsule/ well) was placed
plate. All

groups were incubated with complete

into each well of 96-well

medium supplemented with 10% FBS
except the negative control group, which
was incubated with starving medium
supplemented with 0.1% FBS. After 24 h,
the encapsulated cells were incubated
in the presence of 10 uM BrdU for an
additional day, except non-specific
binding control group. The third day cells
were de-encapsulated using 500 pg/mL of
alginate lyase (Sigma-Aldrich) and assayed
for BrdU uptake using Cell Proliferation
Biotrak ELISA System (Amersham, NJ, USA)

following manufacturer’s indications.



Absorbance measurements of the non-
specific binding control group (without
BrdU) were subtracted from the rest of
the groups, and results were normalized
with the corresponding negative control
(microcapsules incubated with 0.1 % FBS)
for each experiment. Data are shown as
mean of 5 independent samples + S.D per

study group.

2.8. Cell morphology. Determination of F

actin

Microcapsules (100 ul of capsules) were
fixed in 4 % paraformaldehyde, washed
in pre-warmed DPBS and permeabilized
by 0.1 % Triton X-100 for 10 minutes. The
cytoskeleton of encapsulated cells was
stained with Alexa Fluor 488 phalloidin, a
volume of 15 pL methanolic stock solution
in 200 ul DPBS, for 30 min in the dark
(Life technologies) containing 1 % bovine
serum albumin to reduce nonspecific
background. The nucleus of the cells
were dyed with Hoechst (1 pg/ml) and
the samples were analyzed by inverted
confocal microscopy (Olympus Fluoview

500 Confocal Microscopy).

2.9. Microcapsule implantation

and retrieval to evaluate explanted

microencapsulated cells

Experimental design: Chapter 2

studies carried out

to the ethical

Animal were

according guidelines
established by our Institutions, under an
approved animal protocol (241/2012).
Adult female Balb/c mice (n=6 per
group) were anesthetized by isoflurane
inhalation, and implanted subcutaneously
with a total volume of 300 pL of cell-
loaded microcapsules (5x10° cells/mL)
suspended in PBS using a 20-gauge
catheter (Nipro; Nissho Corp, Belgium).
Animals were housed in specific pathogen
free facility under controlled temperature
and humidity with a standardized 12 h
light/dark cycle and had access to food
and water ad libitum. At day 15 and 30
after implantation, 3 animals from each
group were sacrificed and capsules were
explanted. Briefly, a mix of collagenase H
(2mg/ml) (Roche Diagnostics, Germany)
and hyaluronidase (1mg/ml) (Sigma, St.
Louis, USA) was prepared using DMEM.
This enzyme solution was filtered-
sterilized prior to use. Using 50 mL tubes,
5-6 mL of disgregation solution was
added to around 3-4 mL of a microcapsule
aggregate. Once tubes were carefully
sealed, they were incubated in a shaker
bath at 37 °C at 100 rpm for 4 h. Once the
surrounding tissue was disaggregated, the

solution in the tubes was filtered using 40
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um pore size filters to recover tissue-free

capsules.
2.10. Statistical analysis

Data are presented as mean + S.D. One-
way ANOVA and post-hoc test were used
in multiple comparisons. The Bonferroni
or Tamhane post-hoc test was applied
according to the result of the Levene
test of homogeneity of variances. In the
case of non-normally distributed data,
Mann-Whitney non-parametric analysis
was used. All statistical computations
were performed using SPSS 20 (SPSS, Inc.,
Chicago, IL).

3. Results
3.1. Cell viability in vitro

In order to carry out a thorough
characterization of encapsulated
myoblasts in vitro, we first evaluated the
number of living cells/cap by using flow
cytometry. In this viability assay, slight
intergroup differences were observed
with a low statistical significance after
30 days of encapsulation without a
clear trend during all the study (Fig. 1A).
Moreover, the cells entrapped in all type of
microcapsules showed a lower viability on

the last day than by day 15. Fluorescence
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Figure 1. (A) In vitro percentage of living cells

after 15 and 30 days of encapsulation. The
number of living cells obtained for the day 0
was considered as 100% in each microcapsules
group, and all values were expressed in
function of this percentage. Bar graphs
symbolize the mean + S.D (n=3). (B) In vitro
Fluorescence micrographs taken by day 30.
Scale bars =100 um.

micrographs, taken in parallel to flow

cytometry assays, provided further
evidence on our observations showing a
similar green fluorescence in all type of

elaborated microcapsules (Fig. 1B).

3.2. EPO secretion and cell proliferation in

vitro

EPO secretion and BrdU uptake were

analyzed in order to evaluate the

functionality, proliferative capacity and
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Figure 2. (A) In vitro EPO secretion after 15 and 30 days of encapsulation. Therapeutic factor
secretion levels obtained for the day 0 were considered as 100% in each microcapsule group, and all
values were expressed in function of this percentage. Bar graphs symbolize the mean + S.D (n=3).
(B) In vitro BrdU uptake after 0, 15 and 30 days of encapsulation. The results were normalized with
those obtained with DS 0 group each day. Bar graphs symbolize the mean * S.D (n=5). Statistical
significance *p < 0.05, **p < 0.01 and ***p < 0.001.

behavior of immobilized cells. Overall,
the RGD-coupled alginate microcapsules
maintained higher values of therapeutic
than
without RGD, independently of their
DS 1
was the group with the highest level

factor secretion microcapsules

substitution degree. However,
of therapeutic factor secretion after 15
and 30 days of encapsulation, showing
normalized EPO secretion values of 50.9
% + 4.9 and 19.2 % + 4.2 respectively.
The differences were more evident when
this group was compared to DS 0 and DS
10 groups (p<0.001) than to DS 5 group
(p<0.05) (Fig. 2A). As expected, the results
of proliferation activity indicated the
highest DNA synthesis for the DS 1 group

at day 30, as revealed by the 1.7 £ 0.1-
fold higher BrdU uptake. The differences
were even more evident when this group
was compared to DS 0 and DS 10 groups
(p<0.001) than to DS 5 group (p<0.05)
(Fig. 2B). These results come along with
those obtained in the therapeutic factor

secretion assay.

3.3. Cell morphology. Determination of

F-actin

In order to obtain more detailed
information regarding cell-ECM
interaction, we next assessed the

morphology of immobilized cells by

confocal microscopy after staining the
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Figure 3. Cytoskeleton organization of myoblasts encapsulated in microcapsules elaborated
with four different types of alginate in vitro. The cells inside APA microcapsules were stained with
phalloidin Alexa Fluor 488 for F-actin (green) and Hoechst (blue) for nucleus. Scale bars = 20 um.

F-actin filaments with phalloidin Alexa
Fluor 488. Photographs shown in Figure
3 demonstrate the presence of filopodia-
like membrane extensions in the case of
cells immobilized within RGD-coupled
alginate matrices, being more prominent

as RGD density increased. Contrariwise,
microcapsules without RGD retained the
typical round shape in enclosed cells with

no detectable cytoplasm extensions.
3.4. Cell viability in vivo

In a second set of experiments, the
effectiveness of RGD was assessed in
vivo in order to study the influence of
the physiological environment on the
immobilized cells. Here, no statistical
differences among the groups were
obtained after 30 days of the study (Fig.
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4A). Unlike in vitro study, the viability

of immobilized cells in vivo increased
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Figure 4. (A) In vivo percentage of living cells
after 15 and 30 days of encapsulation. The
number of living cells obtained for the day 0

was considered as 100% in each microcapsules
group, and all values were expressed in
function of this percentage. (B) In vivo
Fluorescence micrographs taken by day 30. Bar
graphs symbolize the mean + S.D (n=3). Scale
bars =100 pm.



over the course of 30 days. Fluorescence
micrographs, taken in parallel to flow
cytometry showed a similar green
fluorescence in all type of microcapsules
reflecting the quantitative data obtained

in the previous assay (Fig. 4B).

3.5. EPO secretion and cell proliferation in

vivo

In contrast to in vitro results, where the
DS 1 group showed the highest secretion
of the therapeutic factor, DS 5 group
showed the highest EPO secretion in
vivo by day 30, showing a normalized
value of 35.9 % =+ 5.8. This value resulted
statistically significant when compared to
DS 0 and DS 1 groups (p<0.001) (Fig. 5A).

A EPO secretion
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Experimental design: Chapter 2

In accordance with the previous assay, the
DS 5 group maintained the highest DNA
synthesis, as revealed by 4.2 + 0.5-fold
higher BrdU uptake with respect to DS 0
group (p<0.001) (Fig. 5B).

3.6. Differences between in vitro and in

vivo studies by day 30

For a better understanding/
comprehension of the data obtained in
this study, we elaborated a representative
highlighting  the

differences between in vitro and in vivo

graphical analysis
assays (Fig. 6). For this purpose, the data
obtained in each study with the DS 0
group was compared with the groups

which contained different substitution

@
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Figure 5. (A) In vivo EPO secretion after 15 and 30 days of encapsulation. Therapeutic factor secretion
levels obtained for the day 0 were considered as 100% in each microcapsule group, and all values
were expressed in function of this percentage. Bar graphs symbolize the mean + S.D (n=3). (B) BrdU
uptake of myoblasts after 0, 15 and 30 days of encapsulation. The results were normalized with
those obtained with DS 0 group each day. Bar graphs symbolize the mean * S.D (n=5). Statistical
significance **p < 0.01 and ***p < 0.001.
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Figure 6. Direct comparison between

in vitro and in vivo studies showing the
synergistic effect of the RGD density and
the microenvironment on cell viability,
EPO secretion and BrdU uptake. The data
obtained in either in vitro or in vivo studies
were normalized against their respective
DS 0 control group in order to compare the
behavior of encapsulated cells in these two
microenvironments in function of RGD density
(DS 1, DS 5 and DS 10). Bar graphs symbolize
the mean + S.D (Standard deviation is within
the size of the symbols in the graph). Statistical
significance *p < 0.05, **p < 0.01 and ***p <
0.001;DSO0vsothergroups(DS1,DS5and DS 10).
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degrees of RGD in order to observe the
effect of different ligand densities on the
behavior of entrapped cells compared
to non-modified alginate. Although the
viability assays pointed out no statistical
significant influence of RGD matrices on
the number of living cells/cap either in vitro
or in vivo, EPO secretion and proliferation
profiles clearly showed that in vitro, DS 1
was the group which demonstrated the
most prominent effect on encapsulated
cell. In vivo, this effect resulted more

noticeable in the DS 5 group.

4. Discussion

In recent years increasingly sophisticated
and tailored 3D bioscaffolds are being
designed to compensate at least in part
for the missing natural microenvironment
of encapsulated cells. The RGD sequence,
being the minimaladhesion ligand domain
present in some ECM proteins, is one of
the most commonly used molecule in this
field due to its proved positive biological
impact on the behavior of immobilized
cells. However, some controversial results
collected during the last years, especially
in vivo, have questioned its effectiveness,
opening an extended debate about its

use. To address this, we immobilized



erythropoietin ~ (EPO)-releasing CC

2712
myoblasts within APA microcapsules in
order to study the effect of different RGD
densities both in vitro and in vivo, and with
the aim of shedding some light on this

topic of discussion.

As described

adsorption of serum proteins — including

in the literature, the

integrin-binding native proteins such
as fibronectin or vibronectin — into the
biomaterials, may produce undesirable
effects that lead to an increasing variability
between in vitro and in vivo studies [36-
39]. Importantly, the APA microcapsules
employed in this study offer the advantage
of avoiding such native proteins influence.
This is given due to two main reasons: the
low capacity of alginate gels to adsorb
proteins; and the physical barrier provided
by the semipermeable membrane of the
microcapsules, which prevents the inward
diffusion of serum proteins with molecular
weights above the cut-off usually
established in 70 KDa [29,31,40]. Thus, the
employment of APA microcapsules in the
present study permited the observation of
RGD effects in an isolated way, removing
the background of native proteins that
may mask, atleastin part, the effectiveness

of RGD to induce different cell responses.

Experimental design: Chapter 2

It is well known that life and death
decisions at the cellular level are
profoundly influenced by the proteins of
ECM [41,42]. Indeed, extensive studies
have proved the capability of RGD moiety
to promote vital cellular functions such as
adhesion, migration, survival, proliferation,
differentiation, morphogenesis and gene
expression by means of integrin-mediated

signaling pathways [43-45].

In this work, the in vitro assays showed
that although the number of living cells/
cap did not change too much with the
inclusion of different RGD densities
in alginate matrices (Fig. 1), the cells
enclosed within RGD-coupled alginates
had more capacity to proliferate and
secrete therapeutic factors (Fig. 2A-2B). In
the current study, unlike many other works
in the field, the viability was not evaluated
by methods based on metabolic activity,
achieving more accurate data. Thus,
we also had the opportunity to know
better the exact number of living cells
per capsule and to show the necessity to
improve the obtained worrysome results
in the future. Moreover, although the
viability was similar in both days (Fig. 1)
the EPO secretion by day 30 was too much
lower (Fig. 2A). This could be explained by
the fact that although in the cytometry
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assay the cells might dye with green
fluorescence as a living cell, its metabolic
activity could be reduced. Anyway, the
obtained results lead to the hypothesis
that the living myoblasts entrapped in
the presence of RGD were more active
than those enclosed within non-modified
alginate scaffolds which gives rise to more
dynamic and functional biosystems. Such
dynamism would cause higher rates of cell
proliferation and cell death, resulting in a
continuous replacement and renewal of
the cell content. This phenomenon would
have a notorious impact in therapeutic
cell encapsulation, as newly formed “fresh”
cells would contribute to the increase
of therapeutic activity (in terms of either
duration or quality), while preventing the

biosystem from aging.

Although further studies are required
to analyze the biology and mechanism of
the cell-matrix interactions, the analyses
of actin filaments in vitro suggested
that immobilized cells were able to
establish interaction sites with alginate in
microcapsules containing RGD, whereas
cells enclosed within alginate matrices
without RGD remained round (Fig. 3).
Even if these filopodia-like extensions,
indicators of cell spreading, were more

prominent as RGD density increased, the
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highest proliferation and EPO secretion
were obtained with the lowest RGD
density (DS 1 microcapsules). Our findings
comealong with other previously reported
results in the literature which revealed
that intermediate levels of the triamino
sequence are optimal to obtain the
maximum proliferation rate of myoblasts
in vitro [46]. In fact, as observed in other
studies, while an optimal cell spreading
was obtained with high densities of RGD,
the maximum proliferation required lower
adhesion ligand presentation [47]. This
phenomenon was explained by assuming
that the strong adhesions resulting from
many bound receptors may impede cell
division, producing an inhibitory effect
when the employed densities of RGD are
too high [48]. However, this theory is still
no clear, and as mentioned previously,
the RGD moiety may promote other vital
cellular functions such as differentiation of
enclosed cells hindering the proliferation

of the cells.

In the current study, a total of 30
days of follow-up were required to
achieve notorious differences between
microcapsules elaborated with different
densities of RGD. This may explain some
of the discrepancies described in previous

studies in which the time intervals



evaluated were lower [25,26]. Indeed,
depending on the specific application or
study, the multiple effects of RGD may be
expressed at different times, according
also to the scaffold model and the cell type
used. The results obtained in the present
work are specific to cC, myoblasts, one
of the most studied cell line in the field.
It is known that the RGD density of the
matrices and the microenvironment may
affect in a different way depending on the
cell type [26]. Thus, future efforts should
be focused on finding the optimal density

of RGD for each cell type.

We next moved on to in vivo assays
in order to test the influence of a
physiological microenvironment on cells
enclosed within RGD-enriched matrices.
When the microcapsules were retrieved
from the animals, there was no evidence of
inflammation process neither differences
on the volume or adherence in all types of
microcapsules elaborated with different
RGD densities (data not shown). With the
aim of isolating this variable, we repeated
the same experimental procedure carried
out in vitro, and the differences between
both types of studies by day 30 were
collected in the Figure 6. Higher RGD
densities seem to be required in vivo to

obtain the same effects observed in vitro.

Experimental design: Chapter 2

Graph curves for all assayed parameters
revealed clearly that enclosed cells
reflected almost the same behavior
shown in vitro but displaced to higher
densities of RGD. This also includes the
inhibitory effect produced at the highest
RGD density (DS 10). In the particular
case of proliferation, it must be taken into
account that the inclusion of RGD led to
a higher proliferation activity in all types
of microcapsules in vivo, compared to
the lower values obtained in vitro. These
differences may be attributed to the
complexity provided by the in vivo body
fluids to the microenvironment where
microcapsules reside, which may also
influence the final outcome of RGD on
encapsulated cells. In fact, it is well known
that several growth factors and hormones
may alter the integrin expression of cells,
and that their receptors cooperate with
integrins in the regulation of adhesion-
mediated signaling networks [20,21,49].
Therefore, special attention must be
paid to the synergistic effect of the
molecules coming from surrounding
microenvironment, as this latter may vary

according to the implantation site.

Some important parameters for the
design of biomimetic biomaterials such

as optimal RGD density and the influence
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of the surrounded microenvironment are
presented in this study. Although further
investigation are needed to define the
molecular and cellular basis of these
observations, these types of screening
studies provide meaningful information in
order to explore the complexity entailed
by cell-ECM interaction. Likewise, future
studies should be focused on studying
the efficacy of RGD taking into account
other parameters such as cell type or

implantation site in the animal.

5. Conclusions

This work adds further information to
the existing debate about the therapeutic
benefits resulting from the use of RGD. APA
microcapsule design demonstrated to be
a suitable model for the study of cell-RGD
interaction due to its ability to exclude
the influence derived from the adsorption
of serum proteins. This also permitted to
establish direct comparisons between
in vitro and in vivo assays. RGD-modified
matrices showed a higher dynamism to
promote the renewal and replacement
of the cell content and thereby achieve
therapeutically more active biosystems.
Finally, the present study showed clear

differences between in vitro and in vivo
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assays, emphasizing the importance
of the synergistic effect caused by the
surrounding microenvironment and the
difficulty to extrapolate in vitro results to

in vivo reality.

Acknowledgements

Authors would like to thank Ricardo
Andrade for technical help with confocal
microscopy. The authors also gratefully
acknowledge the support to research cell
microencapsulation from the “Ministerio
de Ciencia e Innovacion’,
of the Country  UPV/EHU
(UFI11/32) and FEDER funds (SAF2008-
03157). A. Garate thanks the “Gobierno

Vasco

University

Basque

(Departamento de Educacion,
Universidades e Investigacion)” for the
Ph.D fellowship.

References

1 Sayyar B, Dodd M, Wen J, et al. Encapsulation
of factor IX-engineered mesenchymal stem
cells in fibrinogen-alginate microcapsules
enhances their viability and transgene
secretion. J.Tissue Eng. 3, 2041731412462018
(2012).

2 Karoubi G, Ormiston ML, Stewart
DW. Single-cell hydrogel
encapsulation for enhanced survival of human
marrow stromal cells. Biomaterials 30, 5445-
5455 (2009).

DJ, Courtman



3 Kong HJ, Smith MK, Mooney DJ. Designing
alginate hydrogels to maintain viability of
immobilized cells. Biomaterials 24, 4023-4029
(2003).

4 Hersel U, Dahmen C, Kessler H. RGD
modified polymers: biomaterials for stimulated
cell adhesion and beyond. Biomaterials 24,
4385-4415 (2003).

5 Hsiong SX, Huebsch N, Fischbach C, Kong
HJ, Mooney DJ. Integrin-adhesion ligand bond
formation of preosteoblasts and stem cells in
three-dimensional RGD presenting matrices.
Biomacromolecules 9, 1843-1851 (2008).

6 Orive G, De Castro M, Kong HJ, et al.
Bioactive cell-hydrogel microcapsules for cell-
based drug delivery. J.Control.Release 135,
203-210 (2009).

7 Salinas CN, Anseth KS. The influence of
the RGD peptide motif and its contextual
presentation in PEG gels on
mesenchymal stem cell viability. J.Tissue Eng.
Regen.Med. 2, 296-304 (2008).

human

8 Rowley JA, Madlambayan G, Mooney DJ.
Alginate hydrogels as synthetic extracellular
matrix materials. Biomaterials 20, 45-53 (1999).

9 Santos E, Hernandez RM, Pedraz JL, Orive
G. Novel advances in the design of three-
dimensional bio-scaffolds to control cell fate:
translation from 2D to 3D. Trends Biotechnol.
30,331-341 (2012).

10 Comisar WA, Hsiong SX, Kong HJ, Mooney
DJ, Linderman JJ. Multi-scale modeling to
predict
nanopatterned hydrogels. Biomaterials 27,

ligand presentation within RGD

Experimental design: Chapter 2

2322-2329 (2006).

11 Bellis SL. Advantages of RGD peptides for
directing cell association with biomaterials.
Biomaterials 32,4205-4210 (2011).

12 Barker TH. The role of ECM proteins and
protein fragments in guiding cell behavior in
regenerative medicine. Biomaterials 32, 4211-
4214 (2011).

13 Collier JH, Segura T. Evolving the use
of peptides as components of biomaterials.
Biomaterials 32,4198-4204 (2011).

14 Williams DF. The role of short synthetic
adhesion peptides in regenerative medicine;
the debate. Biomaterials 32, 4195-4197 (2011).

15 Ferris DM, Moodie GD, Dimond PM,
Gioranni CW, Ehrlich MG, Valentini RF. RGD-
coated titanium implants stimulate increased
bone formation in vivo. Biomaterials 20, 2323-
2331 (1999).

16 Eid K, Chen E, Griffith L, Glowacki J. Effect
of RGD coating on osteocompatibility of PLGA-
polymer disks in a rat tibial wound. J.Biomed.
Mater.Res. 57, 224-231 (2001).

17 Alsberg E, Anderson KW, Albeiruti A,
Rowley JA, Mooney DJ. Engineering growing
tissues. Proc.Natl.Acad.Sci.U.S.A. 99, 12025-
12030 (2002).

18 Allen LT, Tosetto M, Miller IS, et al. Surface-
induced changes in protein adsorption and
implications for cellular phenotypic responses
to surface interaction. Biomaterials 27, 3096-
3108 (2006).

19 Roach P, Farrar D, Perry CC. Surface

93



Biofunctionalization of alginate microcapsules: advances in cell-based drug delivery systems

tailoring for controlled protein adsorption:
effect of topography at the nanometer scale
and chemistry. JAm.Chem.Soc. 128, 3939-3945
(2006).

20 Heino J, Ignotz RA, Hemler ME, Crouse
C, Massague J. Regulation of cell adhesion
receptors by transforming growth factor-beta.
Concomitant regulation of integrins that share
a common beta 1 subunit. J.Biol.Chem. 264,
380-388 (1989).

21 Sinha RK, Tuan RS. Regulation of human
osteoblast integrin expression by orthopedic
implant materials. Bone 18, 451-457 (1996).

22 Pierschbacher MD, Ruoslahti E. Influence
of stereochemistry of the sequence Arg-Gly-
Asp-Xaa on binding specificity in cell adhesion.
J.Biol.Chem. 262, 17294-17298 (1987).

23 Shin H, Jo S, Mikos AG. Biomimetic
materials for tissue engineering. Biomaterials
24,4353-4364 (2003).

24 Lagunas A, Comelles J, Martinez E, et al.
Cell adhesion and focal contact formation
on linear RGD molecular gradients: study of
non-linear concentration dependence effects.
Nanomedicine 8, 432-439 (2012).

25 Connelly JT, Garcia AJ, Levenston ME.
Inhibition of in vitro chondrogenesis in RGD-
modified three-dimensional alginate gels.
Biomaterials 28, 1071-1083 (2007).

26 Re'em T, Tsur-Gang O, Cohen S. The effect
of immobilized RGD peptide in macroporous
alginate TGFbetal-induced
chondrogenesis of human mesenchymal stem
cells. Biomaterials 31, 6746-6755 (2010).

scaffolds on

94

27 Bidarra SJ, Barrias CC, Fonseca KB, Barbosa
MA, Soares RA, Granja PL. Injectable in situ
crosslinkable RGD-modified alginate matrix
for endothelial cells delivery. Biomaterials 32,
7897-7904 (2011).

28 Kim SY, Oh HK, Ha JM, et al. RGD-peptide
presents anti-adhesive effect, but not direct
pro-apoptotic effect on endothelial progenitor
cells. Arch.Biochem.Biophys. 459, 40-49 (2007).

29 Lee KY, Mooney DJ. Alginate: properties
and biomedical applications. Prog.Polym.Sci.
37,106-126 (2012).

30 Machida-Sano |, Ogawa S, Ueda H, Kimura
Y, Satoh N, Namiki H. Effects of composition
of iron-cross-linked alginate hydrogels for
cultivation of human dermal fibroblasts.
Int.J.Biomater. 2012, 820513 (2012).

31 Leung A, Nielsen L, Trau M, Timmins N.
Tissue transplantation by stealth-coherent
alginate microcapsules for immunoisolation.
Biochem Eng J 48, 337-47 (2010).

32 Orive G, Tam SK, Pedraz JL, Halle JP.
Biocompatibility —of alginate-poly-L-lysine
microcapsules for cell therapy. Biomaterials 27,
3691-3700 (2006).

33 Pawar SN, Edgar KJ. Alginate derivatization:

A review of chemistry, properties and
applications. Biomaterials 33, 3279-3305
(2012).

34 Ponce S, Orive G, Hernandez R, et al.
Chemistry and the biological response against
immunoisolating alginate-polycation capsules
of different composition. Biomaterials 27,
4831-4839 (2006).



35 Lim F, Sun AM. Microencapsulated islets as
bioartificial endocrine pancreas. Science 210,
908-910 (1980).

36 Aota S, Nagai T, Yamada KM.
Characterization of regions of fibronectin
besides the arginine-glycine-aspartic acid
sequence required for adhesive function of
the cell-binding domain using site-directed
mutagenesis. J.Biol.Chem. 266, 15938-15943
(1991).

37 Woods A, Couchman JR, Johansson
S, Hook M. Adhesion and cytoskeletal
organisation of fibroblasts in response to
fibronectin fragments. EMBO J. 5, 665-670
(1986).

38 Sawyer AA, Hennessy KM, Bellis SL.
Regulation of mesenchymal stem cell
attachment and spreading on hydroxyapatite
by RGD peptides and adsorbed serum proteins.
Biomaterials 26, 1467-1475 (2005).

39 Sawyer AA, Hennessy KM, Bellis SL. The

effect of adsorbed serum proteins, RGD
and proteoglycan-binding peptides on the
adhesion of mesenchymal stem cells to
hydroxyapatite. Biomaterials 28, 383-392
(2007).

40 Houseman BT, Mrksich M. The
microenvironment of immobilized Arg-Gly-
Asp peptides is an important determinant of

cell adhesion. Biomaterials 22, 943-955 (2001).

41 Stupack DG, Cheresh DA. Get a ligand,
get a life: integrins, signaling and cell survival.
J.Cell.Sci. 115, 3729-3738 (2002).

42 Stupack DG, Cheresh DA. Apoptotic cues

Experimental design: Chapter 2

from the extracellular matrix: regulators of
angiogenesis. Oncogene 22, 9022-9029 (2003).

43 Arnaout MA, Mahalingam B, Xiong JP.
Integrin structure, allostery, and bidirectional
signaling. Annu.Rev.Cell Dev.Biol. 21, 381-410
(2005).

44 Barczyk M, Carracedo S, Gullberg D.
Integrins. Cell Tissue Res. 339, 269-280 (2010).

45 Evangelista MB, Hsiong SX, Fernandes R,
et al. Upregulation of bone cell differentiation
through immobilization within a synthetic
extracellular matrix. Biomaterials 28, 3644-
3655 (2007).

46 Rowley JA, Mooney DJ. Alginate type and
RGD density control myoblast phenotype.
J.Biomed.Mater.Res. 60, 217-223 (2002).

47 Neff JA, Tresco PA, Caldwell KD. Surface
modification for controlled studies of cell-
ligand interactions. Biomaterials 20, 2377-2393
(1999).

48 Comisar WA, Kazmers NH, Mooney DJ,
Linderman JJ. Engineering RGD nanopatterned
hydrogels to control preosteoblast behavior: a
combined computational and experimental
approach. Biomaterials 28, 4409-4417 (2007).

49 Plopper GE, McNamee HP, Dike LE,
Bojanowski K, Ingber DE. Convergence of
integrin and growth factor receptor signaling
pathways within the focal adhesion complex.
Mol.Biol.Cell 6, 1349-1365 (1995).

95






Chapter 3

Assessment of the
behavior of MSCs
immobilized in
biomimetic alginate
microcapsules






Assessment of the behavior of MSCs
immobilized in biomimetic alginate
microcapsules

Ane Garate'? Jesus Ciriza'?, Javier G Casado? Rebeca Blazquez?, José Luis Pedraz'?, Gorka
Orive'?, Rosa Maria Herndndez'?
1NanoBioCel Group, Laboratory of Pharmaceutics, University of the Basque Country, School of Pharmacy, Vitoria, Spain.

2Biomedical Research Networking Center in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Vitoria, Spain.
3Stem Cell Therapy Unit “Jesus Usén’, Minimally Invasive Surgery Centre, Caceres, Spain.

ABSTRACT

The combination of mesenchymal stem cells (MSCs) and biomimetic matrices for cell-based
therapies has lead to enormous advances, including the field of cell microencapsulation
technology. In the present work, we have evaluated the potential of genetically modified
MSCs as a vehicle of drug delivery systems immobilized in alginate microcapsules with
different RGD densities. Results demonstrated that the microcapsules represent a suitable
platform for D1-MSC encapsulation since cell immobilization into alginate matrices does
not affect their main characteristics. The in vitro study showed a higher activity of D1-
MSCs when they are immobilized in RGD-modified alginate microcapsules, obtaining the
highest therapeutic factor secretion with low and intermediate densities of the bioactive
molecule. In addition, the inclusion of RGD increased the differentiation potential of
immobilized cells upon specific induction. However, subcutaneous implantation did not
induce differentiation of D1-MSCs towards any lineage remaining at an undifferentiated

state in vivo.
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1. Introduction

Cell microencapsulation technology
has been employed as an appropriate
system for sustained delivery of diverse
therapeutic factors in recent years [1-
3]. This

in the

cell-based therapy consists
immobilization of genetically
modified cells into a polymeric matrix
usually surrounded by a semipermeable
membrane. The design allows the
diffusion of nutrients and oxygen, both
essential for the survival of encapsulated
cells, while at the same time protects the
implanted cells from the host immune
response, avoiding the entrance of
high molecular weight immune system
components such as immunoglobulins
and immune cells [4,5]. Since the first
approach carried out more than 30 years
ago with the encapsulation of pancreatic
islets in alginate microcapsules [6], several
strategies have been developed giving
rise to enormous advances in the field [7-

9.

The biomimetization of polymers in
which cells are immobilized is an essential
goal on the progress in cell-based
systems [10,11]. Despite the extensive
use of alginate in cell microencapsulation

technology, this inert polymer is unable
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to provide cell-matrix interactions and
inherentlylacksmammaliancell-adhesivity
[12,13]. The inclusion of extracellular
matrix (ECM) proteins or its derivatives
into alginate chains can compensate this
deficiency and has attracted the interest
of numerous scientists. Thus, several
adhesion ligands have been employed to
promote and regulate cellular interactions,
providing the encapsulated cells with
a microenvironment that mimics more
closely their natural conditions [14-16].
The short-sequence peptide derived
from fibronectin, arginine-glycine-
asparte (RGD), has been widely used for
this purpose with positive effects on the

behavior of encapsulated cells [17-19].

Another key factor which has implied
a great impact on cell-based therapies
is the emergence of mesenchymal
stem cells (MSCs) [20]. Maybe one of
the most important advantages of
MSCs in encapsulation technology is
their immunomodulatory properties.
It is reported that an inflammatory
environment can stimulate MSCs to
elicit high levels of immunosuppressive
factors that directly and indirectly
immunoregulate cytotoxic cells [21,22].
The release of those immunosuppressive

molecules (IL-6, IL-10...) and several
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growth factors (TGF-f, VEGF, PDGF or
EGF) also stimulate endogenous repair
mechanisms while maintaining immune
homeostasis [23-25]. Another advantage
is that MSCs can be passaged many
times maintaining the multilineage
differentiation potential into osteogenic,
adipogenic and chondrogenic lineages
due to their self-renewal capacity, [26]. In
addition, they can be genetically modified
in order to secrete bioactive molecules
[27,28]. All this biological

make this cell type a powerful tool for cell

properties

microencapsulation technology.

With the aim to move this therapy a
step forward to clinical application, we
genetically modified D1 Mesenchymal
Stem Cells (D1-MSCs) to
erythropoietin (EPO) and encapsulated

secrete

them into 3D biomimetic scaffolds. In
previous studies our research group
has described the influence of different
RGD densities on fibroblasts releasing
VEGF [29]

EPO [30], showing an enhancement

and myoblasts releasing
of the therapeutic molecule delivery
when cells were immobilized into RGD-
modified alginate being the optimal
RGD density different for each cell type.
In this work, the viability, proliferation

and EPO secretion of microencapsulated
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D1-MSCs was first evaluated in vitro
and next these microcapsules were
implanted in an allogenic animal model.
Finally, the phenotypic and multilineage
differentiation potential of  the
encapsulated cells was assessed in vitro
and in vivo. To the best of our knowledge,
this is the first report involving MSCs
encapsulated in alginate modified with
different RGD densities for drug delivery

purposes.

2. Materials and methods
2.1. Cell culture and phenotypic analysis

D1 Mesenchymal Stem Cells (D1-MSCs)
(ATCC®

genetically

were purchased from ATCC
CRL12424™). Cells were
modified with the lentiviral vector pSIN-
EF2-Epo-Pur to express Erythropoietin
(EPO) [31] and further grown and selected
in Dulbecco’s modified Eagle’s medium
(DMEM) (ATCC 30-2002) supplemented
with 10% foetal bovine serum (FBS), 1%
penicillin/streptomycin and 12.5 pg/ml
puromicine solution. Cells were plated
in T-flasks, maintained at 37 °C in a 5%
CO,/95% air atmosphere and passaged
every 2-3 days. Reagents were purchased

from Gibco (Life technologies, Spain).



For flow cytometric analysis, D1-MSCs
were stained with FITC-conjugated
murine monoclonal antibodies (mAb)
against CD29, CD44 and SCA-l, PE-
conjugated murine mAb against CD73
and CD105, and
murine  mAb against CDA45
United Kingdom).
2x10° cells were incubated for 30
4°C  with

concentrations of monoclonal antibodies

PerCP-conjugated
(Serotec,
Kidlington, Briefly,

minutes at appropriate
in PBS containing 2% fetal bovine serum.
Cells were rinsed and resuspended in
PBS. Flow cytometric acquisition was
performed on a FACScalibur cytometer
(BD Biosciences, San Jose, CA). Cells were
primarily selected using forward and side
scatter characteristics and fluorescence
was analyzed using CellQuest software
(BD Biosciences). Isotype-matched
negative control antibodies were used
in all the experiments. The mean relative
fluorescence intensity was calculated by
dividing the mean fluorescent intensity
(MFI) by the MFI of its negative control.

2.2. Differentiation of D1-MSCs

The multipotency of D1-MSCs was
determined by cell differentiation capacity
intothreelineages, osteoblasts, adipocytes

and chondrocytes. Briefly, to induce
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osteogenic and adipogenic differentiation
10° cells were plated in 6 well culture
plates until achievement of 70-80 %
confluence. Osteogenic differentiation
was induced by growth medium
supplemented with Dexamethasone
0.1 pum,
mM and L-ascorbic acid 50 uM. For

adipogenic

B-glycerophosphate 20
differentiation,  growth
medium was replaced by the medium
supplemented with  Dexamethasone
0.5 uM, Isobutylmethylxanthine 0.5 uM
and Indomethacin 50 pM. To induce
chondrogenic differentiation, D1-MSCs
were resuspended at a density of 1.6x107
cells/ml seeded in 3 droplets of 5 pl per
well and incubated for 2 hours. Next
media was replaced with growth media
supplemented with 10 ng/ml TGF-{31,
50 nM L-ascorbic acid and 6.25 pg/ml
bovine insulin. Each differentiation media
was replaced every 2-3 days for 21 days.
Finally, cells were fixed and stained with
Alizarin Red S (osteogenic differentiation),
Oil Red O (adipogenic differentiaiton) and
Alcian Blue (chondrogenic differentiation).
Reagents were purchased from Sigma-
aldrich.

2.3. EPO secretion of differentiated D1-
MSCs

103



Biofunctionalization of alginate microcapsules: advances in cell-based drug delivery systems

The supernatants of differentiated and
no differentiated cells were assayed in
triplicate perstudygroupfor EPOsecretion.
Quantikine IVD Human Erythropoietin
ELISA Kit purchased from R&D Systems
(Minneapolis, MN) was employed for EPO
secretion measurement. The results were
normalized with the cell number in each

well and expressed as mean + S.D.

2.4. Incorporation of adhesion molecules

into alginate

Alginate was chemically modified by
the aqueous carbodiimide chemistry.
A water soluble carbodiimide, (1-ethyl-
dimethylaminopropyl) carbodiimide
(EDC), was used to form amide linkages
between amine containing molecules
and the carboxylate moieties on the
backbone, with a

alginate polymer

reaction efficiency of approximately
80% [32]. The total number of RGD
peptides per alginate chain, defined as
the degree of substitution (DS) [33], was
altered by varying the concentration of
RGD peptides in the coupling reaction,
obtaining four different types of alginate:
DS 0 (No modified alginate), DS 1 (0.112
mM), DS 5 (0.5 mM) and DS 10 (1.12 mM).
Ultra pure low-viscosity high guluronic

acid alginate (UPLVG) was purchased
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from FMC Biopolymer, Norway. RGD was
achieved from Peptides International

(Louisville, Kentucky, USA).
2.5. Cell microencapsulation

D1-MSCs genetically modified to release
EPO were incorporated into 3D alginate-
poly-I-lysine-alginate (APA) microcapsules
using an electrostatic droplet generator
with brief modifications of the procedure
designed by Lim and Sun [6]. Briefly, cells
were harvested from monolayer cultures
using trypsin-EDTA (Life technologies),
filtered through a 40 um pore mesh and
suspended in four different solutions of
1.5% (w/v) sodium alginate (DS 0, DS 1,
DS 5, DS 10) at 107 cells/ml density. These
suspensions were extruded in a sterile
syringe through a 0.35 mm needle at
a 5.9 mL/h flow rate using a peristaltic
pump. The resulting alginate particles
were collected in a 55mM CaCl, solution
and maintained under agitation for 15
min after the end of the process to ensure
complete gelation of all the beads. Then,
beads were suspended in 0.05% PLL
solution for 5 min, washed twice with 10
mL of manitol 1% and coated again with
another layer of 0.1% alginate for 5 min.
All the process was carried out under

aseptic conditions at room temperature,



and resulting  microcapsules  were
cultured in complete medium at 37 °C in
a 5% CO,/95% air atmosphere standard
incubator. Poly-I-lysine (PLL hidrobromide
Mw 15 000-30 000 Da) was obtained from

Sigma Aldrich.
2.6. Viability of encapsulated D1-MSCs

To assess the viability, cells entrapped
into APA microcapsules were dyed with
the LIVE/DEAD kit (Life technologies)
following manufacturer’s indications.
After 30 min, fluorescence micrographs
were taken using an epi-fluorescence
microscope (Nikon TSM). To quantify
the number of living cells, enclosed cells
were firstly de-encapsulated with alginate
lyase (0.5 mg/mL) (Sigma-Aldrich),
and stained with LIVE/DEAD kit (Life
technologies). After 20 min incubation at
room temperature protected from light,
cells were counted by flow cytometry (BD
FACSCalibur) using Trucount Tubes (BD).
All samples were assayed in triplicate for
all groups and btained values are shown
as mean of 3 independent samples + S.D
per study group. The number of living cells
obtained for the day 0 was considered as
100% in each microcapsules group, and all
values were expressed in function of this

percentage.

Experimental design: Chapter 3

2.7. Proliferation of encapsulated D1-MSCs

To assess proliferation of encapsulated
D1-MSCs, the of 2x10%
cells/100 pL (=100 microcapsule/ well)

equivalent

was placed into each well of 96-well
plate. All groups were incubated with
complete medium supplemented with
10% FBS except the negative control
group, which was incubated with starving
medium supplemented with 0.1% FBS.
After 24 h, the encapsulated cells were
incubated in the presence of 10 uM BrdU
for an additional day, except non-specific
binding control group (without BrdU).
The third day cells were de-encapsulated
using alginate lyase (0.5 mg/ml) (Sigma-
Aldrich) and assayed for BrdU uptake
using Cell Proliferation Biotrak ELISA
System (Amersham, NJ, USA) following
manufacturer’s indications. Absorbance
measurements of the non-specific binding
control group were subtracted from
the rest of the groups, and results were
normalized with the negative control
(microcapsules incubated with 0.1 % FBS).
Data are shown as mean of 5 independent
samples + S.D per study group. Results
were normalized with those obtained with

DS 0 group each day.

2.8. EPO secretion of encapsulated D1-
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MSCs

In the case of encapsulated D1-MSCs,
supernatants of all types of microcapsules
were assayed for EPO secretion using
the aforementioned kit. Standards and
samples were run in duplicate according
to the procedure specified in the kit. EPO
secretion of the equivalent of 100 pl of
microcapsules (107 cells/ml) was measured
for a 24 h release period in triplicate per
study group, and results are expressed as

mean = S.D.

2.9. Differentiation of encapsulated D1-
MSCs

To induce adipogenic, osteogenic and
chondrogenic differentiation of D1-MSCs
within APA microcapsules, encapsulated
cells were maintained in each conditioned
media for 3 weeks. Next, capsules were
stained with the specific staining in each
case. In a second set of experiments,
D1-MSCs maintained in their specific
conditioned media to induce three types
of differentiations were retrieved from
the microcapsules using alginate lyase
(0.5 mg/ml). The de-encapsulated cells
were replated and stained according to
the Alizarin Red and Oil Red O staining
protocols. Alizarin Red
extracted with 6M HCI. Oil Red O staining

staining was
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was extracted with pure isopropanol. The
degree of osteogenic and adipogenic
differentiation  was  quantified by
determining the absorbance of the

extracts at 490 nm.

2.10. In vivo study: Microcapsule

implantation, hematocrit measurement
and microcapsule retrieval to evaluate

explanted encapsulated cells

Animalstudieswere carried outaccording
to the ethical guidelines established
by our Institutions, under an approved
protocol (CEEA/374/2014/
HERNANDEZ MARTIN). Adult
C57BL/6J mice were anesthetized by
isoflurane

animal
female
inhalation, and implanted
subcutaneously with a total volume
of 300 pL of cell-loaded microcapsules
(10x10% cells/mL) in PBS
using a 20-gauge catheter (Nipro; Nissho

suspended

Corp, Belgium). Animals were housed
in specific pathogen free facility under
controlled temperature and humidity
with a standardized 12 h light/dark cycle
and had access to food and water ad
libitum. Blood was collected before the
administration and during 1 month at
different time points (Day 7, 14, 21, 25 and
30) from the submandibular area using

heparinized capillary tubes. Hematocrits



were determined after centrifugation at
3000 rpm for 10 min of whole blood using

a standard microhematocrit method.

At day 15 and 30 after implantation, 3
animals from each group were sacrificed
and capsules were explanted. Briefly,
a mix of collagenase H (2mg/ml) and
hyaluronidase (1mg/ml) (Sigma, St. Louis,
USA) was prepared using DMEM. This
enzyme solution was filtered-sterilized
prior to use. Using 50 mL tubes, 5-6 mL
of disgregation solution was added
to each microcapsule aggregate and
incubated in a shaker bath at 37 °C for
4 h at 100 rpm. Once the surrounding
tissue was disaggregated, the solution in
the tubes was filtered using 40 um pore
size filters to recover tissue-free capsules.
The aforementioned viability assay, EPO
secretion quantification and phenotypic
analysis were performed with the

explanted microcapsules.
2.11. Statistical analysis

Data are presented as mean + S.D. One-
way ANOVA and post-hoc test were used
in multiple comparisons. The Bonferroni
or Tamhane post-hoc test was applied
according to the result of the Levene
test of homogeneity of variances. In the

case of non-normally distributed data,
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Mann-Whitney non-parametric analysis
was used. All statistical computations
were performed using SPSS 20 (SPSS, Inc.,
Chicago, IL).

3. Results

3.1.Phenotypic analysis and differentiation
of D1-MSCs

Cultured D1-MSCs were characterized by
flow cytometry for standard mesenchymal
stem surface markers. The histograms of
the Figure 1A showed no expression of
hematopoietic marker CD 45, but positive
staining for MSC markers CD29, CD44,
CD73,CD105 and SCA-I.

According to the
differentiation capacity [34], D1-MSCs

were differentiated

tri-lineage

into  osteogenic,
adipogenic and chondrogenic lineages.
Detection of calcium deposits by Alizarin
Red, the cytoplasmatic accumulation
of vacuoles filled with neutral lipids by
Oil Red O and the positive Alcian blue
staining for cartilage matrix confirmed the
differentiation potential of evaluated cells
(Fig. 1B).

3.2. EPO secretion of differentiated D1-
MSCs

EPO secretion of differentiated and
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no differentiated cells were measured
to observe differences between the
different cell phenotypes (Fig. 1C). EPO
secretion showed statistical differences
between chondrogenic differentiated
and control cells at the second week
(p<0.05), while at the third week the
differences were between chondrogenic

and osteogenic lineages (p<0.05). In both

cases chondrogenic lineage showed the
lowest EPO values, while undifferentiated
MSCs and osteogenic lineage cell showed
the highest EPO secretion. Based on these
results, undifferentiated D1-MSCs were
selected to follow up with experiments of

encapsulated cells.

3.3. Viability of encapsulated D1-MSCs

A Osteo Adipo Chondro
¥ 26.86 :
o [
° W " w ' qw" w' w [ u!
? 1 1056 .
CD45 i co73 {/ '
i ] w o Q:r I ® 't
s g
54 330
cD105 SCA-l //‘\‘
e,’ W w e w w i p
C EPO secretion

1000

miufmL
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—*

Ocontrol
B Osteogenic
M Adipogenic

B Chondrogenic
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Figure 1. Phenotypic analysis of D1-MSCs in culture by FACS. Representative graphs of cell markers

expression (filled histograms) and their isotype control (green lined histograms) are shown. Values

in the graphs indicate the expression level represented as Mean Relative Fluorescence Intensity
(MRFI), calculated by dividing the Mean Fluorescence Intensity (MFI) by its negative control (A).

Photomicrographs showing the differentiation potential of D1-MSCs. Osteogenic, adipogenic and

chondrogenic differentiation with their respective negative controls on the second row (B). EPO

secretion of D1-MSCs cultured in specific media to induce their differentiation. Bar graphs symbolize
the mean + S.D (n=3). Statistical significance *p < 0.05 (C).
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Once D1-MSCs were characterized based
on the expression of MSC markers, and
the tri-lineage differentiation capacity, no
differentiated D1-MSCs were encapsulated
within alginate microcapsules modified
with different RGD densities (Fig. 2). The
viability of all types of microcapsules
with  spherical morphology and a
homogeneous size distribution (diameter
450-470 pm) was evaluated during 21
days. Fluorescence micrographs collected
by day 21 demonstrated the high viability
of cells encapsulated in all types of

microcapsules maintaining the green

EPO socreting Alginate
® prmses i

Figure 2. Schematic illustration of the
main objectives of the study: First, the
characterization of EPO secreting D1-MSCs,

including their differentiation potential.
Second, theimmobilization of no differentiated
cells into alginate microcapsules with different
RGD densities to its in vitro analsysis. Finally,
the implantation of microcapsules into mice to

evaluate cell behavior in vivo.

Experimental design: Chapter 3

fluorescence of living cells even at the
end of the study (Fig. 3A). Data obtained
by flow cytometry provided further
evidence on our observations. Although
at day 15 slight intergroup differences
were observed among cells encapsulated
with the highest RGD densities and cells
immobilized in microcapsules without
RGD, at day 21 all the viabilities were
similar, maintaining a high level of living
cells (75-80 %) (Fig. 3B).

3.4. Proliferation and EPO secretion of
encapsulated D1-MSCs

Proliferation of D1-MSCs encapsulated
in biomimetic scaffolds was evaluated to
determine whether inclusion of adhesion
moieties could enhance DNA synthesis
of cells. As shown in the Figure 3C, the
alginate modification had a significant
effect on the D1-MSCs
significant

proliferation
increasing intergroup
differences over time. At day 15, DS 1 and
DS 5 groups showed higher BrdU uptake
compared with DS 0 and DS 10 groups.
At the end of the study, the differences
were more evident obtaining almost 1.5
fold higher BrdU uptake in the DS 1 and
DS 10 groups (p<0.01), and an 1.85 +
0.11-fold enhancement of DNA synthesis

in the DS 5 group (p<0.001). These data
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come along with the results obtained in
the therapeutic factor secretion. In fact,
from the beginning of the study, D1-MSCs
encapsulated in RGD-modified alginates
showed a higher activity obtaining
an enhancement in the EPO secretion
(Fig. 3D).

statistically significant in all groups with

Although differences were

RGD at day 1, at day 15 only the groups
with intermediate levels of the tripeptide
(DS 1 and DS 5) maintained statistical
differences (p<0.01, p<0.05). By day 30, DS

BrdU uptake
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BrdU uptake fold increase
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Day 21
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5 was the unique group with statistically
significant enhancement of EPO secretion
compared with DS 0 group, achieving
values of 2855 + 266 mIU/ml (p<0.05).

3.5. Phenotypic analysis and capacity of
differentiation potential of encapsulated
D1-MSCs

The phenotype of encapsulated D1-
MSCs was analyzed by flow cytometry.
The that D1-MSCs

immobilized in alginate matrices modified

results showed
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Figure 3. Fluorescence micrographs of cells encapsulated into different alginate matrices at day 21
(A). Percentage of living cells after 15 and 21 days of encapsulation (B), BrdU uptake (C) and EPO
secretion (D) at day 1, 15 and 21 of the study. Bar graphs symbolize the mean + S.D . Statistical
significance *p < 0.05, **p < 0.01 and ***p < 0.001 compared with DS 0 group. Scale bars = 100 pm.
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with different RGD densities maintained between groups by day 21.

their stem cells phenotype. As shown in
. . The encapsulated D1-MSCs were
the Figure 4A, cells encapsulated in all o i )
) ) evaluated for their ability to differentiate
types of microcapsules had no expression
. . intothe 3 mesoderm lineages (osteoblasts,
of CD 45 while positively expressed the

MSC markers CD29, CD44, CD73, CD105
and SCA-I without significant differences

adipocytes and chondrocytes) within the

microcapsules and after retrieval. The
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pso [A__a3159) [/ 1401 [ga 136 [/ 001003 A 213 [ 2.14]
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Figure 4. Phenotypic characterization of de-encapsulated D1-MSCs from all type of alginate
matrices by FACS. Representative graphs of cell markers expression (filled histograms) and their
isotype control (green lined histograms) are shown. Values in the graphs indicate the expression
level represented as Mean Relative Fluorescence Intensity (MRFI), calculated by dividing
the Mean Fluorescence Intensity (MFI) by its negative control (A). Diferentiation potential of
microencapsulated D1-MSCs cultured 21 days in conditioned media. Osteogenic, adipogenic and
chondrogenic differentiation with their respective negative controls within microcapsules (B) and
after de-encapsulation (C). Quantification of osteogenic and adipogenic differentiation quantified
by determining the absorbance of the extracts at 490 nm (D). Bar graphs symbolize the mean + S.D.
Statistical significance *p < 0.05 and **p < 0.01.
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deposition of mineralized bone matrix
and lipid vacuoles of adipocytes were
identified by the previous mentioned
staining not only in the microcapsules
but also after de-encapsulation of D1-
MSCs (Fig. 4B and 4C). However, we
could not determine differentiation into
chondrocytes, since the negative control
also was stained with Alcian Blue (Fig. 4B).
Moreover, when cells were stained after
retrieval from the capsules, there were no
differences between the chondrogenic
group (Figure 4C). The

absorbance values of the extracts obtained

and control

from different stains demonstrated that
RGD-modified microcapsules tend to
enhance the differentiation potential of
D1-MSCs (Figure 4D). Although there were
not differences between DS 0 and other
groups, the microcapsules elaborated
with the highest RGD densities showed
the highest absorbance values obtaining
statistical differences compared to DS 1
group (p<0.01, P<0.05).

3.6. Hematocrit levels after subcutaneous

administration of microcapsules

In a second set of experiments, all types
of microcapsules that were previously
in vitro were

evaluated implanted

subcutaneously in mice to observe the
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effects of RGD in vivo. At day 15 and 30, the
microcapsules were retrieved to further
evaluate the immobilized cells. During all
the study, hematocrit levels of mice were
recorded at different time points (Fig. 5A).
Hematocrit levels showed that all groups
underwent an equal increase during all
the experiment. No significant differences
were observed among the different
groups, obtaining the highest hematocrit
values at day 25, with a hematocrit level

around 90% in all cases (Fig. 5B).
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Figure 5. Schematic illustration of the in
vivo study showing different time points for
microcapsule explantation and hematocrit
mesurements (A). Hematocrit levels
of C57BL/6J after  subcutaneous
implantation of EPO secreting D1-MSCs
immobilized in different matrices (DS 0, DS 1,

DS 5 and DS 10) (B).

level
mice
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secretion and phenotypic analysis in vivo

3.7. Encapsulated cell viability,

As shown in Figure 6A, cell viability was
similar among all groups at day 15. EPO
secretion also was similar in all groups
(Fig. 6B), achieving values around 1500
mIU/ml, lower values than those achieved
in the in vitro assay by the same day.
The stem cell phenotype of MSCs was

analyzed after retrieval of implanted

Experimental design: Chapter 3

microcapsules at day 15 and 30 (Fig.
6C and 7C). The results showed that
phenotype of MSCs (CD29+CD44+CD45-
CD73*CD105*SCA-IY) is

all conditions assayed with a similar

preserved in

phenotype profiles than D1-MSCs cultured

in different types of microcapsules in vitro.

Although at day 30 encapsulated
cells maintained a high viability, the

photographs also  highlighted the
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Figure 6. Microcapsules explanted at day 15: morphology of D1-MSCs and fluorescence micrographs
of cells encapsulated into different alginate matrices at day 15 after implantation (A). EPO secreted
of encapsulated cells after retrieval of mice at day 15 (B) Phenotypic characterization of D1-MSCs de-
encapsulated of all type of alginate matrices at day 15 by FACS. Representative graphs of cell markers

expression (filled histograms) and their isotype control (green lined histograms) are shown. Values

in the graphs indicate the expression level represented as Mean Relative Fluorescence Intensity
(MRFI), calculated by dividing the Mean Fluorescence Intensity (MFI) by its negative control (C).
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Figure 7. Microcapsules explanted at day 30: morphology of D1-MSCs and fluorescence
micrographs of cells encapsulated into different alginate matrices taken by day 30 (A). EPO secreted
of encapsulated cells after retrieval of mice at day 30 (B) Phenotypic characterization of D1-MSCs de-
encapsulated of all type of alginate matrices at day 30 by FACS. Representative graphs of cell markers
expression (filled histograms) and their isotype control (green lined histograms) are shown. Values
in the graphs indicate the expression level represented as Mean Relative Fluorescence Intensity
(MRFI), calculated by dividing the Mean Fluorescence Intensity (MFI) by its negative control (C).

4, Discussion

apparition of some cell aggregates (Fig. ) o )
. o The immobilization of diverse cell types
7A). There were no intergroup statistical
) ) ) into 3D scaffolds represents an attractive
differences in the EPO secretion at the end
. tool to enable the local and controlled
of the study but the values obtained at ) )
. ) delivery of therapeutic molecules.
day 30 were higher than those obtained

. L , . However, despite the design of alginate-
at day 15 in the in vivo experiment (Fig.

78) poly-I-lysine-alginate (APA) microcapsules

protecting the implanted cells from the
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host immune response, the encapsulated
nonautologous cells secrete cytokines and
shed antigens. These factors eventually
evoke a host immune response giving rise
to an inflammatory tissue surrounding the
microcapsules that leads to suffocation
and death of the encapsulated cells
[35,36]. The use of MSCs that can
downregulate or reduce this immune
response has involved a great advance on
the field, offering promising properties
for cell microencapsulation and cell-
based therapies [37,38]. In addition, these
cells can be also genetically modified
to achieve a secretion of the desired
therapeutic factor depending on the

intended application.

Besides the importance of a judicious
choice of cells for the efficacy of this
therapeutic strategy, the success or
failure of cell microencapsulation systems
also depends on the properties of the
scaffold where cells are immobilized [39].
Focusing on that issue, one of the major
design strategies is the modification of
inert polymeric matrices with bioactive
molecules in order to provide cells with
a more natural environment [11]. Among
others, small amino acid sequences as RGD
have been employed as cell recognition

motives in inert scaffolds such as alginate

Experimental design: Chapter 3

matrices [40]. After the promising results
obtained in previous works encapsulating
C,C,, [30] and BHK cells [29] in RGD-
modified alginates, the present work
evaluates the properties of EPO secreting
D1-MSCs into different microcapsules
in order to make a step forward in cell
encapsulation technology. Thus, we
have provided interesting information
regarding the effect of different RGD
densities on encapsulated D1-MSCs in

vitro and in vivo.

The phenotypic analysis and the

multi-lineage differentiation potential
revealed that stem cell characteristics of
genetically modified D1-MSCs remained
intact (Fig. 1 A-B). Due to the possibility to
observe a variation in the EPO expressed
lineages of D1-MSCs,
the therapeutic factor secretion from

differentiated

from different
osteoblasts, adipocytes
and chondrocytes was evaluated (Fig.
1C). The

undifferentiated and cells differentiated

results demonstrated that
into osteogenic and adipogenic lineages
maintained similar EPO expression while
the chondrogenic lineage achieved lower
levels. This difference may be attributable
to the specific culture conditions to
induce a chondrogenic differentiation

which vary significantly from the osteo-
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and adipo-lineages induction [28]. For the
differentiation to chondrogenic lineage,
D1-MSCs should be cultured in a dense
3D environment, which can lead to a
reduction of cell viability. In addition, the
secreted EPO could be retained by the
dense tissue environment hindering its
diffusion to the cell culture media. Despite
the therapeutic factors decrease showed
by the chondrogenic lineage, D1-MSCs
maintained a sustained expression of EPO
following differentiation, a very desirable

feature for drug delivery systems.

D1-MSCs maintained a high viability
in 3D alginate scaffolds (75-80%) during
21 days with slight differences between
microcapsules elaborated with or without
RGD. This could be explained by the
fact that while some cell types need
interactions for the attachment of the
inner core, cell anchorage is not a strict
requirement for survival of D1-MSCs.
Nevertheless, the results shown in the
Figure 3Cand 3D revealed that RGD added
to the alginate matrices plays critical roles
in some important cellular functions.
According to the results collected in
other works, the inclusion of RGD leads
to an enhancement of the proliferation of
encapsulated cells. It is noteworthy that

low and intermediate levels of RGD (DS 1
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and DS 5) were the most effective to obtain
the highest proliferation activity [41]. This
is consistent with previous studies that
also reported the inhibitory effect of RGD
when too high densities are employed for
surface modifications [42]. In accordance
with the proliferation assay, EPO secretion
is also enhanced in the case of D1-MSCs
immobilized into microcapsules modified
with RGD, obtaining the highest values
with the DS 5 group. It should be noted
that EPO secretion increases over time
in all conditions, regardless of the RGD
modification. The constant viability values
obtained during all the experiment lead
to the hypothesis that the enhancement
of EPO released from D1-MSCs can be
related with a higher activity of enclosed

cells.

The  differentiation

encapsulated cells upon specificinduction

potential  of

was confirmed by the presence of calcium
deposits (osteogenic lineage) and lipid
vacuoles (adipogenic lineage) (Fig. 4B and
4C). These differentiations occurred in all
types of microcapsules (data not shown),
but slight differences could be observed
after the absorbance measurement of the
extracts obtained from de-encapsulated
cells (Fig. 4D). Our findings come along
with other studies which reported that



apart from its influence on different
cell functions, RGD also promotes the
differentiation of MSCs immobilized into
3D scaffolds [43,44].

RGD-modified

alginate matrices did not provide a

Interestingly, our

suitable environment for chondrogenic
of D1-MSCs.

studies showed that cell aggregates

differentiation Previous
are needed to induce chondrogenic
differentiation in MSCs in 3D cultures
[38,45], and the solid core of APA
microcapsules does not facilitate that
process. When the polymeric matrices
have high restriction forces as in the case
of our microcapsules, the cells normally
proliferate based on the local cells and
grow into small multispheroids hindering

the chodrogenic differentiation [12].

In a second set of experiments, we
moved on to an in vivo assay to evaluate
the behavior of D1-MSCs entrapped in
different scaffolds in an allogenic recipient.
The elevated and similar hematocrit
level obtained by all groups suggests
that the fact of adding RGD into alginate
does not have a significant effect on the
EPO secretion (Fig. 5). To provide a more
consistent data regarding that issue, EPO

released by cells was analzyzed after the

Experimental design: Chapter 3

explantation of microcapsules from the
animals. Obtained data demonstrated that
in fact, there were no differences between
EPO secreted by D1-MSCs immobilized
in different types of microcapsules (Fig.
6B and 7B). However, it is important to
note that although EPO levels were lower
than those obtained in the in vitro assay,
the implanted D1-MSCs also increase
EPO secretion over time in all in vivo
conditions. The aggregates formed by
these cells into all types of microcapsules
at day 30 (Fig. 7A) give an explanation
to the enhancement of the therapeutic
factor secretion along the 30 days period
of the study [46]. Nevertheless, although
the EPO released from all microcapsules
explanted at day 15 was very similar, at
the end of the study some differences
could be detected between the different
groups, obtaining the highest levels in the
microcapsules with low and intermediate
densities of RGD (DS 1 and DS 5).

The simultaneous analysis of a wide
range of stem cell-related markers
demonstrated that D1-MSCs immobilized
into all microcapsules and cultured in
basal media without differentiation
induction were similar in terms of surface
markers expression (Fig. 4A). According

to the phenotypic analysis, it can be
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assumed that encapsulation of these cells
into different matrices did not induce the
differentiation towards adipo-, osteo- and
chondrogenic lineages. Indeed, although
the differentiation process may occur in
vivo under certain circumstances [26], our
in vivo experiments confirmed that MSCs
remained in an undifferentiated state
maintaining their self-renewal potential
(Fig. 6C and 7C).

The results collected in the present
study indicate that the inclusion of RGD
into alginate matrices do not affect the
behavior of encapsulated cells in vivo as
much as in vitro studies during the period
of 30 days. These differences may be
attributable to the diverse growth factors
and hormones surrounding microcapsules
environment in vivo that can alter vital
of D1-MSCs. The
D1-MSCs

observed in the implanted microcaspules

cellular functions

aforementioned aggregates
revealed that cell proliferation increases
even into alginate without RGD. This
suggests that the complexity provided by
the in vivo body fluids to the microcapsules
environment may have more influence
than the adhesion moieties into the
matrices for this cell type. However, it
should be highlighted that a longer in

vivo follow-up period of the implanted
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microcapsules could allow observing

more differences between different
groups [19].

5. Conclusions

This study shows that genetically
modified EPO  secreting D1-MSCs

present appropriate characteristics to be
employed as a vehicle for drug delivery
systems, since the inclusion of these
cells into alginate microcapsules do not
affect their main properties. The use
of RGD as bioactive molecule involves
a higher activity of encapsulated D1-
MSCs, not only increasing therapeutic
factor secretion, but also enhancing the
differentiation potential of immobilized
cells upon specific induction. Finally, the
present work shows that subcutaneous
implantation
not induce differentiation of D1-MSCs

of microcapsules does

towards any lineage remaining at an

undifferentiated state in vivo.
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Cell microencapsulation biotechnology represents a promising therapy to allow the
immunoisolated transplantation of non-autologous cells. Since the first approach
carried out more than 30 years ago several strategies have been developed leading to
an evolution of this therapeutic strategy. However, the implementation of biosafety and
monitorization systems to exert a tight control over the implanted cells, the improvement
of biocompatibility as well as the reduction of the inflammatory responses are still
pending issues which hinder the progress of this technology towards clinical reality.
The preservation of cells with high viability in polymeric matrices is another unresolved
challenge yet and new possibilities of biomaterial science are emerging to overcome this

drawback.
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Regarding this aspect, several research groups are working in the modification of
polymeric matrices where cells are immobilized with bioactive molecules derived from
extracellular matrix (ECM) which provide attachment to immobilized cells improving the
functionality of cell-based 3D systems. The tripeptide arginine-glycine-aspartate (RGD)
derived from longer ECM proteins, is one of the most employed adhesion molecule with
this aim on the field, and many positive results are collected in the literature which support
its potential as bioactive molecule. Nevertheless, while in vitro studies have confirmed
the effectiveness of RGD peptides, in vivo studies have been shown to be more variable,
opening an extended debate about its use. This doctoral thesis is intended to analyze
some factors that may vary the effect of RGD in alginate microcapsules. Thus, the aim
of the present studies has been to analyze the influence of RGD moieties on several cell

types enclosed in 3D alginate capsules, trying to answer the following questions:

Is the choice of RGD density of relevant importance in the design of functional drug

delivery system?
Is there an optimal RGD density that provides the highest activity for all cell types?

Are the results obtained in the in vitro experiments comparable with those obtained in

an in vivo microenvironment?

Do D1-MSCs (Mesenchymal stem cells) maintain their stem cell properties when they are

immobilized within RGD modified alginate scaffolds?
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1. RGD density: Its influence on VEGF releasing BHK fibroblasts in
vitro.

A broad range of cell lines has been enclosed within polymeric matrices surrounded
by a semipermeable membrane designed to immune-protect the cell content from
both mechanical stress and host’s cellular immune rejection [1-5]. Alginate is a natural
biomaterial widely used in cell encapsulation due to its several favorable properties, but it
does not provide sufficient cues for cell-matrix interactions, being an inert polymer [6,7].
One way to prolong cell survival in these non-cell-interactive matrices is to modify them
with the amino acid sequence arginine-glicine-aspartate (RGD), a short adhesion peptide
found in fibronectin and other natural components of the ECM. The use of this tripeptide
offers some advantages over the use of the whole protein; for example, simplicity, cost
effectiveness, easy manipulation for functionalization and low immune response [8,9]. For
thesereasons, RGD has generated attention as a potential means to provide inert polymers
with biological cues and thus extending the long term viability of the immobilized cells
[10-12].

Although thereis a significant biological foundation to support the activity of RGD moiety
and an exhaustive literature has established that it is highly effective at promoting the
attachment of numerous cell types in diverse biomaterials [13-17], some inconsistencies
collected in recent works, especially the variable results obtained in vivo, have led to
questioning its actual effectiveness. Indeed, the variability that offers this adhesion ligand
might become a disadvantage in certain cases, which has generated some discrepancies
in the scientific community to date [18-22]. Among others, the use of different RGD ligand
types, the differences in RGD presentation patterns or the effect of the microenvironment
enhancing/decreasing its activity are variables that must be taken into account when
using RGD [23-26]. In this regard, the influence of adhesion ligand density is one of the
main parameters that must be defined for each particular cell and application, being

pivotal to obtain the optimum functionality of immobilized cells [21,27].

In the first work of this doctoral thesis, we aimed to evaluate the influence of RGD density
on VEGF secreting BHK fibroblasts in vitro, encapsulating the cells in 4 different alginate
matrices modified with increasing RGD densities: DS 0, DS 1, DS 5 and DS 10 (Fig. 1).
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Figure 1. Schematic illustration of VEGF-secreting BHK fibroblasts encapsulated in 4 alginate

RGD-modified 3D matrices
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matrices elaborated with different RGD densities.

The results obtained after the evaluation of viability, VEGF secretion and proliferation of
fibroblasts encapsulated in different matrices clarified that intermediate levels of RGD (DS
5) provide the maximum functionality to the system (Fig. 2). Interestingly, the collected
results demonstrated that too high RGD densities (DS 10) might produce an inhibitory
effect. This phenomenon was explained by assuming that the strong adhesions resulting

from many bound receptors may impede cell division, producing an inhibitory effect

when the employed densities of RGD are too high [28].
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Figure 2. Percentage of living cells (A) and VEGF secretion (B) after 15 and 30 days of encapsulation.
The number of living cells or VEGF secretion obtained for the day 0 was considered as 100% in
each microcapsules group, and all values were expressed in function of this percentage. Bar graphs
symbolize the mean + S.D (n=3). BrdU uptake (C) after 15 and 30 days of encapsulation. The results
were normalized with those obtained with DS 0 group each day. Bar graphs symbolize the mean +
S.D (n=5). Statistical significance *p < 0.05 and ***p < 0.001 compared with DS 0 group.

Moreover, after 30 days of encapsulation we could clearly observe the trend of fibroblasts
to form living cell aggregates in the presence of RGD (Fig. 3 I-L), while cells entrapped in
no modified microcapsules remained with the same distribution observed at day 1. This
finding come along with other previously reported results in the literature revealing that
this cell line tends to form cell aggregates in the presence of adhesion ligands. Extensive
research has been carried out regarding the formation of multicellular structures and the
direct relation between the high proliferation activity of fibroblasts and the increase of the

therapeutic factor expression ability [29,30].
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Day 1 Day 15 Day 30

DS 0 i
DS 1
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Figure 3. Fluorescence micrographs taken by day 1 (A-D), day 15 (E-H) and day 30 (I-L). Scale bars =
100 pm.

The results collected in this study show that maintaining the same number of
encapsulated cells, the production of therapeutic factor may increase. However, it is
important to notice that the enhancement of that secretion by the inclusion of this type
of moiety may occur in an uncontrolled way, and in some cases this fact could result in
appearance of side effects [31]. In this sense, the secretion obtained over a month by the
DS 5 group may be excessive, and an exhaustive in vivo evaluation is necessary to estimate

the dose required to achieve the best results.

In summary, these preliminary results suggest that RGD density is an important factor
to take into account in the design of drug delivery biosystems. In the present work
intermediate RGD density shows the greatest influence on the behavior of encapsulated
fibroblasts. However, the role of RGD over cell behavior should be evaluated individually

and carefully for each cell line, since its effects may be different depending on the cell

type.
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2. Microenvironment influence: In vitro and in vivo differences
evaluated in EPO releasing C,C,, myoblasts.

In order to prove the effect of RGD in other cell type which has also been widely used in
some previous works as well, we carried out a similar experiment employing EPO secreting
C,C,, myoblasts in this case. In addition, in the present study we tried to compare the
results collected in vitro with the effect of RGD-modified alginate on encapsulated cells in

a complex natural microenvironment using an animal model.

Indeed, despite the demonstrated potency of this peptide sequence as bioactive
molecule, recent investigations have shed controversial results concerning the effect
of this adhesion moiety in vivo, opening an extended debate about its use [8,9,32,33].
This fact makes the so far used in vitro methods unreliable reporters of in vivo activity
and, thereby, highlights the need for more in vivo studies. In this sense, researchers in
the field are currently discussing the diverse factors that may influence in this lack of
consistency between in vitro and in vivo results, including the background produced
by the serum proteins adsorbed in the matrix [24,34] or the synergistic effect mediated
by the different physicochemical cues coming from the surrounded microenvironment
[35,36]. We used alginate-poly-I-lysine-alginate (APA) microcapsules as model for an in
vitro-in vivo comparative study, since the semipermeable PLL membrane avoids/prevents
the possible diffusion of high molecular weight serum proteins from the surrounding

microenvironment [37].

The analyses of actin filaments in vitro suggested that immobilized cells were able to
establish interaction sites with alginate in microcapsules containing RGD, whereas cells

enclosed within alginate matrices without RGD remained with a rounded-shape (Fig. 4).

Even if these filopodia-like extensions, indicators of cell spreading, were more prominent
as RGD density increased, the highest viability, proliferation and EPO secretion were
obtained in the case of microcapsules elaborated with the lowest RGD density (DS 1
microcapsules) (Fig. 5). It is important to note that comparing with fibroblasts, myoblasts
required a lower RGD densitiy to achieve the optimal functionality in those systems in

vitro.
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e
Vg

Figure 4. Cytoskeleton organization of myoblasts encapsulated in microcapsules elaborated
with four different types of alginate in vitro. The cells inside APA microcapsules were stained with
phalloidin Alexa Fluor 488 for F-actin (green) and Hoechst (blue) for nucleus. Scale bars = 20 pm.
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Figure 5. (A) In vitro percentage of living cells after 15 and 30 days of encapsulation. The number
of living cells obtained for the day 0 was considered as 100% in each microcapsules group, and all
values were expressed in function of this percentage. Bar graphs symbolize the mean + S.D (n=3).
(B) In vitro Fluorescence micrographs taken by day 30. Scale bars = 100 um. (C) In vitro EPO secretion
after 15 and 30 days of encapsulation. Therapeutic factor secretion levels obtained for the day 0
were considered as 100% in each microcapsule group, and all values were expressed in function of
this percentage. Bar graphs symbolize the mean + S.D (n=3). (D) In vitro BrdU uptake after 0, 15 and
30 days of encapsulation. The results were normalized with those obtained with DS 0 group each
day. Bar graphs symbolize the mean + S.D (n=5). Statistical significance *p < 0.05, **p < 0.01 and
*¥**p < 0.001.
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We next moved on to in vivo assays in order to test the influence of a physiological
microenvironment on cells enclosed within RGD-enriched matrices. When all types of
microcapsules were retrieved from Balb/c mice at day 15 or 30, there was no evidence of
inflammation process neither differences on the volume or adherences. We repeated the
same experimental procedure carried out in vitro measuring the viability, EPO secretion
and proliferation of encapsulated cells and the differences between both types of studies

by day 30 were collected in the Figure 6.
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Figure 6. Direct comparison between in vitro and in vivo studies showing the synergistic effect of the
RGD density and the microenvironment on cell viability, EPO secretion and BrdU uptake. The data
obtained in either in vitro or in vivo studies were normalized against their respective DS 0 control
group in order to compare the behavior of encapsulated cells in these two microenvironments in
function of RGD density (DS 1, DS 5 and DS 10). Bar graphs symbolize the mean + S.D (Standard
deviation is within the size of the symbols in the graph). Statistical significance *p < 0.05, **p < 0.01
and ***p < 0.001; DS 0 vs other groups (DS1, DS5 and DS 10).
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Higher RGD densities seem to be required in vivo to obtain the same effects observed in
vitro. Graph curves for all assayed parameters revealed clearly that enclosed cells reflected
almost the same behavior shown in vitro but displaced to higher densities of RGD. This
also includes the inhibitory effect produced at the highest RGD density (DS 10). In the
particular case of proliferation, it must be taken into account that the inclusion of RGD
led to a higher proliferation activity in all types of microcapsules in vivo, compared to the
lower values obtained in vitro. These differences may be attributable to the complexity
provided by the in vivo body fluids to the microenvironment where microcapsules reside,
which may also influence the final outcome of RGD on encapsulated cells. In fact, it is
well known that several growth factors and hormones may alter the integrin expression
of cells, and that their receptors cooperate with integrins in the regulation of adhesion-
mediated signaling networks [35,36,38]. Therefore, special attention must be paid to the
synergistic effect of the molecules coming from surrounding microenvironment, as this

latter may vary according to the implantation site.

Some important parameters for the design of biomimetic biomaterials such as optimal
RGD density and the influence of the surrounded microenvironment are presented in this
study. Although further investigation are needed to define the molecular and cellular basis
of these observations, these types of screening studies provide meaningful information in
order to explore the complexity entailed by cell-ECM interaction. Likewise, future studies
should be focused on studying the efficacy of RGD taking into account other parameters

such as cell type or implantation site in the animal.

3. RGD influence on EPO releasing D1-MSCs: A step towards clinical
application

In the last work of this doctoral thesis we evaluated the potential of our RGD-modified
alginate microcapsules immobilizing D1 mesenchymal stem cells able to secrete EPO.
Since the emergence of stem cells for cell-based therapies, special attention has been
given to the use of this cell type also in the microencapsulation technology. This is due to

the hipoimmunogenic properties of stem cells which can be of particular interest in the

134



Discussion

design of 3D scaffolds to be implanted in nonautologous recipients. Despite the design
of alginate-poly-I-lysine-alginate (APA) microcapsules protecting the implanted cells from
the host immune response, the encapsulated nonautologous cells secrete cytokines and
shed antigens. These factors may eventually evoke a host immune response giving rise
to an inflammatory tissue surrounding the microcapsules that leads to suffocation and
death of the encapsulated cells [39,40]. The use of MSCs that can downregulate or reduce
this immune response at least locally has involved a great advance on the field, offering
promising properties for cell microencapsulation and other cell-based therapies [41,42].
Besides the evaluation of D1-MSCs functionality immobilized in RGD-modified scaffolds,
the aim of this work was to observe if these cells are able to maintain their stem cells

properties when they are immobilized into RGD-modified alginate microcapsules.

After the phenotypic analysis and examination of differentiation potential of D1-
MSCs, cells were immobilized into alginate scaffolds with different RGD densities. Cells
immobilized into all types of microcapsules were able to maintain a high viability (75-80%)
with slight differences between microcapsules elaborated with or without RGD. This could
be explained by the fact that while some cell types need interactions for the attachment
of the inner core, cell anchorage is not a strict requirement for survival of D1-MSCs [43].
Nevertheless, the results shown in the Figure 7C and 7D revealed that RGD added to the
alginate matrices plays critical roles in some important cellular functions. According to
the results collected in other works, the inclusion of RGD leads to an enhancement of the
proliferation of encapsulated cells being the low and intermediate levels of RGD (DS 1 and
DS 5) the most effective to obtain the highest proliferation activity and EPO secretion [44-
46]. It should be noted that EPO secretion increases over time in all conditions, regardless
of the RGD modification. The constant viability values obtained during all the experiment
lead to the hypothesis that the enhancement of EPO released from D1-MSCs can be

related with a higher functionality of enclosed cells.

The differentiation potential of encapsulated cells upon specificinduction was confirmed
by the presence of calcium deposits (osteogenic lineage) and lipid vacuoles (adipogenic
lineage) in all types of microcapsules (Fig. 8B and 8C). The photographs of the Figures 8B
and 8C belong to the DS 0 group. There were selected as example since the photographs
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Figure 7. Fluorescence micrographs of cells encapsulated into different alginate matrices taken at
day 21 (A). Percentage of living cells after 15 and 21 days of encapsulation (B). BrdU uptake (C) and
EPO secretion (D) at day 1, 15 and 21 of the study. Bar graphs symbolize the mean + S.D . Statistical
significance *p < 0.05, **p < 0.01 and ***p < 0.001 compared with DS 0 group. Scale bars = 100 pm.

of the rest of the groups were similar (data not shown). However, after the absorbance
measurement of the extracts obtained from de-encapsulated cells slight differences
could be observed between evaluated groups (Fig. 8D). Our findings come along with
other studies which reported that apart from its influence on cell functinality, RGD also
promotes the differentiation of MSCs immobilized into 3D scaffolds [28,47].

Interestingly, RGD-modified alginate matrices did not provide a suitable environment
for chondrogenic differentiation of D1-MSCs as observed in previous studies since cell
aggregates are necessary to induce chondrogenic differentiation in MSCs in 3D cultures
[42,48] and the high restriction forces of the solid environment within APA microcapsules

does not facilitate that process.
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Figure 8. Phenotypic characterization of de-encapsulated D1-MSCs from all type of alginate
matrices by FACS. Representative graphs of cell markers expression (filled histograms) and their
isotype control (green lined histograms) are shown. Values in the graphs indicate the expression
level represented as Mean Relative Fluorescence Intensity (MRFI), calculated by dividing
the Mean Fluorescence Intensity (MFI) by its negative control (A). Diferentiation potential of
microencapsulated D1-MSCs cultured 21 days in conditioned media. Osteogenic, adipogenic and
chondrogenic differentiation with their respective negative controls within microcapsules (B) and
after de-encapsulation (C). Quantification of osteogenic and adipogenic differentiation quantified
by determining the absorbance of the extracts at 490 nm (D). Bar graphs symbolize the mean + S.D.
Statistical significance *p < 0.05 and **p < 0.01.
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In a second set of experiments, we moved on to an in vivo assay to evaluate the behavior
of D1-MSCs entrapped in different scaffolds in an allogenic recipient The elevated and
similar hematocrit level obtained by all groups suggests that the fact of adding RGD into
alginate does not have a significant effect on the EPO secretion (Fig. 9).
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Figure 9. Schematic illustration of the in vivo study showing different time points for microcapsule
explantation and hematocrit level mesurements (A). Hematocrit levels of C57BL/6J mice after
subcutaneous implantation of EPO secreting D1-MSCs immobilized in different matrices (DS 0, DS
1,DS 5 and DS 10) (B).

To provide a more consistent data regarding that issue, EPO released by cells was analyzed
after the explantation of microcapsules from the animals. No statistical differences
between EPO secreted by D1-MSCs immobilized in different types of microcapsules were
observed (Fig. 10B and 11B). However, it is important to note that although EPO levels
were lower than those obtained in the in vitro assay, the implanted D1-MSCs also increased
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EPO secretion over time in all conditions in vivo. The aggregates that these cells form into
all types of microcapsules by day 30 (Fig. 11A) give us an idea of the possible reason to
detect that enhancement of the therapeutic factor secretion during the 30 days period of
the study [30]. Nevertheless, although EPO released from all microcapsules explanted at
day 15 was very similar, at the end of the study some differences were detected between
different groups, obtaining the highest EPO secretion levels in the microcapsules with low
and intermediate densities of RGD (DS 1 and DS 5).
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Figure 10.Microcapsules explanted atday 15:morphology of D1-MSCs and fluorescence micrographs
of cells encapsulated into different alginate matrices taken at day 15 after implantation (A). EPO
secreted of encapsulated cells after retrieval of mice at day 15 (B) Phenotypic characterization of
D1-MSCs de-encapsulated of all type of alginate matrices at day 15 by FACS. Representative graphs
of cell markers expression (filled histograms) and their isotype control (green lined histograms) are
shown.Values in the graphs indicate the expression level represented as Mean Relative Fluorescence
Intensity (MRFI), calculated by dividing the Mean Fluorescence Intensity (MFI) by its negative control
Q.
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Figure 11. Microcapsules explanted at day 30: morphology of D1-MSCs and fluorescence
micrographs of cells encapsulated into different alginate matrices taken at day 30 (A). EPO
secreted of encapsulated cells after retrieval of mice at day 30 after implantation (B) Phenotypic
characterization of D1-MSCs de-encapsulated of all type of alginate matrices at day 30 by FACS.
Representative graphs of cell markers expression (filled histograms) and their isotype control (green
lined histograms) are shown. Values in the graphs indicate the expression level represented as Mean
Relative Fluorescence Intensity (MRFI), calculated by dividing the Mean Fluorescence Intensity (MFI)
by its negative control (C).

The simultaneous analysis of a wide range of stem cell-related markers demonstrated
that D1-MSCs immobilized into all microcapsules and cultured in basal media without
differentiation induction were similar in terms of surface markers expression (Fig. 8A).
According to the phenotypic analysis, it can be assumed that encapsulation of these
cells into different matrices did not induce the differentiation towards adipo-, osteo- and
chondrogenic lineages. Indeed, although the differentiation process may occur in vivo

under certain circumstances [43], our in vivo experiments confirmed that MSCs remained

140



Discussion

in an undifferentiated state maintaining their self-renewal potential (Fig. 10C and 11C).

The results collected in the present study indicate that the inclusion of RGD into alginate
matrices do not affect the EPO secretion of encapsulated cells in vivo as much as in the in
vitro study during the period of 30 days. The previous mentioned aggregates of D1-MSCs
observed in the microcaspules implanted in mice revealed that proliferation increases
even within microcapsules elaborated with no modified alginate. This suggests that the
complexity provided by the in vivo body fluids to the microcapsules environment may
have more influence that the fact of adding adhesion moieties into the matrices for this
cell type. However, it should be highlighted that a longer in vivo follow-up period of the
implanted microcapsules could allow observing more differences between different

groups [10].

Altogether, these works demonstrate that RGD is an effective bioactive molecule which
affects the behavior of immobilized cells. However, a judicious choice of ligand density
is critical for the efficacy of this therapeutic strategy and tailoring the properties of the
scaffold to every cell will result of paramount importance to obtain improved and more

controllable results with increased biosafety.
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Conclusions

According to the results obtained in the present experimental work, the main conclusions

include:

- The modification of alginate microcapsules with different RGD densities affects the
behavior of immobilized cells in terms of viability, proliferation and/or therapeutic factor
secretion. In general, low or intermediate RGD densities seem to have more influence on

the enhancement of cell activity than the highest RGD density.

- Cells enclosed within microcapsules elaborated with RGD show higher viability and
proliferation in vitro. Regarding the therapeutic factor secretion, a higher release is
observed in microcapsules with RGD, although in the case of fibroblasts the differences

were not statistically significant.

- The in vivo study carried out with myoblasts reflects a similar enhancement of EPO
secretion and proliferation of immobilized cells as observed in vitro. However, the
aggregates that D1-MSCs formed in vivo in all types of microcapsules probably have

hindered the observation of RGD effects in this cell type.

- The study carried out with MSCs demonstrates that subcutaneous implantation of
microcapsules does not induce differentiation of D1-MSCs towards any lineage remaining

at an undifferentiated state in vivo during this study.
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