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ing off-target effects associated with systemic drug delivery. The work presented here explores an elec-
trically active composite material comprising of a biocompatible hydrogel, gelatin methacryloyl (GelMA)
and a conducting polymer, poly(3,4-ethylenedioxythiophene), generating a conducting polymer hydrogel.

Keywords: In this paper, the key characteristics of electroactivity, mechanical properties, and morphology are charac-
PEDOT terized using electrochemistry techniques, atomic force, and scanning electron microscopy. Cytocompat-
GelMA ibility is established through exposure of human cells to the materials. By applying different electrical-
Electric stimuli stimuli, the short-term release profiles of a model protein can be controlled over 4 h, demonstrating tun-

Growth factors

) . able delivery patterns. This is followed by extended-release studies over 21 days which reveal a bimodal
Electroactive materials

delivery mechanism influenced by both GelMA degradation and electrical stimulation events. This data
demonstrates an electroactive and cytocompatible material suitable for the delivery of protein payloads
over 3 weeks. This material is well suited for use as a treatment delivery platform in tissue engineering
applications where targeted and spatio-temporal controlled delivery of therapeutic proteins is required.

Statement of significance

Growth factor use in tissue engineering typically requires sustained and tunable delivery to generate
optimal outcomes. While conducting polymer hydrogels (CPH) have been explored for the electrically
responsive release of small bioactives, we report on a CPH capable of releasing a protein payload in re-
sponse to electrical stimulus. The composite material combines the benefits of soft hydrogels acting as a
drug reservoir and redox-active properties from the conducting polymer enabling electrical responsive-
ness. The CPH is able to sustain protein delivery over 3 weeks, with electrical stimulus used to modulate
release. The described material is well suited as a treatment delivery platform to deliver large quantities
of proteins in applications where spatio-temporal delivery patterns are paramount.
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1. Introduction

The therapeutic peptide and protein class represents a signif-
icant market share in the current pharmaceutical sector and is
amongst the fastest-growing categories of therapeutics. However,
most protein-based therapeutics using direct delivery systems face
major challenges. Therapeutic proteins have inherent in vitro and
in vivo instability, illicit immunogenicity reactions and exhibit poor
biodistribution to the diseased site, which all contribute to the
high degrees of failure during the drug development cycle [1]. De-
spite this, since the 1980s, a total of 239 therapeutic proteins and
peptides have been approved for clinical use by the United States
Food and Drug Administration [2]. However, the vast majority of
this progress has been made from the dominance of monoclonal
antibody therapeutics, but not all protein drugs have seen success
[3]. For example, recombinant growth factors (GF) therapeutics has
experienced a drop off in interest in recent years, with no GF ther-
apeutic products approved since 2014 [1]. GFs are soluble polypep-
tide molecules secreted by cells to regulate a multitude of cellular
functions essential for healing. These signaling molecules are able
to induce migration, proliferation, and differentiation post-injury,
making them essential in directing regenerative pathways for many
cell populations [4-6]. Therefore, GFs retain enormous potential in
the field of tissue regeneration.

The limited success observed with GF mediated regeneration
therapies is partly due to difficulties in achieving effective spatial
and temporal presentation to cell surface receptors [7]. Most ap-
proved clinical GF releasing delivery systems use a form of a sus-
tained release formulation in an effort to address this challenge.
For example, the INFUSE™ bone graft uses an absorbable colla-
gen sponge to control the release of recombinant bone morpho-
genetic protein-2 (BMP-2). The sustained release of BMP-2 purport-
edly improves bone regeneration after injury [8]. However, this has
not been without controversy, with conflicting studies about its ef-
fectiveness and concerningly, reports of complications and serious
side effects [9]. In particular, patients treated with the INFUSE™
bone graft was observed to have high rates of ectopic bone for-
mation associated with leakage of BMP-2 outside the implant site
with difficulties in identifying optimum dosages [10]. The story
of the INFUSE™ bone graft serves as a useful example to high-
light the intricacy and complexity of utilizing GFs in regenerative
medicine. There is a clear need for an approach with a highly tar-
geted spatial and temporal delivery minimizing off-target expo-
sure.

Electrically tunable delivery systems offer an interesting propo-
sition to solve these challenges. A directly addressable release sys-
tem using a safe electrical stimulus can facilitate the release of GF
doses that can be spatiotemporally controlled to ensure the desired
GF exposure to encourage tissue regeneration. To that end, a num-
ber of electrically responsive systems aimed at releasing growth
factors have been studied over the last 2 decades, utilizing materi-
als such as graphene oxide and conducting polymers (CP) [11,12].

One CP  backbone of prominence is  poly(3,4-
ethylenedioxythiophene) (PEDOT), with wide applicability as a
functional addition to existing bioelectronics in the form of elec-
trode coatings [13]. PEDOT has drawn considerable attention in
both academic and industrial applications due to its high con-
ductivity and stability in ambient conditions [14]|. PEDOT can be
electrochemically synthesised on a conductive surface in situ from
an aqueous monomer, 3,4-ethylenedioxythiophene (EDOT) and a
supporting dopant. After electrodeposition of this electroactive
polymer, electrical stimulation drives electrons into and out of the
conjugated backbone, with mobile ions transported both within
and exchanged with oppositely charged ions in the surrounding
electrolyte to balance the net charge. This electrostatic property
offers the possibility of on-demand dynamic release of a payload
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[15]. On-demand drug delivery using this property of PEDOT has
been demonstrated for a variety of biologically relevant molecules,
including dexamethasone, ciprofloxacin, nerve growth factor (NGF),
and brain-derived neurotrophic factor (BDNF) [15-18]. Further-
more, the cytocompatibility and bio-stability of PEDOT has been
well demonstrated in both in vitro and in vivo applications [19-
22]. However, there are inherent limitations towards successful
implementation of CPs. One main drawback of the CPs is the
limited drug loading capacity. In a prior study of a polypyrrole
CP, a maximum of 4582 ng/cm? of nerve growth factor was
reported to be loaded into the CP [23]. While an achievement, for
longer term tissue engineering applications, larger amounts of GFs
released over time is crucial to achieve tangible therapeutic effects
[24]. The present study considers a modification of traditional
CPs with the incorporation of a highly biocompatible hydrogel,
forming a class known as conducting polymer hydrogels (CPH)
[25,26]. CPHs have been explored for electrically controlled drug
release applications, releasing small charged drug molecules such
as dexamethasone [26,27]. The hydrogel component of the hybrid
material provides a porous polymeric network which acts as a
reservoir for drug release, increasing the total drug payload ca-
pacity. Furthermore, the added hydrogel component in some cases
can provide increased biocompatibility, introduce biodegradability,
and improve the biological interface of the CP [28]. Few studies
have explored the release of proteins from a CPH. For example,
Chikar et al. developed a PEDOT/alginate CPH loaded with BDNF
as a cochlear electrode implant, however, the release mechanism
of the BDNF was diffusion driven [18]. In another example, Cheong
et al. developed a PEDOT/poly(vinyl alcohol) based conducting
polymer hydrogel for the delivery of nerve growth factor [29].
Consequently, in this work, we aim to demonstrate a biocompati-
ble electro-responsive CPH made by electropolymerizing PEDOT in
a GelMA layer adhered to a conductive substrate, with the ability
to dynamically control the release of proteins over weeks.

Gelatin-methacryloyl (GelMA) hydrogels comprise of function-
alised gelatin, a relatively cheap and highly abundant protein de-
rived from collagen. The gelatin is functionalised with methacrylic
anhydride to impart the ability to crosslink in the presence of a
photoinitator, allowing for tuneable physical properties and rapid
gelation [30,31]. Furthermore, GelMA has been shown to support
a wide range of cell types, presenting arginine-glycine-aspartic
acid (RGD) motifs which promote cell attachment and spreading
via integrin binding [32-34]. The ease of synthesis and versatility
has made GelMA one of the most commonly used hydrogels for
biomedical applications. Its biocompatible nature and high water
swellability make it a good candidate to serve as an initial tem-
plate for selective patterning and fabrication of the CPH.

In this study, the electrochemistry of the fabricated CPH is di-
rectly compared to plain PEDOT polymerised under the same con-
ditions to understand how GelMA influences the hybrid material.
Key parameters such as impedance, charge transfer properties and
electroactive stability are assessed. We also confirm the cytocom-
patibility of the CPH with human cells. Finally, we demonstrate
how electrical stimulation can modify the release of a model pro-
tein payload of bovine serum albumin (BSA) over 4 h, and then ex-
plore the release over an extended time frame of 3 weeks, demon-
strating the ability of electrical stimulation to modulate release
rates. BSA is a globular protein with an average molecular weight
of 66.7 kDA, isoelectric point of ~4.5 and a hydrodynamic radius
of 3.6 nm [35,36]. By way of example to enable comparison, a
GF of interest for tissue regeneration applications is ciliary neu-
rotrophic factor (CNTF) [37]. CNTF has a molecular weight of 23
kDA, an estimated isoelectric point of 6.35 and a calculated hy-
drodynamic radius of 2.47 nm [38,39]. While no model is perfect,
BSA is a good candidate for proof-of-concept for the development
of the drug delivery platform due to its similar physicochemical



JID: ACTBIO

E. Cheah, M. Bansal, L. Nguyen et al.

properties compared to GFs, stability, low cost, and ease of quan-
tification [23,40,41].

2. Methods and materials
2.1. Fabrication of gold substrates for material coatings

Gold substrates were patterned using conventional photolithog-
raphy techniques from gold coated glass slides with a titanium ad-
hesion layer (100 nm/ 40 nm) (Au/Ti) obtained commercially (De-
position Research Laboratories Incorporated, MO, USA). SU8 2005
(Microchem Corp., USA) was used to generate a 1 cm? square pat-
tern with a thickness of 5 pm on the gold surface which acted as
an overlying insulation layer and as a spacer for the GelMA hydro-
gel coatings [25]. These substrates were then used to evaluate the
material and protein release performance. A custom substrate ar-
ray with 4 independently addressable 0.5 cm? gold surfaces was
further fabricated for Atomic Force Microscopy (AFM) characteriza-
tions and growth factor release experiments.

2.2. Cysteamine functionalization of gold surfaces to improve
adherence

The method for the functionalization of the gold surface was
adapted from He et al. [42]. Patterned gold surfaces were first
cleaned and activated by oxygen plasma treatment, (45 W, 0.100
mBar, 2 min) (Harrick Plasma, NY, USA). These were then sub-
merged into 1% (w/w) cysteamine in ethanolic solution and incu-
bated at room temperature for 12 h under dark conditions. The
substrates were then washed thrice with fresh ethanol solution to
remove adsorbed cysteamine. The resulting cysteamine monolayer
modified surfaces were then immersed into a 100 mM NaOH so-
lution for 2 h to carry out a Michael-type reaction between the
amino groups of cysteamine and the acrylate end groups of GelMA.
Verification of this functionalization step has previously been re-
ported by our group [25].

2.3. FITC-BSA conjugation and quantification for sustained release
experiments

Bovine serum albumin (BSA) (pH Scientific, NZ) was labelled
with fluorescein isothiocyanate (FITC) (Sigma Aldrich, Australia) in
0.1 M carbonate buffer (pH 9) at room temperature in the dark for
2 h with a 4:1 FITC to protein ratio. The Fluorescein isothiocyanate-
Bovine Serum Albumin (FITC-BSA) solution was dialysed with a
14 kDa molecular weight cut-off cellulose membrane (Thermo
Fisher, MA, US) against 0.01 M Phosphate Buffer Solution (PBS)
(Sigma Aldrich, Australia), pH 7.4, at 37 °C for 24 h, then against
deionized water for a further 2 h. The solution was then frozen
at —20 °C overnight, and lyophilised. FITC-BSA was quantified by
generating a calibration curve from 10 pg/ml to 15.625 ng/ml and
measuring the fluorescence intensity of respective solutions using
the Varioskan™ LUX Microplate Reader (ThermoScientific, USA)
with an excitation wavelength of 490 nm and an emission wave-
length of 525 nm.

2.4. GelMA hydrogel synthesis

The method to synthesize GeIMA was adapted from Shirahama
et al. [30]. Type A gelatin (6 g) (300 Bloom) (Sigma Aldrich, Aus-
tralia) was dissolved in carbonate-bicarbonate buffer (60 ml, 0.1 M,
pH 9). The gelatin solution was heated to 40 °C and 0.6 ml of
methacrylic anhydride (Sigma Aldrich, Australia) was added drop-
wise to the gelatin solution over 10 min. The reaction was left to
react at 40 °C for 3 h. The reaction was quenched by adjusting
to pH 7 using 0.1 M HCI and was then centrifuged. The resulting
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supernatant was dialysed against deionized water at 37 °C for 7
days with daily water replenishing. Subsequently, the solution was
frozen at —20 °C overnight and freeze dried (- 60 °C, 40 puBar). The
resultant white foam was collected and stored at —20 °C until re-
quired for use.

A prepolymer solution (10 pl) consisting of 15% GelMA and
0.05% Igracure 2959 (98%) (Sigma Aldrich, Australia) was dispensed
onto the cysteamine functionalised gold. A hydrophobic coverslip
achieved by a coating of octadecyltrichlorosilane (>90%) (Sigma
Aldrich, Australia) as previously described by Kirkpatrick et al. was
used to flatten the hydrogel monomer droplet across the SU 8 pat-
terned gold substrate [43]. The GelMA was then exposed to UV
light (365 nm) for 2 min through a laser cut acrylic mask to allow
for complete gelation of the hydrogel. To aid the lift-off of the cov-
erslip the substrates were placed onto a heated 40 °C hot plate for
20 s, and then the coverslip was carefully lifted off the surface. The
5 um SU 8 layer acted as a spacer, controlling the GelMA thickness
to 5 pm. For protein release experiments, 1.2 mg/ml of FITC-BSA
was added to the prepolymer solution prior to UV crosslinking.

2.5. Electrochemical deposition of PEDOT/pTS in CP and CPH samples

A three-electrode electrochemical cell was set up using either
the hydrogel coated or plain gold as the working electrode, an
aqueous Ag/AgCl reference electrode, and stainless-steel mesh as
a counter electrode. Electrodeposition of PEDOT/para-Toluene Sul-
fonate (pTS) was accomplished by potentiostatic deposition from a
0.01 M EDOT (97%) (Sigma Aldrich, Australia) and 0.05 M Na pTS
(95%, My = 194.19 mol/l) (Sigma Aldrich, Australia) aqueous so-
lution using a potential of + 0.9 V. The total amount of charged
passed was used to control and monitor the amount of PEDOT/pTS
deposited within the CP and CPH samples. After each 100 mC of
charge was deposited, polymerization was paused for 10 min to
allow for diffusion of reactants into the hydrogel before restarting
the electrodeposition. Each cycle was repeated 13 times to achieve
a total charge density of 1300 mC/cm?. To load the materials with
protein, 1.2 mg/ml of FITC-BSA was added to the electropolymer-
ization solution. During this step, the deposited PEDOT is in the ox-
idised and positive state, generating electrostatic attraction forces
on the negatively charged FITC-BSA, leading to increased FITC-BSA
loading within the polymer network. For plain PEDOT/pTS (in the
absence of GelMA), to promote polymerization and adhesion it was
necessary to electropolymerize 100 mC of non-protein loaded PE-
DOT/pTS first prior to a further 1200 mC of protein loaded PE-
DOT/pTS. Illustration of the CPH construction as shown in Fig. 1.
All samples were washed thrice with Milli-Q water prior to any
characterization or drug release experiments.

2.6. Investigating electrochemical characteristics of materials

All electrochemical characterizations were accomplished using
a three-electrode electrochemical cell using the modified gold as
a working electrode, an Ag/AgCl reference electrode, and a plat-
inum mesh as a counter electrode. The electrolyte used was 0.01 M
PBS solution. Cyclic voltammetry (CV) scans were conducted from
+0.9 V to - 0.6 V at 100 mV/s. Afterwards, the cathodic charge
storage capacity (CSCeathodic) Was calculated by determining the
area of the CV curve during the cathodic sweep. Electrochemical
impedance spectroscopy (EIS) was measured by applying a sinu-
soidal signal with 10 mV amplitude from a frequency range of 1 Hz
to 10 kHz. Characterization of stability indicators were conducted
over the span of the expected release profile of the drug delivery
system. The CPH was submerged into a solution of 0.1 M PBS at
37 °C and 5% CO, over 21 days with solutions replaced daily. CV
and EIS was measured on Day 0 and at Day 21. Additional stress
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Fig. 1. Schematic representation of CPH coating construction. The gold substrate is first photolithographically patterned using SU-8 2005 to generate a 1 cm? area. The
substrate is then functionalized with cysteamine. The GelMA pre-polymer solution is then dispensed onto the surface, flattened with a hydrophobic glass slide then exposed
to UV crosslinking. A three-electrode setup with the counter electrode (CE) as a stainless-steel mesh, reference electrode (RE) as an aqueous Ag/AgCl reference electrode, and
the working electrode (WE) as the gold substrate. Electropolymerization at +0.9 V in the electrodeposition solution is conducted electrochemically grow the PEDOT/pTS into

the hydrogel to achieve the final CPH.

testing of CPH, PEDOT/pTS and GelMA was performed by subject-
ing the materials to continuous CV cycling between - 0.6 V and
+0.9 V at a rate of 100 mV/s for 2000 cycles in 0.01 M PBS.

2.7. Examination of surface morphology and physical stability of CPH

Freshly prepared and incubated samples (0.01 M PBS at 37 °C
for 7 and 21 days) of GelMA, CP and CPH were imaged using Scan-
ning Electron Microscopy (SEM) to look at the surface morphol-
ogy and cross-section. All samples were removed from the PBS,
carefully blotted dry and dried overnight, then stored at - 20 °C
prior to SEM analysis. For the cross-sectional analysis, the samples
were fractured at room temperature, and the cross section imaged.
The surface and cross-sectional samples were mounted and sputter
coated with platinum (Polaron SC 7640 sputter coater). A Philips
XL30 S field emission gun SEM was used to investigate the cross
section with an accelerating voltage of 20 kV, spot magnification
of 2.0, and magnifications from x 800 to x 35,000.

2.8. Probing CPH surface chemistry changes over time

FTIR was used to investigate the surface chemistry changes in
the material over the timespan of protein release. FTIR spectra of
the materials were obtained using Bruker Optics Tensor 37, Ettlin-

gen, Germany in attenuated total reflectance (ATR) mode using a
germanium ATR crystal. FTIR spectra were collected directly from
the surface of the GelMA hydrogel, PEDOT/pTS, and CPH. Pristine,
7 day and 21 day samples were analysed for changes in surface
chemistry over time. In order to obtain further spectra information
on the CPH, shavings were collected by scraping the CPH from the
gold surface and analysed. Prior to all analysis, the samples were
placed into a vacuum oven at 40 °C for 30 min to remove water
content. The spectra were obtained from a frequency range of 600
to 4000 cm~! at a resolution of 4 cm~! over 64 cumulative scans.
Manual baseline correction and normalization to the largest peak
were conducted for all spectra for analysis.

2.9. Examining the mechanical properties of CPH by atomic force
microscopy

CPH and GelMA samples were incubated in 0.01 M PBS at
37 °C for 1, 7, and 21 days prior to mechanical analysis. AFM
was performed using an MFP-3D Origin AFM (Asylum Research,
Santa Barbara, USA) in a liquid environment at room temperature.
Pre-calibrated borosilicate spheres (5 pm diameter) on silicon ni-
tride cantilevers with spring constants ranging between 0.07 to
0.08 N/m were used for the force-indentation maps for day 1 and
21 CPH samples, and all GeIMA samples. Force map sizes of a min-
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imum of 10 x 10 indentation force curves were collected over a
400 pm? area using an indent velocity of 4 pm/s and a trigger
point of 5 nN over a 2 pm force distance. For the 21-day CPH sam-
ple, a pre-calibrated triangle tip on a silicon nitride cantilever with
spring constants ranging between 0.07 to 0.08 N/m were used. A
force map size of 6 x 6 indentation force curves was collected over
400 ym? using an indent velocity of 1 pm/s and a trigger point of
200 nN over a 1.5 pm force distance. At least 4 force maps were
obtained over each sample’s area. Asylum Research software (Igor
Pro, Wavemetrics) was used to apply fitting parameters with the
Hertz model. A fit between 10 and 90% of the force applied were
used to quantify the Young’s modulus of the hydrogel and CPH
samples from the force-indentation curves. The value of the Pois-
son’s ratio for the gels were assumed to be 0.33 while for the Day
21 samples, a Poisson’s ratio of 0.34 was used [44,45]. A histogram
of the elastic modulus was generated for each force map and a
Gaussian fit applied. Force curves within force maps displaying ir-
regular shapes or values were excluded from the fit by applying
mask that excluded the curves with a fit above or below a thresh-
old value [46]. The data is presented as the mean value of the elas-
tic modulus + standard deviation as calculated by the Gaussian fit
on the histogram of each force map.

2.10. Cytocompatibility assessment using neural precursor cells

Cytocompatibility of the CPH coating was assessed by exposing
a 1 cm? CPH coated gold substrate to human induced neural pre-
cursor cells [47]. A modified 24 well culture lid with open slots
was generated to vertically suspend the CPH coated gold slides
into the 24 well cell culture plate containing human induced neu-
ral precursor cells. The CPH materials were generated as previ-
ously described, but with all starting materials sterilised through a
0.22 pm sterile filter. Furthermore, an additional sterility measure
of a 2-hour soak in 70% ethanol was undertaken.

The cells were plated onto Geltrex-coated glass coverslips in
a Nunc-treated 24-well plate for differentiation. At day 2 of dif-
ferentiation, the cells were exposed to the CPH and cultured for
a further 5 days. The cells grown without exposure to the CPH
coatings acted as a control. Cell viability was then measured us-
ing a LIVE/DEADO® cell viability assay (Invitrogen, USA). Briefly, the
cells were incubated in a solution of 2 uM calcein-AM and 4 pM
ethidium homodimer (EthD-1) at room temperature for 40 min.
Green fluorescent calcein AM indicates live cells and red fluores-
cent EthD-1 indicates dead cells. The labelled cells were then im-
aged using a Nikon TE2000E inverted fluorescent microscope and
a 10X objective lens equipped with a GFP and Texas Red filter set.
Seven images from different regions of each well were acquired
across each of the three coverslips. Image analysis was performed
using Image] to obtain the total number of live and dead cells [48].
The average percentage of cell viability was estimated as:

Number of Live Cells

Total Number of Cells * 100

2.11. Assessing electrical stimulus modulation of the FITC-BSA release

A pre-soak of 45 min was conducted for the removal of ad-
sorbed protein from all samples. Electrical stimulated responsive
release of FITC-BSA from the loaded hydrogel, PEDOT/pTS, and CPH
was determined by releasing into an electrochemical cell filled
with 2 ml of 0.01 M PBS (pH 7.4), where a trigger signal was ap-
plied for 4 h sampling every 15 min. To investigate the influence of
constant potential on FITC-BSA release, samples were subjected to
either a reducing —0.6 V, an oxidizing + 0.6 V, or biphasic pulses,
determined against a Ag/AgCl reference electrode. Two different
biphasic pulses were explored, both with an amplitude of + 0.6 V,
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at a frequency of 0.1 Hz with a pulse width of 4 s, or a frequency
of 0.01 Hz with a pulse width of 40 s. Passive release of FITC-BSA
from the loaded hydrogels, PEDOT/pTS, and CPH was determined
by immersion into 2 ml of 0.01 M PBS solution at room temper-
ature for 4 h. For each sampling point, 300 pl of release media
was removed and fluorescence measured against the FITC-BSA cal-
ibration curve. 300 pl of fresh PBS was added back to the release
chamber as replacement.

2.12. Sustained stimulated release of FITC-BSA

Having determined effective electrical stimuli to modulate the
release of FITC-BSA from the CPH materials, extended release was
assessed by placing samples into 2 ml of 0.01 M PBS at 37 °C for
3 weeks. Samples of the media were taken every 24 h for the first
14 days. From days 15 to 21, the stimulated group was exposed to
a potential controlled biphasic pulse with an amplitude of + 0.6 V,
pulse width of 4 s, at a frequency of 0.1 Hz for 1 h each day. These
set of stimulation parameters were chosen due to being effective at
inducing sufficient release, while being more conducive to cell sur-
vival due to the biphasic nature of the stimulation as opposed to a
monophasic stimulation [49]. On the stimulatory days, samples of
the release media were taken before and after each stimulation cy-
cle. The maximum amount of protein that could be released from
the CPH was determined by looking at the amount of protein re-
leased at day 21 from the stimulated CPH group. For comparison,
FITC-BSA loaded GelMA was allowed to passively release into 2 ml
of release media for 14 days, and the total released protein at this
timepoint was determined as the maximum amount of protein re-
leasable for GelMA hydrogels.

2.13. Statistics

Statistical significance of the CSC c4thodic» Young’'s modulus, cell
viability assay and comparisons of FITC-BSA release was analysed
using GraphPad Prism 8.2.1 software (GraphPad Software, USA).
Statistical comparisons between different datasets were deter-
mined using an unpaired two-tailed t-test. Probabilities of p < 0.05
were determined as statistically significant.

3. Results and discussion
3.1. Preparation of CPH

In this study, a two-step fabrication process was used to pre-
pare the conducting polymer hydrogel. The first step involves the
adhesion and subsequent polymerization of the GelMA hydrogel
via UV irradiation, and the second, an in situ electropolymerization
of PEDOT/pTS through the initially formed hydrogel layer (Fig. 1).
Through the use of lithographic techniques, the 5 pm thick Su-
8 insulation layer doubles as a spacer to form the hydrogel. To
maintain a smooth and uniform hydrogel, a hydrophobic glass slide
was used to flatten and spread the hydrogel monomer solution
across the gold. Covalent attachment of the GelMA hydrogel was
achieved via cysteamine-gold anchoring. The verification of this
process was previously demonstrated in our group [25]. The hy-
drogel matrix was soaked in an EDOT and pTS monomer solution,
then PEDOT/pTS was electropolymerized from the conductive sub-
strate into the hydrogel. While galvanostatic polymerization is usu-
ally preferred for PEDOT electropolymerization, it was found to be
detrimental to the polymerization of PEDOT into the GelMA hy-
drogel, with delamination of the hydrogel common. Potentiostatic
control resulted in more consistent and reliable polymerization of
the PEDOT/pTS within the hydrogel. Electropolymerization of PE-
DOT/pTS (as determined by the rate of charge passed) was found
to be significantly slower in the hydrogel compared to a plain gold
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surface (total polymerization time of 8 h vs 2 h). This could be
due to diffusion through the hydrogel layer being a limiting factor
towards electropolymerization of the PEDOT/pTS.

3.2. Electrochemical performance of CPH

The electrochemical performance of the CPH compared to plain
gold and PEDOT/pTS were evaluated using CV and EIS (Fig. 2). As
expected, CVs of both the CP and CPH materials display an en-
larged CV area compared to a plain gold surface (Fig. 2A). Consis-
tent with previously reported results, the CV plot of the PEDOT/pTS
displays a large rectangular CV curve with an almost featureless
voltammetry plot with a small oxidation peak around - 0.05 V and
a reduction peak at 0.65 V [21]. The increased CV area is indicative
of high capacitive charge transfer property, corresponding to the
increased electroconductive surface area as seen in SEM images, al-
lowing for more charge transfer available for electrical stimulation
[50]. The CV plot of the CPH coating closely mirrors the PEDOT/pTS
plot, although with a moderate reduction in the geometric area in
the CV. Two small oxidation peaks are observed in the CPH coat-
ings at 0.1 and 0.2 V, alongside a two reduction peaks at 0.6 V and
—0.15 V, indicative of faradaic process occurring. CSCcpnogic values
further illustrate the difference between the coatings, with the PE-
DOT/pTS and CPH displaying a 58.7 and 42.4-fold increase in the
CSCeathodic compared to plain gold (Fig. 2B). This demonstrates that
the CPH material has a higher charge transfer capacity compared
to gold but not to the extent of the PEDOT/pTS material.

EIS measures are typically used for electrode characterization
and as a parameter to monitor stability of electrode coatings [51].
The EIS data is in good agreement with the observations seen with
the CV. The Bode plot (Fig. 2C) shows a decrease in |Z| magni-
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tude impedance for both CPH and PEDOT/pTS compared to plain
gold across the whole frequency range tested of 1 Hz to 10 kHz.
However, the CPH coating displayed a slightly higher impedance
than PEDOT/pTS but only within the low frequency ranges (10 Hz
to 1 Hz). At these lower frequency ranges, the dominant charge
transfer is of faradaic resistive quality, with surface reactions and
other charge transfer mechanisms contributing to the impedance
displayed [51].

The electrocharacterization results indicate the successful infil-
tration of PEDOT/pTS through the GelMA hydrogels generating a
significant increase in charge transfer capacity as compared to a
plain gold surface. However, it is noted that the addition of the
GelMA hydrogel does slightly reduce the charge transfer capacity
as compared to the unaltered CP. This is possibly due to the in-
sulating nature of the GeIMA hydrogel inhibiting a level of charge
transfer.

Long term stability of the CPH material was assessed through
incubation in 0.01 M PBS at 37 °C for a total of 21 days. Baseline
and Day 21 electrochemical characterization measuring CSCcathodic
and |Z| magnitude impedance at 1 kHz was undertaken to mea-
sure the potential loss of charge transfer capacity due to degra-
dation over the expected time frame of drug delivery. CSCeathodic
measures were taken to identify possible losses in charge trans-
fer that occur over time, while |Z| magnitude impedance at 1 kHz
is a regularly used measure of impedance characterization of neu-
ral electrodes [51]. In this particular application, the use of the |Z|
magnitude impedance is used as a comparative performance mea-
sure highlighting a possible increase in resistances occurring at the
1 kHz frequency. As seen in Fig. 2D and E, no statistical difference
was observed for any measure. Minor decreases in the CSCcythodic

and |Z| impedance magnitude was observed. These results
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Fig. 3. SEM images obtained highlighting surface morphology and cross-sectional analysis of GelMA, CPH, and PEDOT/pTS. (A) Surface morphology of a pristine GelMA
hydrogel showing a featureless gel layer. (B) Cross-section of a pristine hydrogel. (C) Cross-section of GelMA hydrogel incubated for 7 days. (D) Cross-section of GelMA
hydrogel incubated for 21 days. (E) Surface morphology of a pristine CPH surface showing a smooth surface with granulations present, distinct from GelMA and PEDOT/pTS.
(Inset depicts 5000 x magnification of surface). (F) Cross-section of pristine CPH showing the smooth undulating surface with a dense GelMA underlay at the gold surface.
(G) Cross-section of CPH incubated for 7 days. (H) Cross-section of CPH incubated for 21 days, showing the interior granulated structure typical of PEDOT/pTS within the CPH.
I) Surface morphology of pristine PEDOT/pTS showing typical granular, cauliflower-like morphology of PEDOT/pTS. (J) Cross-section of pristine PEDOT/pTS. (K) Cross-section
of PEDOT/pTS incubated for 7 days. (L) Cross-section of PEDOT/pTS incubated for 21 days. (Scale bars as indicated in each micrograph.).

indicate the CPH is stable across a timeframe expected for drug
delivery to occur, with no adverse effects to the charge transfer
capacity. Additional electrochemical stability of the CPH material
was evaluated by extensive CV cycling in PBS. During CV cycling,
the materials experiences mechanical stress due to the repetitive
expansion and contraction due to ionic changes caused by the ox-
idation and reduction of the material [52]. As seen in Fig. 2F, we
observed a steady decrease in the CSCiodic Of PEDOT/pTS and the
CPH with an increase in the number of CV cycles, eventually reach-
ing a steady plateau after 1200 cycles. The decrease in CSCe,thodic IS
associated with de-doping of the PEDOT with other anions in the
PBS [25]. The reduction in CSCgipodic Was more evident with the
CPH material in comparison to the PEDOT/pTS, with a 36% decrease
compared to a 26% decrease after 1200 cycles. This difference may
be suggestive of changes associated with the degradation of some
GelMA within the CPH. In contrast, no changes in the CSCcahodic

were observed with the GelMA material. These results indicate that
the CPH retains its electroactivity and is able to withstand electro-
chemical stresses expected during electrical stimulation.

3.3. Surface and cross-sectional morphology characteristics of CPH

Morphological characteristics of the GelMA hydrogel, PE-
DOT/pTS, and CPH coatings were examined by SEM. Fig. 3A high-
lights the surface morphology of the GelMA hydrogel displaying a
near featureless smooth layer. The typical porous morphology of
GelMA hydrogels was not seen during SEM analysis. One possi-
ble explanation of this is due to the hydrogel collapsing as the
samples were not freeze dried prior to SEM (due to the risk of
delamination from the gold substrate) [53]. Fig. 3B-D shows the
cross-section of the dry GelMA hydrogel on Day 0, Day 7, and Day
21 of incubation at 37 °C. A rough estimation of the dried hy-



JID: ACTBIO

E. Cheah, M. Bansal, L. Nguyen et al.

drogel thickness was obtained from the cross-sectional SEM im-
ages taken (n = 1). The dried hydrogel layer was observed to de-
crease in thickness over time with an estimated starting thickness
of 2.8 pm reducing to 1.2 pm on Day 21 (Fig. 3B,D). Fig. 31 and
] show the typical cauliflower-like rough granular morphology of
the PEDOT/pTS coatings consistent with previously published liter-
ature [17]. No distinct morphology changes were noted for the PE-
DOT/pTS coatings after 21 days at 37 °C (Fig. 3J-L). The CPH coating
shows a smooth surface with areas of apparent granulations dis-
tinct from both the smooth GelMA surface and rough granular PE-
DOT/pTS coatings (Fig. 3E). Cross-sectional images confirm this ob-
servation, with a dense underlay capped with a smooth undulating
surface found on the CPH (Fig. 3F). The thickness of the dried CPH
layer was observed to be approximately 2.6 pm. A reason for the
unique surface feature observed on the CPH surface may be due
to the electrodeposition of the PEDOT/pTS within the GelMA hy-
drogel. Electrochemical deposition of PEDOT generates the typical
rough and bumpy morphology due to nucleation of transitioning
EDOT monomers into oligomers at the electrode site [54]. These
oligomers then coalesce and grow onto each other to form the
solid PEDOT films. This discontinuous growth of PEDOT into the
GelMA hydrogel may be the cause of the deformations noted on
the surface. Degradation of the overlying layer of the CPH over 21
days at 37 °C revealed the previously dense underlay of the CPH
contained rough cauliflower-like morphology typical of PEDOT/pTS
(Fig. 3H). These observations support the idea of the successful
formation of a semi-interpenetrating hybrid material coating, with
the GelMA component partially degrading over 21 days. GelMA hy-
drogels have been reported previously to have very slow degrada-
tion rates in PBS solutions, requiring collagenase enzymes to in-
duce biodegradation [34,55]. However, these studies on GelMA uti-
lize bulk hydrogel formats, where small degradation effects would
not be quantified accurately. In a thin film format, as shown by
SEM, the degradation of the GelMA is apparent.

3.4. Spectral analysis of CPH

FTIR spectra analysis showed characteristic peaks within the
GelMA hydrogel samples at 1640, 1530, 1450 and 1335 cm™!, cor-
responding to amide I band, amide II band, C-H bending and O-H
bending respectively (Fig. 4A). These peaks are also evident at the
CPH surface. Within the PEDOT/pTS spectra, characteristic peaks
are seen at 1510, 1306, 1184, 1083, 1049 and 674 cm~! consis-
tent with previous reports [56]. The bands at 1510 and 1306 cm™!
correspond to the asymmetric stretching mode of C=C and inter-
ring stretching of C-C. Bands at 1184, 1083 and 1049 cm~! are
attributed to the C-O-C bending vibrations within the ethylene-
dioxy group while bands at the 674 cm~! region are characteristic
of stretching vibrations of the C-S-C bond in the thiophene ring.
No evidence of the PEDOT/pTS is initially seen when looking at
the CPH surface, possibly as the ATR-FTIR penetration depth of a
germanium crystal is limited to within 0.17 pm to 1.66 pm [57,58].
However, as the samples were stored over 21 days at 37 °C, peaks
associated with PEDOT/pTS were observed, indicating some degra-
dation of the GelMA component. Shavings of the CPH coating off
the gold surface showed both characteristic peaks of the GelMA
hydrogel and PEDOT/pTS. Slight peak shifts are noted, specifically,
the movement of the PEDOT/pTS peaks of 1510 and 1306 cm~'.
This can be attributed to the close proximity of the GeIMA peaks
at 1530 and 1335 cm~! respectively. In the spectra obtained of
the 7 and 21 day incubated CPH coating, an almost identical spec-
trum to the CPH shavings was observed with characteristic peaks
of both the GelMA hydrogel and the PEDOT/pTS present in these
samples. The initial absence of PEDOT/pTS FTIR peaks on the sur-
face of the day 1 CPH coating, and subsequent appearance after
7 days of incubation points to evidence of a semi-interpenetrating
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CPH, whereby the overlying GelMA component partially degrades
over time, revealing the inner CPH comprising both PEDOT/pTS,
and GelMA.

3.5. Mechanical properties of CPH determined by AFM

The mechanical properties of the CPH were explored using AFM
force indentation. Force indentation maps of the CPH and the
GelMA samples were performed on 1, 7, and 21 days of incubation
in a solution of 0.01 M PBS at 37 °C. As seen in Fig. 4B, no signif-
icant differences were found between the GelMA and the CPH at
Day 1, with an average Young’s Modulus of 53.4 4+ 17.6 kPA and
67.4 + 29.8 kPA respectively. These results are in line with previ-
ously reported stiffness values of a 15% GelMA hydrogel found in
the literature (~25 kPA to ~100 kPA) [59].

After 7 days of incubation however, we observed an increase
of the Young’s Modulus of the GelMA sample to 115.3 + 36.7 kPA,
while on day 21, the GeIMA sample could not be accurately probed
with the Young’s Modulus being too high to probe with available
cantilevers. The CPH also experienced an increase in stiffness af-
ter 7 days and 21 days, with an approximate 4-fold increase and
a 9000-fold increase, respectively. These observations indicate the
GelMA hydrogel has degraded in both the GelMA and CPH sam-
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Fig. 4. (A) FTIR spectra of the GeIMA hydrogel surface, CPH on Day 1, 7, and 21,
CPH Shavings and PEDOT/pTS. Typical GelMA peaks denoted by thick dotted lines,
and thin dotted lines correspond to PEDOT/pTS peaks. Spectra shown in the finger-
print frequency region of 2000 cm—1 to 600 cm—1. (B) Young’s Modulus of GeIMA
hydrogel and CPH coatings at Day 1 and Day 7 and day 21 of incubation in 0.01 M
PBS at 37 °C. Mean Young's Modulus obtained from Hertzian model fitted with a
Gaussian distribution from 6 individual 8 x 8 force maps (Day 1 and 7 GelMA and
CPH) and 4 individual 6 x 6 force maps (Day 21 CPH), (**** p < 0.0001).
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ples by day 21. The increase in stiffness observed with the GelMA
samples was likely influenced by the stiff underlying gold substrate
with the 100 nm gold coated substrate having a reported Young’s
Modulus of approximately 56 GPa, leading to the difficulties en-
countered probing the samples [60]. Contrastingly, while the stiff-
ness of the CPH coatings increased over this period of time, the
Young’s Modulus remained at ~630 MPa, an 88-fold decrease in
the expected stiffness of the underlying substrate. Therefore, the
stiffness values probed on day 21 of the CPH likely arose from
the PEDOT/pTS component. Previously published results by Has-
sarati et al. on the stiffness for a hydrated PEDOT/pTS film sug-
gests a stiffness in the range of ~ 150 MPa, with the discrepancy
between the stiffness values obtained in this study due to differ-
ences in experimental set-up [61]. However, as force indentation
only probes the surface of the material, and whilst we have ob-
served the GelMA degrading from the surface of the CPH, there
may still be GelMA left entrapped in the CP polymer network un-
derneath, as reported with the SEM and FTIR analysis.

3.6. Cytocompatibility of CPH coatings

Cytocompatibility of the CPH coatings were verified by expo-
sure of the CPH coatings to human induced neural precursor cells.
These cells were chosen to assess compatibility of the CPH deliv-
ery system for the development of future neural regeneration ther-
apies. The CPH coatings were incubated within the cell culture me-
dia for 5 days. Cell viability was determined after this point with
a LIVE/DEAD® assay. Fig. 5A shows the representative fluorescence
images of cells exposed to control or CPH material. Further image
analysis (Fig. 5B) showed that after 7 days in culture, the control
group had an average viability of 53+ 4%, while the CPH exposed
group had a viability of 64 + 15%, displaying a non-significant dif-
ference between the control cells and treated cells. The level of
cell viability observed in the control group is in good agreement
with previous studies conducted with this cell type [62]. These re-
sults suggest that the CPH coatings exhibit no adverse effect to-
wards cells and are consistent with previously published literature
whereby the cytocompatibility of separate components (PEDOT/pTS
and GelMA) are well established [26,34,63].

3.7. Electrical stimulation modulated release of FITC-BSA

In order to study the mechanisms driving electrically trig-
gered release, the release of FITC-BSA from GelMA hydrogels, PE-
DOT/pTS, and CPH coatings were first studied over 4 h (240 min)
with and without the influence of electrical triggers. GeIMA hy-
drogels, PEDOT/pTS, and CPH coatings, all at 1 cm?2, loaded with
FITC-BSA were immersed into PBS solutions for 240 min and
the release of FITC-BSA was measured at different time points.
The release samples were quantified by interpolating the fluores-
cence intensity with the generated calibration curve. The FITC-
BSA calibration curve was found to be linear between 10 pg/ml
and 15.625 ng/ml (R2=0.995). FITC-BSA loading into the GelMA
hydrogel was achieved by direct mixing and incorporation into
the GelMA prepolymer solution, entrapping the proteins directly
within the polymeric network. BSA has an isoelectric point of
around 4.5, making it slightly negatively charged in the elec-
tropolymerization solution of EDOT and pTS (pH 6.5). During the
electropolymerization of PEDOT/pTS at a constant oxidizing po-
tential of + 0.9 V, electrostatic interactions would attract the
FITC-BSA to the forming PEDOT which is in an oxidised state
with a net positive charge. The CPH coating utilizes both afore-
mentioned loading steps to incorporate the FITC-BSA within the
GelMA/PEDOT/pTS network, resulting in a 3-fold increase in the
maximum amount releasable compared to the GelMA hydrogel
(34 + 10 pg vs 11 + 2 pg) (Fig. S1).
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Fig. 5. Cytocompatibility of the CPH coatings evaluated using a LIVE/DEAD® cell
viability assay on human induced neural precursor cells after 7 days in culture.
(A) Representative fluorescence images taken using a 10X objective lens. (Scale bar
200 pm) (B) Bar graph showing the average percentage of live cells from three cov-
erslips with seven images obtained from each coverslip. Each data point depicts the
average percentage of live cells in each coverslip. Data represents as mean = SEM.

Assessment of in vitro passive release (Fig. 6A) suggests steady
release from all three materials over 240 min. The GelMA and CPH
samples tended towards a higher initial burst of release, perhaps
due to the highly hydrated nature of the materials facilitating dif-
fusion. No statistical difference in the levels of raw protein release
were observed for GelMA and CPH after the 240 min (6 + 1 pg
and 6 £+ 1 pg), (representing 57% and 18% of the total amount of
protein available for release). This indicates the initial release ki-
netics of the CPH is likely influenced by the overlying GelMA layer.
The total FITC-BSA released from these two coatings were roughly
30% more than the PEDOT/pTS coatings (4.3 + 0.3 pg) (p < 0.05)
(Fig. 6E).

In order to investigate the ability for electrical stimulation to
modulate release, comparisons of FITC-BSA release from the CPH
material subjected to either a constant reduction potential of -
0.6 V or a constant oxidation potential of + 0.6 V over 240 min
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were conducted (Fig. 6B). These potentials were chosen as the
stimulation parameters to modulate the release of FITC-BSA from
the CPH due to prior published literature exhibiting good control
over the release of a small negatively charged glutamate from the
CPH [25]. As seen in the CVs obtained in Fig. 2A this value is well
under the observed reduction peaks that occur with these materi-
als and ensures the material is in the reduced state. More extreme
potentials beyond —0.6 V and + 0.6 V versus Ag/AgCl may cause
unwanted electrochemical reactions such as water electrolysis that
generate damage to the tissue and the CPH coatings [64,65]. Con-
versely, potentials closer to 0 V may (or may not) be efficient at
generating the necessary stimulation required to trigger the re-
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lease of the payload. As seen in Fig. 6B, a constant potential of
- 0.6 V led to a 63% increase in the total amount released com-
pared to passive diffusion (10.1 + 1.4 pg vs 6.2 + 1.1 pg) (p <
0.05). Applying a constant oxidation potential on the other hand,
led to a 38% decrease in the total amount released (3.8 + 0.6 pg
vs 6.2 + 1.1 pg) (p < 0.05). The negative potential applied electro-
chemically reduces the PEDOT, shifting the polymer backbone to
a neutral state, and the pTS anions in the material would lead to
an overall negative charge, resulting in the repulsion of the sim-
ilarly charged FITC-BSA from the polymeric network. Applying a
positive or oxidative potential reverses this mechanism, generat-
ing electrostatic attraction forces between the positively charged
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Fig. 7. (A) Cumulative release of FITC-BSA from the CPH coating over 14 days, sampled every 24 h, showing the passive release profile. (B) Difference in release rate between
stimulated and unstimulated group on days 15 to 21. Active stimulation was conducted using a biphasic 0.6 V pulse at 0.1 Hz for 1 h once a day. Release rate from day 1
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PEDOT backbone and the negatively charged FITC-BSA resulting in
slower release of the protein. This electrostatic control is not abso-
lute, with diffusion driving forces still present within the system,
leading to a baseline amount of FITC-BSA being released.

To isolate and confirm the electro-responsive characteristics of
the individual components a constant - 0.6 V stimulation was
applied independently to the GelMA hydrogel and PEDOT/pTS
(Fig. 6C, D). GelMA is a hydrophilic polymer network that is not
electroactive, and as expected, no significant differences in FITC-
BSA release were observed between electrical stimulation and pas-
sive release of the GelMA samples. In comparison, stimulating the
conductive PEDOT/pTS films displayed a 45% increase in the total
amount released (6.3 £ 1.3 pg vs 4.3 + 0.3 pg), however, the to-
tal amount released by the stimulation remained lower than the
amount released with the CPH. This observation may be explained
as the PEDOT/pTS polymeric network is not as water swellable
compared to the GeIMA and CPH, and may have been loaded with
lower amounts of the water soluble FITC-BSA. These results con-
firm the electro-responsive characteristics displayed from the CPH
arise from the incorporation of the PEDOT/pTS component.

Next, we explored the application of biphasic voltage-controlled
pulses as a stimulatory driver for the release of FITC-BSA. The sam-
ples were either exposed to a 0.6 V biphasic stimulation at 0.1 Hz
or 0.01 Hz for 240 min. As seen in Fig. 6E, no significant differ-
ence in the amount released were noted between the frequencies
of the biphasic stimulation, or between the biphasic pulses and the
constant —0.6 V stimulation.

Translation of uni-polar electrical fields in vivo settings for tis-
sue stimulation purposes has been shown to be generally unsafe
[66-68]. Application of prolonged monophasic stimulation may
cause detrimental effects by generating irreversible faradaic reac-
tions which in turn can (1) have destructive effects on the mate-
rial itself and to the surrounding tissue by creating substantial pH
changes through water electrolysis, and (2) generate possible side
reactions leading to leeching of toxic metals into the body [51,67].
Furthermore, extended overstimulation of excitable tissue may in-
duce cell death through the depletion of oxygen or glucose and
changes in intracellular and extracellular ionic concentrations. In
vivo applications of stimulating electrodes typically use and favor
a biphasic charge-balanced signal for the aforementioned reasons,
where the charge injected at the first phase is compensated for in
the secondary phase, creating a net zero charge transfer [69,70].
The use of potentiostatic control as the trigger for protein release
may decrease the risk of tissue damage through the regulation of
the potential at the electrode surface, whilst being effective at trig-
gering drug release. The use of biphasic potential controlled pulses
reduces these risks further, providing an avenue for charge balanc-
ing to occur. For these reasons, the 0.1 Hz biphasic stimulation was
chosen for further experiments.

3.8. Long term tunable release of FITC-BSA

In order to explore a sustained release model with a delayed
stimulation onset, two groups of (stimulated, unstimulated) FITC-
BSA loaded CPH samples were immersed into a 0.01 M PBS so-
lution at 37 °C for a total of 21 days. Neither group received any
stimulation over the first 14 days with the release profiles shown
in Fig. 7A. In the first 24 h, an initial burst release was observed,
which then lead into a zero-order kinetic release from day 1 to
day 14, with a release rate of 0.05 pg/h (r2 = 0.9748) (signified
by the dotted line in Fig. 7B). No significant differences between
the two groups were seen in the total amount of FITC-BSA re-
leased before stimulation was applied on day 15, 24.6 + 8.8 pug
vs 25.1 + 8.8 pg (p < 0.05). From day 15 onwards the stimulated
group was exposed to a biphasic 4+ 0.6 V amplitude at a frequency
of 0.1 Hz, for 1 hour once a day, for a total of 7 stimulation events.
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The release rate in Fig. 7B was calculated from the difference in
amount released between daily timepoints divided by the time
elapsed from days 15 to 21 for each sample. Electrical stimulation
was found to increase the average release rate after each stimula-
tion event by approximately 3-fold compared to the unstimulated
group (Fig. 7B). A gradual decrease in the release rate over this
time was observed, possibly due to the depletion of the protein
in the polymer matrix. However, the rate at day 21 remained high,
0.01 pg/h (Unstimulated) vs 0.03 pg/h (Stimulated). The differences
in the release rate modulated by the electrical stimulus translates
to a 3-fold increase in total amount released across the seven days
(9.4 + 1.2 pg vs 3.1 £ 0.6 ng) (p < 0.05) (Fig. 7C). These exper-
iments exemplify the long-term utility of controlling the delivery
of a protein over 21 days. Through the application of an electrical
stimulus, the release rate can be modulated.

4. Conclusion

In this study, we report on the fabrication and characterization
of a semi-interpenetrating CPH material coating comprising of a
GelMA hydrogel and a PEDOT conducting polymer for the electri-
cal stimulated release of a protein. Mechanical, chemical and SEM
analysis revealed a semi-penetrating CPH network with an overly-
ing layer of GeIMA hydrogel that partially degrades over 21 days to
reveal a fully interpenetrating network of GelMA and PEDOT/pTS.
The cytocompatible material coating demonstrated a high degree
of charge transfer capacity, whilst retaining the desirable mechan-
ical and chemical characteristics of GeIMA hydrogels. Electrically
tunable control over the release rate of a model protein, FITC-BSA
was established over 4 h and 21 days. The present study focusses
on the characterization of the CPH material while demonstrating
the utility as a platform to deliver protein, with release rates mod-
ifiable through electrical stimulation. While the described CPH ma-
terial has the potential to deliver a range of proteins, further op-
timization is expected to tailor the material interactions with the
specific protein based on a range of properties, including payload
size and charge. Nonetheless, the protein delivery system described
provides a promising material for the spatial and temporal targeted
delivery of therapeutic proteins.
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