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As numerous cells favorably respond to electrical stimu-
lation,! intrinsically conductive polymers (ICPs) have gain-
ed much attention for biomedical applications such as bio-
sensors, tissue engineering scaffolds, and bioelectronic
devices.? Among ICPs, polypyrrole (PPy) has evolved as a
promising platform in biomedical area because of its inherent
electroactive properties, biocompatibility, and ease of syn-
thesis.?

Intensive efforts have been made to tailor PPy surfaces
capable of improving cellular activity. The most common
strategy is to physicaly entrap anionic biomolecules as
dopants into the PPy during electrochemical polymeri-
zation.* Functional groups of the dopants were used to graft
peptides or proteins to further enhance specific performance
of the PPy. However, the PPy modified by the strategy above
have exhibited decreased eectrica conductivity and im-
paired mechanical properties. Since most of the expended
dopants are incorporated into the bulk, it resultsin disruption
of the film.> Another approach is to directly incorporate
functiondlities into the PPy backbone by polymerizing
monomeric pyrrole derivatives with pendant functionalities,
because conventional pyrrole monomer lacks reactive func-
tional groups capable of covaently modifying PPy surfaces
with biomolecules.® Despite the significant advancement in
surface modification and utilization as bioactive interfaces,
however, creation of pendant functionalities on the PPy
backbone is complex and still remains challenging by reason
of preserving intrinsic PPy bulk properties such as conduc-
tivity and mechanical and thermal integrity.

Recent research has been concentrated on micro-/nano-
structured porous PPy scaffolds with high surface-to-volume
ratio while retaining structural stability.”*” This is because
that the preservation of PPy’s intrinsic eectrica conduc-
tivity is akey advantage of the porous micro-/nanostructures
over the any approaches*® above. Numerous studies have
also indicated that cell adhesion can be physically controlled
by substrate topography.® To date, the porous micro-/nano-
structures of PPy have been fabricated by electrochemica
polymerization of PPy into templates composed of self-
assembled multiple layers of poly(methyl methacrylate)
colloids® polystyrene nanospheres,® or mesoporous silica
nanoparticles,™ followed by subsequent removal of the
templates. Therefore, such template-assisted fabrication of
porous-structured PPy is one approach that can be applied to
guide and enhance cedlular behaviors. Herein agarose is

utilized for templating three-dimensionally porous-structured
PPy scaffolds with cavities, pores, and interconnected channel
networks, in an attempt to closely mimic the architecture of
native extracellular matrix (ECM).

In the present study, dectricaly conductive PPy cdll scaffolds
were prepared by eectropolymerization of PPy through the
intergtitial voids of athermo-sensitive agarose hydrogd (Teq
~20 °C) template. Selective removal of the template from
the PPy-agarose matrix immersed into boiling water yielded
porous-structured PPy scaffolds. Human umbilical vein endo-
thelia cells (HUVECSs) were seeded and cultured over the
PPy scaffolds to quantify the cell viability. The PPy with high
surface area and interconnected porous networks exhibited
enhanced cell adhesion and proliferation compared to conv-
entional non-porous PPy.

As schematically illustrated in Figure 1, porous-structured
PPy films were successfully prepared by the electrochemica
PPy deposition within a sacrificia agarose gel template and
the subsequent selective removal of the template from the
PPy-agarose matrix. Film thickness of the porous-structured
PPy was measured to be ca. 200 nm and the electrical con-
ductivity was measured to be ca. 2.80 Scm™. In the course
of PPy electropolymerization, the PPy has grown through
the agarose gd template to near the top of the template,
without actudly covering over it. It is crucia in preparing
the PPy-agarose matrix for PPy not to grow completely
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Figure 1. Schematic illustration of porous-structured PPy scaffold
preparation: (a) sacrificial hydrogel template on ITO substrate and
the electrochemical polymerization of PPy through the interstitial
voids in the hydrogel template, (b) selective remova of hydrogel
template from PPy-hydrogel matrix, and (c) PPy scaffold with
three-dimensional porosity.
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Figure 2. Scanning eectron micrographs of (a) porous-structured
PPy films and (b) conventional non-porous PPy films.

through the agarose template and to form a non-porous layer
over the template. Figure 2(a) presents a typical scanning
electron micrograph of the PPy films with three-dimen-
sionally porous structures, compared to that of conventiona
non-porous e ectrodeposited PPy filmsin Figure 2(b). Poly-
merization procedures for conventional films matched those
for porous-structured PPy films except that no agarose
hydrogel was used as atemplate. Three-dimensiona porosity
of the PPy cell scaffolds provides increased surface areaand
hollow micro-/nanostructures, which may facilitate cell di-
stribution when cells are seeded with media over the cell
scaffolds.

Chemica composition (in atomic %) at the surface of the
porous-structured PPy was determined using X-ray photo-
electron spectrometer (XPS). No foreign elements beyond
C(1s), N(1s), O(1s), Cl(2s), and Cl(2p) were detected in the
survey spectrum (not shown), so no adjustment was made in
the anaysis. The doping level was calculated to be ca.
25.2% from high-resolution (HR) Cl(2p)/N(1s) ratio, and
deconvolution of the HR N(1s) provides the relative ratio
(In*/Intot) Of the oxidized nitrogen fractions (C-N* and C=N")
to be 24.9% in Figure 3, which is quantitatively relevant to
the former doping level calculation.

To demongtrate the potentia to influence cellular activity,
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Figure 3. Deconvolution of high-resolution XPS spectrum
relevant to N(1s) envelope of porous-structured PPy films. The
spectrum contains four fractions based on the chemical bonds.
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Figure 4. Viability of human umbilica vein endothelia cells
(HUVECSs) measured on the porous-structured PPy films and on a
negative control conventional PPy as a function of incubation time
using an MTS cell proliferation assay. For all samples, n = 3-5, and
typically n = 3. Error bars represent the standard deviation.

HUVECs were seeded and cultured on the porous-structured
PPy and the extent of the cell adhesion was quantitatively
evaluated using an MTS cdll proliferation assay.'? A negative
control conventiona PPy film also underwent identical cell-
seeding procedure to compare the effect of topographical
features. The datain Figure 4 represent average absorbance
values a 490 nm of the formazan product derived from the
reduction of MTS, and the error bars reflect the standard
error of the mean at each incubation time point. The results
indicate that the porous-structured PPy increased the viability
of HUVECs compared to the control conventional PPy: the
absorbance a 3 h time point for the PPy with porosity (0.332
+ 0.015; n = 3) was 50% higher than for the negative control
(0.218 £ 0.018; n = 3), which was statistically significant for
comparison (p < 0.01). The results suggest that the increased
surface area and three-dimensionally hollow micro-/nano-
structures can contribute to promoting cell adhesion and
proliferation.

In conclusion, three-dimensionally porous-structured PPy
cell scaffolds are fabricated by electrochemical polymeri-
zation of PPy through the interdtitial voids of a thermo-
sensitive agarose gel template and the subsequent selective
remova of the template from the PPy-agarose matrix. The
developed topographical features led to the enhanced cell
adhesion and proliferation of HUVECs compared to that of a
negative control conventional PPy. The higher viability of
HUVECs on the porous-structured PPy can be attributed to
the increased surface area and three-dimensionally hollow
micro-/nanostructures, which can facilitate cell distribution
and adhesion. This simple physical approach can be further
exploitable for devel oping bioactive conducting cell scaffolds,
by integrating chemical approaches to incorporate function-
aitiesinto anew strategy.

Experimental Section

Materials. Agarose (Type IX-A, Sigma), hydrochloric acid
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(HCIO4, Aldrich), human umbilical vascular endothélial
cells (HUVECs, Cambrex), endotheliad cell medium-ECM
(Cambrex), and MTS reagent (Promega) were used as
received; however, pyrrole (Sigma) monomer was distilled
and stored at —20 °C under argon until use. Indium tin oxide
(ITO) conductive borosilicate glass dides with typical re-
sistance of 30-60 Q (Delta Technologies, Ltd.) were sequen-
tially cleaned in acetone, methanol, isopropyl acohol, and
distilled deionized (DDI) water for 5 min each with ultra-
sonication. Slides were then dipped in a 1.0 N NaOH solu-
tion for 30 min, washed with copious amounts of DDI water,
and dried under vacuum.

Preparation of Porous-structured PPy Scaffolds. Figure
1 schematically depicts the hydrogel template procedure
used for the preparation of porous-structured PPy films.

Pyrrole precursor solution was prepared by adding HCIO4
(1.0 M) to pyrrole (0.5 M) aqueous solution in 2:1 molar
ratio and the solution was then deoxygenated a ambient
temperature (~20 °C) with argon (Ar) for 10 min to prevent
oxidation of the monomers. While agarose was added to
DDI water a 20 mg/mL, heated to over 90 °C until com-
pletely dissolved, and allowed to cool to 50-55 °C. 500 pL
of the agarose solution was then cast onto a 2.54 x 2.54 cm?
ITO glass dide which was prewarmed to 50-55 °C and
alowed to cool to ambient temperature to form gel.”® The
obtained agarose gel served as templates for subsequent
fabrication of porous-structured PPy.

The agarose gd on ITO dlides was subsequently dipped
into the pyrrole precursor solution for 24 h so as to soak
through the entire gl and was saturated with the same con-
centration of the outer pyrrole solution. Electropolymeri-
zation of the pyrrole through the intergtitial voids of the
agarose gd template was carried out using a potentiostat/
gdvanostat (KST-P1, KOSENTECH) with a three-electrode
electrochemical set up. The agarose gel template on ITO
dide was used as the working electrode, a platinum mesh
was served as a counter electrode, and a saturated calome!
electrode served as a reference eectrode. PPy films were
deposited at an offset voltage of 720 mV in the pyrrole pre-
cursor solution. The film thickness was monitored and con-
trolled by integrating the passage of current.

To remove the template, the PPy-agarose matrix on the
ITO was then immersed into DDI water, which was heated
to over 90 °C for overnight to selectively dissolve agarose
out from the matrix. The resulting porous-structured PPy
films were finaly rinsed with copious amount of hot DDI
water and dried at ambient temperature.

Characterization. Chemical composition of the polymer
surfaces was determined using a Physical Electronics (PHI)
5700 XPS equipped with an Al monochromatic source (Al
KR energy of 1486.6 €V) and a hemispherical analyzer. The
energy resolution was 1.0 eV for survey spectra and 0.1 eV
for HR spectra. Binding energies were calibrated by setting
the C-C/C-Hx component in the C(1s) envelope at 284.6 €V.
The doping level was determined from the CI/N ratio of HR
Cl(2p) and N(1s) core-level XPS spectra. Conductivity at
ambient temperature was measured with a conventiona
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four-point probe resistivity apparatus placed on the polymer
films. Film thickness was measured using a profilometer
(Alpha Step 200, Tencor Instruments) and surface morpho-
logy was examined using scanning electron microscopy
(SEM) (S-4000, Hitachi).

Cedll Adhesion and Viability. Cell adhesion studies were
performed to validate the improved bioactivity of the porous-
structured PPy. HUV ECs were seeded in 1.5 cm? wells with
1 mL of ECM media at a density of 30 000 cells'cm? and
cultured for 1 h in the absence of serum on the porous-
structured films and a negative control conventional PPy.
The colorimetric MTS cdll proliferation assay was perform-
ed to quantify the extent of cell adhesion. Following 1 h of
incubation in serum-free media, surfaces were rinsed three
times by gently shearing 1 mL of 10 mM PBS over the film
surface to remove unattached and loosely attached cells.
PBS was aspirated, and new medium containing 2% feta
bovine serum (FBS) and 20% MTS reagent was added to
each well and allowed to incubate at 37 °C for 1, 2, and 3 h
time points. Cell viability was evaluated by removing 100
uL of mediafrom the wells and measuring the absorbance of
media at 490 nm using a microplate reader (Synergy™ HT,
BioTek). At least three samples were averaged to cal-
culate each time point.
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