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Abstract

A significant challenge in cardiac tissue engineering is the development of biomimetic grafts that
can potentially promote myocardial repair and regeneration. A number of approaches have used
engineered scaffolds to mimic the architecture of the native myocardium tissue and precisely
regulate cardiac cell functions. However previous attempts have not been able to simultaneously
recapitulate chemical, mechanical, and structural properties of the myocardial extracellular matrix
(ECM). In this study, we utilized an electrospinning approach to fabricate elastomeric
biodegradable poly(glycerol-sebacate) (PGS):gelatin scaffolds with a wide range of chemical
composition, stiffness and anisotropy. Our findings demonstrated that through incorporation of
PGS, it is possible to create nanofibrous scaffolds with well-defined anisotropy that mimics the
left ventricular myocardium architecture. Furthermore, we studied attachment, proliferation,
differentiation and alignment of neonatal rat cardiac fibroblast cells (CFs) as well as protein
expression, alignment, and contractile function of cardiomyocyte (CMs) on PGS:gelatin scaffolds
with variable amount of PGS. Notably, aligned nanofibrous scaffold, consisting of 33 wt. % PGS,
induced optimal synchronous contractions of CMs while significantly enhanced cellular
alignment. Overall, our study suggests that the aligned nanofibrous PGS:gelatin scaffold support
cardiac cell organization, phenotype and contraction and could potentially be used to develop
clinically relevant constructs for cardiac tissue engineering.
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1. INTRODUCTION

The extracellular matrix (ECM) of the myocardial tissue exhibits well-defined three
dimensional (3D) fibrillar architecture, which provides the essential signaling cues for
alignment, organization and synchronized beating of cardiac cells [1]. Collagen type | and
I11 are the major fibrous protein components of the myocardium ECM, which play an
essential role in structural integrity and mechanical robustness of the tissue construct [1, 2].
Specifically, collagen type 111 provides the elasticity of the matrix while collagen type |
contributes to the overall rigidity of the myocardial tissue. Various combinations of these
proteins result in a wide range of mechanical properties within healthy and diseased tissues
[3, 4].

The synchronized beating of cardiomyocytes (CMs) and the overall contractile properties of
the cardiac tissue are directly correlated to anisotropic structure of myocardial architecture
[1]. To date, numerous studies have focused on simulating the anisotropic structure of
myocardium thorough development of a series of biophysical cues including patterned
topographical features [5-8], well-organized fibrous scaffolds [9-11] and mechanical stress
[12, 13]. For example, electrospinning technique has been widely used as a simple yet
versatile method in fabricating highly porous micro- and nanofibrous scaffolds comprised of
interconnected pores to mimic the architecture of native myocardium. Such fibrous scaffolds
could potentially induce cellular alignment and enhance migration along with cell-cell
junction that ultimately result in the formation of vascularized tissue constructs [14].

In this regard, engineering of appropriate matrix compositions in terms of structural,
chemical and mechanical characteristics plays a crucial role in the formation of functional
cardiac tissue constructs. A suitable biomaterial could induce proper chemical and physical
signaling cues that transduce into intracellular rheological and biochemical responses to
modulate the cellular function [15]. So far, different types of natural and synthetic polymeric
biomaterials and hydrogels have been used to generate physiologically relevant scaffolds for
cardiac tissue engineering applications. For instance, gelatin, which is a mechanically robust
protein, has been widely applied to develop scaffolds for cardiac grafts. Previous studies
have shown that such grafts could induce spontaneous beating of CMs [16]. As gelatin
degrades relatively fast [17], the use of other types of synthetic polymers such as
polyglycolic acid (PGA), poly e-caprolactone (PCL), polylactic acid (PLA) and
polyurethane, with slower degradation kinetics, have been investigated to fabricate cardiac
grafts with slower degradation rates [10, 18—-20]. However, exposure of these polymers to
long-term cyclic strain, have usually resulted in plastic deformation and structural failure of
the construct. Therefore, in order to overcome these limitations, it is beneficial to develop an
elastomeric biomaterial with appropriate mechanical, chemical and degradation properties.

Poly(glycerol-sebacate) (PGS) is a non-cytotoxic and biodegradable elastomer (stiffness ~
0.056-1.5 MPa) [21], which has been widely used in several tissue engineering applications
such as nerve, heart and vascular systems [22—24]. For example, PGS has been previously
used to develop microfabricated anisotropic accordion-like honeycomb microstructure [25]
to support synchronized beating of the cardiac cells. Alternatively, other studies have
explored the use of poly(3-hydroxybutyrate-co-3-hydroxyvalerate):PGS microfibrous
scaffolds [26] and PGS:PLA [27] and core-shell PGS:gelatin [28] fibrous structures for
cardiac tissue engineering applications. However, the majority of the above mentioned
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scaffolds were associated with significant limitations such as complex fabrication process,
inability to precisely control the properties of the scaffolds, formation of random fibrous
structures, limited fiber size (microscale range) and high degradation rate [26-28]. For
example, core-shell fibrous scaffolds usually consist of large fiber size (in the range of 1-1.5
um) where the core material dictates the mechanical properties of the fiber, and the shell
polymer solely affects the cell functions. In addition, the fabrication technique of these types
of scaffolds does not easily allow modulation of the desired ratio between the two polymers
[27, 28]. Therefore, it is envisioned that through blending an elastomeric polymer (i.e. PGS)
with a fairly rigid biomaterial (i.e. crosslinked gelatin), it would be possible to develop a
family of biomaterials with a wide range of architectural, chemical and mechanical
properties as suitable microenvironments for 3D culture and maturation of cardiac cells (i.e.
cardiac fibroblasts (CFs) and CMs).

In this paper, we developed elastomeric PGS:gelatin nanofibrous scaffolds for engineering
of the myocardium tissue. In particular, we fabricated and characterized elastomeric
nanofibrous PGS:gelatin scaffolds with a wide range of compositions through blending of
PGS and gelatin for engineering of the myocardium tissue. We hypothesized that enhanced
function of the engineered myocardium tissue significantly relies on the coupled chemical
and physical characteristics of the polymeric matrix. Furthermore, we extensively studied
cardiac cell behavior including alignment, attachment, proliferation, protein expression,
maturation and contraction on the developed PGS:gelatin scaffolds.

2. MATERIALS AND METHODS

2.1. Fabrication and crosslinking of fibrous PGS:Gelatin scaffolds

PGS:gelatin fibrous scaffolds with variable compositions were prepared using
electrospinning techniques. Primarily, PGS prepolymer (My,=10,000) was synthesized
according to the previously reported procedures [29]. Briefly, a stoichiometric amount of
sebacic acid and glycerol with 1:1 molar ratio was reacted at 120°C under nitrogen and high
vacuum (less than 50 mTorr) for 24 h to synthesize PGS prepolymer [29]. In order to define
an optimum scaffold for myocardial regeneration, we varied the amount of PGS and gelatin
within the scaffold at different weight ratios (2:1, 1:2 and 0:1) in 80% (v/v) acetic acid
solution and mixed at a final polymer concentration of 20% (w/v). For the electrospinning
process, a syringe pump was used to inject the polymer solution into a 1 mL syringe having
a 23G blunted stainless steel needle. The flow rate was set to 2 mL/h. The distance in
between the collector and needle was set to 10 cm while the voltage was kept at 18 kV
constant during the electrospinning process. In order to fabricate aligned scaffolds, parallel
electrodes made of aluminum foil were used as collectors while for the random fibers a glass
slide was placed on the collector plate. Aligned and random scaffolds were named as
A(2PGS:Gelatin), A(PGS:2Gelatin) , A(Gelatin) as well as R(2PGS:Gelatin), R(PGS:
2Gelatin) , R(Gelatin) respectively where letters A and R defines the type of scaffold and
2:1, 1:2 and 0:1 corresponds to 66%, 33% and 0 wt.% PGS content. The fabricated scaffolds
were dried overnight under vacuum prior to further characterizations and biological
experiments.

For crosslinking process, the electrospun scaffolds were immersed in 90% (v/v) ethanol
solution containing N,N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) for 12 h at 4 °C. EDC concentration was
optimized at 75 mM and the molar ratio of EDC/NHS was selected to be 2.5:1 for
crosslinking of gelatin. The scaffolds were then washed with Dulbecco’s phosphate buffered
saline (DPBS, Gibco, USA) three times to remove the residual of crosslinking agent.
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2.2 Characterization of nanofibrous scaffold

The surface topographies of the electrospun scaffolds, before and after crosslinking process,
were characterized using scanning electron microscopy (SEM) analysis using a FEI/Philips
XL30 FEG SEM (15 kV). Samples were sputter-coated with a thin layer of gold/palladium
and the SEM images along with NIH Image J software were used to measure the fiber and
pore sizes (n=50) of the scaffolds. Fourier-transform infrared spectroscopy (FTIR) (Bruker
Optics, MA, USA) was performed over a range of 500-4000 cm™1 and resolution of 2 cm™1
to verify the chemical composition of the scaffolds. Hydrophilic properties of the developed
PGS:gelatin scaffolds (n=3) were determined by water contact angle measurement using the
static sessile drop technique. The contact angle of the scaffolds was measured using video
contact angle measurement setup (VCA Optima, AST Inc.). The average of the measured
values (n=3) were reported with standard deviation.

The mechanical properties of the PGS:gelatin scaffolds were determined by using uniaxial
tensile testing technique (Instron, Model 5542) with 10 N load capacity at a rate of 7 mm/
min. Samples were prepared in rectangular-shape pieces with a length of 4-5 mm, width of
6-8 mm and thickness of 0.3-0.5 mm. At least 5 samples were prepared for each scaffold
composition. The tensile properties were measured before and after crosslinking, in dry and
wet conditions. For wet condition, scaffolds were soaked in culture medium (Dulbecco’s
modified eagle medium (DMEM, Gibco, USA)) for 2 days at 37 °C prior to experimental
testing. Tensile strength, Young’s modulus (stiffness), and strain at break (elongation) were
determined from the stress—strain curves. Stiffness was measured from the slope of the
linear segment of the stress—strain graph (5-10%), while elongation was obtained when
samples failed. Measured values were reported as mean standard deviation (SD).

In vitro degradation assay was used to study the weight loss of the scaffolds (n=3) with
dimensions of 5 mm x 5 mm x 0.5 mm (length, width, thickness). The samples were
incubated in DPBS at 37 °C for 1, 4, 7, 14, 21 and 28 days. DPBS was changed every 3
days. After each specific time point, the scaffolds were rinsed in DPBS, weighed and
lyophilized using a freeze-dryer for overnight. The weight of dried samples was determined
after lyphilization. The percent degradation for each sample was calculated by dividing the
weight loss to the initial dry weight.

2.3. Cell culture

2.3.1. Isolation and culture of rat CMs and CFs—Fibrous scaffolds on glass slides
were placed in a 24-well plate and sterilized for 30 min in 70% (v/v) ethanol and overnight
under UV light. The scaffolds were then immersed in cardiac medium consisting of DMEM
containing 10 % (v/v) fetal bovine serum (FBS, Gibco, USA), 1% (v/v) L-Glutamine
(Gibco, USA) and 100 units/ml penicillin-streptomycin (Gibco, USA) for overnight prior to
cell seeding. Neonatal rat ventricular CMs and CFs were isolated from 2-day-old Sprague-
Dawley rats according to a well-established protocol approved by the Institute’s Committee
on Animal Care [30]. CMs were used after their isolation and enrichment through 1 h pre-
plating. They were collected from the flask, counted and seeded on the samples (n=3) with a
density of 1.4x106 cells/cm?2. In addition, CFs (passage 1) were trypsinized and seeded on
the separate set of scaffolds (n = 6) and tissue culture plate (TCP) and PGS films, as control,
with a density of 0.3x10° cells/cmZ.

2.3.2. CFs attachment viability, and metabolic activity—The CFs attachment on the
scaffolds was determined by using DNA quantification assay (Quant-iT™ PicoGreen®,
Invitrogen, USA), according to the manufacturer’s protocol. Scaffolds (n=3) were rinsed
with DPBS and weighed at wet condition. The samples were then digested overnight at
60°C in 1 mL of DNA extraction solution. To prepare DNA extracted solution, PBE buffer
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was prepared by dissolving NagHPO,4 (14.2 mg/ml) and EDTA (2.3 mg/ml) (Sigma-Aldrich)
in deionized water and adjusting the pH to 6.5 using 1M HCI solution. Then, L-cystein (1.6
mg/ml) was added to 20 ml of DNA extracted solution and the prepared solution was mixed
with papain (0.5%(v/v)). Finally, 1X PicoGreen solution (50% (v/v)) was added to digested
sample solution (50% (v/v)) and their absorbance were measured at 485 nm wavelength.

CFs viability was determined after 1, 3, and 5 days of culture, using calcein-AM/ethidium
homodimer Live/Dead assay (Invitrogen). Scaffolds were rinsed with DPBS and the live/
dead solution was added to each sample and placed inside incubator for 20 min. The
samples were then imaged using an inverted fluorescence microscope (Nikon TE 2000-U,
Nikon instruments Inc., USA). The cell viability was determined using Image J software by
the number of live cells (green stain) divided by total cell number (green and red stain).

CFs metabolic activity on the scaffolds was determined by using the Alamar Blue (AB)
assay (Invitrogen) at days 0 (6 h), 3 and 5 of culture on fibrous scaffolds and TCP and PGS
films as control condition. Briefly, 400 ul of AB solution dissolved in warm culture medium
(10% (v/v)) was added to each well and placed inside incubator for 3 h. Then, 100 pl of the
reduced-color culture medium within each well was transferred to 96-well plate in duplicate
and absorbance was measured at 544-590 nm wavelength. Finally, the normalized metabolic
activity with respect to day 0 was calculated for each scaffold.

2.3.3 Immunostaining for cell cytoskeletal organization, a-smooth muscle
actin (a-SMA) and CMs marker expression—Immunostaining was performed to
assess the cytoskeletal organization (F-actin) of CFs at days 1, 3 and 5 of culture. The
samples were fixed in 4% (v/v) paraformaldehyde (PF) solution in DPBS for 20 min at room
temperature, permeabilized in 0.1% (v/v) Triton X-100 in DPBS for 30 min and then
blocked in 1% (v/v) Bovine Serum albumin (BSA) for 1 h. The cells were then stained for
F-actin using 1:400 dilution of Alexa Fluor-594 phalloidin (Invitrogen) in 1% (v/v) BSA. a-
SMA marker was used to identify the differentiation of CFs to myofibroblast phenotype at
day 1 and 5 of culture. Upon fixation, the samples were permeabilized in methanol for 10
min. Primary antibody (Sigma) was added to each well and the samples were incubated for 1
h at room temperature. The samples were then washed in DPBS for three times, and a 1:200
dilution of the Alexa Fluor-598 conjugated anti-rabbit was added. In order to quantify the
number of the differentiated cells within each scaffold and control substrates (TCP), they
were co-stained by (a-SMA)/(F-actin) (3 sample for each condition, 3 random images for
each samples) and the projected areas of their signals were calculated using image J
software. The a-SMA-—positive cell numbers were normalized to the F-actin signals [31].

Immunostaining for CMs markers was performed using three different cardiac-specific
proteins including sarcomeric a-actinin, connexin-43 (Cx-43), and troponin | after 7 days of
culture. After fixation and permeabilization, the cell-seeded scaffolds were blocked in 10%
(v/v) goat serum (GS). A 1:200 dilution of primary antibodies specific to sarcomeric a-
actinin, Cx-43 and troponin | in 10% (v/v) GS was then added to the samples and they were
kept at 4 °C for 24 h. The scaffolds were then washed three times in DPBS and a 1:200
dilution of Alexa Fluor-488 conjugated goat anti-mouse secondary antibody for sarcomeric
a-actinin, Alexa Fluor-594 goat anti-mouse secondary antibody for troponin, and Alexa
Fluor-594 goat anti-rabbit secondary antibody for Cx-43 were added to samples. The
scaffolds were kept in dark for 40 min at room temperature. Following immunostaining, the
cells’ nuclei were stained with 1:1000 dilution of 4”,6-diamidino-2-phenyl indole
dihydrochloride (DAPI) stain (Invitrogen) in DPBS for 5 min. The samples were visualized
using a fluorescence microscope (Nikon TE 2000-U, Nikon instruments Inc., USA) and the
images were analyzed using image J software.
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2.3.4 Collagen assay—The amount of newly synthesized and deposited collagen
produced during CFs culture on the scaffolds was estimated using collagen assay. After
removing the culture medium, samples were rinsed three times in DPBS, weighed, cut, and
digested with 500 mL of pepsin solution (0.25mg/mL). Collagen assay was preformed
according to the picrosirius red-based colorimetric assay (SirCol™ collagen dye binding
assay kit, Biocolor Ltd.). Collagen concentration was obtained from absorbance measured at
540 nm and standard curve prepared according to the protocol. The absorbance of water was
also recorded as blanked. In addition, pure crosslinked gelatin scaffold was prepared and
collagen assay was preformed on it to remove the effects of gelatin on the collagen
absorbance.

2.3.5. Characterization of beating behavior of cardiomyocytes—The beating
behavior of CMs was measured every day using a real-time imaging and video recording
system and a custom written MATLAB program starting from day 3 of culture to assess
CMs electrophysiological property [32]. The beating rates of CMs on scaffolds were
counted at three different points.

2.3.6 Quantification of cellular alignment—After 1, 3 and 5 days of culture, the
scaffolds were fixed in 4% PFA and DAPI was used to stain the cells’ nuclei to quantify
cellular alignment within aligned and random scaffolds. Fluorescence images were obtained
at 5-6 different locations of each sample (Cell number=800-1600). The shape of each nuclei
was primarily fitted with an ellipse, then the cells nuclei alignment angles within each image
were calculated using Image J software. Finally, The overall nuclear alignment was
normalized to the average nuclear alignment within each fluorescence image. The
histograms of normalized alignment angles were defined to compare the nuclei alignment
within each condition. Similar to estimation of alignment, cell elongation was also evaluated
using fluorescence F-actin images from 5-6 regions of each sample and analyzed by image J
software. Cell elongation was determined as the aspect ratio between the cell length and cell
breadth (cell length/cell breath). The longest cord within the cell body was selected as the
cell length while the cell breadth defined as the shortest cord perpendicular to the length.

2.4, Statistical Analysis

All data were presented in mean + standard deviation (SD) and statistical significance was
measured by performing one-way ANOVA analysis followed by Tukey's multiple
comparison using GraphPad, Prism Software (V.5). Differences were taken to be significant
for P<0.05.

3. RESULTS AND DISCUSSION

3.1. Development and characterization of nanofibrous scaffolds

The structural matrix of myocardial ECM consists of nano-fibrillar collagen types | and IlI,
which provides proper physical and chemical to modulate cardiac function [33]. The main
objective of this study was to fabricate PGS:gelatin nanofibrous scaffolds using
electrospinning technique to create an optimized matrix to mimic the native myocardial
tissues and study CMs and CFs behavior.

Using electrospinning technique, nanoscale fibers could be organized into various
architectures depending upon the collector type (Supplementary Fig. S1(A)). Since gelatin is
water soluble, crosslinking was required to stabilize its structure. Electrospun PGS:gelatin
scaffolds were crosslinked by using EDC/NHS, which is less cytotoxic compared to other
crosslinker such as glutaraldehyde [34]. SEM images (Fig. 1(A)) clearly demonstrated that
crosslinking process resulted in larger fibers that were curled and fused together at multiple
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junctions. Specifically, the fiber size within aligned pure gelatin scaffolds increased 2-folds
from 250+28 nm to 52035 nm which might be due to swelling of the fibers during the
crosslinking process. Similar to its uncrosslinked state, the fiber size and pore size
significantly (P<0.05) decreased while the number of junctions increased as a function of
PGS content (Fig.1(B)). Specifically, the pore sizes of random fibrous scaffolds decreased
from 10.4+1.6 um within R(Gelatin) scaffold to 7.7 £3.0 um on R(2PGS:Gelatin) scaffolds.
Within the aligned fibrous scaffolds, the pore size decreased by 2-folds from A(Gelatin) to
A(2PGS:Gelatin) scaffold (Fig.1(C)).

Chemical characterization of scaffolds as well as PGS film (control) was conducted using
FTIR analysis (Fig.1(D) and Supplementary Fig. S1(B)). Crosslinking process of gelatin
within all the scaffolds was confirmed through shifting of the characteristic bands of gelatin
peptide chain (i.e. amide I, amide Il and amide I11) to lower wavenumbers along with
reduced intensity ratio of A zmid 1 /A amid 11- These factors are mainly due to the reaction of
carboxyl groups of amino acids originated from aspartic acid as well as the formation of new
covalent C-N bond [34]. Furthermore, the lower intensity ratios of -COOH and —OH groups
of PGS within the crosslinked blended scaffolds compared to pure PGS prepolymer film
(A[-cooH)/A[-oH) indicated the formation of carbonyl (C=0) groups and involvement of
PGS during the crosslinking process. Furthermore, the sebacic acid bands of PGS at 930
cm~1 and 1300 cm™1 disappeared and the intensity of carbonyl (C=0) band shifted to a
lower wavenumber confirming that PGS polymer was involved in the crosslinking process
[35, 36].

The in vitro degradation of the scaffolds was monitored over a month period (Fig. 1(E)).
Degradation of the scaffolds was determined to be changing as a function of topographical
cues as well as the chemical composition of the scaffolds. The weight loss of all scaffolds
demonstrated an approximate linear profile while the blended scaffolds exhibited lower
weight loss compared to pure gelatin scaffold. The degradation profile of pure gelatin
scaffolds is expected to be due to the hydrolysis of the carboxyl-amino groups.
Alternatively, within the blended scaffolds decomposition of ester bonds of PGS into its
sebacic acid and glycerol monomers dictates the degradation rate of the scaffolds. Therefore,
higher number of ester bonds induced longer degradation times [36]. In addition to chemical
factors, topographical cues such as pore size and alignment of the fibers are expected to
affect the degradation profile of the scaffolds. The larger pore size of pure gelatin scaffold
likely accelerated the hydrolysis and the weight loss of the scaffold compared to their
blended analogs due to the increased contact area and permeability of the scaffolds with
DPBS.

Since extremely stiff substrates inhibit the contractile properties of cardiac cells, relatively
elastic scaffolds (similar to native tissue tensile modulus ~ 54-240 kPa) could potentially
provide a suitable microenvironment to mimic the native myocardial tissue [9, 37, 38].
Detailed mechanical properties of the scaffolds after and before crosslinking are listed in
Table 1 and Supplementary Fig. S2(A-C) respectively. Crosslinking process improved the
overall mechanical properties of scaffolds due to inter- and intra-molecular covalent bonds
and the formation of point-point junctions between the fibers. The presence of these bonds
reduced the extensibility of the fiber but increased stiffness and strength similar to the other
reports in the literature [39, 40].

Fig. 1(F) shows the representative stress—strain curves of the crosslinked aligned and
random (Gelatin) and (2PGS:Gelatin) scaffolds after 2 days in culture medium. All scaffolds
exhibited similar strain-stress trends; a linear region followed by non-linear region without
the necking phenomenon. Overall, in hydrated condition, the scaffolds exhibit low stiffness
and high elongation compared to the dry state. This might be due to the presence of hydrated
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and highly entangled polymer chains, which facilitate chain sliding under mechanical
deformation [41]. On the other hand, addition of PGS significantly (P<0.05) decreased
stiffness and enhanced elongation in both dry and wet states. This is mainly attributed to the
plasticizing effects of PGS on the mechanical properties of the blended scaffolds.

In addition to chemical composition, the architecture of the scaffolds also influenced their
mechanical properties; within both dry and wet states, aligned fibrous scaffolds exhibited
notably higher stiffness and strength compared to the random ones, while elongation
remained unaltered (Table I). This is expected mainly because of the orientation of the fibers
along with the direction of the tensile load [41, 42]. Furthermore, according to previous
results, the increased fiber size within random scaffolds reduced their strength and stiffness
since the scaffolds displayed bulk-like properties making the stretching of the polymer
chains more difficult [41, 43].

In general, material and structural characterization of the blended construct indicated that
incorporation of PGS within the nanofibrous scaffold significantly reduced the overall
stiffness of the matrix at wet condition, mimicking the elasticity of myocardium [25].

3.2. CFs culture on PGS: gelatin scaffolds

To assess the behavior of cells on PGS: gelatin scaffolds, we primarily analyzed viability of
the CFs that were seeded on the developed scaffolds. Representative live/dead fluorescence
and phase contrast image (Fig. 2(A)), demonstrated high cellular viability (>90%),
alignment and fillapodia extension along the direction of the fibers (Fig. 2(B)). DNA
quantification demonstrated that increasing PGS content significantly (£<0.05) enhanced
cell attachment on both aligned and random scaffolds (Fig. 2(C)). Although all scaffolds
were hydrophilic, A(Gelatin) scaffold had lower contact angle compared to A(PGS:
2Gelatin) and A(2PGS:Gelatin) scaffolds (Supplementary Fig. S2(D)). On the other hand, it
is well known that cell adhesion is stronger on stiff substrates compared to the compliant
(soft) ones [44]. Therefore, higher cell attachment on the scaffolds with higher PGS content
(softer substrate) is expected to be mainly dominated by the smaller fiber size, higher
surface-to-volume ratio, which ultimately enhances protein adsorption as well as selective
protein secretions as a favorable substrate for cell attachment [45]. Similar observations
were reported for other polymers such as PLGA/collagen [46], Poly(L-lactide-co-3-
caprolactone)(PLCL)/gelatin [47] and PLCL/collagen [48] fibrous scaffolds where a lower
concentration of natural polymers resulted in increased cellular adhesion. CFs exhibited
significantly enhanced metabolic activity on the fibrous scaffolds compared to pure PGS
films (control) (Fig. 2(D)). In addition, decreasing PGS content along with the architecture
of the scaffold (Aligned vs. Random) significantly (A<0.05) promoted proliferation of the
cells (at day 5) suggesting that CFs metabolic activity was a function coupled chemical and
mechanical as well as architectural properties of the scaffolds.

In the native heart tissue, the interactions between CMs and other cells such as CFs through
autocrine and paracrine signaling pathways influence the function of CMs [49]. Therefore,
maintaining the balance of both cell types is important to ensure proper physiological
properties of the engineered tissue constructs. Furthermore, myofibroblasts, which are
differentiated phenotype of fibroblastic cells, usually express high levels of ECM proteins
(Collagen type I) and proliferate more than fibroblast cells [50]. Therefore, in this study, we
also quantified a-SMA expression, which is a myofibroblast specific marker, along with
actin cytoskeletal organization to assess the CFs differentiation on the developed scaffolds
(Fig. 3(A and B)). In general, cells cultured on TCP dishes expressed more a-SMA
compared to scaffolds on days 1 and 5 of culture. Furthermore, on the entire scaffolds, a-
SMA expression (yellow stained cells) enhanced with decreasing PGS content. For example,
a-SMA expression increased from 15% + 6% on R(2PGS:Gelatin) to 42% + 5% on
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R(Gelatin) scaffolds after day 1 of culture (Fig. 3(A,B)). To further validate these
observations, the amount of newly deposited collagen by CFs on the scaffolds was measured
(Fig. 3(C)). Insoluble collagen assay showed significantly higher (P<0.05) amount of
collagen deposition on A(Gelatin) fibrous scaffolds (20.43+13.1) compared to
A(2PGS:Gelatin) scaffolds (8.9£2.1). Pure gelatin scaffolds (without cells) were used as a
control condition. As expected, no collagen pellet was precipitated within pure gelatin
samples during the quantification confirming the enhanced collagen expression on cell
seeded-scaffolds is mainly due to the new ECM secretion. It is well respected that in
addition to various hormones, cytokines and growth factors [51-53], substrate topography
and mechanical properties such as stiffness [31, 54, 55] as well as culture conditions (/.e.
medium composition, cell density and passage number) [56] also induce CFs organization,
proliferation and differentiation to myofibroblasts. For example, it has been shown that
silicone topographies with 10-pum vertical projections decreased CFs proliferation compared
to flat membranes [57]. Furthermore, fibroblasts grown in 3D collagen gels expressed high
levels of a-SMA in response to matrix stiffness and external mechanical stretch [58].
Therefore, we anticipate that higher level of a-SMA expression along with collagen
deposition on pure gelatin scaffolds compared to the blended ones, specifically
2PGS:Gelatin, is mainly due to fairly higher stiffness of the matrix. In addition, we expect
that higher proliferation rate of on rigid scaffolds (Gelatin) is mainly due to the
differentiated state of the cells to myofibroblasts [50].

We also evaluated actin cytoskeletal organization and morphology of CFs on the fabricated
scaffolds at different culture times. Actin filament staining demonstrated that the
morphology and the cytoskeletal organization of the cells was significantly affected by the
structural properties of the scaffolds (Fig. 4(A)). At day 1 of culture, majority of the cells
exhibited spindle-shape morphology on both random and aligned scaffolds. On the random
scaffolds, after 5 days of culture, cells randomly oriented and exhibited larger sizes
compared to day 1 with more stress fibers. On the other hand, within the aligned scaffolds,
the cells were able to sense the anisotropic topography of the underlying scaffold and
aligned along the fibers direction as early as one day of culture. In general, within aligned
scaffolds, stress fibers were thicker and denser than the random ones. These scaffolds also
induced different degrees of cell alignment; on A(PGS:2Gleatin) scaffold, the cells were
highly orientated along the fiber (~82 %) within 0-20 degree preferred angle which was
significantly higher that of pure gelatin scaffolds (~ 60 %)(Fig. 4(B) and Supplementary Fig.
S3). Furthermore, the effects of scaffold topography on CFs elongation were also studied
through determination of cell aspect ratio (Fig. 4(C)). CFs exhibited elongated morphology
and mainly migrated along the direction of the fibers. As expected, there was not a
significant difference between cell elongations on the random scaffolds. However, the
elongation value on A(PGS:2Gleatin) scaffold was 3-folds higher than that of the pure
gelatin and 2-folds higher than A(2PGS:Geltain) scaffold respectively (A<0.05). One of the
properties of myofibroblasts is the presence of parallel and highly organized stress fiber
throughout the cytoplasm [57]. According to Fig. 3 and 4, more stress fibers were observed
in a-SMA-—positive CFs. These stress fibers appeared to be thicker and denser on scaffold
with lower PGS content. Similarly, according to mechanical characterization of the scaffolds
(Table 1), increasing PGS content resulted in higher elasticity of the matrix and lower
resistance to deformation therefore leading to the formation of thinner stress fibers within
cytoskeleton of CFs. These observations were consistent with the previous work of others on
substrates with different ranges of stiffness [54, 55].

Previous studies have demonstrated that the majority of cell types respond to the
topographical features of the underlying substrate and align along the direction of the
patterns [6, 59] or fibers of scaffold [9, 60]. In addition, induction of cyclic mechanical
strain results in enhanced cellular alignment [31]. Our findings were consistent with
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previous reports confirming that the architecture of the fibrous scaffolds (Aligned vs.
Random) significantly affect cellular alignment. Furthermore, our results indicated that the
interplay between mechanical properties of the substrates (stiffness) along with chemical
composition (PGS content) affected the overall cellular alignment. For instance, although
chemical composition of A(2PGS:Gelatin) scaffold promoted cellular attachment compared
to A(PGS:2Gelatin) scaffolds (Fig.2(C)), the cell did not exhibit improved cellular
alignment. Therefore, A(PGS:2Gelatin) scaffolds provided an optimal matrix in terms of
coupled chemical and mechanical properties for cellular alignment.

3.3. CMs culture on PGS:gelatin scaffolds

The ventricle myocardium posses a highly aligned and organized architecture along with
contractile ability as the result of CMs coupling with their neighboring cells [61]. To further
validate the suitability of the fabricated scaffolds for cardiac tissue engineering, we tested
the functional and biological behavior of the CMs on the developed scaffolds. To obtain
high contractility, it is necessary to confirm that CMs express homogeneously-distributed
sarcomeric a-actinins [10]. Our findings demonstrated that CMs on the aligned scaffolds
exhibited organized and aligned sarcomeric a-actinin in comparison to random scaffolds
suggesting that sarcomeric organization was a function of scaffold topography (Fig. 5).
Furthermore, CMs cultured on blended scaffolds exhibited well-defined sarcomeres
compared to the ones seeded on pure gelatin scaffolds. Similarly, Cx-43, which is one of the
main gap junction proteins of the CMs indicating cell-cell communication [62], was well
expressed on blended scaffolds compared to A(Gelatin) and R(Gelatin) scaffolds. Cx-43
expression was found to be distributed within the cells cytoskeleton and was not limited to
intercalated disks at end-to-end contacts on the random scaffolds. However, on the aligned
scaffolds, cells were oriented and formed side-to-side contacts while Cx-43 were expressed
in a parallel fashion within intra-cellular contact points. Since, synchronized beating of CMs
is directly coupled to the expression of gap junctions [62], immunostaining results
confirmed the suitability of the aligned blended scaffolds to induce synchronized beating of
the cells. Notably, troponin I, which is a calcium receptive component associated with
cytoskeletal organization and maturation of CMs [60], was visible along with sarcomeres on
the aligned scaffolds. In contrast, the sarcomeres in CMs grown on random gelatin scaffolds
appeared to be randomly distributed and immature.

Similar to CFs, CMs exhibited significantly higher alignment and organization on A(PGS:
2Gelatin) scaffold compared to other scaffolds due to optimal chemical and mechanical
properties of the matrix (Fig. 6(A)). Furthermore, CMs seeded on the aligned and random
blended scaffolds started beating after 2 days of culture. However, the beating pattern
frequency (beats per min, BPM) were significantly enhanced on the aligned scaffolds
compared to the random ones (Fig. 6(B,C), Supplementary Video S1, S2). In particular, after
7 days culture, CMs on A(PGS:2Gelatin) scaffolds exhibited the highest beating rate (>60
BPM) coupled with significant alignment and organization (Fig. 6(B,C), Supplementary
Video S1(b)), followed by A(2PGS:Gelatin), and finally A(Gelatin) scaffolds. Enhanced
CM s beating on the A(PGS:2Gelatin) scaffolds suggested that contraction ability of CMs
was affected by the scaffold architecture along with chemical and mechanical properties of
the matrix.

Our study demonstrated that the CMs contraction is significantly dependent on the chemical
and physical properties of the underlying substrates. When CMs are cultured on a rigid
substrate mimicking a post-infarct fibrotic scar (opposed to healthy myocardium), they lose
their synchronized beating. On the other hand, softer scaffolds such as A (PGS:2Gelatin)
and A(2PGS:Gelatin), which mimic the elasticity of the native myocardial tissue, are
suitable to induce synchronized beating [4]. Therefore, an elastomeric scaffold consisting of
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optimized chemical and mechanical properties (A(PGS:2Gelatin)), can be used as suitable
biomaterials for engineering functional myocardial tissue.

4. CONCLUSION

In this study, we developed aligned and random nanofibrous PGS:gelatin blended scaffolds
with stiffness in the range of 140-590 kPa (R(2PGS:Gelatin)-A(PGS:2Gelatin)). We
demonstrated that scaffold structure, composition and stiffness are crucial factors in
directing the CFs and CMs behavior. Cellular attachment, proliferation and differentiation of
CFs were mainly affected by the chemical composition and stiffness of the scaffold. The
alignment and organization of the cells, were influenced by structural cues (aligned vs.
random) along with stiffness of the scaffolds. Furthermore, CMs contraction, organization
and maturation were affected by scaffold structure, composition and stiffness. CMs on the
aligned scaffolds expressed anisotropically organized sarcomeric structures while the
presence of PGS within blended scaffold improved the overall sarcomere formation on both
aligned and random architectures compared to pure gelatin scaffolds. A(PGS:2Gelatin)
scaffolds induced significantly higher level of cellar alignment coupled with synchronize
beating compared to other scaffolds. In summary, our findings indicated that nanofibrous
PGS:gelatin blended scaffolds can be used as potentially suitable constructs for myocardial
regeneration and repair.
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Figure 2.

(A) Representative images of live/dead assay and phase contrast images of CFs seeded on
the aligned scaffolds at day 1 of culture (Live cells: green stain, Dead cells: red stain). (B)
Quantified viability results obtained at days 1, 3 and 5 of culture. (C) DNA quantification of
CFs cultured for 6h on the aligned and random scaffolds. (D) Normalized CFs metabolic
activity determined by Alamar Blue assay at days 3 and 5 of culture. (*: £<0.05).
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Figure 3.

(A) Effects of physical and chemical properties of scaffolds on the on differentiation of CFs.
Low PGS content along with fiber alignment increased the number of a-SMA—positive CFs.
Overlaid images of CFs cultured for 5 days on random and aligned scaffolds stained for a-
SMA (red), F-actin (green) and DAPI (blue). (B) Quantification of a-SMA expressing cells
cultured on the aligned and random scaffolds on days 1 and 5 of culture. (C) SirCol™ assay
analysis, confirming that the amount of the deposited collagen per sample significantly
increased on A(Gelatin) scaffold after 5 days of culture.(+ and *:Compared to control and

other scaffolds, respectively.(*and +: A<0.05)).
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Figure4.

Effects of scaffold compositions and architecture on the morphology, alignment and
elongation of CFs. (A) Actin filaments and nuclei stained CFs with Phalloidin and DAPI on
the random and aligned scaffolds. Main panels indicate the orientation and morphology of
cells. Insets: higher magnification images showing elongated stress fibers within the cells
cytoplasm increasing with lower PGS content. Quantified (B) alignment and (C) elongation
of CFs on each scaffold. Cell alignment was significantly higher on A(PGS:2Gelatin)
scaffold compared to A(Gelatin) scaffold (*: < 0.05).
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Figureb.

Representative fluorescence images of CMs immunostained for (A) Sarcomeric a-actinin
(green), Cx-43 (red) and DAPI (blue), and (B) cardiac troponin I (red) on the aligned and
random scaffolds.
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Interactive effects of physical and chemical properties on CMs contraction and organization.
(A) Beating rates (BPM) and (B) beating patterns of the CMs cultured on the aligned and
random scaffolds at different culture periods. Cell beating frequency was recorded at day 7
of culture. (C) CMs alignment was quantified after 7 days of culture. (*: £< 0.05)
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