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Hydrogels and conductive hydrogels
for implantable bioelectronics
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Hydrogels are a class of soft materials, which display unique biomimetic properties to
biological tissues. Their mechanical properties, high water content, and porosity resemble
that of extracellular matrix so that cell growth and proliferation can be reliably supported.
In vitro studies report that mechanosensitive cells found in the central nervous system,
such as astrocytes and glia, display reduced activation, thus promoting lower foreign
body reaction, when cultured on hydrogel substrates of <1-kPa modulus. This observation
provides an opportunity to explore whether soft hydrogels should be integrated in or form
implantable neural interfaces and offer long-term biointegrated neurotechnologies. This article
highlights recent progress in hydrogel materials and associated technologies for the design
of implantable bioelectronics. Essential structural, mechanical, and electronical properties
of hydrogels and composite hydrogels are briefly reviewed. Manufacturing methods suitable
for these multiscale and multifunctional materials are presented. The final section presents
hydrogel-based implantable bioelectronics for the brain and outlines current challenges and

future opportunities.

Introduction

In 1960, William Chardack and colleagues implanted the
first cardiac pacemaker into a 77-year-old man who lived for
10 months after the surgery;' nine other patients received the
device that year, several of whom lived more than 20 years
after the procedure. Today, pacemakers are routinely implanted
worldwide, with more than 3 million people benefiting from
the electrical modulation device. This first clinically successful
device launched the domain of implantable medical devices
and called for innovation in implantable materials and elec-
tronics, system integration, miniaturization, and biointegra-
tion. Implantable neural interfaces such as deep brain or spinal
cord stimulators and cochlear implants follow this technolog-
ical trend.>* While many efforts are ongoing in the design
and optimization of the electronic components (i.e., artificial
intelligence [AlI]-based chips), batteries, and radiofrequency
technology, innovation in materials for packaging and trans-
ducing functions is essential to engineer the next generation
of therapeutical bioelectronic implants.® A recurrent challenge

is biointegration, which supports the long-term stability and
function of the artificial device with the body. Foreign body
reaction (FBR)® orchestrated by the immune system targets
the artificial implant over time through mechanisms such as
acute secretion of aggressive chemicals like reactive oxygen
species (ROS) and chronic fibrotic encapsulation through mul-
tiple compact layers of fused macrophages. FBR hinders the
chronic performance of bioelectronic implants and is particu-
larly challenging for miniaturized and recording bioelectronic
implants.®™ The mechanical and chemical mismatch between
implant materials and the target tissue is identified as a prime
trigger behind the formation and evolution of the FBR fol-
lowing implantation. In brief, FBR is initiated immediately
following implantation, when tissue laceration and bleed-
ing trigger the secretion of chemokine and pro-inflammatory
proteins that adhere to the surface of the implant and direct
the action of immune cells nearby. Chronically, immune cells
such as macrophages surround the implant and create a fibrotic
capsule through the simultaneous aggregation, fusion, and
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secretion of collagen. Mechanical mismatch between usually
stiff and static implant materials (that display elastic moduli
from tens of MPa to hundreds of GPa) and soft and dynamic
tissue (100 Pa to 1 MPa in elastic modulus) maintains and
even worsens FBR because of continuous displacement and
stress at the implant—tissue interface.’

The implementation of hydrogels, three-dimensional
(3D) polymer networks retaining an elevated water content,
within implantable devices has gained traction as a design
strategy to control and/or mitigate FBR.® Hydrogels display
interesting properties to support biointegration; they are water-
based hydrophilic polymeric materials similar to living tissues;
their mechanical properties could be tailored to mimic those
of the target tissue; they can be engineered to provide spatial
and temporal release of therapeutical agents, including drugs,
cell, or anti-inflammatory molecules.'® Moreover, multiple
approaches also enable the engineering of electrically con-
ductive hydrogels, promoting charge transfer at the interface
of the bioelectronic device and target tissue and minimizing
FBR.!"' To date, hydrogels are mostly integrated in implants
as surface coatings, but recent advances explore their use as
core implant materials.

Here, we provide an overview on how hydrogels are formu-
lated, synthesized, and integrated with bioelectronic implants
and then focus on electrically conductive formulations, includ-
ing composites. We report on their tunable and multifunctional
properties and highlight how they could improve performance
in state-of-the-art implantable bioelectronic devices.

Building blocks and properties of hydrogels

Hydrogels are composed of a cross-linked polymer net-
work and a large amount of water. Both natural and syn-
thetic hydrogels have been used for biomedical applications,
the most common ones include collagen, alginate, gelatin,
fibrin, hyaluronic acid (HA), poly(ethylene glycol) (PEG),
polyacrylamide (PAAm), poly(vinyl alcohol) (PVA), and
poly(hydroxyethyl methacrylate) (PHEMA). The 3D polymer
network is formed through chemical or physical cross-links
or chain entanglement (Figure 1a) and does not typically
dissolve in water. Gelation is the essential process produc-
ing the hydrogel, characterized by either chemical interac-
tions of monomers covalently assembled in polymer chains
and condensed through cross-linkers, initiators, or reactive
compounds or physical interlocking of the polymer chains
via ionic gelation, electrostatic interactions, or hydrogen
bonding through molecular entanglements and hydropho-
bic associations.'>!* Biodegradable hydrogels can also be
designed by incorporation of labile chemical bonds, which
are susceptible to hydrolytic or enzymatic cleavage.'*
Hydrogels are therefore multiscale materials, with milli-
meter to sub-nanometer features. Bulk volumes will deter-
mine fabrication methods of hydrogel-based devices. Micro-
structures (i.e., mesh size and porosity of the hydrogel)
control the swelling rate, chemical diffusion within, and
mechanical properties of the gel. Nanometric features driven
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by chemical or electrostatic coupling of cross-linkers and pol-
ymer chains and eventual chemical functionalization govern
local interactions.

Hydrogels are cross-linked hydrophilic polymers, which,
upon addition of water, can swell—dramatically increasing
their volume depending on their preparation.'®!” This 3D
architecture greatly resembles the natural structure of the
extracellular matrix (ECM) in terms of porosity, water content,
and mechanical properties.

The mechanical properties of hydrogels are particularly
appealing for integration in implantable biomimetic devices.
Tuning of cross-linking ratio and molecular weight of the poly-
meric chains allow the design of hydrogels with soft tissue-
like properties, such as softness in the 1 Pa to 1 MPa range and
high stretchability (~20—75% reversible elongation)'? as well
as controlled swelling and degradability features.'® Hydro-
gels are mostly viscoelastic materials and thus display stress
relaxation in response to deformation.'?!>1%1% Covalently
cross-linked hydrogels show more viscoelastic behavior than
physically cross-linked hydrogels with a stress relaxation time
in the range of ~10-200 s. Therefore, hydrogels cannot only
mimic the basic mechanical properties of the tissue, but also
reduce shear strains at the tissue interface, those occurring due
to micromotion and tethering.?’

To date, hydrogels are mostly implemented as a coating
material of a variety of bioelectronic implant surfaces. Due
to the high water content and limited structural stability,
using hydrogel as an implant substrate or carrier imposes
many challenges in terms of electrical insulation, han-
dling, delivery to the target site, and long-term mechanical
stability.?!

Another implementation of hydrogels in implantable
devices is their use as electrical or electronic/ionic interface
material. To date, engineering hydrogels with high electrical
conductivity without compromising their mechanical com-
pliance and processability remains a significant challenge.?
Electrical interconnects (i.e., conductive tracks with low
resistance) are rarely prepared from conductive polymers
(CPs), let alone conductive hydrogels (CHs). However, the
latter can be implemented as conductive electrode coatings,
ensuring locally both efficient charge transfer and mechanical
compliance. Considering morphology and material choices,
a myriad of approaches have been used to employ differ-
ent combinations of conductive composite fillers, polymers
with amorphous and crystalline regions, and hydrogel host
to form conductive hydrogels (Figure 1a).> It is generally
considered that the hydrophilic hydrogel matrix creates a 3D
surface of conductive material, which is then available for
charge transfer.

Blending with conductive components, such as conduc-
tive polymers, leverages the CP electrical properties while
addressing the mechanical limitations (stiffness) of the dry
CP conductors. Process routes differ in the polymerization
order of the two components (hydrogel and CP), depend-
ing on each specific chemistry. The CP could be introduced
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Figure 1. Hydrogels: (a) Schematic illustration of the main building blocks forming hydrogels and conductive hydrogels. (b) Quantification of
the elastic modulus, electrical conductivity, and viscoelasticity (tan(§)) of various tissues and conductive composites. CNT, carbon nanotube.

Adapted from Reference 15.

into the matrix either by polymerization inside a prefabri-
cated hydrogel or in parallel with the hydrogel cross-link-
ing reaction. Alternatively, pre-polymerized CP could be
blended with the hydrogel precursors and integrated within
the hydrogel matrix following its cross-linking. Electronic
conduction is achieved by coupling © bonds of the CP (poly-
thiophene (PT), polypyrrole (PPy), PANI, PEDOT). Alter-
natively, the hydrogel could be blended with percolating
conducting fillers (e.g., nanoparticles, flakes, or nanotubes
(carbon nanotubes [CNTs]), metal nanoparticles, and graph-
ene). Typical conductivity of such conductive hydrogels is
in the 10*-10% S/m range (Figure 1b).>* Electrochemical
properties, such as impedance, charge-storage, and charge-
injection capacitances (CSC and CIC, respectively), of
metallic microelectrodes coated with conductive hydrogel

are significantly improved compared to that of plain metal
or CP-coated microelectrodes.”> Mechanically tailoring con-
ductive hydrogels with the aforementioned ways could lead
to different mechanical characteristics, for example, tough-
ness, elasticity, and strength may not be sustained with the
percolation conductive fillers to hydrogel matrices. Even
if one can achieve high electrical conductivity with fillers,
their inhomogeneous distribution could cause weak adhe-
sion and undesirable mesh size. On the other hand, intrinsi-
cally ionic and electronic hydrogels can enable high stretch-
ability (>100% strain) and tissue-like softness (<100 kPa).
Hence, the development of hydrogel networks by incorpo-
rating multifunctional materials is a notable challenge that
one should always consider to achieve desired hydrogel
functionalities.?®
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Table I. Comparison of the main processes for the preparation and fabrication of hydrogels and hydrogel composites for implantable
bioelectronics, with the indication of the resolution, stability, compatibility to microfabrication and miniaturization, and the type
of processable materials.

Hydrogel Structures Process Resolution Stability, CMOS Compatibility,
(Feature Size) Conductive/Nonconductive,
Soft/Flexible/Stretchable
2D and 2D+ Micromolding 5-50 ym Good stability. Not fully compatible with CMOS microfabrication.

Injection molding (IM) Suitable for soft conductive/nonconductive polymers: hydrogels

Hot embossing (HE) used for low-temperature techniques.

Casting

UV photolithography (PL) 1um Good stability. Challenging choice of suitable materials. In principle,
CMOS compatible. Suitable for most polymers and hydrogels but
the contact with solvents is an issue. Resolution decreases with
soft unusual materials.

E-beam lithography (EBL) ~1-10 nm Good stability and high resolution. Challenging choice of suitable
materials. Low throughput. In principle, CMOS compatible but
there are concerns for the contact with solvents.

Screen printing (SP) 50-500 pm Good processability but not suitable for all materials and with lower
resolution for soft unusual materials.

Laser-induced forward transfer 10-100 pm Good stability and resolution. Useful for transfer of patterns onto

(LIFT) substrates that are not suitable for direct printing or lithography.
Inkjet printing (IJP) 50-500 pym Good processability and stability. Tunability of patterns and high
throughput. Suitable for any viscous inks.
3D macro Extrusion 3D printing Good stability. Low resolution (except MEW). Not suitable for thin
Fused deposition modeling (FDM) 1 mm=1cm films or 2D patterns. Challenging choice of materials. Adhesion
Melt electrospinning writing (ME 10-50 um between the printed material and the substrate is an issue. Not
S S5 Tl o A2 y compatible with CMOS fabrication.

3D bio-plotting printing 1pym=1cm

Stereolithography (SLA) ~20 ym Good stability. Micrometric resolution can be achieved. Not suitable
for all materials and substrates. Not compatible with CMOS
fabrication.

Electrochemical gelation (ECG) ~100 ym Scarce stability and processability. Not optimal throughput. Any
conductive surfaces can be used as substrates.

Thermal drawing (TD) ~100 pm Optimal for the creation of fiber-based probes. Challenging the
choice of materials and the requirements for drawing.

3D micro/nano Two-photon lithography (2PL) ~100 nm Not optimal stability. Excellent resolution. Not wide range of usable
materials, resins and substrates.

Self-assembly (SA) 100 nm—1 pm Challenging processability and choice of materials and precursor

Finally, free ions can diffuse through the conduct-
ing hydrogel matrix, which then becomes a 3D interface
promoting ionic-electronic charge transfer. Ions from the
extracellular medium such as those induced by neuron firing
activity could then penetrate the volume of the conduct-
ing hydrogel and modulate its electrical local conductance.
Conductive hydrogels can thus offer mixed ionic/electronic
charge transport.

Processing and fabrication of hydrogels

Several processes can be distinguished for the preparation,
synthesis, and fabrication of hydrogels and hydrogel com-
posites for implantable bioelectronics. The type of process
is related to the final application, the targeted softness, the
materials used, and the desired resolution. Table I summa-
rizes the main processes for the fabrication of hydrogels,
with indication of the hydrogel structures, resolution, and
technical properties. Hydrogels are generally synthesized by
cross-linking of polymers until they reach the gelation point.
Functional hydrogels for bioelectronics are prepared using the
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solutions.

following main methods: (1) by self-polymerization or self-
assembly of conductive polymers/fillers that produce single-
component soft networks, (2) by doping conductive polymers/
fillers to produce interpenetrating hydrogel networks, and (3)
by diffusing/embedding free ions or conductive fillers into
nonconductive hydrogel networks.?® Using high contents of
conductive fillers in a hydrogel matrix is useful to enhance
the conductivity owing to a stronger connectivity and percola-
tion, but on the other hand it could hinder high compliance,
which is required for implantable bioelectronics. In order to
increase the stretchability, different types of fillers can be used,
such as PEDOT:PSS nanofibrils,?’ graphene oxide flakes,?®
carbon nanotubes (CNTs),?’ ionic liquid plasticizers,*® or mac-
romolecular/microspheres as energy-dissipating centers.®! As
prime technique, the interactions between these fillers and the
hydrogel networks can be engineered to build noncovalent
bonds with polymer chains, but other strategies can be adopted
to achieve toughness and stretchability (e.g., using molecular
sliding mechanisms, prestretching/folding templates or wavy,
and serpentines-based structures).>> > Besides compliance,
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Figure 2. Schematic illustration of the main techniques for the fabrication and preparation of hydrogels for implantable
bioelectronics, classified in terms of resolution and obtainable hydrogel structures (2D, 2D+, 3D macro, 3D micro/nano).
Techniques highlighted in red have been employed in the preparation of neural implants. Reproduced with permission
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self-healing properties are extremely desirable for hydrogels
used in bioelectronic implants; the degradation of the gels due
to mechanical deformations and stresses, in fact, contribute
to decrease their service time and impede long-term opera-
tions. Self-healing hydrogels can be obtained by designing
reversible weak interactions in the polymer networks (e.g.,
electrostatic,’” hydrophobic,*® hydrogen bond,* Diels—Alder
reaction,*® imine bond,*' coordination bond,* and reversible
radical reaction*®), which are reformed under the application
of an external stress and restore the mechanical and functional
properties of the hydrogel.*°

Micromolding is the most common technique for preparing
and patterning hydrogels for neural implantable probes (Fig-
ure 2). Tringides et al.,>* for instance, engineered a surface
microelectrode array using hydrogels as the outer layers, in
particular, a hydrogel-based conductor made from an ionically
conductive alginate matrix enhanced with carbon nanomateri-
als. The authors cast nanoporous/microporous conductive gels
in molds, resulting in tracks that could conform to the compli-
cated geometries of the brain sulci and vasculature; therefore,
the viscoelastic surface electrode arrays offered promising
bioengineering applications for recordings and stimulation.
Spencer et al.?’ also studied the ability of soft poly(ethylene
glycol) (PEG) hydrogel coatings to modulate glial scar for-
mation around neural implants; the coatings significantly
reduced the local strain resulting from micromotion around
the implants, thus reducing scarring in vivo.

Three-dimensional printing is a promising technique for
the preparation of hydrogels for implantable bioelectronics.
Biomaterial inks can be used to feed 3D printing machines
and produce 3D customized porous architectures and scaf-
folds. Against simple casting in preformed molds, additive
manufacturing is advantageous for the fabrication of hydro-
gels and highly hydrated 3D polymer networks, because it
provides accuracy, customization, a wide variety of suitable
materials, and high reproducibility.’® The choice of material
inks is crucial especially for 3D bioprinting of cell-laden
hydrogels and for 4D printing of stimuli-responsive hydro-
gels:>%% in fact, the hydrogel-forming polymers suitable for
3D printing require an accurate control of their material prop-
erties, degradability, biocompatibility, mechanical integrity,
gelation mechanism, and functional properties. Li et al.®! pro-
vided a comprehensive review of the 3D printing techniques
for hydrogels as well as guidelines for a rational design of
printable hydrogel-based ink materials for 3D/4D printing/
bioprinting. Three main techniques are described: extrusion
printing, inkjet printing, and laser-based printing;®' although
only few examples can be found in the literature of hydrogels
prepared through these techniques for neuroelectronic appli-
cations, it is worthy to highlight them as useful and promising
tools. Extrusion printing is the most common technique to
produce macroscopic objects and structures via the layer-by-
layer additive deposition of molten polymers or polymeric
solutions passing through an extrusion print head. There
are two main extrusion printing techniques: melting-based
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processes and dissolution-based processes,’’ depending if
the precursor polymer fed into the extrusion tool is molten
or dissolved in a solvent to achieve an extrudable solution.
Examples of melting-based processes are the fused deposi-
tion modeling*”-% and melt electrospinning writing.** Three-
dimensional plotting or direct ink writing (DIW) is instead
an example of the dissolution-based technique; it is based
on a nozzle and a cartridge that can move horizontally and
vertically and that provides a 3D dispensing of the polymer
solution in a laminar fashion and controlled by tunable air
pressure.>® Wang et al.,*® for instance, proposed electrically
conductive 3D periodic hydrogel-based micro-scaffolds
fabricated through a particle-free DIW approach for use as
neuronal growth and for extracellular electrophysiological
recording of neuronal activities.

Inkjet printing is a noncontact 3D printing technique con-
sisting of reproducing a digital pattern onto a substrate using
droplets of proper material inks. The ink can be administered
continuously (continuous ejection system) in the form of a jet
or in a pulsed way in order to create discontinuous droplets
with predefined volume (drop-on-demand jetting system).®+63
Inkjet printing represents a promising technique with poten-
tial applications owing to a high spatial resolution and the
possibility to deposit multiple materials integrated into one
structure; on the other hand, the printed ink must have very
low viscosity to create microdroplets and generally post-dep-
osition treatments are used to form the final structures.®® As
reported by Negro et al.>® there are two critical requirements
for successfully performing inkjet printing of high-resolution
3D hydrogel structures: (1) the dispensed microdroplets must
retain a 3D structure and (2) they must undergo a very rapid
gelation step. The same authors demonstrated an optimized
inkjet printing process to structure alginate into a tissue-like
branched microvasculature suitable for physiologically rel-
evant flow.®” Adly et al.®® used a carbon nanoparticle ink to
print a hydrogel multielectrode array for extracellular record-
ing of the action potential from HL-1 cells.

Through the porous bulk structure of 3D hydrogel matrices,
chemical and physical interactions can be displayed, therefore
ECM-like environment mimicking. Screen printing is a low-cost
alternative to other 3D (bio)printing techniques. Alternatively,
it has been used to print 2D (planar) and 2D+ (stacked planar)
nano/microscale layers/films/flakes/dots of conductive and die-
lectric materials onto printed circuit boards for applications in
electronics, sensing, and microfluidics. However, it can also be
adopted to produce 3D structures of gels by successive screen
printing of sliced layers.®” Pandala et al.” developed a 3D screen
printing process for the creation of 3D structures of hydrogels
containing live cells. Stencil masks used for screen printing can
be made of inexpensive materials and sterilized to go in contact
with biomaterials and patterns of cells. Additionally, different
viscosities can be used for the screen-printed inks, and several
substrates can be adopted (i.e., absorbent materials [paper, cloth,
etc.] or nonabsorbent surfaces [glass, metal, ceramics, plastics]),
making the technique more adaptable and versatile than others.
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Shur et al.*® reported on the preparation and patterning of a soft
electrode coating of neural interfacing devices based on a screen-
printable conducting hydrogel of polyacrylamide and poly(3,4-
ethylenedioxythiophene) poly(styrene sulfonate). The coating
formulation exhibited optimal adhesion with elastomeric sub-
strates for soft neural interfaces and it was integrated within a
4 x4 microelectrode array for electrocorticography.

In the context of the creation of 3D hydrogel networks,
thermal drawing is another valuable choice. This technique
has been used recently for producing multifunctional, fiber-
based neural probes and interfaces that can interrogate neu-
ronal circuits with electrical, optical, and chemical functionali-
ties.! 1497172 These probes have been demonstrated to enable
one-step optogenetics, in vivo photo-pharmacology and in situ
electrochemical synthesis of molecules for neuromodulation.
The process consists of fabricating a macroscopic model called
preform and drawing it into fibers at the kilometer-length scale
and with microscale features. Tabet et al.* reported on a rapid,
robust, and modular method based on solvent evaporation or
entrapment-driven integration process for the creation of mul-
timodalities fiber-based neural interfaces all encased within
a copolymer of water-soluble PEG tethered to water-insolu-
ble poly(urethane) (PU-PEG). The resulting cladding forms
hydrogel upon exposure to water, enabling the controlled
release of molecules and nanomaterials in vitro and in vivo.
Park et al.'! proposed hydrogel hybrid probes, by first fabricat-
ing individual functional fibers via thermal drawing, based on
polycarbonate core and cyclic olefin copolymer cladding, Tin
microelectrode encapsulated within polyetherimide insulating
cladding, and then hybridizing them with a hydrogel matrix,
thus leveraging hydrogel’s favorable mechanical and chemi-
cal properties to reduce the impact on the surrounding tis-
sue.”® Thermal drawing, however, is limited to some material
requirements; in fact, the components of a fiber-based probe
must have similar glass transition temperature (for polymers)
or melting temperatures (for metals), and similar viscosities to
guarantee a stable cross section during drawing.

Three-dimensional printing assisted with light consists of
inducing the polymerization of a liquid photocurable resin
through a UV laser source. The most common method is the
stereolithography, in which a system allows for the X and Y
movements of the laser beam and for the Z movement of the
fabrication platform. The latter moves layer by layer after cur-
ing each layer of resin to finally create a solidified 3D struc-
ture, which usually undergoes post-treatments of washing-off
the residual resin. The resolution of this technique is limited to
30 um and thus it is generally used for macroscopic constructs
and for patterned 3D or 2D +layers. Wang et al.”* presented
a conductive nanocomposite network hydrogel fabricated by
projection microstereolithography-based 3D printing; the
hydrogels can be used as flexible electrodes for capturing
human electrophysiological signals (EOG and EEG).

The laser-induced forward transfer technique is an alterna-
tive to the stereolithography and more suitable for high-reso-
lution patterns or for 3D bioprinting of cells/hydrogels. It is a

noncontact, nozzle-free method that consists of a pulsed laser
focused onto a thin layer of laser-absorbing materials (hydro-
gel), a donor laser-transparent substrate (quartz or glass),
and an acceptor substrate where the ink is transferred.®’>7
When the energy carried out by the laser passes over a specific
threshold, the ink material is ejected from the donor and pro-
pelled to the acceptor. Another high-resolution technique that
can be used to construct nanometric hydrogel structures and
patterns is the two-photon polymerization (2PP) or two-photon
lithography (2PL). It consists of a near-infrared femtosecond
laser focused into the targeted volume of a photosensitive
material. Using a proper photo-initiator resin, the material can
absorb two photons of 800-nm wavelength in place of one UV
photon of 400-nm wavelength, triggering the polymerization
only in the focal point and creating a solid voxel with resolu-
tion lower than the diffraction limit of the applied light.>!777¢

Other methods for printing hydrogels for implantable bio-
electronics include the electrochemical gelation (or electro-
gelation, electrodeposition), which consists of the deposition
of hydrogel onto an electrode surface, by changing the solubil-
ity of the surrounding gelatin component through the reduction
or oxidation of a chemical species.’’ Differently from gels
formed from the bulk phase, hydrogels fabricated via electro-
gelation can be deposited on any conductive surface and they
can be used to embed nanomaterials, enzymes, drugs or live
cells, with applications in regenerative medicine, biosensors,
and implantable bioelectronics.””*! For instance, Wang et al.®?
performed electrodeposition of alginate with PEDOT:PSS-
coated multiwalled carbon nanotubes onto a microwire neural
electrode; the conductive hydrogel soft interpenetrating net-
work improved the neural interface with higher charge-storage
capacity and lower electrochemical impedance.

Implementation of hydrogels in implantable
neural interfaces

Hydrogels contribute to improve the functionality of implant-
able bioelectronic devices in a wide range of applications®>
(electrode systems,* tissue repair,*® drug delivery,*® or respon-
sive bioactuators®’) (Figure 3).

Hydrogels can improve the biocompatibility of implantable
devices by providing immediate antibleeding,”’ acute antibac-
terial,”! and chronic antifouling effects.”” Hemostatic function
can be achieved using hydrogel coatings based on mussel-
inspired catechol-chitosan chemistry, which instantly gener-
ates a coagulant adhesive layer when in contact with blood
plasma proteins.’>* Bacteriostatic function can be achieved
by incorporating antibiotic agents in the hydrogel that will
then be released to the tissue or using intrinsically antibacte-
rial materials, such as hyaluronic acid (HA) or poly(ethylene
glycol) (PEG).”>

To prevent the progressive formation of a fibrotic
scar-tissue capsule around implantable devices, the lat-
ter can be coated by antifouling hydrogels with reduced
adhesion and activation of pro-inflammatory cells, such
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mechanical, and electrical properties for implantable neuroelectronic

as myofibroblasts and macrophages. This nonspecific pro-
tein adsorption resistance can be achieved with hydrogels
based on zwitterionic groups,'*7?® thanks to its surface
hydration layer or bacterial cellulose®® and its strong
hydrophilicity.

As electrode coating, conductive hydrogels offer supe-
rior charge transfer and mechanical compliance (Figure 3a).
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One of the key requirements for this implementation is main-
taining a stable interface with the tissue. Reliable adhesion of
the hydrogel coating to the underlying electrodes needs to be
ensured over time. Surface treatment that introduces covalent
anchoring to the receiving electrodes is essential *®

Figure 3b displays a surface microelectrode array that is
made entirely of viscoelastic hydrogels to match both the
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stiffness and relaxation behavior of soft biological tissue. Con-
ductive tracks are patterned with a matrix of ionically con-
ductive alginate that carries carbon-based fillers. The tough
yet viscoelastic encapsulation bilayer flows to conform the
convoluted surface of the cortex and ensures reliable electri-
cal insulation. This combination of conducting and insulating
hydrogels is produced with top-down manufacturing and offers
compatibility with standard electrophysiology platforms.

Swelling cycles of hydrogels, running dry stiff to hydrated
soft gels, offer a design opportunity for miniaturized flexible
and implantable neural interfaces. Their insertion into the brain
is challenged by their corresponding low buckling force. The
high elastic modulus of dry hydrogel films used as transient
insertion carrier or implant coating enables its insertion; once
implanted, the hydrogel hydrates and swells to either degrade
or soften further matching the mechanics of the surrounding
neural tissue.’>!% A recent example of this strategy is pre-
sented in Figure 3c. Functional thermally drawn fibers are
integrated into a soft hydrogel matrix (PAAm-Alg hydrogel)
that offers brain-like softness, mechanical robustness, chemi-
cal stability over time in vivo, and a reliable bonding with
the polymers constituting the functional fibers.!! These hybrid
brain probes possess adaptive bending stiffness determined by
the hydration states of the hydrogel matrix. This enables their
direct insertion into the deep brain regions, while minimiz-
ing tissue damage associated with the brain micromotion after
implantation. This compelling demonstration is an example
of innovative materials engineering to tailor the mechanical
properties of the neural interface without compromising on
its function.'”!

Conclusion

Implantable devices alleviate consequences of traumatic or
disease-related conditions to a few million people worldwide.
Although a handful of designs and associated technologies
and materials are dominating the current clinical device port-
folio, the last decade is propelling materials’ innovation and
manufacturing strategies toward the next generation of thera-
peutical implants that should be biomimetic, multifunctional,
and lifelong standing. Hydrogels are already used in many
clinical applications, mostly for scaffolding and drug delivery.
Recent progress now aims at integrating these soft materials
into bioelectronic implants and leveraging their customized
structure, chemistry, and physical properties. Stealth implants
that display tissue-like physical properties and miniaturized
geometry promise minimal disruption of the glial and neural
network and reliable and stable tissue—implant communica-
tion. In addition to mechanical biointegration, hydrogels in
their conductive form also emerge as a promising class of
transducing materials for bioelectronics; they offer a unique
ionic-electronic transport and transfer network for recording
and stimulation devices. Efforts in dispensing and patterning
these soft conducting gels are now needed to reliably integrate
them in neural implants with high spatial electrode distribu-
tion. Implant prototypes made entirely from hydrogels become

possible; solutions to reliably pattern and electrically insulate
conducting gel tracks without compromising the form factor of
the implant have yet to be developed. Hydrogels offer a broad
range of options in materials’ design, structure, and properties
that will translate in diverse implementation in implantable
bioelectronics.
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