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SUMMARY

Recent advances in bioelectronics, such as skin-mounted electroen-
cephalography sensors, multi-channel neural probes, and closed-loop
deep brain stimulators, have enabled electrophysiological brain activ-
ities to be both monitored and modulated. Despite this remarkable
progress, major challenges remain, which stem from the inherent me-
chanical, chemical, and electrical differences that exist between brain
tissues and bioelectronics. New approaches are therefore required to
address these mismatches between biotic and abiotic systems. Here,
we review recent technological advances that minimize such mis-
matches by using unconventional soft materials, such as silicon/metal
nanowires, functionalized hydrogels, and stretchable conductive nano-
composites, as well as customized fabrication processes and novel de-
vice designs. The resulting novel, soft bioelectronic devices provide
new opportunities for brain research and clinical neuroengineering.

INTRODUCTION

Brain diseases and disorders, including neurodegenerative, psychiatric, oncological,
and neurodevelopmental, as well as injuries that require neurorehabilitation, have high-
lighted a clinical role and need for neurotechnologies that can monitor and modulate
brain activity. Such technologies might also have wider clinical applications, given that
electrical signals from the brain coordinate peripheral nerves and electrically active or-
gans, including the heart,” muscles,” gastrointestinal organs,” and endocrine organs.”
However, a key challenge for neurotechnologies is to provide faithful, minimally invasive,
and long-term recordings of electrical signals from the nervous system in often-changing
physiological conditions, for example during different developmental, behavioral, and
neurological states, and in pathological or trauma conditions.

Bioelectronic technologies to date have facilitated our understanding of abnormal
electrophysiological signals as well as the recognition of subtle pathological symp-
toms, the modulation of epileptic neuronal activities, and the treatment of various
intractable neurological diseases. They include recording devices for skin-based
electroencephalography (EEG),° epicortical electrocorticography (EC0G),>” and in-

I"" stimulation de-

tracortical encephalography (ICE).>” Optogenetic'® and therma
vices have also been devised as new paradigms for neural modulation. The integra-
tion of wireless device components and the miniaturization of an entire implantable

system have also significantly accelerated such advances.'”
Despite these advances, maintaining the long-term biocompatibility, reliability, and

stability of such bioelectronic devices in vivo remains a key challenge. These issues
are largely due to the different mechanical characteristics, called “mechanical
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Progress and Potential
Advances in bioelectronics for
neuroscience and
neuroengineering have enabled
continuous monitoring of
electrophysiological signals and
feedback modulation of abnormal
brain activities. Despite such
progress, there remain issues in
terms of long-term high-quality
neural interfacing, mainly owing
to inherent mechanical, chemical,
and electrical mismatches
between the device and the brain
tissue. New approaches,
therefore, are required to address
these discrepancies between the
biotic and abiotic system. This
review introduces technological
advances that potentially solve
such issues by using soft materials
and devices. Specifically, we
summarize recent progress in soft
materials, such as nanoscale
materials, conductive polymers,
functionalized hydrogels, and
stretchable conductive
nanocomposites. These
unconventional materials,
combined with customized
processing techniques and device
designs, provide novel soft device
solutions for brain science and
clinical neuroengineering.
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mismatches,” that exist between biological tissue and the materials used in bio-
electronic devices. In addition, there are notable mismatches between the chemi-
cal'® and electrical'*'® properties of these devices and brain tissue; while brain tis-
sue consists of organic structures that have a high water content in which ions control
signal transmission, bioelectronic devices are typically composed of dry inorganic
materials in which electrons serve as information transmitters.

In recent years, the limitations of conventional bioelectronics have been addressed
by engineering better materials and by designing advanced devices, heralding the
advent of soft bioelectronics. In this review, we discuss how the development of new
soft bioelectronics aims to mitigate these limitations, focusing on material designs,
fabrication, and device choice for diverse applications. We also describe how soft
bioelectronics creates new opportunities for the long-term, high-quality monitoring
of brain signals and for the use of controlled feedback therapies to treat brain dis-
eases. Additionally, we highlight device applications that have shown promise in
clinical studies, discuss issues associated with the clinical translation of soft bio-
electronics, and end with future directions for the improved design of soft
bioelectronics.

CHALLENGES FACED BY CONVENTIONAL BIOELECTRONICS

A key issue in conventional bioelectronics is a mechanical mismatch,'®"” which mainly

derives from two important contributors of a device, namely its material properties
and its geometry, which are interdependent. Young's modulus, which defines how a ma-
terial will strain (that is, deform) under stress (as measured by force/unit area), differs by
several orders of magnitude between conventional rigid bioelectronic devices (which
have moduli in the order of GPa) and soft brain tissues (which have moduli in the order
of kPa).'® The overall size and design of electrodes also affect the bending stiffness,
which is proportional to Young’s modulus, the width of the probe, and the third power
of thickness of the probe.'? As a result, rigid implanted devices, conventionally made of
tungsten wires or silicon probes, can cause chronic stressors, which over a long period of
time can cause significant damage to brain tissue as well as to the implant itself, gener-
ating functional failures in both (Figure 1A). In contrast, soft bioelectronics can better
endure the same stressors (Figure 1B).

Device implantation, such as for intracortical recording, can also cause damage to an
implant and the surrounding tissue during the process of implantation (for example
through scarring, bleeding, and inflammatory reactions). There are also long-term
effects, such as the isolation of a bioelectronic device due to fibrous scar formation
and subsequent chronic inflammation, which can include protein attachment, astro-
cyte recruitment, and fibrosis around implanted electrodes. The formation of these
fibrous tissues increases the electrical impedance at the tissue-electrode interface
and the degradation of measured electrical signals (Figure 1C). The geometry and
size of an implant also determine the extent of damage. For example, larger bio-
electrodes exhibit higher mechanical mismatch and cause greater mechanical
damage.?® The vigorous micromotions of the brain also cause chronic stress on
the tissue.”""”” Moreover, the mechanical stress on the implanted electrode can
lead to a failure of the encapsulation layer, causing electrical current to leak to
non-targeted brain regions®® and making the electrodes vulnerable to corrosion.

In the case of less invasive, skin-mounted EEG measurement devices, the main chal-

lenge is to maintain high-quality, long-term conformal contact between the bio-
electronics and the elastic, wrinkled skin.?*?° Due to the stiffness of the constituent
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Figure 1. Mechanical, Chemical, and Electrical Mismatches between Brain Tissue and Conventional Bioelectronics

(A) Inflammatory reactions are caused by a conventional, rigid intracortical electrode (shaded gray). Inflammatory proteins (green) and astrocytes
(orange) are recruited to the implantation site, and extensive scar tissue (brown) forms around the electrode. As aresult, electrophysiological signals are
isolated from the electrode because degenerated neurons (purple) block the signals transmitted from the active neurons (yellow) to the electrode.
(B) A soft intracortical bioelectrode produces a significantly reduced inflammatory reaction in comparison with that caused by a conventional
intracortical bioelectrode because of reduced mismatches.

(C) Mechanism of device failure due to scar tissue formation. The overall impedance at the neural interface increases due to the effect of insulative scar
tissue (Zscar), charge transfer resistance (R.), and capacitance (C.) change. The subcellular scale structure of the neural interfaces (red dotted box) is
illustrated in (D).

(D) Differences in the electrical characteristics of a conventional metal electrode and biological tissue. In the extracellular fluid, an electrical signal is
transmitted as an ionic current and in the electrode, as electron flow.

materials, conventional electrodes cannot perfectly follow the microscopic curvature
of the wrinkled skin. Additionally, repetitive stretching of elastic skin often causes
electrodes to delaminate from it. Such non-conformal contact with the skin surface
can abruptly increase impedance and dramatically decrease the signal-to-noise ratio
(SNR). Furthermore, the long-term attachment of rigid electrodes to the skin leads to

skin irritation, necessitating the use of softer materials.”?’

Another key issue is a chemical mismatch caused by differences between the chem-
ical composition of brain tissue and the inorganic materials used in conventional
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bioelectronics. While brain tissue contains a large amount of water and is ion-rich,
the inorganic materials used in bioelectronic devices can be hydrophobic in nature
and can have low fluid permeability, causing low cellular affinity, which impedes cell

attachment and cell-electrode interactions.?®

The interface between a device's electrodes and brain tissue is called the neural
interface, a solid electrode interface with an electrolytic solution where charge trans-
fers occur between the ions in the fluid and the electrons in the electrode (Figure 1D).
As with all such electrode/electrolyte systems, discontinuities in the implant/tissue
interface distort the measured electrical signals. The degree of this distortion
depends on differences in the junction potential of two interfacing partners (i.e.,
the extracellular fluid and electrode materials). Such discontinuity at the interface
apparently increases the interfacial impedance, which decreases the SNR.”” In
addition to a poor SNR and distorted electrical recordings, current leakage from a
damaged rigid electrode (Figure 1A) can result in undesirable electrochemical
reactions, such as the electrolysis of water, the oxidation of materials, and the reduc-
tion of ions, which can also damage brain tissue.*”

As we discuss in the remainder of this review, novel technological approaches are
being developed that aim to minimize the aforementioned mechanical, chemical,
and electrical differences between the conventional bioelectronic devices and brain
tissue. These approaches are developing soft bioelectronic devices—based on un-
conventional materials, new fabrication processes, and device designs—that aim to
be biocompatible, reliable, and stable over long time periods in vivo.

UNCONVENTIONAL MATERIALS FOR SOFT BIOELECTRONICS

In this section, we discuss efforts to develop bioelectronics that minimize the me-
chanical, chemical, and electrical differences between tissues and devices through
the use of unconventional soft materials (Figure 2A), the characteristics of which
are summarized in Table 1.

Reducing Stiffness with Ultrathin Materials
The mechanical stiffness of a material is highly dependent on its geometry; a conven-

1941 will show a dramatic

tional material processed into an ultrathin form (of <10 um
decrease in its stiffness. Importantly, reducing a material’s thickness decreases its
flexural rigidity without losing the original electrical properties of its bulk
state.®?*¥*° Ultrathin materials thus become soft, exhibiting much smaller mechan-
ical differences from brain tissue in terms of bending stiffness,®* while still serving as
an electronic device component with the properties of a conventional bulk-state ma-
terial. As such, devices based on ultrathin materials can make soft, conformal contact
with brain tissue, solving the problem of mechanical mismatch. Biocompatible
metals, such as gold,** platinum,®® iridium,®® and their alloys, placed on flexible
polymer substrates such as polyimide, parylene, and epoxy, have been used to
generate flexible, ultrathin bioelectronics.

The geometry of ultrathin devices can be designed as a mesh structure to maximize
the effect of ultrathin materials on the deformability of the device.'®” An ultrathin
film with a large area has flexibility in one direction, whereas an ultrathin, line-shape
film has flexibility in multiple directions, which is beneficial for ensuring the deform-
ability of the device. For example, Liu et al. developed syringe-injectable electronics
with a large area and a mesh-like design, and of sub-micrometer thickness (Fig-
ure 2B).*" Although the mesh of this device is deformed and entangled inside the
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Figure 2. Unconventional Materials for Soft Bioelectronics

(A) Schematics of the unconventional soft materials used in soft bioelectronics.

(B) Illustration of the ultrathin mesh-shape macroporous electrode array. Reproduced with permission.*’ Copyright 2015, Springer Nature.

(C) Optical image of the syringe-injectable porous electronics. Reproduced with permission.'” Copyright 2015, Springer Nature.

(D) Schematic illustration of the deformable PEG hydrogel matrix that contains ionic salts (left) and its application as a soft bioelectronic device (right).
Reproduced with permission.®” Copyright 2018, Wiley-VCH.

(E) Microscopic image of patterned PEDOT:PSS-based elastomer composite (left), optical image of patterned PEDOT:PSS (inset), and applied to an
electrode (right). Reproduced with permission.** Copyright 2016, Wiley-VCH.

(F) An AgNW film that was transferred onto a hydrogel is mounted on a curved surface (left) and its magnified image shows the patterned AGNW network
(right). Reproduced with permission.** Copyright 2014, American Chemical Society.

(G) Soft bioelectronics fabricated with the stretchable conductive nanocomposite composed of AQNWs and an elastomeric polymer. Reproduced with
permission.®” Copyright 2016, AAAS.

syringe before its injection, the original mesh design recovers after injection once it
has relaxed inside the body’s cavity. The multiple channels incorporated into this de-
vice's electronics enabled brain activity to be recorded across 16 channels in the hip-
pocampus of anesthetized mice. Due to the soft mechanical nature of the device,
which is compatible with brain tissue, minimal chronic immunoreactivity was
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Table 1. General Characteristics of Representative Unconventional Materials
Mechanical Property Chemical Property Electrical Property Fabrication References
Resolution
Softness®  Thickness Biocompatibility Lifetime Impedance  Conductivity

(Q, @1 KHz)  (S/cm)

Metal layer Au rigid very thin  compatible long high very high high 18535
~79 GPa ~1 MQ 411,000
Pt rigid very thin  compatible long low high high 3
~168 GPa ~400 Q 94,300
IrOx rigid very thin compatible long low very high high s
~530 GPa ~350Q 213,000
Conductive PEDOT:PSS moderate  thin moderate moderate  low moderate moderate SR
polymer
~2 GPa ~300 Q 10-1,000
PPy moderate  thin moderate moderate  low moderate moderate 41424344
~600 MPa ~100 Q 2-100
Hydrogel pure very soft moderate  compatible short high very low low R
~100 kPa 10 MQ 0.0001
conducting very soft moderate  compatible short moderate moderate low YL
polymer fillers®
~32 kPa ~15 kQ ~A47.4
nanomaterial very soft moderate  compatible short moderate low low TR
fillers® 54,55
~100 kPa ~1.5kQ ~0.1
Elastomeric nanocomposite” soft moderate moderate moderate  moderate high low ST
~4 MPa ~1kQ ~72,000
Conventional metal/silicon rigid thick compatible moderate  high very high high
material
~185 GPa ~1 MQ 411,000

The detailed value and properties may vary depending on the material type and thickness.
*The value of bending stiffness may vary by thickness.
®The value may vary by filler materials.

observed over 5 weeks. This result shows a higher biocompatibility than conven-
tional silicon probes. It has been known that silicon penetrating probes involve glio-
sis and lose their recording function rapidly (e.g., within 3 weeks®®).

This two-dimensional (2D) mesh design can be extended into a three-dimensional
(3D) design, such as a macroporous 3D network of nanoelectronics composed of
silicon nanowires and ultrathin metal electrodes.'” The high porosity and small
feature size of the porous 3D mesh electronics (Figure 2C) enable them to be highly
flexible and to conform closely with the target neural tissue, helping to minimize
mechanically induced scarring and the recruitment of glial cells. The effective
bending stiffness of this 3D mesh design is <0.64 x 10~'® Nm?, which is four to seven
orders of magnitude lower than that of conventional neural probes, based on Si,*’
carbon fiber,”” and planar polyimide films.'®”" Moreover, histological analyses after
in vivo implantation of the porous 3D mesh electronics in rat somatosensory cortex
showed normal neuronal densities in close proximity (<50 um) to the device, in
contrast to typical neural probes.”#”?

Surface Coatings and Encapsulation
Although ultrathin electronic materials and porous mesh device structures can mini-
mize mechanical mismatches between biotic and abiotic systems, the chemical
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mismatches between these devices and brain tissue remain an issue, limiting their
ability to provide long-term, stable recordings.”>’* Here, we consider various sur-
face coating and encapsulation strategies to bridge these chemical differences.

One strategy is to coat electrodes with a conducting polymer to provide a better
interface between the tissue and the recording site. For example, when a film of
poly(3,4-ethylenedioxythiophene) (PEDOT) is deposited on an electrode, its
recording performance can be improved in terms of the SNR because the PEDOT
film provides a low-impedance interface between the electrode and the tissue.*

Another strategy is to coat electrodes with bioactive materials. A bioactive coating can
promote neuronal growth and cell adhesion. For example, nerve growth factor (NGF)
can be doped with the conducting polymer to elicit specific biological interactions be-
tween the electrode materials and neurons.”® Incorporation of NGF, which promotes
the survival and differentiation of sensory and sympathetic neurons during development,
in the electrode coating can promote better integration between the electrode and the
neurons. When PC12 (rat pheochromocytoma) cells are cultured with the NGF-modified
electrode, the cells adhere to the electrode and extended neurites, indicating the NGF-
modified electrode is biologically active. Although these coating techniques can
improve chronic recording performance, including higher SNR, by lowering electrode
impedance, the mismatch between the electronics and ion-rich and water-rich brain tis-
sues still exists and needs to be further improved.

Recently hydrogels, a network of polymer chains infiltrated with water, have gained
attention due to their unique tissue-like mechanical properties, biocompatibility,
and, more importantly, because of their high water content.*®’¢ Hydrogels exhibit
very low Young's modulus (~kPa)*® compared with silicon, gold, platinum
(~GPa),””"®*> or elastomers (~MPa).”” The high water and ion content of a hydrogel
can make a bioelectronic device compatible with the wet and ion-rich physiological
environment in vivo, minimizing the chemical compositional mismatch between the
electronics and the tissue.?® The hydrophilicity of a hydrogel matrix also prevents the
adsorption of proinflammatory proteins onto the electrode surface by inhibiting
their hydrophobic domains from adhering to the surface, while hydrophilic protein
attachment is deterred through the formation of a water layer on the device.®'

Hydrogels have been incorporated into an electronic device via surface coating or
encapsulation.?”® For example, the application of a hydrogel onto an EEG elec-
trode produced a hydrating effect on the human scalp that could last for more
than 8 h; it also increased the effective contact area due to the conformal contact
of the soft hydrogel on the rough skin surface.®” As a result, an electrode applied
with hydrogel exhibits an impedance of 15 kQcm? measured at 10 Hz, which is an or-
der of magnitude lower than that of commercially available material (e.g., Ten20
paste). Furthermore, the incorporation of ionic salts, such as NaCl and LiCl, into a
hydrogel makes it more conductive.®* Such hydrogels show not only intrinsic soft-
ness and stretchability but also improved chemical and biological compatibility

with tissues, making them promising candidate materials for soft bioelectronics.?’

However, hydrogels with high ionic concentrations can effuse high levels of external
ions to surrounding tissues, thereby disturbing the ionic equilibrium of tissues in vivo
limit and limiting their use in implantable devices.*” To resolve this issue, Zhao et al.
utilized a two-phase aqueous system made of salt/poly(ethylene glycol) (PEG), in
which the salt-containing patterns were safely encapsulated inside the electrically
inert PEG hydrogel matrix (Figure 2D).*? In tests conducted in the tibialis anterior
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muscle of rat, this two-phase system effectively prevented the undesirable diffusion
of high-concentration ions from the hydrogel into the surrounding tissues while al-
lowing the circuit made of the ion-conductive hydrogel to electrically stimulate the
target muscles over a prolonged period.

It is noteworthy that conducting polymers, such as polypyrrole (PPy),%> polyaniline
(PAnNi),%° or PEDOT,?” can be of benefit when used alone or when mixed with hydrogels,
as they minimize the electrical differences between a device and the implanted tissue.
Conducting polymers can transfer electrons through 7-conjugation (delocalized elec-
trons in overlapped pi-orbitals of alternating single and double covalent bonds) and
exhibit greater conductivity than do conventional hydrogels.®® In addition, ions can
penetrate into the bulk conducting polymer. This leads to a high volumetric capacitance
of the conducting polymer, which significantly lowers the electrical impedance and in-

creases charge-injection capacity compared with that of conventional bioelectronics.®?

Flexible microelectrode arrays—fabricated by using a conducting polymer, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)—offer a high SNR (6.2
dB)*” and a high charge-injection capacity (2.71 mC cm~2),*® enabling safe neural
interfaces. PEDOT:PSS is composed of conjugated PEDOT segments, which are hy-
drophobic. Its hydrophilic segment, PSS, enables PEDOT to be dispersed in an
aqueous solution. To increase the conductivity of PEDOT:PSS, the crystallinity of PE-
DOT can be increased, but this modification makes the PEDOT:PSS film stiff and sus-
ceptible to the formation of cracks.”®?"7?** To improve the mechanical softness of
conducting polymers, such as PEDOT:PSS, a nonvolatile surfactant plasticizer, Triton
X-100, is introduced to modify their viscoelastic properties.®® The resulting material,
which can be repeatedly stretched and molded similar to the rubber “playdough”
(Figure 2E), exhibits several unique properties, including compatibility with conven-
tional printing techniques, good adhesion onto both hydrophilic and hydrophobic
substrates, and mechanical stability (up to 10% stretching). Further improvements
of stretchability were achieved by coating the viscoelastic PEDOT:PSS with silicone
encapsulations.

Instead of using the plasticizer, composites of a conducting polymer and a hydro-
gel®® can be used. The hydrogel enhances softness, while PEDOT:PSS is responsible
for conductivity. Thus, the hydrogel-PEDOT:PSS composite offers advantages of
both components, a relatively high electronic conductivity and ionic conductivity,
and an inherent soft mechanical property, making them a promising material candi-
date for the soft bioelectronics.”® Although hydrogel-PEDOT:PSS composite offers
reasonable conductivity, their conductivity is still far lower (~40 S/cm??) than the
conventional metal electrode (e.g., ~6.3 x 107 S cm~" for the silver electrode”).
Therefore, the conductivity should be improved further.

Improving Conductivity with Nanomaterials

Introducing nanomaterials other than conducting polymers to hydrogels has proved to
be an effective way to improve the conductivity of hydrogel composites. Carbon-
based nanomaterials, such as carbon nanotubes (CNTs) and graphene, have gained
attention as conductive filler materials for hydrogel composites.”' In this approach,
a conducting hydrogel composite can be fabricated by incorporating CNTs and supra-
molecular B-peptide into a hydrogel matrix, for example, to record intracortical and
epidural neural signals.” In this example, the CNTs formed a 3D electrical percolation
network within the hydrogel medium, which facilitates signal transmission. Due to the
viscoelastic nature of the hydrogel composite, tight neural/hydrogel contacts were
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achieved, enabling the seamless integration of the soft electrodes with the target neu-
ral tissues.

One possible way to achieve higher electrical conductivity is to incorporate metallic
nanomaterials into the hydrogel.””>? For example, Ahn et al. transferred silver nanowires
(AgNWs) directly into a polyacrylamide-based hydrogel. This approach achieved the
efficient formation of a percolation network due to the high aspect ratio of the NWs,
as well as the high intrinsic conductivity of silver, which contributed to a high electrical
conductivity while maintaining the soft mechanical properties of the hydrogel (Fig-
ure 2F).** The microelectrode fabricated using these materials did not show any signif-
icant change in resistance even after 100 cycles of the bending test.

Other approaches that embed conductive nanomaterials™ into elastomeric
matrices’”?’”® have also been reported to improve both the conductivity and
stretchability of soft bioelectronics.’’->® For example, a nanocomposite composed
of ligand-exchanged ultra-long AgQNWs and a styrene-butadiene-styrene (SBS) ther-
moplastic elastomer has been reported (Figure 2G).”” In this study, the polyvinylpyr-
rolidone ligands that were originally on the surface of the AQNWs were exchanged
with hexylamine to disperse the NWs homogeneously in the organic-phase SBS. The

" and,

resulting nanocomposite exhibited a high conductivity of 11,210 S cm™
remarkably, softer mechanical properties than those of the original film of the
same material when patterned into a serpentine mesh structure. The serpentine
mesh electrodes could record electrophysiological signals and apply feedback stim-

ulations on the heart ventricle in a rat model of myocardial infarction.*®

Because direct exposure to the silver ions that leach from AgNWs can induce
adverse health effects, there have been attempts to increase the biocompatibility
of the AgNWs by passivating their surface with an inert material, such as gold.”®
Choi et al. coated the surface of the AgNWSs with a gold shell, which greatly
improved their biocompatibility, as confirmed by enhanced cell viability in vitro
and reduced fibrotic reactions in vivo. These gold-coated AgNWs were embedded
in an elastomeric block-copolymer matrix with the assistance of hexylamine-induced
phase separation, and the resulting nanocomposite exhibited a high conductivity
(41,850 S cm™") and excellent stretchability (266%).

In addition to the materials used to create the electrode itself, the materials used to
encapsulate an electrode are also important, particularly for long-term monitoring and
stimulation. Conventional encapsulation materials such as quartz glass, Teflon, and par-
ylene have shown high dielectric constants that can minimize stray capacitances. How-
ever, they have high moduli, which cause a mechanical mismatch with the brain tissue.
Some unconventional approaches for the fabrication of the encapsulation layer have
been reported, such as the use of an elastic fluorinated photoresist.? An insulating layer
consisting of this material was patterned directly onto the electrically conductive hydro-
gel electrode and exhibited Young's modulus similar to that of soft tissues (<30 kPa).
Another example is a cardiac stimulator of the conductive nanocomposite sandwiched
between soft insulating SBS layers™® along the entire device except for the contact pads.

FABRICATION TECHNIQUES CUSTOMIZED FOR SOFT MATERIALS
AND DEVICE DESIGN

While the unconventional soft materials described in the previous section, such as ultra-
thin inorganic/metallic membranes, ionic hydrogels, conducting polymers, and metallic
elastomeric nanocomposites, show the potential for minimizing the mechanical,
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Figure 3. Novel Processing Techniques for Unconventional Soft Materials

(A) Schematic of the photolithography process. The photoresist is coated onto the target substrate,
followed by UV exposure and the developing step (for ultrathin metal layers).

(B) Schematic of the laser-cutting process. The highly focused laser cuts, engraves, or marks the
target substrate (usually conductive polymers or elastomeric nanocomposite) with a high degree of
freedom.

(C) Schematic of different soft lithography processes: transfer printing (top) and capillary force
lithography (bottom) (used for hydrogels, conductive polymers, and elastomeric nanocomposites).
(D) Schematic of the 3D-printing process. The polymericink is deposited from the nozzle in a layer-
by-layer manner (some hydrogels, conductive polymers, and elastomeric nanocomposites were
used as an ink).

chemical, and electrical differences between the biotic and abiotic systems, their suc-
cessful application to bioelectronics requires high-precision material processing and as-
sembly techniques. However, the characteristics of unconventional soft materials, such
as weak resistance to organic solvents, high porosity, and high water content,” limit
the use of fabrication methods that involve chemicals and high-temperature processes.
In this section, we discuss the patterning and assembly techniques that are being
customized to fabricate soft bioelectronic devices using unconventional soft materials.

Photolithography is a representative patterning technique that transfers an original
pattern onto a photomask to a target substrate (Figure 3A)."°° In this approach, a
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light-sensitive polymeric solution, known as the photoresist, is coated onto a target
substrate, in which the photomask is irradiated using UV light. After developing the
photoresist in a basic solution, the material underneath the photoresist can be
patterned using chemical wet etching or physical dry etching.’”" Because photoli-
thography requires the use of various organic solvents and solutions, only materials
with high resistivity to organic solvents, such as ultrathin metallic membranes, can be
used. Despite the limited compatibility of photolithography to selected materials,
the photolithography technique is a powerful method to use for fabricating high-
density electrode arrays. For example, a high-density, 360-channel, flexible active
electrode array has been fabricated using photolithography with an electrode size

and inter-electrode spacing of 300 x 300 pum and 500 pm, respectively.'®

Normally, photolithography cannot be applied to soft materials such as hydrogels due
to their material properties (e.g., high water content, low chemical resistance against
organic solvents). However, through careful manipulation of the chemical characteristics
of the hydrogel and judicious design of the fabrication process, several hydrogels have
been found to be compatible with the photolithography process.'” For example, a mi-
cropatterned electrically conductive hydrogel (ECH) on a fluorinated elastic substrate,
dimethacrylate-functionalized perfluoropolyether (PFPE-DMA), has been created via a
two-step process.”” In the first step, an ion gel was prepared by blending an ionic liquid
(4-(3-butyl-1-imidazolio)-1-butanesulfonic acid triflate) with a conducting polymer (PE-
DOT:PSS). The formation of a gel using an ionic liquid instead of water was crucial for
the patterning because the high water content of most hydrogels prevents their applica-
tion to photolithography. In the second step, after patterning the ion gel on the PFPE-
DMA substrate, the ionic liquid was removed via water exchange to transform the gel
into a patterned ECH, which could work as an electrode for low-voltage neural stimula-
tion. Although photolithography could be successfully used for this particular type of hy-
drogel, most hydrogels cannot satisfy the harsh conditions required for
photolithography.

Laser-cutting techniques provide a way around some of the obstacles associated with
photolithography and employ a well-focused laser to pattern the target material into
the desired geometry (Figure 3B).'%'% Polymeric films, including those with low chem-
ical resistance, can be rapidly sliced, engraved,'® or marked on a large scale without
sacrificing their intrinsic electrical and chemical properties.’”” As an example, Henle
et al. created a micro-ECoG array composed of polydimethylsiloxane (PDMS) and plat-
inum. PDMS is an elastomer that is incompatible with the photolithographic process
because the organic solvents commonly used in photolithography, such as acetone
and 1-propanol, diffuse into the polymeric matrix, causing it to swell.'”® Therefore,
the authors took a laser-based manufacturing route to pattern PDMS into a microelec-
trode array of 2 x 4 electrodes with an inter-electrode distance of 0.95 mm. As the elec-
trode was fabricated using medical-grade soft silicone rubber, long-term subdural im-
plantation into the rat cerebral cortex (up to 18 weeks) was possible.

Although the laser-cutting method is simple, rapid, and applicable to a wide variety
of materials, its spatial resolution is in the range of a few hundreds of micrometers."%?
This resolution is rather poor in comparison with photolithography, which shows a
resolution of ~100 nm with UV light and promises future improvement through
the use of electron beams and X-rays.''® Moreover, the heat generated during the

laser-cutting process can break down the weak internal bonds of soft materials.

Soft lithography is a method that takes advantage of both laser-cutting and photo-
111,112

lithography, such as a wide selection of materials, a high patterning resolution,
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and mild fabrication conditions (Figure 3C).""*""* |ts mechanism relies on the use of

5 or molds''®

replicating stamps that are fabricated by using photolithography or
other high-resolution patterning methods.""”""'® Using this approach, electrodes
can be economically fabricated with high resolution.”'” The serpentine-mesh-shape
AgNWY/SBS nanocomposite'*’ developed by Park et al. described in the previous
section is one such example.”” Because the SBS substrate is easily dissolved in
organic solvents, such as toluene, a soft lithography method that uses pre-fabricated

molds can offer an efficient device fabrication strategy.

Printing techniques, such as screen printing and inkjet printing, can also be used to
fabricate soft bioelectronics. Screen printing is a technique whereby a pre-patterned
screen is used to transfer a patterned ink onto a substrate through the screen. A
blade moves the ink across the screen to fill the open region of the screen. Minev
et al. have utilized the screen-printing method to fabricate a soft neural implant,
the shape and elasticity of which was designed to be similar to that of the dura mater,
a so-called e-dura."" Inkjet printing is another promising fabrication method. For
instance, Adly et al. fabricated a microelectrode array on various substrates using
the inkjet-printing method."?? In this study, feedlines (silver), electrodes (carbon),
and encapsulation layers (polyimide) were printed in a layer-by-layer manner onto
various substrates, such as PDMS, agarose, and gelatin.

3D printing has also been recently used to fabricate complex structures that can mimic
biological conditions.'# 3D printing is an additive process whereby an object is created
by piling up successive layers of materials (Figure 3D). Consequently, 3D printing can
produce complicated shapes using fewer amounts of materials, which is a marked differ-
ence from the previously described methods that rely on cutting bulk-state materials.'**
However, typical solution-phase electronic materials, such as conventional conducting
polymers (e.g., PEDOT:PSS, PPy), are not viscous enough to be used in 3D print-
ing.'?>"?® Yuk et al. tackled this problem by developing a 3D-printable conducting ink
based on PEDOT:PSS."?’ In this work, they developed PEDOT:PSS suspensions with
an appropriate viscosity for 3D printing through the controlled redispersion of lyophi-
lized polymer nanofibrils. The printability of the resulting conducting polymer ink al-
lowed various 3D structures to be fabricated with high resolution (~30 pm) and with a
high aspect ratio (over 20 layers). Furthermore, because 3D printing shares a similar pro-
cessing step with conventional inkjet printing, a 2D soft neural probe capable of
recording local field potentials from a mouse brain was fabricated through continuous
printing. The fabricated neural probe was used to record local field potential (LFP)
and extracellular action potentials in a freely moving mouse.'?’

Although each fabrication technique discussed above has unique characteristics and
advantages, techniques besides photolithography are seldom used commercially.
This is mainly due to the two difficulties; low yield of the processes (quality control
is more difficult than photolithography) and their incompatibility with the commer-
cialized input and/or output instruments. However, bioelectronics fabricated with
soft materials and their uniquely customized fabrication techniques are widely stud-
ied in academic research labs and are providing valuable information discussed in
the following section.

USING SOFT NEUROBIOELECTRONICS FOR ELECTROPHYSIOLOGICAL
RECORDINGS

EEG, ECoG, and ICE are major electrophysiological signal recording techniques (Fig-
ure 4A) that employ electrodes optimized for each technique and that integrate with
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Figure 4. Soft Bioelectronics for Electrophysiological Recordings

(A) Schematic of soft unconventional electronic devices on various recording sites in the brain: EEG sensors located on the scalp, ECoG sensors located
on the dura mater under the skull, and ICE sensors located in the subcortical area.

(B) In this example of an EEG sensor, an ultrathin metal electrode on a highly flexible polymer substrate can make conformal contact with the curvy rough
skin without an electrolytic gel.

(C) Image of a representative EEG sensor made of an ultrathin metal layer on a flexible substrate, including recording (REC), ground (GND), and
reference (REF) electrodes (top left). Optical image of an electrode placed on the auricle (top right). EEG signals recorded using ultrathin EEG sensors
(bottom). Reproduced with permission.w33 Copyright 2015, National Academy of Sciences

(D) Schematic of a conductive polymer that can reduce the electrical mismatch between tissue and device by ion/electron exchange.

(E) Image of the PEDOT:PSS-based ECoG sensor (top: scale bar, 3cm) and its application on the human cortex (bottom). Reproduced with permission?g
Copyright 2018, Wiley-VCH.

(F) Schematic of a composite of a hydrogel and nanomaterials, which minimizes the electrical and chemical mismatch between tissue and the device.
(G) Schematic of the building blocks of the betaVhex/CNT complex (top left) and its hydrogel composite (top right). ICE signals recorded by an
electrode made of the hydrogel composite (bottom). ICE recorded by the hydrogel composite (red) and ICE recorded by the bare hydrogel (gray). The
inset illustrates implantation of the composite into the skull. The open area was covered by PDMS. Reproduced with permission.”> Copyright 2020,
American Chemical Society.

different target tissues depending on the type of the signal recorded,’?® such as on the
scalp for EEG,"?” on or under the dura mater for ECoG, "*° and in the intracortical area for
ICE."®" Each recording method has its advantages and disadvantages in terms of its
signal amplitude, spatiotemporal resolution, and invasiveness. EEG has low amplitude
and low resolution, but its invasiveness is also low. ICE (which includes LFP, intracortical
EEG, and single-unit/multi-unit recordings) has high amplitude and high resolution, but
its invasiveness is also high. ECoG sits in the middle of EEG and ICE in terms of its ampli-
tude, resolution, and invasiveness. When the distance between the electrode and target
neuron increases, the amplitude of the extracellular potential decreases. It is challenging
to filter a signal with low amplitude (e.g., EEG) from its surrounding noise. Therefore, the
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recording methods that are more invasive (such as intracortical recording) can provide
more informative signals with a higher SNR."*?

Soft bioelectronics, fabricated using the aforementioned unconventional soft mate-
rials, have contributed to advances in these electrophysiological recording tech-
niques—particularly for long-term, high-quality neural signal recordings—by
resolving mechanical, chemical, and electrical mismatches between the brain tissue
and the device,** as we discuss below.

An EEG sensor is used to record electrophysiological signals induced by brain activ-
ities on the scalp."*® This on-skin recording method of brain signals has a particular
advantage over other recording methods due to its non-invasiveness. However, in
this technique brain waves are recorded after passing through multiple tissue layers.
Therefore, EEG signals show unspecified low amplitudes (5-300 pV) and low spatio-
temporal resolutions (~10 mm, ~50 ms). To maximize the SNR by minimizing the
impedance, an electrolytic gel is often used.'*® However, this gel typically dries
out after a fixed amount of time and the signal quality deteriorates. As aresult, novel,
soft, skin-mountable recording electrodes that achieve high SNRs without the use of
electrolytic gel have been developed,'?” which provide low impedance and a high

level of comfort (Figure 4B)."38:13%:140

One example of a novel soft electrode is that developed by Norton et al., which has
fractal geometries and consists of ultrathin gold electrodes patterned onto an elas-
tomeric film."** This ultrathin electrode could be conformally mounted onto the
auricle and mastoid bone of a human subject, where long-term, high-fidelity EEG re-
cordings were gathered without the use of electrolytic gels (Figure 4C). The elec-
trode was patterned into the serpentine-shape space-filling curve, resulting in an
effective modulus of ~130 kPa, which enables conformal contact on the skin. All
of the materials used in this system, such as silicon, gold, and polyimide, are biocom-
patible. Keratinocyte cells cultured on this device also showed high cell viability
(70.0%), indicating its low cytotoxicity. Because of the high flexibility and system-
level softness of this device, the reference and ground electrodes could be mounted
onto the curvy auricle of the human ear, enabling the mechanical and electrical noise
of the recording electrode on the skin to be isolated. Moreover, users did not feel
any notable skin irritation or discomfort due to the device's flexibility, softness,
and biocompatibility, which is crucial for achieving long-term recordings with high
comfort. Indeed, volunteers were able to wear the device for more than 2 weeks dur-
ing their daily life, enabling their EEG alpha rhythm to be successfully recorded in the
laboratory during this time. Moreover, the soft, skin-conformal electrode was used
to record steady-state visually evoked potentials (SSVEP) and the P300 wave for
brain-computer interface applications, which enabled the volunteers to type the
word “computer” with high accuracy (84%) using the recorded EEG signals and
the SSVEP-based text speller program.

ECoG monitoring, which measures electrophysiological signals on the dura
mater,'*" requires electrodes that have higher biocompatibility and mechanical soft-
ness than EEG sensors'*? because they directly contact the brain surface.®'%?
Higher spatiotemporal resolutions (~1 mm, ~30 ms), higher amplitudes (10 pV to
mV), and higher SNRs can be obtained from ECoG relative to scalp EEG. In one
example of ECoG monitoring, neural signals recorded on the brain surface were ob-
tained using soft electrodes made of patternable organic materials (Fig-
ure 4D)."**1%4 PEDOT:PSS-based high-SNR ECoG sensors have also been tested
in human cognition studies (n = 3 patients visual/vocal tasks) and in a clinical setting
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(n = 1 patient during an epileptic seizure) (Figure 4E).?” The electrochemical results
show that PEDOT:PSS electrodes had a higher SNR than did conventional platinum
electrodes (an order of magnitude lower, in terms of noise density) across all fre-
quency bands. Also, in recording tests with human subjects, the PEDOT:PSS elec-
trodes produced a higher-quality ECoG signal relative to platinum macrodot elec-
trodes. These results show the possibilities of using PEDOT:PSS electrodes in
clinical settings.

The ICE monitoring technique records intracortical electrophysiological signals that
feature higher SNRs and contain more localized information (spatiotemporal resolu-
tion of ~0.1 mm and 30 ms) than do EEG and/or ECoG signals."**'*¢ Although ICE
recordings have particular benefits, the widespread use of ICE sensors, except in a
clinical setting, is limited due to its invasive nature.'*”"” Moreover, the soft and ion-
rich fluidic characteristics of the intracortical environment make the long-term appli-
cation of conventional, rigid bioelectronics to ICE recordings challenging because of
the mechanical, chemical, and electrical mismatches.*® Additionally, even novel ma-
terials have drawbacks in meeting the strict criteria for ICE sensors. For example, thin
metal films have high conductivity and can be fabricated into high-resolution elec-
trodes'**'*® but are chemically and electrically incompatible with the intracortical
environment.” Moreover, while conductive polymers and hydrogels can be mechan-
ically and chemically compatible with this environment, they show low conductivity.

To address these challenges, two or more materials are sometimes combined to
compensate for the disadvantages of the other in order to minimize mismatches without
sacrificing functional advantages (Figure 4F)."*>*%1% |n one example, Nam et al. fabri-
cated a syringe-injectable ICE electrode with a composite of a supramolecular B-pep-
tide-based hydrogel and a conductive filler of carbon nanotubes (CNTSs) that could me-
chanically and chemically mimic the brain tissue. The resulting betaVhex/CNT/hydrogel
composite shows a low modulus of ~1,500 Pa, which is similar to that of brain tissue and
thus can reduce mechanical damage.”® Normally, ICE electrodes must be stiff enough to
penetrate the brain tissue during their initial insertion into the cortex, but they should
also be soft enough to prevent mechanical damage to the cortex. This causes a serious
dilemma when designing and fabricating ICE sensors. Although the hydrogel composite
is as soft as the brain tissue, the hydrogel composite-based ICE sensor can be implanted
into the targeted area by injection through a syringe. In the study by Nam et al., the
injectable device was implanted into the II/Ill layer of the somatosensory cortex of the
chronic epileptic mouse model. The large surface area of the composite, the ionic inter-
face of the hydrogel, and the high conductivity of the CNT significantly reduced the
impedance of the sensor (Figure 4G), and the electrode provided high-quality ICE re-
cordings. Specifically, the signal intensities of the beta and gamma bands during the
epileptic event were 3-fold and 2.4-fold higher than those obtained by using a normal,
bare hydrogel electrode and a bare electrode, respectively. Although the morphology
of the hydrogel composite electrode was significantly altered due to its flexibility, it was
only slightly degraded due to the high stability of B-peptide, with no interference to ce-
rebral blood flow. Histologically, the hydrogel electrode showed significantly lower in-
flammatory responses after 12 weeks of implantation relative to a conventional metal
electrode.

The choice of a particular soft bioelectronic device ultimately depends on the re-
quirements of its specific application. However, there are some general principles
to observe, as follows. EEG sensors need to be soft for conformal contact and to
have low impedance to achieve a high SNR. ECoG sensors need to have high reso-
lution (thus the materials used to create them need to be compatible with high-
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resolution patterning) and should be soft and non-toxic to minimize chronic immune
responses. ICE sensors must be very small (submillimeter scale for animals) to reduce
mechanical damage, non-toxic to minimize immune responses, and chemically inert
to minimize material degradation. Additional considerations should be made ac-
cording to specific research targets and requirements. The aforementioned
recording techniques have been combined with modulation technologies to deliver
electric current, and/or optical stimulation and chemical drug delivery, to constitute
integrated monitoring and feedback modulation systems. Some of these represen-
tative therapeutic trials are introduced in the next section.

OPPORTUNITIES FOR TREATING NEUROLOGICAL DISEASE WITH
NOVEL SOFT BIOELECTRONICS

Although conventional electrotherapies and/or chemotherapies have contributed
significantly to the treatment of various neural diseases, such as Parkinson's disease,
epilepsy, chronic pain, and brain tumors, there is still room to improve on the ther-
apeutic efficacy of these treatments, which newly emerging soft bioelectronic ap-
proaches aim to achieve (Figure 5A)."“? For example, soft bioelectronic approaches
can provide more effective electrical stimulations than can conventional rigid de-
vices owing to lowered contact impedance, enhanced charge-injection capacity,
and suppressed generation of insulative scar tissues.'*%">" Additionally, unconven-
tional materials used in advanced soft chemotherapeutic electronics can release
drugs directly into a target region in a controllable, programmable, and localized
manner, while reducing mechanical tissue damage and the side effects of conven-
tional chemotherapies (Figure 5A).

Unconventional soft bioelectronics has shown promise for use in advanced electrother-
apies, which can play an important role in the regulation or enhancement of specific neu-
ral activities via electrical stimulation. For example, a soft neural interfacing device that
mimics the shape and mechanical property of the dura mater has been reported (Fig-
ure 5B)."?" The soft silicone substrate of this implant, named e-dura, was developed
to minimize mechanical mismatch between the device and brain tissue while maintaining
stable electrical conductivities using stretchable gold interconnects. The soft electrodes
coated with the platinum-silicone composite also contributed to minimizing chemical
and electrical mismatches. In their study, Minev et al. demonstrated the potential of
e-dura as a biocompatible, long-term electrical stimulator for rat spinal cord, by
comparing its long-term biocompatibility with that of conventional flexible neural signal
recording electrodes made of a thin metal film on a polyimide substrate. Although the
soft e-dura material was much thicker (~100 pm) than the thin polyimide-based elec-
trode (~25 pm), the deformation of spinal neural tissue after 6 weeks of e-dura implan-
tation in a healthy rat was much smaller relative to that produced by the polyimide-based
electrode, without notable differences from the controls (sham-treated spine), due to the
mechanical softness of the e-dura. These researchers also implanted an e-dura into
lumbosacral segments of a rat with permanent paralysis of both legs due to spinal in-
juries. The electrical stimulation provided by the e-dura enabled the paralyzed rat to
walk and mediated reliable therapeutic effects during 6 weeks of the rehabilitation
period. In a later study, the e-dura was combined with a computed protocol that repro-
duced natural motor neuron activation during locomotion. The electrode design and the
spatiotemporal stimulation pattern were determined after monitoring spatiotemporal
activation patterns in healthy rats. The spatiotemporal neuromodulation provided via
e-dura improved the overall locomotion quality, including weight-bearing capacity
(25%-60%) and locomotion duration (40%—270%) in paralyzed adult rats in comparison

with those provided with continuous modulation.'*®
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Figure 5. Soft Bioelectronics for Electrical and Chemical Therapy

Schematics showing examples of the therapeutic applications of soft bioelectronics.

(A) Soft unconventional materials can support electrotherapy via ion/electron exchange and chemotherapy by enabling local drug delivery. The soft
drug-delivery channel (gray layer) can deliver drugs directly to target cells, bypassing the blood-brain barrier (BBB) (shaded brown), which prevents
drug molecules from infiltrating the extracellular fluids.

(B) Schematic of the e-dura implanted into the lumbosacral segments of a model animal that has permanent paralysis of both legs due to spinal injuries.
Reproduced with permission.'”' Copyright 2015, AAAS.

(C) Schematic of the micropatterned electrically conductive hydrogels (MECH) implanted into the sciatic nerve of a mouse to enable peripheral nerve
stimulations (top). Microscopic image showing MECH electronics mounted on the sciatic nerve and its cross-sectional image (bottom). Reproduced
with permission.*” Copyright 2019, Springer Nature.

(D) PEDOT:PSS-based electronics that can precisely deliver drugs to reduce pain (left). Schematic illustration describing drug-delivery device
implanted in the spine (right). Reproduced with permission.’®? Copyright 2015, AAAS.

(E) Photographs of the battery-free, injectable optical (left) and chemical (right) brain stimulator on the brain phantom (i.e., artificial brain tissue made of
0.6% agarose gel). Reproduced with permission.'*® Copyright 2019, National Academy of Sciences

(F) Optical image (top) and schematic illustration (bottom) of the flexible, biodegradable, and sticky wireless drug-delivery device used to treat brain
tumors. Reproduced with permission.’> Copyright 2019, Springer Nature.

Soft bioelectronic devices can also be implanted on the peripheral nerve to perform
neuromodulation.’*® For example, a conductive-hydrogel-based microelectronic,
which was fabricated by mixing conductive polymer (PEDOT:PSS) with the hydrogel
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matrix, has been used to provide low-voltage neuromodulation (Figure 5C).* Owing
to the low electrical impedance (~1 kQ), this microelectronic device exhibited high
current-injection density (~30 times higher than platinum electrode), high conduc-
tivity (~50 S ecm™"), and stable electrical performance even under external strain.
When implanted on the sciatic nerve of anesthetized mice, the electrodes delivered
a high excitation current density of 10 mA cm ™2 at a low voltage of 50 mV for neuro-
modulation. The implanted electrodes maintained intimate contact with the sciatic
nerves—even during the repetitive leg movement of the subject animal—due to
their low Young's modulus (~30 kPa) and high elasticity. Furthermore, the microelec-
trodes could deliver localized stimulations to the peripheral nerve bundles and could
control precise toe movements by adjusting the stimulation frequency.

The use of electrical stimulation for diagnosis and real-time feedback therapy is of
clinical relevance not only for the nervous system but also for other organs that

are controlled by electrophysiological signals, such as the heart,’*'*’ stomach,'>®

57 and endocrine organs.’®%'*® For example, an epicardial mesh based

muscle,
on a nanocomposite composed of highly conductive AgNWs and an elastomer
(SBS) has been fabricated.®® When implanted in a rat heart, this epicardial mesh
can detect abnormal electrical activities, such as ventricular tachycardia and ventric-
ular fibrillation, in a freely moving rat.>® Furthermore, its electrical conductivity was
sufficiently high to deliver a synchronized electrical stimulation to the ventricles of a
rat with myocardial infarction.?” These results show that epicardial mesh electronics
can thus modulate a diseased heart, including heartbeat control and defibrillation,

without interfering with normal cardiac contraction.

Chemotherapies have long been used in the clinic to treat various neural dis-
eases.'®’ However, the typical administration routes available for these therapies,
including oral administration or intravenous injection, often fail to deliver the desired
amount of a drug to the target brain sites, principally because they deliver a drug to
the entire circulation system and the drugs fail to cross the blood-brain barrier (BBB).
In addition, drugs that spread non-specifically to other organs can cause side ef-
fects.'®” To avoid these issues, many researchers have attempted to develop local
drug-delivery systems (DDS) with which to control chemotherapy doses at the
desired site while minimizing side effects.’®®"* However, conventional DDS tend
to have rigid properties and thus are mechanically mismatched with brain tis-
sues.'®>1%° As an alternative, soft bioelectronics can provide effective, controllable,
and long-term chemotherapy to neural tissues.'®’ Moreover, intracranial soft DDS
enable drugs to be delivered directly to extracellular fluids, thus bypassing the

BBB and increasing drug efficacy.'®®

In another example, an implantable, organic bioelectronic device that locally de-
livers therapeutics in an electrically controlled manner has been used to treat chronic
pain (Figure 5D)."*? This PEDOT:PSS-based implantable device under applied elec-
trical current delivers therapeutics to a neuropathic pain model. When voltage is
applied to an electrode, the PEDOT:PSS electrode is oxidized and, thus, the PE-
DOT:PSS counter electrode is reduced. When the electrodes are overoxidized a
salt bridge forms through the cation-selective channel, enabling the unidirectional
electrophoretic transport of cations (therapeutics) out of the reservoir. The device
tip was 1.2 mm wide, 40 mm in length, and 0.2 mm thick, which is suitable for spinal
cord implantation. To test this device, it was implanted onto the spinal cord of rats
with nerve injury, and inhibitory neurotransmitter y-aminobutyric acid (GABA) was
locally delivered. A significant decrease in pain was observed at a low dosage but
without side effects. The positive control group with GABA™ delivery showed
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improved withdrawal thresholds (~140 mN) while the negative control group with
H* delivery showed low withdrawal thresholds (~40 mN), which verifies the device's
therapeutic effects. The high mechanical compatibility of the soft device with the
surrounding tissue minimized potential side effects. This result shows the potential
for using a soft and implantable spinal DDS to control chronic pain.

In another example, a battery-free injectable microsystem was developed that can
deliver both chemical drugs and optogenetic stimulations to the brain (Figure 5E)."**
This system consists of a soft microfluidic channel and a light-emitting probe, which
was implanted into the brain and connected to a miniaturized exterior unit that in-
cludes a control circuit, a power-harvesting coil, and a drug reservoir. The DDS
was made of PDMS and had a cross-sectional area of 0.035 mm?, which is much
smaller than that of conventional 26-gauge metal cannulas (0.166 mm?). The device
could deliver the drug solution through the microfluidic channel at a rate of ~2 pL
min~" up to a volume of 3.92 mm?3. The system could also manipulate neural activity
in the deep brain (ventral tegmental area of brainstem and hippocampus) of freely
moving mice in a locomotor activity test. The design of this device also offered
the possibility of separate or concomitant pharmacological and optogenetic manip-
ulations in a region-specific, spatially overlapping, and minimally invasive manner.
The soft characteristics of the device also minimized the mechanical mismatch be-
tween the implant and the tissue, and reduced lesion and immunoreactive glial re-
sponses were observed even after long-term implantation (lesion size of ~8 x 10*
um?), relative to that seen for conventional metal cannulas (lesion size of ~20 x
10* pm?).

Recently, a flexible, sticky, and biodegradable wireless device made with ultrathin
metal, integrated with a polymer drug reservoir for treating brain tumors, has
been reported (Figure 5F)."% The two sides of this device, a bioresorbable elec-
tronic patch, have different surface properties: one side consists of a flexible, hydro-
philic oxidized starch patch and the other side consists of a hydrophobic encapsula-
tion. The hydrophilic side shows conformal adhesion to the target brain tissue and
allows local drug delivery while the hydrophobic layer exposed to the cerebrospinal
fluid minimizes unwanted drug leakage to the fluid. Upon wireless mild-thermic actu-
ation by the external magnetic field, the drugs loaded in the patch are intracranially
released with an enhanced drug-diffusion length. The device exhibited a hydrolytic
biodegradation period of 10 weeks in the canine brain in vivo. The softness of the
patch minimized mechanical damage to the brain tissue, thereby preventing neuro-
logical side effects. The effectiveness of the device was also confirmed in mouse sub-
cutaneous and canine brain glioblastoma models in vivo. In each model, tumors
were successfully suppressed (p = 0.0048) and survival rates improved (p = 0.013)
significantly, compared with the control wafer, whose composition is similar to
that of the commercialized Gliadel Wafer, within the observation period of 70 days.

SUMMARY AND FUTURE DIRECTIONS

Soft bioelectronics based on unconventional materials, customized fabrication pro-
cesses, and novel device designs have brought significant advances to neuroscience
and neuroengineering. Key strategies adopted in the development of this area of
bioelectronics have focused on reducing the mechanical, chemical, and electrical
mismatches between biotic and abiotic systems, and have been successfully used
to create recording electrodes and electrical/chemical stimulators that can target
the nervous system. These soft devices have also been shown to perform their desig-
nated functions inside the nervous system over long time periods without causing
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serious mechanical and/or biological damage to implanted tissue. As a sign of their
promise, these strategies have been adopted by several leading companies, such as
Neuronexus technologies,”’g Neuralink,'’? and Neurolux,"”" to develop soft forms
of bioelectronic devices. However, several hurdles remain to be overcome before
fully realizing the commercialization and clinical translation of these devices.

First, the uniform, reliable, and reproducible performance of soft bioelectronics be-
tween devices must be guaranteed. Unlike conventional silicon/metal-based
electronics, the mass-fabrication of soft bioelectronics and packaging process with
uniform quality and performance remains quite difficult to achieve due to the uncon-
ventional soft and fluidic characteristics of the materials and fabrication processes
customized for such materials.

Second, the fabrication of devices with smaller feature sizes and higher resolutions
remains challenging. Current fabrication techniques, such as the microelectrome-
chanical system technique, might not be fully compatible with the fabrication of
high-density bioelectronics based on soft materials. Further development of high-
resolution patterning is needed for the fabrication of such high-density soft
bioelectronics.

Third, while smaller electrodes that offer higher resolution enable localized mea-
surements of neural signals, their small dimensions can cause their soft materials
to rapidly degrade in vivo and might decrease the lifetime of the device. Technical
advances are thus needed to produce encapsulation materials that have low fluid
permeability and high resistivity, but which can maintain mechanical softness.

Fourth, we require a convenient but safe technique to implant devices with a high spatial
resolution. The implant must be sufficiently stiff to support easy handling and accurate
placement in the targeted region. Paradoxically, the implant must also be soft enough
to prevent tissue damage once implanted. Many research groups have reported new
strategies to deal with this paradox, but more sophisticated modulus control techniques
and surgical implantation techniques are required.

Fifth, soft devices must be fully biocompatible, highly stable, and non-toxic.
Although soft materials have been shown to be highly biocompatible, inflammatory
reactions to foreign materials and device biodegradation inside the body remain
ongoing issues. Several strategies, such as delivering anti-inflammatory molecules
and developing stable and safe encapsulation, offer possible ways to overcome
these issues.

Sixth, the size of the bioelectronics must be scaled up from an animal-scale device to
a human-scale device. Also, the human-scale device needs to satisfy higher func-
tional thresholds. Because functional effectiveness and biocompatibility might be
different between animals and humans, the materials, fabrication processes, and
application protocols must be reset for clinical translation. Collaborative work be-
tween engineers and clinicians will help to reduce the gap between engineering stra-
tegies and medical requirements.

Finally, further integration of individual device components, including sensors,
actuators, drug-delivery units, light-emitting devices, power supply, and data trans-
mission, is needed. Devices for recording and therapy are useful alone, but an inte-
grated system can be more beneficial in terms of building a closed-loop system.
With such an integrated system, real-time monitoring and controlled feedback
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treatment in a wireless manner can be achieved. The soft nature of such a system will
allow for both long-term biocompatibility and reliability.

We hope that this review of the approaches being used to develop novel unconven-

tional materials and soft bioelectronic devices will provide a platform that inspires

further innovations. Such research, its development, and its applications could

indeed change the current clinical paradigm for treating neurological disorders

and disease.
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