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Fabrication of conductive polyaniline hydrogel
using porogen leaching and projection
microstereolithography
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Conducting hydrogels represent a new generation of “smart” biomaterials which combine the favorable
biocompatibility properties of hydrogels and electrical properties of organic conductors, and would
potentially lead to the development of new biointerfaces with controllable properties. Currently, conductive
hydrogels are synthesized by either adding conducting particles to, or polymerizing conducting polymer
monomers within, hydrogel matrix, however challenges in processing limit their applications in functional
devices. In this work, a poly(ethylene glycol) diacrylate—polyaniline (PEGda—PANI) conductive hydrogel is
developed using interfacial polymerization process. In this process, aniline monomers polymerize at the
organic/water interface between hexane media and hydrophilic PEGda hydrogel networks. PANI chains
become hydrophilic with acid doping and migrate into aqueous phase confined within PEGda networks.
The synthesized PEGda—PANI hydrogel has acceptable mechanical, electrical and biocompatible proper-
ties. Traditional fabrication methods including process-driven salt-leaching and design-driven projection
stereolithography were used to develop 3D scaffolds using PEGda—PANI hydrogels. This methodology
can be potentially extended to a wide variety of fabrication techniques to develop hydrogels with
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1. Introduction

Electric fields play a crucial role not only in the function of
excitable tissues (nerves and muscles) but also in modulating
cellular function such as proliferation, morphology, gene
expression, migration and differentiation in a variety of cell
types.' As a result, researchers have sought to develop new
biocompatible yet conductive materials to create a bioelectrical
interface, which would promote transfer of electric signal in
sensitive tissues and cells and in regenerative medicine, bio-
robotics, and biosensing.® Hydrogels which form 3D cross-
linked fibers, have emerged as the ideal matrix for cell-culture
and developing tissue scaffolds because of their hydrated nature,
their permeability to oxygen, nutrient growth factor, metabolic
waste, as well the flexibility of incorporating mechanical and
biochemical cues.”® However, hydrogel are typically mechani-
cally weak and electrically non-conductive, limiting their appli-
cations. Recently, conductive hydrogels have been developed by
incorporating conducting elements such as graphite,'® metallic
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particles, or carbon nanotubes within its matrix.
However, in this approach, as conductive elements are typically
randomly distributed within hydrogel matrix, a relatively large
amount of conductive element are needed to form a continuous
electrically-conductive network based on the percolation limit.
Moreover, natural swelling response of hydrogel often can
severely suppresses the conductivity of the system. Another
approach of developing conductive hydrogel is to integrate
inherently conductive polymers within the hydrogel matrix.
Conductive polymers such as poly(pyrrole) (PPy), poly-
(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline (PANI),
with their ability to conduct electricity due to the presence of
conjugated double bonds or aromatic rings,'® have been used
in a range of biomedical applications such as neural inter-
faces,*'” electrochemical and bio-sensors,'® actuators, drug
release,'® electrode coating and tissue scaffolds for regenerative
medicine.”*>*! PANI finds wide applications in biomedical
engineering because of its unique combination of environmental
stability and ease of synthesis.””>> However its poor solubility
in common organic solvent and limited fusability due to
rigid macromolecular chains results in significant processing
challenges to develop thin films as well as 3D structures,
thereby severely limiting its use in developing functional bio-
electric interfaces.”® Integration of PANI within hydrogel matrix
allows favorable characteristics of hydrogels such as soft elastic
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material properties and high swelling ratio, to minimize mismatch
at the interface with biological cells and tissues, and facilitate
transport of nutrients, drugs and metabolites. However as PANI
insolubility in common solvents along with brittle nature due to
rigid m-conjugated bonds seriously hinders its use with standard
fabrication techniques to develop functional devices.*?

Typically, thin PANI films developed using variety of
methods, including electrochemical deposition, spin-casting,**
self-assembly,>® electrospinning,”® and Langmuir-Blodgett
methods,”” and inkjet printing.*®*° However, for tissue engineer-
ing application, we need to go beyond thin films to develop 3D
hydrogel scaffolds. In this work, we focus on developing bulk
conductive hydrogel by combining interfacial polymerization of
aniline monomers with a process-driven and a design-driven
fabrication approach. We combine interfacial polymerization
with (a) a process-driven porogen (salt)-leaching approach, and
(b) a design-driven projection stereolithography, to fabricate
conductive PEGda-PANI structures. This methodology with
commonly used manufacturing approach has the advantage
of design and fabrication flexibility, low cost, high-speed and
user-defined patterning. This approach has the potential to be
extended to a wide variety of synthetic and naturally-derived
hydrogels.

2. Results and discussion

Crosslinked hydrogels are mesh-like hydrophilic structures
with high water content and space in which another polymer
can readily crosslink. We use poly(ethylene glycol) diacrylate
hydrogel (PEGda) and subsequently use interfacial polymeriza-
tion to crosslink polyaniline structure within its network. In
this work, we follow a three step process. Step 1 utilizes UV
photocrosslinking to develop a PEGda hydrogel (Fig. 1A).
Liquid PEGda monomer solution mixed with photoinitiator is
filled in a Teflon mold to form a disc shaped crosslinked PEGda
hydrogel sample. In step 2, the PEGda sample is immersed in a
solution of ammonium persulphate (APS-oxidant) dissolved in
1 M hydrochloric acid (HCL) (Fig. 1B). In step 3, the PEGda
sample is immersed in a solution of aniline monomer dissolved
in an organic solvent (hexane). Polymerization occurs at the
hydrophilic PEGda/organic-solvent interface, as the aniline
monomers transfer into the aqueous phase and self-assemble
within the hydrogel network. The PANI chains located along the
PEGda chains are simultaneously doped by HCL during the
interfacial polymerization process. As polyaniline is hydrophilic
in its doped state, it spontaneously migrates into the aqueous
phase and is confined within the PEGda hydrogel matrix.
Selective polymerization of aniline around PEGda backbone
(a) prevents leaching out of newly synthesized PANI into the
solution, and (b) prevents blocking of surface of bulk hydrogel
by constant diffusion of newly synthesized PANI and APS into
and out of PEGda matrix respectively, thereby leading to
formation of hybrid conductive-hydrogel.*®

Typically, hydrogel-conductive polymer composites reported
in the literature result in a phase separated conductive elements
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Fig. 1 Synthesis and formation of polyethylene glycol-polyaniline
(PEGda—PANI) conductive hydrogels using interfacial polymerization pro-
cess. (A) PEGda monomers are crosslinking within a mold by UV crosslinking
process. (B) PEGda samples are immersed in ammonium persulphate (APS-
oxidant) in HCL solution, and subsequently transferred to a vial containing
aniline in hexane (organic solvent). Aniline monomer polymerize to form
polyaniline (PANI) at the water—hexane interface. Hydrophilic PANI sponta-
neously and exclusively assembles onto the hydrophilic PEGda matrix. (C)
Transparent PEGda sample becomes opaque (dark-green color) with the
formation of PANI within its matrix. The three picture show PEGda samples
immersed in hexane + aniline solution for 0, 30 s and 3 minutes. Samples
progressively get darker (dark-green) with formation of PANI within PEGda
matrix. (D) Table lists various ratios of APS and aniline used in this work.
Scale bar: 5 mm.

concentrated on the surface, and not integrated within the
hydrogel structure.*'~** For example, conductive hydrogels devel-
oped on electrodes using electropolymerization, a commonly
used technique, result in poor integration of the conductive
element with the hydrogel structure. Another commonly used
approach is to mix PANI with PEGda precursor solution, and
crosslink the mixture using UV photopolymerization to create
crosslinked hydrogel network.** This approach is particularly
popular in biomedical applications because of its capability
to encapsulate living cells, as well as flexibility of incorporating
cell adhesion and proteolytic sites to induce specific cellular
responses. However, this approach is highly dependent on the
amount of nanoparticles, as even 3% NP (by weight) make the
mixture opaque to UV light and decrease the crosslink density,
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resulting in significant loss of PANI phases. In contrast, inter-
facial polymerization process,® used in this work, facilitates
assembly of PANI exclusively within the crosslinking hydrogel
network to facilely obtain a PEGda-PANI composite.

The PEGda-PANI composite was thoroughly washed by DI
water for 3 days and HCL for another 2 days, to allow any
uncrosslinked PANI, residual APS to leach out. Transparent
PEGda sample becomes opaque with the formation of the PANI
(dark-green color) (Fig. 1C). In this work, we vary the ratio of
aniline monomers and APS (Fig. 1D), and evaluate swelling
ratios, compressive modulus and electrical properties. We
choose to change the ratio of APS vs. aniline by increasing
amounts of aniline. APS concentration never exceeded aniline
concentration to prevent over-oxidation of PANI, as in case of
PANI, only half-oxidized state (emeraldine salt) is conductive.

Characterization of PEGda-PANI

FTIR spectra of the PEGda and PEGda-PANI (P3) were recorded
using Spectrum One FTIR Spectrometer from Perkin Elmer
Instrument (Fig. 2A). We observe a small but distinct change
in peaks occurring at 1141, and 1570 which represent the
in-plane bending of C-H in aromatic moieties, and C=—C
stretching deformation of quinoid ring. The small changes in
the peaks could be attributed to a relatively small amount of
PANI within PEGda chains. As swelling ratio would influence
the diffusion properties of media, we quantified mass swelling
ratio of hydrogels for both PEGda (C1, C2) and PEGda-PANI
(P1, P2, P3 and P4) samples, after incubating them in DI water
for 3 days (Fig. 2B and ESI-17). Swelling ratio of PEGda-PANI
samples are similar to the C1 control (PEGda), however we
observe a slight decrease in swelling ratio for P3 and P4 samples
when compared to C2 (PEGda immersed into 1 M HCL solution).
Minimal PEGda swelling observed in these samples also pre-
vents leaching of PANI and thus minimize possible toxic effects
and a drop in conductive properties as observed in studies with
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high swelling ratios.>® Moreover PANI does not neutralize due to
disassociation of ionic interactions as the hydrogel matrix swells,
a phenomenon often observed in ionically bound conductive
hydrogels.*®

Since it is well accepted that stiffness significantly influ-
ences cell-materials interactions, we quantified the changes in
compressive modulus of PEGda-PANI (P3) at various stages
of the process using Dynamic Mechanical Analyzer (Q800, TA
Instruments). 3D disc samples (16 mm in diameter and
1.62 mm in thickness) were used for this study. Samples loaded
under compression clamp and the slope of stress-strain curve
from 0-10% strain (Fig. 2C) was used to determine the modulus.
PEGda control sample without any PANI was chosen as the
control with stiffness value of 66.9 £ 5.1 kPa. As the sample
goes through the various steps of the process, we observe
a statically insignificant decrease in its modulus to a value of
54.4 + 4 kPa (Fig. 2C and ESI-1}). From the results, we find no
significant difference between the C1 PEGda samples and the
PEGda-PANI (P3) samples, and conclude that the interfacial
polymerization process does not significantly alter the compres-
sive modulus. Similar to swelling ratio, modulus of P3 and P4
samples are significantly different than C2 control sample
(PEGda immersed in HCI). PEGda-PANI samples even with high
aniline concentration (mass fraction) still results in a small
decrease in its compressive modulus (Fig. 2C). For example, P1
sample with the highest concentration of aniline has a modulus
of 48 £ 1.9 kPa. This is in contrast to other methods of
developing conductive hydrogels, such as doping hydrogels with
nanowires and other conductive elements to make a conductive
hydrogel, which typically results in an increase in the modulus
as we increase the amount of the dopants. The modulus lies
within the physiological range of stiffness of various cell types
(1 kPa to 100 kPa),*” will be useful in developing effective
bioelectronic interfaces that fully recapitulate the biomechanical
responses of in vivo cells and tissues. Moreover, several methods
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Fig. 2 Material characterization of PEGda and PEGda—PANI samples: (A) FTIR analysis showing peaks at 1141, 1480 and 1570 cm™?, mass swelling ratio
(B) and compressive modulus (C) for various samples. (D) Contact angle analysis. (E and F) Morphology of murine mesenchymal progenitor (10T1/2) cells
as depicted by stained for F-actin (green) and nuclei (blue) 2 days post-seeding, (G) Representative image of viability of 10T1/2 cells seeded on PEGda—
PANI samples as assessed via calcein-AM (green)/ethidium homodimer (red) assay 2 days post-seeding. (Control PEGda samples: C1 is PEGda without
any further processing; C2 is PEGda sample immersed in HCL but not in aniline solution.)
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to modulate the stiffness of hydrogels, including changing mole-
cular weight or degree of crosslinking, can be used to develop
PEGda-PANI with a wide range of stiffnesses.

Biocompatibility of PEGda-PANI

C3H/10T1/2 murine mesenchymal progenitor cells (10T1/2s)
were seeded on both PEGda and PEGda-PANI (P3) samples with
a final concentration of 1.22 x 10> cells per mL. At day 2 post-
seeding, results demonstrate higher cell spreading and good
cell viability on PEGda-PANI. The green fluorescent dye calcein
indicated viable cells, and red nuclei showed damaged and
dead cells with the membrane-dye Eth-D1. Contact angle of P3
was found to be lower (more hydrophilic) as compared to C1
PEGda control, which was expected as PANI doped by HCL acid
becomes hydrophilic. The increased cell-spreading could be
attributed to increased protein adsorption to the half-oxidized
emeraldine salt state of PANI. Overnight incubation of samples
also support physioadsorption of proteins resulting in cell
spreading at day 2 (as well as day 7-not shown here) indicated
by elongated morphology of cells labeled for F-actin and
nucleus. These results were similar to several reports in the
literature, which demonstrate proliferation and adhesion of
neural cells*®*° and cytocompatibility with cardiac myoblasts
without any inflammation in rodent models.*’

Electrical characterization of PEGda-PANI

Conventional 4-probe conductivity measurements did not lead
to reproducible results because of the weak electrical contact on
the soft samples. We used Electrochemical Impedance Spectro-
scopy (EIS) to characterize the electrical properties of PEGda-
PANI samples by fitting the experimental data with a standard
Randles cell (RC) equivalent circuit models, and derived
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polarization resistance and capacitance values. EIS measures
the electrochemical responses of samples to a small AC voltage
around the open circuit potential (OCP) of the test-sample,
applied over a range of frequencies between 0.02 Hz and 20 kHz
and an amplitude of the applied voltage was 10 mV. The data
were fitted to an equivalent circuit using instant fit function
available in ZView software. EIS spectra is plotted as Nyquist
diagram with imaginary part (—Z") plotted against the real
component (Z'), where time constants from the equivalent
circuit appears as a semicircle (Fig. 3A). The equivalent circuit
composed a capacitance element (CPE) which replaces the ideal
double layer capacitance, R;, the uncompensated solution
resistance and R, polarization resistance (inset in Fig. 3B).
CPE represents the reaction step when electrons/ions build up
on a surface, while a resistor represents the transport of charge
through materials or interfaces. Since the phase angle for
PEGda-PANI samples is ~ 70, the capacitor element is treated
as a constant phase element (CPE), modeled as a capacitor
with a distribution of relaxation times. (Ideal capacitor should
have a phase angle of —90.) Nyquist plots also suggested that
the impedance was dominated by a constant phase element
(CPE) that can be represented by CPE = 1/[A(jw)R] where A and
R are constants, related to the phase angle. The dispersion of
the plots can be attributed to defects and pore sizes in the
sample or the interface. As all samples have only one time
constant (only one peak is observed in Fig. 3A), a single CPE
element would suffice. The best fit parameters are shown in
supplementary section, and the fit is displayed in Nyquist
format in Fig. 3A. The non-linear capacitance exhibited by
PEGda-PANI composites could be attributed to either non-
uniform diffusion and/or defects in PANI polymerization
around PEGda chains.
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Fig. 3 Electrical characterization of PEGda—PANI hydrogels with varying

ratio of aniline and APS using electrochemical impedance spectroscopy. (A)

The full spectrum regime of Nyquist plots shown as a function of aniline : APS ratio. The data were fitted to an equivalent circuit composed a capacitance
element (CPE), R,, the uncompensated solution resistance and R, polarization resistance. With an increase in aniline (P4 to P1), the diameter of the semi-
circle (time-constants) is observed to increase, indicating higher resistance to mass transfer. Bode plots showing the magnitude of impedance (B) and the
phase angle (C) are plotted for frequencies f between 0.01 Hz and 10 kHz. Time constants from the equivalent circuit appears as a peak in the phase angle
(C). (D—F) Values of polarization resistance, capacitance and impedance are plotted as a function of decreasing amount of aniline (P1 to P4). PEGda—PANI
samples: P1 = blue; P2 = red; P3 = green and P4 = black. (#: p < 0.001; *: p < 0.01; @: p < 0.05; NS: no significant difference).
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PEGda
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Fig. 4 Process-driven fabrication using salt-leaching approach was used.
Scanning electron microscopy (Joel 5600, Japan) was used to image PEGda
and PEGda—PANI samples. All samples were freeze-dried, sputter coated for
45 seconds, and mounted on an aluminum SEM stubs with double-sided
carbon tape and imaged at 10 kV. (A) PEGda, (B) PEGda—PANI, (C, E) PEGda
salt-leached, (D, F) PEGda—PANI salt leached. All scale bars are 100 pm.

EIS are also plotted as Bode diagrams, where the phase
angle and modulus are plotted as functions of frequency, and

(A) DLP array | Digital Mask

View Article Online

Paper

time constants from the equivalent circuit appears as a peak in
the phase angle (Fig. 3B). Fig. 3B and C depicting the magni-
tude and the phase angle exhibit a well-defined time constant
at lower frequencies, which can be seen by the peak in the
phase angle plot. PEGda-PANI samples appears to have a single
peak, which move toward high frequencies with decrease in
aniline concentration (Fig. 3D-F). Electrical properties of
PEGda-PANI samples were dependent on amount of aniline
during in situ polymerization. P3 and P4 samples exhibited
lower polarization resistance, capacitance and overall impedance
as compared to P1 and P2 high-aniline concentration samples.
Impedance also depends on the frequency (Fig. 3F), with an
increase in impedance at lower frequencies: for example, P3
sample exhibited impedance of ~4 kQ, 3 kQ and 0.02 kQ at
0.02, 1 and 1000 Hz. P3 sample has the optimal ratio of APS and
aniline monomers, to achieve least impedance with minimal
amount of oxidant (APS) which could result in over-oxidation of
PANI. P3 sample was chosen to undergo a typical process-driven
and design-driven fabrication methodology.

Process-driven approach: porogen leaching. We used a com-
monly used process-driven fabrication approach, salt-leaching
technique to prepare PEGda-PANI porous hydrogels by leach-
ing out sodium chloride crystals. Scanning electron microscopy
(SEM) images (Fig. 4) taken from the cross-section of both
PEGda and PEGda-PANI samples with and without the salt-
leaching process demonstrate the presence of micropores, and
the impregnation of polyaniline monomer within PEGda
matrix. As salt dissolves and leaches out of the PEGda samples,
micropores are created as demonstrated by Fig. 3C and E. After
aniline polymerization within PEGda matrix, the micropores tend
to get filled with PANI and influences the pore-morphology
(Fig. 3D and F). This methodology can be extended to several

(B) PEGda

(C) PEGda-PANI
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. o \ 4 COver5|ip
Polymerization l
plane™ /1
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Servo-controlled
platform z(t)

1

Fig. 5 Design-driven fabrication approach to develop PEGda—PANI samples: (A) schematic of projection stereolithography process. PEGda monomer
solution is placed in a chamber covered by a methacrylated glass coverslip. Computer aided design (CAD) files with different digital masks were used to
generate a series of virtual masks (dot, grid and letter patterns). Polymerization of the 3D scaffold begins at the coverslip surface, where UV light
modulated by DLP array is focused. (B and C) Crosslinked PEGda and PEGda—PANI microstructures adhered to silanized glass coverslip are visualized

using HIROX instrument. All scale bars are 200 pm.
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established process-driven techniques including freeze-drying,
particulate leaching, gas foaming and combinations to generate
a wide range of conductive porous scaffolds.** > These approaches
typically result in more or less random process-dependent porous
structures, user-defined structures cannot be controlled. In the next
section, we demonstrate that this methodology can be extended to
design-driven techniques such as stereolithography.

Design-driven approach. Projection stereolithography
(micro-stereolithography) systems has been used to fabricate
microstructures using UV-sensitive resin mixed with typically
non-biocompatible absorbers and quenchers.*®*° In this work,
we used this system to develop conductive hydrogels in user-
defined patterns. The main components of this system is a
digital micro-mirror projection (DLP) array (Texas Instruments)
which can be loaded with any user-defined bitmap files to make
virtual digital masks, which selectively switch mirrors into
either the ON state or the OFF state (Fig. 5A). The ON state
reflects the UV light into the focusing lens, which projects the
image into the liquid prepolymer solution, while the OFF state
diverts the UV light away from the prepolymer solution. Using
this approach, we develop three user-defined patterns in PEGda
hydrogels, a dot pattern, an intersecting square grid, and a
letter symbol SU representing Syracuse University (Fig. 5B).
These samples underwent the interfacial polymerization pro-
cess to impregnate the PEGda network with aniline monomers
to form a hybrid conductive PEGda-PANI. We chose P3 as our
ratio, indicated by dark-green (almost black) structures
(Fig. 5C). This methodology can be extended to other design-
driven approaches such as inkjet printing, fused deposition
modeling and direct laser writing, to develop new conductive
hydrogel scaffolds with specific 3D geometry.>*™>?

3. Conclusions

In this work, we design and develop biocompatible PEGda-
PANI scaffolds using interfacial polymerization. In this process,
PANI formed at the water/organic-solvent interface (PEGda/
hexane) migrates within PEGda matrix resulting in a homo-
genous network of conductive hydrogels. We also demonstrate
that there is little change in the mass swelling and compressive
modulus of PEGda-PANI samples as compared to PEGda con-
trol which is essential for developing new biomimetic electrical
interfaces. In this work, we demonstrate how commonly used
fabrication techniques can be utilized to develop conductive
hydrogel with new complex geometries. First we choose a
process-driven porogen-leaching method, to fabricate PEGda-
PANI scaffolds with micropores. Second, we choose a design-
driven projection stereolithography to print dot, grid and letter
patterns in PEGda-PANI at micron resolutions. By combining
already existing wide range of fabrication techniques with inter-
facial polymerization, new conductive hydrogels of synthetic/
natural origin with complex geometries can be developed. This
approach is broadly applicable for a variety of hydrogel systems,
and can be potentially used to engineer new hybrid bioelectronics
interface for several biomedical applications.

This journal is © The Royal Society of Chemistry 2015
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4. Experimental section
Preparation of conductive hydrogels

Poly(ethylene glycol) diacrylate (PEGda - 700 MW) prepolymer
solution was prepared using 10% PEGda (v/v) and 0.25%
Irgacure 2959 photoinitiator. A rectangular mold, using Teflon
sheet clamped between two glass slides, was used to prepare
hydrogel sheet (thickness 1.6 mm). UV light (Omnicure S2000,
exposure time: 10 min) was used to crosslink PEGda prepoly-
mer solution. A circular punch was used to make disc shaped
PEGda samples (diameter = 16 mm). PEGda samples were
stored in DI water for one day to remove impurities. PEGda
samples were immersed in 0.02, 0.04, 0.08 and 0.16 M ammo-
nium persulfate (APS) in 1 M HCL solution (refer to Fig. 1D) for
4 hours, and subsequently immersing the samples into aniline
solution in hexane for 4 hours. Aniline monomers polymerize
within the PEGda chains to form a PEGda-PANI hybrid samples.
Samples were purified in large amount of DI water for 3 days and
1 M HCL for another 2 days, to ensure removal of residual
aniline monomers and APS.

Electrochemical Impedance Spectroscopy (EIS)

The electrical conductivity of PEGda-PANI hydrogel samples
were measured by EIS at frequencies from 0.02 Hz to 20 000 Hz
and AC perturbation of 10 mV. Basically, a disk shaped
PEGDA/PANI samples were placed in an electrode system
between a Titanium electrode and a hole (diameter - 8 mm).
Ag/AgCl and carbon electrodes were used as the reference
and counter electrodes respectively, while 1 M H,SO, solution
was used as the electrolyte (ESI-2t). This three electrode cell
was connected to a Solartron Analytical 1280Z working station
to drive electrochemical impedance spectroscopy test. Data
was collected and analyzed by Z plot and Z view software
respectively.

Swelling ratio

PEGda-PANI hydrogel samples (diameter 16 mm, thickness
1.62 mm) with different ratios (Fig. 1D) were incubated in DI water
for 3 days and dried overnight at room temperature. The swelling
ratio was measured by comparing the swollen weight over the dried
weight, as follows: swelling ratio (%) = (Ww — Wi)/Ww) x 100%
(Ww: wet weight of hydrogel; Wi: initial [dry] weight of hydrogel
sample).

Compressive modulus

Compressive modulus was quantified using a Q800 Dynamic
Mechanical Analysis (DMA) (TA Instruments, Inc.). Disc-shaped
PEGda-PANI samples (diameter 16 mm, thickness 1.62 mm) of
different ratios were incubated in phosphate buffer saline (PBS)
at 37 °C for 48 hours. Samples were loaded under compression
clamp and tested for controlled strain percentage (ramping
from 0-40%) with preloaded force of 0.01 N and displacement
of 10 pm. The slope of stress-strain curve from 0-10% strain
was used to determine compressive modulus.
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Cell culture and immunohistochemical staining

C3H/10T1/2 murine mesenchymal progenitor cells (10T1/2s),
generously gifted by Dr Henderson, were cultured in BME
supplemented with 10% fetal bovine serum, 1% Glutamax,
1% Penstrap, and were maintained in a 37 °C incubator with
5% CO,. Cells were passaged using standard cell culture pro-
tocols using 0.25% trypsin-EDTA and were used within passage
number 15. Cells were harvested, counted and seeded on
PEGda or PEGda-PANI samples, media was changed 1 day after
seeding and then refreshed every other day. Cells were fixed on
day 2, post-seeding using 4% paraformaldehyde (Invitrogen,
Carlsbad, CA) overnight at room temperature and permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich) in PBS with 1% bovine
serum album (BSA, Hyclone) for 30 min. For F-actin and nuclei
staining cells were labeling secondary antibodies (Alexa 488 or
Alexa 647, Invitrogen, Carlsbad, CA) and Hoechst 33258 DNA dye
(Invitrogen, Carlsbad, CA) for 30 minutes. Confocal fluorescence
imaging was performed using Zeiss LSM 710, and image analysis
was performed using Image].

Contact angle

The water contact angle measurements of PEGDA-PANI and
PAGDA were performed using VCA Optima (AST Products, Inc.).
A drop of DI water (0.75 pl) was placed on the surface of the
sample and images of the water menisci were recorded by a
digital camera. For each type of sample, 8 independent samples
were tested.

SEMs

PEGda and PEGda-PANI samples were imaged using Scanning
Electron Microscopy (Joel 5600, Japan). Samples were cut in
half, freeze-dried, sputter coated for 45 seconds, and mounted
on an aluminum SEM stubs with double-sided carbon tape and
imaged using 5 kV.

Porogen leaching

Sodium chloride crystals with 20% volume concentration were
added to PEGda prepolymer solution, and exposed to UV light
(EXFO Omnicure S2000, Quebec, QC, Canada) for 10 min to
form disc-shaped PEGda + salt samples of standard size (dia-
meter 16 mm, thickness 1.62 mm). Samples were incubated in
DI water for 3 days to facilitate salt-leaching, following by
interfacial polymerization of aniline monomers as described
previously.

Methacrylation of glass coverslips

Round glass coverslips (12 mm Dia, Chemglass Life Sciences,
Vineland, NJ) were agitated in Piranha solution (sulfuric acid
and hydrogen peroxide at a 7: 3 ratio) for 5 min, washed in DI
water 3x (5 min each time), and washed in 100% ethanol
(Fisher Scientific, Pittsburgh, PA) and dried with nitrogen.
Dried glass coverslips were functionalized in a bath containing
85 mM 3-(trimethoxysilyl)propyl methacrylate (Fluka, St. Louis,
MO) in ethanol with acetic acid (pH 4.5) with overnight rocking
at room temperature. Modified coverslips were washed with
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ethanol (5x, 5 min each wash cycle), dried with nitrogen, and
baked in oven for 1 h.

Projection stereolithography

Three micron-scale user-defined patterns were fabricated using
PEGda hydrogel using UV photolithography in a layer-by-layer
fashion. The main components of the fabrication system are a
UV light source (EXFO Omnicure S2000, wavelength range 320-
500 nm, Quebec, QC, Canada), a digital light processing (DLP)
chip (Discovery 4000, Texas Instrument, TX), and computer
controlled stages (Newport 426/433 series). User-defined
computer-aided-design (CAD) files of dot, grid and letter patterns
were transferred to the DLP array chip to generate a series of
virtual masks. DLP chip modulated images were projected onto a
photocurable pre-polymer through an UV grade optical lens
(Edmunds Optics, NJ). Areas illuminated by UV light crosslink,
while leaving the dark regions un-crosslinked, polymerizing
PEGda hydrogel structure. These patterns were irradiated for

10 seconds at a projected UV intensity of ~25 mW cm >,
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