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ABSTRACT

Mesenchymal stem cells (MSCs) are multipotent stem cells that are capable of self-renewal and can
be committed into classical mesodermal ftri-lineage differentiation (adipocytes, osteocytes and
chondrocytes). During chondrogenic differentiation MSCs change their shape due to the
reorganization of cytoskeletal components. This has been well documented for human and rodent
models. Morphological changes of microtubule network and actin filaments that occur during the
chondrogenic differentiation of MSCs from large animal models remain unknown. In this study we
described the morphological changes of cell shape, area, actin structures and microtubule array that
occur in bovine MSCs during the chondrogenic differentiation of bovine bone-marrow isolated
MSCs. Chondrogenic differentiation of bMSCs occur more rapidly on glass substrate compared to
the cells plated on vitronectin, and in 7 days after the commitment we observed clusters of small
round-shaped cells that expressed glycosaminoglycans. During the differentiation microtubule (MT)
array of MSCs became non-radial, and non-centrosomal MTs that grew transversely to the cell
radius appeared in the inner cytoplasm and near the cell edges. At the end of differentiation process
we observed the thick bundles of MTs that grew in parallel to the cell edge and basket-like
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structures of curved MTs around the nucleus. The main changes of actin structures in differentiating
MSCs included the disappearance of thick transverse stress fibers and actin arches and
reorganization of actin into chaotic network of thin cortical fibers. Our results imply the important role
of both actin and MT cytoskeletal systems in chondrogenesis and reveals new perspectives for
experimental regulation of these process in vitro systems.

Keywords: MSC; chondrogenesis; cytoskeleton; actin, microtubules.

1. INTRODUCTION

Mesenchymal stem cells are the group of adult
multipotent stem cells that were first described by
A.J. Friedenstein [1]. Bone marrow is the
conventional source of MSC, however, they can
also be derived from adipose tissue, peripheral
blood, dermis, and fetal organs and fluids [2-5].
MSCs are defined as highly adherent cells with a
spindle-like morphology that express the surface
markers CD29, CD44, CD73, CD90, and CD105
and lack the expression of hematopoietic
markers CD31, CD34 and CD45. Several studies
confirmed the stemness of isolated MSCs by the
expression of pluripotency markers, including
Oct4, Sox 2 and Nanog. However, the data on
the expression of these markers in MSC cells are
controversial [3,6,7]. MSCs can differentiate into
three conventional mesodermal lineages that
include chondrocytes, adipocytes, and
osteocytes both in vivo and in vitro [8]. However,
the plasticity of MScs is not limited to
mesodermal lineages, as MSCs can also
differentiate into hepatocytes and neurons, which
are the derivatives of endodermal and
ectodermal differentiation [9]. The differentiation
capacities of MSCs depend on the chemical
composition of culture media and the type of the
adhesive substrate. Rigid substrates like
graphene and rigid gels promote the osteogenic
differentiation, while the soft substrates (like sort
polyacrylates and fibroblast-produced ECM) can
induce the spontaneous chondrogenic
differentiation of MSCs even in the absence of
chemically modified media [10,11]. During the
differentiation process, MSCs rearrange the
organization of the cytoskeleton, and become
round-shaped in case of chondrogenic and
adipogenic  differentiation and form long
protrusions when turning into the osteoblasts
[12,13].

Cytoskeleton system of MSCs consists of three
components, including the actin network,
microtubules and intermediate filaments. Actin
structures of MSCs are organized into long fine
stress-fibers growing parallel to the extended cell
axis [12,14]. Rearrangement of the actin

cytoskeleton during the osteogenic differentiation
occurs through the disruption of stress fibers in
the cell body and the formation of thick actin
bundles in the cell periphery. Disruption of the
actin cytoskeleton with cytochalasin D prevents
the osteogenic differentiation of MSCs and leads
to the decrease of alkaline phosphatase activity
and calcium deposition [12]. Microtubule system
organization of MSCs is similar to that in
fibroblasts and can be described as a radial array
of long microtubules growing from centrosome
[15]. During the osteogenic differentiation, MSCs
retained the radial pattern of MTs, and no
significant changes were reported for MT
dynamics. In contrast to  osteogenic
differentiation, very few data are available for
changes of actin and MT cytoskeleton during the
chondrogenic MSC differentiation.

Changes in cytoskeleton system control the cell
migration, division and respond external stimuli
[16]. The interactions between cytoskeletal
proteins and components of the extracellular
matrix define the cell shape, adhesion, and even
differentiation capacities [17,18]. Due to this fact,
there is an increasing interest in the role of
cytoskeletal components in MSc differentiation.
In contrast to human MSC research, the changes
of the cytoskeleton system during the
differentiation of non-human MSc are still
underexplored. Large animal models, including
cattle, open new perspectives for regenerative
medicine and translational research in the
veterinary field [19-22]. Our main objective was
to describe the changes of MT and actin
cytoskeleton during the chondrogenic
differentiation of bMSCs. This study will provide
new clues on the relationship between bovine
MSC differentiation and cytoskeleton and will get
the new data of cytoskeleton changes during
chondrogenesis.

2. MATERIALS AND METHODS
2.1 Cell Culture

Bovine MSCs (were provided by UNU "Collection
of cell cultures" of the Center for Scientific
Research and Development of the Russian
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Academy of Sciences). Bovine MScs were
isolated from the bone marrow of 4 Holstein
calves. Cells were plated on the Petri dishes with
the glass coverslips or glass coverslips coated
with  vitronectin  (5x107%g/ml,  Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA)) at a final
concentration of 25x10° cells/cm? in a humidified
atmosphere of 37°C and 5% CO2. The
chondrogenic medium consisted of high glucose
DMEM, 1xITS, 1% gentamicin, 1% amphotericin,
50 mg/ml ascorbate, 10 ng/ml TGF-B1 and 100
nM dexamethasone. The medium for control
cells was DMEM/F12 1:1 with 10% fetal bovine
serum (Paneco, Russia), L-glutamine (Paneco,
Russia), 1% gentamicin and 1% amphotericin.
Cells at passage 4 were used in this study.

2.2 Immunofluorescence

Cells were fixed with ice-methanol (Merck KGaA,
Germany) for 20 minutes at -20°C at days 1, 7,
14 and 21 and rinsed in 1x PBS. Microtubules
were visualized by staining with primary alpha-
tubulin antibody (clone DM1A, Invitrogen, USA)
in 1:100 dilution for 60 min at 37°C and further
staining with Cy2-labeled rabbit anti-mouse
secondary antibody (Invitrogen, USA) 1:100 for
60 min at 37°C, cell nuclei were counterstained
with DAPI (1:500) for 10 min at room
temperature (RT). Fixed cells were imaged on
Nikon Ti-E microscope under PlanApo x 20 or x
40/1.4 objective (phase contrast) with
CoolSnapHQ digital camera using filter sets for
FITC and DAPI. Stemness markers were
visualized with the antibodies to Oct-4A (clone
C30A3, Cell Signalling, USA), Nanog (clone
49038, Cell Signalling, USA) and to Sox2 (clone
4900S, Cell Signalling, USA) with the same
protocol.

To visualize actin network cells were fixed with
4% paraformaldehyde for 15 min at RT (Merck
KGaA, Germany) and permeabilized with 1%
Triton X-100 (Sigma Aldrich, USA) for 60 min at
days 1, 7, 14 and 21. The F-actin cytoskeleton
was visualized by ActinRed555 ReadyProbes
reagent (Invitrogen by Thermo Fisher Scientific,
USA), cell nuclei were counterstained with DAPI
(1:500) for 10 min at RT. Fixed cells were
imaged on Nikon Ti-E microscope under
PlanApo x 20 or x 40/1.4 objective (phase
contrast) with CoolSnapHQ digital camera using
filter sets for TRITC and DAPI.

2.3 Histology
MSCs were fixed with ice-methanol and
stained with Shandon Instant Hematoxylin

(Thermo ELECTRON CORPORATION) for 4
min at RT and were washed three times with
tap water; cell cytoplasm was stained with
eosin (AppliChem Inc., USA) at RT for 5
min.

To confirm the chondrogenesis process cells
were fixed with 4% paraformaldehyde and
incubated with 0.1% Safranin O (water solution)
at RT for 5 min, as reported previously [23] and
then imaged using a Nikon Eclipse 80l at x4, x10
and x20 magnification.

2.4 RNA and cDNA

RNA was extracted from thawed suspensions of
cells using the RNeasy Mini Kit (Qiagen,
USA) according to the manufacturer's
instructions. The RNA concentration was
measured using a Nano Photometer
(Implen, Germany), and its purity was
assessed according to the A260/A280 and
A260/A230 ratios. cDNA was transcribed using
the ImProm-ll AMV-Reverse Transcription Kit
(Promega, USA) according to the manufacturer’s
instructions.

2.5 Primers and Real-time PCR

Real-time gPCR was further performed on
CFX96 (Applied Biosystems, USA) cycler with
Tag-polymerase in SYBR Green | buffer (Syntol,
Russia). The reaction protocol included
denaturation (95°C, 10 min), followed by 40
amplification cycles (95°C, 15 sec; 60°C, 30 sec;
and 72°C, 60 sec). All samples were processed
in triplicate. All primers were synthesized and
HPLC-purified by Syntol (Russia). Primer
sequences for gene expression were reported by
Cortes et al. [24].

2.6 Data Normalization and Analysis

The data were normalized according to the
method proposed by Vandesompele et al. [25].
GAPDH and B-ACTIN genes were taken for the
calculation of the normalization factor.
Microscopic data were analyzed in Imaged
program (NIH, Bethesda, USA). Cell areas were
measured using the free-hand selection tool to
outline the cell boundary, and the applied the
“Area measurement” built-in plugin to measure
cell area in pixels. These values were
recalculated into pm? by multiplying on the
equivalent pixel size value (1 pixel was equal to
0.406 pm? for our camera).
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3. RESULTS
3.1 Characterization of bMSCs

Primary bMSCs isolated from the bone marrow
began to elongate and exhibited spindle-like
morphology within 24 hours after attachment.
bMSCs were highly adhesive both to glass and
vitronectin  substrates. Isolated cells were
cultured for 2 weeks in monolayer and used for
the differentiation experiments on the passage 4.

Expression of stemness markers of bovine MSCs
was confirmed by RT gPCR and
immunofluorescence techniques. IF and RT
gPCR results revealed the high expression level
of Oct-4, Sox2, and Nanog both on mRNA and
protein level (Fig. 1A). Expression of stemness
markers did not change significantly within 4
passages (Fig. 1B). Immunofluorescent staining
of bMSCs revealed the uniform expression
pattern of Nanog in the nuclei of all cells,
whereas expression of Oct4 and Sox2 was
heterogeneous (Fig. 1D), and we could see the
cells with weak and high expression of these
markers in the total population. Expression of
surface molecules on bMSCs was also confirmed
with RT qPCR; we detected high mRNA levels
for CD73, CD90 and CD105 and the lack of
CD45 mRNA (Fig. 1C), that allowed to confirm
the conventional phenotype of bMSC and the
absence of hematopoietic precursors in the
population of bone marrow-isolated bMSCs.

3.2 Morphological
Bovine MSCs

Heterogeneity of

Both on glass and vitronectin substrates bMSc
retain the fibroblast morphology and can be
described as spindle-like elongated cells with
large round nucleus (Fig. 2). The differences
between mean area values for cells on glass and
vitronectin were statistically insignificant. At the
same time, cell population on both substrates is
highly heterogeneous and can be distinguished
into two distinct subpopulations of small (mean
area < 1800 pmz) and large (mean area > 10000
pmz) cells. The percentage of small cells on both
substrates was from 70 to 80% (Fig. 3). In 24
hours after the induction of chondrogenic
differentiation, the population of bMSCs was still
heterogeneous on both substrates. Mean area
values for small and large cells on vitronectin
were similar to control values, while the mean
area value for the subpopulation of small cells on
glass increased to 2604197 pm2 (compared to

1878184 pm2 for control cells), and the
percentage of small cells on glass decreased
from 70.2 to 551%. Expression of
glycosaminoglycans detected with Safranin O
staining began on the 14 days after the
commitment. Expression of aggrecan and
collagen type I mRNA in bMSCs increased
gradually from day 7 to day 21, and we detected
no significant differences in mMRNA expression
between cells on different substrates (data not
shown).

Formation of cell clusters specific for
chondrogenic differentiation began at day 7 after
the commitment of MSCs with the modified
chondrogenic medium (Fig. 4 C-D). The area of
cell clusters on glass was larger than for
vitronectin-attached cells (Fig. 4 A-D), and
Safranin O staining was also more prominent for
the MSCs on a glass substrate (Fig. 4E-H). A
number  of clusters for differentiated
chondrocytes was higher for bMSCs on glass (17
clusters on 10 fields compared to 8 clusters for
vitronectin-plated cells).

Thus, the integrin-independent substrate
(adhesive glass) enhances the process of
chondrogenic differentiation of bovine MSCs,
while vitronectin, as a substrate with integrin-
specific ligands, is less applicable for cells
committed to chondrogenic differentiation.

3.3 Microtubule System in bMSCs under
Chondrogenic Differentiation

Microtubules (MTs) in bMSCs are organized in a
radial array with MTs growing from the
microtubule-organizing center to the cell edge,
and most of MTs are oriented in parallel to the
long cell axis. MT pattern in most of the control
cells was perfectly radial near the centrosome
and became more chaotic in the outer cytoplasm
(Fig. 5). In some cells, we observed a population
of MTs in the inner cytoplasm and near the cell
edge that grew perpendicularly to the cell radius,
so in these cells, MTs was organized in a non-
radial pattern. We defined the radiality of the MT
array on a qualitative level. Cell was considered
to have a radial MT array if we could visualize at
least one dense cluster of MTs growing from one
center, and most of MTs grew towards the cell
edge. Otherwise, we considered the cell to have
a non-radial array. For all time points (1, 7, 14
and 21 days) and experimental conditions
(vitronectin and regular glass substrates) we
have evaluated the radiality of MT array for at
least 50 cells.
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The percentage of cells with non-radial pattern
varied from 3.39% to 2.46% (day 1 to day 21) for
cells on glass and was nearly the same for cells
on vitronectin (which varied from 3.39% to
3.45%) (Fig. 6). Mean cell area values for the
cells with non-radial MT array decreased
compared to cells with radial MT pattern
(2904434 um? vs. 5495+34 um?) and the values
of elongation factor (EF) are also lower than for
cells with radial MT pattern (1.51+0.07 for cells
with non-radial MTs vs 1.82+0.07 for cells with
radial MTs).

During the chondrogenic differentiation of
bMSCs, the subpopulation of cells with non-
radial MT array increased gradually from day 1 to
day 21 (Fig. 7). On both substrates, we observed
the clusters of bMSCs with microtubules
organized in a non-radial chaotic pattern with
thick bundles of MTs growing in different
directions at non-centrosomal MTs growing in the
inner cytoplasm and near the cell edge (Fig. 6).
Cells that did not gather in clusters demonstrated
a radially organized MT array. At the day 21, we
observed a cluster of nearly round cells (mean
EF for 20 cells was 1.15+0.22) with a basket-like
MT array around the nucleus (Fig. 7).
Percentage of cells with non-radial MT array
increased faster for glass attached cells and was
31.13% by day 14, whereas the percentage of
cells with non-radial MT pattern for cells on
vitronectin increased to 33.93% only by day 21
(Fig. 6, Fig. 8).

Thus, the main changes in MT array of bovine
MScs during chondrogenic differentiation are the
loss of radial growth, chaotic MT pattern in the
inner cytoplasm and near the cell edges and the
presence of thick bundles that are not oriented
towards the long cell axis.

3.4 Actin cytoskeleton in bMSCs under
chondrogenic differentiation

Actin cytoskeleton organization of bMSCs in
control is similar to all cells with a mesenchymal
type of motility. Actin structures of bMSCs are
organized into fine stress-fibers and fine strands,
cortical actin, and actin arches. Thick actin
bundles are localized near stabilized lateral cell
edges and several stress fibers that grew in
directions transverse to cell radius. Actin arches
are present in a majority of control cells and can
be in parallel or transverse to the long cell
absence; actin arches are absent in a few non-
polarized cells (data not shown). There were no
differences in the organization of actin

cytoskeleton in subpopulations of small and large
cells both on glass and vitronectin substrates
(Fig. 10).

During chondrogenic differentiation of bMSCs
changes of actin cytoskeleton were observed
only for a subpopulation of small round shaped-
cells that gathered in clusters. In these cells we
observed the rearrangement of actin
cytoskeleton into network-like structures, cell
arches and stress fibers disappeared, and only
short actin bundles appeared through the
cytoplasm and organized into a chaotic network
(Fig. 11). The actin cytoskeleton of bMSCs
changed gradually from day 7 and became
completely rearranged at day 21. bMSCs that did
not come into clusters retained the morphology
and organization of actin cytoskeleton similar to
control cells. The were no differences in the
organization of actin cytoskeleton for vitronectin
and glass-plated cells, but the clusters of round-
shaped cells with disrupted actin network
appeared on day 14 on the glass, and whereas
clusters of differentiated chondrocytes for
vitronectin-plated cells appeared only at day 21.

4. DISCUSSION

Because of the poor regenerative capacity of
cartilage tissue, articular cartilage is one of the
central subjects for regenerative medicine.
Experimental assays on bovine MSC models
included the osteoarthritis, cartilage regenera-
tion, and induced chondrogenesis [26-28]. The
major problem of in vitro chondrogenesis assays
was that MSC-seeded scaffolds and constructs
could not reach the mechanical characteristics of
the native cartilage due to the absence of
additional microenvironmental stimuli. It was
natural to assume that mechanical stimulation
could be the optimal strategy to overcome the
limitations of in vitro assays, and Huang et al.
[29] demonstrated that dynamic compression
applied to rabbit MSC-seeded scaffolds shortly
after the chondrogenic commitment enhanced
the chondrogenesis by the activation of TGFIII-
beta pathway and led to the significant increase
in expression of chondrogenesis-associated
markers like collagen type Il and aggrecan.

Moreover, Kupcsik et al. [30] showed that
dynamic compression could sufficiently stimulate
MSC chondrogenesis in the absence of
chemically modified media. These data were the
first cue to the possible role of cytoskeletal
components in MSC differentiation. The second
evidence of the possible role of cytoskeleton
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system in chondrogenesis came from the study chondrogenic and adipogenic differentiation,
by Park et al. [31] who revealed that MSCs on  while the increase of substrate stiffness induced
soft substrates are more committed to myogenesis of human MSCs.

>

relative normalized cDNA quantity

DAPI antibody merge

=y
o
]

-
1

Sox2

0.1 T T T
& & &
¢ CX &
B,
E 10'5 B3 ocT4
: sox2
tzt B3 NANOG
3 <
g 3
= U
g @)
=]
c
]
2
5
e
C.
£ 105 E3 CD73
8 CD90
S B cD105
Z e (5
3 = B
g 1 e 2
= %.: u. ',5-': %
: 4 B z
S el b E.:
%0‘1_ ey Lo B0

7
=
T4
7
<
4
7
<
7

Fig. 1. Expression of surface molecules and stemness markers in bone marrow-derived
bMSCs
A — Normalized relative cDNA quantity of SOX2, OCT4 and NANOG in bMSCs of the first passage. All
measurements were taken in triplicate, data were normalized for BACTIN and GAPDH, data are presented as
mediantrange
B — Normalized relative cDNA quantity of SOX2, OCT4 and NANOG did not change significantly on 1, 2 and 3
passages
C - Normalized relative cDNA quantity of CD73, CD90 and CD105 in bMSCs from passages 1 to 3. All
measurements were taken in triplicate, data were normalized for BACTIN and GAPDH, data are presented as
meantSEM
D - Immunofluorescent staining of bMSCs with antibodies to Oct4, Sox2 and Nanog, bar 10 um. Nanog and Sox2
are expressed uniformly, while the expression of Oct4 is heterogeneous in population
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Fig. 5. Visualization of MT array for control cells and on day 7 of chondrogenic differentiation
Microtubules are presented in green pseudocolor, nuclei are counterstained with DAPI (blue), bar 50 um. A-B —
first day, C-D day 7 of the chondrogenic commitment
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1 DAY

14 DAY

Fig. 7. Changes of MT array from day 1 to day
14 of chondrogenic differentiation for cells
plated on glass
Microtubules are presented in green pseudocolor,
nuclei are counterstained with DAPI (blue), bar 50 um.
Red triangles point on chaotic network of non-
centrosomal MTs, blue triangles point on the thick
bundles of MTs near the cell edge, white triangles
point on basket-like MT structures around the nucleus

1 DAY

7 DAY

14 DAY

21 DAY

Fig. 8. Changes of MT array from day 1 to day
21 of chondrogenic differentiation for cells
plated on vitronectin
Microtubules are presented in green pseudocolor,
nuclei are counterstained with DAPI (blue), bar 50 um.
Red triangles point on chaotic network of non-
centrosomal MTs, blue triangles point on the thick
bundles of MTs near the cell edge, white triangles
point on basket-like MT structures around the nucleus
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1 DAY

7 DAY

vitronectin

Fig. 9. Visualization of actin structures for control cells and on day 7 of chondrogenic
differentiation
Actin filaments are presented in red pseudocolor, nuclei are counterstained with DAPI (blue), bar 50 um. A-B —
first day, C-D - day 7 of the chondrogenic commitment. Green triangles point on the actin arches, white triangles
point on the stress fibers

The direct evidence on the role of actin
components in chondrogenic differentiation was
provided by Lim et al. [32] on chick wing-bud
MCS. They showed that disruption of the actin
cytoskeleton with cytochalasin D encouraged
chondrogenesis by activating PKCalpha
downregulation of ERK signaling. Actin
cytoskeleton network can also be disrupted

10

indirectly by the inhibition of RhoA pathway with
Y27632. Murine limb-bud MSC after the
incubation with Y27632 expressed high levels of
glycosaminoglycans, became rounded and form
a thin network of cortical actin [33]. There is no
direct evidence for the role of microtubule
network in response to mechanistic stimuli during
chondrogenesis. However, MTs might play a role
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in MCSs during the osteogenic differentiation
[12]. MCSs treated with high concentrations of
nocodazole in osteogenic conditions rapidly
changed their shape from an elongated spindle-
like to the characteristic shape of differentiated
osteoblasts with long protrusions, that implied the
additive effect of microtubule disruption during
this process.

7 DAY

14 DAY

Fig. 10. Changes of actin structures from day
1 to day 14 of chondrogenic differentiation for
cells plated on glass
Actin filaments are presented in red pseudocolor,
nuclei are counterstained with DAPI (blue), bar 50 um.
Green triangles point on the actin arches, white
triangles point on the stress fibers
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1 DAY

7 DAY

14 DAY

21 DAY

Fig. 11. Changes of actin structures from day
1 to day 21 of chondrogenic differentiation for
cells plated on vitronectin
Actin filaments are presented in red pseudocolor,
nuclei are counterstained with DAPI (blue), bar 50 um.
Green triangles point on the actin arches, white
triangles point on the stress fibers
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In our study, we described the morphological
changes of MT and actin network during the
chondrogenic differentiation of bovine MSCs.
Firstly, the chondrogenic differentiation of MSCs
depended on the substrate type and occurred
more rapidly on the non-specific glass substrate
than in the presence of integrin-specific ligands
on vitronectin. These data are consistent with the
studies that report the disruption of actin network
in chondrogenesis since in the presence of
integrin ligands MCSs might form the focal
adhesions, which in turn promote the formation
of stress fibers and thus decreasing the rate of
chondrogenesis. Secondly, we have shown that
the cell area decreases during the
chondrogenesis process and cells become more
elongated. The main changes of actin structures
in differentiating chondrocytes include the
disappearance of stress fibers and thick actin
arches, so actin network in differentiated
chondrocytes can be described as a thin network
of the cortical actin that was also confirmed by
other groups (18-21). Thirdly, we have shown for
the first time that organization of MT network is
also disrupted during chondrogenesis process.
The main changes of MT network during
chondrogenesis of MSC are the disruption of the
radial pattern that is characteristic for all
fibroblast-like cells and the presence of
numerous non-centrosomal microtubules that
grow transversely to the cell radius. The gradual
increase of non-radial MTs leads to the formation
of basket-like MT structures that were previously
described for differentiated chondrocytes [34,
35]. The dynamic parameters of the MT network
during the chondrogenic differentiation are still a
subject for further investigation. Our data show
the important role of two cytoskeleton systems
for the differentiation of MCS on a bovine model.

5. CONCLUSION

Our results suggest that redistribution of
cytoskeletal components during chondrogenic
differentiation of bovine MSCs plays a major
mechanistic role in this process. These findings
are important for the field of stem cell biology in
general and cartilage regeneration assays in
particular, as much is known about the
biochemical and molecular events during stem
cell differentiation, and very little is known about
the direct physical processes. Our data will have
wide implications in the field of tissue
engineering and development of new bio-
materials that potentiate the desired changes of
cytoskeleton to enhance the differentiation
capacities of the target cells.
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