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Abstract: Hydrogel substrate-based micropatterns can be adjusted using the pattern shape and size,
affecting cell behaviors such as proliferation and differentiation under various cellular environment
parameters. An electrically conductive hydrogel pattern system mimics the native muscle tissue
environment. In this study, we incorporated polyaniline (PANi) in a poly(ethylene glycol) (PEG)
hydrogel matrix through UV-induced photolithography with photomasks, and electrically conduc-
tive hydrogel micropatterns were generated within a few seconds. The electrical conductance of the
PANI/PEG hydrogel was 30.5 + 0.5 mS/cm. C2C12 myoblasts were cultured on the resulting sub-
strate, and the cells adhered selectively to the PANi/PEG hydrogel regions. Myogenic differentiation
of the C2C12 cells was induced, and the alignment of myotubes was consistent with the arrange-
ment of the line pattern. The expression of myosin heavy chain on the line pattern showed potential
as a substrate for myogenic cell functionalization.

Keywords: electrically conductive hydrogel; hydrogel micropatterns; polyaniline; myogenic differ-
entiation

1. Introduction

Hydrogel-based cellular patterns have been widely used in various biomedical ap-
plications, such as biosensors, tissue engineering, and cellular behavior observation [1-4].
The cell micropattern derived by modifying the hydrogel surface or geometry affects cell
behaviors, such as proliferation and differentiation, according to the micropattern shapes
and sizes [3-5]. A cellular pattern is a suitable tool for the efficient observation of cells in
a small area, and various functions have been adapted to the microcellular pattern system.
The endowment of an electrically conductive property to the hydrogel pattern is critical
for applying neural or myogenic cells. Some researchers combined soft materials and elec-
trically conductive property for stretchable bioelectronics [6—8], cardiac tissue engineering
[9], and wound healing [10]. Nevertheless, few successful electrically conductive hydrogel
micropatterns were synchronized with cell patterning because combining the hydrogel
patterning with an electrically conductive material is challenging.

The electrically conductive hydrogel pattern system is a promising tool in the bio-
medical field, especially for myogenic cells. Muscle tissue consists of distinguishing char-
acteristics, such as aligned myofiber of the myogenic cells, elasticity, and electrical con-
ductance [11-13]. There are examples of electrically conductive patterning on silicon-
based materials, where C2C12 cells were cultured on the substrates [14-16]. However, the
substrate modulus of silicon-based materials is not appropriate for mimicking the natural
cellular environment. In contrast, hydrogel-based materials provide an acceptable range
of mechanical modulus for myogenic cells. There have been some achievements in micro-
patterning electrically conductive hydrogels and evaluating their biomedical applications
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[12,13]. Micro-grooves were generated on the electrically conductive hydrogel surface
through laser ablation [12] or micro-molding [13], and electrical stimulation was applied
to demonstrate the effect of electrical conductivity. One limitation of the previous studies
was using only one electrical current to the entire substrate because all the electrically
conductive parts were connected.

Moreover, myogenic cells require electrically conductive patterns and a muscle-like
modulus to mimic the native tissue environment. The substrate modulus has a significant
effect on cellular behavior, and it is being studied in a discipline called mechanotransduc-
tion [17,18]. Thus, the fabrication of cellular micropatterns on electrically conductive hy-
drogel materials is necessary for cells that require a soft substrate and electrical conduc-
tivity.

Polyaniline (PANi), a delocalized m-system backbone along the polymer chains, is
one of the most widely used conductive polymers because of its low cost, wide availabil-
ity, and excellent stability [19]. PANi can exist under three different oxidation states: the
completely reduced state (leucoemeraldine base); the completely oxidized state (per-
nigraniline base); and the emeraldine base, consisting of repeating segments of alternating
oxidized and reduced units in its structure [20-22]. Among these three types, the emer-
aldine salt form shows the highest electrical conductivity [21,22]. The polymerization of
the aniline monomers facilitates the electrical conductance of hydrogel-based materials in
the hydrogel matrix or at the interface between the organic solvent and hydrogel networks
[23,24]. The in-situ polymerization of aniline provides uniform bulk properties. Still, this
process requires a polymerization time of at least 4 h and a purification time of two days
to remove residual aniline monomer.

In the present study, we attempted to fabricate, within a few seconds, a hydrogel-
based substrate constructed with electrically conductive micropatterns using the photoli-
thography of PANi with hydrogel. Crosslinked poly(ethylene glycol) (PEG) was used as
the hydrogel matrix, and the PANi was incorporated into the hydrogel matrix via UV-
induced photo-crosslinking following the blending of a PEG-diacrylate (PEG-DA) hydro-
gel precursor solution and electrically conductive PANi. During the photolithography
process, the PANi/PEG hydrogel pattern was confined by photomasks, and micropatterns
of electrically conductive hydrogels were generated through 7 s of UV radiation. The non-
adhesive area for cells around the PANi patterns was simultaneously fabricated by a sec-
ond UV-induced crosslinking of the PEG hydrogel substrate without PANi. Surface prop-
erties, such as morphology, water contact angle, and electrical conductance, were evalu-
ated. The difference between our substrate and those of the previous studies was a dis-
connected pattern of the electrically conductive hydrogel material. Each pattern domain
was independent, so different currents could be applied to each pattern domain simulta-
neously if needed. Although an electrical stimulus was not involved in this study, the
material could be an electrical property-based multiplex cellular pattern system. To
demonstrate the feasibility of the electrically conductive micropatterned hydrogel for ap-
plication in myogenic cell culture systems, we cultured C2C12 myoblasts on patterned
substrates. Cellular patterns, viability, alignment, and differentiation on the line-pat-
terned, electrically conductive hydrogel were investigated.

2. Materials and Methods
2.1. Materials

Unless otherwise noted, all chemicals and solvents were of analytical grade and used
as provided by the manufacturers. Polyaniline(emeraldine salt), (1R)-(-)-10-Camphorsul-
fonic acid 98% (CSA), poly (ethylene glycol) diacrylate (PEG-DA, MW 575 Da), N,N-di-
methyl formamide (DMF), 2-hydroxy-2-methylpropiophenone (HOMPP), poly-L-lysine,
ethanol, 0.01 M phosphate-buffered saline (PBS), bovine serum albumin (BSA), sulfuric
acid, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), and Triton X-100 were purchased from Sigma-Aldrich (Milwaukee, WI,
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USA). Dulbecco’s modified Eagle medium/nutrient mixture F-12 (DMEM/F-12), fetal bo-
vine serum (FBS), antibiotic/antimycotic solution, Dulbecco’s modified phosphate-buff-
ered saline (DPBS), Neurobasal® Media, 2% B-27® supplement, Gibco® GlutaMAX supple-
ment, 1% penicillin-streptomycin, trypsin/ethylenediaminetetraacetate (trypsin/EDTA),
calcein AM, Alexa Fluor 488, 594 Protein Labeling Kit, and 4',6-diamidino-2-phenylindole
(DAPI) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Alexa Fluor
488-labeled MYH antibody (sc-376157) was purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA).

2.2. Fabrication of Micropatterned Conductive Hydrogel

A PANI solution was prepared by dissolving polyaniline (emeraldine salt) powder
and CSA in DMF at 15 w/v% and placing the solution on a hotplate at 60 °C for 30 min
with stirring. The PEG hydrogel precursor solution was prepared by dissolving 5 v/v%
HOMPP and 50 v/v% PEG-DA in deionized (DI) water. The resultant PANi solution and
PEG hydrogel precursor solution were mixed at a 1:1 volume ratio and placed on a hot-
plate at 60 °C for 1 h with stirring. The mixed solution was dropped onto a 2.4 x 2.4 cm?
glass slide, and a photomask was placed on top of the solution to form micropatterns with
a uniform thickness. The glass slide was then exposed to UV light (365 nm, 300 mW/cm?,
EFOS Ultracure 100ss Plus, Mississauga, ON, Canada) for 7 s. The photomask was de-
tached after micropatterning with gelation of the PANi/PEG mixed solution. The resultant
PANIi/PEG micropatterns were gently washed once and immersed in DI water to remove
residual PAN] particles and precursor solution.

The PEG hydrogel precursor solution was applied onto the resultant conductive hy-
drogel pattern to make a free-standing substrate containing a micropatterned conductive
hydrogel. A transparent photomask film without a pattern was placed on top to form a
substrate of uniform thickness, and the material was exposed to UV light for 1 s through
the transparent photomask film. The resultant hydrogel substrate, which contained the
conductive micropattern, was detached from the glass slide, washed once with 95 v/v%
ethanol, and rinsed with DI water.

The surface of the micropatterned conductive hydrogel substrate was coated using
poly-L-lysine to provide a cell adhesion motif. The substrate was immersed in a 6 mg/mL
poly-L-lysine solution at 37 °C for 30 min.

The resulting micropatterned conductive hydrogel was observed using an inverted
fluorescence microscope (Olympus FV 1000, Tokyo, Japan) to obtain optical microscopic
images and fluorescence images. The surface morphologies of the PANi/PEG and PEG
hydrogels were observed by scanning electron microscopy (SEM; 5-4700, Hitachi, Tokyo,
Japan) at the Smart Materials Research Center for IoT at Gachon University. The average
electrical conductivity of the fully swollen hydrogel was measured using a standard four-
point probe technique (RT- 70/RG-5 four-point probe system, Napson, Tokyo, Japan) at
room temperature.

2.3. C2C12 Myoblasts Culture on Micropatterned Conductive Hydrogel

Mouse C2C12 myoblasts were purchased from the American Type Culture Collec-
tion (ATCC, Rockville, MD, USA). The cells were cultured in tissue culture flasks using
DMEMY/F-12 containing 10 v/v% FBS and 1 v/v% penicillin-streptomycin, and the conflu-
ent cells in the flasks were detached by trypsinization. The cells (numbering 3.0 x 10%) were
seeded onto the micropatterned conductive hydrogel substrate and incubated at 37 °C for
1 h without the addition of a culture media. The cell-adhered substrate was transferred to
a new 24-well plate with gentle washing to remove non-adherent cells, and fresh culture
media were supplied.

The C2C12 cells were stained for observation under a fluorescence microscope using
calcein-A and incubated with 2 uM calcein-AM for 1 h at 37 °C. The MTT assay was used
to measure the cytocompatibility of the cells. The cells on the micropatterned conductive
hydrogel substrate were incubated with 10 v/v% MTT solution (6 mg/mL) in the culture
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PANi +
PEG precursor

media at 37 °C for 1 h. DMSO was added to dissolve the formazan crystals transformed
from MTT, and the absorbance at 540 nm was measured using a microplate reader (Spec-
traMAX, Molecular Devices, Sunnyvale, CA, USA).

The C2C12 myoblasts were differentiated in differentiation media containing high
DMEM, 2 v/v% horse serum, and 1 v/v% penicillin/streptomycin for 6 days after the
C2C12 myoblasts were stabilized on the scaffold for 3 days in a growth media (high
DMEM, 5 v/v% FBS, and 1 v/v% penicillin/streptomycin). The media were changed every
2 days during the cultural period. Differentiated C2C12 myotubes were fixed with a 4
v/v% paraformaldehyde solution for 20 min. Cell membranes were permeabilized by
treatment with 0.2 v/v% Triton X-100 for 1 h, followed by 1 w/v% BSA solution for 1 h to
block non-specific binding. The prepared samples were incubated overnight at 4 °C with
0.1 v/v% mice monoclonal antibody to the Alexa Fluor 488-labeled MYH, and the nuclei
were stained with 0.1 v/v% DAPI for 5 min. DPBS washing steps were included in each
step. The fluorescence images were obtained using a confocal microscope (LSM 700; Carl
Zeiss, Oberkochen, Germany).

2.4. Statistical Analysis

All data are expressed as mean + standard deviation (SD). Each experiment was re-
peated at least three times unless otherwise indicated. Statistical evaluation was per-
formed by one-way ANOVA using the statistical software GraphPad Prism (Version 8.4).
A value of p <0.05 was considered statistically significant.

3. Results
3.1. Fabrication of Micropatterned Conductive Hydrogel

PANi was incorporated into a PEG-based hydrogel substrate to introduce electrical
conductivity. The process of using PEG-DA to pattern a PANi-incorporated PEG hydrogel
was well established in previous studies [25]. In this study, PANi powder was mixed with
the hydrogel precursor solution (Figure 1). The manufacturing process consisted of se-
quential hydrogel crosslinking using UV irradiation. The first UV irradiation was per-
formed with a photomask to generate an electrically conductive micropattern of the
PANIi/PEG-DA mixture. The type of photomask could adjust the pattern shapes and sizes.
The second UV irradiation was applied to the PEG-DA hydrogel precursor solution with-
out the photomask to generate regions that prevented the attachment of biomolecules. In
addition, the free-standing substrate was developed by filling in the gaps among the con-
ductive patterns.

uv

Photomask PEG precursor

PEG hydrogel pattern
PEG/PANi

PEG
‘ Micropatterned conductive
Flip hydrogel substrate

uv

Figure 1. Schematic image of the fabrication of the micropatterned electrically conductive hydrogel.
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The resulting material was a free-standing hydrogel thin film, including micropat-
terned conductive regions (Figure 2a). PANi-incorporated PEG (PANi/PEG) hydrogel re-
gions exhibited a dark color due to the PANi powder, and the plain PEG hydrogel regions
were transparent. The pattern shape, such as a circle or square, was adopted from the
photomask (Figure 2b,c), and the width and spacing of the line patterns were also control-
lable (Figure 2d and e). Although some PANi were randomly scattered within the plain
PEG hydrogel region during the two-step hydrogel curing process, PANi/PEG and plain
PEG hydrogel regions and their boundary were distinguishable.

Qi I

N

(d)

Figure 2. (a) Photographic image of a micropatterned conductive hydrogel. Optical microscope images of (b) circular and
(c) rectangular micropatterns of the electrically conductive region, and line patterns with (d) 100 and (e) 200 pum of width
and spacing. Scale bars: 200 um.

The boundary between the PANi/PEG and plain PEG hydrogels was identified by
the difference in surface morphologies in the SEM image (Figure 3a). While the PEG hy-
drogel surface had a relatively smooth morphology, the PANi/PEG hydrogel region pos-
sessed a porous surface with the PANi. In addition, the PANi formed particle shape with
approximately 200-300 nm in diameter and composed well-packed structures in the PEG
hydrogel matrix (Figure 3b). In addition, some dark dots were observed in the plain PEG
hydrogel region in the optical images (Figure 2), but no particles were exposed on the
surface (Figure 3c).

Figure 3. SEM images of the micropatterned conductive hydrogel. (a) The boundary between the PANi/PEG (left) and
PEG (right) hydrogels. Scale bar: 20 um; (b) the PANi/PEG region; and (c) the plain PEG region. Scale bars: 3 pm.

The contact angles and electrical conductivities of the patterned PANi/PEG and plain
PEG hydrogels were evaluated and compared. The contact angle of the plain PEG hydro-
gel was 29.0 + 2.5°, while that of the PANi/PEG hydrogel was 46.6 + 4.6° (Figure 4a), indi-
cating that the incorporation of PANi in the PEG hydrogel matrix increased its hydropho-
bicity. In addition, the electrical conductivity of the PEG hydrogel matrix was significantly
enhanced by the PANi. The electrical conductivities of the plain PEG and patterned
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PANIi/PEG hydrogel were 1.83 +0.08 x 10-* mS/cm and 30.5 + 0.5 mS/cm, respectively (Fig-
ure 4b). The result represents an approximate 1667-fold increase in conductivity using the
PANI particles obtained by a facile fabrication method.

(@) so (b) 102 —
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O 20 £ 101
(&)
0 T T 10'7 T T
Plain PEG PANI/PEG Plain PEG PANI/PEG

Figure 4. Physical properties of the plain PEG and PANi/PEG hydrogels: (a) contact angle and (b) electrical conductivity.
Significant differences are represented by p <0.01 (**).

3.2. Cellular Proliferation

C2C12 cells, a myoblast cell line, were cultured to evaluate the effects of the morphol-
ogy and conductivity of the hydrogel substrate. The cells were seeded on the micropat-
terned, conductive hydrogels containing line patterns 100 um in width. Some cells ad-
hered to the plain PEG hydrogel regions, but most cells attached to the conductive, pat-
terned areas. Thus, a cellular micropattern could be produced along with the PANi-incor-
porated conductive pattern. The cytocompatibility of the PANi-incorporated conductive
hydrogel was assessed through an MTT assay without differentiation with time (Figure
5b). On day 3, the absorbance of the MTT assay increased slightly compared to day 1.
However, the absorbance effectively doubled between day 3 and day 5, which showed
that this period was the most active for cell metabolism. The increase in the MTT assay
level with time suggests that the conductive hydrogel provided a non-cytotoxic environ-
ment conducive to cellular growth.

1.5
(b) =
- *k
3
<
e 1.0 —_—
2
©
2
o
é 0.5+ -1
0.0 T T T
Day 1 Day 3 Day 5

Figure 5. (a) Fluorescence image of C2C12 cells on the 100 um line-micropatterned, conductive hydrogel. Scale bar: 200
um; (b) cellular proliferation of C2C12 cells on the 100 pum line-micropatterned, conductive hydrogel. Significant differ-
ences are represented by p < 0.01 (**).

3.3. C2C12 Cell Alignment and Differentiation

The effect of the electrically conductive micropattern on the differentiation of the
C2C12 cells was evaluated by myosin heavy chain (MHC) formation. The cells were cul-
tured in differentiation media for six days, and the nuclei and MHC were then stained
(Figure 6a,b). The cells cultivated on the well plate and the 100 um line-patterned
PANIi/PEG hydrogel showed MHC formation with green fluorescence.

Additionally, the number of myotubes extending from the cells at a given angle be-
tween the myotube direction and the line pattern was counted (Figure 6c,d). The center
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horizon line was set to 0° relative to the myotube elongation angles to measure the number
of myotubes on the well plate. The cells on the well plate showed a homogeneous distri-
bution without bias toward a specific angle range. In contrast, approximately 65% of the
cells cultured on the line-patterned hydrogel exhibited angles between 0-30°, which indi-
cates that the myotubes tend to grow along with the conductive line pattern.

MHC expression was quantitatively analyzed by the fluorescence area of MHC per
cell number (Figure 6e). There was no statistical difference, but the cells on the line pattern
showed an MHC area approximately 1.5 times higher than that of the cells cultured on

the well plate. The result indicates that the conductive micropattern increased the differ-
entiation of the C2C12 cells.

( C) 30 ( d) 30
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= 20+ = 204
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Figure 6. Inmunofluorescence images of the nuclei (blue) of myosin heavy chain (MHC; green) of cells cultured on (a) a
well plate and (b) 100 um line-patterned PANi/PEG hydrogel. Scale bars: 100 um. Myotube alignment of the C2C12 cells
on (c) a well plate and (d) 100 um line-patterned PANi/PEG hydrogel. Myotube alignment was measured by the angle

between the long axis of the cells and the direction of the line pattern; (e) fluorescence area of the MHC per cell numbers.
No significant difference.

4. Discussion

In the current study, PANi was incorporated into the PEG hydrogel matrix to intro-
duce electrical conductivity. PANi emeraldine, a commercially available salt powder, was
dissolved and blended with a PEG hydrogel precursor solution. A PANi/PEG hydrogel
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was fabricated using a conventional PEG-DA (PEG-diacrylate) photo-crosslinking
method (Figure 1). Although the substrate modulus was not measured in this study, it can
be easily controlled by the molecular weight of PEG-DA, according to the intended pur-
pose. A previous study showed that Young’s modulus of a hydrogel fabricated with a
PEG-DA molecular weight of 3.4 kDa was approximately 30 kPa, which was sufficient for
myogenic cell culture [13].

Incorporating PANi in the hydrogel matrix is a time-effective way to fabricate con-
ductive hydrogel patterns without polymerizing PANi. With the in-situ polymerization
performed in previous research, interfacial polymerization was applied to fabricate the
PANIi/PEG hydrogel and salt leaching. The process required UV photocrosslinking to de-
velop the PEG hydrogel, ammonium persulfate immersion, aniline monomer immersion,
and PANi polymerization steps [24]. The entire process took approximately five days, in-
cluding rinsing and removal of the residual monomers, while our proposed conductive
hydrogel pattern fabrication process was completed within 10 min. Moreover, the absence
of by-products and residue from the PANi synthesis reaction in our conductive hydrogel
fabrication results in a non-cytotoxic product because PANI itself is biocompatible [26].

The resulting hydrogel substrate exhibited two distinct regions, the dark and trans-
parent areas (Figure 2); the dark-colored area comprised the PANi, which are dark green.
The thickness of the PANi/PEG structure could be controlled by adjusting the volume of
the PANi/PEG-DA precursor solution before the first UV exposure. The total thickness of
the substrate could be adjusted by the PEG-DA precursor solution, which constitutes the
transparent region. The flexibility of the substrate can be adjusted by changing the thick-
ness. Thin hydrogels are highly flexible and appropriate for tissue engineering, while
thick hydrogels are robust and useful for substrates, such as biosensors.

The UV exposure time was also adjusted depending on the hydrogel material. Be-
cause the PANi exhibited a dark color, they hindered the penetration of the UV light.
Thus, the UV exposure time for the PANi/PEG precursor solution mixture was 7 s, while
the ordinary UV exposure time for the transparent PEG hydrogel precursor solution was
0.5-1s. We confirmed that patterns 100 pum in scale were successfully fabricated with clear
boundaries between the PANi/PEG and plain PEG regions (Figure 2). Generally, an in-
crease in the UV exposure time decreased the resolution of the pattern size. A smaller line
pattern was attempted using the same UV-induced crosslinking, resulting in uneven
width and spacing. Thus, we fixed the line pattern size to 100 pm because it was the min-
imum resolution possible for this study. The surface geometry was measured by surface
profiler, and the PANi-incorporated region showed relatively low height compared to the
plain PEG hydrogel region (Figure S1). Due to the short exposure time of the second UV
irradiation, the UV could not reach the bottom of the PANi-incorporated region by the
opacity of PANi. As a result, after flipping the substrate, the geometry of the PANi/PEG
composite part was lower and uneven compared to the PEG hydrogel region.

The transparency of the hydrogel precursor solution could be increased by reducing
the amount of dark PANji, and the minimum resolution of the pattern size could be re-
duced by decreasing the concentration of PANi. However, the concentration of 7.5 w/v%
PANI in the hydrogel precursor solution provided 30.5 + 0.5 mS/cm of electrical conduc-
tivity, and it is appropriate for biomedical applications. The interconnectivity of the PANi
particles is a crucial factor to endow the hydrogel with electrical conductivity, which
would be significantly reduced by poor connections.

The surface properties of the hydrogel were dramatically changed by incorporating
PANi. PANi was exposed at the surface, as shown in Figure 3a,b and enhanced the hy-
drophobicity of the surface. The water contact angle increased to 46.6 + 4.6° from 29.0 +
2.5° by blending the PANi with the PEG hydrogel matrix. This transition implies that the
cells could adhere to the surface of the PANi-incorporated hydrogel. In contrast, the plain
PEG hydrogel surface maintained a non-adhesive property, such that the cells attached
selectively to the PANi/PEG hydrogel surface.
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In most cases, cell-binding proteins are required for cell adhesion; therefore, the effi-
ciency of cell adhesion is related to the ability of proteins to adsorb to the surface. Gener-
ally, a contact angle of 40°-100° exhibited a cell adhesion efficiency of over 60%, which is
adequate for cells to adhere to the surface [27]. Thus, the PANi/PEG hydrogel surface,
which showed a contact angle of about 47°, would be more suitable for cell adhesion than
the plain PEG hydrogel surface, which showed a contact angle of about 29°.

The surface conductivity of the PANi/PEG hydrogel was measured by the four-point
probe method. PANi incorporation increased the electrical conductivity approximately
1667-fold to 30.5 + 0.5 mS/cm (Figure 4b). Although the conductivity was about 1000-5000
times lower than that of bulk PANi (3000-20,000 mS/cm) [19], it is sufficient for biomedical
applications. Native muscle tissues exhibit electrical conductivity in the range of 1-10
mS/cm [11,13], the electrical conductivity of approximately 30 mS/cm is appropriate for
myogenic cellular applications.

C2C12 cells were cultured on the micropatterned conductive hydrogel for the evalu-
ation of the topographical and electrical properties. C2C12 is a cell line of myoblasts, and
the cells have been cultivated with micropatterns and electrical stimulation [3,4,12,13,28-
30]. Previous studies showed that myogenic differentiation and alignment of C2C12 cells
were most enhanced by line pattern distances in the range of 50-100 pum [3,4,12]. In the
current study, we selected 100 pum line pattern distances for the cell experiments. As men-
tioned, the resolution of the photolithography technique was limited to lengths of 100 pm,
so we chose the minimum resolution condition that could be fabricated successfully.

As expected from the contact angle results, the cells tended to adhere more to the
PANIi/PEG regions than the plain PEG hydrogel surfaces because the PANi/PEG surfaces
were more favorable for lysine adsorption and cell adhesion (Figure 5a). The result indi-
cates that the fabricated PANi/PEG hydrogel pattern provided a pattern of conductive
regions and cellular patterns for cell adhesion. The distribution of cell adhesion varied
from line to line, and the cell optimal cell density would be determined depending on the
width and space of line patterns. When the cells were cultured on the circular pattern, the
cell distribution was relatively even compared to the line pattern (Figure S2). The cell ad-
hesion and distribution could differ depending on the pattern shapes and sizes. We will
observe the effect of the pattern on the cells in the next study. Cell viability was evaluated
by MTT assay, and the absorbance increased with culture time (Figure 5b). The cells grew
on the substrate without a decrease in the total cell number, so the PANi powder-incor-
porated conductive hydrogel substrate provided a cytocompatible environment for cell
cultures.

The effects of the micropattern and electrical conductivity on myogenic differentia-
tion were evaluated by immunostaining for MHC and myotube alignment. MHC expres-
sion represents microtubular formation, which is a widely used myogenic differentiation
marker [12,13]. C2C12 cells were cultured on a well plate and on a 100 pm line-patterned,
electrically conductive hydrogel in the differentiation media to evaluate the myogenic dif-
ferentiation of the C2C12 cells. The cells on the electrically conductive micropatterned hy-
drogel were aligned along with the line patterns, while there was no tendency toward cell
orientation on the well plate (Figure 6a—d). Three parameters were differentiating the well
plate and the 100 pm line-patterned, conductive hydrogel: the substrate modulus, micro-
pattern, and electrical conductivity. Among them, we predict that the micropattern pro-
moted cellular alignment. Park et al. showed that myotubes were highly elongated along
the direction of the line pattern while they were stretched in random directions on the
non-patterned substrate; thus, even in the presence of electrical conductivity, cellular
alignment, or stretching was not promoted without micropatterns [12]. Our substrate
demonstrated that cellular alignment could be achieved through micropatterns generated
by the photolithography process.

In addition, the MHC area per cell number was quantified via image analysis. The
green region, which represented MHC expression, was divided by the number of blue
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dots, representing cell nuclei (Figure 6e). The results showed that the line-patterned, con-
ductive hydrogel substrate slightly increased myogenic differentiation, although there
was no statistical difference compared to the myogenic differentiation of C2C12 on the
well plate. The electrical conductivity of the substrate could affect myogenic differentia-
tion, but electrical stimulation is necessary to improve this effect [12]. Our cell culture
system was not configured with an electrical stimulation system in the current study,
which introduced some limitations in observing a noticeable improvement in the myo-
genic differentiation. Consequently, future studies using the combination of our micro-
patterned electroconductive hydrogel substrate and an electrical stimulation system will
be necessary to demonstrate the highly effective myogenic differentiation.

5. Conclusions

We fabricated an electrically conductive micropattern on a hydrogel-based material
via a rapid, facile two-step photolithography process. The surface morphology and prop-
erties were evaluated, and the electrical conductivity was found to be adequate for cellular
applications. The cellular pattern was created on a PEG hydrogel matrix with an electro-
conductive PANi pattern, and the resulting hydrogel scaffold was cytocompatible. In ad-
dition, the myogenic differentiation of C2C12 cells on the line-patterned, electrically con-
ductive hydrogel demonstrated the feasibility of the substrate to facilitate myogenic cell
differentiation. In this study, we focused on the simple fabrication process of the conduc-
tive hydrogel patterns, so we did not evaluate the effect of the cellular pattern itself. The
control of the conductive pattern parameters, such as the shape and size, would be a sig-
nificant factor in optimizing cellular proliferation and differentiation. We plan to assess
the effect of the electrically conductive pattern using a PANi-incorporated, patterned PEG
hydrogel substrate in a future study. The fabricated platform is appropriate for evaluating
the impacts of the electrically conductive pattern of the hydrogel. Our proposed method
has great potential for tissue engineering applications, biosensors, and cellular behavior
studies due to the straightforward production process.

Supplementary Materials: The following are available online at www.mdpi.com/1996-
1944/14/2/308/s1, Figure S1: Graph line patterned substrate measured by surface profiler. The width
and space of line patterns are 100 pm., Figure S2: Fluorescence image of C2C12 cells on the 200 um
circle-micropatterned, conductive hydrogel. Scale bars: 200 pm.
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