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Abstract—After muscle loss or injury, skeletal muscle tissue
has the ability to regenerate and return its function.
However, large volume defects in skeletal muscle tissue pose
a challenge to regenerate due to the absence of regenerative
elements such as biophysical and biochemical cues, making
the development of new treatments necessary. One potential
solution is to utilize electroactive polymers that can change
size or shape in response to an external electric field.
Poly(ethylene glycol) diacrylate (PEGDA) is one such
polymer, which holds great potential as a scaffold for muscle
tissue regeneration due to its mechanical properties. In
addition, the versatile chemistry of this polymer allows for
the conjugation of new functional groups to enhance its
electroactive properties and biocompatibility. Herein, we
have developed an electroactive copolymer of PEGDA and
acrylic acid (AA) in combination with collagen methacrylate
(CMA) to promote cell adhesion and proliferation. The
electroactive properties of the CMA + PEGDA:AA con-
structs were investigated through actuation studies. Further-
more, the biological properties of the hydrogel were
investigated in a 14-day in vitro study to evaluate myosin
light chain (MLC) expression and metabolic activity of
C2C12 mouse myoblast cells. The addition of CMA
improved some aspects of material bioactivity, such as
MLC expression in C2C12 mouse myoblast cells. However,
the incorporation of CMA in the PEGDA:AA hydrogels
reduced the sample movement when placed under an electric
field, possibly due to steric hindrance from the CMA.
Further research is needed to optimize the use of CMA in
combination with PEGDA:AA as a potential scaffold for
skeletal muscle tissue engineering.
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INTRODUCTION

Skeletal Muscle accounts for 40% of human body
weight and is important locomotion, maintaining
posture, and regulating body temperature. Some of the
major morbidities associated with skeletal muscle tis-
sue include trauma, progressive diseases, and aging.'”
Skeletal muscle can also be impaired by diseases, such
as myasthenia gravis (MG) and Duchenne muscular
dystrophy (DMD). These conditions lead to muscle
weakness and even death.*>#43%-6071.73 Apnroximately
5.6 million people in the U.S. are paralyzed and stroke
leaves 1.6 million people in a weakened state®’; these
patients lack muscular damage but have lost muscular
function.

The body attempts to repair damaged muscle by
removing necrotic muscle fibers and activating satellite
cells to regenerate muscle.” However, satellite cell
incidence in the tissue is extremely low, approximately
1-5%, and dependent on age and muscle fiber com-
position.® One of the methods used to replace muscle
tissue from a region of the body experiencing signifi-
cant loss is by taking muscle tissue from other parts of
the body for implantation.** This is viable for small
muscular defects but not large-scale losses, it also
introduces the potential for donor site morbidity.
Intramuscular injections of skeletal myoblasts have
shown little effect due to inadequate distribution and
low cell survival rate.

Researchers have investigated a variety of materials
and techniques for this purpose. Many research groups
have used hydrogels for skeletal muscle tissue engi-
neering. Some of the materials used in recent hydrogel
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development include blends of Collagen,®'3*>%64

Gelatin,'®?* Chitosan,*® Algineu'[e:,é’Z("62 Hyaluronic
Acid,**”* Chondroitin Sulphate,*' Silk Fibroin,”'°
Fibrin  gels,”®® and  Methacrylated  Gelatin
(GelMA).>**° In a study conducted by Pollot ez al. it
was shown that Fibrin exposure to precursor cells lead
to the highest expression of genes for myotube devel-
opment for days 7 and 14.°° Other composites mixed
of Collagen, Chitosan, and Fibrin were shown to have
optimal elasticity for driving muscle differentiation. In
other studies Arginine, Glycine and Aspartic acid
linked as external motifs have been shown to support
myoblast growth.’”*> The use of gel methacrylates
crosslinked using UV light have offered new versatility
in terms of 3D bioprinting, encapsulation, and casting
of myoblasts with specialized topographical cues.*
Skeletal muscle is electrically active due to the move-
ment and some level of electrical stimulation is syner-
gistic to accelerating muscle differentiation.**3>7°
Conductive gels can be used to electrically stimulate
cells for the reformation of tissue. Some of the mate-
rials used for this purpose include graphene oxide, >
Polyethylene glycol fused with poly(3, 4-ethylene-
dioxythiophene) (PEDOT),** graphene polyacry-
lamide,”* polypyrrole nanoparticles in type I
collagen—chondroitin sulphate,”* and mixtures of the
aforementioned.

In addition, biodegradable thermoplastic polymers
such as polycaprolactone have been fabricated into
scaffolds for the support of myoblasts.”’*”> Poly(lac-
tide co-glycolide) electrospun mats have been used in
the alignment of myoblasts and in a study conducted
by Narayanan et al., myoblasts were implanted on
these mats and further implanted into a mouse model
which showed improved integration of tissue over
controls.*’*"3% In another study, Patel er al. mixed
polycaprolactone with decellularized muscle tissue and
found an increase in myoblast density over controls
and in a follow up study showed myofiber generation
in a mouse model with large scale muscle loss.>*

A major area in skeletal muscle tissue engineering is
the use of decellularized matrices. This technique has
been seen a great deal of interest in the area of large
volume muscle loss. It has been demonstrated that the
implementation of vascularized cells (human umbilical
vein endothelial cell) in these scaffolds increased
expression of factors for myotube formation.”*"
Other groups have examined the utility of implanting
decellularized muscle tissue directly into a muscle de-
fect which has proven to drive angiogenesis, myoblast
and satellite cell migration and muscle regeneration
in vivo.”*>"7® Decellularized muscle tissue can also be
formulated into hydrogels®®®” and bioinks.'?'*!732 A
recent study examined the 3D printing of cell infused
decellularized bioinks and found that the process
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allowed for high cell viability after muscle loss within a
rat model.'® Modifying decellularized skeletal muscle
with methacrylate to manufacture photocross-linkable
hydrogels allows for stiffness fine tuning as well as
increased longevity.*

In addition to a variety of materials, skeletal muscle
cells have been grown in vitro under a variety of culture
conditions. Mechanical strain or electrical stimulation
have also been used to improve muscle utility after
regeneration. Studies have shown that mechanical and
electrical stimulation of myoblasts lead to more mature
muscle fibers with better contractility.®'%20-*8

A potential tissue-engineered solution for large
volume muscle loss may include electroactive polymers
(EAPs); ionic EAPs have been investigated as robotic
actuators.” Ionic EAP actuation is caused by ion dis-
placement inside the polymer.**® A few volts are
required, but the ionic flow implies a higher electrical
power for actuation’; examples include ionomeric
polymer—metal composites (IPMCs). They are usually
layered with a conductive layer (metal or conductive
polymer), followed by an EAP layer and another
conductive layer. When activated, the gels bend as the
cathode side becomes more alkaline and the anode side
more acidic, and ions diffuse through the gel. IPMCs
can actuate and match biological muscle forces.* They
are flexible, compliant, fast responding, and
lightweight.** Poly(ethylene glycol) diacrylate (PEG-
DA) combined with acrylic acid (AA), functions as an
EAP network. PEGDA is a well-characterized scaffold
for a number of possible uses in tissue engineering due
to its mechanical properties.** This polymer combined
with AA, affords an EAP network, which can actuate
when an electric field is applied to it. PEGDA:AA
holds promise in utilization for muscle regeneration in
conjunction with myoblast cells.®* However, as the
concentration of AA goes up, it lowers the pH of the
media which the cells are in, resulting in an unfavor-
able environment for cellular growth and differentia-
tion.® Additionally, the cells implanted in the
PEGDA:AA constructs fail to form long linear myo-
tubes, more than likely due to the lack of guidance cues
and low attachment.®

Collagen type I is a greatly utilized scaffold in tissue
engineering due to its self-assembling abilities to afford
a fibrillar structure that contributes to characteristics
such as biocompatibility, biodegradability, and pro-
motion of cellular adhesion.>® Chemical alterations can
also be made due to its chemical versatility to help
control the mechanical properties of collagen; one such
material is collagen methacrylate (CMA)." The cova-
lent attachment of methacrylic acid allows for the
collagen to become photocross-linkable through the
mediation of UV light and a free-radical source,
allowing for additional manipulation of this biomate-
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rial." Furthermore, CMA can crosslink to moieties
susceptible to polymerization such as acrylates. CMA
can be rapidly crosslinked with spatial control.'®*
Photocrosslinked CMA shows lower degradation rates
than uncrosslinked CMA and native collagen, which is
beneficial when using the material as a scaffold.”* Due
to its retention of native collagen features and addition
of new characteristics, CMA can be utilized for tissue
engineering, drug delivery, cellular encapsulation, and
microenvironment studies.'>'? Peer-reviewed studies
have shown improved cell viability when supplement-
ing synthetic and organic polymers with collagen-
based biomaterials such as CMA, as well as its dena-
tured form, gelatin methacrylamide (gelMA) to de-
velop hydrogels for applications in muscle tissue
engineering.’*% This is due to collagen’s cytocompat-
ibility conferred by the innate and complex chemical
structure that fosters cell-to-cell interactions and the
protein’s prevalence in muscle tissue engineering.'?
The favorable properties of PEGDA:AA causing
actuation when stimulated with electricity and the
ability of CMA to be manipulated and support cellular
growth hold much promise in creating a construct
utilizing both for muscular regeneration. Collagen has
been used to culture myoblasts to promote differenti-
ation, provide a guidance matrix for long myotube
development, cellular migration, and accelerate myo-
tube maturation.”'®!° Utilizing CMA provides all the
same cellular cues which help with the myoblast dif-
ferentiation and myotube formation, with the added
benefit of crosslinking and reduced degradation.'
CMA is able to crosslink with the AA of the PEG-
DA:AA network under UV light exposure. The
CMA + PEGDA:AA construct will provide a bio-
compatible environment for myoblast differentiation,
contact guidance provided by the CMA to grow long
myotubes, and ability to respond to electrical stimulus.
In this study, we describe the fabrication of a bio-
compatible, electroactive hydrogel, consisting of
PEGDA:AA and CMA, which actuates in an electric
field. Previous work demonstrated that a PEGDA:AA
ratio of 1:4 presented the highest metabolic activity
and matrix deposition, while a ratio of 1:8 showed the
highest actuation response.® Thus, this study will focus
on PEGDA:AA 1:4 and 1:8 compositions. The
mechanical, biological, and electroactive properties of
this interpenetrating network are further characterized
in vitro. We hypothesize that the addition of CMA will
improve the cellular microenvironments of the PEG-
DA:AA constructs through the chemical cues pre-
sented by the collagen backbone of CMA, which in
turn will promote cell adhesion and proliferation.
Stimulus-responsive biomaterials have shown pro-
mise in developing muscle tissue constructs. In partic-
ular, ionic EAPs based on PEGDA allow for high

control and specificity of the chemical structure with
superior swelling capacity.>®® The use of PEGDA
presents limited biocompatibility posing a challenge to
developing constructs that promote cell growth and
proliferation. In this paper, we introduce the use of
collagen methacrylamide (CMA) to improve scaffold
biocompatibility and bioactivity of PEGDA con-
structs. As a collagen derivative, CMA promotes cell
adhesion and proliferation, while preserving collagen’s
unique chemistry to spontaneously self-assemble and
degrade enzymatically. We aim to develop a biocom-
patible material that reversibly contracts in an electric
field and encourages myoblast growth and differenti-
ation.

MATERIALS AND METHODS

PEGDA:AA Hydrogel Crosslinking

Poly(ethylene glycol) diacrylate (PEGDA) with
molecular weights of 10,000 Da were purchased from
Monomer-Polymer and Dajac Labs (an MPD Chem-
icals Company). AA monomer (anhydrous), 2, 2-Di-
methoxy-2-phenylacetophenone, 1-vinyl-2-
pyrrolidinone, and phosphate buffered saline (PBS)
were purchased from Sigma Aldrich. PEGDA was
combined with different amounts of AA to obtain a
ratio of 1:4 and 1:8.% All hydrogel solutions were pre-
pared by dissolving PEGDA and AA in PBS using a
vortex mixer. To prepare the photoinitiator solution, 2,
2-dimethoxy-2-phenylacetophenone was mixed in 1-
vinyl-2-pyrrolidinone, and 50 uL of the solution were
added per 1 mL of hydrogel solution at 5% (w/v) prior
to UV exposure. The photoinitiator and hydrogel mix
were injected into a pre-assembled glass mold with a
rectangular prism shape. The injected mold was ex-
posed to UV radiation at a 365 nm wavelength using a
3UV™ Jamp (UVP: Ultra-Violet Products S/N
100306-001, P/N 95-0343-01; 8 W Upland, CA, USA)
in 30 s intervals until the hydrogel solution solidified.
UV radiation, in the presence of a photoinitiator and
acrylate groups, causes free-radical polymerization
affording a random 3D polymer network. After UV
exposure, the dimensions of the hydrogel were taken
(diameter and thickness). The hydrogel samples were
soaked in PBS for 3 days to achieve maximum swel-
ling.

CMA Synthesis

The detailed synthesis can be found in Gaudet and
Shreiber.?® Type-I collagen extracted from bovine skin
(C857, Telo-EPC) was obtained from Elastin Products
(Owensville, MO). All other reagents were purchased
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from Sigma. Briefly, collagen type-I was modified by
reacting the free amines of lysine residues with
methacrylate groups to create collagen methacry-
lamide (CMA). I-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide EDAC and N-hydroxysuccinimide
(NHS) in MES buffer were used to activate the car-
boxylic acid in methacrylic acid. Collagen at 3.75 mg/
mL in 0.02 N acetic acid was added to this mixture to
form CMA. CMA was dialyzed, lyophilized, and
reconstituted in 0.02 N acetic acid. Derivatization
efficiency was evaluated using fluorescamine, a mole-
cule that fluoresces when it binds to primary amines.
Native type-I collagen that was not reacted with me-
thacrylic acid was used as a standard curve to assess
the percentage of modified lysines in collagen type-I.
Soluble fluorescamine (3 mg/mL) was added to a col-
lagen type-1 standard curve and CMA samples, and
the fluorescence intensity was read with an excitation
wavelength of 400 nm and emission wavelength of
460 nm. The synthesized material showed a 40.4%
degree of derivatization from unmodified collagen

type-1.

Hydrogel Preparation

PEGDA:AA hydrogels were cut to a diameter of
1 cm with thickness of 0.3-0.4 mm to fit inside a 24-
well plate and sterilized by rinsing them in ethanol and
applying UV radiation for 30 min on each side
(n = 6). This was followed by a wash with sterile PBS
before soaking overnight in DMEM media with 10%
fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin (P/S).

CMA + PEGDA:AA hydrogels were prepared by
coating PEGDA:AA hydrogels with 200 uL of buf-
fered CMA in a pre-design setup using a glass slide
with a mold thickness of 0.75 mm to allow for UV
crosslinking and a polydimethylsiloxane (PDMS) ring
with a diameter of 1.1 cm to hold the hydrogel volume
in place. Briefly, CMA was buffered on ice according
to the following formula: 20 uL. 1 M HEPES (H3537,
Sigma-Aldrich, St. Louis, MO), 44 uL 0.15 N NaOH
(S2770, Sigma-Aldrich), 100 uL 10 x PBS (P5493,
Sigma-Aldrich), 149 uL. 1 x PBS (860454, Thermo
Fisher Scientific, Waltham, MA), 10 4L 10% Irgacure
(12959, a gift from Ciba Specialty Chemicals) solubi-
lized in neat methanol, and 677 u. CMA at 3.75 mg/
mL. CMA + PEGDA:AA hydrogels were self-
assembled for 1 h at 37 °C. The hydrogels were pho-
tocrosslinked using UV light (365 nm, 50 mW/cm?) for
120 s. After UV crosslinking, CMA + PEGDA:AA
hydrogels were rinsed with warm media (1 mL) to re-
move any reaction byproducts from photocrosslinking.
The engineered CMA + PEGDA:AA hydrogels, af-
forded a middle layer of PEGDA surrounded by CMA
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with uniform thickness and no interface between both
materials.

Actuation Studies

Several formulations of PEGDA:AA were made by
altering the volumes of PEGDA and AA used. 1:4
PEGDA:AA, 1:8 PEGDA:AA, CMA + 1:4 PEG-
DA:AA, and CMA + 1:8 PEGDA:AA hydrogel
samples (n = 4) were cut into 20 mm x 4 mm strips.
The actuation testing device, used to study the
response of each hydrogel to an electric field, as de-
scribed in Browe et al., consisted of a 150 mm x 15
mm polystyrene Petri dish (P5981, Sigma) with two
pegs attached in the middle of the platinum electrodes
placed in the center of the dish 3.0 cm apart from each
other and submerged in PBS.® The platinum electrodes
included four twisted platinum wires (99.5% pure)
with a 0.20 mm diameter. The hydrogel strips were
suspended in PBS and placed in the center between two
pegs (Fig. 1). A DC voltage of 20 V or 6.67 V/cm was
applied in two 1-min intervals on each direction (two
cycles of + for 60 s followed by — for 60 s) using an
Agilent Dual Output DC Power Supply (E3646A
Agilent Technologies, Santa Clara, CA, USA). This
afforded a total of 4 min of stimulation per hydrogel
strip. Each actuation study was recorded using a dig-
ital video camera. The videos were analyzed to deter-
mine the angular movement of the hydrogel strip
during actuation. The obtained results are reported as
the average and standard deviation of the change in
angle.

Cell Line Development and Evaluation

A reporter cell line was developed by transducing
the myosin light chain (MLC) promoter with the lu-
ciferase gene into C2C12 cells. A plasmid was designed
with the DNA of the MLC promoter and the luciferase
gene along with resistance to Blasticidin. This plasmid
was generously gifted to our lab by Dr. Emmanuel
Ekwueme and Dr. Craig Neville from Massachusetts
General Hospital-Harvard Medical School. The plas-
mid was packaged into a lenti-virus and transduced
into C2C12 myoblasts with the help of 1 ug/mL
Polybrene. After 3 days in culture, the transduced cells
were selected using media with 2 ug/mL Blasticidin
changed every other day for a week. The surviving cells
were grown up and frozen down for later use.

In order to validate the cell line development, the
transduced MLC reporting C2C12 myoblasts were
seeded in 12-well plates at a density of 25,000 cells/cm?
(purchased from ATCC). Three different groups
(n = 4) were compared: (1) cells supplemented with
50 ng/mL IGF-1 meant to enhance myoblast differ-
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Electrodes

3.0cm

FIGURE 1. Actuation study device layout (top view shown above). The devices in PBS baths had 20 V of DC voltage applied
across the hydrogel strips from two platinum electrodes 3.0 cm apart. (a) Samples held in place by two small pegs on either side to
immobilize during testing. (b) Sample bends toward negative electrode when voltage is applied. (c) When polarity voltage is

reversed, sample bends in opposite direction.

entiation, (2) cells supplemented with 40 pug/mL dex-
amethasone meant to deter myoblast differentiation,
and (3) cells fed with the base media without any
additives meant as a null control. During the initial
proliferation phase (day 0 to day 2), all groups were fed
with a base media of DMEM media with 10% FBS
and 1% P/S every other day. During the differentiation
phase (day 3 to day 10), all samples were fed with a
base media of DMEM media with 1% FBS and 1% P/
S with the corresponding additives appropriate for
each group once per day.

A luciferase assay was performed at 1, 3, and 7 days
after differentiation media was initially applied with a
BioLux® Gaussia Luciferase Assay Kit (New England
Biolabs, Ipswich, MA) according to the manufac-
turer’s instructions. After the last time-point, all
groups were fixed with a 4% paraformaldehyde solu-
tion to prepare for staining (n = 4). Cells were stained
with NucBlue® fixed cell ReadyProbes® reagent
(Thermo Fisher Scientific) for DNA (Blue) and Fluo-
rescein Phalloidin (Thermo Fisher Scientific) for F-
actin (Green).

A representative sample of five images for each
group was used to quantify the morphology of the cells
in the different groups. ImagelJ software [version 1.46r/
Java 1.6.0_25 (32-bit)] was used to quantify the total
number of nuclei, the total number of myotubes, and
the number of nuclei inside of myotubes for each
image. Myotubes were defined as clearly distinguish-
able, linear structures which contained two or more
nuclei. These parameters were used to calculate the
fusion index (nuclei inside of myotubes/total number
of nuclei).

CMA-PEGDA:AA Hydrogel Cell Study

C2C12 mouse myoblast cells were expanded in tis-
sue culture flasks until 90% confluency in DMEM
media (D5546, Sigma) with 10% FBS (S11550, Atlanta
Biologicals, Flowery Branch, GA), and 1% P/S
(P4458, Sigma-Aldrich). After expansion, C2C12 cells
were detached using TripLE Express (12604013,
Thermo Fisher), washed in culture media, and encap-
sulated in buffered hydrogel suspensions at 1,000,000
cells/mL.

Hydrogel samples were seeded with approximately
50,000 C2C12 cells and further incubated at 37 °C, 5%
CO, for 14 days. Cells were seeded on top of the
hydrogel. For the first 7 days, all wells were fed daily
with DMEM media with 10% FBS and 1% P/S to
encourage proliferation. From day 7 to day 14, all
wells were fed daily with DMEM media with 1% FBS
and 1% P/S to encourage differentiation. As a positive
control, cells were seeded in tissue culture plastic and
subjected to the same conditions.

To study metabolic activity and cellular attachment,
a PrestoBlue® cell viability assay (Thermo Fisher
Scientific) was carried out on days 3, 7, 10, and 14
(n = 4). Briefly, the media was removed from all wells
and replaced with PrestoBlue® cell viability reagent
diluted with media to a 1:10 ratio and incubated with
cell-seeded hydrogels for 30 min. After incubation, the
reagent was transferred into a 96 well plate and ab-
sorbance was read on a plate reader at 570 nm.

After the PrestoBlue® cell viability assay was car-
ried out, a cytotoxicity study was performed using
Live/Dead Viability/Cytotoxicity kit (L3224, Thermo
Fisher Scientific). To assess cell viability at each time
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point (days 3, 7, 10, and 14), each cellular hydrogel and
TCP control was rinsed with PBS 3 times and calcein-
AM (4 mM) and ethidium homodimer-1 (2 mM) were
added and incubated for 30 min at room temperature.
Following incubation, hydrogels and corresponding
controls were imaged using an Olympus IX81 fluo-
rescence microscope.

To measure gene expression of MLC a luciferase
assay was carried out utilizing the Pierce™ Gaussia
Luciferase Glow Assay Kit (Thermo Fisher Scientific).
To prepare the working solution, 50 L of
100 x Coelenterazine were mixed with 5 mL of
Gaussia Glow Assay Buffer. After incubation, media
was collected from cells on days 3, 7, 10, and 14
(n = 4). In a 96 well plate, 20 uL of media was com-
bined with 50 uL of working solution before measuring
luminescence on a plate reader.

On day 14, cells were fixed with a 4%
paraformaldehyde solution and prepared for staining
to visualize cell morphology and identify myotube fu-
sion. Cells were stained with Alexa Fluor 488 Phal-
loidin (Thermo Fisher Scientific) and DAPI
(Invitrogen), and imaged using an Olympus [X81 flu-
orescence microscope.

Image Analysis

Images were analyzed to determine the number of
myotubes in each group to correlate with the luciferase
data signifying myoblast differentiation into muscle
tissue. Fusion index, a measure of myoblast differen-
tiation, was determined for each group by counting the
number of myotube nuclei and the number of total
nuclei.’**® Myotube nuclei are defined as nuclei con-
tained within a myotube containing at least three nu-
clei, indicated by a region of continuous and intense
actin staining. Monochromatic images of the same
area were processed to remove the background fluo-
rescence by adjusting the minimum and maximum
cutoff values for the grayscale image. The images were
then merged using the color channel feature to obtain
an overlay of the grayscale channels. Using the cell
counter tool under the tools and macros tab the
number of myotube nuclei were counted manually. In
order to obtain the total nuclei the grayscale DAPI
channel was thresholded using a mean threshold filter
and eroded and dilated to remove small pixel noise,
following the watershed operation we used to analyze
particles to count the total number of nuclei. A mini-
mum of three images were analyzed per group with
some groups containing more images. All image
analysis was performed using the Fiji distribution of
Imagel.
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Statistics

The actuation and cellular analysis data gathered
through this study underwent statistical analysis per-
formed by two-way analysis of variance (ANOVA)
with a Tukey’s post hoc test and confidence level of
95% (o = 0.05) for statistical significance (denoted by
*). Fusion index data was subjected to a one tailed ¢-
test and a one-way ANOVA with a Tukey’s post hoc
test. Both the #-tests and ANOVA used an o = 0.05
for significance. All data was expressed as mean =+ s-
tandard deviation.

RESULTS

Actuation Studies

During the actuation tests, all hydrogel samples
exhibited reversible and repeatable movement when
exposed to an electric field. A higher degree of move-
ment in the forward direction was observed in the 1:8
PEGDA:AA (Fig. 3) compared to 1:4 PEGDA:AA
(Fig. 2). We hypothesize that this is due to the presence
of more AA, affording more anions. With more neg-
atively charged ions there are more binding sites for
water. The increase in water molecules bound to the
hydrogel will improve hydrogel swelling, achieving
more movement. The addition of CMA significantly
reduces movement in the forward direction for 1:4
PEGDA:AA hydrogels (Fig. 2). However, CMA sig-
nificantly inhibits movement when incorporated to 1:8
PEGDA:AA in both directions (Fig. 3). The CMA
incorporated, given its viscous fluid nature before
crosslinking made the samples non-homogeneous in
shape.

CMA-PEGDA—-AA Hydrogel Cell Study
Cell Studies

The results for the validation of the transduced
MLC reporting C2C12 cell line with a luciferase assay
are shown in Fig. 4. On day 1, the group exposed to
dexamethasone had significantly lower MLC produc-
tion than the control group. On days 3 and 7, the
group exposed to IGF-1 was significantly higher than
the control group and the dexamethasone group was
significantly lower than the control group. Over time,
MLC production increased in the control group, MLC
production increased at a faster rate in the IGF-1
group, and MLC production decreased over time in
the dexamethasone group.

The results for the morphological analysis of the
myoblasts for the cell line validation are shown in
Fig. 5. The number of myotubes produced and the
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1:4 PEGDA:AA
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FIGURE 2. Effect of CMA on angular movement of 1:4
PEGDA:AA (n=4). The movements in the forward and
reverse directions are shown for both groups. A single
factor ANOVA test was conducted for each statistical
analysis test (*indicates a statistically significant difference
between the conditions and corresponding movements). (a)
Photographic representation of the 1:4 PEGDA:AA hydrogel
during actuation studies. (b) Photographic representation of
the 1:4 PEGDA:AA + CMA hydrogel during actuation studies.
(c) Actuation result values presented as change in angle.

fusion index was significantly greater in the cells trea-
ted with IGF-1 as compared to the control. Dexam-
ethasone completely blocked the formation of
myotubes, resulting in zero myotubes and a zero fusion
index. Overall, the results of the morphological anal-
ysis correlate well to the results of the luciferase assay
(Figs. 4 and 5).

C2C12 cells were seeded on hydrogel samples with
different combinations of PEGDA to AA ratios and
CMA. For all conditions, the cells survived and were
metabolically active through 14 days, as shown in
Fig. 6. Tissue culture polystyrene (TCP) was used as a
positive control. TCP control group showed a signifi-
cantly higher metabolic activity than all other groups
at all time-points. The cells seeded on CMA + 1:4
PEGDA:AA and CMA + 1:8 PEGDA:AA hydrogel
samples had a subtle increase in metabolic activity

(a) 1.8 PEGDA:AA
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»

(b) CMA+ 1:8 PEGDA:AA
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1:8 PEGDA:AA 1:8 PEGDA:AA+CMA

FIGURE 3. Effect of CMA on angular movement of 1:8
PEGDA:AA (n=4). The movements in the forward and
reverse directions are shown in both groups. A single factor
ANOVA test was conducted for each statistical analysis test
(*indicates a statistically significant difference between the
conditions and corresponding movements). (a) Photographic
representation of the 1:8 PEGDA:AA hydrogel during
actuation studies. (b) Photographic representation of the 1:8
PEGDA:AA + CMA hydrogel during actuation studies. (c)
Actuation result values presented as change in angle.
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FIGURE 6. Metabolic activity data of C2C12 cells measured by a PrestoBlue® cell viability assay (n = 4). A statistical analysis
performed by two-way ANOVA with a Tukey’s post hoc test and confidence level of 95% (x = 0.05) was conducted (*indicates a
statistically significant difference between corresponding conditions). ****p < 0.0001, ***0.0001 < p < 0.001, **0.001 < p < 0.01, and

*0.01 < p < 0.05.

throughout the 14 days, with a statistically significant
increase from day 1 to day 14 for both conditions. For
1:4 PEGDA:AA and 1:8 PEGDA:AA hydrogel sam-
ples, an initial delay in metabolic activity was observed
on day 3 where there is no metabolic activity detected,
with a sudden increase at day 7 that continued to
intensify throughout the incubation time. We hypoth-
esize that this initial delay in metabolic activity is a
result of the hostile environment driven by the direct
exposure to AA that the cells had to endure. In con-
trast, all hydrogels with CMA were able to show some
initial metabolic activity as CMA improved initial
biocompatibility. Additionally, there was no depen-
dence in AA concentration and metabolic activity on
any of the time points for the PEGDA and CMA +
PEGDA hydrogel samples. Although most groups had
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relatively constant or increasing metabolic activity
throughout the study period, the 100% CMA group
had a decrease in metabolic activity for the first
10 days of incubation with the lowest metabolic
activity occurring on day 10 and a significant increase
on day 14.

Cellular gene expression of MLC was assessed by
using a cell line that links luciferase production to
MLC. TCP, as a positive control, showed significantly
higher gene expression compared to all other groups at
all time-points (Fig. 7). On day 3, 1:4 PEGDA:AA and
1:8 PEGDA:AA hydrogel samples showed no MLC
activity with a sudden increase for both AA concen-
trations at day 7. This level of activity remained con-
sistent for 1:8 PEGDA:AA hydrogel but continued to
intensify throughout day 14 for 1:4 PEGDA:AA
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FIGURE 7. Myosin light chain expression measured by a Pierce™ Gaussia luciferase glow assay kit (n = 4). A statistical analysis
performed by two-way ANOVA with a Tukey’s post hoc test and confidence level of 95% (« = 0.05) was conducted (*indicates a
statistically significant difference between corresponding conditions). ****p < 0.0001, ***0.0001 < p < 0.001, **0.001 < p < 0.01, and

*0.01 < p < 0.05.

hydrogel. CMA 100%, showed lower MLC activity,
similar to CMA + 1:4 PEGDA: AA and CMA + 1:8
PEGDA:AA hydrogel samples for day 3 with a sig-
nificant increase on day 7 that stayed constant all
through day 14. Similarly, CMA + 1:4 PEGDA:AA
and CMA + [:8 PEGDA:AA hydrogel samples had
an increase in metabolic activity on day 7 that was
maintained on day 10 and further increased on day 14.

Cellular morphology and attachment were assessed
by staining the cells with phalloidin to identify actin
(green) and DAPI to identify DNA (blue) on day 14, as
shown in Fig. 8. Cells were present for all hydrogel
samples with distinctive variations in attachment,
spreading, and growth. Cells seeded on TCP show a
consistent high cell attachment throughout the 14 days
of the study compared to all the different hydrogels.
1:8 PEGDA:AA and CMA + 1:8 PEGDA:AA
hydrogels demonstrated the highest level of cell adhe-
sion and intracellular matrix (actin) production, with
some evidence of cell fusion. Addition of CMA to 1:8
PEGDA:AA hydrogels further led to extended, mult-
inucleated structures, which can be considered a sign of
myotube formation during differentiation. The 1:4
PEGDA:AA samples had reduced intracellular matrix
production and lower cell attachment. The addition of
CMA to 1:4 PEGDA:AA hydrogels, showed an in-
crease in cell proliferation and fusion with evidence of
intracellular matrix production. CMA hydrogels show
enhanced cell proliferation and spreading.

Fusion Indices

The fusion indices for myoblasts on each hydrogel
were calculated as a measure of cell differentiation
after 14 days (Fig. 9). Significant differences in fusion
index were founds between Control vs. PEGDA 1:4,

CMA vs. PEGDA 1:4, CMA + PEGDA 14 vs.
PEGDA 1:4, CMA + PEGDA 1:4 vs. PEGDA 14,
and CMA + PEGDA 1:8 vs. PEGDA 1:4 (from
ANOVA and t-test). The 1:4 PEGDA:AA samples
displayed the lowest fusion index. PEGDA 1:8 dis-
played a higher fusion index than PEGDA 1:4 (from ¢-
test). The control group (TCP) and the CMA alone
also had a larger fusion index than 1:4 PEGDA:AA.

Cellular Live|Dead Assessment

In the cellular Live/Dead assay, all hydrogels
exhibited an increase in viability with longer incuba-
tion times. On day 3, cellular distribution in TCP is
uniform with a higher cellular survival rate. In com-
parison, 1:4 PEGDA:AA, CMA, and CMA + 1:8
PEGDA:AA showed reduced cell viability and distri-
bution with formation of cellular clusters. In contrast,
1:8 PEGDA:AA and CMA + 1:4 PEGDA:AA
showed increased cell viability and distribution. As the
study progressed, we saw the impact of serum reduc-
tion in cell differentiation. From day 0 to day 7, cells
were cultured in serum rich media with 10% FBS
allowing them to grow and multiply. From day 7 to
day 14, FBS was reduced to 1% to encourage differ-
entiation. Furthermore, we observe how the addition
of CMA creates extended cellular structures that the
polymer alone does not achieve (Fig. 9). After 14 days
of incubation, we observe myotube formation with
early signs of cell differentiation where C2C12 myo-
blasts fuse together to form elongated, multinucleated
structures resembling myotubes in TCP and 1:4
PEGDA:AA (Figs. 10 and 11). However, 1:8 PEG-
DA:AA, as well as all conditions with CMA failed to
form myotubes.
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A1) TCP 4x A2) TCP 10x

.

B1) 1:4 PEGDA:AA 4x B2) 1:4 PEGDA:AA 10x

"
C1) 1:8 PEGDA:AA 4x C2) 1:8 PEGDA:AA 10x

D1) CMA 100% 4x ) D2) CMA 100% 10x

E1) CMA +1:4 PEGDA:AA 4x E2)CMA +1:4 PE'GDA:AA IOXA

F2) CMA +1:8 PEGDA:AA 10x
FIGURE 8. On day 14, cells were stained with phalloidin to identify actin (green) and with DAPI to identify DNA (blue) and imaged

using a x 4 and X 10 objective, from left to right. (a1, a2) TCP. (b1, b2) 1:4 PEGDA:AA. (c1, c2) 1:8 PEGDA:AA. (d1, d2) CMA 100%.
(e1, €2) CMA + 1:4 PEGDA:AA. (f1, f2) CMA + 1:8 PEGDA:AA.

BIOMEDICAL
ENGINEERING
SOCIETY



The Use of Collagen Methacrylate in Actuating Polyethylene Glycol Diacrylate

12

0.8 | . * %y
g 06 F O %% L %/

04

0.2 |

CMA + PEGDA 1:4
CMA + PEGDA 1:8

Control
CMA

CMA + PEGDA 1:4 R
PEGDA 1:8

FIGURE 9. Fusion index from day 14 images of myoblasts
stained with phalloidin to identify actin (green) and with DAPI
to identify nuclei (blue) and imaged using a x 10 objective.
Fusion index was calculated using the number of nuclei on
myotubes/total number of nuclei. *Notes a significant
difference vs. PEGDA 1:4 using ANOVA (with a Tukey’s post
hoc test) and t-test, “notes a significant difference vs. PEGDA
1:4 using ttest. Significance level for all analyses was o <
0.05.

DISCUSSION

In this study, we first characterized the ability of
PEGDA:AA hydrogels of different compositions to
respond to an electric field. Two ratios of PEGDA:AA
were used, with and without supplementation with
CMA to improve biocompatibility. All hydrogel sam-
ples, in the shape of rectangular prisms, responded to

D1) CMA 100%

CMA + 1:4 PEGDA:AA

the electric field stimulus through angular displace-
ment (as noted previously by our group), which shows
promise for applications as actuators.® In the presence
of an ionic solution and an electrical stimulus, PEGDA
is attracted to the cations from the solution. This at-
tracts polar water molecules, causing one side of the
polymer to swell and the other to shrink, which results
in the bending of the hydrogel. The swelling density of
the PEGDA:AA was previously determined to be
proportional to AA concentration, where 1:4 PEG-
DA:AA increased to 150% of its original size while 1:8
PEGDA:AA increased 200% of its original size.® Due
to the greater presence of anions in the polymer with
the higher concentration of AA, the 1:8 PEGDA:AA
hydrogel showed a higher degree of movement com-
pared to the 1:4 PEGDA:AA construct. CMA + 1:8
PEGDA:AA hydrogels showed a significant reduction
in actuation activity compared to 1:83 PEGDA:AA.
Overall, the incorporation of CMA onto the PEG-
DA:AA (1:4 and 1:8) constructs reduced the movement
of the scaffold due to hysteric hindrance. While we see
a difference in the degree of interference with move-
ment between the two ratios of PEGDA:AA (1:4 and
1:8), we attribute it to PEGDA:AA 1:8 having a higher
concentration of charged ions.

For 1:4 PEGDA:AA hydrogels, the addition of
CMA reduced with statistical significance the dis-
placement in the forward direction while the displace-
ment in reverse direction was maintained. Thus, the
addition of CMA reduced actuation, possibly due to

FIGURE 10. On day 14, cells were stained with calcein-AM (green) and ethidium homodimer-1 (red) to assess cytotoxicity and
viability and imaged at x 4 magnification, from left to right. (a1) TCP. (b1) 1:4 PEGDA:AA. (c1) 1:8 PEGDA:AA. (d1) CMA 100%. (e1)

CMA + 1:4 PEGDA:AA. (f1) CMA + 1:8 PEGDA:AA.
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A2) 1:4 PEGDA:AA

A3) CMA + 1:4 PEGDA:AA

FIGURE 11. On day 14, cells were stained with calcein-AM (green) and ethidium homodimer-1 (red) to assess cytotoxicity and
viability and imaged with a x 10 objective, from left to right. (a1) TCP. (a2) 1:4 PEGDA:AA. (a3) CMA + 1:4 PEGDA:AA.

steric hindrance or the presence of charged amino acids
altering the movement of ions within the gel. Steric
hindrance is more likely as the CMA and PEGDA
most likely formed an interpenetrating network with
the CMA crosslinks forming around the crosslinked
PEGDA. Furthermore, the incorporation of CMA
onto PEGDA hydrogels presented a challenge due to
the viscous fluid like behavior that afforded non-ho-
mogeneous samples for actuation testing. For future
studies, we would like to better incorporate CMA into
PEGDA hydrogels to afford homogeneous samples.
Secondly, we aimed to characterize the biological
properties of the materials in vitro. To that end, we
carried out a 14-day cell study using C2C12 myoblast
cells, analyzing the cells at 4 time points (day 3, 7, 10,
and 14). At each time point, the metabolic activity of
the cells incubated with the constructs and corre-
sponding controls was assessed through a PrestoBlue
assay. As the PrestoBlue cell viability reagent enters
the cytosol of living cells, it is reduced resulting in a
color change that can be measured through a fluores-
cent readout. This indicator dye only changes color as
metabolically-active cells reduce it, where the higher
the fluorescence detected, the higher cellular metabolic
activity. C2C12 cells seceded in both PEGDA:AA
hydrogels showed similar metabolic activity, with no
significant influence of AA concentration. We found
that CMA has an innate opaqueness that affects the
fluorescence intensity measured of the cells on the
hydrogel. Thus, to have a better understanding of the
cell behavior for each time point the images were
analyzed together with the cell assay results. The
addition of CMA increased the metabolic activity of
the cells. As an essential component of the muscle
extracellular matrix (ECM), collagen type-I partici-
pates in muscle regeneration to provide structural
support and biological cues that enhance cellular
activity.>> CMA alone showed a reduction in cellular
metabolic activity when compared to PEGDA:AA
hydrogels and CMA + PEGDA:AA hydrogels. This
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is due to the limited mechanical support that CMA
would provide compared to PEGDA:AA, which has
higher stiffness.'**?

The gene expression of MLC was also measured
during each time point using a cell line that relates
luciferase production to MLC expression. During ini-
tial incubation, all conditions showed reduced MLC
expression. However, at later time points we observe
an increase in MLC expression, which can be attrib-
uted to initial signs of differentiation.?' In addition, we
observe a significant increase in MLC expression for
1:4 PEGDA:AA and CMA + 1:4 PEGDA:AA
groups. Thus, to further validate this system, 1:4 will
be the preferred PEGDA:AA ratio due to higher MLC
expression. The increase of MLC expression, as a
marker of myoblast expression, shows that the poly-
mer in the presence of CMA is enhancing differentia-
tion and potential muscle development relative to the
PEGDA hydrogels without CMA. This can be attrib-
uted to the high prevalence of collagen in muscle,
which is one of the most favorable biomaterials for
muscle development. Additionally, the presence of
collagen type I has been shown to promote the myo-
genic differentiation of the C2C12 cells, which in turn
would increase the MLC expression as seen above.
Although MLC expression results does not appear to
support the observation that C2C12 myoblasts are
differentiating on the substrates under study, the
myotube fusion results suggest otherwise.

Finally, the cells were imaged at all time points
using immunofluorescence staining (DAPI and phal-
loidin) and cell viability was assessed utilizing Live/
Dead staining following the methodology of our pre-
vious published studies.® C2C12 myogenic differenti-
ation was achieved through serum deprivation halfway
(day 7) through the in vitro study. In the first days of
incubation, we assessed how cell shape and orientation
is influenced by the presence of CMA. Cells seeded on
PEGDA:AA hydrogels spread out in an isotropic
manner, whereas cells seeded on CMA hydrogels and
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CMA coated hydrogels cells aligned along one direc-
tion with a spindle-like shape. These findings suggest
that the collagen fibers influence the direction and
shape of the C2C12 cells due to substrate topography-
based behavior, which follows the principle of contact
guidance.'" The collagen gives the cells the amino acid
sequences that are necessary for binding to the sample.
In the last day of incubation in the Live/Dead stained
cultures we see multinucleated myotube formation
from the fusion of C2CI12 cells cultured in differenti-
ation medium for TCP and on 1:4 PEGDA:AA
hydrogels. C2C12 cells seeded on 1:8 PEGDA:AA
hydrogels failed to form elongated linear myotubes due
to the lack of guidance cues in the hydrogel surface
which would result in attachment and fusion support.
Hydrogels with CMA improved cell proliferation with
distinguishable extended, multinucleated structures.
The development of these multinucleated structures
could be a possible sign of myotube formation during
differentiation.

To show events of cell-cell fusion during myogen-
esis the fusion index of C2C12 cells was measured after
incubation with different combinations of PEGDA
and CMA hydrogels." Due to the nature of the mate-
rials under study, we expected limited myotube align-
ment given that the hydrogels are too soft. Upon
further analysis, the addition of CMA to PEGDA 1:4
displayed an increase in fusion index. The addition of
more AA (1:8 PEGDA:AA) also increased the fusion
index. As the fusion index is a measure of myotube
formation, the data seems to show that the addition of
CMA improves myoblast differentiation. One caveat
of our chosen method of image processing is that it is
difficult to distinguish between non-myotube cells and
myotubes. Myotubes are long striated cylindrical in
morphology however there are cells that have contin-
uous actin and nuclei however they are flattened out
like pancakes or more trembling of fibroblasts with
bipolar morphology that has significant variation in
cytoskeletal thickness from one nuclei to the next. Due
to the definition of a myotube used in this study these
cells could be counted in the processing as myotubes
even though they are not in fact myotubes inflating the
number of myotubes in that image. Groups where this
occurred were CMA + PEGDA 1:4 and CMA +
PEGDA 1:8. It is possible that the CMA is providing
attachment for the cells to contract the material while
the PEGDA which does not contain attachment sites
prevents some adjacent cells to fuse and form tube-like
structures. It is well known that contraction occurs
within collagen-based materials when cells are grown
on top/within them. Perhaps the collagen becomes
contracted resulting in deformation of the overall
matrix and bulging that disrupts or prevents cell—cell
contact from occurring. This would explain why this

did not take place in CMA samples. In our previous
peer reviewed article, Browe et al. discusses an in-depth
characterization of PEGDA:AA hydrogels to support
the process of myogenesis.®

Future work will focus on increasing the blending of
the two materials to enhance cell adhesion, alignment,
and myoblast fusion. We could also decrease the
amount of CMA added to maintain increased bioac-
tivity while decreasing potential hindrance to actua-
tion. The PEGDA could be altered to include groups
for cell binding such as RGD sequences or amine
groups. The molecular weight of the PEGDA could
also be altered in order to increase the density of
PEGDA:AA to increase movement even after CMA is
added.

Conclusion

In muscle tissue engineering, EAPs such as poly-
ethylene glycol diacrylate—acrylic acid (PEGDA:AA)
show promise as they can stimulate cells through
mechanical, electrical, and topographical cues.® In this
study, we showed that the addition of a bioactive and
photoactive polymer like CMA onto actuating PEG-
DA:AA scaffolds enhance the biological properties of
this electroactive system. The AA ratio 1:4 PEG-
DA:AA was able to better perform in combination
with CMA as it responded to an electric field stimulus
through angular displacement. Moreover, 1:4 PEG-
DA:AA + CMA scaffolds improved cell proliferation
with distinguishable extended, multinucleated struc-
tures and increased MLC expression. Unfortunately,
the addition of CMA also decreased the amount of
sample actuation. Future studies will evaluate the
relationship between the amount of CMA added and
the sample actuation and biocompatibility. During
actuation we will also examine actuation using lower
voltages with shorter distances between electrodes to
create a system that is more conducive to cell survival.
Additionally, actuation studies with cells seeded on the
hydrogel are also encouraged for future work.

The outcomes of this study support the idea that
CMA, in conjunction with actuating polymers, can be
added to our library of EAPs to fabricate contractile
muscle scaffolds. Although the amount of actuation
was reduced, altering the formulation may counter this
effect. Thus, bioactive polymers combined with con-
ductive materials can afford the creation of scaffolds
that can contract and expand to generate force while
regenerating muscle in vivo.

The CMA and PEGDA:AA hydrogel composite is a
mechanically dynamic, and bioactive hydrogel allows
for the development of soft-tissue scaffolds with a
range of stiffnesses allowed from non-crosslinked to
crosslinked regions affording diverse mechanical
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microenvironments.”® Alterations in the stiffness of the
microenvironments through percent crosslinking of the
CMA may influence the myogenic differentiation of
the progenitor cells. Exploring how stiffness of CMA
influences differentiation of the progenitor cells may
yield insights as to which conditions provide with most
favorable environmental parameters to produce these
scaffolds for muscle regeneration that not only influ-
ence differentiation but also proliferation of cells
within them.®' This could be accomplished by tuning
the crosslinking of CMA as well as exploring other
ratios of CMA:PEGDA/AA.
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