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Hydrogels with inherently conductive properties have been recently developed for tissue engineering
applications, to serve as bioactive scaffolds to electrically stimulate cells and modulate their function.
In this work, we have used interfacial polymerization of aniline monomers within gelatin methacrylate
(GelMA) to develop a conductive hybrid composite. We demonstrate that as compared to pure GelMA,
GelMA–polyaniline (GelMA–Pani) composite has similar swelling properties and compressive modulus,
comparable cell adhesion and spreading responses, and superior electrical properties. Additionally, we
demonstrate that GelMA–Pani composite can be printed in complex user-defined geometries using dig-
ital projection stereolithography, and will be useful in developing next-generation bioelectrical inter-
faces.

Statement of Significance

We report the fabrication of a conductive hydrogel using naturally-derived gelatin methyacrylate
(GelMA) and inherently conductive polyaniline (Pani). This work is significant, as GelMA-Pani composite
has superior electrical properties as compared to pure Gelma, all the while maintaining biomimetic phys-
ical and biocompatible properties. Moreover, the ability to fabricate conductive-GelMA in complex user-
defined micro-geometries, address the significant processing challenges associated with all inherently
conductive polymers including Pani. The methodology described in this work can be extended to several
conductive polymers and hydrogels, to develop new biocompatible electrically active interfaces.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Motivated by the goal of repairing and regenerating diseased
tissue, the past decades have seen the emergence and growth of
the field of tissue engineering in which 3D scaffolds are developed
in combination with cells and biomolecules [1–7]. Hydrogels
which form 3D cross-linked hydrated fibers, have emerged as the
ideal material for developing scaffolds because of its similarity to
the natural extracellular matrix, as well as their ability to tune
mechanical and biochemical cues [8–14]. However, hydrogels are
typically non-conductive, which limit their application in modu-
lated cell function for excitable cell types such as nerve, and mus-
cle cells, as well as non-excitable cells which also possess a
negative intercellular voltage [15–20]. An electroconductive
hydrogel would give researchers the ability to provide an electrical
cue to living cells using an extracellular matrix (ECM)-like environ-
ment, towards understanding the often unexplored role of electri-
cal energy in modulating cellular responses [21–30]. Thus far, the
approaches to develop conductive hydrogels can be broadly classi-
fied into (a) hydrogels mixed with conductive elements, and (b)
hydrogels mixed with inherently conductive polymers (ICPs)
[21,24,31].

One approach involves doping hydrogels with conductive parti-
cles, including nanofibers/nanowires [32,33], graphene [34,35],
metallic nanoparticles [36,37], or carbon nanotubes (CNTs)
[22,36,38–40] within its matrix. In another approach, inherently
conductive polymers (ICPs) such as poly(pyrrole) (PPy), poly(3,4-
ethylenedioxythiophene) (PEDOT) and polyaniline (Pani), are inte-
grated or infused within hydrogel matrix such as polyethylene gly-
col and polyacrylamide [21,24,41–44]. As compared to other ICPs,
polyaniline (Pani) is easy to synthesize and has acceptable environ-
mental stability [42,45], and has been shown to be compatible
with specific cell types [46] however its use in developing 3D scaf-
folds for tissue engineering is limited because of multiple reasons.
Pani has low processability, low flexibility, and is not biodegrad-
able and has been shown to be cytotoxic to several cell lines
(probably due to leaching of low-molecular by-products and
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residual acid) [46,47]. Typically a biological adhesive coating is
applied to Pani to improve its cell adhesion properties [46,48].

To address these challenges, Pani has been integrated with syn-
thetic and naturally-derived hydrogels to develop conductive-
hydrogels with sufficient biocompatibility, as well as cell adhesion
[24,49,50]. However, the low processability of Pani (the ability of a
polymer to be processed into functional devices and complex user-
defined geometries), has not been sufficiently addressed. The pri-
mary reason of Pani’s poor processability is its low solubility in
organic solvent as well as its brittle characteristic due to the pres-
ence of rigid p-conjugated bonds [51]. Although 2D thin
micrometer-resolution Pani films have been developed using a
variety of methods such as inkjet printing, casting, self-assembly,
electrospinning etc., [23,52–57], processing Pani into 3D complex
geometries remain a challenge.

In our previous work, interfacial polymerization of aniline
monomers within a synthetic hydrogel (polyethylene glycol
diacrylate – Pegda), was used to develop Pani–Pegda composite
[58], however its utility for serving as a cell-scaffold was found
to be limited, as synthetic non-biodegradable Pegda lack
naturally-occurring bioactive epitopes, and incorporating biofunc-
tional groups after polymerization of Pani–Pegda was found to be
challenging. In this work, we use gelatin methacrylate (GelMA)
hydrogel, which possesses naturally-occurring distribution and
variety of biofunctional groups which support cell adhesion, to
synthesize a GelMA–Pani composite. Since GelMA maintains a
robust structure for about 4 weeks, and completely degrades in
about 6–8 weeks post cell-seeding, GelMA–Pani composite can
potentially be an attractive platform to investigate cellular
responses of electrical cues.
2. Materials and methods

2.1. Synthesis of GelMA–Pani hydrogel

Gelatin methacrylate (GelMA) was synthesized by addition of
methacrylate groups to porcine gelatin using a previously opti-
mized protocol [59–62]. GelMA precursor solution was prepared
by mixing GelMA dissolved in DI water (10%; w/v) with 0.25%
(w/v) Irgacure 2959 photoinitiator. GelMA precursor solution was
injected between two glass slides, Teflon spacers and a rectangular
mold and subsequently shone with UV light (Omnicure S2000 UV
lamp, Lumen Dynamics, Quebec, Canada) for 10 min, to prepare a
solid crosslinked GelMA hydrogel sheet (thickness = 1.62 mm). A
circular punch (diameter = 16 mm) was used to punch out circular
disc-shaped GelMA samples. Samples were stored in DI water for
24hrs to remove any uncrosslinked monomers and unreacted pho-
toinitiator. GelMA disc-shaped samples were immersed in 1 M HCl
solution containing 0.04, 0.08 and 0.16 M ammonium persulfate
(APS) (P1, P2 and P3 respectively) for 4 hours (Fig. 1), and then
immersed in hexane solution containing 0.16 M aniline for another
4 hours. Dark green GelMA–Pani samples were purified in DI water
for 3 days and 1 M HCl solution for another 2 days to remove any
residual unreacted aniline and by-products. The control samples
include pure GelMA (C1) with no processing, and GelMA immersed
in HCl but not in aniline solution (C2).
2.2. Fourier Transform infrared spectroscopy (FTIR)

FTIR spectra of the GelMA (C1), GelMA–Pani (P2), and central
slices from GelMA–Pani (P2) hydrogel samples were recorded
using Spectrum One FTIR Spectrometer from PerkinElmer Instru-
ment. Samples were kept intact or sliced, before freezing below
�80 �C overnight and freeze-dried for 24 h. Samples were placed
in the rack of the FTIR machine. The Spectrum One computer inter-
face software was used to record their FTIR spectra.

2.3. Swelling ratio

GelMA and GelMA–Pani hydrogel samples (5 mm in diameter
and 1.62 mm in thickness) were incubated in DI water for 3 days
and dried for 48 hours at room temperature. The mass swelling
ratio was measured by comparing the hydrated weight (Ww) over
the dehydrated weight (Wi) using equation: mass swelling ratio
(%) = ((Ww �Wi)/Ww) � 100%.

2.4. Compressive modulus

Compressive modulus of pure GelMA and GelMA–Pani compos-
ite (5 mm in diameter and 1.62 mm in thickness) were evaluated
using a dynamic mechanical analysis (DMA) machine (Q800, TA
Instruments, Inc.). Samples of different aniline/APS ratios were
incubated in phosphate buffer saline (PBS) at 37 �C for 48 h. Sam-
ples were loaded under compression clamp and tested for con-
trolled strain percentage (ramping from 0 to 40%) with preloaded
force of 0.01 N and displacement of 10 lm. Slope of stress–strain
curve from 0 to 10% strain was used to determine compressive
modulus.

2.5. Scanning electron microscopy (SEM)

GelMA and GelMA–Pani samples were frozen (�80 �C), freeze
dried for 24 h, mounted on an aluminum SEM stub with double-
sided carbon tape, sputter coated with gold for 45 s, and images
were taken at 5 kV (Joel 5600 SEM, Japan).

2.6. Contact angle

The water contact angle measurements of GelMA and GelMA–
Pani samples were performed using the VCA Optima (AST Products,
Inc.). A drop of DI water (0.75 ml) was placed on the sample and a
digital camera was used to record images of water menisci. For
each type of sample, contact angle was measured for 4 indepen-
dent samples.

2.7. Cell culture and immune labeling

C3H/10T1/2 murine mesenchymal progenitor cells (10T1/2s),
were cultured in BME supplemented with 10% fetal bovine serum,
1% Glutamax, 1% Penstrep, and were maintained in a 37 �C incuba-
tor with 5% CO2. Cells were passaged using standard cell culture
protocols using 0.25% trypsin–EDTA and were used within passage
number 15. Cells were harvested, and seeded on GelMA and
GelMA–Pani samples at a concentration of 5 � 105 cells/ml, with
media changed 1 day after seeding, and refreshed every other
day. Cells were fixed on day 5 using 4% paraformaldehyde (Invitro-
gen, Carlsbad, CA) overnight at room temperature, permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich) in PBS with 1% bovine
serum album (BSA, Hyclone) for 30 min. F-actin was labeled with
Alexa 488 or Alexa 647 (Invitrogen, Carlsbad, CA) (dilution 1:40)
while nucleus was labeled using Hoechst 33258 DNA dye (Invitro-
gen, Carlsbad, CA) (dilution 1:1000) for 30 min. Fluorescence
microscopy and confocal fluorescence imaging was performed
using Leica DMI4000B and Zeiss LSM 710 respectively, and image
analysis was performed using ImageJ. To evaluate cellular viability,
a live/dead assay (Invitrogen, Carlsbad, CA) was used to stain cells
using calcein-AM/ethidium homodimer using nP 5 independent
samples and visualized using fluorescence microscopy. Dead cells
appear as Red, while live cells appear as green, and viability was



Fig. 1. Synthesis and formation of gelatin methacrylate-polyaniline (GelMA–Pani) conductive hydrogel using interfacial in situ polymerization method: (A) GelMA hydrogel
is crosslinked within a mold using UV light. (B) Crosslinked GelMA sample immersed in HCl solution containing ammonium persulfate (APS), is transferred to a solution
mixing hexane with aniline, resulting in Pani formation with GelMA matrix. (C) Table lists various ratios of APS to aniline (P1, P2, and P3) as well as the control samples (C1
and C2) used in this work. (D) Semi-transparent GelMA hydrogel gradually becomes dark green (black) color as a function of time (in minutes) with the formation of
emeraldine salt Pani polymers. Scale bar: 5 mm (Control samples: C1 is pure GelMA without any processing; C2 is GelMA sample immersed in HCl but not in aniline solution).
(E–G) Images depicting sliced sections of GelMA–Pani samples with different sample thicknesses and incubation time in aniline–hexane solution. Sample thickness
(1.62 mm) with 4 h of incubation time has dark green (black) color (E), while samples (1.62 mm) with 5 min of incubation time has black color only on the outer edges (F), and
samples (3 mm) with 4hrs of incubation time has a faint-green region in the center. (White arrows indicate partially crosslinking Pani) Scale bar: 1 mm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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calculated as a percentage of live cells as compared to total number
of cells.

2.8. Electrochemical impedance spectroscopy (EIS)

The electrical properties of GelMA–Pani composite, GelMA con-
trol and Titanium metal control samples were tested using a three
electrode system at a frequency range of 0.02–20 k Hz and an AC
perturbation of 10 mV. Disk-shaped GelMA–pani samples were
placed onto a Titanium electrode to serve as the working electrode
which was assembled into an electrochemical cell with a circular-
hole (diameter 8 mm) on top of the hydrogel. Ag/AgCl, carbon elec-
trodes and 1 M H2SO4 solution were used as the reference elec-
trode, counter electrode and electrolyte respectively. Solartron
Analytical 1280Z working station was used to drive electrochemi-
cal impedance spectroscopy test. Data was collected by Z plot and
analyzed by Z view software.

2.9. Direct current resistance measurement

A direct current resistancemeasurement systemwas developed.
This system is composed of a Data Acquisition (DAQ) system and a
planar gold measurement chip (Figs. 3E, F and SI-B). The DAQ uti-
lized a single ended analog input of a National Instruments USB
6211Data acquisition system. The analog input channel has a
10 GX input impedance with 100 pF capacitance to ground and a
sensitivity of 91.6 lV. A 100 kO resistor is placed in series with the
sensing electrodes (Fig. 3E) and a constant voltage (5.0 V) was
applied across the series resistor and the ground electrode of the
chip. The DAQ measures the voltage drop between the electrodes
(a function of the conductivity of the hydrogel sample) at given
intervals and tracks the changes in the effective resistance of hydro-
gel sample over time. This system records a voltage value 20 times
per second and a running average of 5 samples is utilized to smooth
outnoise in themeasurement system. Themeasurement chip is con-
figured with planar electrodes that are adhered to an FR-4 printed
circuit board substrate (Fig. 3E and F). FR-4 is a glass fiber laminate
materiel that is commonly used for electronic circuit boards and
exhibits very low water absorption. The chip electrodes are con-
structed of etched copper 0.017 mm thick, plated with nickel and
then plated with a gold surface. The exposed electrodes are con-
nected to wires via copper traces that run underneath electrically
insulatingfilm topads thathavewires soldered to themthat connect
to the DAQ analog input channel. The Electrode pads are
3 mm � 1 mm separated by a 2 mm space between the electrodes.
(Refer to SI-B for the full chip design with 8 electrode pairs).

2.10. Methacrylation of glass coverslips

Round glass coverslips (12 mm Dia, Chemglass Life Sciences,
Vineland, NJ)were agitated in Piranha solution (sulfuric acid: hydro-
gen peroxide = 7:3 ratio) for 5 min, washed in DI water 3� (5 min
each time), and washed in 100% ethanol (Fisher Scientific, Pitts-
burgh, PA) anddriedwithnitrogen.Dried glass coverslipswere func-
tionalized 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 cover-
slips were washed with ethanol (5�, 5 min each wash cycle), dried
with nitrogen, and baked in oven for 1 h.

2.11. Digital projection stereolithography

The main components of the fabrication system are a UV light
source (EXFO Omnicure S2000, wavelength range 320–500 nm,



Y. Wu et al. / Acta Biomaterialia 33 (2016) 122–130 125
Quebec, QC, Canada), a digital light processing (DLP) chip (Discovery
4000, Texas Instrument, TX), and computer controlled stages (New-
port 426/433 series). The DLP is an electronic board embedded with
an array of 1920 � 1080 squaremirrors, which convert user-defined
bitmap files into virtual masks or projections, selectively switching
mirrors into either the ON state or the OFF state. The mirrors in the
ON state project digital images onto the liquid prepolymer solution.
Areas illuminated by UV light crosslink, while the dark regions
remain in liquid uncrosslinked state, thereby selectively polymeriz-
ing GelMA into hexagonal cellular geometry. These patterns were
irradiated for 10 s at a projected UV intensity of �25 mW cm�2.
3. Results

3.1. Synthesis of GelMA–Pani

In this work, disc shaped GelMA was crosslinked using UV light,
and subsequently interfacial in situ polymerization method was
used to polymerize aniline monomers within the hydrogel matrix,
to form the GelMA–Pani hybrid matrix. Briefly, three steps are
involved in the synthesis of GelMA–Pani hydrogel composite. In
step 1, UV light exposure generates free radicals to activate func-
tional monomers to form covalent bonds and develop a semi-
transparent crosslinked GelMA gel (Fig. 1A). In step2, GelMA sam-
ples were immersed in a solution of 1 M hydrochloric acid (HCl)
containing ammonium persulfate (APS) (Fig. 1B), making GelMA
matrix acidic, which helps in selective polymerization of aniline
monomers in the next step. Finally in step 3, acidic GelMA sample
is transferred into hexane (an organic solvent) containing aniline
monomer, resulting in formation of emeraldine salt (conductive)
form of Pani. Semi-transparent GelMA hydrogel becomes opaque
with the formation of the Pani (dark-green color) (Fig. 1D). The
GelMA–Pani hydrogel composite is thoroughly purified by DI water
for 3 days and HCl for another 2 days, to allow any residual APS,
low molecular weight Pani and other by-products to leach out.
Selective polymerization of Pani prevents leaching out of newly
synthesized Pani, as no color change is observed when a GelMA–
Pani composite is immersed in a clear solution of DI water. In this
work, the ratio of APS to aniline was varied by only increasing the
concentration of APS, such that APS concentration never exceed
aniline concentration to prevent over-oxidation of Pani, thus main-
taining the conductive half-oxidized Pani (emeraldine salt) state.
(Fig. 1C) Two control samples were also included (C1-pure GelMA;
C2-GelMA sample undergoing HCl treatment, but not immersed in
aniline solution). To ensure that Pani has crosslinked throughout
the GelMA matrix, two control experiments were performed. First,
the sample size was kept constant (1.62 mm thickness and 16 mm
diameter), while the incubation time in aniline–hexane solution
was decreased to 5 min, and compared to the incubation time used
in this work (4 h). Both samples were sliced from the central por-
tion of the disc-shaped sample. We found that with increase in
incubation times, the transparent-white GelMA changes from
white color to green to dark green/black (Fig. 1E). Dark green/black
color typically represents the formation of Pani within GelMA
matrix. At decreased time of 5 min incubation, green color is
observed only on the outer layer of the cross-sectional slice, cut
from the disc-shaped sample (White arrows in Fig. 1F). Second,
the sample size was changed to 3 mm thickness as compared to
1.62 mm (used in this work), while maintain the 4 h aniline incu-
bation time (used in this work). A thin light-green strip is observed
in the center of the central slice of GelMA–Pani, indicating that
partial-crosslinking of Pani within the GelMA matrix (White
arrows in Fig. 1G). These two experiments demonstrate that scale/-
size as well as incubation times, have significant influence on Pani
crosslinking within GelMA, and these parameters have to be opti-
mized to obtain uniform Pani–GelMA samples. For the size and
incubation times used in this work, we find that Pani has inte-
grated throughout the bulk GelMA matrix.

3.2. Characterization of GelMA–Pani composite

The presence of Pani within GelMA matrix was verified using
FTIR. FTIR spectra taken from intact GelMA, intact GelMA–Pani sam-
ples, and a central-slice of the GelMA–Pani sample show the aniline
peak (around 1140) in both intact GelMA–Pani samples, indicates
the Pani has reacted throughout the sample although the peak of
the sliced sample is smaller as compared to the intact sample, possi-
bly because of the reduced thickness of the sliced sample. For P2
sample, we observed a distinct change in peak at 1141which repre-
sent the in-plane bending of C–H in aromatic moieties, indicating
emeraldine (conductive) salt form of Pani (Fig. 2A). Scanning elec-
tron microscope (SEM) images demonstrate filling up of the porous
GelMA microstructure with Pani, resulting in smaller pore-size
(Fig. 2D and E). Mass swelling ratio of GelMA and GelMA–Pani sam-
ples (3D disc of 16 mm diameter and 1.62 mm thickness) at various
stages of processing (C1 and C2), with various aniline ratios (P1, P2
and P3) were characterized (Fig. 2B). Results demonstrate no signif-
icant differences between GelMA–pani and GelMA samples
although we do observe a slight increase in swelling ratio for C2
when compared to C1, which can be attributed to the breaking of
some porous structure resulting in increased pore size, probably
caused by the hydrolysis of HCl. A decrease of swelling ratio for P1,
P2 and P3 as compared to C2 was also noted, attributed to the infu-
sion of Pani within GelMAmatrix, thereby decreasing the pore size,
also indicated by the SEM images. Since it is well recognized that
compressive modulus (stiffness) significant influences cell-
materials interactions, compressive moduli for GelMA controls
(C1, C2) and GelMA–Pani composites were characterized using
Dynamic Mechanical Analyzer (Fig. 2C). Compressive modulus of
GelMA control without any treatment (C1) was found to have the
stiffness value of 12.62 ± 0.65 kPa. With HCl treatment (C2), the
modulus decreased to a value of 12.34 ± 0.48 kPa, probably due to
HCl-enableddamageof the internalmicroporous structureofGelMA
hydrogel. Modulus increases with increases amount of Pani, likely
due to incorporation of Pani within GelMA hydrogel network. The
net change in modulus between pure GelMA (�12.3 kPa) and
GelMA–Pani (13.7–15.2 kPa) is a few kPa, indicating that interfacial
polymerization process did not significantly alter the modulus, and
still lies within the physiological range of stiffness of various cell
types.1 To evaluate the biocompatibility for the GelMA–Pani com-
posite, C3H/10T1/2 murine mesenchymal progenitor cells
(10T1/2s) were seeded and cell viability was evaluated on day 5
post-seeding. The green fluorescent dye calcein indicated viable
cells, and red nuclei showed damaged and dead cells with the
membrane-dye Eth-D1 (Fig. 2G andH). The samples exhibit cell via-
bility similar to a control experiment on pure GelMA sample. Con-
tact angle of GelMA–Pani (P2) is lower as compared to control
GelMA (C1), however the difference is not significant (Fig. 2F). As a
result, we anticipate that small differences in hydrophilicity would
not significantly contribute to the observed cell responses. Themor-
phology of seeded cells were evaluated by staining samples with
actin and nuclei. As compared to GelMA control (Fig. 2I), which
demonstrates abundant cell spreading, GelMA–Pani (P2) demon-
strated less moderate to less cell spreading, possibly because of
the presence of Pani. (Fig. 2J).

3.3. Electrical characterization of GelMA–PANI

Electrical properties of GelMA and GelMA–Pani samples were
evaluated using Electrochemical Impedance Spectroscopy (EIS)
and a custom-made resistance-test-chip.



Fig. 2. Material characterizations and biocompatibility of GelMA and GelMA–Pani samples: (A) FTIR curve of intact GelMA–Pani and sliced section obtained from center slice
of GelMA–Pani sample shows a distinct peak at 1141 cm�1, (B) Mass swelling ratios and (C) compressive moduli of various samples, (D and E) SEM pictures of GelMA and
GelMA–Pani showing difference in pore morphology, (F) Contact angle analysis, (G and H) Representative images of viability of 10T1/2 cells seeded on GelMA and GelMA–
Pani samples as assessed via calcein–AM (green)/ethidium homodimer (red) assay 5 days post-seeding. (I and J) Morphology of 10T1/2 cells on GelMA control and GelMA–
Pani samples as depicted by F-actin (green) and nuclei (blue) 5 days post-seeding. (#p < 0.001; *p < 0.01; @p < 0.05; NS: not significant) Scale bar G and H: 100 lm; Scale bar I
and J: 10 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3.1. Electrochemical impedance spectroscopy (EIS)
In EIS, a small sinusoidal AC voltage perturbation was applied to

the samples of interest (Titanium metal control-Ti, GelMA control-
C1 and GelMA–Pani composite-P2) around its open circuit poten-
tial (OCP) over a range of frequencies (0.02–20 kHz) with an ampli-
tude of 10 mV. Results were plotted in the form of Nyquist and
Bode Plot (Fig. 3A–C), and data was fitted with a standard Randles
cell (RC) equivalent circuit model (Inset in Fig. 3B). ZView software
was used to obtain values of constant phase element (CPE, which
replaces the ideal capacitance), the uncompensated solution resis-
tance (Rs) and the polarization resistance (Rp). CPE represents the
reaction step when electrons/ions build up on a surface, while Rp

indicates the transport of charge through materials or interfaces.
Compared to C1, P2 exhibited lower impedance, indicated by a
smaller diameter of the partial-semi-circle (Fig. 3A). The magni-
tude of impedance is also affected by the frequency value as
depicted by Bode plots (Fig. 3B) with impedance magnitude plot-
ted against range of frequencies. Both GelMA and GelMA–Pani
samples exhibit low impedance at high frequencies (1 kHz) due
to capacitive currents, however at physiologically-relevant low fre-
quencies, the impedance of GelMA–Pani (2.9 ± 0.3 kX) is signifi-
cantly lower than pure GelMA sample (6.9 ± 0.7 kX) (Figs. 3D
and SI-B) likely because of resistive currents through the conju-
gated Pani backbone crosslinked within GelMA matrix. In the plot
of phase angle verses frequency, both GelMA and GelMA–Pani
show only one peak, while with Ti control, we observe two distinct
peaks. The resistance (Rp) of pure GelMA (C1) (�4.9 kX) is smaller
than the GelMA–Pani (P2) (�16.3 kX (SI-B) while the capacitance
of C1 (�0.03F) is higher than P2 (�0.01F), indicating the conductive
GelMA–Pani interface represented by the capacitive element in
Randles circuit.
3.3.2. Resistance measurement chip
In addition to EIS, a custom-made resistance testing chip

(Fig. 3E–H) was used to directly record the real-time resistance
change for Ti control, GelMA (C1) and GelMA–Pani (P2) samples.
Test samples were presses against the parallel electrodes, and the
changes in resistance were recorded for 10 min, using Labview
software. As expected, the resistance did not change for the Tita-
nium metal control sample, and remained at a low value of �7 O
(Fig. 4H). Both GelMA (C1) and GelMA–Pani (P2) demonstrated
an initial increase of resistance before reaching saturation at
�500 and �200 s respectively (Fig. 4G and SI-C), with a resistance
of C1 (508.60 ± 6.84 O), and P2 (165.56 ± 5.97 O), calculated by
averaging the last five data points, and demonstrates a significant
decrease in conductivity for the Pani-doped GelMA as compared
to pure GelMA.

3.4. Printing of GelMA–Pani using micro-stereolithography apparatus
(lSLA)

Conductive polymers, including Pani, are typically processes in
form of thin films or using molding approaches. In this work, we
demonstrate that GelMA–Pani composites with user-defined pat-
terns can be fabricated. The lSLA utilizes a digital micro-mirror
projection (DLP) array (Texas Instruments) to develop virtual or
digital masks, and selectively switch mirrors into either the ON
state or the OFF state (Fig. 4A). The mirrors in their ON state reflect
UV light beams into the focusing lens, and project them onto a
GelMA prepolymer solution (a mixture of 10% GelMA and 0.1%
photoinitiator), while the mirrors in OFF state diverts the UV light
away from the solution. A hexagonal cellular pattern was designed
and uploaded onto the DLP chip (Fig. 4A). UV light modulated by



Fig. 3. Electrical characterizations of GelMA–Pani composites: (A–D) Electrochemical impedance spectroscopy (EIS) was used to obtain Nyquist and Bode plots for C1, P2 and
Ti (C1 = red; P2 = blue and Ti = black) for a range of frequencies. Data was fitted to Randles equivalent circuit, and values of capacitance element (CPE), Rs, the solution
resistance and Rp, polarization resistance were obtained. GelMA–Pani (P2) sample show lower resistance to electron transfer as indicated by the decrease in the diameter of
the semi-circular curve. The magnitude of P2 is significantly lower that control (C1-pure GelMA) especially at physiologically-relevant lower frequencies. (E–H) A custom-
made resistance measurement chip was fabricated, and used to test variations in bulk resistance of standard disc-shaped samples over time. (E and F) Schematic of the logic
electric circuit and images of the actual chip. (G) Change of resistance of P2, C1 and Ti samples as a function of time, demonstrates a significantly higher resistance value of
pure GelMA (C1) as compared to GelMA–Pani (P2) sample. As expected, the resistance of Titanium (Ti) is much less, and is plotted separately in H. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the virtual mask in the form of hexagonal pattern, was focuses onto
the GelMA prepolymer solution, to generate free radicals, and
crosslink a semi-transparent crosslinked GelMA hexagonal pattern,
similar to step 1 in Fig. 1A (Fig. 4B). A modified glass coverslip was
used for this process, to ensure good adhesion between crosslink-
ing GelMA and glass substrate, primarily for ease in handling dur-
ing cell seeding and imaging steps. The samples underwent the
interfacial in situ polymerization process to allow diffusion of ani-
line monomers within the sample, and crosslink within the GelMA
network, to form opaque dark-green GelMA–Pani composite with
hexagonal geometry (Fig. 4C). APS to aniline ratio was set to be
1:2 (P2). 10T1/2s cells were seeded on control GelMA (C1) and
GelMA–Pani composite (P2), and morphology of adhered cells
were evaluated by staining the samples for actin and nuclei
(Fig. 4D–F). In control GelMA (C1) samples, cell exclusively spread
and adhere to GelMA, while cells adhere the GelMA–Pani as well as
the space between the structures.

4. Discussion

In vivo physical, biochemical and electrical stimuli play a vital
role in regulating cellular function and tissue growth. With the
goal of understanding and utilizing in vivo stimuli for modulating
cellular function, new platforms continue to be developed, and
remains an intensive area of research [15–31]. With the realization
that electrical cues play an essential role in controlling cell func-
tion, such as morphology, proliferation and migration, researchers
have continued to develop new biomimetic electroconductive plat-
forms and scaffolds using advances in polymer chemistry and
microfabrication techniques. Recently, conductive hydrogels have
been developed to provide stimulus or respond to electrical cues
to or from living cells, by combining hydrogels with conductive
particles, both inorganic particles as well as various ICPs [63].
However fabrication of conductive hydrogels into complex geome-
tries remains a challenging task.

In this work, we developed a novel electroconductive hydrogel
using gelatin methacrylate (GelMA) and inherently conductive
polyaniline polymer using interfacial polymerization, a recent
chemical route of synthesizing conductive polymeric structures
[64–66]. In interfacial polymerization, the monomers of conduc-
tive polymers (dissolved in organic solvent) are mixed with oxi-
dants (dissolved in water), to generate conducting polymers at
the organic-solvent/water interface (Fig. 1). This approach provides
marked improvement over the conventional approach of forming
conductive hydrogels by mixing conductive particles within hydro-
gel matrix, which typically results in poorly integrated composite
[25,67,68]. GelMA is a good choice for this work, as it is a dena-
tured form of collagen (the most abundant protein found in the
body) and has been shown to maintain its structural integrity for
more than 4 weeks, before onset of degradation. Crosslinked
GelMA is a mesh-like hydrated structures with sufficient space
for diffusion of another biochemical species (aniline monomers
in this case). Polymerization occurs at the interface between the
hydrophilic GelMA hydrogel and the hydrophobic hexane solution.
Since conductive Pani synthesized in acidic environment is in its
hydrophilic emeraldine salt state, it spontaneously and exclusively
migrates into the hydrophilic hydrogel matrix and is confined
within the GelMAmatrix. Moreover, selectivity of Pani polymeriza-
tion around hydrogel network chains maintains diffusion of newly
synthesizes Pani and APS throughout the GelMA sample, resulting
in uniform conductive properties of the sample, as compared to
other processes where Pani polymerization typically blocks the
surface micropores and prevents polymerization in the interior of
the 3D bulk composite. However, the exact mechanism of Pani
crosslinking within GelMA matrix is not known, and future work
has to be carried out to understand how Pani-crosslinking relates
to solvent type, molecular dispersions, relative amounts and
pore-sizes.

Based on the swelling, compression and biocompatibility test-
ing, the GelMA–Pani composites are similar in properties to the
pure biomimetic GelMA hydrogels, and therefore closer to the
properties of in vivo extracellular matrix (Fig. 2). This means that
although more electro-conductive as compared to other biomateri-
als, GelMA–Pani composite would elicit cellular responses similar
to pure GelMA and other biomaterials of similar properties, and
would serve as a suitable conductive scaffold. This is an advantage



Fig. 4. Fabrication of GelMA–Pani using user-defined hexagonal geometry: (A) Schematic of digital projection microstereolithography: Liquid GelMA precursor solution is
placed in a chamber covered by a methacrylated glass coverslip. Computer aided design (CAD)-based digital mask with hexagonal pattern is used to modulate UV light, and
selectively polymerize GelMA. (B and C) Brightfield images of GelMA (semi-transparent) and GelMA–Pani (dark-green) with hexagonal geometry. (D–F) Fluorescence and
confocal images of GelMA and GelMA–Pani samples seeded with 10T1/2 cells, and labelled for actin (green) and nucleus (blue). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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as compared to doping-based approaches of fabricating conductive
hydrogels, where conductive particles added to the hydrogel net-
work result in significant increase of their mechanical properties.

Cell adhesion and viability on GelMA and GelMA–Pani compos-
ites, (Figs. 2G–I and 4D–F), demonstrate similar responses. This
result demonstrates the presence of bioactive sites on GelMA–Pani
composite, even after going through harsh processing conditions
(organic solvent and HCl acid). Please note that GelMA–Pani sam-
ples were not incubated with any adhesive protein before seeding
cells, a common cell-seeding protocol to encourage adhesion of
cells to biomaterials.

Nyquist diagrams, with imaginary (-Z00) verses real (Z0) compo-
nents of impedance, were plotted from time constants derived
from Randles equivalent circuit (capacitive element-C, solution
resistance –Rs, and polarization resistance –Rp) (Fig. 3). From SI sec-
tion, Rp (resistance to transport of charge through a material) for
GelMA–Pani is higher (16.3 kX) as compared to pure GelMA
(4.9 kX), however the combined/total impedance of pure GelMA
is higher, primarily because capacitance, C (reaction step of build-
ing charge on a surface) is higher for pure GelMA (0.032F) as com-
pared to GelMA–Pani (0.014F). This implies that the transport of
charge through pure GelMA is more efficient as compare to
GelMA–Pani, probably because of free diffusion of ions, which gets
disrupted because of Pani crosslinking. However, Pani crosslinking
decreases the capacitance of pure GelMA, by allowing easier charg-
ing of interfaces between two internal segments. Bode diagrams in
Fig. 3B, with impedance magnitude plotted against range of fre-
quencies, depict that at physiologically relevant lower frequencies,
GelMA–Pani (P2) has much lower impedance as compared to pure
GelMA (C1). Direct current resistance measurements of the sam-
ples revealed a characteristic change in resistance versus time,
with lower overall resistance values for GelMA–Pani samples as
compared to pure GelMA. Lastly, fabrication of GelMA–Pani in
complex user-defined geometries was demonstrated by lSLA
approach, which can be potentially extended to variety of complex
geometries, conductive polymers, and photosensitive biopolymers.
One limitation of this approach with respect to scalability is the
overall projection area (XY) during single UV exposure, which is
typically around 4 mm � 4 mm. Although larger sizes can be
printed by step projection printing, a method where the stage is
translated along XY in a stepwise manner, this results in mis-
matched interfaces between two adjacent stitched sections.
5. Conclusions

In this work, we used interfacial in situ polymerization method
to develop a novel biocompatible electroconductive GelMA–Pani
composite. FTIR and SEM results indicate the existence of emeral-
dine salt (conductive) Pani within GelMA matrix. GelMA–Pani can
be fabricated using standard fabrication approaches such as UV
photocrosslinking, and show similar mechanical, swelling, and cell
adhesion properties as compared to biomimetic GelMA. Results
demonstrate improved electrical properties as compared to pure
GelMA using EIS measurements and custom-developed
resistance-chip. We also demonstrated the fabrication of GelMA–
Pani with defined microarchitecture using digital stereolithogra-
phy. This approach has the potential to be extended to a wide vari-
ety of photosensitive hydrogels as well as other biopolymers and
cells, to drive the development of new bioelectrical interfaces for
several biomedical applications.
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