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Electrochemically Driven Assembly of Chitosan Hydrogels

on PEDOT Surfaces

Arud Clayton Da Silva,* Celine Amadou-Douah, Stavriani Koiliari, Jinfei Du,
Riya K. K. Chauhan, Thomas Edward Paterson, and Ivan Rusev Minev*

Hydrogels are attracting interest in the field of bioelectronics due to their
ability to serve as coatings on electrodes, improving the electrochemical
interface, addressing the mechanical mismatch, and offering potential for
localized drug or cell delivery. Challenges persist in integrating hydrogels with
electrodes typically composed of metals and/or organic semiconductors.
Here, an electrochemically driven method is introduced for direct growth of
chitosan hydrogels onto poly(3,4-ethylenedioxythiophene) (PEDOT) surfaces.
The growth of ionic gelation chitosan is triggered by electrical release of a
specific dopant, tripolyphosphate (TPP), from PEDOT. As a result, chitosan
hydrogels grow directly from the PEDOT surface and firmly attach to it.
Although this process temporarily reduces PEDOT to the benzoid structure,
its unique electroactivity allows for reversible conversion to the quinoid
structure after chitosan hydrogel assembly. Once assembled, the chitosan
hydrogel coating can be further functionalized. The introduction of covalent
cross-links and incorporation of additional interpenetrating polymer networks
(IPNs) are explored. Electrochemical characterization reveals that an interface
with favorable properties is formed between PEDOT and ionic-covalent

1. Introduction

Traditional microelectronic systems con-
structed with hard and dry technological
materials are challenging to interface with
soft, wet, and living tissues.'l A promis-
ing solution utilizes soft hydrogels as a
bridge between the soft and rigid systems.[?!
This has been explored in the context of
implantable neural probes where the elec-
trodes are coated with a soft hydrogel.>#
Such coatings have the capacity to re-
duce the mechanical mismatch between
soft neural tissues and rigid materials (met-
als, silicon, or organic conductors) used to
construct electrodes.l’! Hydrogel coatings
can improve the electrical properties of the
interface by reducing impedance and in-
creasing the charge injection capacity.[*?®!
The hydrogel coating may support the re-
lease of therapeutic agents such as neu-

chitosan, functionalized with a PEDOT IPN. The electroactivity of the
proposed method surpasses any other PEDOT /chitosan system reported in
the literature. These results underscore the potential of this material for

bioelectronics applications.

rotrophin or dexamethasone.*1l Encapsu-
lation of living cells in the coating may
enable reduction of fibrotic scars forming
around the electrode.'!?] The realization
of these advantageous features is challeng-
ing because it requires the integration of
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materials with different elemental compositions leading to or-
ders of magnitude differences in elastic moduli, hydration, and
swelling.[!3] Several approaches have been developed to facilitate
the attachment of hydrogels to dissimilar rigid materials such
as metals. These typically rely on engineering the nanostructure
at the interface that prevents the propagation of microcracks re-
sponsible for delamination.'*] Coating a rigid surface with a
hydrogel can be achieved in different ways, for example, by pour-
ing precursor solutions on a prepared surface and applying trig-
gers to cross-link the final material or by lamination of preformed
films.[1617] Electrochemical methods have also been employed for
growing hydrogels directly on conductive surfaces.['®?2] These
methods have the advantage that gelation occurs only over the
conductive surface (conformal coating), the rate of gelation can
Dbe potentiostatically controlled and interfaces with a smooth tran-
sition zone can be formed.l”23

In the context of electrodes, the electrical interface between
hydrogel and rigid (conductive) substrate is of key importance.
This is challenging to achieve because hydrogels typically are
ionic conductors while metals are electronic conductors. This
may be addressed by functionalizing already formed hydrogel
coatings to have dual electronic-ionic conductivity, thus enhanc-
ing the charge transfer across the soft-rigid interface.**! A num-
ber of approaches to enhance the conductivity of hydrogels have
been reported. These include incorporation of metallic additives
or interpenetrating networks (IPNs) of conductive polymer.[25-%"]
Among the conducting polymers, PEDOT is a promising candi-
date due to its good electronic/ionic conductivity, biocompatibil-
ity, and processability via physical dispersion, oxidative reactions,
or electropolymerization within the hydrogel.l?8-32]

The hydrogel coating may be selected among various natural
or synthetic polymers. Natural polysaccharides (alginate, cellu-
lose, hyaluronic acid, gelatin, chitosan, and others) are frequently
used to create hydrogels due to their excellent biocompatibility
and biodegradability.****] For instance, chitosan is a hydrogel ex-
tensively applied for drug delivery or adhesive wound-dressing
applications.[3>3¢] Additionally, it has attracted attention also in
bioelectronics for its ability to conduct protons.’”] Chitosan hy-
drogels can be assembled by ionic, covalent cross-linking or by
precipitation.®®*!l Tonically cross-linked chitosan, mostly uses
the tripolyphosphate (TPP) anion as cross-linker.*?] Chitosan hy-
drogels are rarely processed as conformal coatings, for example,
self-assembled chitosan-TPP gels typically form in spherical mor-
phology, as beads, microparticles, or nanoparticles.!*3-4]

In this study, we developed a novel approach wherein chitosan
hydrogels are grown directly on PEDOT, which is electropolymer-
ized on the surface of gold and platinum wires. The uniqueness
of our approach lies in achieving the direct growth of chitosan
hydrogel onto PEDOT using an electrochemical-chemical (EC)
mechanism. Here, TPP is introduced into the PEDOT polymer
matrix as dopant, triggering the ionic gelation of chitosan upon
electrical release. This EC mechanism enables precise and con-
trollable electrical gelation of the hydrogel. Our primary objective
was to achieve successful integration of the two components in
the core-shell hydrogel, emphasizing the ability to control the
electro-assisted assembly of the chitosan hydrogel and optimize
the electrode coatings. Postassembly modifications, including co-
valent cross-links and IPNs, were explored to further enhance
the electrochemical performance of the system. With this, we
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aim to develop a functionalized conductive hydrogel encompass-
ing enhanced conductivity and improved integration to the elec-
trode surface. The PEDOT-hydrogel interface was assessed using
electrochemical techniques, such as cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS), revealing supe-
rior electrochemical performance compared with previously re-
ported PEDOT/chitosan systems. This study highlights the im-
mense potential of the proposed material for bioelectronics ap-
plications.

2. Results and Discussions

2.1. Formation of PEDOT/Chitosan Hydrogels

We start by exploring if electro-assisted cross-linking of chitosan
can offer a potentiostatically controlled way to assemble adherent
hydrogels on PEDOT surfaces. We first polymerized PEDOT in
the presence of the doping agent (TPP) (Figure 1a, steps 1 & 2).

The schematic in Figure 1a shows the chemical reaction steps:
(1) the electropolymerization of EDOT monomers at +1.2 V to
form PEDOT chains (initially in neutral state, benzoid structure)
followed by (2) the oxidation and doping of the PEDOT by the an-
ion TPP (generating positive charges in the PEDOT and quinoid
structure). Here, we used a pulsed electropolymerization method
where the potential at the working electrode (WE) is held at ox-
idative potentials (+1.2 V vs AgAg/Cl) for a brief time (0.5 s),
followed by holding it at the open-circuit potential (OCP) for in-
terpulse periods lasting 5 s. As reported previously, this method
allows time for diffusion and thus for more efficient doping of
PEDOT.! The PEDOT:TPP-coated wire is then transferred to a
chitosan solution and in step (3) PEDOT is reduced at —1.2'V,
releasing the TPP dopant to cross-link the chitosan hydrogel.
Figure 1b illustrates steps in the gel formation that correspond
to the chemical reactions described in Figure 1a. The chitosan
coatings produced in this way are ionically cross-linked and will
be referred to as i-C gels.

2.2. Electro-Assisted Cross-Linking of PEDOT/Chitosan
Hydrogels

The deposition and characterization of PEDOTTPP and i-C
gels is presented in Figure 2. Figure 2a shows an amperogram
obtained during deposition of PEDOT:TPP. The potential of
+1.2 V was selected for electropolymerization that was based
on the observation of a CV peak for this process (Figure S1,
Supporting Information). Figure 2b shows a typical amperogram
recorded during reduction of PEDOT:TPP. We applied —1.2 V
for 600 s to ensure the whole PEDOT film was reduced and
all TPP molecules have been released in the chitosan solution.
Figure 2c shows photographs of the PEDOT:TPP and i-C gels
grown around a gold wire. The pulsed electropolymerization
method generates PEDOT:TPP coatings with a rough surface
morphology, enabling higher doping of the structure as com-
pared with smooth coatings.”! The chitosan hydrogel fully
envelops the PEDOT creating a smooth outer surface. The
adherent coating of i-C produced by our electro-assisted method
is in contrast with the microspheres typically observed with
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Figure 1. a) Chemical reactions of the (1) electropolymerization of EDOT to PEDOT followed by (2) oxidation of PEDOT polymer from neutral form
(benzoid structure) to oxidized form (bipolaron, quinoid structure) doped with TPP anion (+1.2V, pulsed method). In a subsequent step (3), electrical
release of TPP ions (—1.2 V for 20 min) assembles the chitosan biomacromolecules as an ionically cross-linked hydrogel. b) Coaxial representation (black
dashed square) of the core—shell structures deposited over gold wire. c) Molecular representation (dark red dashed square) of the hydrogel formation
as (i) the PEDOT:TPP, (i) PEDOT:TPP in solution containing chitosan biomacromolecules, and (iii) PEDOT/chitosan hydrogel ionically cross-linked (by

TPPions).

chitosan hydrogels cross-linked with TPP.[*-° We were able to
create a PEDOT/i-C hydrogel on different conductive substrates
by using a combination of electrodeposition and electro-assisted
assembly. To illustrate this approach, we also electrodeposited
the hydrogel onto a Ptlr wire microelectrode (d = 100 um) under
two different electrodeposition charges (Figure S2, Supporting
Information). Figure 2d shows a table summarizing key growth
parameters obtained from amperograms. We determined the
electropolymerization charge (Qgiectropolymerization): Which en-
abled us to calculate the effective surface coverage (I'pppor) for
the PEDOT film. From the reduction charge of PEDOT:TPP
(Qreduction)» We estimated the doping level of PEDOT:TPP (~22%)
and the amount of TPP released (5.9 + 1.5 umol). Figure 2e
shows typical CV of PEDOT:TPP (as prepared) and PEDOT/i-C
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(as prepared) coatings immersed in phosphate buffer saline
(PBS) media (both formed by 1000 pulses). We observed that
the PEDOT/i-C interface had a slightly better electroactivity as
indicated by higher currents in the CV. Figure 2f presents typical
EIS results from PEDOT/i-C structures in pristine form (as
prepared, just after chitosan formation) and following cycling
in PBS. In as-prepared structures, it is presumed the PEDOT
film is fully reduced following loss of TPP, while following ten
cycles, PEDOT has been redoped by anions recruited from the
PBS electrolyte. This is supported by the observation of large
differences in the corresponding Nyquist plots. The reduced
PEDOT presents two semicircles, suggesting the resistances
of the PEDOT film (smaller, higher frequencies) and the chi-
tosan hydrogel (bigger, lower frequencies) are not electronically

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. a) Chronoamperometry (CA) profile of pulsed method for 1000 electropolymerization pulses to obtain PEDOT:TPP. Electric potential versus
time (inset left) and current versus time (inset right) showing in details a sequence of four pulses. b) CA profile (step potential) at —1.2 V for 600 s
of PEDOT reduction (TPP release) ionically cross-linking the chitosan hydrogel. c) Photographs of the PEDOT:TPP coating (i) and PEDOT/i-C core—
shell structures (ii). d) Table containing growth parameters obtained from the electropolymerization and electro-assisted cross-linking. e) CV of the
PEDOT:TPP (red line) and PEDOT/i-C gel (black line) in PBS media at 100 mV s~'. f) Nyquist plot of the EIS for the PEDOT/i-C gel with PEDOT in
reduced state (at end of gelation, black) and after ten cycles (redoped, red) in PBS media.

integrated. The oxidized PEDOT (after cycling in PBS) shows
significantly reduced resistance and a single semicircle, suggest-
ing PEDOT and chitosan hydrogel are electronically integrated
in a more conductive interface. While the gelation process tem-
porarily reduces PEDOT to the benzoid structure, the reversible
electroactivity of PEDOT allows for the conversion back to the
quinoid structure after chitosan hydrogel assembly, recovering
its enhanced conductivity. Additionally, as already discussed the
quinoid structure of PEDOT (oxidized) is more conductive by
itself, enabling electron interchain hopping and may help the
integration of the electrical properties of the hydrogel.>!>?]

2.3. Morphological and Elemental-Mapping Analysis

In order to investigate the microstructure and elemental distri-
bution within the PEDOT and i-C compartments, we conducted
SEM-EDS analysis, as shown in Figure 3. The PEDOT/i-C coat-
ing can be removed from the gold wire (Figure S3, Supporting
Information). The removal of the PEDOT/Chitosan coating from
the gold wire may introduce some microcracks to the PEDOT
polymer. Nonetheless, the chitosan hydrogel plays a crucial role
in providing necessary mechanical support, given the inherent
brittle nature of the PEDOT polymer. The primary focus of our
method is electro-assisted assembly of PEDOT/Chitosan hydro-
gel coatings at the electrode surface, rather than fabrication of
“self-standing” structures". As illustrated in the electron micro-
graphs in Figure 3a, the PEDOT coating has a globular fractal-

Macromol. Mater. Eng. 2023, 2300263 2300263 (4 of 10)

like structure, while i-C being a hydrogel is highly porous. Fur-
thermore, we imaged transverse cross-sections that allowed us to
observe the interface between PEDOT and i-C (Figure 3b). Map-
ping of sulfur reveals the presence of PEDOT, while phospho-
rus is associated with the presence of TPP. Elemental mapping
shows that sulfur is predominantly found in the PEDOT coating
with exception of grains that we believe were cleaved and scat-
tered during sample preparation. As expected, we observed no
phosphorus signal in the PEDOT zone, while the i-C gel zone
showed a observably stronger phosphorus signal. This supports
our hypothesis that during gelation, TPP is expelled from PEDOT
and serves to ionically cross-link the chitosan hydrogel.[53>4

2.4. Functionalization of Chitosan Hydrogel Coatings

Next, we investigated if the chitosan coatings are amenable to
postprocessing following initial deposition. This may be useful
for engineering additional properties in the hydrogel such as dual
(electronic-ionic) conductivity or potentially mechanical tough-
ness via introduction of covalent cross-links. We modified i-C hy-
drogels by covalently cross-linking them (using formaldehyde)
and/or forming an IPN of PEDOT within the bulk of the chitosan
coating (Figure 4). Figure 4a provides a schematic representation
of the covalent modification, which we refer to as covalent/ionic-
Chitosan (ci-C) and the hydrogels modified with an IPN of PE-
DOT. As illustrated in Figure 4b, we further distinguish between
chitosan hydrogels with oxidative formed PEDOT (ox-IPN) and

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 3. a) Picture of the PEDOT/i-C gel (left) highlighting the SEM images of PEDOT (top) and chitosan (bottom) areas in different magnifications.
b) Transverse cross-section showing the interface (red dotted line) between PEDOT and chitosan hydrogel. The bottom insets show elemental mapping

of sulfur and phosphorus.

electropolymerized PEDOT (e-IPN). In the ox-IPN method, PE-
DOT polymerization starts at the interface between the chitosan
hydrogel and mineral oil (Figure 4b, top). The conducting poly-
mer chain grows from outside toward the core of the hydrogel.
In the e-IPN method, the conducting polymer chains grow from
the solid PEDOT core toward the periphery (Figure 4b, bottom).
Figure 4c shows typical EDS spectra for all types of material in-
cluding as-prepared PEDOT:TPP films, nonfunctionalized (i-C)
hydrogel controls and the functionalized chitosan hydrogel coat-
ings. For all samples, we registered the EDS spectrum at loca-
tions within the PEDOT core and within the surrounding hydro-
gel (shown in Figure S4, Supporting Information). As expected,
the EDS spectra show a higher sulfur signal in both IPN hydro-
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gel coatings (ox-IPN and e-IPN) compared with pure chitosan
coatings. Additionally, we observe higher intensity for phospho-
rus (related to TPP) in ionically cross-linked (i-C) and dual cross-
linked (ci-C) chitosan than any of the IPN coatings.

2.5. Electroactivity of the PEDOT/Chitosan Interface

We investigated the electrochemical properties of the interface
formed by the PEDOT core and the various chitosan-based coat-
ings (Figure 5). Figure 5a shows CV of the i-C and ci-C coatings.
The covalently functionalized hydrogel presents slightly better
electroactivity. Figure 5b,c shows the effect of IPN functional-
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Figure 4. a) Schematic representation of the hydrogel functionalization with dually cross-linked chitosan (ionically + covalently cross-linked, left) (ci-C)
and PEDOT/chitosan IPN hydrogel (right). b) Schematic representation of the two main approaches to produce an IPN (left): chemical oxidative (top,
ox-IPN) and electropolymerization (bottom, e-IPN) methods. Representative picture of the conductive hydrogels after the IPN functionalization (right).
c) EDS spectra indicating the elements present in the samples of PEDOT:TPP (control, black), PEDOT/i-C in the PEDOT core (i-C core, red) and chitosan
gel (i-C shell, green) zones, PEDOT/ci-C in the chitosan zone (ci-C shell, blue), PEDOT/e-IPN in the PEDOT (e-IPN core, pink) and chitosan (e-IPN shell,
orange) zones and PEDOT/ox-IPN in the PEDOT (ox-IPN core, purple) and chitosan (ox-IPN shell, dark yellow) zones.

ization of the i-C and ci-C coatings, respectively. Regarding the
e-IPN, we found that 500 and 1000 pulses resulted in IPN that
was maintained within the chitosan matrix. However, with 2000
pulses, electrodeposition of PEDOT extended outside the chi-
tosan hydrogel (Figure S5, Supporting Information). For the ion-
ically cross-linked hydrogel coating (i-C), the ox-IPN did not pro-
mote a well-formed IPN as evidenced by low current density (or-
ange line). On the other hand, the current density of e-IPN sam-
ples increased as a function of the number of polymerization
pulses. For the covalently cross-linked hydrogel coating (ci-C),
the ox-IPN performed better, where it achieves an electroactiv-
ity similar to that of e-IPN formed by 1000 electropolymeriza-
tion pulses (Figure 5c). The e-IPN did not significantly improve
the electroactivity of the hydrogels until 500 pulses are applied,
but 1000 and 2000 pulses enhanced the current densities. This is
likely because as-prepared ci-C already presented enhanced elec-
troactivity (Figure 5a). Figure 5d shows schematic representation
comparing the chemical structure of i-C and ci-C coatings. Due
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to the high electronegativity of TPP ions, i-C coatings are likely
to act as a barrier for anions to permeate and compensate the
faradaic reactions in PEDOT. In ci-C coatings, the partial replace-
ment of ionic cross-links with covalent may result in a material
more permeable to anions from the electrolyte. This could poten-
tially explain the observed enhancement in electroactivity of the
ci-C coating, as shown in Figure 5a. Additionally, the diminished
electroactivity of the ox-IPN in the i-C coating, as illustrated in
Figure 5b, could be attributed to this effect. Figure 5e illustrates
a modified Randles equivalent circuit,!?*>¢ where the solution re-
sistance (Rg) models the ionic conductivity of the PBS-supporting
electrolyte and the electronic resistance (Rpppor) is due to elec-
tronic charge flow in PEDOT chains. The CPE has the CPE pa-
rameter (Y,) and deviation from ideal capacitance behavior (n). A
double-layer capacitance is attributed to the electrolyte ionic com-
pensation of the charges. We fitted EIS spectra from all types of
interface to extract values for the putative electronic components
in the model (Figure 5f). For both types of IPN functionalization,
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ASULOIT suoWWO)) 2ANEa1) d[qear[dde ay) Aq PauILA0S oIk SA[ONIE V() 2SN JO SA[NI 10§ AIRIQIT AUIUQ AJ[IAN UO (SUOTIIPUOI-PUB-SULIA)/WOY" KA[1m’ KIeIqraur[uoy//:sdiy) SuonIpuo)) pue swa [, Ay 29§ *[£707/60/LZ] uo Areiqry auruQ L[Ip 1591 AQ £9700£T0T Awrew/z00 [ 0 1/10p/wod’ Ka[im"Kreiqijaur[uo//:sdiy woiy papeo[umo( ‘0 ‘tS0T6Er T



ADVANCED
SCIENCE NEWS

M} SeSiar

Materiols and Engineering

www.advancedsciencenews.com

www.mame-journal.de

o 2004 o = o — :
‘ ‘= 600{ ——PEDOT/i-C ‘= 600 PEDOT/ci-C
a cE) 150 . PEDOTI/i-C A b LE) e-IPN 500 pulses c §, ~——e-IPN 500 pulses
: S < 400{ ——e-IPN 1000 pulses < 400{ ——e-IPN 1000 pulses
€ 100{ —PEDOT/I-C - € ——e-IPN 2000 pulses E ——e-IPN 2000 pulses
s P = 200 ox-IPN = 200+ ox-IPN
2 50 P 2 =
2 P z P
0 = >
8 L ——"~ a ' O e
2 50 >—=— g e € |
£ 1100 ™ / 2 2 _400-
= N =) =]
© -150 - T T T T © -600- T T T T T © -600- T T T T ™
1.0 -05 0.0 0.5 1.0 1.0 -05 0.0 0.5 1.0 1.0 -05 0.0 0.5 1.0
_E 1V vs. Ag/AgCI/KCI 3M E /V vs. Ag/AgCI/KCI 3M
di- i/ E e
i § Electronic
Resistance
2 (RPEDOT)
§°|““°" Double-Layer
Resistance (Rg) Capacitance
.
\ NH :
S MMIA\\\"
Constant Phase
Element
| ! (Y, and n)
.. PEDOT/Chitosan (ion) .~ _PEDOT/Chitosan (cov) -
f EIS parameters for IPN with Pulsed and Chemical Oxidation Methods.
Parameters PEDOT/i-C 50 2000 2000 pulses ox-IPN PEDOT/ci-C 500 1000 pulses 2000 pulses ox-IPN
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R, (Q cm?) 2:2 1.8 1.6 1.2 2.0 2.8 1.7 1.9 1.4 2.1
Y, (mMho.s") 0.6 0.1 1.0 5.0 0.8 3.8 0.1 5.8 9.7 53
n 0.6 0.6 0.5 0.4 0.5 0.6 0.5 0.3 0.3 0.4
R’:""‘:;)m 16.4 27 0.7 0.5 54.5 1.4 23 11 0.3 0.7
a’“"“_l n/a 9.6 419 65.0 10.7 n/a 11.0 26.8 126.2 43.8
(mS cm™?)

Figure 5. a) CVs of PEDOT/i-C, PEDOT/ci-C. b) IPN functionalization of i-C hydrogels. c) IPN functionalization of ci-C hydrogels. d) lonic and covalent
cross-linking mechanisms are implicated in controlling the ionic conductivity of the chitosan hydrogel. e) Modified Randles equivalent circuit used to
model the electrical properties of the interface, Rs indicates solution resistance, Rpgpor is the electronic resistance of PEDOT, constant phase element
(CPE) of the hydrogel containing Y, as the CPE parameter (Y.o"), where Y is admittance (reciprocal of the impedance), w is frequency, and n is the
deviation from ideal capacitive behavior; and double-layer capacitance.[**] f) Table with values for the electronic components in the proposed equivalent

circuit. Values were extracted by fitting the circuit to EIS spectra.

we observe a decrease in n, meaning the CPE tends to act more as
a resistor than a capacitor. It is in agreement with qualitative ob-
servations of CVs where the shape becomes more resistive (i.e.,
tendency to Ohm’s law). The electronic resistance decreases with
IPN polymerization inside the hydrogel matrix (with notable ex-
ception for i-C coating treated with ox-IPN). The electronic con-
ductivity of samples was calculated from Rpppor values and con-
sidering radial conduction in the samples (Figure S6, Supporting
Information). The highest conductivity is achieved for the func-
tionalized hydrogel matrix of ci-C in agreement with the above
discussion of Figure 5a,d. It suggests the increase in the amount
of PEDOT as the IPN is formed significantly improves conductiv-
ity, likely due to higher interconnectivity of pathways for electron
flow. We assume a better balance between ionic and electronic
conductivity is achieved for PEDOT/i-C with 1000 pulses via e-
IPN and PEDOT/ci-C via ox-IPN, with conductivities of 41.9 and
43.8 mS cm~! with n equals to 0.46 and 0.44, respectively.

The primary focus of this study is to explore the potential
of chitosan as a biocompatible and biodegradable material for
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bioelectronics and biomedical applications, while harnessing
the electrical functionalities of the conducting polymer, PEDOT.
The electrochemical properties of several PEDOT/Chitosan
materials mentioned in the literature are presented in Table 1.
We have specifically chosen studies that align with the purpose
and properties previously mentioned. It is evident that there are
numerous approaches to incorporating PEDOT into hydrogel
matrices; however, direct comparisons are challenging due to
variations in the reporting of essential electrochemical character-
ization parameters, such as CV and EIS. Our proposed materials
exhibit a higher current density in CV and lower PEDOT re-
sistance compared with previously reported works. Although
the conductivity values of our materials are slightly lower than
those of PEDOT in chitosan/gelatin-blended matrices, they are
considerably higher than those of other proposed materials.
In the study conducted by Li and colleagues, the conductivity
determined is inconsistent with the current density reported in
the CV, suggesting that the 2-probe method used for its deter-
mination was not accurate.[* The comparative table highlights
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ASULOIT suoWWO)) 2ANEa1) d[qear[dde ay) Aq PauILA0S oIk SA[ONIE V() 2SN JO SA[NI 10§ AIRIQIT AUIUQ AJ[IAN UO (SUOTIIPUOI-PUB-SULIA)/WOY" KA[1m’ KIeIqraur[uoy//:sdiy) SuonIpuo)) pue swa [, Ay 29§ *[£707/60/LZ] uo Areiqry auruQ L[Ip 1591 AQ £9700£T0T Awrew/z00 [ 0 1/10p/wod’ Ka[im"Kreiqijaur[uo//:sdiy woiy papeo[umo( ‘0 ‘tS0T6Er T



ADVANCED
SCIENCE NEWS

M} SeSiar

Materiols and Engineering

www.advancedsciencenews.com

www.mame-journal.de

Table 1. Current density, PEDOT resistance, and conductivity for PEDOT/chitosan materials.

Name Method Current density Reepor? Conductivity Reference
Cs—Gel-Agar-2.0% PEDOT:PSS added to n/r n/r 0.326 mScm™! Hamzah et al.[>7]
PEDOT: PSS chitosan-gelatin-agar matrix
CS-SPVA/PEDOT:PSS Chitosan, starch/cellulose, PVA, n/r n/r n/r Remis et al.[%4]
hydrogels and PEDOT:PSS via one-pot
synthesis
PEDOT/CMCS (P2) In-situ chemical polymerization of n/r n/r 4.68 mS cm™! Sun et al.[58]
hydrogels PEDOT in carboxymethyl
chitosan (CMCS)
MCS/Gel-0.15EDOT In-situ chemical polymerization of n/r n/r 1.52mS cm™! Sun et al.[>%]
PEDOT in CMCS/gelatin
ChT-3%PEDOT Physical mixture of PEDOT n/r n/r 0.28 mS cm™! Duan et al.1%0]
nanoparticles with chitin
PEDOT/Cs/Gel scaffolds In-situ chemical polymerization of n/r ~500 Q2 76.8 mS cm™! Ma et al.l61]
PEDOT in chitosan/gelatin
4PEDOT/Cs/Gel In-situ chemical polymerization of n/r n/r 62.2mS cm™! Ma et al.[2]
PEDOT in chitosan/gelatin
PC2 In-situ chemical polymerization of 200 pA®), 0.1 mM of n/r 0.56 mS cm™! Narula et al.[®%]
PEDOT:PSS in Ferri-Ferro cyanide +
chitosan/polyvinyl alcohol 0.1 mM KCl
PDCOH-3 PEDOT doped with dextran sulfate 0.6 mA cm~2, PBS n/r 20Scm™19 Li et al.[64]
(DSS) physically mixed with
CMCS and gelated with
oxidized dextran
PEDOT/ci-C Electrodeposited PEDOT and 150 mA cm~2, PBS 1.4Qcm? (17.8Q) Present work
electro-assisted chitosan
hydrogel
PEDOT/i-C e-IPN Electrodeposition of PEDOT (1000 300 mA cm~2, PBS 0.7Qcm? (8.9 Q) 419 mS cm™! Present work
pulses) in i-C matrix
PEDOT/ci-C ox-IPN In-situ chemical polymerization of 280 mA cm~2, PBS 0.7Qcm? (8.9Q) 43.8 mScm™! Present work

PEDOT in ci-C matrix

? Electrochemical fitting not reported, the value was estimated based on the Nyquist plot; 0 Only current was reported; 9 Conductivity determined using the 2-probe model.

The “n/r” is nonreported.

a lack of comprehensive electrochemical characterization for
these conductive hydrogel materials.

3. Conclusions

In conclusion, this study presents a novel and effective method
for the electro-assisted cross-linking of chitosan hydrogels di-
rectly onto organic conductive surfaces. Our approach utilizes
the electrochemical release of the cross-linker TPP from a PE-
DOT surface, enabling the precise and controllable electrical
gelation of the chitosan hydrogel. The result is a well-adherent
and thick chitosan coating on the electrode surface, ensuring
enhanced conductivity, and improved integration. To further
enhance the functional properties of the hydrogel coating, we
explored postassembly modifications, including covalent cross-
linking using formaldehyde and the incorporation of an addi-
tional conductive polymer network. Comparative analyses were
conducted to evaluate the conductivity enhancement achieved
through both electropolymerization and chemical oxidative ap-
proaches. Notably, we achieved an optimal balance between ionic
and electronic conductivities with ionically cross-linked chitosan
coatings modified with an electro-polymerized IPN of PEDOT

Macromol. Mater. Eng. 2023, 2300263 2300263 (8 of 10)

(1000 pulses), as well as with covalent-ionic cross-linked chi-
tosan coatings incorporating interpenetrating PEDOT assembled
through the oxidative method. The significant outcomes of this
research offer valuable insights into the design and development
of better conductive hydrogel coatings for soft electronics, show-
casing immense potential in various applications, such as wear-
able sensors and implantable medical electrodes. By successfully
achieving the direct growth of chitosan hydrogel onto PEDOT
through the electrochemical-chemical (EC) mechanism, we have
demonstrated a promising pathway for precise control over the
electro-assisted assembly of these materials, leading to superior
electrochemical performance compared with previously reported
PEDOT/chitosan systems. The reported method adds to a grow-
ing list of promising approaches for the functionalization of elec-
trodes with soft and conductive coatings for achieving improved
bioelectronic interfaces.

4. Experimental Section

Materials: The chemical reagents 3,4-ethylenedioxythiophene
(EDQT), high molecular-weight chitosan (310-375 kDa), sodium chlo-
ride, acetic acid, ammonium persulfate (APS), mineral oil, sodium TPP,
formaldehyde solution (37% m/m), hexane, and sodium dodecyl sulfate

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

=
5
o
5]
13
*
g
£
X
=
g
(=5
g
3
g
g
s
£l
E
o
g
g
g
=
=
a
=
5
g
g
g
8
I
g
g
g
I
[53
i<}
D
2
]
=N
2
o
2
5
3
g
a
&
o
E
£
a
c
=
g
g
g
&
g
=
2
e
B
S
2
w
%
3
5
3
7
=
5
g
o
o
g
=]
g
Z
Y

)IPUOD-PUB-SULID)/WOD" K[ 1M KIBIQI[SUT[UC

2
5
&
o
S
2
3
o
g
£
3
g
5
2
5
g
s
g
&
o)
>
<
a
g
5
2
5
S
!
g
=1
3
a
=2
g
s
g
2
=
E:
g
<
&
o]
G
g
=3
E
5
Q
Et
2
2
z
oo
&
8
2
@



ADVANCED
SCIENCE NEWS

M} SeSiar

Materiols and Engineering

Open Access,

www.advancedsciencenews.com

(SDS) were purchased from Sigma-Aldrich. All solutions were prepared
with deionized Milli-Q water (18.2 MQ) or with PBS pH 7.4 (Gibco).

PEDOT/Chitosan Presolutions: ~The solution composition was adapted
from a previous work.[”23] For the PEDOT:TPP, 150 mM of TPP, 70 mM
of SDS (ten times critical micellar concentration), and 50 mM of EDOT
is dissolved in 24.3 mL of deionized water. For the electro-assisted cross-
linking: 1% (v/v) of acetic acid was diluted in 24.3 mL of deionized wa-
ter, followed by the dissolution of 150 mM of sodium chloride. Later, 1%
(m/v) of high molecular-weight chitosan was dissolved under strong stir-
ring for 30 min at room temperature. For covalently cross-linking func-
tionalization, diluted formaldehyde solution (20 wt%) in deionized water
was applied. For IPN functionalization via electropolymerization: 70 mM
of SDS and 50 mM of EDOT were dissolved in 1 M HCl with total volume
of 24.3 mL. For IPN functionalization via chemical oxidative reaction: the
first solution was 400 mM of APS dissolved in 1 m of HCI. Second solution
was 400 mM of EDOT dissolved in mineral oil.

Preparation of PEDOT /Chitosan Hydrogels:  For the PEDOT doped with
TPP (PEDOT:TPP), the open-circuit potential interpulse (OCPI)-pulsed
protocol was adapted from the previous work to obtain a highly doped
conducting polymer.I”] Briefly, the pulse sequence was programmed with
20 s of OCP + loop (number of desired pulses) containing CA at elec-
tropolymerization potential (+1.2 V) for 0.5 and 5 s at OCP + 20 s of OCP
at the end. For electro-assisted cross-linking of PEDOT /chitosan ionically
cross-linked (PEDOTY/i-C), it was applied —1.2'V (vs Ag/AgCl/KCl 3 m) for
600 s. For covalently cross-linking functionalization (ci-C), the gold wire
coated with PEDOT/i-C was placed in diluted formaldehyde solution for
1 h at room temperature. For the IPN functionalization via electropoly-
merization (e-IPN), it was applied +1.6 V for 0.5 s and waiting 20 s at the
OCP in the OCPI protocol for the number of pulses determined in the loop
(500, 1000, or 2000). For the IPN functionalization via chemical oxidative
(ox-IPN), the hydrogel was soaked in solution containing APS and HCl for
3 h, followed by dipping into 400 mM EDOT in mineral oil for 6 h. Later,
hydrogels were washed in mineral oil overnight. Afterward, the hydrogels
were washed in hexane for 1 h and kept in PBS for at least 24 h prior to
use.

Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy
(SEM-EDS): A Philips/ FEI XL-20 SEM (Philips, UK) scanning elec-
tron microscope was used to image-dehydrated hydrogel samples. Cross-
sections were obtained by first applying the removal procedure of the hy-
drogel (Figure S3, Supporting Information) and later cutting the hydrogels
using a razor blade when freshly prepared. The samples were dehydrated
by replacing water with ethanol, kept overnight in ethanol solution, and
afterward processed in a critical point dryer (CPD). Samples were placed
in SEM stubs over carbon tape in vertical position and sputter coated with
gold before SEM imaging. The gold-coated dried hydrogels were then im-
aged with an accelerating voltage of 10 kV.

Electrochemical Measurements:  CV, CA, and EIS were performed using
a potentiostat/galvanostat (PARSTAT3000, AMETEK) controlled using Ver-
saStudio 2.60.2 software. CVs were recorded in PBS media as supporting
electrolyte, from —1.2 to +1.2 V using scan rate of 100 mV s~'. EIS were
recorded from 1 MHz to 0.1 Hz, with excitation amplitude of 10 mV (RMS)
at ten points per decade for full spectra. The employed was gold wire with
submersed length in solution of either 1 or 0.5 inch (1.27-2.54 cm). The
1-inch long wire was used for mechanical integrity check (Figures S3 and
S7, Supporting Information), while the 0.5-inch wire was used for all other
experiments. The area of the gold electrode was determined as 0.04 cm?.
A commercially available Ag/AgCl/KCl 3 m (BASi) electrode and a plat-
inum wire coiled were used as reference and counter electrodes, respec-
tively. For statistical analysis, all experiments were made in triplicate using
three different gold wire electrodes and freshly prepared solutions. Unless
stated otherwise, data were reported as the mean + standard deviation. Pa-
rameter fitting and circuit simulation was conducted using the NOVA 2.1

software (Metrohm Autolab). All charges were calculated by Q = /:f [ dt,

where | is the current density (A cm™2) and t is time (seconds). The elec-
tronic conductivity (6pgpot) Was calculated using the equation in Figure
S6 (Supporting Information).
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