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Abstract

Myotube formation is crucial to restoring muscular functions, and biomaterials that enhance the
myoblast differentiation into myotubes are highly desirable for muscular repair. Here, we report
the synthesis of electroactive, ductile, and degradable copolymers and their application in
enhancing the differentiation of myoblasts to myotubes. A hyperbranched ductile polylactide
(HPLA) was synthesized and then copolymerized with aniline tetramer (AT) to produce a series of
electroactive, ductile and degradable copolymers (HPLAAT). The HPLA and HPLAAT showed
excellent ductility with strain to failure from 158.9% to 42.7% and modulus from 265.2 to 758.2
MPa. The high electroactivity of the HPLAAT was confirmed by UV spectrometer and cyclic
voltammogram measurements. These HPLAAT polymers also showed improved thermal stability
and controlled biodegradation rate compared to HPLA. Importantly, when applying these
polymers for myotube formation, the HPLAAT significantly improved the proliferation of C2C12
myoblasts in vitro compared to HPLA. Furthermore, these polymers greatly promoted myogenic
differentiation of C2C12 cells as measured by quantitative analysis of myotube number, length,
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diameter, maturation index, and gene expression of MyoD and TNNT. Together, our study shows
that these electroactive, ductile and degradable HPLAAT copolymers represent significantly
improved biomaterials for muscle tissue engineering compared to HPLA.
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degradable conducting polymers; ductile electroactive copolymer; polylactide; skeletal muscle
regeneration; aniline oligomer

1. Introduction

Skeletal muscle tissue controls the voluntary movement and maintains the structural contour
of the body. This soft tissue can be injured by toxic chemicals, biological factors, and
physical destructions. Effective skeletal muscle tissue repair strategies are in high demand to
improve the quality of such patients’ life. Skeletal muscle tissue engineering represents such
a strategy to overcome the disadvantages of transplanting host muscle tissue, such as donor
site morbidity, long operative time, and poor rehabilitation [1]. Skeletal muscle tissue
engineering often involves the prefabrication of muscle tissue in vitro by differentiation and
maturation of muscle precursor cells on a scaffold, which provides the environmental
conditions to facilitate the myogenic differentiation of the seeded cells [2, 3].

To improve the efficiency of engineering skeletal muscle, a number of key properties of the
scaffolds need to be optimized, including conductivity, degradability, and ductility.
Conducting scaffolds are attractive for skeletal muscle tissue engineering because they not
only provide physical support, but also transmit electrical signal [2, 4-7]. Conducting
substrates derived from polypyrrole (PPy) [8], HA-CaTiO3 (hydroxyapatite-calcium
titanate), [9], polyaniline (PANI) and poly(e-caprolactone) (PCL) [6] show positive effect in
promoting the proliferation, differentiation, and maturation of skeletal muscle tissue in
comparison with non-conductive polymeric substrates [2]. However, there are significant
challenges in utilizing these conductive materials for muscle regeneration because of their
low or non-degradability, poor mechanical properties, poor solubility and poor
processability [10-15]. In contrast, aniline oligomers characteristically have good
electroactivity, good processing properties and biodegradability [16—-22]. In particular,
aniline tetramer (AT) possesses a well-defined electroactive structure, good processability,
degradability and biocompatibility [23-26]. Thus, copolymerizing AT with biodegradable
polymers could potentially achieve both degradability and the conductivity.

Another desirable property of the polymers for skeletal muscle engineering is ductility.
Inflexible substrates are often ineffective in supporting myoblast differentiation as the
myoblasts spontaneously contract and often detach from stiff substrates when they are near
the end of the differentiation process [27, 28]. The degradable and biocompatible polymers
such as poly(lactic acid) (PLA) and its copolymers have been widely applied in tissue
engineering. Nevertheless, the disadvantages, such as high modulus and low-yield
elongation of PLA, limit its application in regenerating the contractile skeletal muscle tissue
that requires a mechanical strain similar to that of the native tissue [1]. A few approaches
have been taken to modify PLA for skeletal muscle tissue engineering. For example,

Biomaterials. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al.

Page 3

copolymerization of lactide with glycolide can form PLGA polymers with improved
properties [29]. Coating PLA with an extracellular matrix (ECM) gel is another example
[30]. However, these techniques do not improve the ductility of the polymer. The
development of PLA based biomaterials with suitable ductility in skeletal muscle tissue
engineering remains a challenge.

In this work, we synthesized ductile and conductive polylactide copolymers, and
demonstrated their potential for skeletal muscle regeneration. Star-shaped polylactide was
first chain-extended using hexamethylenediisocyanate to obtain ductile polylactide
materials, and they were further copolymerized with conductive aniline tetramer (AT),
resulting in ductile and electroactive biodegradable copolymers. The chemical structure,
electroactivity, thermal properties, and degradability of these polymers were evaluated.
C2C12 myoblast cells were then cultured on these polymers to examine their
biocompatibility and their effect on the myogenic differentiation. These conductive, ductile,
and biodegradable polylactide copolymers significantly enhanced the proliferation and
differentiation of C2C12 cells as evidenced by quantitative analysis of myotube number,
length, diameter and maturation index, and gene expression of MyoD and TNNT and
Western blotting. Our study strongly suggests that these ductile electroactive copolymers are
excellent candidates for skeletal muscle regeneration.

2. Experimental section

2.1 Materials

L-lactide (LA) was purified by recrystallization in dry toluene and subsequently dried under
reduced pressure (1072 mbar) at room temperature for 48 h prior to polymerization. Aniline
(J&K Scientific Ltd.) was distilled twice under reduced pressure. Stannous octoate
[Sn(Oct),, 95%] from Aldrich was dried over molecular sieves and stored at a No
atmosphere before use. Pentaerythritol, p-phenylenediamine, camphorsulfonic acid (CSA),
phenylhydrazine, succinic anhydride, ammonium persulfate, N-methyl-pyrrolidome (NMP),
dichloromethane, 4-dimethylaminopyridine (DMAP), N,N’-dicyclohexyl carbodiimide
(DCC), dimethyl sulphoxide (DMSO), dimethylformamide (DMF), chloroform, methanol,
ethanol, diethyl ether, hexamethylenediisocyanate (HDI), toluene, anhydrous
tetrahydrofuran (THF), phosphate buffer solution (PBS), hexane and HCI were purchased
from Aldrich or J&K Scientific Ltd., and were used as received without further purification.
Thermomyeces lanuginosa was purchased from Sigma. Aniline tetramer (AT) was
synthesized according to our previous report [19].

2.2 Synthesis of four-armed PLA and hyperbranched PLA

Four-armed PLA was obtained by ring-opening polymerization (ROP) initiated with
pentaerythritol. LA (10 g), initiator (Sn(Oct),) (22.5 pL), and co-initiator pentaerythritol
(236.0 mg), were weighed and added into a 50 mL silanized round bottomed flask in a
glovebox (MBraunlabstar). The mixture was then immersed in an oil bath at 110 °C for 48
h. After reaction, 20 mL chloroform was added into the flask to dissolve the crude product.
Then the solution was precipitated into cold hexane/diethyl ether (v/v = 95:5) mixture. After
filtration, the product was dried in a vacuum oven for 48 h at room temperature.
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To synthesize the hyperbranched PLA, the star-shaped PLA, Sn(Oct), and HDI were
dissolved in anhydrous THF. The matrix was kept at 75 °C in oil bath for 4 h, and
precipitated in hexane/diethyl ether (v/v = 95:5) mixture solution. The purified product was
coded as HPLA.

2.3 Synthesis of electroactive hyperbranched polylactide copolymers

The synthesis of electroactive hyperbranched PLA copolymers was conducted by an
esterification reaction between hydroxyl group of PLA and carboxyl group of AT, and the
copolymers obtained were named as HPLAAT. A typical procedure of synthesis of
HPLAAT9 was as following: HPLA (0.546 g) and AT (0.054 g) were dissolved in
NMP/THF (v/v = 1:3) mixture completely. DCC (60.0 mg) and DMAP (21.3 mg) were then
added to the solution to react at ambient temperature for 72 h with continuous stirring. The
resultant solution was centrifuged to remove the solid part before precipitation with hexane/
diethyl ether (v/v = 95:5) mixture. After filtration, the product was dried in a vacuum oven
under reduced pressure for 48 h at room temperature. The theoretical AT contents in the
copolymers were set as 3%, 6%, 9%, and 12% (w/w) and the samples were named as
HPLAAT3, HPLAAT6, HPLAAT9 and HPLAAT12, respectively.

2.4 Characterization of synthesized HPLAAT and the intermediates between PLA and

HPLAAT

FT-IR spectra of all the polymers were recorded on the Nicolet 6700 FT-IR spectrometer
(Thermo Scientific Instrument) in a range of 4000-600 cm™L. The spectra were taken as the
average of 32 scans at a resolution of 4 cm™1,

1H NMR (400 MHz) spectra were recorded at ambient temperature using a Bruker Ascend
400 MHz NMR instrument. All the samples containing AT were tested in THF-dg to
calculate the AT concentration. CDCl3 was used as the solvent for prepolymers PLA, HPLA
and DMSO-dg for AT. Molecular weights of the PLA and HPLA were determined by
comparing the integrals of methine proton peaks (6= 5.2 ppm, CH) to the ones next to the
terminated hydroxyl group (6= 4.4 ppm, CH). Molecular weight and polydispersity index
(PDI) were determined by gel permeation chromatography (GPC) measurement. GPC
experiments were conducted at 40 °C with two Waters Styragel columns (HT2 and HT4), a
Waters 1525 pump and a Waters 2414 refractive index detector. GPC measurements were
carried out in THF at a flow rate of 1 mL/min. Linear polystyrene (Shodex SM-105) was
used as a standard. The results of GPC test were listed in Table 1.

The UV-vis spectra of the undoped and doped AT and HPLAAT9 in DMSO solution were
recorded on a UV-vis spectrophotometer (PerkinElmer Lambda 35).

Cyclic voltammogram (CV) of HPLAAT12 copolymer was conducted on a CHI 660D
electrochemical system (CH Instruments) at a scanning rate of 10 mV/s. An indium tin oxide
(ITO) electrode (working electrode), an Ag/AgCI (reference electrode) electrode and a
platinum wire (auxiliary electrode) were employed. The ITO glass electrode was immersed
into the HPLAAT12 solution dissolved in THF. HPLAAT12 polymer was coated on ITO
after THF was evaporated.
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Tensile test was carried out by the MTS Criterion 43 instrument equipped with a 50 N
tension sensor. The copolymers were dissolved in CHCI3 to form 5 wt% solution and cast
onto a superflat polytetrafluoroethylene plats at room temperature to make films. The tests
were conducted at a crosshead rate of 2 mm/min. Average value from three samples and
standard derivation (SD) of tensile strength, breaking elongation and modulus were reported.

Thermal gravimetric analysis (TGA) was performed on a Mettler-toledo TGA/DSC
thermogravimetric analyzer under a N, atmosphere (nitrogen flow rate 30 mL/min). The
measurements were performed from 50 to 500 °C at a heating rate of 10 °C/min.

Enzymatic degradation was investigated in the presence of proteinase K as described
previously [31-33]. The copolymers were dissolved in chloroform with 5 wt% and dried to
make films at room temperature. The films were cut into rectangle shape to keep the similar
weight of each sample. The samples were then weighed (m1) and immersed in 5 mL
Tris/HCI buffer containing 0.2 mg/mL proteinase and incubated at 37 °C on a shaker with
shaking speed of 100 r/min. Sodium azide of 0.02 wt % was added to eliminate the growth
of microorganisms. At certain interval time, samples were taken out, dried at 60 °C for 24 h
in oven and weighed (m2). Results were shown as mean + standard deviation (n = 5).

Weight percentage (%)=m2/ml « % (1)

2.5 C2C12 cell culture

C2C12 myoblast cells originally obtained from the ATCC (American Type Culture
Collection) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, GIBCO)
supplemented with 10% fetal bovine serum (FBS, GIBCO) and 100 U/mL penicillin and
100 U/mL streptomycin, in an incubator at 37 °C in 5% CO,. When cell confluence reached
90%, cells were passaged as 1:4 by digestion with 0.25 % trypsin. In order to differentiate
into myocytes, C2C12 cells were treated with differentiation medium for 7 days which
contained 2% horse serum.

2.6 Cell proliferation assay

The samples for cell culture were prepared as described in the literature [20, 34]. The
copolymers doped with camphorsulfonic acid (CSA) were dissolved in chloroform to form 1
wt % solutions. The solutions were casted on cover slide with diameter of 18 mm or 22 mm
and the solvent was removed by drying at room temperature for 48 h in vacuum.

To investigate the biocompatibility of the materials, C2C12 cells were seeded on the films of
HPLA, HPLAAT3, HPLAAT6, HPLAATY and HPLAAT12. After sterilized by UV light,
films of each sample were fixed in bottom of 24 well plates, and C2C12 cells were seeded
on those films at a density of 6000 cells/cm?. The proliferation rate of cells on the substrates
was evaluated by Alamar blue® assay (Molecular Probes) after cultured for 1, 2 and 3 days,
respectively [35]. At each point of detection, the cells were incubated in medium containing
10% (v/v) Alamar blue dye at 37 °C in 5% CO,, for 4 h, then 100 pL medium from each
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example was read at 530/600 nm in a SpectraMax fluorescence microplate reader
(Molecular Devices). Medium containing 10% (v/v) Alamar blue dye served as blank.

To visualize the cell viability, C2C12 cells on each films were washed with phosphate
buffered saline (PBS) three times and treated with Ethidium homodimer-1 (0.5 uM) and
calcein AM (0.25 pM) (Live/Dead viability kit, Molecular Probes) for 45 min after cultured
for 24 h. Cells were observed under an inverted fluorescent microscope (1X53, Olympus).

2.7 Cell differentiation study

After seeding C2C12 cells on the films 24 h later, the culture medium was replaced with
differentiation medium (DMEM + 2% horse serum) and the cells were continued to culture
for 7 days. Differentiation medium was renewed every two days.

The total RNA of each sample was extracted using Trizol (Invitrogen) following the
manufacturer’s instructions. 1 pug RNA was used to synthesize cDNA using a reverse
transcription reagent kit (Takara). The real-time PCR was carried out according to the
protocol and conducted with an Applied Biosystems 7500 Fast Real-time PCR system with
the following temperature profile: 95 °C for 30 s, then 40 cycles of 95 °C for 15 s followed
by 1 min at 60 °C. Two different myogenic genes were used to assess the myogenic
differentiation: MyoD and Troponin T (TNNT) along with the housekeeping gene
gluteraldehyde phosphate dehydrogenase (GAPDH). Primers were purchased from
GeneCopoeia and already proved for quantitative real-time PCR. The gene expression was
normalized to the housekeeping gene GAPDH in the same sample.

To visualize the myogenic differentiation of C2C12 cells on the films, immunofluorescence
staining was performed. Briefly, cells on each film were rinsed with PBS, and fixed with
2.5% gluteraldehyde for 15 min, followed by three times PBS washing, and then treated
with 0.3% Triton X-100 for 0.5 h and 1% BSA in PBS for 1 h. Mouse anti-TUBULIN
monoclonal antibody (sigma) was diluted at 1:500 and incubated at 4 °C overnight. After
being washed for three times with PBS, Alexa flour 488 conjugated secondary antibody
(Molecular Probes) was added and incubated for 2 h at room temperature. After three times
PBS washing, cells were counterstained with DAPI for 10 min, and observed under an
inverted fluorescence microscopy (1X53, Olympus). Three images of each group were taken
by using AxioVision software (Carl Zeiss) to obtain the myotube number, myotube length,
myotube diameter and maturation index data.

Western blotting was performed after differentiating C2C12 cells on HPLA and HPLAAT6
for 7 days. The cells were washed with PBS and lysed with lysis buffer containing protease
inhibitors (TianGen, China). The total protein concentration was determined by the BCA
assay (Bio-rad). Protein extracts were heat denatured at 100 °C for 5 min, electrophoretically
separated on a 12% SDS-PAGE (Bio-Rad), and then transferred to a PVDF membrane
(Millipore). The membrane was blocked with 5% nonfat dried milk in TBST buffer (0.1 M
Tris-HCI and 0.1% Tween-20, pH 7.5) for 1 h and probed with GAPDH (1:1,000, Santa
Cruz), and MYHZ2 (1:500, Santa Cruz). Horseradish peroxidase-conjugated anti-rabbit was
used as a secondary antibody (1:1,000, Jackson Immunoresearch). The detection was
performed using the Thermo Scientific Pierce ECL Western blotting substrate (Thermo
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Scientific). The images were scanned by Tanon- 410 automatic gel imaging system
(Shanghai Tianneng Corporation, China), and the optical density was determined using
Image J software (NIH).

2.8 Statistic analyses

All the data were expressed as mean + standard deviation. The statistical significance was
analyzed by student t-test. Differences were considered statistically significant when p <
0.05.

3. Results and discussion

Synthesis of ductile electroactive copolymers

To obtain ductile and electroactive copolymers that are potentially better suited for skeletal
muscle tissue regeneration, we synthesized four-armed PLA using a ring-opening
polymerization, and then hyperbranched PLA via a chain extension reaction (Figure 1). Next
an esterification reaction between hydroxyl group of PLA and carboxyl group of AT were
carried out, resulting in electroactive and hyperbranched copolymers named as HPLAAT.

FT-IR spectroscopy was used to verify the chemical structure of the copolymers. After chain
extension of PLA, a new peak of HPLA appeared at 1521 cm~ which corresponded to the
characteristic stretching vibration combined with out-of-the plane bending of the —-C—N-
bond of the urethane group (Figure 2a). No peak appeared at 2280 cm™1, indicating that the
HDI was completely converted into urethane in HPLA. The carbonyl groups (-CO-) in
carboxyl (-COOH) and amide (-NHCO-) groups in AT were indicated by the bands at 1706
cm~1 and 1663 cm™ (Figure 2a) and the vibration of the quinoid rings and benzene rings of
AT were indicated by the peaks at 1567 cm~1 and 1488 cm™2, respectively. Comparing
curves of AT and HPLA with HPLAAT12, the copolymer HPLAAT12 showed bands at
1600 cm™1 (quinoid rings) and 1507 cm™1 (benzenoid rings) from AT, and bands at 1746
cm™~1 (-COO0-) and 1082 cm™! (-C-O-C-) from PLA, indicating that the AT was
successfully grafted on HPLA.

The structure and composition of the prepolymers and copolymers were further confirmed
by 1H NMR spectra (shown in Figure 2b). The signals of HPLA at 1.3 ppm and 3.2 ppm
were assigned to the hydrogens of methane in HDI. In the 1H NMR spectra of HPLAAT12,
there were proton signals between 7.8 and 6.4 ppm (multiplet) which were correlated to the
hydrogens in the benzene rings [22]. The peaks appeared at 5.2 and 1.5 ppm were indicative
of the protons from —CH- and —CH3 of PLA, confirming that AT was successfully grafted
on the HPLA chains. Next, GPC was employed to determine the M,, and polydispersity
index (PDI) of copolymers. The M,, of HPLA and HPLAAT of the copolymers increased
significantly compared to PLA prepolymer (Table 1), further indicating that the HPLA and
HPLAAT were obtained. The AT contents in the copolymers were calculated using NMR
and UV spectra. By comparing integrals at 7.8-6.4 ppm from benzene rings and 5.2 ppm
from PLA (Figure 2b), the contents of AT in HPLAAT were calculated (Table 2). From the
intensity of the peak at 580 nm, the AT contents in the copolymers were quantitatively
calculated with concentration-absorption curve of AT as standard (Figure 3a). The data from
NMR and UV-Vis tests were close and agreed with the theoretical AT contents in the
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copolymers (Table 2), indicating that the HPLAAT copolymers were successfully
synthesized.

Electrochemistry of the copolymers

The UV-vis spectrometer was used to record the different state transition of AT and
HPLAAT9. As shown in Figure 3a, UV spectra of both undoped AT and HPLAAT?9 showed
two characteristic peaks at 320 nm and 580 nm, which were correlated to the m—=* transition
of the benzene rings and the benzenoid to quinoid excitonic transition, respectively. After
doping with HCI, the peak at 580 nm decreased and a new absorption peak appeared at 436
nm along with a slight blue shift of the benzenoid absorption peak (320 nm) to 307 nm for
the formation of polarons [22]. The new peak at 799 nm corresponding to the localization of
the radical polaron confirmed the generation of emeraldine salts [20].

We next examined the cyclic voltammogram of HPLAAT12 copolymers for their
electroactivity (Figure 3b). HPLAAT12 film was fabricated on the ITO glass and doped in
DMSO with HCI. The cyclic voltammogram of HPLAAT12 showed two pairs of well-
defined reduction/oxidation peaks (0.37 V and 0.60 V), which correlated to the redox
process from the “leucoemeraldine” to the “emeraldine” state, and then from the
“emeraldine” to the “pernigraniline” state. CV result along with UV-vis spectra
demonstrated the good electroactivity of the HPLAAT copolymers.

Mechanical properties of the prepolymer and copolymers

The brittleness of pristine polylactide is another factor that restricts its wide application in
tissue engineering. Therefore, we aimed at generating HPLAAT with increased ductility.
The mechanical properties of the modified polylactide samples were measured by a tensile
tester. The low molecular weight PLA was in a powder state with weak mechanical
properties. After chain extension of PLA with HDI, hyperbranched polylactide showed a
tremendous increase in the elongation at break to 158.9%, which was much higher than
other reported modified materials based on PLA with an elongation to failure no more than
24% [35-39]. This is because the HPLA was in an amorphous state due to the chain
extension as indicated by DSC analysis as shown in Figure S1. The amorphous state greatly
increased the chain mobility of the polylactide, resulting in the ductility of the material.
When the AT segment was introduced into HPLA, the modulus of the HPLAAT copolymers
increased accordingly with the AT content, and the elongation at break of the HPLAAT
samples decreased from 158.9% to 42.7%. Still, the elongation at break of the HPLAAT
materials was much higher than those of the pure polylactide, which was about 10%. The
much higher elongation at break of these HPLAAT would make them better suited for soft
tissue engineering applications.

Degradation properties of the prepolymer and copolymers

We next examined the thermal stability of the copolymers by TGA. A slight weight loss for
all the samples was observed from 100 to 200 °C due to the evaporation of moisture and
other solvents trapped in the polymers. PLA thermally degraded completely between 210 to
290 °C. After chain extension, weight loss of HPLA sample happened at lower temperature
range from 200 to 280 °C, which indicated a weaker thermal stability than PLA. This was
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attributed to the disruption of crystallization of HPLA sample. After introduction of AT
segment, all the samples showed a two-stage degradation behavior. For the first stage,
HPLAAT thermally degraded between 250 and 320 °C, indicating a higher thermal stability
than HPLA and PLA. The second stage of degradation started from 320 °C to 330 °C,
correlated to the AT segment degradation in HPLAAT. The higher AT content in HPLAAT
copolymer showed a higher degradation temperature, and more weight remained because of
the good thermal stability of the AT segments.

More importantly, we examined the enzymatic degradation profiles of HPLA and
HPLAATG (Figure 4b), which is more relevant to their natural degradation after
transplantation in vivo. HPLA showed the faster degradation than HPLAAT copolymers
probably due to the end hydroxyl group of PLA arms, which play a important role in PLA
degradation [21, 40]. HPLAAT3 retained 78% and 55% mass at 24 h and 72 h, respectively.
The addition of aniline tetramer (AT) slowed down the degradation process of the HPLAAT
copolymer. As the content of AT increased, HPLAAT®6 degraded more slowly than
HPLAAT3 in proteinase K solution. HPLAAT9 and HPLAAT12 showed similar
degradation behavior to HPLAATG6. The degradability of HPLAAT copolymers provided a
favorable property for their in vivo application.

HPLAAT significantly promoted C2C12 cell proliferation

Having identified the ductile, electroactive, and biodegradable features of the HPLAAT, we
next applied these polymers to C2C12 cells to examine their effect on the skeletal muscle
development. C2C12 is a model cell line that has been widely used to study the skeletal
muscle regeneration. We first studied whether HPLAAT could promote cell viability and
proliferation. Cell viability was investigated by using Live/Dead viability kit with HPLA as
control. After cultivation for 1 day, most of cells on all of these substrates were viable as
demonstrated by the Live/Dead staining (Figure 5a—f), which indicated that these HPLAAT
materials exhibited good biocompatibility in vitro. The quantified Live/Dead staining results
are shown in Figure S3. Together, these data indicate that the cell viability of C2C12
myoblasts on HPLA and HPLAAT was essentially the same as that on TCP.

Furthermore, the cell proliferation behavior was quantitatively investigated by using Alamar
blue assay. As shown in Figure 5g, cells cultured on HPLAAT3, HPLAAT6, HPLAAT9 and
HPLAAT12 proliferated quicker than those on HPLA after cultivation for one day. On the
second day, the cells on all of these HPLAAT substrates showed significantly higher cell
numbers than that on HPLA (P<0.05), and the materials with the highest AT contents
exhibited the highest cell proliferation rate. In addition, all HPLAAT materials maintained
significantly higher cell number than HPLA after three days (P<0.05). In particular, the cell
number on HPLAAT12 was two times higher than that on HPLA (P<0.01) and exhibited the
highest proliferation rate among all synthesized HPLAAT copolymers. Moreover, the cell
number on HPLAAT3 with the lowest AT contents was 1.5 times higher than that on HPLA
(P<0.05). Proliferation test of C2C12 cells on the films by using CCK-8 method was also
carried out (Figure S4) and were generally in agreement with the results by Alamar blue
assay. All these results demonstrated that the electroactive HPLAAT copolymers
significantly enhanced the C2C12 myoblast proliferation compared to HPLA.
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HPLAAT promoted myogenic differentiation

Myogenic differentiation plays a critical role in skeletal muscle regeneration. Considering
the good biocompatibility, electroactivity, and ductility of the HPLAAT, we further
investigated the influence of those electroactive AT-containing polymers on myogenic
differentiation of C2C12 cells in vitro. C2C12 cells were seeded on the electroactive ductile
polymers and cultured in differentiation medium for 7 days. Immunofluorescence staining
and gRT-PCR were then performed to evaluate their myogenic differentiation (Figures 6-8).
As shown in Figure 6, much more myotubes (green) were formed on HPLAAT polymers
than on HPLA.

Next, the myotube number, diameter, length and maturation index, four widely used
parameters, were quantified by morphological analysis (Figure 7a—d). Again, much higher
numbers of myotubes were formed on the HPLAAT3, HPLAAT6, HPLAAT9 and
HPLAAT12 substrates than on HPLA (P<0.01). The increase of myotube formation also
positively correlated with the AT contents in the copolymers. The lengths of myotubes on
the HPLAAT3, HPLAAT6, HPLAATY9 and HPLAAT12 were 403.2, 598.4, 635.9, and
736.7 um, respectively, which were much longer than those on HPLA (232.3 pm) (Figure
7b), as well as those on polycaprolactone (PCL)/PANI, and poly(L-lactide-co-3-
caprolactone)/PANI nanofibers in the literature [41]. The lengths of myotubes were typically
1.7-3.2 folds higher on the HPLAAT than on HPLA, which demonstrated again the positive
correlation between the increase of myotube length and AT contents. These results were also
consistent with other reports about myogenic differentiation on conductive substrates [6, 9,
41, 42]. The diameters of myotubes were also measured to further quantify myotube
formation on these polymer substrates. The diameters of myotubes were 32.5, 39.9, 60.3,
35.0 and 33.6 pm on HPLA, HPLAAT3, HPLAAT6, HPLAAT9 and HPLAAT12,
respectively (Figure 7c), which were greater than those on the PCL/PANI nanofiber (no
more than 18 um) [42]. In contrast to myotube length, the effect of AT content in the
copolymers on myotube diameter was more complicated. While others reported a linear
correlation between substrate electroactivity and myotube diameter [42], the myotubes on
the HPLAAT®6 with the intermediate AT content had the greatest diameter among the
synthesized AT-containing copolymers. This may be because AT range in the copolymers
was significantly broader (0-12% (w/w)) in the current study than those in the literature
(PANI content of 0-1.5% (w/w)).

Next, the myotube maturation was quantified by determining the ratio of myotube number
with more than 5 nuclei to the total myotube number (myotube maturation index). The
myotube maturation index of AT-containing materials was approximately 1.93-2.50 folds
more than that of HPLA (P<0.01), and almost 96.3% of myotubes on the HPLAAT12 were
considered to be mature (Figure 7d).

Finally, to investigate the effect of these materials on myogenesis, the myogenic marker
gene expression levels were quantified using real-time PCR analysis. MyoD and TNNT, the
early and late markers of myogenesis, were used to determine the myogenic differentiation
on those substrates. There was no significant difference in the MyoD gene expression level
between electroactive copolymers and HPLA at the first day of differentiation (Figure S5).
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At the third day, the MyoD gene expressions of all groups increased. Among them the gene
expression on HPLAATG has increased almost 4 times, whereas the gene expressions on
HPLA and HPLAATS3 increased moderately for about 1.3 — 2 times. At the seventh day of
differentiation, the MyoD gene expression levels of all groups decreased, compared to those
at the third day. The expressions of MyoD on HPLAAT3, HPLAAT6, HPLAAT9 and
HPLAAT12 were 1.4, 3.0, 3.3 and 3.2 folds higher than those on HPLA respectively (Figure
8a). The differences were statistically significant (P<0.05). In conclusion, these data show
that the MyoD gene expression levels on electroactive copolymers were significantly higher
than that on HPLA. Similarly, the expression of TNNT on the AT-containing copolymers
was also significantly higher than that on HPLA (P<0.01) with an exception of HPLAAT3
(Figure 8b).

Cell density may affect differentiation since C2C12 cells have a higher tendency to
differentiate at high confluence than at low confluence. To verify whether the higher cell
density (faster cell growth on HPLAAT films than HPLA) or the inherent properties of the
films enhanced the differentiation, we seeded C2C12 cells on HPLA films with two
different densities (6000 cells/cm? and 10200 cells/cm?) to differentiate for 7 days, with
cells on HPLAAT® at 6000 cells/cm? serving as the control. We then performed gene
expression analyses of MYH2 (Figure S6). There was no significant difference between
HPLA with 6000 cells/cm? and HPLA with 10200 cells/cm? (P>0.05), whereas the MYH2
gene expression on HPLAAT6 with was significantly higher than that on HPLA when both
had 6000 cells/cm? (P<0.05). These results indicated that it was AT component (not the cell
density in the range studied) that contributed to the enhanced myogenic differentiation of the
HPLAAT materials.

Furthermore, the protein level of MYH2, a key marker of myogenic differentiation, was
analyzed for the HPLA group and HPLAAT®6 group by Western blotting (Figure 8d). After 7
days of myogenic differentiation, the MYH2 protein level on HPLAAT®6 film was over 9
times that at the first day, while the MYH2 protein level on HPLA film was 2 times that at
the first day. The protein quantification agreed with the immunofluorescence staining
results, demonstrating that the AT component in HPLAAT can promote myogenic
differentiation of C2C12 cells.

Taken together, the myotube formation of C2C12 cells was greatly enhanced by
electroactive substrates, and the AT component significantly improved the myotube
diameter, number, length, myotube maturation index, and myogenic marker expression at
both mRNA and protein levels. In conclusion, the myogenic differentiation study indicated
that these electroactive materials had significantly positive effect on promoting myogenesis
and holds great potential in skeletal muscle regeneration.

Conclusions

A series of ductile and conductive degradable copolymers (HPLAAT) based on star-shaped
lactide (PLA) and aniline tetramer (AT) was successfully synthesized. These new polymers
significantly enhanced the myogenic differentiation of C2C12 myoblasts. These copolymers
have tunable modulus, elongation at break, and thermal stability. They showed strain at
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break from 158.9% to 42.7% and modulus from 256.2 to 758.2 MPa, which overcomes the
brittleness of pristine PLA. The biodegradability of HPLAAT copolymers should be more
suitable as scaffolding materials for in vivo muscle tissue engineering application. All the
AT-containing copolymers are electroactive and more biocompatible than HPLA without
AT. Importantly, the HPLAAT copolymers greatly promoted myogenic differentiation of
C2C12 cells as evidenced by quantitative analysis of myotube number, myotube length,
myotube diameter, maturation index, and myogenic gene expression. We expect that these
electroactive ductile polylactide copolymers will serve as excellent scaffolds in tissue
engineering to regenerate skeletal muscle and possibly other tissues.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic synthesis of electroactive hyperbranched HPLAAT.
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(a) FT-IR spectra of AT, HPLAAT12, HPLA and PLA; (b) NMR 1H NMR spectra of PLA,

HPLA, and HPLAAT12.
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(a) UV-vis spectra of AT and HPLAAT9 in DMSQO; (b) CV curve of HPLAAT12 sample in
DMSO.
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Figure 5.
The viability of C2C12 myoblasts cultured with TCP (a), HPLA (b), HPLAATS3 (c),

HPLAAT®G (d), HPLAAT9 (e), or HPLAAT12 (f) after 24 h. A Live/Dead staining kit was
applied [43]. The green fluorescence indicated live cells. Scale bar: 200 pum. (g) The
proliferation of C2C12 myoblasts cultured on HPLA, HPLAAT3, HPLAAT6, HPLAAT9
and HPLAAT12. Mean for n = 4+SD. * means P<0.05. ** means P<0.01.
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Figure 6.
Tubulin (green) and nuclei (blue) staining of C2C12 cells after 7 days in differentiation

medium on HPLA and HPLAAT substrates: (a) HPLA, (b) HPLAAT3, (c) HPLAATS, (d)
HPLAAT9 and (e) HPLAAT12. Scale bar: 200 pm.
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Myogenic gene expression at day 7 and MYH2 protein levels at days 1 and 7 during

differentiation. (a) MyoD gene expression, (b) TNNT gene expression, (c) MYH2 protein
levels at days 1 and 7, and (d) the corresponding Western blotting results at days 1 and 7.
Mean + SD (n=3). *P<0.05. **P<0.01.
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Table 2
Weight ratio of AT in hyperbranched copolymers calculated by NMR and UV

Sample name HPLAAT3 HPLAAT6 HPLAAT9 HPLAATI12
Theoretical content of AT 3.0% 6.0% 9.0% 12.0%
Weight ratio of AT by NMR 3% 4.5% 6.2% 9.7%
Weight ratio of AT by UV 2.8% 3.5% 5.3% 8.0%
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Tensile tests of the copolymer films

Table 3

Sample name  Stress (MPa) Elongation at break (%) Modulus (MPa)
HPLA 4.3+0.7 158.9+39.0 265.2+53.4
HPLAAT3 6.5+0.8 109.0+£32.8 514.0£78.7
HPLAAT6 8.8+0.7 79.9+11.6 573.1+66.2
HPLAAT9 10.4+0.6 54.9+12.5 749.4+45.8
HPLAAT12 11.6+0.6 42.7+8.8 758.2+10.4
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