
Facile Synthesis of Conductive Polypyrrole Wrinkle Topographies on
Polydimethylsiloxane via a Swelling−Deswelling Process and Their
Potential Uses in Tissue Engineering
M. Rifqi Aufan, Yang Sumi, Semin Kim, and Jae Young Lee*

School of Material Science and Engineering, Gwangju Institute of Science and Technology, Gwangju 500-712, Korea

*S Supporting Information

ABSTRACT: Electrically conducting biomaterials have gained great attention in various biomedical studies especially to
influence cell and tissue responses. In addition, wrinkling can present a unique topography that can modulate cell−material
interactions. In this study, we developed a simple method to create wrinkle topographies of conductive polypyrrole (wPPy) on
soft polydimethylsiloxane surfaces via a swelling−deswelling process during and after PPy polymerization and by varying the
thickness of the PPy top layers. As a result, various features of wPPy in the range of the nano- and microscales were successfully
obtained. In vitro cell culture studies with NIH 3T3 fibroblasts and PC12 neuronal cells indicated that the conductive wrinkle
topographies promote cell adhesion and neurite outgrowth of PC12 cells. Our studies help to elucidate the design of the surface
coating and patterning of conducting polymers, which will enable us to simultaneously provide topographical and electrical
signals to improve cell−surface interactions for potential tissue-engineering applications.
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1. INTRODUCTION

Biomaterials that are electrically conductive and thus can
communicate with living systems have garnered considerable
attention to actively influence cellular behaviors.1−3 Electrically
conducting polymers (CPs) (e.g., polypyrrole (PPy), poly-
thiophene, poly(3,4-ethylenedioxythiophene) (PEDOT), and
polyaniline) have been widely used as attractive biomaterials for
various biomedical applications, such as biosensors and tissue-
engineering scaffolds, because of their simplicity in synthesis,
facile modification of properties, and inherent electroactiv-
ity.4−6 PPy is one of the most studied CPs in the biomedical
areas due to its good environmental stability and biocompat-
ibility.7 In particular, CP-based have been shown to be useful to
electrically stimulate various cells, including neurons and
cardiomyocytes, and electrically deliver biological molecules
to modulate cellular behaviors for potential tissue-engineering
applications.8−13 For example, electrical stimulation via various
CP-based scaffolds (e.g., films, nanofibrous meshes, and porous
substrates) could promote neurite outgrowth of neuronal
cells.12,11 Furthermore, multifunctional CP biomaterials have

been studied to improve cell and CP materials interactions by
incorporating various important properties (e.g., bioactivity,
porosity, and topography) into CP materials.14

Extensive studies have also revealed that topography plays
important roles in cell adhesion, proliferation, differentiation,
and migration, and has thus been considered an essential
parameter in designing biomaterials.15,16 Various surface
patterns, including specific patterns and feature sizes, have
been fabricated to mimic the native tissue structures in the
human body and, more importantly, to affect cellular
behaviors.17,18 Surface wrinkling is a particularly interesting
topography because of its ease of fabrication and unique
topological features.19,20 Wrinkling is a form of mechanical
instability that occurs when a thin stiff film of one material
bonded to a softer, more compliant substrate experiences a
compressive force. Once the compressive force along a certain
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direction exceeds a critical value, the thin film buckles and
produces wrinkles in the direction perpendicular to the force.
On the basis of this principle, Bowden et al. created complex
ordered wrinkle structures from thin metal films on
polydimethylsiloxane (PDMS) via thermal contraction.21

They obtained uniform wrinkle wavelength in the range of
20−50 μm and could control the wrinkle orientation by
introducing the relief structure on the underlying substrate.
Subsequently, various methods have been applied for producing
various wrinkle structures such as deposition on a prestretched
substrate and induction of thermal shrinkage.22,23 Wrinkles
have been found to benefit several applications, such as flexible
electronics, selective adhesion, and thin film metrology, which
make surface wrinkling more intriguing to be explored.24−26

Furthermore, surface wrinkling also has a promising impact on
biomaterial areas as it can provide biologically important
topographical features that can improve cellular interactions in
a simple and controllable manner. For example, Guvendiren
and Burdick prepared lamellar and hexagonal wrinkles on
photocurable poly(2-hydroxyethyl methacrylate) hydrogels and
showed the ability of wrinkle patterns to affect human
mesenchymal stem cell morphology and differentiation.27

Chen et al. demonstrated that wrinkles on polyethylene film
could control the orientation of human embryonic stem cells
and thus induce their differentiation.28

Multifunctional biomaterials that can simultaneously deliver
electrical and topographical cues are highly desirable to achieve
more intimate cell−material interactions. The surface mor-
phologies of CPs can be varied by simply controlling
electrochemical synthetic parameters (e.g., dopant types and
concentrations and polymerization time) in general; however,
this approach usually leads to relatively random, irregular, and
nanometer-scaled small structures.29,30 Substantial efforts have
been made to create specific topographies on CP biomaterials.
Gomez et al. electrochemically fabricated PPy micropatterns on
lithographic electrode patterns and found that the PPy
micropattern features induced faster polarization of embryonic
hippocampal neurons compared to flat PPy substrates.31

Recently, Greco et al. produced anisotropic microwrinkle
patterns of PEDOT on thermo-retractable polystyrene by

thermal treatment of PEDOT-coated polystyrene at 160 °C.32

Anisotropic conductive patterns were found to lead to the
alignment and differentiation of C2C12 myoblasts. However,
this work requires specific conditions, such as thermally
shrinking hard materials and annealing at high temperatures,
and the parameters that influence wrinkle feature formation
were not systemically studied.
Successful nerve tissue regeneration often involves multiple

and well-harmonized properties (e.g., extracellular matrix
components, growth factors, topographies, and mechanical
properties).33 Therefore, numerous biomaterials have been
synthesized and employed for neural tissue applications.34−36 In
particular, Ghasemi-Mobarakeh et al. explained in their review
the significant impact of electrical cues for enhancing the nerve
regeneration process.37 Incorporation of CPs with addition of
biological molecules can improve cell attachment and
proliferation on the scaffold. Dvir et al. explained the benefit
of multifunctional scaffolds for compensating several conven-
tional scaffold limitations, such as weak mechanical properties
and lack of electrical conductivity.38 Consequently, multifunc-
tional biomaterials consisting of CPs are particularly desirable
for effective modulation of neuronal cells and/or nerve tissue
regeneration.
In this study, we aim to fabricate both topographically and

electrically active flexible biomaterials in a simple fashion. We
create wrinkled PPy patterns (wPPy) on a polydimethylsiloxane
(PDMS) surface by deposition of a PPy thin layer under
swelling-induced strained conditions. Various conductive
wrinkles could be fabricated by varying PDMS swelling-induced
strains and the PPy layer thicknesses (Figure 1a). The
produced topographical features and electrical properties of
the wPPy were characterized. In vitro cell studies with 3T3
fibroblasts and PC12 cells were performed to explore the effects
of the conductive wrinkle topographies on cell behavior and the
feasibility of potential tissue-engineering applications (Figure
1b).

2. EXPERIMENTAL SECTION
Fabrication of wPPy/PDMS. A thin PDMS film was prepared by

mixing a PDMS precursor and a cross-linker (Dow Corning) at a 10:1

Figure 1. Conductive wrinkle topographies on PDMS. (a) Schematic diagram of wPPy formation by polymerizing PPy on PDMS with different
swelling-induced strains and PPy layer thicknesses. (b) Images of PPy wrinkle-coated PDMS for cell culture applications: a photograph of the wPPy-
on-PDMS (top), its optical microscopic image (middle), and a fluorescence image of NIH3T3 cells grown on the wPPy substrate (bottom) with
staining for F-actin using Alexa 588 labeled phalloidin 24 h after seeding.
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weight ratio. The mixture was then cast onto a polystyrene dish
(Nunc) for a thickness of 1 mm and allowed to cure at 60 °C
overnight. The cured PDMS was cut into 2 × 2 cm2 square pieces for
the following experiments. For the swelling study, the PDMS piece
was transferred into different solvents: double deionized water (DDI),
isopropyl alcohol (IPA, Sigma), 1-butanol (BtOH, Sigma), and
tetrahydrofuran (THF, Sigma). The PDMS was incubated to make
it fully swollen at room temperature for 1 h. The PDMS dimension at
the fully swollen state was measured to study a swelling degree. Next,
the deswelling was performed by drying the swollen PDMS until no
dimensional change was observed. In this process, the PDMS was
found to return to its original size with no wrinkle formation on the
surfaces after deswelling.
For PPy polymerization and deposition onto the PDMS, pyrrole

(Sigma) was first purified by passing it through a column filled with
aluminum oxide (Sigma). Purified pyrrole was dissolved at a
concentration of 5% (v/v) in individual solvents (DDI, IPA, BtOH,
and THF). An oxidant solution was prepared in each solvent with 50
mg/mL CuCl2 (Sigma) and added to each pyrrole-containing solution.
The mixtures were allowed to react for 1 h at room temperature and
filtered using Whatman filter paper to remove PPy aggregates. The
PDMS pieces were incubated in the filtered PPy polymerizing solution
for 24 h for PPy deposition. To obtain a thick PPy coating, the coating
process was repeated 2 or 3 times. After rinsing with its affiliated
solvent, each sample was completely dried at room temperature and
sealed for storage. The overall PPy coating process is illustrated in
Figure 1a. To prepare smooth PPy-on-PDMS, PPy polymerization and
deposition was performed in water, in which PDMS does not swell (no
strain during PPy coating). The smooth PPy/PDMS was used as
controls for the following cell culture studies.
Wrinkle Morphological Analysis. The morphological structures

of the wPPy/PDMSs were analyzed by using a field emission scanning
electron microscope (FE-SEM, Hitachi S-4700) and an atomic force
microscope (AFM, XE-100 Park System). For SEM analysis, the
samples were coated with platinum by sputtering. The wavelength was
determined by measuring the distance between consecutive corre-
sponding peaks of the wrinkles observed from SEM images using
ImageJ software (NIH) (n > 20). The amplitudes of the wPPy were
determined using AFM with a noncontact tip (PPP-NCHR, Park
System Corp). From the AFM topography images, height profiles were
used to analyze the amplitude of wrinkles, which was defined to the
distance between the peak and the valley of the wrinkle (n > 20).
Averages ± standard deviations are presented.
Surface Resistance Measurement. For sheet resistance (Rs)

measurements, the wPPy sample was contacted with two copper
electrodes connected to a multimeter (Extech 430). From the
resistance (R), the sheet resistance was calculated using an equation
of Rs = R × (W/D), in which D and W indicate the distance between
the two electrodes and the width of each electrode, respectively. The
average sheet resistance value was obtained from multiple measure-
ments (n = 5). The conductivity was then calculated using the
relationship: conductivity (σ) = 1/(film thickness × Rs). Averages ±
standard deviations are presented.
Water Contact Angle Measurement. Contact angle goniometer

(Pheonix 300, SEO Co. Ltd.) was used to measure the water contact
angles of various wPPy substrates by the Sessile drop method. A pure
water drop (5 μL) was placed on the surface of the substrate in the air
at room temperature. n = 3. Averages ± standard deviations are
reported.
In Vitro Cell Culture. Mouse NIH 3T3 fibroblasts were

maintained in Dulbecco’s modified eagle’s medium (DMEM,
Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen)
and 1% penicillin-streptomycin (Invitrogen) at 37 °C in a 5% CO2
incubator. The medium was changed every other day. For experiments
with the wPPy samples, cells were seeded at a density of 5 × 103 cell/
cm2 on each substrate. PC12 cells were maintained in DMEM
supplemented with 10% heat-inactivated horse serum (Invitrogen), 5%
fetal bovine serum, 1% penicillin-streptomycin, and 1% nonessential
amino acid solution (100×, Invitrogen) at 37 °C in a humidified
incubator with a 5% CO2 atmosphere. For experiments with the wPPy

samples, PC12 cells were primed by treating with 100 ng/mL nerve
growth factor (7S NGF, Promega) 3 days before cell seeding. The
substrate was treated with collagen (1 μg/mL, 5 min) (Invitrogen).
PC12 cells were seeded onto each substrate at a density of 5 × 103

cell/cm2 and incubated in the NGF-containing culture medium for 1,
3, and 5 days.

Immunostaining and Image Analysis. After incubation, the
samples were fixed by 3.7% para-formaldehyde solution for 15 min. To
stain F-actin, the samples were incubated in 0.1% Triton X-100 (in
PBS) (Sigma) for 5 min, followed by incubation in a blocking solution
(1% bovine serum albumin (BSA, Sigma) in PBS) for 15 min. Then
the samples were incubated in Alexa-488-conjugated phalloidin (1:500,
Invitrogen) in the blocking solution at room temperature for 30 min.
After being washed with PBS, the samples were further incubated with
4′,6-diamidino-2-phenylindole (DAPI, 1 μg/mL, Invitrogen) for 5
min. The samples were then washed three times using PBS. The
fluorescence images were taken using a microscope (Leica
DMI3000B). From the acquired images, adherent cell numbers on
the sample were counted from the randomly selected images (n > 5).
The average and standard deviation were reported. For the cell
morphological analysis, cell circularity was calculated from the
acquired fluorescence images. ImageJ software (NIH) was used for
measuring the circularity of the cells with the formula, (4πA)/P2, in
which the measured perimeter (P) of an individual cell was divided by
the circumference of a circle with the same area (A). Thus, a circularity
of 1 indicates an ideal circle. More than 100 cells were analyzed and
the statistical significance was assessed using a Student t-test with
Origin software. The neuritogenesis of PC12 cells was analyzed from
fluorescence images using ImageJ software. An individual neurite
length was measured as a linear distance from the soma to the end of
neurite. A neurite was defined and considered when it was longer than
15 μm. The percentage of neurite-bearing cells and the lengths of
individual neurites were measured and reported for each sample. More
than 130 cells were analyzed and the statistical significance was
assessed using a Student t-test with Origin software.

SEM Imaging of Cells on wPPy. For the investigation of
interactions between cells and wPPy, PC12 cells were cultured on
wPPy[IPA1] for 5 days as mentioned above. Then the substrates were
fixed with 5% gluteraldehyde solution (in PBS), rinsed with DDI
water, and dried in the air overnight. The substrates were coated with
platinum using a sputter coater. SEM images were obtained by using a
field emission scanning electron microscope (JEOL JSM-7500F).

3. RESULTS AND DISCUSSION

Wrinkle structures are in general influenced by material
properties (i.e., Young’s modulus and Poisson’s ratio), strain,
and layer thickness.39 In our system, swelling-induced straining
of a PDMS film in organic solvents and PPy deposition on the
PDMS was employed to form conductive PPy wrinkle features.
The swelling-induced straining and deswelling processes were
expected to cause compressive force necessary to trigger
wrinkle formation. Additionally, the PPy layer thickness was
considered as another parameter that could affect the feature
dimensions of the resultant PPy wrinkles. First, the swelling of
PDMS in various solvents was examined to study different
straining conditions resulting in various swelling degrees of
PDMS.40 We tested isopropyl alcohol (IPA), 1-butanol
(BuOH), and tetrahydrofuran (THF) and found PDMS
swelling in the following order: THF > BuOH > IPA. THF
caused the highest PDMS swelling with a 40 ± 3.7% increase in
length, while the incubation of PDMS in BuOH and IPA
solvents led to 20 ± 1.9% and 5 ± 0.2% length increases,
respectively. Different degrees of swelling-induced strain in
these organic solvents could be applied for synthesis of the
following PPy wrinkles (wPPy). For PPy deposition, the fully
swollen PDMS substrate was subsequently transferred into a
PPy polymerization solution consisting of pyrrole monomer,
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oxidant (CuCl2), and the same solvent as used in the swelling
of the PDMS substrate. Incubation in the PPy polymerization
solution permits the deposition of PPy onto solid substrates
(e.g., PDMS film) as reported in the literature.41 PPy
polymerization under optimized conditions could provide the
uniform PPy coating with well-defined structures.41,42 The
substrate turned black after PPy polymerization, indicating
successful chlorine-doped PPy deposition on the PDMS
(Figure 1S of the Supporting Information). To increase the
PPy layer thickness, we repeated the PPy coating procedures
using the same solvents for two and three repetitions. The
wPPy prepared on PDMS under various conditions was
denoted as wPPy[solvent_coating number]. For example,
wPPy[IPA2] indicates the substrate that was prepared with
two PPy coatings on PDMS using IPA solvent. Because water
does not cause PDMS to swell, the polymerization and
deposition of PPy on PDMS in water resulted in a smooth
surface without substantial PPy wrinkling, which was used as
smooth controls for the cell culture studies later.

A morphological investigation of PPy wrinkles (wPPy) was
performed using a scanning electron microscope (SEM) and an
atomic force microscope (AFM) (Figure 2S). As shown in
Figure 2, wPPy with a variety of features on the PDMS
produced under different conditions was obtained. The
analytical results indicate that the wPPy had features of a few
micrometer-sized wavelengths and hundreds of nanometer-
sized amplitudes (Table 1). The wPPy features were influenced
by the type of solvent used (i.e., strain) and the PPy top layer
thickness. Higher strains caused the lower wavelength of the
wPPy patterns. As shown in Table 1, wPPy[THF1] had the
lowest wrinkle wavelength (1.55 ± 0.27 μm) followed by
wPPy[BuOH1] (2.86 ± 0.39 μm) and wPPy[IPA1] (2.94 ±
0.33 μm), which is approximately inversely related to the
swelling degrees of PDMS. In addition, with an increase in the
PPy layer thickness (multiple coating steps), larger wrinkles
were formed. For example, after three coatings, wPPy[IPA3]
and wPPy[BuOH] had large features with >4 μm wavelength
and >1 μm amplitude. PPy layer thicknesses after a single
coating were in the range of 130−180, while multiple coatings

Figure 2. Scanning electron micrographs of various wPPy substrates. (a) Top views of wPPy synthesized using different solvents and PPy coating
numbers. Smooth PPy/PDMS was produced using water.

Table 1. wPPy Samples and Their Topographical Featuresa

samples solvent coating no. thickness (μm) wavelength (μm) amplitude (μm)

wPPy[IPA1] IPA 1 0.18 ± 0.01 2.94 ± 0.33 0.36 ± 0.03
wPPy[IPA2] 2 0.23 ± 0.02 3.58 ± 0.64 0.64 ± 0.04
wPPy[IPA3] 3 0.25 ± 0.02 4.36 ± 0.63 1.20 ± 0.04
wPPy[BuOH1] BuOH 1 0.17 ± 0.01 2.86 ± 0.39 0.52 ± 0.03
wPPy[BuOH2] 2 0.23 ± 0.02 3.72 ± 0.61 0.72 ± 0.05
wPPy[BuOH3] 3 0.24 ± 0.02 4.71 ± 0.78 1.32 ± 0.04
wPPy[THF1] THF 1 0.13 ± 0.02 1.55 ± 0.27 0.42 ± 0.02
wPPy[THF2] 2 0.17 ± 0.02 N/Ab N/Ab

wPPy[THF3] 3 0.22 ± 0.02 N/Ab N/Ab

aAverages ± standard deviations are represented. bN/A: not applicable due to frequent delamination.
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increased the thickness up to ∼250 nm. Interestingly, the
thicknesses of the PPy layers were found different depending
on the solvent type. PPy polymerization solvents can influence
PPy polymerization rates, deposition, and substrate surface area
exposed for PPy deposition,43,44 which appear to result in
different thickness of the wPPy layers in different solvents. This
thickness, together with the strain due to the swelling, affects
the overall wPPy formation and its structures, suggesting the
possibility of control over the topography and further design of
wPPy by employing different synthesis conditions. However,
the resultant wPPy features often appeared not very regular and
stable especially for the wPPy synthesized under high straining
with a thick layer (e.g., wPPy[THF2] and wPPy[THF3]). This
may be due to heterogeneous traction forces during a
deswelling process, nonuniform PPy coating, and local
buckling. The wPPy films produced with low straining and
small layer thickness were well attached onto the PDMS
(Figure 3S), likely due to good molecular interactions such as
hydrophobic interactions.45−47 On the other hand, in certain
cases where the samples were produced in a high swelling
solvent and with a thick PPy layer, wPPy[THF2] and
wPPy[THF3], the wPPy layers were often found to be
seriously delaminated, showing inhomogeneous features.
Delamination buckling takes place when the traction force
being caused during deswelling at the interface between PDMS
and PPy exceeds their bonding force. Thus, it will be important
to adjust straining and PPy deposition thickness and improve
PDMS−PPy layer adhesion not to exceed its critical
delamination point, which still remains a challenge when
employing highly swelling solvents in this system.
The electrical properties of wPPy were measured (Figure 3).

wPPy[THF1] had a sheet resistance (Rs) of ∼1 MΩ/sq, and

the wPPy[IPA1] and wPPy[BuOH1] samples showed Rs values
in the range of 70−100 kΩ/sq. Rs was found to decrease with
an increase in deposition steps (i.e., the increased thickness of
the wPPy layer), as expected. After three coatings, the Rs value
was 12, 14, and 57 kΩ/sq for wPPy[IPA3], wPPy[BuOH3],
and wPPy[THF3], respectively. The results indicate that sheet
resistance of the substrates is mainly inversely related to the
conducting layer thickness. Electrical conductivity of the wPPy

layers of the wPPy[IPA] and wPPy[BuOH] was in the range of
1−10 S/cm, whereas conductivity of wPPy[THF] was 0.1−1
S/cm. Overall, wPPy[THF] samples showed higher resistances
compared to wPPy[IPA] and wPPy[BuOH]. We speculate that
it might result from mechanical instability of wPPy caused by
high strains in THF, longer effective lengths of conductive
layers on wPPy[THF], and the possible negative effects of THF
solvent on electrical properties of the PPy. Nevertheless, the
electrical activity of wPPy will be appropriate to the
simultaneous delivery of topographical and electrical cues for
potential uses in tissue engineering.48

Prior to the cell experiments, we examine the wettability and
protein adsorption with wPPy[IPA] samples and smooth
controls. Wettability is influenced by surface properties.49,50

wPPy[IPA1] and wPPy[IPA2] had higher water contact angles
(114 ± 7° and 120 ± 5°, respectively) compared to the smooth
controls (96 ± 1°). These high water contact angles appear to
result from the rough surface structures that can possess air in
the structures.51 Water contact angle of wPPy[IPA3] was
decreased to 97 ± 1°, likely due to larger wrinkles that may not
trap air on the surfaces. In addition, protein adsorption studies
with BSA indicated that wPPy[IPA] showed more protein
adsorption compared to the smooth controls, which may be
due to larger effective surface areas of the PPy layers compared
to the smooth substrates (Figure S5).
To examine the effects of wPPy on cellular behavior, NIH-

3T3 cells were cultured on the wPPy[IPA] series as
representing conductive topographic substrates. Smooth PPy
substrates were also prepared in water solution as control
substrates. Figure 4a−d shows representative images of NIH
3T3 fibroblasts cultured on smooth PPy and wPPy[IPA]. As
shown in Figure 4e, more cells adhered on wPPy[IPA1] than
on the smooth controls, wPPy[IPA2], and wPPy[IPA3],
suggesting that the topographies presented by wPPy[IPA1]
provide better features for cell adhesion. A number of studies
have demonstrated that specific surface features lead to specific
cellular responses including cell attachment.16,18 The introduc-
tion of specific subcellular scaled surface features often promote
cell adhesion. For example, Park et al. generated various
vertically oriented TiO2 nanotubes with 10−100 nm diameters
for human mesenchymal stem cell (hMSC) culture.52 They
determined that the surfaces of 15 nm TiO2 nanotubes were
optimal for the adhesion and differentiation of hMSCs. Murphy
and colleagues found that SV 40 human corneal epithelial cells
adhered more and strongly on silicon substrates with groove
features of 400 nm pitch dimension compared to those with
smooth and larger patterns.53 Promotion of cell adhesion onto
biomaterials, including conducting materials, will be generally
beneficial because cell adhesion is pivotal to achieve intimate
cell−biomaterial interactions and tissue development.54 More-
over, in our study, the cells on the wPPy also displayed more
elongated shapes on the wPPy compared to the cells on the
smooth PPy controls (Figure 4f). These morphological
differences were analyzed in terms of the circularity
parameter.55 The circularity values of the cells on the wPPy
samples were significantly lower (0.4−0.5) than those of the
cells on the smooth controls (∼0.69). Thakar et al. observed a
similar result, in which fibroblasts and skeletal myoblasts on
PDMS substrates with microscale protrusions were significantly
elongated compared to those observed on nonpatterned PDMS
controls.56 Wrinkle topographies can affect the cellular
interactions with substrates, which eventually cause changes
in the cytoskeleton structure and distribution. The morpho-

Figure 3. Sheet resistances of various wPPy substrates synthesized
using different solvents and coating numbers. Averages ± standard
deviations are plotted. (* denotes p < 0.05).
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logical difference among the cells implies that the fibroblasts
can sense and interact with the subcellular-sized wrinkles and
exhibit different cytoskeletal organization from the cells on the
smooth substrates.
PC12 neuronal cells were tested to study the effects of the

wPPy features on neurite outgrowth for potential neural tissue
applications. For PC12 cells, we used the wPPy[IPA1] and
smooth PPy controls for comparison. Both wPPy and smooth
PPy supported good PC12 cell growth (Figure 5). On day 1,
more adherent cells were found on the wPPy[IPA1] than on
the smooth PPy. This observation is similar to the case of the

3T3 fibroblasts on the wPPy, implying that topography of the
wPPy[IPA1] can be supportive of the initial attachment of
multiple cell types to substrates. Cell numbers increased during
incubation. Interestingly, more cells were observed on the
smooth PPy than on the wPPy[IPA1] on day 3. It may be
possible that the smooth surface may induce proliferation of
PC12 cells, whereas the wPPy[IPA1] helps the initial
attachment of the cells.
The PC12 cells on the wPPy-promoted neurite formation,

resulting in more neurite-bearing cells (73.7 ± 13.1%) than on
its smooth counterpart (56.8 ± 11.7%) after 5 days of

Figure 4. Immunostaining images of 3T3 cells on (a) smooth, (b) wPPy[IPA1], (c) wPPy[IPA2], and (d) wPPy[IPA3]. After 48 h in culture, cells
were fixed and stained for nuclei (blue) and F-actin (green). Analytical results of (e) the adherent cell numbers and (f) the circularity values.
Averages ± standard deviations are plotted. (* denotes p < 0.05, ** denotes p < 0.01).
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incubation (Figure 5c). Similar results regarding induced
neurite outgrowth on subcellular-scaled topographies were
previously reported.57 Su et al. studied the effects of
micropatterns on PC12 cell behaviors and found that the
cells cultured on Si microgrooved patterns extended 2 to 3
times longer neurites on the micropatterns.58 Foley et al.
observed that PC12 cells formed neurites at lower NGF
concentrations on topographic patterns, whereas cells on
smooth substrates required high NGF concentrations to have
similar neurite formation.59 On the wPPy[IPA1], smaller cell
numbers and more neurite-forming cells were found compared
to those on the smooth PPy. When considering both cell
numbers and neurite forming cells together, it appears that the
cells on the wPPy[IPA1] prefer differentiation (i.e., neurite

formation) to proliferation, whereas the cells on the smooth
substrate tend to induce proliferation rather than neurite
formation. Regarding neurite elongation, in our study, no
significant differences in neurite length were found between the
wPPy and smooth PPy substrates during the early days of
culture. However, significantly longer neurites were found on
the wrinkled topographies at day 5 (Figure 5d). However, at
day 5, the neurite lengths on the wrinkled topographies were
between 15 and 45 μm, with 50% having lengths greater than
25 μm. On the other hand, PC12 cells cultured on the smooth
samples had only 25% of neurites longer than 27 μm. The SEM
images of PC12 cells on wPPy[IPA1] show that cells grow well
on the micrometer-scale PPy wrinkles over the surface and
neurites and filopodia intimately interact with wrinkle

Figure 5. Effects of conductive wrinkle substrates on PC12 neuronal cells. (a) Immunostaining images of PC12 neuronal cells cultured on
wPPy[IPA1] and smooth PPy for 1, 3, and 5 days. Cells were fixed and stained for nuclei (blue) and F-actin (green). Analytical results of (b) cell
numbers, (c) percentages of the neurite bearing cells, and (d) neurite length of PC12 cells cultured on smooth and wPPy[IPA1]. Averages ±
standard deviations are plotted (* denotes p < 0.05).
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structures (Figure 6). Topographies have been suggested to
affect growth cone behaviors and focal contact formation of

neuronal cells, potentially resulting in promoted neurite
outgrowth. As a result, our conductive wrinkle patterns will
be very useful to induce neuronal adhesion and differentiation
for neural tissue regeneration applications.

4. CONCLUSION
Both electrically and topographically active biomaterials are
highly desired for studies to understand and improve cell−
material interactions. In this study, we demonstrated the simple
formation of various conductive PPy wrinkles on PDMS by
controlling the strain during PPy deposition and the PPy layer
thickness. In vitro cell culture studies with micrometer-sized
conductive wrinkle features using 3T3 fibroblasts and PC12
neuronal cells indicated that wPPy substrates could influence
cellular behaviors, such as increased cell adhesion, changes in
morphology, and promotion of neurite outgrowth. Future
studies will include fine control over wPPy wrinkle features and
the electrical stimulation of cells grown on wrinkled PPy and
precise studies on the combinatorial roles of topographical and
electrical cues on cells. Our wPPy-on-PDMS materials offer a
novel design strategy for biomaterials for potential tissue-
engineering scaffold applications.
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