Skeletal myogenesis on highly orientated microfibrous

polyesterurethane scaffolds

S.A. Riboldi,* N. Sadr,! L. Pigini,1 P. Neuenschwander,”> M. Simonet,> P. Mognol,3 M. Sampaolesi,3

G. Cossu,® S. Mantero!

"Department of Bioengineering, Politecnico di Milano, 20133 Milano, Italy
“Department of Materials—Polymer Technology, ETH Zurich, 8092 Ziirich, Switzerland
3SCRI Stem Cell Research Institute, San Raffaele Scientific Institute, 20132 Milano, Italy

Received 14 February 2006; revised 27 February 2007; accepted 15 May 2007
Published online 8 August 2007 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.a.31534

Abstract: Skeletal myogenesis is a complex process, which
is known to be intimately depending on an optimal outside-in
substrate-cell signaling. Current attempts to reproduce skele-
tal muscle tissue in vitro using traditional scaffolds mainly suf-
fer from poor directionality of the myofibers, resulting in an
ineffective vectorial power generation. In this study, we
aimed at investigating skeletal myogenesis on novel biode-
gradable microfibrous scaffolds made of DegraPol®™, a block
polyesterurethane previously demonstrated to be suitable for
this application. DegraPol™ was processed by electrospinning
in the form of highly orientated (“O”) and nonorientated (“N/
O”) microfibrous meshes and by solvent-casting in the form of
nonporous films (“F”). The effect of the fiber orientation at the

scaffold surface was evaluated by investigating C2C12 and L6
proliferation (via SEM analysis and alamarBlue™ test) and
differentiation (via RT-PCR analysis and MHC immunostain-
ing). We demonstrated that highly orientated elastomeric
microfibrous DegraPol™ scaffolds enable skeletal myogenesis
in vitro by aiding in (a) myoblast adhesion, (b) myotube align-
ment, and (c) noncoplanar arrangement of cells, by providing
the necessary directional cues along with architectural and
mechanical support. © 2007 Wiley Periodicals, Inc. ] Biomed
Mater Res 84A:1094-1101, 2008
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INTRODUCTION

The process of myogenesis during in vivo develop-
ment results in a well-organized, hierarchically struc-
tured skeletal muscle tissue, where fibers are ar-
ranged in highly dense unidirectional assemblages,
allowing the generation of a large vectorial muscular
power.l_3

The emerging field of skeletal muscle tissue engi-
neering, primarily aiming at reproducing myoge-
nesis in vitro, mainly suffers from the difficulty of
driving cell proliferation and, above all, differentia-
tion and fusion into contractile myofibers packed in
three-dimensional constructs. Two-dimensional myo-
tube cultures with a high degree of myogenic differ-
entiation and sarcomeric maturity can be easily
obtained on tissue culture polystyrene; nonetheless
they are difficult to maintain, as more mature
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myotubes are contractile and readily detach from the
tissue culture substratum.* In this context, coherently
with the so-called “contact guidance theory,””® the
capability of skeletal myoblasts to differentiate and
survive on synthetic scaffolds was demonstrated to
broadly correlate with chemical, topographical, and
mechanical properties of the substrate itself.*”®
Hence, promising results are shown by studies
employing microfibrous scaffolds, which succeeded
in driving myofiber development and orientation
along the preferential direction of the scaffold
fibers.>”'* In agreement with these works, we previ-
ously demonstrated that DegraPol™, a block polyest-
erurethane, processed in the form of microfibrous
meshes, provides a substrate for myoblast cell lines
(C2C12 and L6) and primary human satellite cell
adhesion and proliferation.""

The study here attempted to deepen the investiga-
tion of skeletal myoblast behavior on DegraPol®™
membranes, in terms of adhesion, proliferation, and
differentiation into multinucleated myotubes expressing
myogenic markers. In particular, the final goal of the
project being to assess an optimal scaffold design for
use in skeletal muscle tissue engineering, we investi-
gated myoblast differentiation potential on DegraPol™
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scaffolds that, though identical in chemical composi-
tion, differed in surface morphology with reference to
the orientation of fibers on the membrane surface. To
process the block copolymer in such different shapes,
we made use of electrospinning, a highly versatile,
promising processing technique, which allows tailoring
of the scaffold properties to the specific application by
tuning processing parameters.”>’> A  quantitative
assessment of cell metabolic activity was performed
seeding and culturing C2C12 on highly orientated
(“O”) and nonorientated (“N/O”) 7DegraPol® mem-
branes and on nonporous DegraPol® films (“F”). Subse-
quently, the effect of the scaffold fiber orientation on
myotube arrangement was qualitatively investigated by
means of immunostaining of MHC (Myosin Heavy
Chain), which is recognized as a marker of terminal
differentiation.

The working hypothesis was that highly orientated
elastomeric microfibrous scaffolds would allow skele-
tal myogenesis in vitro by (a) improving cell adhesion
and proliferation, (b) favoring myotube alignment
into parallel arrays, and (c) allowing for development
of noncoplanar myofibers.

MATERIALS AND METHODS

Polymer synthesis and purification

For the synthesis of the block copolymer, equal amounts
of poly{(3-(R)-hydroxybutyrate)-co-(e-caprolactone)}-diol
and poly(e-caprolactone)-diol were dissolved in 1.4-dioxane
and dried by refluxing the solvent over molecular sieve
(pore size 0.4 nm) situated in a Soxhlet apparatus mounted
onto the reaction vessel, until the water content was below
20 ppm. The reaction mixture was cooled to 83°C before the
stoichiometric amount of diisocyanate (TMDI) was added.
After about 3 days of reaction, dibutyltin dilaurate (20 ppm)
was added to reach molecular weights between 60,000 and
110,000. The polymer was precipitated in CO,-cooled meth-
anol and subsequently purified via dissolution in chloro-
form and filtration over a silicagel 60 column. A second
precipitation in CO,-cooled methanol ended the process.

Scaffold production and characterization

Scaffolds with different morphologies were fabricated
by processing a 25% w/w polymer-chloroform solution in
three different ways. Microfibrous membranes were manu-
factured by electrospinning, applying high voltage (18 kV)
between a needle and a grounded rotating cylindrical col-
lector; highly orientated (“O”) and nonorientated (“N/O”)
meshes, only differing in the percentage of parallely orien-
tated fibers of the surface layer (about 10 pum thick), were
obtained ending up the electrospinning sessions with
cycles at different speeds (linear rates of the rotating col-
lector 7.6 m/s and 0.4 m/s at the edge, respectively). As a
control, uniform thin films of the copolymer (“F”) were

manufactured by solvent-casting. After drying the mem-
branes in high vacuum at room temperature, round scaf-
folds were obtained by means of a 9-mm-diameter punch,
washed in absolute ethanol (30 min, at —20°C) and hexane
(30 min, at room temperature) and subsequently sterilized
with ethylene oxide at 37°C.

For characterization, scaffold thickness was measured
using a digital micrometer (Mitutoyo America Corpora-
tion), while membrane morphology was investigated by
means of SEM (Scanning Electron Microscopy): samples
were sputter-coated with gold (Edwards S150B, 1 min,
20 mA, 107! Torr) before examination under a Jeol JSM
5500 LV microscope at an accelerating voltage of 10 kV.

Cell culture

C2C12 (murine myoblast cell line, ECACC) was used
between passage 12 and passage 17, while L6 (rat myoblast
cell line, ATCC) were used at passage 20. Cells were plated
in 75 cm? tissue-culture flasks and cultured in DMEM (Dul-
becco’s modified Eagle’s medium, Sigma—Aldrich, St. Louis,
MO) supplemented with 10% FBS (Fetal Bovine Serum,
Sigma-Aldrich, St. Louis, MO) adjusted to contain 1% L-glu-
tamine (Sigma—Aldrich, St. Louis, MO) and 1% penicillin—
streptomycin (Sigma-Aldrich, St. Louis, MO). Flasks were
incubated at 37°C in a humidified 5% CO, atmosphere.
Cells were subcultured at semiconfluence.

Cell proliferation on scaffolds with different
surface morphologies

Since myoblast growth to subconfluence is known to be
a prerequisite for cell fusion and differentiation,”'* cell
proliferation on scaffolds with different morphologies was
investigated seeding and culturing C2C12 (seeding density
2.8 x 10* cells/cm2) for 7 days on “O,” “N/O,” and “F”
DegraPol™ (n = 6), using TCPS (Tissue Culture PolySty-
rene) as a control (1 = 6). Cell metabolic activity was eval-
uated via alamarBlue™ test (BioSource International,
Camarillo, CA) at days 1, 2, 3, 4, and 7 after seeding.
Following 4 h of cell incubation in a 10% alamarBlue™ -
medium solution, absorbance values were measured by
means of a Tecan GENios microplate reader (Tecan Group,
Maennedorf, Switzerland) at a wavelength of 570 nm (ref-
erence wavelength 630 nm).

Cell morphology on the different scaffolds was investi-
gated by SEM analysis at days 1 and 7 after seeding:
briefly, following fixation in 1.5% glutaraldehyde in so-
dium cacodylate 0.1M, samples were rinsed, dehydrated
by graded ethanol changes (from 20 to 100% ethanol in
deionizer water), air dried overnight, and sputter-coated
with gold (Edwards S150B, 1 min, 20 mA, 107! Torr)
before examination under a Jeol JSM 5500 LV microscope
at an accelerating voltage of 7.5 kV.

Expression of myogenic markers

The expression of typical muscle markers was evaluated
via RNA extraction and RT-PCR analysis using both
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Figure 1. SEM micrographs of DegraPol®™ scaffolds with different topographies. Highly orientated [“O”, Fig. 1(a)] and
nonorientated [“N/O”, Fig. 1(b)] DegraPol® meshes were obtained by electrospinning with high speed (7.6 m/s) and low
speed (0.4 m/s) spinning sessions, respectively. Nonporous DegraPol® films [Fig. 1(c)] were obtained by solvent-casting
from the same polymer-chloroform solution. Scale bars = 100 pm.

C2C12 and L6 on Matrigel®-coated “O” DegraPol®™
meshes. The use of Matrigel® was introduced in this
experiment, in an attempt to increase the fraction of
seeded cells adhering to “O” DegraPol®™ and thus optimiz-
ing cell yield for RT-PCR, since in one of our previous
works,'" we experienced better adhesive properties of
Matrigel®-coated DegraPol™ membranes when compared
to native DegraPol®. Briefly, cells were seeded on
Matrigel®—c0ated (Becton Dickinson and Company, Frank-
lin Lakes, NJ) “O” DegraPol® scaffolds at densities of 4.2
% 10* cells/cm? and 3.0 X 10* cells/cm?, respectively; after
7 days of culture in growth medium, cells were further
grown for 7 days in differentiation medium (DMEM sup-
plemented with 2% horse serum). TCPS was used as a
control. At day 14, total RNA was isolated using the
RNeasy Mini Kit and subsequently purified via digestion
of DNA by means of RNase-Free DNase Set (QIAGEN,
Hilden, Germany). RT-PCR protocol was carried out with
Thermo-Script™ RT-PCR System (Invitrogen, Carlsbad,
CA) using Platinum® Taq DNA Polymerase. The presence
of ¢cDNA corresponding to MHC (Myosin Heavy Chain)
and myogenin was evaluated via agarose gel electrophore-
sis and ethidium bromide staining.

Cell fusion and differentiation

With the aim to verify the influence of the fiber orienta-
tion at the scaffold surface on myotube development and
arrangement, C2C12 were seeded (2.8 X 10* cells/cm?) on
“O,” “N/O,” and “F” DegraPol® and cultured for 14 days
in 10% FBS-supplemented medium. Medium was
exchanged every second day and TCPS was used as a con-
trol. At days 5, 6, 7, 8, 9, 12, 13, and 14 after seeding, cells
were fixed in 2% paraformaldehyde in PBS and subse-
quently stained for MHC and nuclei as follows: samples
were rinsed, permeabilized for 30 min at room tempera-
ture by addition of a buffer containing 0.1% Triton X-100
(Sigma—Aldrich, St. Louis, MO) and 1% w/w BSA (Bovine
Serum Albumin, Sigma-Aldrich, St. Louis, MO) and
blocked with PBS containing 10% donkey serum for 30
min at room temperature. Following incubation for 1 h
with a monoclonal mouse anti-MHC primary antibody
(MF20, 1:2 in PBS), samples were rinsed twice using the
permeabilizing solution and then incubated for 1 h in a so-
lution containing donkey-antimouse fluorescein isothiocya-
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nate (FITC) conjugated secondary antibody (Sigma-Aldrich,
St. Louis, MO, 1:1000 in PBS) and 0.05% Hoechst as a nu-
clear marker (Sigma-Aldrich, St. Louis, MO). The immu-
nostained samples were subsequently mounted on glass
slides and viewed by means of a Nikon E600 fluorescence
microscope, equipped with Nikon ACT-1 software, and
using a Zeiss LSM 510 laser scanning confocal microscope.

Statistical analysis

Absorbance values are expressed as means * standard
deviations. Comparison of cell proliferation on different
substrates was performed by means of single-factor analy-
sis of variance (ANOVA) and Bonferroni post-hoc test. A
value of p < 0.01 was accepted as statistically significant.

RESULTS

Scaffold production and characterization

SEM micrographs of DegraPol™ scaffolds processed
in different ways are shown in Figure 1: Figures 1(a)
and 1(b) represent microfibrous orientated (“O”) and
nonorientated (“N/O”) electrospun membranes, res-
pectively, while Figure 1(c) describes the morphology
of nonporous cast DegraPol® films (“F”). Regardless
of the processing method, a good degree of homoge-
neity of the scaffold surface is detectable. Though a
slight preferential orientation of fibers is observable
both in “O” and “N/O” membranes due to the rota-
tional direction of the cylindrical collector during elec-
trospinning processing, a clear difference between “O”
and “N/O” scaffolds is visible with reference to the
percentage of fibers directed in the same direction. As
far as the thickness is concerned, spun membranes
and films are 150 and 90 um thick, respectively.

Cell proliferation on scaffolds with different
surface morphologies

Aiming at quantifying cell metabolic activity on
scaffolds that, although chemically identical, differed
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Figure 2. C2C12 proliferation on DegraPol® scaffolds.
Cell metabolic activity was evaluated at different time
points via alamarBlue™ test, by measuring absorbance
values at 570 nm (reference wavelength 630 nm). “O,” “N/
O,” and “F” DegraPol® scaffolds were compared to tissue
culture polystyrene (TCPS), used as a control (n = 6).
ANOVA analysis and Bonferroni post-hoc test showed that,
irrespective of the time point, C2C12 had signiﬁcantlg
higher metabolic activity (p < 0.01) on “O” DegraPol™
meshes with respect to “N/O” and “F” scaffolds. Nonethe-
less, the higher absorbance value displayed by cells on “O”
DegraPol®™ at time point DAY 1 induces to conclude that
the main effect of the fiber orientation at the scaffold sur-
face is expressed in increased cell adhesion in the first
24 h after seeding.

in respect to the surface morphology, cell prolifera-
tion was evaluated via alamarBlue™ test culturing
C2C12 on DegraPol®™ for 7 days in growth medium.
Absorbance values at 560 nm were measured at days
1,2, 3, 4, and 7 after seeding using TCPS as a control.
The results of the colorimetric assay are shown in Fig-
ure 2. Confirming a clear tendency of cells to prolifer-
ate on DegraPol™, absorbance values were shown to
increase over time with reference to all the scaffolds
under investigation. Regardless of the time point,
cells grown on “O” DegraPol®™ showed metabolic ac-
tivity closer to the control and significantly higher (p
< 0.01) if compared to cells cultured on “N/O” and
“F” (giving, on the contrary, comparable values). De-

spite of this, cell proliferation rate was shown to be
similar among different DegraPol®™ scaffolds.

The morphology of cells proliferating on microfi-
brous “O” DegraPol®™ scaffolds, investigated by
means of SEM analysis, is shown in Figure 3. Micro-
graphs in Figures 3(a,b) represent cells cultured in
10% FBS supplemented medium for 1 and 7 days,
respectively, showing a clear tendency of myoblasts
to spread along the scaffold fibers by developing
filopodia. Once attached to the fiber surface, C2C12
myoblasts spread out and multiplied, forming layers
of cells aligning parallel to the fiber axis. Figure 3(c)
highlights the capability of cells to penetrate the
scaffold surface porosity, proliferating between “O”
DegraPol® fibers.

Expression of myogenic markers

With the aim to qualitatively and preliminarily
investigate myoblast capability to differentiate on
DegraPol®™ scaffolds, the expression of a family of
typical myogenic markers was evaluated via RT-PCR
on C2C12 and L6 cultured on “O” electrospun
DegraPol™ meshes. The result of electrophoresis
analysis performed on ¢cDNA is shown in Figure 4,
where TCPS represents the reference culture surface,
while CTR+ and CTR— indicate standard cDNA and
water, respectively. After 14 days of culture on
DegraPol® (DP), both C2C12 and L6 exhibited levels
of myogenin expression comparable to TCPS control.
Both cell types were also shown to express MHC.

Cell fusion and differentiation

The capability of cells to fuse and differentiate into
multinucleated myotubes on DegraPol®™ was further
investigated by means of nuclei staining and immu-
nofluorescence analysis of MHC. Figure 5 shows cell
nuclei following 14 days of cell culture on “O” Degra-
Pol®™ in 10% FBS supplemented medium. Since cell

Figure 3. SEM micrographs of C2C12 cultured on “O” DegraPol® scaffolds. Twenty-four hours after seeding, cells
showed to adhere and spread on the scaffold fibers [Fig. 3(a)]. After 7 days of culture, C2C12 cultured in 10% FBS supple-
mented medium formed layers of cells aligning parallel to the fiber axis [Fig. 3(b)]. Figure 3(c) highlights the capability of
C2C12 to penetrate the scaffold surface porosity, spreading between DegraPol ™ fibers. Scale bars = 20 pm.

Journal of Biomedical Materials Research Part A
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Figure 4. Expression of skeletal muscle markers on “O”
DegraPol® meshes. RT-PCR analysis was carried out after
culturing C2C12 and L6 on “O” DegraPol®™ membranes for
14 days. Agarose gel electrophoresis shows that both cell
types exhibited levels of myogenin expression comparable
to TCPS control. C2C12 and L6 also expressed MHC, the rea-
son for the different intensities being still unclear. CTR+
and CTR— represent standard DNA and water, respectively.

nuclei visibly lie on different focal plans, a noncopla-
nar arrangement of cells can be inferred; moreover,
the evident tendency of cell nuclei to line up along
the direction of the scaffold fibers strongly suggests
the presence of multinucleated myotubes running
parallel to the scaffold fibrous structure. Confirming
this hypothesis, Figure 6 represents myosin-express-
ing myotubes (MHC marked in green, cell nuclei in
blue), cultured for 14 days on “O,” “N/O,” and “F”
DegraPol®™ scaffolds [phase contrast micrographs
shown in Figs. 6(c), 6(f), and 6(i), respectively]. In ac-
cordance with the highly directional structure of the
underlying scaffold mesh, a high degree of orienta-
tion of myotubes is observable in the case of “O”
DegraPol™ [Fig. 6(a,b)]. Myotubes grown on the “N/
O” scaffold, on the contrary, appear more randomly
distributed [Fig. 6(d,e)]; on the nonporous “F” Degra-
Pol®, similar to what happened on TCPS, myotubes
are shown to orient in small colonies [Fig. 6(gh)],
without being able to develop either an overall net
orientation or a three-dimensional structure. The con-
focal analysis carried out on immunostained samples
enabled to verify the sporadic presence of multi-
nucleated myosin-expressing myotubes also beyond
the scaffold surface. As an example, Figure 7 shows
myotubes lying about 70 pm below the scaffold sur-
face in the case of “O” DegraPol‘@; structures more
than 200 pm in length are detectable.

DISCUSSION

Skeletal myogenesis in vitro, key issue toward the
development of functional skeletal muscle engineered
tissue, is a complex, multistep process'® that has been
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extensively studied in the last 20 years. Beside contin-
gent on cell-cell contact formation, myoblast differen-
tiation into functional multinucleated myotubes was
demonstrated to be intimately depending on an opti-
mal outside-in substrate-cell signaling,” thus reveal-
ing a primary role of the scaffold chemical, mechani-
cal, and topographical properties in determining the
functionality of the resulting engineered construct. To
originate forceful and functional muscle tissue, skele-
tal muscle cells require sufficient cell density along
with the appropriate cues to guide them in highly
directional architectures."

The vast majority of in vitro skeletal muscle basic
studies were limited so far to solid surfaces consist-
ing of tissue culture plastics or scaffolds made of tra-
ditional degradable polyesters (PLLA, PGA, and
copolymers). Together the results of these works
show that skeletal myogenesis is achievable in vitro;
nonetheless, the attempts of obtaining fully differen-
tiated functional muscle fibers in vitro still suffer
from several issues. Among these, the most signifi-
cant is probably the lack of long-range alignment of
myotubes, which usually grow in mere short-range
parallelism with neighboring cells, branching and
overlaying, and thus preventing the development of
large vectorial contraction forces. This issue, together
with the difficulty of maintaining differentiated myo-
cytes for sufficient lengths of time, could be easily
solved by means of an attentive scaffold design,
aimed at driving and sustaining tissue development.

In this context, in accordance with encouraging
studies showing promising applications of microfi-
brous scaffolds in the field of skeletal muscle tissue
engineering,””'’ in a previous work we demon-
strated the potentialities of DegraPol™, a degradable
block polyesterurethane processed by electrospin-
ning in the form microfibrous meshes, in terms of
mechanical properties, degradation rate, and myo-
blast adhesion and proliferation.'!

Based on the findings that cell-cell contacts are key
elements toward the development of multinucleated
muscle fibers”'* and that scaffold topography can
deeply influence cell response in terms of cell adhesion
and proliferation,”'® this study attempted at verifying
whether highly orientated (“O”) electrospun Degra-
Pol®™ scaffolds could present an advantage over nonor-
ientated (“N/O”) electrospun membranes and cast
nonporous films (“F”) in terms of favoring myoblast
adhesion and proliferation and, above all, of driving
cell differentiation in a preferential direction. A brief
discussion of our findings is given in the following.

Cell adhesion and proliferation

Since skeletal muscle cell differentiation usually
begins with myoblast anchorage to the substrate, cell
spreading and proliferation to confluence,”'* we first
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Figure 5. Hoechst staining of C2C12 nuclei on “O” Degra-
Pol®™ membranes following 14 days of culture in prolifera-
tion medium. Cells are shown to tightly line up in the
direction of the scaffold fibers and to lie on different focal
plans, indicating that a noncoplanar arrangement of cells
occurred. Scale bars = 50 pm. [Color figure can be viewed
in the online issue, which is available at www.interscience.

wiley.com.]
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addressed the issue of cell adhesion and prolifera-
tion on newly manufactured DegraPol® scaffolds by
means of alamarBlue™ test. Regardless of the mem-
brane surface morphology (Fig. 1), skeletal myoblasts
were shown to be able to proliferate on DegraPol®™
scaffolds (Fig. 2). Nonetheless, results shown in Fig-
ure 2 need to be cautiously considered. Despite the
fact that, at each time point, cells on “O” meshes
exhibited significantly higher metabolic activity if
compared to cells cultured on “N/O” and “F” mem-
branes (p < 0.01), cell proliferation rates on the three
scaffolds were shown to be comparable, the growth
curves being approximately parallel to each other.
Indeed, the fact that cells on “O” DegraPol® scaf-
folds display higher absorbance already at time
point DAY 1 suggests that the difference in subse-
quent values could be traced back to some events
that occurred in the first 24 h after seeding. Ruling
out that different initials conditions were introduced
by loading uneven amounts of cells on the materials,
it is reasonable to conclude that “O” DegraPol™ scaf-
folds show an advantage over “N/O” and “F” mem-
branes in terms of favoring cell adhesion in the first
24 h after seeding. As the three scaffolds have identi-

Figure 6. Micrographs of C2C12 cultured for 14 days on DegraPol™ scaffolds: (a—c) highly orientated mesh (“O”); (d-f)
nonorientated mesh (“N/O”); (g-i) film (“F”). MHC was marked in green via immunofluorescence, while cell nuclei were
stained with Hoechst (in blue). A high degree of orientation of myotubes is observable in the case of “O” DegraPol®,
while myotubes grown on “N/O” scaffolds appear randomly distributed; on the nonporous “F” DegraPol®™, similar to
what happened on TCPS, myotubes are shown to orient in small colonies, without being able to develop a three-dimen-
sional structure. Scale bars = 100 um. [Color figure can be viewed in the online issue, which is available at www.inter-

science.wiley.com.]
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Figure 7. Confocal micrographs of multinucleated myosin expressing myotubes lying about 70um below the surface of
“O” DegraPol™ scaffolds. Blue staining refers to Hoechst, while green represents the FITC-conjugated secondary antibody
for MHC. Myotubes, more than 200 um in length, were cultured for 14 days. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

cal chemical composition and electrospinning process-
ing has been previously demonstrated not to intro-
duce cytotoxic contaminants into the membranes,' it
is allowed to infer that the fiber arrangement on the
surface of “O” electrospun DegraPol® membranes,
determining the consequent surface pore architecture,
provides an optimal topographical cue for skeletal
myoblast adhesion and subsequent proliferation.

Cell differentiation

Referring to «cell differentiation, encouraging
results were shown first of all by preliminary RT-
PCR analysis, by means of which we were able to
investigate the expression of typical muscle markers
(myogenin and MHC) both by C2C12 and L6 cul-
tured on DegraPol ™.

Despite the fact that results shown in Figure 4
were derived in the presence of Matrigel™ coating
on DegraPol®™ scaffolds, findings of further prolifera-
tion and differentiation studies (data not shown)
indicate that analogous conclusions could be drawn
in the absence of the coating itself. Indeed, the pres-
ence of MHC in C2C12 cultured on uncoated Degra-
Pol® was clearly confirmed by subsequent immuno-
fluorescence staining, which showed the develop-
ment of multinucleated myosin-expressing myotubes
on all the scaffolds under investigation (Figs. 6 and
7). Interestingly, while myofibers were randomly dis-
tributed on the surface of “N/O” meshes [Fig. 6(d)],
on “O” DegraPol™ they clearly aligned in parallel
arrays [Fig. 6(a)], coherently with the direction of the
underlying scaffold fibers [Fig. 6(c)]. In the case
of “F” DegraPol®™ [Fig. 6(g)], myoblast behavior
revealed similarities to what usually happens on tis-
sue culture polystyrene, since myotubes showed evi-
dences of alignment in short-range distances, but
completely lack in overall parallelism. Moreover,
though quantitative assessment of cell differentiation
was not carried out in this study, C2C12 fusion
index (ratio between the number of nuclei included
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in myotubes and the total number of nuclei)
appeared to be higher on “O” membranes if com-
pared to “N/O” and “F” scaffolds (Fig. 6), indicating
a greater efficiency of the differentiation process on
this type of scaffold. In addition, though our study
lacks in an orderly investigation of the behavior of
myoblasts within the bulk material, the confocal anal-
ysis performed on C2C12-seeded DegraPol™ con-
structs enabled to verify the sporadic presence of
multinucleated myotubes lying 70 pm below the scaf-
fold surface. Similar to what observed on the scaffold
surface, at this depth it was possible to appreciate the
guiding effect exerted by the scaffold fibers on the
orientation of the developing myotubes (Fig. 7).

In summary, highly orientated (“O”) electrospun
DegraPol™ membranes were shown to enable skele-
tal myogenesis in vitro aiding in (a) myoblast adhe-
sion, (b) myotube alignment, and (c) noncoplanar
arrangement of cells, by providing the necessary
directional cues along with architectural and me-
chanical support. A promising future can be fore-
shadowed for “O” DegraPol® membranes in the
field of skeletal muscle tissue engineering, as our
results hint at the possibility of (a) accelerating the
cell-cell contact formation during cell culture (thus
reducing the time to tissue development), (b) gener-
ating a well-defined architecture of fully differenti-
ated myofibers organized into parallel contractile
units, and (c) arranging the developing tissue in a
three-dimensional construct, all of these being key
factors in engineering functional skeletal muscle tis-
sue constructs.

In addition, most likely due to their ﬂexibility,7
electrospun DegraPol® membranes were shown in
this study to allow culture of muscle fibers for
extended periods of time (14 days), while myotubes
usually tend to detach from rigid substrates 3 to 10
days after development, due to their sarcomeric ma-
turity leading to spontaneous contractile activity.*'”'®
Moreover, thanks to the guidance exerted by the scaf-
fold fibers, “O” electrospun DegraPol™ membranes
were able to prevent myotube branching, thus con-
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tributing to increase the directionality of the resulting
construct architecture and allowing for the potential
generation of an effective vectorial power.

Along with the above cited aspects, electrospun
DegraPol® membranes combine several other advan-
tages, proposing them as ideal candidate scaffolds for
skeletal muscle tissue engineering. Among these, suit-
able mechanical and degradative properties are worth
mentioning, since the material has been previously
shown to exhibit linear elastic behavior in the 0-10%
deformation range, deformations at break higher than
200% and an elastic modulus around 10 MPa, while
degradation time in buffered aqueous solution was
found to be of about 6 months.'" Such features are of
primary importance in the engineering of soft tissues
and in view of future long-term dynamic culture
experiments in bioreactors, since they allow to over-
come issues related to the relative inflexibility and non-
degradability of traditional polymeric substrates.**!

In conclusion, our results suggest a huge potential
of highly orientated DegraPol® microfibrous mem-
branes for therapeutic treatment of skeletal muscle
injuries, but also for isolation of mechanisms under-
lying cell-matrix interactions, extending to their role
in differentiation. Further efforts are warranted to-
ward increasing the efficiency of differentiation proc-
esses on highly orientated meshes, inducing packing
of myotubes. In addition, studies are underway to
quantify myoblast differentiation potential on the
scaffold (via determination of the fusion index and/
or Western Blot analysis of MHC), together with the
investigation of different myosin isoforms, determin-
ing the type of fibers in culture.

CONCLUSIONS

In this study, we succeeded in demonstrating that
skeletal myogenesis can be obtained, directed, and
maintained within the fibers of highly aligned micro-
fibrous DegraPol®™ scaffolds processed by electro-
spinning. Our results show that myoblasts can be
cultured in a parallel-orientated manner by making
use of topographical stimuli from the substrate, ena-
bling the development of a highly-organized archi-
tecture, which is essential to obtain forceful and
functional skeletal muscle tissue engineering con-
structs.
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