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Biodegradable elastomers are important emerging biomaterials for biomedical applications, particularly in the
area of soft-tissue engineering in which scaffolds need to match the physicochemical properties of native tissues.
Here, we report novel fast photocurable elastomers with readily tunable mechanical properties, surface wetta-
bility, and degradability. These elastomers are prepared by a 5-min UV-irradiation of thiol-ene reaction systems
of glycerol tripentenoate (GTP; a triene) or the combination of GTP and 4-pentenyl 4-pentenoate (PP; a diene)
with a carefully chosen series of di- or tri-thiols. In the subsequent application study, these elastomers were found
to be capable of overcoming delamination of myotubes, a technical bottleneck limiting the in vitro growth of
mature functional myofibers. The glycerol-based elastomers supported the proliferation of mouse and human
myoblasts, as well as myogenic differentiation into contractile myotubes. More notably, while beating mouse
myotubes detached from conventional tissue culture plates, they remain adherent on the elastomer surface. The
results suggest that these elastomers as novel biomaterials may provide a promising platform for engineering
functional soft tissues with potential applications in regenerative medicine or pharmacological testing.

1. Introduction mechanical and surface properties that mimic these soft tissues, in order

to achieve scaffolds that can accommodate recurrent dynamic loads and

Skeletal muscle is vital for generating the force necessary for
movements and accounts for approximately 45% of the total body mass
of human adults [1,2]. Although skeletal muscle has the inherent
self-repairing capability, its regeneration is significantly impaired by
aging as well as severe traumatic injuries, diseases, myopathies, and
cachexia [3]. Tissue engineering has emerged as a powerful strategy for
the regeneration of muscle tissue [4-9]. However, early detachment of
myotubes from culture substrates, especially after they start beating,
hampers the formation of mature muscle tissues. Biodegradable elasto-
mers have shown significant promise for the engineering of soft tissues,
such as skeletal muscle, blood vessels, and cartilage [10-15]. In prin-
ciple, it is critical to design biodegradable elastomers to possess
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provide apposite culture substrates for cell attachment, proliferation,
and differentiation [16-24]. In the past few decades, the physico-
chemical aspects of tissue culture substrates have been found to be
critical in regulating cell function and fate. For example,
anchorage-dependent cells, such as myoblasts, sense the mechanical
stiffness of the underlying substrate and consequently modulate protein
expression, morphology, and cytoskeleton organization [25]. In addi-
tion, cells exhibit a higher spreading area on the substrate with
compliant mechanical stiffness than softer or stiffer substrates [26].
Moreover, skeletal muscle cells undergo contraction that depends on
substrate stiffness [27], and display myosin/actin striation on mechan-
ically compliant substrates compared to rigid ones. Engler and
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co-workers demonstrated that the commitment of stem cells to a specific
phenotype depends on matrix elasticity, with the preferential specifi-
cation to brain tissues on soft substrates (0.1-1 kPa), muscle tissues on
elastic platforms (8-17 kPa), and bone tissues on hard matrices (25-40
kPa) [28]. In general, mechanical signals emanating from culture sub-
strates are key factors for controlling cell behavior and fate [29].

On the other hand, the adsorption of extracellular matrix proteins
that modulate cell adhesion and subsequent cell response on tissue
culture substrates is influenced by surface wettability [30]. Cantini and
co-workers studied the myogenic differentiation of C2C12 on poly-
styrene substrates of different surface hydrophilicity adjusted by plasma
treatment for different times [31]. Their study demonstrated that
fibronectin adsorption and conformation depend on surface hydrophi-
licity, and in turn, affect cell density and differentiation. Accordingly, it
is important to develop facile synthesis of biodegradable elastomers
with mechanical and surface properties readily tuned for specific
soft-tissue engineering applications.

A variety of chemical approaches have been adopted to prepare
biodegradable elastomers with tunable properties for soft-tissue engi-
neering. For instance, chemically crosslinked elastomers derived from
poly(polyol sebacate) [32-34], poly(diol citrate) [35-37], poly(capro-
lactone fumarate) [38], and poly(trimethylene carbonate) [39] have
been developed with a broad range of physicochemical properties. In
addition, physically crosslinked aliphatic polyester scaffolds based on
poly(lactic acid) (PLA) [40-43], poly(glycolic acid) (PGA) [44-46], poly
(caprolactone) (PCL) [3,47,48], and poly(hydroxyalkanoate) (PHA) [49,
50] have been widely investigated in skeletal muscle regeneration.
Recently, Zhao and co-workers developed dopamine/aniline
hexamer-incorporated poly(citric acid-co-polycaprolactone) elastomers
with tunable surface hydrophilicity achieved by varying the dopamine
and aniline hexamer content. The synthesized elastomers supported
attachment, proliferation, and myogenic differentiation of C2C12 cells
[51]. Ma and co-workers reported electro-conductive PCL-based poly-
urethane elastomers that promoted the formation of nascent myotubes
and myogenic differentiation [18]. Bo and co-workers illustrated that
citrate-based biodegradable elastomer promoted in vitro myoblast pro-
liferation, myotube formation and in vivo skeletal muscle regeneration
[52]. Wanger and co-workers demonstrated the use of electrospun poly
(ester urethane)urea biodegradable elastomer to micro-integrate skel-
etal muscle derived stem cells for the reconstruction of abdominal wall
[19]. Although several types of biodegradable elastomers have shown
promise for skeletal muscle tissue engineering, the curing step in elas-
tomer formation often requires high temperatures (>100 °C) and/or
long curing times (up to several days). Since photosensitive systems are
employed in a variety of biofabrication technologies [53,54], the
development of fast photocurable and biodegradable elastomers may be
useful for skeletal muscle regeneration.

Recently, thiol-ene chemistry has been adopted for the preparation
of polymeric biomaterials, including degradable elastomers [55-58]. As
click reactions enabling robust and highly efficient synthesis, thiol-ene
reactions can proceed via either free-radical addition or catalyzed
Michael addition mechanism [59,60]. Free-radical thiol-ene reactions
are particularly important, and can be induced by thermal- and
photo-initiation [61,62]. Several types of thiol-ene elastomers with
cleavable structures have been reported. Wooley and co-workers
demonstrated the synthesis of isosorbid or quinic acid-based chemi-
cally crosslinked polymers, including elastomers, via thiol-ene cross-
linking and post-curing at elevated temperature (>100 °C) [63,64].
Robertson and co-workers reported thiol-ene elastomers derived from
bio-based phenolic acids using a similar method [65]. Wang et al.
investigated the preparation of chemically crosslinked degradable
elastomer by thiol-ene reaction between cyclic acetal-based diallyl
monomer and pentaerythritol tetrakis(3-mercaptopropionate) [66]. He
and co-workers reported thermoplastic thiol-ene multiblock elastomers
which were physically crosslinked through hydrogen-bonding [67].
Effective modulation of mechanical and structural properties of
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thiol-ene elastomers was demonstrated in some of these studies [63-65].
However, the application of thiol-ene elastomers for skeletal muscle
tissue engineering has not been reported.

Therefore, there is a need to explore new strategies to develop fast
photocurable biodegradable elastomers with well-tuned mechanical,
structural, and physicochemical properties, and could support the for-
mation of mature muscle fibers. In this work, we aim to address this need
by synthesizing biodegradable elastomers with finely tuned mechanical
properties and surface hydrophilicity via thiol-ene click reaction,
thereby allowing fast photocuring and avoiding the application of
elevated reaction conditions. Toward this aim, glycerol-based elasto-
mers were synthesized and shown to support myogenic differentiation of
skeletal muscle myoblasts toward multinucleated myotubes that were
capable of spontaneous contractions.

2. Methods
2.1. Materials

4-Pentenoic anhydride (98%), 4-(dimethylamino)pyridine (DMAP,
99%), 4-penten-1-ol  (99%), and trimethylpropane tris(3-
mercaptopropionate) (TMPTMP) were purchased from Sigma-Aldrich.
Glycerol (99+%) was purchased from Acros. Pyridine (99%) and
dichloromethane (DCM) were purchased from Fischer Scientific, and
DCM was dried by distillation over CaH, before use. 1,6-Hexanedithiol
(HDT) was purchased from Alfa Aesar. 1,4-Butanediol bis(3-
mercaptopropionate) (BDBMP) was purchased from TCI. Ethoxylated
trimethylolpropane tri(3-mercaptopropionate) (ETTMP, M;, = 700) was
obtained from Bruno Bock Chemische Fabrik GmbH & Co. KG. Chem-
icals and reagents were used as received unless otherwise stated.

2.2. Synthesis of GTP monomer

Glycerol (2.24 g, with 73.1 mmol OH, 1.0 equiv), 4-pentenoic an-
hydride (20.0 g, 110 mmol, 1.50 equiv), DMAP (1.34 g, 10.9 mmol, 0.15
equiv), and pyridine (8.68 g, 110 mmol, 1.50 equiv) were charged into a
100-mL round bottom flask, and the reaction mixture was stirred over-
night before quenching with water for 3 h. The reaction mixture was
diluted with DCM, and then washed with saturated NaHSO,4 aqueous
solution (3 x 100 mL), 10 wt% NaHCO3 aqueous solution (3 x 100 mL),
and brine (2 x 100 mL). The organic layer was dried using anhydrous
NaySO4, concentrated to dryness, and then purified by flash chroma-
tography using 1/9 (v/v) ethyl acetate/hexane as eluent to give the
product as a colorless oil (7.57 g, 92% yield).

2.3. Synthesis of PP monomer

A 50-mL round bottom flask was charged with 4-penten-1-ol (2.59 g,
30.0 mmol, 1.0 equiv), 4-pentenoic anhydride (6.57 g, 36.0 mmol, 1.20
equiv), DMAP (0.55 g, 4.51 mmol, 0.15 equiv), and pyridine (2.85 g,
36.0 mmol, 1.2 equiv). The reaction mixture was allowed to proceed at
room temperature (RT) for 24 h under stirring, and then quenched with
water. The reaction mixture was diluted with DCM, and then washed
with saturated NaHSO4 aqueous solution (3 x 100 mL), 10 wt% NaHCO3
aqueous solution (3 x 100 mL), and brine (2 x 100 mL). The organic
layer was dried using anhydrous NasSO4, concentrated to dryness to
give the product as a colorless oil (4.50 g, 90% yield).

2.4. General preparation procedure for glycerol-based crosslinked
elastomers

Glycerol-based elastomers were prepared using thiol-ene click
chemistry to crosslink different combinations of thiol- and alkene-
containing monomers upon irradiation with UV light in the presence
of DMPA as photoinitiator. Two different elastomeric series were pre-
pared: the first series included crosslinking of GTP with each of HDT,
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BDBMP, TMPTMP, and ETTMP thiol monomers to obtain P(GTP-co-
HDT), P(GTP-co-BDBMP), P(GTP-co-TMPTMP), and P(GTP-co-ETTMP)
networks. In a typical experiment to prepare P(GTP-co-HDT), GTP (0.10
g, 0.29 mmol, 1.0 equiv of ene), HDT (6.66 x 1072 g, 0.44 mmol, 1.0
equiv of thiol), and DMPA (1.62 mg, 1.0 wt %) were charged into a 10-
mL vial (wrapped with aluminum foil to avoid undesirable photo-
mediated polymerization), and then the reaction mixture was vortexed
for 3 min before irradiation with UV light (Ana.x = 365 nm; intensity = 4
x 10° pJ/cmz) for 5 min. Similarly, P(GTP-co-BDBMP), P(GTP-co-
TMPTMP), and P(GTP-co-ETTMP) were prepared using reactants with
equimolar ratio of thiol and alkene groups.

The second series included ternary elastomers prepared through
thiol-ene copolymerization of GTP, PP, and BDBMP with varying
[enelgrp/[enelgrp+pp percentage (10%, 20%, 30%, 40%, 50%) in the
feed. In brief, for the preparation of P(GTP-co-PP-co-BDBMP)-10%,
BDBMP (0.10 g, 0.44 mmol, 1.0 equiv of thiol), PP (67 mg, 0.39 mmol,
0.90 equiv of ene), GTP (9.96 mg, 2.94 x 10~2mmol, 0.10 equiv of ene),
and DMPA (1.76 mg, 1.0 wt %) were placed in an aluminum foil-
wrapped 10-mL vial. The reaction mixture was vortexed for 3 min,
and then irradiated with UV light (A,ax = 365 nm; intensity = 4 x 10°
pJ/cmz) for 5 min. Likewise, other tertiary elastomers were prepared.

2.5. Measurements

'H NMR and '3C NMR spectra of GTP and PP monomers were
recorded using a Varian INOVA-500 spectrometer at RT, and the sam-
ples were dissolved in CDCl3 containing 1.0 vol% tetramethylsilane
(TMS) as an internal standard. FT-IR spectra of all elastomers were
recorded using FT-IR spectrometer (Vertex 70, Bruker, MA) in the range
of 4000-400 cm ™! with a resolution of 4 cm™!. Raman spectra were
recorded by a Renishaw inVia Raman system at an excitation wave-
length of 514.5 nm.

Water contact angle of the elastomers was measured by the sessile
drop method using a Ramé -Hart goniometer (Model 190, Ramé -Hart
Instrument Co., Succasunna, NJ). In each measurement, a drop of
deionized water (2 pL) was placed on the sample surface, and a real-time
contact angle was obtained after 10 s using DROPimage software (Ramé
-Hart Instrument Co.). The contact angle was taken as the average of five
measurements.

The maximum swelling behavior of the elastomers was investigated
in phosphate buffer solution (PBS, pH 7.4). After recording its dry
weight (Wq), each sample was immersed in PBS and left to shake at
37 °C. After reaching equilibrium, inferred by constant weights, the
samples were taken out from the PBS, wiped with filter paper to remove
the surface solution, and then the final weight (w;) was measured. The
swelling ratios (%) were calculated as the average of three
measurements.

In vitro enzymatic degradation of the glycerol-based elastomers was
investigated using lipase enzyme from Thermomyces lanuginosus
(>100,000 U/g, Sigma). Elastomeric samples of circular shape (10 mm
diameter x 1 mm thickness) were prepared, and their initial weights
(w1) were recorded. Each of the samples was incubated in 5 mL PBS (pH
7.4) solution of lipase (100 U/mL). Subsequently, the specimen was left
to stir at 37 °C with a speed of 100 rpm; the lipase solution was replaced
every 24 h to maintain the enzymatic activity. After specific time in-
tervals, the sample was washed with distilled water, dried at 60 °C, and
then the remaining weight (w2) was recorded. The degradation per-
centage was calculated using the following equation:

Mass remaining (%)

=25 100%
Wi
Protein adsorption on the elastomeric samples was evaluated using
bovine serum albumin (BSA, VWR, Radnor, PA). Briefly, thin films of
samples were prepared directly in a 48-well plate using 30 pL of reaction
mixture per well, and then incubated overnight with PBS at 37 °C. After
that, PBS was removed and BSA was added (250 pL, 1 mg/mL in PBS) to
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each well, followed by overnight incubation at 37 °C. The samples were
washed with PBS to eliminate the non-adherent proteins and the amount
of adsorbed protein on the surface was quantified using Commassie Blue
assay kit (Thermo Fisher Scientific, Waltham, MA). The absorbance was
measured at 595 nm using a Synergy4 plate reader (BioTek, Winooski,
VT). Protein adsorption was reported as the average amount of BSA
adsorption on three films of each sample.

The mechanical tests were performed using Instron tensile tester
model 3343 with 50 N load cell instrument (Instron, Norwood, MA) and
crosshead rate of 10 mm/min to obtain a stress-strain curve, Young’s
modulus, elongation at break, and tensile strength of all elastomers. The
specimen for the mechanical test was prepared as follows: a dog-bone
shaped mold of PLA was printed and fixed to a Petri dish in which
SYLGARD 184 Silicone Elastomer (PDMS, 10/1 (w/w) base/curing
agent) was cast. After baking at 40 °C for 24 h, PDMS was peeled off and
served as a soft mold for the preparation of the specimens. Subsequently,
200 pL of the reaction mixture of each sample was added to the PDMS
mold and crosslinked by UV irradiation for 5 min to obtain dog-bone
shaped elastomer samples (total length: 24 mm; width of the ends: 4
mm: length of the narrow region: 12 mm: width of the narrow region: 2
mm) for the mechanical test. The elastomeric samples with almost
smooth edges were separated from the PDMS mold by gentle bending of
the of the PDMS layer. Three triplicates were measured for each sample.
The maximum elongation and tensile strength were obtained from the
stress (8) — strain (&) curves. Young’s modulus was calculated from the

slope of the elastic region on the stress-strain curves, whereas toughness
£=max

/

e=0

The glass transition temperature (Tg) of each elastomer was deter-
mined using differential scanning calorimetry (DSC; Q2000, TA In-
struments, Waters LLC., New Castle, DE) at a heating rate 10 °C/min and
a Ny gas flow of 50 mL/min. The sample was heated from —90 °C to
100 °C, and the T, value was taken from the second heating cycle as the
midpoint of the heat capacity step change using the software of Uni-
versal Analysis (TA Instruments) [68].

The decomposition temperature (Tq) of each elastomer was deter-
mined by thermogravimetric analysis (TGA) using a TG 209 F1 instru-
ment (NETZSCH Group, Germany). The sample was heated in the
temperature range of 25 °C to 500 °C with a heating rate of 10 °C/min
under an argon flow rate of 40 mL/min. Tq was taken at the first de-
rivative peak of the thermogravimetric curve using the Proteus Thermal
Analysis software [69].

Surface morphology of the binary glycerol-based elastomers was
obtained using focused ion beam SEM (FIB-SEM, Zeiss Auriga, Germany)
at an applied voltage of 20 kV. Prior to SEM imaging, all samples were
sputtered with gold for 30 s at 30 mA to deposit a thin layer on the
surface.

was obtained from the area under the curves (toughness = ode).

2.6. Cell culture

Human Myoblasts were purchased from Cookmyosite, Pittsburg, PA.
Mouse myoblasts were isolated from the skeletal muscles of wild type
mice from a C57BL/6 background according to the established protocol
[70]. Human Myoblasts were cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Grand Island, NY) supple-
mented with 20% fetal bovine serum (FBS, Atlanta Biologicals, Flowery
Branch, GA), 50 pg/mL fetuin (Sigma-Aldrich), 0.5 mg/mL BSA, 10
ng/mL epidermal growth factor (EGF, produced in house), 1 ng/mL
basic fibroblastic growth factor (bFGF, ORF Genetics, Iceland), 10
pg/mL insulin (Sigma-Aldrich), 0.4 pg/mL dexamethasone (Vedco Inc.
Saint Joseph, MO), 10 pg/mL gentamycin (Gibco), 1%
Antibiotic-Antimitotic (AA, Gibco), and 2.5 pg/mL plasmocin prophy-
lactic (Invivogen, San Diego, CA). Mouse myoblasts were cultured in
high glucose DMEM supplemented with 20% FBS, 10% horse serum (HS,
Gibco), 0.5% chicken embryo extract (CEE, Accurate Chemical and
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Scientific, Westbury, NY), 2.5 ng/mL bFGF, 10 pg/mL gentamycin, and
1% AA, and 2.5 pg/mL plasmocin prophylactic. The cells were seeded in
Matrigel-treated T75 flasks at a cell density of 1000-3000 cells/cm? and
incubated at 37 °C in a humidified atmosphere with 10% CO,. Myoblasts
were passaged prior to reaching 80% confluence using 0.25%
Trypsin-EDTA (Gibco).

To initiate the myogenic differentiation of mononucleated myoblasts
to multinucleated myotubes, after the cells reached above 80% conflu-
ence, the growth media was replaced with differentiation media
composed of DMEM high glucose supplemented with 5% horse serum
and 1% AA. The cells were cultured in differentiation media for 1 and 2
weeks, and the media was renewed every other day.

2.7. Cell viability and proliferation on elastomers

The elastomers with an estimated average thickness of ~90 pm were
developed directly inside the 48-well plates, and washed by three cycles
of ethanol (70%) and PBS solution, each for 30 min. The plates were
further sterilized by UV light for 1 h prior to the experiments. All sam-
ples were treated with Matrigel (Corning®, Riverfront Plaza, NY) prior
to cell seeding, through incubation with Matrigel (10% v/v in PBS) at
37 °Cfor 1 h [71,72]. Matrigel-treated polystyrene tissue culture plates
(TCP) were used as controls in all experiments.

Cell viability assay and proliferation assay were performed to
investigate the cytotoxicity of P(GTP-co-HDT), P(GTP-co-BDBMP), P
(GTP-co-TMPTMP), and P(GTP-co-ETTMP) elastomers. Mouse myoblast
cells were seeded at the density of 5000 cell/cm?, and their viability was
evaluated at day 1, 3, and 5 of culture using Live/Dead assay. At each
time point, the cells were washed with PBS three times, and then incu-
bated with Ethidium homodimer-1 (0.5 pM) and calcein AM (0.25 pM)
(Thermo Fisher Scientific, Grand Island, NY) for 45 min. The fluorescent
signals were observed using Zeiss Axio Observer Z1 (LSM 510; Zeiss,
Oberkochen, Germany) equipped with a digital camera (ORCA-ER
C4742-80; Hamamatsu, Bridgewater, NJ).

The proliferation of mouse and human myoblast cells was evaluated
using Alamar Blue assay at day 1, 3, and 5 of seeding. Briefly, at each
detection time, the culture medium was replaced with fresh media
containing 10% (v/v) Alamar Blue. After 4 h incubation at 37 °C, 100 pL
was transferred to 96-well black plates (Costar), and the fluorescence
intensity was measured at 560/590 nm using Synergy4 fluorescence
microplate reader. Alamar Blue at 10% (v/v) in medium served as blank.

2.8. Immunocytochemistry

Immunofluorescence against myosin heavy chain (MHC), sarcomeric
a-actinin, and 4’,6-diamidino-2-phenylindole (DAPI) were performed at
week one and two of differentiation in order to visualize the myogenic
differentiation of human and mouse myoblasts. Briefly, the cells were
first fixed at RT with 4% (w/v) paraformaldehyde for 10 min, followed
by washing with PBS three times, and subsequently permeabilized with
0.1% (v/v) Triton X-100 in PBS for 10 min at RT. After three washes with
PBS, the cells were blocked with blocking buffer (5 vol% goat serum in
0.01% (w/v) Triton X-100/PBS) at 25 °C for 1 h. After that, cells were
incubated overnight with mouse-anti MHC (1:1000 dilution in blocking
buffer, Millipore, Billerica, MA) and rabbit-anti actinin (1:200 dilution
in blocking buffer, Abcam) monoclonal antibodies. After being washed
with PBS three times, the samples were stained with Alexa Fluor 594
conjugated goat anti-mouse or 488 conjugated goat anti-rabbit anti-
bodies (1:200 dilution in blocking buffer for 1 h, Thermo Fisher Scien-
tific). The cells were counter-stained with DAPI as a nuclear marker for
1 min (1 pg/mL in PBS, Thermo Fisher Scientific). After being washed
with PBS three times, the cells were observed using Zeiss Axio Observer
Z1 (LSM 510; Zeiss, Oberkochen, Germany) equipped with a digital
camera (ORCA-ER C4742-80; Hamamatsu, Bridgewater, NJ). The
number, diameter, and length of myotubes, as well as the surface area
covered by myotubes, were calculated using imageJ software.
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2.9. RNA isolation cDNA synthesis and qRT-PCR

To verify myogenic differentiation of human myoblast cells on P
(GTP-co-HDT), P(GTP-co-BDBMP), P(GTP-co-TMPTMP), and P(GTP-co-
ETTMP) samples, the expression of the myogenic genes MYF5, MYOD,
MYOG, MRF4 with the housekeeping gene RPL32 was investigated.
Primers were obtained from the PrimerBank or the corresponding
reference with the following 5°->3' sequences;

MYFS5; forward: AACCCTCAAGAGGTGTACCAC, reverse:
AGGACTGTTACATTCGGGCAT.

MYOD; forward: CGCCATCCGCTATATCGAGG, reverse:
CTGTAGTCCATCATGCCGTCG.

MYOG; forward: CAGTGCACTGGAGTTCAGCG, reverse:
TTCATCTGGGAAGGCCACAGA [73].

MRF4; forward: CCCCTTCAGCTACAGACCCAA, reverse:
CCCCCTGGAATGATCGGAAAC [73].

RPL32; forward: AGCGTAACTGGCGGAAAC; reverse:

CGTTGTGGACCAGGAACTTC [74].

After two weeks of differentiation, cells were lysed and mRNA was
isolated using RNeasy Mini Kit (QIAGEN, Valencia, CA) according to the
manufacturer’s extraction protocol, followed by measurement of the
total concentration of mRNA using an ND 1000 Nanodrop (Life Tech-
nologies, USA). One pg mRNA was used to synthesize complementary
deoxyribonucleic acid (cDNA) using a high-capacity ¢cDNA reverse
transcription kit (Thermo Fisher Scientific). qRT-PCR was conducted
using Power SYBR® Green PCR MasterMix (Thermo Fisher Scientific)
following the manufacturer’s protocol, and carried out with an Applied
Biosystems 7500 Fast Real-time PCR system with the following cycling
conditions: 25 °C for 10 min, 37 °C for 60 min, and 95 °C for 5 min ACt
method was used to calculate the fold changes in gene expressions
relative to the house keeping genes RPL32.

2.10. Spontaneous beating of myoblasts on elastomers

Zeiss Axio Observer Z1 (LSM 510; Zeiss, Oberkochen, Germany)
equipped with a digital camera (ORCA-ER C4742-80; Hamamatsu,
Bridgewater, NJ) was used to record the beating of mouse myotubes
after 10 days of differentiation of myoblasts on P(GTP-co-HDT), P(GTP-
co-BDBMP), P(GTP-co-TMPTMP), and P(GTP-co-ETTMP) elastomers.
The spontaneous beating frequency was obtained by counting the
number of beatings per minute. The density of beating myotubes on the
surface was counted for 10 different fields of view (area = 0.55 mm?> per
field of view).

2.11. Statistical analysis

Statistical analysis was performed by One-Way ANOVA followed by
the Fisher’s least significant difference using Minitab software. The
statistical significance between two mean values was analyzed using
student t-test with respect to their standard deviations. The differences
were considered significant at P < 0.05. Each experiment was repeated
three times independently, with the data presented as mean + standard
deviation.

3. Results and discussion

3.1. Design, synthesis and structural characterization of thiol-ene
elastomers

We employed thiol-ene click chemistry to prepare fast photocurable
biodegradable elastomers with tunable mechanical and surface prop-
erties (Scheme 1). Di- and tri-thiols with a varying number of ester
groups, chain length and hydrophilicity, including HDT, BDBMP,
TMPTMP, and ETTMP (M,, = 700) were crosslinked with the glycerol-
based GTP monomer upon UV irradiation. Moreover, we hypothesized
copolymerizing BDBMP with a mixture of GTP and the ester-based PP
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Scheme 1. Synthesis of a) GTP and PP alkene monomers, b) glycerol-based binary and c) ternary thiol-ene elastomers with tunable properties.

monomer might yield elastomers with a broad range of mechanical
properties.

This thiol-ene synthetic approach has a number of attractive fea-
tures. First, the utilization of UV-induced thiol-ene crosslinking strategy
permits quick gelation by photocuring and avoids elevated temperatures
and/or long curing times often required in thermally-induced curing
process, and can enable the addition of bioactive agents without causing
denaturation. Second, elastomers with copolymeric structures can be
readily targeted by selecting thiol-ene monomers with flexible aliphatic
structures, because they are not expected to possess significant crystal-
linity that would hinder their elastomeric properties [75]. Third, the
synthesized ester-based alkene monomers and the commercially avail-
able thiol monomers provide a solid basis to tune the structures and
properties of the resulting thiol-ene elastomers. The combination of
bifunctional PP and trifunctional GTP as choices of alkene monomers
can allow ready adjustment of mechanical properties of elastomers by
simply changing their molar feed ratios to target different crosslinking
density. The four thiol monomers, including both dithiols (HDT,
BDBMP) and tri-thiols (TMPTMP and ETTMP), were chosen to further
broaden the structure and property scopes of thiol-ene elastomers.
Specifically, bifunctional BDBMP incorporating two ester bonds sus-
ceptible to biodegradation by proteases and lipases [76] may lead to
relatively rapid degradation of elastomers. Moreover, among the
tri-thiols that can form crosslinked thiol-based structural units of elas-
tomers, TMPTMP can prompt crosslinking density and mechanical
strength of elastomers, because it has a much less molecular weight than
ETTMP. Furthermore, ETTMP and HDT can enhance hydrophilicity and
hydrophobicity of the elastomers respectively, because the ethylene
glycol units of ETTMP is hydrophilic and the alkyl chain of HDT is
hydrophobic.

For the development of glycerol-based elastomers, GTP monomer
was first synthesized by reacting the hydroxyl groups of glycerol with 4-
pentenoic anhydride in the presence of pyridine, using DMAP as catalyst
(Scheme 1a). The chemical structure of GTP monomer was confirmed by
'H NMR, !3C NMR, and ESI-MS analysis. Comparison of the 'H NMR
spectra of GTP (Fig. 1a) and glycerol (Fig. Sla) revealed the disap-
pearance of the resonance signals of OH groups of glycerol at 4.37-4.47
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ppm after functionalization, and the shift of -CH- and ~CH,- resonance
signals from 3.37 to 3.30 ppm for glycerol to 4.28 and 4.13 ppm for GTP.
The new signals for CH,—CH- alkene protons appeared at 5.26-5.77
ppm. >C NMR data of GTP was in agreement with the chemical struc-
ture (Fig. S2a). ESI-MS analysis of GTP showed [M+Na]* m/z of 361.16
which matched exactly the theoretical value, providing additional evi-
dence for the successful synthesis of GTP (Fig. S3a). For the development
of elastomers with tunable mechanical properties, PP monomer with
two reactive alkene groups was synthesized through the DMAP-
catalyzed esterification reaction between 4-pentenoic anhydride and
4-pentenol in the presence of pyridine. It is worth to mention that PP
monomer has chemical stability superior to 4-pentenoic anhydride
which is susceptible to rapid cleavage by the components of cell culture
media. The chemical structure of PP was verified by 'H and 1*C NMR
spectra (Fig. 1b, S2b) and ESI-MS analysis (Fig. S3b; found [M+Na] ™ m/
z = 191.11, theoretical [M+Na]* m/z = 191.10).

GTP was crosslinked with a series of di- and tri-functional thiols (i.e.,
HDT, BDBMP, TMPTMP, ETTMP) to obtain P(GTP-co-HDT), P(GTP-co-
BDBMP), P(GTP-co-TMPTMP), and P(GTP-co-ETTMP) of varying surface
wettability, protein adsorption, degradability, and cell attachment
behavior (Scheme 1b). In each experiment, GTP was mixed with an
equimolar amount of thiol monomer, based on reactive groups, and
subsequently irradiated with UV light (Ahax = 365 nm) in the presence of
2,2-dimethoxy-2-phenylacetophenone (DMPA) photoinitiator. In addi-
tion, thiol-ene crosslinking reactions with equimolar amounts of thiol
group from BDBMP and ene group from GTP and PP, while varying
[enelgrp/[enelgrp.pp in the feed (Scheme 1c), resulted in P(GTP-co-PP-
co-BDBMP)-10%, —20%, —30%, —40% and —50% networks of different
mechanical characteristics (the percentage, 10-50%, corresponds to
[enelgre/[enelgrppp)-

FT-IR and Raman spectroscopies were used to explore the extent of
photopolymerization and network formation. FT-IR analysis of all bi-
nary and ternary copolymers showed quantitative disappearance of the
stretching vibration of C-H of alkenes, S-H of thiol monomers, and C=C
of alkenes at 3100, 2570, and 1650 cm™!, respectively (Fig. lc-d).
Meanwhile, the stretching vibrations of S-H and C—=C were markedly
observed in FT-IR analysis of thiol and alkene monomers, respectively
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(Fig. 1e-f). Complete consumptions of reactive SH and C—=C upon thiol-
ene crosslinking were corroborated by Raman analysis (Fig. 1g-h).
Raman spectra of all networks confirmed the disappearance of the
characteristic C=C and S-H bands at 1650 cm ! and 2570 cm 2,
respectively. Taken together, the results demonstrated high reactivity of
the thiol-ene reaction systems, enabling fast crosslinking upon UV
irradiation.

3.2. Physicochemical properties of thiol-ene elastomers

Tuning the physicochemical properties of scaffolds’ surface is critical
in directing cell behavior [77]. Water contact angle between ~40° and
~80° has been demonstrated to promote cell attachment [78]. The thiol
monomers were carefully chosen to develop elastomers with the
appropriate range of surface wettability. Specifically, HDT was used to
endow hydrophobicity to the networks due to its six-carbon aliphatic
chain, while ETTMP was selected to develop elastomers with more hy-
drophilic surfaces owing to the hydrophilicity of poly(ethylene glycol)
chains of ETTMP. Additionally, BDBMP and TMPTMP were introduced
to develop surfaces with optimal hydrophilicity for cell attachment.

P(GTP-co-HDT), P(GTP-co-BDBMP), P(GTP-co-TMPTMP), and P
(GTP-co-ETTMP) exhibited water contact angles of 81°, 62°, 64°, and
51°, respectively (Fig. 2A). Meanwhile, the water contact angles of P
(GTP-co-PP-co-BDBMP) networks ranged between 63° and 78°. These
results demonstrated facile modulation of the surface wettability of the
elastomeric surfaces through judicious selection of the reacting mono-
mers, and all networks displayed contact angles in the favorable range
for cell attachment. The swellability data of glycerol-based binary
elastomers revealed a swelling ratio between 0.99% (for P(GTP-co-
HDT)) and 2.69% (for P(GTP-co-ETTMP) (Fig. 2B). For ternary P(GTP-
co-PP-co-BDBMP) networks, the swelling ratio ranged from 0.70 to
2.26%, and decreased with increasing the GTP content due to the in-
crease of the degree of crosslinking of the networks.

In vitro enzymatic degradation behavior of the elastomers was
investigated by using lipase/PBS solution, which has been demonstrated
to cleave ester bonds [18]. The degradation results showed that P
(GTP-co-TMPTMP) and P(GTP-co-ETTMP) have the slowest degradation
rate with 98.5 + 0.11% and 98.1 + 0.18% weight remaining respec-
tively after 4 weeks (Fig. S7). This result is presumably attributed to the
resistance of the highly crosslinked elastomers incorporating tri-thiols
TMPTMP and ETTMP to degradation via surface erosion. During 4
weeks, P(GTP-co-BDBMP) exhibited higher degradation rate (89.6 +
0.3% weight remaining) as compared with P(GTP-co-HDT) (96.7 + 0.5%
weight remaining). This result could be explained by the presence of two
cleavable ester bonds in BDBMP, while the absence of cleavable ester
bonds in HDT. For P(GTP-co-PP-co-BDBMP) elastomers, the degradation
rate increased with the decrease of [ene]grp/[enelgrp+pp Mmol% in the
feed, with percentage of weight remaining between 89.4 + 0.3% (for P
(GTP-co-PP-co-BDBMP)-50%) and 84.4 4+ 0.2% (P(GTP-co-PP--
co-BDBMP)-10%). Overall, the results demonstrated the feasibility of
tuning the degradation profile by the appropriate selection of
ester-containing thiol-ene monomers.

Because tissue engineering substrates should be capable of immo-
bilizing the extracellular matrix proteins secreted by cells to promote the
formation of functional tissues, protein adsorption of P(GTP-co-HDT), P
(GTP-co-BDBMP), P(GTP-co-TMPTMP), and P(GTP-co-ETTMP) was
evaluated by using BSA as a model protein. The amount of BSA adsorbed
was measured using Coomassie protein assay, and the results were
normalized to BSA adsorption on polystyrene TCP. All elastomeric net-
works showed a significant increase in BSA adsorption relative to TCP.
Indeed, relative to TCP, the P(GTP-co-HDT), P(GTP-co-BDBMP), P(GTP-
co-TMPTMP), and P(GTP-co-ETTMP) elastomers exhibited 16.0 & 1.4,
28.5+1.4,14.2 + 2.5,and 151.3 + 2.1 times increase in BSA adsorption
(Fig. 2C). This observation was consistent with the higher swelling ratio
of P(GTP-co-BDBMP) and P(GTP-co-ETTMP) elastomers relative to P
(GTP-co-HDT) and P(GTP-co-TMPTMP) samples. The higher protein
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adsorption of P(GTP-co-ETTMP) relative to other samples was attributed
to its significantly higher (P < 0.05) swelling ratio due to the innate
hydrophilicity of the ethylene glycol units of ETTMP monomer (Fig. 2B).
In a previous report, Vyner and co-workers suggested that the high
surface water results in entropic gain during protein adsorption to the
elastomers, leading to higher protein adsorption [79].

Mechanical properties of scaffolds have been shown to regulate cell
behavior [80]. The stress-strain curves of glycerol-based binary and
tertiary elastomers was obtained by using dog-bone shaped samples
(Fig. S4). Their Young’s modulus ranged from 0.07 + 0.01 to 11.3 + 0.8
MPa, and showed an increase with increasing GTP content (Table 1,
Fig. S5). P(GTP-co-TMPTMP) and P(GTP-co-ETTMP) exhibited higher
modulus of 11.3 + 0.8 and 8.2 + 0.3 MPa, respectively, relative to P
(GTP-co-HDT) (6.1 £+ 0.6 MPa) and P(GTP-co-BDBMP) (5.8 + 0.4 MPa).
This result indicates that tri-thiols (TMPTMP, ETTMP) resulted in higher
degree of crosslinking and increased mechanical stiffness as compared to
dithiols (HDT, BDBMP). The ultimate tensile strength of the networks
ranged from 0.03 to 1.9 MPa, and the tensile strength of P
(GTP-co-PP-co-BDBMP) networks increased with the GTP content owing
to the formation of networks with a higher degree of crosslinking. The
ultimate elongation of these networks was in the range of 15.2-445%,
and the networks incorporating dithiols (HDT, BDBMP) displayed
higher ultimate elongation than those incorporating tri-thiols
(TMPTMP, ETTMP). For P(GTP-co-PP-co-BDBMP) networks, the
percent elongation decreased with increasing the mole fraction of GTP.
These results suggested that the mechanical properties could be tuned by
the appropriate selection of crosslinking thiols or GTP/PP ratio. Of note,
these thiol-ene elastomers generally have lower Young’s modulus and
ultimate tensile strength than poly(diol citrate) elastomers [36], pre-
sumably due to their differences in crosslinking density.

Thermal properties of all elastomeric samples, including Tg and Tg,
were analyzed using DSC and TGA (Table 1, Fig. S6). The elastomers
exhibited Ty values between —21.5 °C and —60.1 °C, suggesting network
flexibility at RT. Noteworthily, P(GTP-co-TMPTMP) and P(GTP-co-
ETTMP) networks displayed higher T, values (~21.5 °C and —38.5 °C)
than P(GTP-co-HDT) and P(GTP-co-BDBMP) (—51.1 °C and —44.4 °C).
This result may be attributed to the restricted movement of segments of
the networks containing TMPTMP and ETTMP tri-thiols relative to those
incorporating HDT and BDBMP dithiols. Furthermore, P(GTP-co-PP-co-
BDBMP) networks displayed similar T, values, ranging from —65.1 to
—58.9 °C. This result suggests that the average lengths of their segments
for thermal motion were quite close, presumably because their cross-
linking density was not particularly high. The T4 values of the networks
were in the range of 369.4-382.4 °C. P(GTP-co-HDT) displayed the
highest T4 value of 382.4 °C, presumably due to the lack of thermally
unstable ester groups within HDT relative to other thiols. Additionally,
all networks showed a major weight loss of over 90% in the first
degradation phase, except for P(GTP-co-TMPTMP), which displayed a
second degradation phase in the range of 400-480 °C (Fig. S6C-D). Its
second degradation phase might be attributed to the formation of
complex carbonaceous materials during thermal degradation of the
crosslinks [66].

Overall, the broad physicochemical properties of the elastomers and
the ease of designing tissue culture platforms with the desired properties
are appealing for optimal differentiation of muscle progenitor cells. The
elastomers in this study could be easily tailored to mimic the innate
elasticity of muscle tissues, which has a significant impact on myogenic
potential of myoblasts [81]. Previous reports showed that muscle tissues
exhibit a broad range of mechanical properties, including Young’s
modulus of 51.27 4+ 28.48 kPa for rat vastus lateralis muscle [82],
151.83 + 50.30 kPa for pig medial muscle [82], and 11.2 MPa for
activated skeletal muscle [83]. Our elastomers exhibit Young’s modulus
range between 70 kPa and 11.3 MPa, making them suitable for
myogenic differentiation of various muscle progenitor cells. In addition,
the high Young’s modulus of the binary glycerol-based elastomers
(5.8-11.3 MPa) put these elastomers in the upper range of Young’s
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Table 1

Mechanical and thermal properties of thiol-ene elastomers.
Sample Young’s modulus (MPa) Elongation at break (%) Tensile strength (MPa) Toughness (kJ/m%) Ty °C) Tq (°C)
P(GTP-co-HDT) 6.1 +0.6 20.7 £ 1.9 1.0+ 0.1 107.4 + 21 —51.1 382.4
P(GTP-co-BDBMP) 58 +04 244 +£1.7 1.2+ 0.1 152.4 + 36 —44.4 371.4
P(GTP-co-TMPTMP) 11.3+ 0.8 18.8 £+ 1.2 19+0.1 177.4 + 39 -21.5 376.8
P(GTP-co-ETTMP) 8.2+0.3 15.2+ 0.7 1.1+0.1 86.4 + 9.0 —-38.5 378.1
P(GTP-co-PP-co-BDBMP)-10% 0.07 £ 0.01 445.4 + 67.1 0.03 £+ 0.01 79.4 £ 40.3 —64.8 369.4
P(GTP-co-PP-co-BDBMP)-20% 0.12 +£ 0.01 208.2 +18.2 0.17 + 0.02 191.1 £+ 66.5 —65.1 370.7
P(GTP-co-PP-co-BDBMP)-30% 0.34 +£ 0.01 114.6 + 3.3 0.24 + 0.01 140.1 £+ 14.3 —64.7 374.1
P(GTP-co-PP-co-BDBMP)-40% 1.2+0.1 75.0 £ 8.5 0.65 + 0.04 247.4 + 825 —63.2 376.8
P(GTP-co-PP-co-BDBMP)-50% 1.8 +0.1 58.7 £ 5.3 0.78 + 0.06 233.0 +73.6 —58.9 376.1

modulus of skeletal muscle. The elastomers should be biodegradable and
can provide a temporary support for the myoblasts until they regenerate
the injured muscle tissues. Using HDT and BDBMP enabled changing the
biodegradation profile of the binary glycerol-based elastomers without
tremendous change of their stiffness; relative to P(GTP-co-HDT), P
(GTP-co-BDBMP) degraded faster due to its high density of ester bonds.
In a previous study of poly(diol citrate) elastomers, Yang et al. showed
that the degradation rate of poly(diol citrate) followed the order: poly(1,
6-hexanediol-co-citrate) > poly(1,8-octanediol-co-citrate) > poly(1,
10-decanediol-co-citrate) > poly(1,12-dodecanediol-co-citrate) because
of the density of hydrolysable ester bonds and the overall hydrophilicity
of the copolymers decrease with this order [36]. The biodegradability of
the ternary P(GTP-co-PP-co-BDBMP) elastomers was adjusted by varying
the GTP content, which consequently changes crosslinking degree.
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These findings are corroborated by other studies that showed control of
the biodegradation at the expense of the mechanical stiffness; less
crosslinked elastomers degrade faster than more crosslinked elastomers
[75,84].

3.3. Cell viability and proliferation on glycerol-based elastomers

Using polystyrene TCP as control, glycerol-based binary elastomers
were chosen for further in vitro studies because of their structural
simplicity. All substrates were treated with Matrigel using the same
procedure and conditions prior to cell seeding. Matrigel is a complex
mixture of extracellular matrix molecules derived from basement
membrane matrix and has been widely used for cell culture [71,72]. The
layer of Matrigel on a substrate is typically several hundred nanometers
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Fig. 3. (A) Live-dead of images of mouse myoblast on the elastomers on day 1, 3, and 5 of culture (scale bar 400 pm). (B) Quantification of live/dead assay images of
mouse myoblast on the elastomers. (C) The proliferation of mouse myoblast on the glycerol-based elastomers analyzed by Alamar blue assay, *p < 0.01, **p < 0.001.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in thickness, which is much larger than the dimensions of biomolecules
[85,86]. Because these thin layers are viscoelastic with elastic modulus
of just a few hundred Pa [87], they do not block the interaction of cells
with substrates, as evidenced by FT-IR microspectroscopic imaging data
[88] and supported by the cell culture results on different substrates
coated with Matrigel [86].

In vitro biocompatibility of P(GTP-co-HDT), P(GTP-co-BDBMP), P
(GTP-co-TMPTMP), and P(GTP-co-ETTMP) elastomers was assessed
using live/dead kit and Alamar blue assay. The viability and prolifera-
tion of mouse myoblast cells were examined after day 1, 3, and 5 of
culture. Live/dead staining of cells showed that the myoblasts main-
tained their viability on the elastomers after 5 days of culture (green)
and very few cells were dead (red) (Fig. 3a). Moreover, the cells dis-
played the normal spindle morphology similar to that on TCP, and
remarkable myotubes were observed on P(GTP-co-HDT), P(GTP-co-
BDBMP), P(GTP-co-TMPTMP), and TCP at day 5 post seeding as the cells
reached above 80% confluence. Quantification of cell viability revealed
more than 90% viable cells on the elastomers (Fig. 3b). These results
demonstrated that all glycerol-based elastomers were biocompatible
with no adverse effects on cell viability and proliferation.

The proliferation of mouse cells on the elastomers was measured and
shown in Fig. 3c. After 3 days in culture, cells on P(GTP-co-TMPTMP)
showed a significantly higher proliferation rate (p < 0.05) relative to
those seeded on TCP, while myoblasts proliferated on P(GTP-co-BDBMP)
displayed equivalent cell numbers (p > 0.05) as compared to those on
TCP. Moreover, the number of cells was significantly reduced on P(GTP-
co-HDT) and P(GTP-co-ETTMP) by 10% (p < 0.05) and 31% (p < 0.05)
relative to the cell numbers on TCP, respectively. This result might be
due to the decreased cell attachment on these elastomers, as a result of
the relatively low stiffness of P(GTP-co-HDT) and the high surface hy-
drophilicity of P(GTP-co-ETTMP). There was 2.42 (p < 0.01), 2.55 (p <
0.01), 2.76 (p < 0.01), and 2.01(p < 0.01)-times increase in number of
growing cells at day 5 relative to day 1, on P(GTP-co-ETTMP), P(GTP-co-
BDBMP), P(GTP-co-TMPTMP), and P(GTP-co-ETTMP) respectively,
indicating that all these elastomers supported cell proliferation. More-
over, cells on P(GTP-co-BDBMP) and P(GTP-co-TMPTMP) (elastomers of
intermediate hydrophilicity) showed significantly higher proliferation
rates as compared to those seeded on more hydrophobic P(GTP-co-HDT)
and more hydrophilic P(GTP-co-ETTMP), suggesting that tuning the
surface properties of elastomers may be important for myoblast
attachment and proliferation. Interestingly, despite the ability of the
elastomers to adsorb considerable amounts of proteins, myoblast pro-
liferation did not correlate with protein adsorption; P(GTP-co-ETTMP)
showed the highest protein adsorption ability (see sec. 3.2) but led to the
lowest proliferation rate among all substrates. This result may suggest
that other material properties such as substrate stiffness and sureface
wettability may be more important for cell attachment and proliferation,
ultimately determining cell fate [53]. Of note, according to SEM imag-
ing, all elastomers exhibited smooth morphology, indicating minimal
contribution of surface roughness to cell attachment and proliferation
(Fig. S8).

Similar to mouse myoblasts, human myoblasts also proliferated well
on the elastomers (Fig. S9). After 5 days of culture, the numbers of cells
on P(GTP-co-BDBMP) and P(GTP-co-TMPTMP) were 1.2 (p < 0.05) and
1.3 (p < 0.01)-fold higher relative to that on control TCP. On the other
hand, the number of cells on P(GTP-co-ETTMP) was essentially equiv-
alent to that on control TCP (p > 0.05), and P(GTP-co-HDT) resulted in
slightly less cells than TCP. Overall, all elastomers supported the pro-
liferation of mouse or human myoblasts and could potentially be
promising substrates for growing myoblast cells for skeletal muscle
regeneration.

3.4. Myogenic differentiation of human myoblast on glycerol-based
elastomers

The development of in vitro models of skeletal muscles is critically
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important for pre-clinical drug testing, investigating disease mecha-
nisms, identifying new therapeutic targets, and regenerating the injured
muscle functions [89]. However, the prolonged culture of skeletal
muscle is often restricted because of myotube delamination from the
scaffolds after about one week of differentiation. Thus, it is desirable to
support myoblast and myotube attachment for an adequate period of
time to enable proper myoblast fusion, and consequently, the develop-
ment of myotubes with higher maturation index [90]. Herein, the degree
of human myoblast differentiation was assessed on the glycerol-based
binary elastomers by immunostaining for myotube contractile machin-
ery, MHC and sarcomeric a-actinin, at week 1 and 2 of differentiation.
The results revealed the formation of an early network of multinucleated
myotubes on the elastomers and TCP at week 1 of differentiation
(Fig. S10a), with myotubes covering between 27.2 + 4.2 to 62.0 + 4.0%
of the surface area (Fig. S10b). Interestingly, at week 2 of differentiation,
the myotubes on elastomers continued their maturation, resulting in
higher expression of MHC and sarcomeric a-actinin (Fig. S11); whereas
significant detachment of myotubes was observed from TCP, resulting in
significantly decreased coverage of the surface area as well as incom-
plete myotube maturation (Fig. S11).

The influence of the elastomers’ physicochemical properties on
human myoblast differentiation and myotube characteristics was
assessed on week 2 of differentiation. Myotubes on the substrates were
visualized by high magnification immunofluorescence images of MHC
and sarcomeric a-actinin (Fig. 4A(a)). Moreover, immunofluorescence
for MHC and sarcomeric a-actinin was employed to evaluate the surface
area covered by myotubes. The myotube coverage area increased to
47.0 £ 1.5% and 64.3 + 1.8%, respectively, on P(GTP-co-BDBMP) and P
(GTP-co-TMPTMP) elastomers at week 2 of differentiation; meanwhile,
there was a severe decline in the area covered by myotubes on TCP
(merely 0.90 + 0.01%; Fig. 4B). Quantification of myotube diameters
revealed 2.7-, 2.1-, 3.3-, and 1.8-fold increase (P < 0.05) on P(GTP-co-
HDT), P(GTP-co-BDBMP) and P(GTP-co-TMPTMP), and P(GTP-co-
ETTMP), respectively, as compared to TCP (Fig. 4C).

Besides the myotube detachment, on TCP there was also an abun-
dance of cells that were negative for MHC and sarcomeric o-actinin
(Fig. 4A(a), right image). This result could be explained by the prema-
ture detachment of myotubes from TCP before reaching maturation,
resulting in myotubes of thinner diameters. It is worth to mention that
the unavoidable background fluorescence from the elastomers on DAPI
channels interfered with the clear observation of the nuclei by immu-
nostaining. Instead, this issue was resolved by H&E staining that
revealed incorporation of a large number of nuclei (>50) in myotubes,
especially on P(GTP-co-BDBMP) and P(GTP-co-TMPTMP), indicating
superior myoblast fusion on the elastomers (Fig. 4A(b)). Immunostain-
ing for the muscle-specific intermediate filament protein, desmin [91,
92] on week two of differentiation provided further evidence for the
ability of the elastomers to support long-term culture, revealing a higher
percentage of area covered by desmin+ myotubes relative to TCP
(Fig. 4A(c)). Overall, our results suggest that these elastomers prevent
premature myotube detachment enabling long-term culture and
maturation.

Myoblast differentiation on elastomers was evaluated by qRT-PCR
for myogenic regulatory factors, MYF5, MYOD, myogenin (MYOG) and
MRF4 on day 10 of differentiation. As myoblasts progress through dif-
ferentiation, they down-regulate the expression of the early and inter-
mediate markers, MYF5 and MYOD; and upregulate the expression of
late differentiation markers MYOG and MRF4 [93,94]. The results
showed small but significant down-regulation of MYF5 expression on P
(GTP-co-BDBMP) (P < 0.05), P(GTP-co-TMPTMP) (P < 0.05), and P
(GTP-co-ETTMP) (P < 0.05) relative to TCP (Fig. 4D). There were no
significant differences in the expression level of the intermediate
marker, MYOD, between the cells cultured on elastomers and TCP.
Notably, myoblasts cultured on the elastomers exhibited remarkable
upregulation of MYOG and the late myogenic factor MRF4, as compared
to cells on TCP (P < 0.05). It is worth noting that the disparities in the
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Fig. 4. (A) High magnification images of immunofluorescence staining for MHC and sarcomeric a-actinin (scale bar 200 pm) (a), H&E staining (scale bar 100 pm)
(b), and immunostaining for desmin (scale bar 200 pm) (c), after two weeks of differentiation of human myoblasts on the indicated elastomers. (B and C) Quan-
tification of myotube diameters and % area covered by myotubes after two weeks of differentiation on the indicated elastomers and TCP. (D) qRT-PCR of myogenic
regulatory factors Myf5, MyoD, MyoG, and MRF4 after 10 days of differentiation on the indicated elastomers. The white circle represents MHC negative cells. White
arrows show detached myotubes; blue arrows point to myotubes with more than 5 nuclei. (* denotes P < 0.05 as compared to TCP, $ denotes P < 0.0001 as compared
to TCP, and ** denotes P < 0.05 as compared to all other samples.). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

expression levels of the MYOG and MRF4 between the elastomers
(higher MYOG and MRF4 expression on P(GTP-co-BDBMP) and P
(GTP-co-TMPTMP) relative to P(GTP-co-HDT) and P(GTP-co-ETTMP))
are in line with higher myotube coverage area on these elastomers,
indicating the critical importance of fine-tuning their properties for
efficient myogenic differentiation. Overall, the qRT-PCR results sug-
gested that the glycerol-based elastomers with tunable physicochemical
characteristics enhance human myoblast differentiation as compared to
TCP, thereby providing promising substrates for skeletal muscle
regeneration.

3.5. Myogenic differentiation of mouse myoblasts on glycerol-based
elastomers

To further investigate the influence of the elastomer characteristics
on muscle contractility, we employed mouse myoblasts that have been
shown to exhibit spontaneous beating associated with electrical activity
resulting from an interplay of ionic currents (i.e., Na*, Ca> and Ca®*-
activated K™ currents) [95]. Immunofluorescence staining for
myogenic-specific proteins, MHC and sarcomeric a-actinin was used to
evaluate myotube formation. After one week of differentiation, myo-
tubes on P(GTP-co-BDBMP) and P(GTP-co-TMPTMP) showed wide-
spread interconnected MHC and sarcomeric o-actinin with highly
organized structures (Fig. S12). However, cells on P(GTP-co-HDT) and P
(GTP-co-ETTMP) exhibited random organization of sarcomeric a-actinin
with the formation of scattered myotubes. Quantitative analysis of
immunofluorescence images after one week of differentiation revealed
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higher surface coverage of myotubes on P(GTP-co-TMPTMP) (75.1 +
4.4%) relative to TCP (38.7 & 7.8%), while that on P(GTP-co-BDBMP)
(39.9 £ 2.4%) was similar to that on TCP (Fig. 5B). Additionally, P
(GTP-co-HDT) and P(GTP-co-ETTMP) exhibited significantly lower sur-
face coverage of 18.7 + 3.8% and 22.0 + 17.1%, respectively, as
compared to TCP.

After two weeks of differentiation, immunofluorescence staining
revealed that myotubes on TCP were detached from the surface and their
coverage area decreased to 11.8 + 2.6% (Fig. 5A). On the other hand,
the P(GTP-co-HDT), P(GTP-co-BDBMP), P(GTP-co-TMPTMP), and P
(GTP-co-ETTMP) elastomers showed 1.6, 3.9, 4.6 and 4.1-fold increase
in myotube coverage area relative to TCP (p < 0.05) (Fig. 5B). This result
suggested that the elastomers support myotube attachment and stability
on the surface. The higher myotube coverage area on P(GTP-co-BDBMP)
and P(GTP-co-TMPTMP) elastomers relative to P(GTP-co-HDT) and P
(GTP-co-ETTMP) after the first and second weeks of differentiation may
reflect the importance of surface hydrophilicity in supporting mouse
myoblast differentiation and myotube attachment. The discrepancy
between the performance of P(GTP-co-HDT) in supporting myogenic
differentiation of human but not mouse myoblasts (Figs. 4A and 5A)
might be due to mouse myotube beating, which increased the likelihood
of detachment from the surface.

Furthermore, these glycerol-based elastomers supported the devel-
opment of muscle function as evidenced by mouse myotube beating,
with contractions starting as soon as 5 days of treatment with differ-
entiation media and continued for at least two weeks — the duration of
the experiment. Interestingly, while beating and contraction accelerated
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Fig. 5. (A) Immunostaining for MHC (red), sarcomeric a-actinin (green), and DAPI (blue) after two weeks of differentiation of mouse myoblasts on the indicated
surfaces (scale bar 400 pm). (B) Quantification of myotube coverage area after one and two weeks of differentiation of mouse myoblasts. (C) The number of beating
myotubes per mm?, and (D) spontaneous beating frequency of mouse myotubes on glycerol-based elastomers after 10 days of differentiation. (*P < 0.005, and **P <
0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the detachment of myotubes from the hard TCP substrate, the myotubes
on the elastomers continued to beat and no significant detachment was
observed. Measurements of spontaneous myotube beating revealed
significantly higher myotube beating frequency on the elastomers as
compared to TCP (TCP: 33 + 10.7; P(GTP-co-HDT): 64 + 6.9; P(GTP-co-
BDBMP): 68 + 9.7; P(GTP-co-TMPTMP): 66 + 8.3; and P(GTP-co-
ETTMP): 63 + 11.1 beat/min, n = 5, p < 0.005 compared to TCP;
Fig. 5C). Moreover, P(GTP-co-BDBMP), P(GTP-co-TMPTMP) exhibited
higher density of beating myotubes (63.6 + 13.1 and 80.0 + 21.8
myotube/mm? respectively) as compared to the density of beating
myotubes on TCP (27.3 + 5.6 myotube/mmz; n =25 p < 0.001)
(Fig. 5D). In agreement, immunostaining for MHC and sarcomeric
a-actinin showed the formation of interconnected networks of multi-
nucleated myotubes on P(GTP-co-BDBMP) and P(GTP-co-TMPTMP)
relative to TCP. Overall, these results indicated that glycerol-based
elastomers supported myotube surface adhesion and the development
of contractile function.

4. Conclusion

Biocompatible elastomers with tunable surface hydrophilicity, de-
gradability, and mechanical stiffness were developed using UV-induced
thiol-ene click chemistry. GTP monomer was synthesized and then
crosslinked with carefully selected thiol monomers, including HDT,
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BDBMP, TMPTMP, and ETTMP, via 5-min UV-irradiation at room tem-
perature to quickly generate a series of binary elastomeric networks
with a broad range of biophysical properties. Ternary elastomeric net-
works with tunable mechanical properties were also prepared through
thiol-ene copolymerization of different ratios of GTP/PP with BDBMP.
Young’s moduli of the networks ranged from 0.07 MPa to 11.3 MPa, and
higher mechanical strength was obtained from networks incorporating
tri-thiols, rather than dithiols. Moreover, the networks displayed a wide
range of ultimate elongation from 15.2 to 445%. Surface wettability
measurements revealed their water contact angles in the range of
51.0-81.0°, while the hydrophilicity of the networks was significantly
affected by the type of thiol monomer in the following order: P(GTP-co-
ETTMP) > P(GTP-co-BDBMP) > P(GTP-co-TMPTMP) > P(GTP-co-HDT).
All elastomers showed much higher adsorption of the model protein BSA
than TCP. Biological assessment revealed that they all supported
myoblast proliferation, while P(GTP-co-BDBMP) and P(GTP-co-
TMPTMP) also enhanced myogenic differentiation of human and mouse
myoblasts, to a greater extent as compared to TCP. Notably, in contrast
to TCP, P(GTP-co-BDBMP) and P(GTP-co-TMPTMP) networks supported
long-term adhesion and enhanced contractility of myotubes. Overall,
these glycerol-based elastomers with tunable degradability, wettability
and mechanical stiffness may provide a promising platform for engi-
neering functional skeletal muscle for tissue regeneration and drug
testing. Moreover, their remarkable photocurability can potentially
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allow 3D-priniting of biodegradable elastomeric scaffolds, which may
find broad applications in tissue engineering.
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