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The recent advances in bio-integratable electronics are creating new opportunities for investigating and
directing biologically significant processes, yet their performance to date is still limited by the inherent
physiochemical and signaling mismatches at the heterogeneous interfaces. Hydrogels represent a unique
category of materials to bridge the gap between biological and electronic systems because of their struc-
tural/functional similarity to biological tissues and design versatility to accommodate cross-system com-
munication. In this review, we discuss the latest progress in the engineering of hydrogel interfaces for
bioelectronics development that promotes (1) structural compatibility, where the mechanical and chemi-
cal properties of hydrogels can be modulated to achieve coherent, chronically stable biotic-abiotic junc-
tions; and (2) interfacial signal transduction, where the charge and mass transport within the hydrogel
mediators can be rationally programmed to condition/amplify the bioderived signals and enhance the
electrical/electrochemical coupling. We will further discuss the application of functional hydrogels in
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complex physiological environments for bioelectronic integration across different scales/biological levels.
These ongoing research efforts have the potential to blur the distinction between living systems and artifi-
cial electronics, and ultimately decode and regulate biological functioning for both fundamental inquiries
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1. Introduction

The relentless evolution of modern electronics is enabling un-
precedented capability for information processing and storage.
When integrated with biosystems, it allows quantitative
interpretation of complex bio-derived signals and dynamic
modulation of critical biological functions, empowering influ-
ential innovations in glucose monitoring, electrocardiogram
and electroencephalogram, cardiac pacemakers, neurostimula-
tors and more.' Central to bioelectronic development is the
effective and reliable signal transduction across the biotic/
abiotic interface — a fundamental requisite that continues to
challenge current bioelectronic design and operation, as a
result of the intrinsic structural and signaling mismatch
between the two distinct systems.

Structurally, traditional electronics are composed of solid-
state materials (e.g metals and semiconductors) that are
chemically inert and orders of magnitude stiffer as compared
with soft, bioactive components.® This mismatch can adversely
affect cell behavior and development, and also lead to insuffi-
cient electrode interaction, large contact impedance and poor
signal coupling.”® Particularly, for in vivo applications, these
stiff materials can cause vascular and tissue damage during
implantation, and induce foreign body responses and fibrous
encapsulation, thus further impeding the quality of cross-
system communication.”'® Recent progress in nano- and flex-
ible electronics has shown promising improvement for bio-
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integration through the reduction of device dimension™ and/
or substrate stiffness,'> enabling less-invasive probe design
with intimate and chronically stable bio-contact for implanta-
ble/wearable applications.”® These research efforts will con-
tinue to benefit from localized biomaterial engineering at the
active recording/stimulation interfaces to achieve ultimate
structural coherence across the boundary.

Functionally, biological and electrical circuits are proces-
sing signals in a completely different modality. Biosystems are
capable of transmitting highly complex and dynamic physio-
chemical signals via water-compliant carriers (such as ions
and biomolecules), while conventional electronics represent
deterministic systems that rely on the controlled transport of
delocalized electrons/holes. The cross-system signaling, which
can be achieved either passively (e.g. with conductive electro-
des) or actively (e.g. with field-effect transistors, or FETS),
remains a limiting factor in device functioning, especially
under physiologically relevant conditions. For example, elec-
trophysiological recording by microelectrode arrays (MEAs) can
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only detect attenuated, spatially averaged and temporarily fil-
tered field-potential as a result of poor electrical coupling at
the device interface.'® Similarly, FET biosensors, which
convert biologically induced potential variation into conduc-
tance changes, typically suffer from compromised signal trans-
duction in physiological fluids, as a result of charge screening
(Debye length <1 nm in high-ionic strength solutions),"® signal
decay (due to diffusion/neutralization), and nonspecific
binding (by overwhelming background molecules).

Overall, the intrinsic mismatch at the bio-/electronic inter-
face, both structurally and functionally, continuously chal-
lenges the efficiency and stability of existing devices. To
accommodate the mismatch, hydrogels, three-dimensional
polymeric networks with great structural similarity to biologi-
cal tissues, have been extensively studied as a bridging
material (Fig. 1). In this review we will discuss the unique pro-
perties of hydrogel materials that can be rationally designed
and programmed to enhance the structural integration and
interfacial signaling between biological and electronic
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Fig. 1 Hydrogel facilitated bioelectronic integration. (Left) Structural integration: hydrogel has unique mechanical and chemical properties to
bridge soft, wet, and chemically active biological components with rigid, dry, and inert electronics. Young's moduli of: different biological com-
ponents (e.g. central nervous system; 0.1-10 kPa; lungs: 1-5 kPa; muscle and cardiac: 10-20 kPa; vessels: 125 kPa; liver and kidney: 190 kPa),
common hydrogels (hydrogel: 0.1-100 kPa; composite hydrogels: 1-100’s of kPa, tough hydrogel: ~MPa) and electronic materials/devices. (Right)
Functional integration: rationally designed hydrogel interfaces enhance the cross-system signal coupling through: (i) facilitating the electron and/or
ionic transport; (ii) modulation of local dielectric environment and Debye screening; (iii) dynamic enrichment of molecular biosignals via mass trans-
port control; (iv) regulation/filtering of biological inputs/outputs via programmable hydrogel properties (e.g. pore size/surface charge/chemical
affinity); and (v) active signal transduction/amplification via stimuli-responsive hydrogel design.
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systems, and highlight the latest progress in hydrogel-
mediated bioelectronic development at molecular, cellular,
tissue, and body levels.

2. Hydrogel enhanced structural
integration

Hydrogels are hydrophilic polymer networks that contain up to
thousands of times their dry weight in water.'® They have been
widely recognized for their unique physiochemical properties
in favor of bio-integration. Mechanically, the stiffness/Young’s
modulus of hydrogels is usually in the range of 0.1-100 kPa."”
Tough hydrogels with stiffness up to MPa have also be gener-
ated by regulating the composition and crosslinking
mechanism."®' This range accommodates various types of
cells and tissues®® to bridge the gap with stiff electronics
(Fig. 1). Chemically, intrinsic or modified surface functional
groups on hydrogels can provide strong adhesion to biological
components through non-covalent (e.g. hydrogen bonds, n-=n
stacking, and cation-r interaction) or covalent interactions.*!
Leveraging strategies from emerging biomedical research,
additional hydrogel features such as porosity/pore size,'
stretchability,>® water content, topology,>® and conductivity**
can also be tailored to further control the interfacial pro-
perties. In general, two types of materials have been exploited
to form hydrogels: (1) naturally derived polymers and (2) syn-
thetic macromolecules. Due to their improved uniformity,
stability and simplified synthesis/purification, synthetic hydro-
gels provide rational control over physical and chemical pro-
perties, enabling extensive flexibility in designing bioelectronic
interfaces based on specific demands.>>*® For the structural
integration of bioelectronics, hydrogels have been exploited as
the interfacing material between biological and electronic
components®”*® to improve the structural compatibility. For
example, hydrogel coatings have been extensively applied in
epidermal bioelectronics to ensure conformal and stable
device-epidermis contacts. This hydrogel-mediated intimate
interface also leads to enhancement in both stimulation and
recording performances due to the reduced gap junction,
which will be extensively discussed in the next section.
Similarly, hydrogels have found extensive applications in many
other bioelectronic designs, such as electroencephalogram,
electrocardiogram, transcutaneous electrical nerve stimu-
lation, electronic skin, and highly stretchable wearable
devices.”* "

Different from skin, the integration of bioelectronic devices
with internal biological systems typically requires invasive pro-
cedures, where immune responses and scar formation around
electronics are common barriers to electrical recording and
stimulation. Soft cells/tissues have a Young’s modulus in the
range of 0.5 to 100’s of kPa,***? whereas that of typical elec-
tronic materials (e.g. gold, silicon, etc.) are closer to 100’s of
GPa.*! These differences cause considerable damage to sur-
rounding tissue after electronic implantation due to local
mechanical strain.*> Furthermore, immediately after contact,
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proteins adsorb to the electronic surface due to their hydro-
phobicity and lack of bioactive functional groups. The protein
adsorption then activates immune signaling cascades and pro-
inflammatory responses, inducing complex cellular responses
to the devices. This foreign body response can increase the
impedance at the tissue/electrode interface that challenges the
electrical signal transduction.’®*® Therefore, harmonizing the
mechanical mismatch between tissue and electronics is impor-
tant for improving device performance. Recently, hydrogel
coatings have been utilized to improve the long-term biocom-
patibility of stiff electronic devices by reducing the large
mechanical mismatch to minimize the immune response.***°
Furthermore, the physical properties of the hydrogel may be
tuned to match the local biological environment in order to
elicit normal behavior after integration with electronics. As the
mechanical forces acting on cells and tissues can greatly affect
their function and behavior,""** by modifying composition
and crosslinking density, hydrogels have been engineered to
have tissue-like mechanical properties for improving bioelec-
tronic integration. For example, polyethylene glycol dimeth-
acrylate hydrogel with a stiffness similar to brain tissue (1.6
kPa to 171.5 kPa) has been coated on implanted electrodes of
brain tissues.”® These hydrogel coatings significantly reduced
the local strain caused by the large mechanical mismatch
between brain tissue and metal electrodes, and micromotion
of brain tissue relative to the stationary implanted device. The
decrease in strain resulted in a reduction of the glial scar for-
mation surrounding the implantation site compared to
uncoated devices.

Overall, hydrogels provide a wide selection in compositions,
structures, and functions, which offers unique advantages in
the customization of bioelectronic interfaces for modifying
electronics to accommodate various biological components,
hence, advancing the quality and satiability of existing tools
for the physiological signal recording/simulation of human
tissues. Recent developments in hydrogel-coated bioelectronics
for in vivo applications were systematically reviewed by Yuk
etal'’

3. Hydrogel mediated bio-signal
transduction

The functions of living systems rely on highly sensitive,
dynamic, and error-tolerant transduction of complex bio-
signals through: (1) bioelectrical signaling (e.g. in brain, heart,
and muscles), which is mediated by ion fluxes and cell mem-
brane potential changes; and (2) biochemical signaling, where
(bio)molecules transmit and trigger internal reaction cascades
(e.g. metabolism, immune response, tissue regeneration).
Coupling these two distinct signaling pathways at the bioelec-
tronic interface will allow comprehensive modulation/interrog-
ation of biofunctions through electrical inputs/outputs.
However, challenges remain in establishing an effective yet
reliable cross-system signal coupling at bio-electronic inter-
faces, which can be summarized into the following three
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aspects: (1) the physiochemical mismatch between both
systems can prohibit intimate contacts and lead to signal
attenuation (ion/molecule diffusions); (2) the physiological
fluid presents a high-ionic strength environment with a large
amount of background molecules that jeopardizes the
efficiency and accuracy in signal transduction; (3) bio-reco-
gnition components (such as enzymes, antibodies, bio-recep-
tors) that have been used to facilitate biochemical signal trans-
duction usually hold limited lifespans owing to bio-incompati-
ble immobilization techniques. Toward overcoming these chal-
lenges, hydrogels represent unique interfacing materials as
they provide a biologically relevant microenvironment with
tunable mass and/or charge transport properties. The state-of-
the-art achievements of the implementation of hydrogels in
improving bioelectronic signal coupling are reviewed in the
following sections.

3.1 Bioelectrical signaling

In electrically active cells and tissues (e.g. neurons, muscle
cells, cardiomyocytes, etc.), the selective ion transport across
cell membranes and the corresponding membrane potential
changes are central to the generation and transmission of
bioelectrical signals. The continuous recoding and compre-
hensive interpretation of these signals can greatly elevate our
understanding in important biological processes,***> while
stimulation of these tissues finds critical importance for both
physiological studies and disease treatments.*® Hence, many
state-of-the-art developments in bioelectronics are targeted at
improving the bi-directional communication between these
tissues and external electronics. Generally, the electrical
recording/simulation of excitable tissues is completed by the
conversion between ion- and electron-mediated electrical
signals. At the tissue-electronic interface, equilibrant electro-
lyte-electrode interactions (ion diffusion, redox reaction, elec-
trical double layer, etc.) can establish a semi-stable electrical
potential. During recording, the ion flux varies the electrical
potential and consequently induces the electron flow in elec-
tronics to be detected. In contrast, during stimulation, apply-
ing an external electric field can trigger ion re-distribution at
the tissue-electronic interface, altering the membrane poten-
tial of excitable cells, and activating ion channels.

As both bioelectrical recording and stimulation are associ-
ated with the highly localized, transient ion flux, an intimate
and chronically stable tissue-electronic contact becomes criti-
cally important for effective interfacial signaling. However, as
discussed earlier, the intrinsic mismatch in mechanical and
chemical properties limits the quality of tissue-electronic con-
tacts. Hydrogels have been used as coatings or encapsulating
materials on the electrode surface to bridge the structural mis-
match between electronics and electrically active tissues'”
While demonstrating improved biocompatibility, the insulat-
ing nature of hydrogels impedes the signal transduction
between bio- and electronic-systems. Although hydrogels hold
certain degrees of ionic conductivity’” that can be further
enhanced by introducing high concentration ionic solutions
such as ionic liquids and buffers into hydrogel matrixes,*®*°
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the stability of such ionic conductivity can be disturbed by
continuous ion diffusion. Consequently, the performance of
hydrogel-coated devices is limited, especially for chronic appli-
cations. To overcome this limitation, conductive hydrogels that
display both tissue-like mechanical properties and electrical
conductivity have been developed by incorporating different
conductive fillers such as graphene, carbon nanotubes, gold/
silver nanoparticles, or conductive polymers into the hydrogel
network.”®>* In particular, PEDOT:PSS has been widely used
in fabricating conductive hydrogels for bioelectronic appli-
cations due to its high electrical conductivity and solution-
based processing capabilities.”*>>® Liu et al. reported soft
micropillar electrodes composed of an electrically conductive
hydrogel with tissue-like stiffness for electrophysiological
recording of HL-1 cardiomyocytes.> The soft conductive
hydrogel electrodes were composed of PEDOT:PSS modified
with ionic liquid and exhibited a Young’s modulus of 13.4
kPa. The soft nature of the electrodes allowed for accommo-
dation of the movements of cardiomyocytes during beating
(Fig. 2a). Furthermore, this conductive hydrogel reduced the
impedance at the tissue-electronic interface to improve trans-
duction of electrophysiological signals (Fig. 2b). Altogether,
this hydrogel electrode demonstrated a greater quality in
recorded signals in terms of both amplitude and larger signal-
to-noise ratio compared to metal electrodes with a stiffness of
100 GPa (Fig. 2¢). Moreover, Yuk et al. developed a method for
3D printing PEDOT:PSS polymers that can be used to form
conductive hydrogels.”” After printing and annealing, the dry
3D-printed polymer exhibits a conductivity over 155 S em™".
The conductive polymer can be converted into hydrogel by
swelling in aqueous solution. In the hydrogel state, the
Young’s modulus was reported to be 1.1 MPa with an electrical
conductivity of 28 S em™". This approach was utilized to fabri-
cate soft probes for in vivo recording of neurons over a 2-week
period (Fig. 3a-c). Dalrymple et al. demonstrated the advan-
tages of conductive hydrogel coated platinum electrodes versus
bare platinum electrodes implanted in rat cochlea.>® PEDOT
was incorporated into a PVA hydrogel as a conductive hydrogel
coating and electrodes were implanted over a 5-week period.
The coated electrodes showed significant improvement of elec-
trical properties, displaying significantly higher charge storage
capacity, charge injection limit and lower impedance. The
effective long-term integration of bioelectronic devices in vivo
is vital for communication with the body. These studies
present the use of hydrogel to facilitate structural integration
and improve signal coupling at the bioelectronic interface.
Thus, engineering of both hydrogel and device properties to
match the biological environment offers the potential to over-
come the challenges of immune response caused device
failure.

In addition to common conductive hydrogels, composite
hydrogels have been developed to provide additional versatility
in bio-integration due to their tunable soft, conductive, and
elastic properties. For example, an interpenetrating hydrogel
network composed of both poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) and polyacrylic acid hydro-
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Fig. 2 Comparison between soft hydrogel probes and rigid metal electrodes for interfacing with beating HL-1 cardiomyocytes. (a) Schematic of
soft conductive micropillars for electrophysiological recording of HL-1 cardiomyocytes during spontaneous beating. (b) Impedance measurements
of metal micropillars (blue) compared to conductive hydrogel micropillars (red). (c) Extracellular recording of cardiomyocyte activity from the con-
ventional metal electrode (top) and soft conductive hydrogel micropillar (bottom). Reproduced from ref. 55 with permission from National Academy

of Sciences, Copyright © 2018.
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Fig. 3 Hydrogels for in vivo tissue-electronics interfacing. (a) Image of
3D printed soft neural probe. Scale bar, 2 mm. (b) Images of probes
implanted in mouse. (c) Continuous measurement of local field potential
(top) and extracellular action potentials (bottom). Reproduced from ref.
57 with permission from Springer Nature, Copyright © 2020. (d)
Schematic of the stretchable hydrogel electrode array placed on heart.
(e) Images of the hydrogel electrode array conforming to a rabbit heart.
(f) Left: Voltage traces from electrocardiogram and hydrogel electrodes.
Right: Voltage trace from hydrogel electrodes with (red) and without
(black) bioadhesive gel. Reproduced from ref. 58 with permission from
National Academy of Sciences, Copyright © 2020.

gels was electrically conductive and highly elastic, capable of
stretching over 100% strain while maintaining conductivity.>®
The stiffness could be tuned between 8 and 374 kPa by chan-
ging the polymer concentrations, making it applicable to

This journal is © The Royal Society of Chemistry 2021

match a wide range of biological tissue. Similarly, Liu et al
demonstrated a 64 channel array of hydrogel electrodes for
interfacing with beating hearts for electrophysiological record-
ing in vivo (Fig. 3d).>® The electrodes of this array are designed
to be <100 pm for potential single cardiomyocyte recording
and possess tissue-like Young’s modulus and elasticity, which
enable a stable interface with beating cardiac tissue in vivo
(Fig. 3e). Additionally, the device was glued to the heart using
a bioadhesive for strengthening hydrogel-heart integrations.
This strategy can provide stable signal recording during heart
beating and leads to the improvement in signal quality
(Fig. 3f). Moving forward, composite hydrogels may be further
engineered for additional functions, such as eluting bioactive
substances (i.e. growth factors or drugs). For example, a multi-
functional hydrogel coating incorporated with both conduct-
ing polymers and anti-inflammatory drugs was used for
improving the interface of neural cuff electrodes.’® The device
displayed significantly increased axon density and decreased
scar tissue formation in the surround area compared to
control groups, and was capable of recording and stimulating
over 5 weeks. These studies demonstrate the potential of
hydrogel bioelectronics for long-term in vivo use by matching
the mechanical properties of the device to the in vivo environ-
ment and attenuating the immune response. Overall, the
extensive tunability of electrically conductive hydrogels
endows them with great potential for use in implantable bioe-
lectronics. By utilizing the tissue-like properties of hydrogels
with the electrical properties of conducting polymers, conduc-
tive hydrogels enable improved structural integration and
signal coupling.

3.2 Biochemical signaling

Many biological functions including sensation, metabolism,
immune response, efc., are mediated by a series of bio-
molecular interactions such as enzymes, membrane/nuclear
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receptors, and antibodies/immunoglobulin receptors. The
precise interpretation of these complex biochemical signals in
the quantitative electrical language will provide unique
insights into the underlying biological function.
Electrochemical methods have been widely used for bio-to-
electronic signal transduction. In particular, with the incorpor-
ation of bio-recognition molecules that either (1) selectively
convert the target analyte into electroactive species or (2) selec-
tively bind to the target analyte, the electrochemical sensors
can specifically translate corresponding biological events in
the form of current, potential or impedance changes. A com-
prehensive review in electrochemical bioelectronics was pre-
sented by Ronkainen et al®® Alternatively, FETs possess
unique capability to actively sense and amplify the variation of
electrical potential at the device surface. When integrated with
bio-recognition molecules such as enzymes, antibodies, and
single-strand DNA, the selective binding of the target mole-
cule, or the generation of biologically derived species induces
a change in local charge and the biological event is transduced
into an electrical signal in real time. This capacity makes FETs
an excellent candidate for coupling electronic- and living-
signals. While both types of detection mechanisms have been
widely investigated, further improving the signal transduction
at bio-electronic interfaces, especially under physiologically
relevant conditions, remains challenging.

First, interfacial signal attenuation becomes significant as
the bioderived molecules are quickly diluted and/or neutral-
ized before meaningful information can be transmitted to the
electronics, demanding extremely intimate bio-electronic
interfaces.®’"®® In particular, for FET sensing, signal attenu-
ation is aggravated by the presence of a high-concentration of
electrolytes, which induce electrostatic screening.®® The
strength of the electrical field generated by charged analytes is
diminished at a distance of 0.75 nm in physiological environ-
ments. Although diluted buffer solutions, desalting, or purifi-
cation can increase the Debye screening length, post-proces-
sing compromises the real time sensing capabilities of bioelec-
tronics.®® Shorter bioreceptors such as truncated antibodies®®
and aptamers®”®® have also been exploited to overcome the
charge screening effect, but their application is typically
limited by their complex design/synthesis.

Second, nonspecific binding of background species such as
serum albumin can induce significant false signals or biofoul-
ing interfering with the functioning of bioelectronics. Effective
filtering of competing biochemical signals has the potential to
improve the device performance in both sensitivity and selecti-
vity. Existing strategies (e.g. pre-absorption of blocker pro-
teins®® or hydrophilic/hydrophobic modifications) could
reduce the non-specific binding of certain biomolecules, but
lack the capability to regulate the accessibility of dynamic bio-
chemical signals in general.”®

Lastly, the chronic performance of bioelectronics is com-
promised by the limited lifetime of bio-recognition com-
ponents, which lose their activity quickly as a result of fast and
progressive chemical/structural degradation in non-native
environments. This issue is further amplified by the bio-

28 | Biomater. Sci, 2021, 9, 23-37

View Article Online

Biomaterials Science

incompatible functionalization strategies such as physical
adsorption or chemical conjugation.®® Physical adsorption
usually relies on van der Waals or electrostatic interactions.®?
However, these weak interactions can lead to desorption of
biomolecules and loss of sensitivity over time.®* Chemical con-
jugation generates a strong and stable biomolecule attachment
through covalent bonding,”* but typically compromises the
bioactivity due to the disturbance to the native structure.””

Toward overcoming these mismatches, hydrogels have been
utilized to immobilize molecular biomachinery such as
enzymes or antibodies for functionalizing electronics.”® The
“hydrogel biotransducer” demonstrates abilities in (1) modify-
ing the local dielectric environment thus increasing the Debye
screening length;'>”* (2) regulating the “input” and “output”
biosignals through mass transport control,”> which reduces
nonspecific absorption/interactions of interference species’>”®
while enriching/amplifying the bio-transformed signal; and (3)
providing a biologically relevant microenvironment for main-
taining the functions of immobilized biomachinery, through
mild, biocompatible fabrication processes. Recent develop-
ments in hydrogel enabled structural integration and signal
coupling between biomolecules and electronics are summar-
ized in the following sections.

Enzymatic transformation has been widely explored in
electrochemical based sensor design, where hydrogels can pre-
serve the activity of encapsulated enzymes’” while providing
sufficient porosity to facilitate the contact between electrodes
and enzymatic products. Furthermore, the 3-D matrix of hydro-
gels can also increase the encapsulation efficiency of enzymes
compared to planar electrodes, increasing the amplitude of
generated biosignals. These features make hydrogels an excel-
lent candidate for enzyme-electronic integration. For example,
by immobilizing lactate oxidase inside a dimethylferrocene-
modified poly(ethylenimine) hydrogel while incorporating a
bilirubin oxidase-based cathode, Hickey et al. fabricated a self-
powered lactate biosensor with a detection range between
0-5 mM with a sensitivity of 45 + 6 pA mM ' cm>.7®
Additionally, Wang et al. immobilized alcohol oxidase and
glucose oxidase onto the electrodes using a chitosan hydrogel.
These hydrogel-based biosensors present the ability to detect
alcohol and glucose in bodily fluids by measuring electric cur-
rents produced by the enzymatic reactions.”®°

To enable multiplexed sensing capability, Yan et al. fabri-
cated a biosensor array through a multistep photo-
polymerization to immobilize glucose oxidase and lactate
oxidase on separated microelectrodes. This device demon-
strates simultaneous detection of glucose and lactate with a
sensitivity of 0.9 pA ecm™ mM™' and 1.1 pA cm™> mM
respectively.”” Li et al. also demonstrated the multiplex detec-
tion of different biomarkers by functionalizing electrodes with
hydrogels through multi-step inkjet printing.®' By loading the
printer cartridges with different bio-inks, electrodes were inde-
pendently functionalized with different enzymes sensitive to
glucose, lactate, and triglycerides. The sensors perform simi-
larly in both phosphate buffer and serum solutions, which
indicates that hydrogels can minimize the interference from

This journal is © The Royal Society of Chemistry 2021
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background metabolites and molecules. Besides, the fabrica-
tion using ink-jet printing represents the possibility for mass
production of biosensors with customized biomarker
functionalization.

Similarly, Bay et al. created a multi-functional FET array
using projection microlithography with diffraction-limited
spatial resolution. In this design, enzyme functionalized poly-
ethylene diacrylate (PEGDA) hydrogels were individually cross-
linked on the top of graphene FET by controlling the area of
light exposure with an inverted microscope and a computer-
controlled photomask (Fig. 4a). Multiplex detection was
demonstrated by sequential photopolymerization of hydrogels
containing enzymes for the specific detection of penicillin or
acetylcholine (Fig. 4a). The hydrogel encapsulation was also
shown to extend the activity of penicillinase up to 7 days com-
pared to only several hours in solution. Additionally, the
PEGDA hydrogel was found to significantly reduce the nonspe-
cific absorption of bovine serum albumin (BSA, MW 6.65 x 10*
g mol™") to the FET surface.”® To further improve the design
flexibility, Dai et al. demonstrated the modular version of
hydrogel-gate FETs made of independently fabricated enzyme
functionalized hydrogels and an electronic transducer that can
be reversibly assembled/disassembled.” In this work, hydro-
gels containing urease and penicillinase were fabricated in a
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mold and then integrated onto the FET. The enzymatic reac-
tion is highly confined within the hydrogel environment,
accumulating within and slowing the diffusion to the external
buffer environment. This local signal amplification allows for
sensing without the permanent surface modification of the
FET device and enables the ability to reprogram or replenish
the bioreceptors by switching hydrogels without affecting the
device sensitivity (Fig. 4b).

For active transducers like FET, another critical challenge is
associated with electrostatic screening as the signal transduc-
tion is achieved through biologically induced changes in the
local electrical field. This becomes particularly challenging in
the physiological environment, where the effective detection
range (or Debye length) is within the nanometer length-
scale.®” By modifying the local dielectric environment and
modulating the charge distribution, hydrogels provide a prom-
ising solution to reduce electrostatic screening for high-sensi-
tivity FET detection in physiological fluids without pre-proces-
sing. For example, Lieber and colleagues presented that the
Debye screening length of both silicon nanowire- (SINW) and
graphene-based FET can be significantly increased by PEG
hydrogel functionalization."’* First, SINW-FET modified by
the PEG hydrogel successfully detected prostate specific
antigen (PSA) in phosphate buffer solutions (PBS) with concen-
trations as high as 150 mM, whereas FETs without PEG could
only detect PSA in PBS concentrations lower than 10 mM
(Fig. 5a). Concentration-dependent measurements also
demonstrate that in 100 mM PBS, PEG modified SiINW-FET is
able to hold linear response to PSA in the range of 10 to 1000
nM when implemented."® Similarly, PEG-modified graphene
FETs also exhibited real-time reversible detection of PSA from
1 to 1000 nM in 100 mM PBS. In addition, co-modification of
graphene FET with PEG and PSA aptamers enabled the sensi-
tive yet reversible detection of PSA since (1) the conformational
changes of these highly charged aptamers upon PSA binding
led to a significant change in the electric field of graphene
gate and (2) aptamers have reversible binding ability with PSA
without loss of activity (Fig. 5b).”* Additionally, recent
advancements in bio-stimuli responsive smart hydrogels rep-
resent an alternative strategy to overcome the charge screening
effect by actively transducing and amplifying the biomolecular
binding within the hydrogel matrix. For example, hydrogels
made of mannose and N,N-dimethylacrylamide that undergo
volume change in response to the formation of lectin-
mannose molecular complex are applied as gate materials for
fabricating FET-based lectin sensors. The change in hydrogel
volume can introduce a shift in the local electrical field at the
gate electrode, which can be detected by the FET.** Many
smart hydrogels have been developed recently, including
antigen-,** nucleic acid-,*> and enzymatic reaction-responsive
hydrogels.®® We believe that functions of molecular-level bio-
electronics can be broadened to a new level through further
exploring  possibilities in smart hydrogel-electronics
integration.

In hydrogel transducers, mass transport inside the hydrogel
matrix determines the accessibility of ions and molecules to
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the FET gate, providing additional control over device sensi-
tivity and selectivity based on specific demands. In general,
the mass transport properties of the hydrogel material can be
regulated by tuning the molecular weight of the monomer,®”
cross-linking density,®® or through the introduction of specific-
sized porogens.®* In the modular FET design presented
earlier,”* for example, the diffusion of methylene blue (MB,
MW 320 g mol™") exhibits a substantially varied rate in hydro-
gels crosslinked from PEGDA, gelatin methacrylate (GelMA),
and alginate, as a result of the difference in pore size (Fig. 6a
insert).”> Correspondingly, the FET functionalized with GelMA
shows a 4 mV signal after the introduction of poly-t-lysine
(PLL) solution, while the same PLL solution cannot induce a
detectable signal in the PEG functionalized FET (Fig. 6a).”
This difference in mass transport demonstrates a significant
effect in preventing the nonspecific binding from large bio-
molecules with a hydrogel-gate design. Similar results have
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also been demonstrated in the research of Burrs et al, in
which, alcohol oxidase was immobilized onto a nanoplati-
num-graphene-modified electrode using hydrogel made of
chitosan, poly-N-isopropylacrylamide (PNIPAAM), silk fibroin,
and cellulose nanocrystals. The results demonstrated that high
porosity of chitosan and PNIPAAM hydrogels can lead to better
sensitivity and faster response time during alcohol sensing.”
Also, Kim et al. demonstrated the PEG hydrogel functionali-
zation of interdigitated microelectrodes for the detection of
amyloid beta 42 (Af,z, 2.2 nm diameter) and prostate-specific
antigen (PSA, 4.1 nm diameter) via antibody-antigen
binding.”* The hydrogel porosity was adjusted between two
sizes, “loose” and “dense”, by tuning the molecular weight of
PEG monomers. The dense hydrogel enabled the diffusion of
AB,, selectively, where the diffusion of PSA was inhibited.
Detection of PSA was achieved on devices functionalized by a
loose hydrogel where the diffusion of PSA results in signals
greater than twice that of both dense hydrogel- and non-modi-
fied devices (Fig. 6b). Besides, the results indicated that the
hydrogel functionalization also increased the device sensi-
tivity, owing to its three orders of magnitude increase in
immobilized antibodies as compared to electrodes without
hydrogels.

In addition to mass transport, the chemical properties of
hydrogels can be tuned to achieve selective diffusion of mole-
cules with a certain charge or chemical affinity.”® This general
strategy could serve to promote the real-time and label free
detection of analytes in physiological solutions. The additional
selectivity can increase the functionality of the bioelectronics
for real-time sensing applications, potentially decreasing the
need for pretreating samples to remove background species or
significantly reducing biofouling and nonspecific adsorption
for in vivo implantation. Besides, computational modeling
could provide useful insights into the interfacial transport
processes”** which will further assist the hydrogel design for
both signal enrichment and reduced nonspecific binding. Due
to these unique advantages in hydrogel functionalization,
various bioreceptors have been incorporated with the hydro-
gel-based bioelectronics to transduce biological signals such
as femtomolar levels of disease antibodies, nucleic acids, and
single viruses.””™®” These approaches have opened many new
opportunities in bioelectronics such as biosensing, implanta-
ble stimulators, drug screening, disease models, brain-
machine interfaces and more.

4. State-of-the-art applications of
hydrogel-based bioelectronics
4.1 Tissue-electronic interfaces

Hydrogels have been widely utilized as soft, bioactive coatings,
or 3-D constructs to improve the integration of cells with syn-
thetic substrates/scaffolds, which can promote cell adhesion,
proliferation, and lifetime.”®*'°° In the context of bioelectro-
nics, hydrogel mediators have been found to benefit cell func-
tioning and bi-directional signaling for both electroactive- (e.g.
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neurons,'*"'%> cardiomyocytes'®>'%* etc.) and non-electroac-

tive-cells (macrophages,'®> HeLa cancer cells,'® etc.). In terms
of electroactive cells, hydrogels offer superior biocompatibility
to maintain their morphology and functions such as metab-
olism, proliferation and differentiation, while providing
sufficient porosity to ensure the transduction of physiological
signals. For example, a fibrin-based hydrogel was used as a
soft substrate for integrating human induced pluripotent stem
cell (iPSC) derived cardiomyocytes with nanomesh probes.'®
The soft mechanical and elastic properties of both the hydro-
gel and probes allowed cardiomyocytes to perform contraction
and relaxation motions comparable to the one without nano-
mesh attachment. This device enabled the recording of electro-
physiological signals of the cardiomyocytes over 96 hours
without significant cell damage. Moreover, Kujala et al
applied a micro-molded gelatin hydrogel to integrate cardio-
myocytes with microelectrode arrays. On this device, the
immobilized cells were able to develop normally to form
laminar cardiac tissues, which were then exploited to investi-
gate the pharmacological effects of the p-adrenergic agonist
and terfenadine in human cardiac cells with electrophysiologi-
cal recording.'® The latest developments in this direction
have been discussed in the review articles published by Kitsara
et al. and Fattahi et al.'%"'%®

In addition to cell/tissue recording on a planar substrate,
there have been substantial on-going effort towards the con-
struction of 3D electronic-innervated cells/tissues. Many
studies suggested that the organization, development, and
communication of cells are significantly different when cul-
tured/immobilized on 2-D substrates as compared with their
normal conditions in a native 3-D matrix."°>"'° This difference
can lead to bias/error in the in vitro studies in cellular beha-

This journal is © The Royal Society of Chemistry 2021

viors and functions using planar bioelectronics. In tissue
engineering, 3-D cell cultures are a popular approach, which
provide a biological relevant microenvironment to ensure the
normal behavior of cells.""" In order to enable the electrical
access to these 3-D cultured cellular networks, many hydrogel-
based 3-D electronics have been developed. In 2019, Kalmykov
et al. demonstrated the use of self-rolling electrode arrays for
interfacing with 3-D hydrogel cardiac models (Fig. 7a and
b)."** The 3-D hydrogel creates a natural microenvironment by
providing a scaffold that allows biologically relevant cell-cell
and cell-matrix interaction, recapitulating the in vivo environ-
ment that cannot be achieved in 2-D cell culture."**'** This
allows for the detection of biologically relevant behavior from
in vitro models. Self-rolling the electrode array around the
hydrogel spheroid enables electrophysiological recording of
3-D signal propagation (Fig. 7c). Similarly, Soscia et al
reported the use of flexible 3-D microelectrode arrays for inter-
facing with and recording from 3-D neuron cultures in a col-
lagen-based hydrogel (Fig. 7d and e). The hydrogel cell culture
creates an environment that aims to recapitulate real brain
function by facilitating cell-cell communication and inter-
actions. The flexible electrodes could bend vertically 90
degrees in order to record in 3-D hydrogels. After vertical align-
ment of electrodes, the microelectrode arrays were seeded with
human iPSC-derived neurons and astrocytes in a collagen
hydrogel  containing  extracellular = matrix  proteins.
Electrophysiological recordings were conducted (Fig. 7f) and
neurons were found to be viable for over 30 days, demonstrat-
ing the potential for long-term studies in vitro.'*>*%?

Hydrogel electronics have also been exploited to improve
the electrical-to-biological signal transduction. Zhao et al.
developed an electronic circuit made of salt/PEG two-phase
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Fig. 7 3D electrode interface with 3D in vitro models. (a) 3D schematic of organoid interfacing with self-rolled biosensor array. (b) Confocal image
of cardiac spheroid labeled with the fluorescent calcium indicator. Scalebar, 50 pm. (c) Field potential measurements from recording elements
around the spheroid. Reproduced from ref. 112 with permission from American Association for the Advancement of Science, Copyright © 2019. (d
and e) Image of the device and close-up of bent electrodes. (f) Recording of neuronal activity in the 3D culture from a single electrode. Reproduced
from ref. 101 with permission from Royal Society of Chemistry, Copyright © 2020.

hydrogels that is capable of effective modulation of cultured
neuron cells (SH-SY5Y) and skeletal muscle tissue.*® In this
design, high ionic conductivity salt-solutions were stably
encapsulated within PEG hydrogel matrices. Patterning of the
hydrogel circuit enables control over ionic current for high
resolution stimulation both in vitro and in vivo. For in vitro
neuron cell stimulation, a hydrogel based electronic circuit
composed of four pairs of electrodes was applied, which deli-
vered 3.6 V em ™" electrical field to cells for stimulation (Fig. 8a
and b). The results showed that the cells at the stimulated
spots exhibited higher intracellular calcium increase compared
to cells located at the resting spots, indicating successful
cross-system signal transduction (Fig. 8c). For in vivo stimu-
lation, a hydrogel ionic stimulator made of one pair of electro-
des was interfaced with the tibialis anterior muscle at the
knees of Sprague-Dawley rats. The stimulation results showed
the force generated from stimulation increased slightly from
300 mN at a voltage of 0.9 V to a plateau of 380 mN with vol-
tages of either 1.6 or 2.5 V. Additionally, compared with the
gold electrode, a lower voltage (2.5 V vs. 4 V) was required to
generate a similar force (1.38 N vs. 1.33 N) when a hydrogel
stimulator was used, indicating more efficient electrical signal
transmission/delivery.

Similarly, Liu et al. utilized micropatterned electrically con-
ductive hydrogels (MECH) to fabricate microelectrodes for
interfacing the nervous system of mice.”> Owing to their elec-
trical and ionic conductivity as well as soft mechanical pro-
perties, the MECH-based microelectrodes feature a contact
impedance >90% lower as compared with the conductive
hydrogel coated Au electrode and >95% lower than the silane-
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crosslinked PEDOT:PSS coating. This low contact impedance
enables the delivery of an excitation current density as high as
10 mA em™? at a low voltage of 50 mV, whereas the Pt electrode
requires at least 500 mV to achieve observable leg movements.
The experimental results demonstrated that MECH can locally
stimulate the subgroups of peripheral nerve bundles to syn-
chronize individual toe movements with the stimulation
frequency.

In terms of non-electroactive cells, most of their functions
are regulated by biochemical signals. The specific electrical/
electrochemical transduction of these signals relies on the
appropriate functioning and effective integration of bio-reco-
gnition molecules, where the hydrogel could enable unique
possibilities to promote interfacial signaling as discussed
earlier. For instance, Misun et al. demonstrated the ampero-
metric detection of glucose consumption and lactate pro-
115 The
device consisted of two modular components: a microfluidic

duction from human colon carcinoma spheroids.

platform for media perfusion and glass plug-in with electrode
components (Fig. 9a). The electrodes were functionalized with
the enzymes: glucose oxidase or lactate oxidase immobilized
in a hydrogel, enabling the real time detection of cell metab-
olism. The device measured the real time secretion/consump-
tion of analytes from the perfused cell media (Fig. 9b). Lian

This journal is © The Royal Society of Chemistry 2021

et al. reported the amperometric detection of hydrogen per-
oxide secreted from HeLa cells utilizing horseradish peroxi-
dase (HRP) functionalized hydrogel coating on a glassy carbon
electrode (Fig. 9¢)."°® HeLa cells were cultured on top of bio-
active hydrogels, showing activity for up to two weeks. Cells
were stimulated with Phorbol 12-myristate 13-acetate (PMA) to
trigger hydrogen peroxide production. Horseradish peroxidase
(HRP) was immobilized in the hydrogel, enabling the real time
detection of hydrogen peroxide (Fig. 9d). The hydrogel also
served to inhibit the diffusion of hydrogen peroxide secreted
from cells, effectively increasing the concentration that directly
interacts with the HRP enzyme. A similar design has been
applied by Yan et al to study the metabolism of macro-
phages.'®® These studies demonstrate the possibility for real
time interpretation of cellular metabolic signals, which could
be further expanded through incorporating different bio-
markers and/or bioreceptors for real time drug screening,
disease monitoring and personalized medicine.

4.2 Wearable bioelectronics

Wearable bioelectronics are capable of real-time, noninvasive
monitoring of physiological signals, and have become increas-
ingly common in our everyday lives, e.g. in the form of smart
watches/bands that can continuously measure heart rate or
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blood oxygen saturation.''® However, these commercially avail-
able wearable devices share some similar challenges with
metal/semiconductor based bioelectronics with unstable body
contact that is associated with low sensitivity and fluctuation
in sensing results.'”” To address this issue, flexible and
stretchable electronics have been developed that comply with
the curvatures of the human body; maintaining stable contacts
to ensure consistent sensing results. Toward this goal, hydro-
gels are suggested as ideal body-electronics interfacing
materials due to their superior mechanical properties and
tunable bio-adhesiveness. For example, Pan et al. reported
hydrogel-elastomer composites with low stiffness and high
adhesiveness for interfacing with skin."*® Gold nanofilms were
incorporated into the hydrogel structure for electrical conduc-
tivity and were demonstrated for on-skin electromyography
and electrocardiography. The reported Young’s modulus of the
hydrogel composite was reported to be near 5.3 kPa and could
stretch 25 times its length, enabling conformal contact with
the skin. This work provides a general strategy for on-skin
bioelectronics by engineering the hydrogel properties.

In wearable electronics, body motions are one of the most
common challenges that can lead to device detachment,
abrasion, fracture, and eventually failure of device functions.
Recent studies in stretchable-, tough- and healable-hydrogels
provide potential solutions to this challenge.'*®"*° With
further enhanced ionic conductivity, these novel hydrogels
show potential to replace state-of-the-art substrates (e.g. metal,
semiconductor, dry polymer, etc.) in the development of next
generation wearable electronics. For example, Zhao et al. fabri-
cated a conductive hydrogel from a supramolecular assembly
of polydopamine decorated silver nanoparticles, polyaniline,
and polyvinyl alcohol. The conductive hydrogel displayed
tunable stiffness (132 Pa to 40 kPa), stretchiness (0.01-500%),
self-adhesiveness and self-healing capacity, and has been suc-
cessfully implemented as epidermal motion sensors and dia-
betic wound dressing.'*! Also, Liu et al. created a microfluidic-
based, ultra-stretchable hydrogel network with metallic con-
ductivity using liquid metal as conductive fillers."** This
device showed good stretchability and flexibility, which remain
functional under many types of deformations (e.g. up to 550%
stretch, cyclic stretches, bends, and twists). Due to the metallic
conductivity, this hydrogel can be applied to the fabrication of
wireless bioelectronics for monitoring physiological conditions
of the human body using near-field communication techno-
logy. Furthermore, a variety of functional hydrogel designs for
wearable electronics have been comprehensively reviewed by
Yang and Suo.'*?

Additionally, multifunctional wearable hydrogel bioelectro-
nics has been developed for simultaneous monitoring of the
physiological environment and delivery of drugs for treatment.
For example, contact lenses are hydrogel-based medical
devices that have long been used to correct vision. By embed-
ding sensors within the lens, smart contact lenses have been
used for monitoring diseases such as glaucoma and
diabetes."**"”* Keum et al demonstrated contact lenses
capable of monitoring glucose levels from tears in rabbits and
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delivery of the drugs metformin and genistein for the treat-
ment of hyperglycemia and diabetic retinopathy.'*® Similarly,
a smart bandage was developed for monitoring of the wound
environment and delivery of antibiotics.'*” Overall, hydrogels
can create many new possibilities in wearable electronics
owing to their programmable mechanical, electrical, and
chemical properties.'*®"*°

5. Conclusions

Engineered hydrogel interfaces have shown great promise
towards the seamless structural and functional integration
between biological and electronic systems, which is transform-
ing the design and development of next-generation bioelectro-
nics across molecular, cellular, tissue and body levels. The
mismatch at the heterogeneous interface, both structurally
and functionally, can be blurred by rationally programming
the physiochemical parameters through controlled hydrogel
synthesis/fabrication. In terms of structures, hydrogels provide
a mechanically compliant, chemically active, and biologically
favourable microenvironment for seamless bio-integration that
is difficult to achieve on a traditional electronic interface. In
terms of functions, hydrogels can facilitate the signal trans-
duction between bio- (ions & molecules) and electrical-(elec-
trons & holes) circuit by precisely regulating interfacial mass
and transport, enabling localized amplification and/or filtering
of bio-derived signals. At the molecular to the cellular level,
the spatial organization and hierarchical assembling of func-
tionalized hydrogels will create new signal transduction and
energy conversion cascades with electrically controllable
inputs and outputs for novel biosensor and biocatalyst devel-
opments.”*° At the tissue to the body level, recent develop-
ments in stretchable-,'*' biodegradable-,'** self-healing-,"*?
and bio-adhesive-hydrogels'** offer opportunities in designing
new bioelectronic interfaces with intimate contact, minimal
invasiveness, and maximized motion-compliance. Through
these new bioelectronic interfaces, long term, continuous
probing and regulation of human functions will be achieved,
which are expected to contribute significantly to disease diag-
nosis and personalized medicine. Overall, we believe that
hydrogel-mediated bio-integratable electronics can initiate an
evolution in the way we communicate with biological systems
by unambiguously decoding critical biological languages and
precisely defining/regulating complex bio-functions.

The future of hydrogel-based bioelectronics is anticipated
to implement more advanced functions beyond the current
scope of bioelectronics. However, before hydrogels can fully
address the interfacing challenges, more validation and
optimizations are required. Mainly, their long-term perform-
ance and biocompatibility demand further evaluation and
optimization in order to obtain intimately integrated, yet
chronically stable bio-interfaces, which are critically important
to in vivo and implanted applications. Other concerns include
degradation and potential cytotoxicity of different synthetic
hydrogels, as well as additional complexity and variability in
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transducing and interpreting bioderived signals. In the long
term, given the ability to tune the physical and chemical pro-
perties, biological interactions, and more, we are optimistic for
hydrogels with the potential to address many challenges in
bioelectronics.
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