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Abstract

Electroresponsive hydrogels possess a conducting material component and respond to electric
stimulation through reversible absorption and expulsion of water. The high level of hydration,
soft elastomeric compliance, biocompatibility, and enhanced electrochemical properties render
these hydrogels suitable for implantation in the brain to enhance the transmission of neural
electric signals and ion transport. This review provides an overview of critical electroresponsive
hydrogel properties for augmenting electric stimulation in the brain. A background on electric
stimulation in the brain through electroresponsive hydrogels is provided. Common conducting
materials and general techniques to integrate them into hydrogels are briefly discussed. This
review focuses on and summarizes advances in electric stimulation of electroconductive
hydrogels for therapeutic applications in the brain, such as for controlling delivery of drugs,
directing neural stem cell differentiation and neurogenesis, improving neural biosensor
capabilities, and enhancing neural electrode-tissue interfaces. The key challenges in each of

these applications are discussed and recommendations for future research are also provided.
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1. Introduction

Neurons in the brain communicate by transmitting electric signals,™™ 2 which is important for
their functional expression, differentiation, and survival.®l Transmembrane potentials and
probability of action potentials occurring are affected by both exogenously induced and local
endogenous electric fieldsi¥ which can inhibit or excite neuronal networks, modify their
plasticity,® and probe neural patterns to alleviate brain disorders and diseases.[ For instance,
electroconvulsive shock therapy was first applied in 1938 to treat severe depression and is one
of the oldest forms of electrical stimulation therapy.[” & Neural activity can be recorded and
modulated with neural probes! to stimulate specific neural tissues and restore lost neurological
functionst*? by establishing a functional electrical connection.*! Various types of electrodes,
such as intracortical needle electrodes, can interface with tissue and help recover normal neural
function in patients with central nervous system (CNS) disorders.** 121 Nam and colleagues
assert that for proper biointegration during electric stimulation, the ideal neural interface
material must: 1) couple to neural tissue without inciting damage through physical and chemical
compatibility, 2) possess an electric conductivity which enhances signal acquisition, and 3)

minimize chronic and acute inflammatory responses through improved biocompatibility.!*®!

Hydrogels comprise a crosslinked, 3D network of synthetic or natural polymer chains in a
hydrating medium.* *° Hydrogels which are biodegradable, hydrophilic, biocompatible, as
well as those that possess low antigenicity and immunogenicity make these materials promising
for neural scaffolds and devices.['® Y71 Due to their electrochemical properties, conductive
polymers have also garnered interest as an interface for neural probes® for their ability to
transport ionic and electronic charges while concurrently promoting cell proliferation and
adhesion.[*® Electroconductive composites integrate conducting materials into hydrogels to
combine the ideal properties of both materials and were first developed in 1991.1° These
electroactive hydrogels are ionically and electrically conductivel?” to enhance the scaffold’s
electrochemical properties and endow mechanical compliance through high water content.[?!]
Stimuli responsive electroconductive hydrogels were first developed by Guiseppi-Elie and
colleagues as electrochemical biosensors.??] Electric fields are easy to apply and offer a high
degree of tunability for desired outcomes through the control of parameters such as the electric
field strength. Since hydrogels undergo reversible changes in volume in response to electric
stimuli, these platforms are advantageous as neural tissue engineering substrates.l?® 24

Electroresponsive hydrogel implants in the brain therefore have the potential to enable
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numerous therapeutic applications with tunable electric stimulation schemes to control the
release of payloads, promote neural cell growth and differentiation, and serve as a
biocompatible and conductive interface for enhancing signal transmission in neural biosensors

and electrodes in vivo.

Externally applied electric fields inside the brain tend to be weak and non-uniform when
subcutaneous tissue, skull, and skin shunt and redirect current.?>! An ex vivo study conducted
by Voroslakos and colleagues indicated that soft tissues and skull shunt approximately 60% -
75% of the current away from the brain.”*! As such, it is critical to optimize the electric
stimulation dosing parameters for specific applications in the brain. For example, the electrode
type, size, material, and location of implantation are all important considerations during electric
stimulation treatment.[?8] The electric waveform, including its shape, frequency, and intensity,
as well as the pulse profile and parameters such as duration and amplitudes, are all contributing
factors which govern the pattern of current flow in vivo.[?® 271 A review on how transcranial
direct current stimulation improves physical performance in healthy individuals revealed a high
variation in the experimental outcomes across different studies, highlighting a need to

systematically standardize the electric stimulation parameters like intensity and duration. 2]

Electric stimulation efficacy also largely depends on neural cell geometries, densities, ion
channel distributions, and the extent of shunting in the extracellular matrix.[l Electric
stimulation can be regulated by controlling the properties of electroconductive hydrogels to
establish uniform electric fields. However, Heo and colleagues note that differences in
outcomes may still arise from inherent variations in cellular microenvironments and cell lines
employed in studies; it is therefore prudent to further investigate the combinatorial effects of
electric fields and substrate properties on neural applications.?®l The results from cell culture
and animal model studies can help translate and extrapolate the results to human subjects due
to considerable interspecies neural network similarities between animal models and their
counterpart human disorders.*% 31 And yet, the responses of different cell lines depend on the
electric stimulation parameters employed, highlighting the need yet again to establish
standardized electric stimulation methods to better evaluate research outcomes.?l An added
layer of complexity exists, since the design, fabrication, and properties of hydrogels also
contribute to the biomedical outcomes of electric stimulation in the brain.!!
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This review seeks to address these gaps by conducting a comprehensive review on
electroresponsive hydrogels for therapeutic applications in the brain. While Guiseppi-Elie had
previously reviewed electroconductive hydrogels, the researcher had focused on biomaterial
synthesis, characterization, and a general overview of biomedical applications.**! More
recently, Shi and colleagues reviewed electroconductive natural polymer based hydrogels.?
However, neither review focused on neural applications and a discussion on direct electric
stimulation and its parameters were outside the scope of the papers. Since soft brain tissue and
neural signaling require specific mechanical and electrical properties, hydrogels need to be
adapted for biological, electrical, and mechanical compatibility with brain tissue. This review
paper therefore focuses on research that has applied electric stimulation to electroconductive
hydrogels in the brain. The process of electric stimulation in the brain is briefly highlighted. A
background on electroresponsive hydrogels and the rationale for using these materials to
improve electric stimulation in the brain is also highlighted. Key fabrication techniques to
synthesize these composite electroactive hydrogels and the mechanism of electric stimulation
through these conductive materials are also discussed. This review identifies four key
applications of electroresponsive hydrogels and highlights the consequent advances in
controlled delivery of therapeutic agents (Section 6.1), neural stem cell differentiation and
neurogenesis (Section 6.2), neural biosensors in vivo (Section 6.3), and neural electrode
interfaces in the brain (Section 6.4). A summary of the electroconductive materials used for
each key study, as well as the specific electric stimulation parameters, hydrogel electric
properties, cell culture or animal model used, and hydrogel biocompatibility are provided. This
synthesized information will aid future researchers in identifying and standardizing the optimal
electric field parameters and hydrogel materials for specific electric stimulation outcomes in
the brain. The challenges in each application, as well as recommendations for future research,

are also discussed.

2. Electric Stimulation in the Brain

Although bioengineers and electrophysiologists have studied cellular responses to electric
fields,!®! the actual mechanism of electric stimulation in the brain is still not well understood. !
Researchers have postulated that the mechanisms change excitatory and inhibitory functions
which alter particular neurotransmitter levels in the brain.*®! To confer therapeutic benefits,
electric stimulation procedures are often performed in repetition, implying changes in the CNS
require a cumulative effect.l®] The short term plasticity and effect of electric stimulation are
purportedly mediated by changes in ion channels and neurotransmitters.[*8 Electric stimulation

4
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with chronic, repetitive processes can control neuronal networks and their subsequent
activationt®”! by regulating neurotrophic factors.*8! As an example, deep brain stimulation can
be administered repeatedly through surgically implanted electrodes® with multiple highly
focal contacts that target particular regions of the brain!® and can decrease resting and postural
tremors in Parkinson’s disease.[*] To control motor symptoms associated with Parkinson’s, the
voltage for deep brain stimulation ranges from 2.4 — 4.4V, pulse width ranges from 67 — 138

us, and frequency from 143 — 173 Hz.[40]

Compared to deep brain stimulation, transcranial electrical stimulation (TES) is minimally
invasive.¥! TES places two or more extracranial electrodes on the scalp/skull and uses the
potential difference between electrodes to generate a current that accesses the brain without
directly contacting neural tissue.*!] TES applies weak electric currents up to 0.8 A/m? for 40
minutes per stimulation session to affect glial cells, nerve cells, and vessels.[*> 431 The most
common TES technique is transcranial direct current stimulation (tDCS), which alters neural
activity by applying prolonged and constant weak currents (1 - 2 mA) to hyperpolarize or
depolarize neurons and modulate the resting membrane potential and ion channels.®+¢l During
tDCS, the degree of polarity, strength, and stimulation determine both the direction and duration
of excitability change.*! Transcranial direct current stimulation can improve verbal recognition
memory tasks in Alzheimer’s patients!®! and also promote and restore functional balance in
stroke patients.[*l Electrically stimulating cranial nerves can also treat neuropsychiatric
disorders? and neurological disorders,® while neuronal activation additionally confers

neuroprotective effects by improving blood flow.[

Although a seminal study by Nitsche and Paulus noted the modulation effects of TES were
restricted to the area under the electrode,®! electric stimulation activates neurons in sparsely
distributed sets,® as TES often fails to uniformly stimulate a cortical region.®®! The
modulatory effects of electrical stimulation, such as alterations in neural activity and oscillation
entrainment, may therefore occur on a system-wide, global scale neural network level.54 While
most CNS disorders encompass neural networks spanning over wide regions of the brain,! it
is often prudent to localize treatment to targeted neurons in a region to maximize therapeutic
effects and reduce undesired effects on adjacent networks.*! TES may also produce electric
fields too weak to depolarize cortical neurons or generate action potentials.®®! However,

increasing TES current further exacerbates issues of non-focality when peripheral stimulation
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and current distributions to surrounding regions increase.®® To improve TES focality with
strong currents, Grossman and colleagues utilized multi-electrode montages to apply temporal
interference stimulation in mice brains.®®! The electric fields from electrodes were shifted
slightly in frequency to enable modulation within an envelope by altering the current
magnitudes, as illustrated by Figure 1. Even though this stimulation technique can activate
neurons without affecting overlying cortical neurons, achieving high spatial resolutions with

small focal volumes is still challenging.
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Figure 1. Temporal interference uses depth selectivity to electrically stimulate neurons with
multiple electric fields. Reproduced under the terms of the Creative Commons CC-BY
license.[®® Copyright 2017, Cell Press.

In addition to electric stimulation, neural probes can also record neuronal firing action potentials
for studying neural networks.®®! Neurophysiological monitoring techniques, such as
electrocorticography subdural electrodes placed on the surface of the scalp or in the cortex, can
map brain function with a high spatial resolution to identify the pathological lesions crucial for

diagnosing and treating disorders like epilepsy.": %]

A major concern with chronic neural electrodes is the elicitation of neuroinflammatory
responses, including neuron degeneration and foreign body reactions.®! Insertion of implants
disrupts the blood-brain-barrier and ruptures blood vessels which exacerbate the tissue
response,l® while micromotions proximal to the implant further sustain injuries and

inflammatory responses.] Serum proteins adsorbed on the probe surface trigger an acute
6
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response to activate macrophages and microglia,*] which secrete reactive oxygen species and
lytic enzymes to degrade the foreign material and damage neurons.*l Astrocytes are also
activated when microglia secrete proinflammatory cytokines such as interleukin-6, interleukin-
1, and tumor necrosis factor alpha.[®? ¢ This entire process, known as astrogliosis, increases
the number of abnormal, activated, and proliferating astrocytes to form dense glial scars around
electrodes (Figure 2).[!2 The reactive inflammatory cells and acute edema are eventually
replaced by scar tissue when the acute response evolves into a chronic response under the
continuous presence of the foreign implant.[*> 8 The implant becomes encapsulated with a
fibrous capsule comprising vascularized tissue in the outer layer, a concentric fibrous tissue,
and an inner layer with macrophages.® This glial scar tissue also impairs the electric
stimulation and signal recording efficacies®® ®71 due to the increased barrier between target
neurons and the implant,*) which acts as an insulation to decrease the charge injection capacity
and increase the impedance.l®®l For example, Suner and colleagues compared a hundred
microelectrodes implanted into the primary motor cortex of monkeys for three months and
against implantation for one and a half years.®®1 The researchers noted that fibrous
encapsulation around the electrode likely led to a loss of function in the neural recording

capabilities for both scenarios.
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Blood-Brain-Barrier « - Resting Microglia “# Resting Astrocyte

Blood Vessel . Activated Microglia

#°  Activated Astrocyte

Neuron w Electrode

Figure 2. Schematic diagram of astrogliosis and the subsequent glial encapsulation upon
insertion of a stiff intracortical electrode in the brain. Implantation of the electrode disrupts the
blood-brain-barrier and activates both microglia and astrocytes. The activated microglia and
astrocytes migrate toward and surround the probe in response to signaling factors. Over time,
these cells encapsulate the electrode and form a glial scar which acts as a barrier and decreases
the transmission of electric signals. Created with BioRender.com.
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For implanted medical devices like cardiac pacemakers and hip replacements, the formation of
fibrous tissues can be beneficial by keeping the device anchored in place.* However, chronic
implantation can hamper neuroprosthetic devices. Oxidative stress events at the tissue-device
interface activate chemical redox reactions on the electrode surface, and the formation of
reactive oxygen species leads to neuron cytotoxicity and probe corrosion.’” Electroresponsive
hydrogels can minimize these undesired consequences of using electrodes and probes directly
on tissues for electric stimulation by establishing uniform electric fields which remain
constrained to predetermined regions in the brain. These hydrogels can also minimize the

mechanical mismatches that lead to strong inflammatory responses.

3. Electroresponsive Hydrogels: Synthesis and Common Conducting Materials

Electroconductive materials such as graphene, carbon nanotubes, and metallic particles enable
electric signal transmission between biological systems and neural electric devices.3® ™
Coating electrodes with high surface area nanomaterials can decrease impedances and increase
the charge transfer.l’?l Yet, these electroconductive materials may elicit a chronic inflammation
in vivo, while their robust synthesis processes and lack of biodegradability do not make them
ideal as long term implants.[”®! Electroconductive polymers address this gap, as they are highly
conjugated, possess spatially extended m bonds and electroconductivities similar to other
conducting materials, and their biocompatibilities are tunable through polymer chain lengths
and end groups.B% "™ For example, conductive oligomers are short enough for renal
elimination,[1 and modifying the surface of implants with conductive polymers can promote
angiogenesis and improve probe sensitivity.[” However, both in vitrol”® and in vivol™! studies
demonstrate that metal electrodes can cause conductive coatings to delaminate with repeated
and long term electric stimulation. Coupled with mechanical friability!’”! and a tendency to
become brittle, these phenomena eventually lead to loss of the conductive material on the
surface.l”® The potential overoxidation of conductive polymers can also produce reactive

species,¥ which is why these materials alone are not widely used in medical devices.l’”]

Incorporating electroconductive materials into hydrogels can mitigate some of these issues.

Hydrogels have been significant in the biomaterials field since the early 1950s.I"°1 Upon being
hydrated and reaching equilibrium with an aqueous medium, the forces in the hydrogel structure
are balanced between a retracting, elastic force and a swelling force arising from the solvation

and subsequent expansion of macromolecular chains.®® The mechanical properties of
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hydrogels can be varied by controlling the degree of crosslinking and hydration.*! For instance,
the elastic moduli can be customized to mimic soft brain tissues with values near 10 kPa and
minimize the mechanical mismatch with metal based neural probes which possess moduli close
to 100 GPa.l’% 821 The hydration level also impacts surface properties such as wettability and
protein adsorption, correlating to biocompatibility in vitro and in vivo.[ Polymeric hydrogels
are ideal for contacting cerebral tissue due to the reduced interfacial tension with their
surrounding environment.[*l While traditional electrodes loosely contact the cortex to result in
inaccurate neural signals,’® the reswelling of hydrogel coatings post-implantation allows

electrodes to anchor and be adhesive toward brain tissues.® %!

The bioactivity of electroconductive hydrogels is conferred by a culmination of factors like
mechanical properties, hydration, surface chemistry, and surface topology.* Hydrogels can
act as stretchable ionic conductors,®! and coatings only minimally impact the electrode’s
electrochemical properties, since porous structures enable the permeation and absorption of
buffer solution and ions to maintain high conductivities.[® However, He and colleagues report
hydrogel coatings insulate the electrodes and can reduce electroconductivity to limit signal
transmission.[*8! Therefore, hydrogel conductivities ought to be optimized to permit electrical

stimulations at lower voltages for better tolerance in vivo.!*l

Electroactive hydrogels can incorporate conductive fillers or polymers into the hydrophilic
matrix®”1 by doping, blending, or introducing chemical modifications®®? to produce 3D
biomimetic structures which increase the electroconductivity and enable charge transfer.[¢! Yet,
randomly distributed metallic particles in a polymer matrix generally have low durability and
are disordered.[® In contrast, hydrogels which develop the electroconductive polymers within
the matrix can seamlessly integrate dissimilar polymers in an interpenetrating network, thereby
reducing the brittle friability and mechanical stiffness by an order of magnitude without
compromising electrochemical properties.[?: 81 Unlike the inorganic nature of metals and
semiconductors, the organic properties of conductive polymers promote favorable interactions
with the biological environment.34 Since both polymer constituents are stimuli responsive,
they can be crosslinked, copolymerized, and/or grafted as hybrid hydrogels, where the hydrogel
may serve as the dominant and continuous constituent for polymerizing conductive polymers
or vice versa, where the conductive polymer serves as the dominant and continuous constituent

for polymerizing the hydrogel.[**!
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Hydrogels more commonly serve as the dominant component and backbone of
electroconductive hydrogel composites.*4 Compared to natural hydrogels, synthetic hydrogel
production entails low costs and a high degree of control during synthesis, which allows the
mechanical properties, degradation rates, chemical compositions, and structures to be
reproducible.® The absence of biological impurities in these hydrogels also lowers the risk of
acquiring an immune response.[® Poly(ethylene glycol), or PEG, hydrogels are commonly
used to develop 3D neural networks[®!l and serve as a biocompatible coating layer on the surface
of microelectrode arrays.2 On the other hand, poly(vinyl alcohol), or PVA, is a non-
degradable poly hydroxyl polymer under most physiologic conditions®! and is often used in
tissue engineering for its mechanical strength.[®* The most widely patented, commercialized,
and researched polymers for biomedical applications are hydrogels containing
polyhydroxyethylmethacrylate (P HEMA), which have hydration levels similar to brain tissue
when swelled with 40% water content, are easy to sterilize by autoclaving, and are

hydrolytically stable.[° %I

Natural carbohydrate polymers are also used as hydrogel backbones due to their
biodegradability, biocompatibility, and tunability.[’] These polysaccharide polymers possess
long monosaccharide segments bonded together with glycosidic bonds, similar to
glycoproteins."t For example, alginate can crosslink ionically, model neural tissue, and is
favored due to its low cytotoxicity and ability to gel under mild conditions.[*”-%%1 Hyaluronic
acid (HA) is a polyanionic polysaccharide in the extracellular matrix of the brain, and its lack
of immunogenicity makes it an ideal backbone for grafting conductive copolymers into the
coatings of neural probes.™?! The solubility of these natural polymers in aqueous solutions eases
the fabrication of conductive hydrogels.*?l Since these polymers possess an abundance of
functional groups like amine, amino, hydroxyl, and carboxyl in their molecular chains, these

materials have high hydrophilicities that are ideal for synthesizing hydrogels.[%!

Polypyrrole (PPy) is widely studied as a conductive polymer for its high electroconductivity,
low oxidative potential, and aqueous solubility of its monomers.*%! It decreases the distance
mobile charge carriers must traverse prior to electron transfer and enhances biocompatibility
by reducing biofouling, which is associated with protein adsorption and an immune
response.[!%3 1041 Among the various conductive polymers, polyaniline (PANI) also possesses

intrinsic electroconductive properties.'%! Since PANI undergoes reversible redox reactions to

10
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exist in three oxidative states, it is an ideal material for scaffolds which require switchable
properties between resistive and conductive states upon electric stimulation.[*°! Compared to
PPy, poly(3,4-ethylenedioxythiphene), or PEDOT, is touted for its superior electrochemical
stability™®l and is often synthesized with PANI under aqueous conditions to yield dual
conduction of ions and electrons to reduce impedances when interfacing with biological
systems.[*%1 Poly(3,4-ethylenedioxythiphene) polystyrene sulfonate (PEDOT:PSS), a mixture
of the polymers PEDOT and polystyrene sulfonate (PSS), is also known for endowing electrical
properties and chemical stability through direct interactions with cells compared to other
electroactive polymers.'%! In fact, Javadi and colleagues assert PEDOT:PSS is the most
promising conductive polymer and is employed in hybrid systems for its high conductivity,
good processability, and dispersibility in polar solvents.[**%l Overall, conducting polymers such
as PPy, PEDOT, PANI, and PSS have been used to develop electroconductive hydrogels for
applications as neural interfaces in electrodes,®? bioelectronics and biosensors,*** and neural

tissue engineering scaffolds.™*?l

Carbon nanotubes (CNTSs) are highly stable conducting fillers in hydrogels, possessing an
electroactivity and chemical inertness that do not change with the environment or time, and
have been used in biosensors, tissue scaffolds, and neural devices.*®! These electroactive
materials are also highly flexible and resemble neural tissue when rolled in layers of sp? bonded
carbon atoms.['*31 CNT coatings on neural devices have been demonstrated to increase charge
transfer, decrease impedance, and enhance the neural recording both in vitro and in vivo,[**4
while their interactions with neural cells further improve signaling and cellular communication
upon electric stimulation.[**3! In fact, incorporating CNTs can increase the electroconductivity
by a factor of 100,000 compared to hydrogels comprising only polysaccharide polymers such

as nanocellulose.[*1®]

Graphene is another carbon-based conducting filler that was first isolated from graphite in 2004
with a facile synthesis process and comprises a thick layer of single sp? hybridized carbon atoms
in a 2D honeycomb lattice structure.[®® 116 1171 \While graphene sheets display high in-planar
electric conductivity, their trans-planar conductivity decreases with low graphene loading, and
the charge transfer efficiency between sheets is further limited by the matrix material.[**"]
However, its thermal conductivities and electron mobilities are comparable to metals,™81 as the
large aspect ratio and high surface area of graphene fillers impart excellent electrical conducting
properties to composites.**®l The antibacterial properties make graphene and its derivatives

11
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particularly attractive for biomedical applications*?®! such as drug delivery systems and
biosensors*?!l as well as in gene vectors and bioelectrodes.[**”) Since it is impractical to
develop hydrogels with graphene alone,*?2l graphene derivatives like graphene oxide or
reduced graphene oxide are usually integrated with polymers.® 1231 As an example, graphene
oxide can enhance interactions with mammalian cells, microbials, and proteins at the interface,
making them ideal for biological platforms. Qiao and colleagues systematically investigated the
effect of graphene oxide on their polyacrylic acid hydrogels and found that increasing the
concentration of graphene oxide affected the hydrogel electroconductivity and physical
properties such as porosity, mechanical characteristics, and color.[? Hence, it is important to
optimize the hydrogel fabrication process and compositions to tune properties toward desired
electroresponsive behavior and cellular interactions. This optimization step is especially critical
to tailor electroresponsive hydrogels toward specific biomedical applications in the brain to

impart desirable therapeutic outcomes.

4. Fabricating Electroresponsive Hydrogel Composites for Neural Interfaces

It is difficult to homogeneously integrate conductive materials into hydrogel matrices and allow
dissimilar materials to occupy the same volume!*?l with both electrical and chemical
stability.[® The most common method for coating neural probes is to electrochemically deposit
conductive materials into a preformed hydrogel matrix[® and add anionic dopant molecules
such as PSS% or CNTs.[*?°l Doping confers a charge transfer in the matrix through either
oxidation or reduction to produce unbound, charged carriers.[??l During polymerization, the
mobile dopant molecules diffuse to ensure a charge balance,®! while the ratio of dopant
molecules to conductive monomer units is maintained between 0.2 to 0.4 to guarantee that one
out of every three or four monomers contains the dopant.l*?® 271 However, mobile dopants
poorly integrate the conductive polymer into the hydrogel matrix, and most composites
eventually separate with only partial interpenetrating networks.®1 Green and colleagues
developed a method to improve integration by chemically attaching dopants into the hydrogel
to force the conductive polymer to grow along with the hydrogel polymer network when
forming the interpenetrating system.!?] In alternative designs, Gorman and colleagues also
developed micropatterned thiol self-assembling monomers,[*?° while Zhou and colleagues

developed pHEMA brushes as templates for PPy electrodeposition.[*3%

12



WILEY-VCH

The type of dopant is an important consideration, since it impacts the biomaterial’s electrical,
mechanical, and biological properties.*3! Although hydrogels’ bioactive dopants can endow
biofunctionality to boost cellular interactions,[**™ most bioactive dopants are large molecules
such as fragments of peptides or proteins (1 - 23 kDa) that reduce the hydrogel cohesion and
increase the delamination, mechanical friability, and degradation.’® 1321 Baek and colleagues
noted that large dopant molecules generated hydrogels with higher stiffnesses and a tendency
to undergo brittle failure due to limited electrodeposition efficiency.[**3 On the other hand, dual
doping can help alter charge densities in a concentration dependent manner and improve
molecular conformations.!*3Y) Compared to single dopant molecules, when PANI is doped with
both p-toluenesulfonate and sulfuric acid, certain molar ratios of the co-dopants synergistically
improve the electroconductivity.*34 Since dopant