PROGRESS REPORT

'.) Check for updates

ADVANCED
MATERIALS

www.advmat.de

3D Interfacing between Soft Electronic Tools

and Complex Biological Tissues
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Recent developments in soft functional materials have created opportunities
for building bioelectronic devices with tissue-like mechanical properties.
Their integration with the human body could enable advanced sensing

and stimulation for medical diagnosis and therapies. However, most of

the available soft electronics are constructed as planar sheets, which are
difficult to interface with the target organs and tissues that have complex
3D structures. Here, the recent approaches are highlighted to building 3D
interfaces between soft electronic tools and complex biological organs and
tissues. Examples involve mesh devices for conformal contact, imaging-
guided fabrication of organ-specific electronics, miniaturized probes for
neurointerfaces, instrumented scaffold for tissue engineering, and many
other soft 3D systems. They represent diverse routes for reconciling the
interfacial mismatches between electronic tools and biological tissues. The
remaining challenges include device scaling to approach the complexity of
target organs, biological data acquisition and processing, 3D manufacturing

Essential to these tissue-like electronic
devices are the constituent soft materials
and their fabrication techniques. Polymers
and composites provide intrinsic toler-
ance to strain?l Inorganic nanostruc-
tures impart high electronic properties
without compromising the deformability
at the device level.Bl Methods adapted
from microelectronic manufacturing pro-
vide available routes for patterning and
integration of these materials into hybrid
systems. However, as exemplified Dby
wafer-based thin-film deposition, photoli-
thography, and etching, the typical fabrica-
tion processes are designed primarily for
planar devices. Consequently, electronics
involving soft constituents mostly remain
with 2D features, with a typical form

techniques, etc., providing a range of opportunities for scientific research and

technological innovation.

1. Introduction

The past decade witnessed a rapid development of soft elec-
tronic devices with mechanical characteristics approaching
those of soft biological tissues.ll Unlike traditional electronics
based on rigid semiconductor chips and circuit boards, these
soft devices possess Young’s moduli at the levels ranging from
kPa to GPa, with a reversible elongation of up to 100%. They
could minimize the mechanical mismatch at the biotic—abiotic
interface, enabling a variety of sensors and stimulators for
continuous health monitoring, interventional therapies, fun-
damental physiological investigation, tissue engineering, and
many other applications.
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resembling a plastic sheet. These devices
are capable of integration over a small area
on the human body with low topographic
variation. For instance, small electronic
patches are usually laminated on the forearm for the measure-
ment of temperature, pulse wave, bioelectricity and/or blood
oxygenation, providing medical utilities.[!

However, the human body involves many important organs
with structural complexity far beyond the intrinsic features of
electronic sheets. For instance, the brain involves billions of neu-
rons interconnected in the highly folded cerebral cortex, which
cannot be accurately mapped with only a planar device. More-
over, the neuronal activities take place not only on the surface
but also in the deep layers of the brain, creating difficulties for
brain-machine interfacing. The heart involves four muscular
chambers with highly dynamic structures. The electromechan-
ical coupling in a complex 3D fashion makes cardiac electronic
interfaces challenging. Although the stiffness and elasticity of
soft electronics could match those of the natural tissues, their
physical embodiment as 2D sheets may hinder advanced integra-
tion on the brain, the heart, and other sophisticated 3D organs.

In this Progress Report, we highlight some of the recent
strategies on transforming soft electronic tools for building 3D
biointerfaces. We start with a brief overview on soft electronic
materials. The materials toolbox enables various deformation
mechanisms, which is essential for 3D architecture of soft
devices. The discussion expands on a range of 3D electronic
systems for biomedical applications. For devices integrated
on the contoured organ surfaces, mesh structures and those
inspired by kirigami are useful for creating conformal contact.
When guided by 3D imaging and modeling of the target organs,
devices could be fabricated with specific features matching
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those in the natural physiology. For interpenetrating neuroint-
erfaces, device miniaturization is essential for the management
of foreign body responses and for probing bioelectricity at the
single-neuron level. Furthermore, electronics-embedded cell
culture could enable advanced platform for biological research
and tissue engineering technology. The examples discussed in
the following sections represent diverse routes for building 3D
interfaces between soft electronics and biological tissues, sug-
gesting many exciting opportunities for biomedical research.

2. The Toolbox of Soft Electronic Materials

The materials approach to soft electronics involves a wide range
of inorganic and organic components. As exemplified by single
crystalline silicon (Si), inorganic electronic materials possess out-
standing electronic properties with mature fabrication techniques.
However, due to their intrinsic rigidity and brittleness, their uti-
lization in soft electronics would require additional structural
design that accommodates deformation at the device level. Here,
nanostructures involving nanoparticle (NP) assembly, nanomem-
branes (NMs), and nanowires (NWs) are particularly useful for
this purpose. On the other hand, recently emerged polymeric
electronic materials could be intrinsically strain-tolerant. They
could serve as many key components for devices that undergo
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mechanical deformation. Furthermore, composites incorporating
multiple materials could provide additional options for building
soft functional devices. Many of these materials are discussed in
detail in other review articles.>>° Here we highlight some of the
latest examples with an emphasis on their mechanical characteris-
tics, which is essential for building 3D biointerfaces.

2.1. Inorganic Nanomaterials

Inorganic NMs are extensively used for soft electronics due to
their favorable bending characteristics.”! It is noted that the flex-
ural rigidity of a membrane is proportional to the third power
of its thickness. Reducing the thickness from =1 mm to =10 nm
could lead to a reduction in flexural rigidity by 15 orders of
magnitude, transforming rigid semiconductor wafers into flex-
ible NMs. Furthermore, NM structures could help to minimize
the strain upon bending and the energy release rate associated
with delamination from substrates, which prevent mechanical
failure of electronic devices. Inorganic NMs can be pattered into
a network of ribbons or serpentine traces, imparting modes for
in-plane stretching and/or out-of-plane buckling. For instance,
Si NMs can be harvested from silicon-on-insulator (SOI) wafers
and transfer-printed onto prestretched soft elastomer substrates
(Figure 1a).8] Upon release of the prestrain, ribbons of Si NMs

Figure 1. Inorganic nanomaterials for soft bioelectronics. a) Complex 3D structures formed from controlled buckling of Si membranes with serpentine
patterns, selectively bonded to a biaxially stretched elastomer substrate. Scale bars: 400 mm. Reproduced with permission. Copyright 2015, American
Association for the Advancement of Science. b) Reconfigurable graphene structures. Left: folding and crumpling of a large graphene sheet induced by a
micromanipulator. Right: 3D deformation of kirigami-patterned graphene sheet and its comparison with a paper model. Scale bars: 10 um. Reproduced
with permission.I'”] Copyright 2015, Springer Nature. c) Elongation of a Si NW (diameter, =86 nm) characterized in situ with SEM. Reproduced with
permission.l?’l Copyright 2016, American Association for the Advancement of Science. d) Transmission electron microscopy (TEM) images of Au NPs
dispersed in elastomer matrix, showing that the Au NPs self-organize into chains upon stretching. Reproduced with permission.?%l Copyright 2013,
Springer Nature.
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could spontaneously assemble into 3D structures due to com-
pressive buckling. Importantly, the strain in the single crystal-
line Si can be maintained within 1% during the reconfiguration,
which is below the threshold of mechanical cracking. 3D archi-
tecture involving waves,”l island-bridges,'” serpentines,!!
helices,®l and many other complex structures can be made with
various inorganic NMs with excellent electronic properties.t!
They not only accommodate the large macroscopic deforma-
tion without compromising electronic functions, but also pro-
vide physical interfaces with organs and tissues involving 3D
topography.

Utilization of graphene and other 2D nanomaterials in soft
electronics also takes advantage of the favorable behaviors of
NMs. Their atomic-level thickness imparts outstanding flex-
ibility along with optical transparency. Although the intrinsic
stretchability of graphene is around 6%,? incorporating a
pattern of slits could greatly enhance its tolerance to tension.
For instance, graphene bonded to an elastomer substrate could
retain good conductance even with 30% of tensile strain.!*!4
In these structures, microcracks formed at the initial stage
of stretching could accommodate the subsequent tension
without causing disintegration of the conduction pathway. In
another configuration, patterns inspired by paper-cutting art,
or referred to as kirigami, could enable excellent deformability
in a well-controlled manner. When parallel and alternating cuts
are patterned into a freestanding graphene sheet, a reversible
stretchability of up to 240% could be achieved (Figure 1b).[]
The deformation scheme and strain distribution with kirigami
could be modeled with established theories in continuum
mechanics, providing useful design guidelines. In addition,
graphene layers assembled in other modes, including those
resembling ripples!® or fish scales,”] are also explored for
building soft electronics. Other 2D nanomaterials including
molybdenum disulfide (MoS,;) and hexagonal boron nitride
(hBN) were also explored for building soft bioelectronics./81]

1D nanostructures, as exemplified by Si NWs, carbon nano-
tubes (CNTs) and metallic NWs, are popular candidates for
building soft electronic sensors.?% Their nanoscale diameters
(=1-50 nm) provide structural flexibility in a similar fashion to
those of NMs.!l In addition to the geometric scaling, intrinsic
effects associated with the surfaces and defects in NWs also con-
tribute to their high deformability.??l Bending experiments on
Si NWs showed a high fracture strength (=18 GPa) approaching
the theoretical strength of =20 GPa, as compared with typical
values of =1.5 GPa for bulk samples.?>? In situ tensile tests
in a scanning electron microscope (SEM) revealed that Si
NWs can withstand 10% of cyclic tensile strains without frac-
ture (Figure 1c), which is far beyond the ultimate tensile strain
of bulk Si (=1%).% For applications in biosensing, the high
surface-to-volume ratios of NWs afford excellent sensitivity to
chemical species adsorbed on their surfaces. Furthermore, the
dimensions of 1D nanomaterials are comparable with some of
the subcellular structures, enabling advanced probes for cellular
physiology. Biomedical applications related to these features of
1D nanostructures will be discussed in further sections.

Assembly of inorganic NPs could also enable electronic
devices with high deformability. For instance, gold (Au)
NPs with a diameter of =10 nm possess high mobility when
dispersed in polyurethane (PU) matrix. Upon mechanical
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stretching, these NPs can self-organize into conductive chains
guided by the deformation of the soft PU (Figure 1d).1*°l Based
on this phenomenon, highly stretchable conductors are made
possible with a reversible stretchability of over 100%. In addi-
tion, semiconductor NPs, or referred to as quantum dots, are
also useful for soft electronics. They are typically constructed as
flexible optoelectronic components, serving as the light source
or display for biointegrated systems.[?’]

2.2. Polymeric and Composite Materials

Electroactive polymers have been widely used in soft electronics.
The intrinsic deformability of organic polymers arises from the
folding and reconfiguration of their macromolecular chains. Pol-
ymers involving 7m-conjugated backbones often exhibit electrical
conductivity due to the delocalization of electrons. Tuning of
their electronic properties could be achieved with intrinsic mole-
cular design and/or extrinsic doping approaches.l?¥l Typical
conducting polymers involve poly(3,4-ethylenedioxythiophene):p
oly(styrene sulfonate) (PEDOT:PSS), polypyrole (PPy) and poly-
aniline (PANI). Poly(3-hexylthiophene) (P3HT) and diketopyr-
rolopyrrole-based (DPP-based) polymers represent some of the
semiconducting polymers. Unlike the inorganic microelectronic
materials relying on high-temperature and/or high-vacuum pro-
cesses, many polymeric electronic materials can be prepared with
simple, solution-based methods, suggesting possibilities for large
scale production with relatively low cost.?”) However, a trade-
off exists between the electronic performance of conducting/
semiconducting polymers and their mechanical deformability,
partly due to the rigidity and crystalline order of conjugated
networks.?*3U Adding nonionic, fluorinated surfactants into
PEDOT:PSS would increase its ductility from 5% to 40%, but
with the cost of a reduction of conductivity by a few orders of
magnitude.?? Other approaches based on block copolymers or
side chains would usually lead to similar phenomena.>**4 Recent
strategies exploit careful molecular designs to enhance the chain
dynamics of conducting polymers with minimal impact on their
electronic properties. For instance, PEDOT:PSS added with some
ionic compounds could retain a conductivity of 4100 S cm™
under 100% tensile strain, as compared to 3100 S c¢cm™ for
unstretched samples.’”) DPP-based polymers inserted with
nonconjugated, hydrogen-bond-forming moieties could recon-
figure under tensile strains without interrupting effective charge
transport (Figure 2a,b).13%) Their reformable hydrogen bonding
would also allow healing of microscopic defects. Blending semi-
conducting poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)
diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]thiophen)
(DPPT-TT) with polystyrene-block-poly(ethylene-ran-butylene)-
block-polystyrene (SEBS) elastomer would lead to nanoconfine-
ment effects associated with phase separation (Figure 2c).1’’!
The aggregated DPPT-TT forms percolating nanofibril network,
providing stable electronic characteristics even under 100% of
elongation applied to the elastomeric composites. In addition,
embedding P3HT nanofibers into elastomer matrices would also
enable stretchable polymeric semiconductors.¥ These and other
organic electronic materials are available for integration in arrays
of soft sensors or transistors,*! providing utilities for bioelec-
tronic interfaces.

© 2020 Wiley-VCH GmbH
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Figure 2. Polymeric and composite materials for soft bioelectronics. a) Chemical structure of a stretchable and healable semiconducting polymer. The
“X" denotes nonconjugated, hydrogen-bond-forming moieties inserted into the DPP-based backbone, as exemplified by 2,6-pyridine dicarboxamide
(PDCA). b) Schematic illustration of the stretching-induced structural reconfiguration of the polymer shown in (a). Reproduced with permission.l
Copyright 2016, Springer Nature. c) A schematic of the percolating network consisting of semiconducting polymer nanofibrils formed in the elastomer
matrix, which could be used for building stretchable and wearable transistors. Reproduced with permission.l’l Copyright 2017, American Association for
the Advancement of Science. d) A schematic illustration of printable elastic conductor involving Ag NPs formed in-situ in the elastomer matrix, derived
from the dispersed, micrometer-sized Ag flakes. e) Photographs of stretchable and fully printed sensor networks based on the composites shown in (d).
Scale bar: 2 cm. Reproduced with permission.*l Copyright 2017, Springer Nature. f) A photograph of Galinstan dispersed in silicone elastomer matrix.
Reproduced with permission.’% Copyright 2015, Wiley-VCH. g) A photograph of stretchable electrical circuit based on ionically conductive hydrogels
embedded in silicone elastomer matrix. Reproduced with permission.l Copyright 2016, Springer Nature.

Composites involving inorganic conductors dispersed in
elastomeric matrices represent another useful route for cre-
ating soft electronics.2*! Inorganic fillers such as CNTs,*!
metallic NWs,2l or NPs™I could form percolating network
for effective charge transport. Soft matrices involving polydi-
methylsiloxane (PDMS),* polyurethane (PU),12% poly(styrene-
butadiene-styrene) (SBS)*! or other elastomers could withstand
large deformation without structural disintegration. The design
of composites could benefit from the large library of existing
materials with available processing methods. Recent research
demonstrated printable elastic conductors based on silver (Ag)
NPs formed in situ during the fabrication steps (Figure 2d,e).1l
These Ag NPs with diameters of =10 nm are derived from low-
cost, micrometer-sized Ag flakes dispersed in fluorinated elas-
tomers. Their formation could be controlled with tuning of
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surfactants and heating conditions. This soft conductor could
retain a conductivity of 935 S cm™! under 400% elongation, as
compared with =6168 S cm™ for unstretched state. 1D nano-
structures could form 3D percolated networks more easily than
particles with low aspect ratio. While the typical percolation
threshold for spherical particles is =20%,? fillings based on
CNT or Ag NW could form percolated networks even with a low
volume fraction of =1%.1] Furthermore, percolated networks of
1D or 2D nanostructures possess a lower sensitivity to macro-
scopic deformation as compared with network of particles with
low aspect ratio.>*] This feature indicates selection rules for
strain sensing components or strain-invariant interconnects for
soft electronics.

Room-temperature liquid metals gain attention as con-
stituents for soft electronic composites. Eutectic alloys based

© 2020 Wiley-VCH GmbH
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on gallium-indium (EGaln) or gallium-indium-tin (Galin-
stan) are popular candidates due to their low vapor pressure
and biocompatibility.*¥ These Ga-based alloys can form an
oxide layer on their surface upon contact with air, providing
mechanical stability for patterned structures. Liquid metals
are highly reconfigurable. Galinstan droplets dispersed in
PDMS (Figure 2f) can form patterns of conductive traces upon
selective physical compression.’% Self-healing devices could
also benefit from the fluidity of liquid metals.’"! Formation
of electronic sensors or actuators usually exploits elastomer
matrix for the packaging of liquid metal structures, providing
required structural support and elasticity. These devices could
be stretched by over 700% without mechanical failure, limited
only by the elasticity of polymeric matrix.’?

Although hydrogels are traditionally used as electro-passive
biomaterials, recent research has exploited its utilities as soft
bioelectronic components.’>>4 Their electrical conductivity
could be realized by incorporating ionsl> or network of con-
ducting polymersl®® or nanocarbonsP”! to their highly porous
structures. The advantages of hydrogel-based electronics
involve their intrinsic similarity to soft biological tissues.
Their low stiffness, high water content, and dynamic mechan-
ical behavior could help to minimize adverse physiological
responses upon integration with the living body.*®! Prevention
of dehydration of hydrogels could be achieved with selective
encapsulation with silicone elastomers (Figure 2g) or other
dense materials.[’)

3. Bioelectronics Integrated on 3D Organ Surfaces

As exemplified by the brain and the heart, human organs
involve complex 3D surfaces. Most of these surfaces are non-
developable, which exhibit non-zero Gaussian curvatures and
cannot be flattened onto a plane without distortion. At the
meanwhile, mapping of a planar device to these nondevel-
opable surfaces would require anisotropic and nonuniform
deformation of the original planar features. Although math-
ematical guidelines involving differential geometry of soft bio-
electronics remain elusive, many engineering designs have led
to devices that can accommodate the required deformation.
In most of the cases, reducing modulus of the constituent

www.advmat.de

material and thickness of the structure could facilitate 3D
deformation with lowered strain energy. Designs involving
stretchable mesh and/or kirigami could further minimize the
energetic costs for the conformation to organ surfaces. When
guided by 3D imaging and printing techniques, devices can
be manufactured with specific features matching those of the
natural organs. The following discussion highlights some of
the recent designs for conformal integration with 3D organ
surfaces.

3.1. Mesh Devices and Structures Inspired by Kirigami

Mesh structures could afford conformal integration on con-
toured surfaces. A research on brain-laminated electrodes
provides useful mechanical insights to organ-integrated mesh
devices.[% Tt is noted that contact between a planar-fabricated
device and an organ surface is determined by an energetic com-
petition between interfacial adhesion and elastic strain. There-
fore, conformation to a curved surface is possible only if the
strain energy from the deformation of the planar features is
smaller than the adhesion energy. A simplified model involves
wrapping of a device with a bending stiffness of EI, modulus
of E, thickness of h, width of b and length of 2L onto a cylinder
with a radius of R (Figure 3a). For a wrapped state that is ener-
getically favorable,

_El B’
2R’h  24R*

Y27 )
where 7y is the adhesion energy per unit area. With a given
mode of interfacial adhesion, minimizing the thickness of the
device (h) and the elastic moduli (E) of the constituent mate-
rials is essential for conformal wrapping (Figure 3b). Further-
more, for the integration on nondevelopable surfaces, mesh
designs could reduce the energetic costs and the membrane
strains as compared with continuous films (Figure 3c). A
theoretical model involves a comparison between a circular
strip and a circular sheet to be wrapped onto a spherical sur-
face, indicating the mechanical advantages of mesh designs.
In an optimized configuration, a mesh of 30 metallic elec-
trodes with a thickness of =2.5 pm could integrate with the
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Figure 3. Mechanics of conformal devices. a) A model involving a polyimide sheet to be wrapped on a cylindrical surface. b) The state of wrapping as
a function of the thickness of the device and the radius of the cylinder shown in (a). c) Images of representative devices placed on a glass hemisphere,
showing the effects of the device thickness and the mesh design. Reproduced with permission.®9l Copyright 2010, Springer Nature.
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Figure 4. Meshes and kirigami devices for organ-conformal integration. a) Mesh electrodes integrated on the retina of a living mouse after 14 days of
implantation. Reproduced with permission.®'l Copyright 2018, American Association for the Advancement of Science. b) Left: A SEM image of fractal
serpentines laminated on a skin replica. Scale bar: 500 um. Reproduced with permission.[%3 Copyright 2014, Springer Nature. Right: An array of serpen-
tine mesh electrodes integrated over the full scalp of a patient. Reproduced with permission.”°l Copyright 2019, Springer Nature. c) Top: A photograph
of a representative kirigami structure. Reproduced with permission.’2l Copyright 2015, Springer Nature. Bottom: A schematic of kirigami-patterned
electrodes array integrated on the surface of mouse brain. Reproduced with permission.’®l Copyright 2018, Wiley-VCH. d) Electrodes based on gold
nanomeshes integrated on the fingertip. Scale bars: top: 1 mm, bottom: 5 um. Reproduced with permission.’”l Copyright 2017, Springer Nature.

sophisticated contours of animal cortex, driven merely by cap-
illary forces. They enable mapping of neuronal activities with
high spatial resolution and data fidelity. A more recent work
demonstrated an array of electrodes integrated on the retina
of living animals.[®] This mesh device could conform to the
concaved surface of retina and retain a stable contact for over
14 d in awake mice (Figure 4a). It enables chronic recording
of electrophysiology at single-neuron levels, providing pow-
erful means for the study of neural circuitry. In addition to the
designs based on square lattices, meshes involving hexagonal
patterns are also considered for conformal bioelectronics.[626%]
In these devices, the hexagonal network could provide some
degree of stretchability even with straight and nonwavy struc-
tural elements.

Incorporating serpentine patterns in mesh designs could
further enhance their conformability to organ surfaces.

Adv. Mater. 2021, 33, 2004425
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In addition to their low effective stiffness, these spring-like
patterns could accommodate large in-plane elongation without
causing detrimental strains to the constituent materials.%¥
Their deformability is further enhanced with modes for out-
of-plane buckling and nonhomogeneous strain distribution
upon mechanical loading.'!l Fractal designs involving hier-
archical and self-similar patterns could increase areal filling
of the serpentines without compromising high structural
deformability.°®! Indeed, the mechanical behaviors of serpen-
tine-based meshes could be modeled with established theo-
ries in continuum mechanics, allowing for optimized designs
for various applications.®! For instance, a metallic, filamen-
tary serpentine network supported by soft elastomer mem-
brane could exhibit an effective modulus of =150 kPa, which
is similar to the intrinsic modulus of the human skin.[*”%8l
Electronics based on this design could be laminated onto the

© 2020 Wiley-VCH GmbH
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skin in a mechanically imperceptible manner. As predicted
by theoretical modeling, the energy release rate for delami-
nation diminishes as the thickness of these soft membranes
drops to micrometer levels. Furthermore, filamentary serpen-
tine meshes could be directly printed onto the skin without
soft elastomer backing (Figure 4b).°>% Such devices could
conform to the microscale contour of the skin, providing
mechanically stable and low-impedance interfaces for sensing
and stimulation. In a recent demonstration, large electrode
arrays were fabricated on 8 in. wafers and integrated over the
full scalp of human subjects (Figure 4b).” This system could
serve as a brain-machine interface for prosthetic control and
cognitive monitoring. In addition to epidermal electronic sys-
tems, serpentine meshes could also enable conformal devices
for internal organs. For instance, a multifunctional electronic
mesh could be integrated on the epicardium driven by cap-
illary forces.” However, the weak interfacial interaction in
this setting might not be ideal for fully implanted systems
that undergo prolonged use. Additional organ-specific designs
would be necessary, which will be discussed in the next
section.

Engineering structures inspired by paper-cutting art, or
referred to as kirigami, have attracted wide attention recently.
A most simple configuration of kirigami involves parallel and
alternating cuts introduced into a solid film (Figure 4c).’%
These cuts could transform an originally unstretchable film
into highly reconfigurable membrane, with deformation
mechanisms similar to those for serpentine meshes. They also
impart anisotropic mechanical behaviors in a well-controlled
manner. The free combination of available materials and cut-
ting patterns affords almost limitless designs for engineering
applications.’>” An advantage of kirigami is that it provides
high areal coverage without compromising structural deform-
ability. Integration of large-area kirigami to dynamic and curved
surfaces is facilitated with multiple mechanisms, including
shear-lag effect, partial debonding, and inhomogeneous defor-
mation of the substrate.””] In a recent research, an array of
metallic thin-film electrodes was fabricated on a kirigami-
patterned parylene sheet.’®! This device exhibits an effective
modulus of =23 kPa and a reversible elongation of =470%. It
is capable of conformal integration on the cortex or epicardium
for physiological sensing and stimulation (Figure 4c).

Nanoscale mesh structures are recently explored for
building Dbioelectronic interfaces. For instance, polyvinyl
alcohol (PVA) nanofibers with a diameter of 300-500 nm
could be generated by electrospinning. These water-dissolv-
able nanofibers serve as a template for the creation of vacuum-
deposited Au nanomeshes, which could be laminated on the
fingertip.””! Upon dissolution of PVA, the layer of Au nano-
meshes spontaneously conforms to the microscale contour
of the skin (Figure 4d), serving as bioelectrodes and/or strain
sensors. Compared to traditional electronic skin-patches,
these lightweight and “breathable” nanomeshes allow vapor
and moisture to escape, leading to minimal degree of dis-
comfort or risk of inflammation. Although these nanomesh
electrodes could accommodate some strains, they are prone to
fracture when subject to elongation over =20% or mechanical
rubbing. Application for long-term use may require additional
designs for improved structural robustness. On the other
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hand, nanomeshes could couple with mesoscale structures
such as serpentines or kirigami. The multiscale mesh designs
could enable further enhancement of 3D conformability and
fine tuning of the device mechanics."8!

3.2. Approaches to Organ-Specific Electronics

Typical soft electronics are constructed in a “one-size-fits-all”
fashion. However, the lack of custom designs might hinder
their practical applications on specific organs. For instance,
a generic serpentine mesh could cover a small area of epi-
cardium with capillary forces.”!! However, it is difficult to
integrate over the full surface of the heart that undergo
dynamic deformation. In addition, its structural fragility
and weak interfacial adhesion do not afford long-term use
under complex mechanical loading and immersion in bio-
fluids. Addressing these challenges would require attention
to organ-specific designs. A recent work exploits 3D imaging
and 3D printing methods for the exact matching between
soft electronics and cardiac structures (Figure 5a)."%) In this
scheme, a proportionally scaled model of the real heart serves
as a 3D template for creating custom devices. Although
planar-fabricated serpentine meshes were involved for the
electronic components, the overall geometry and mechan-
ical characteristics of the device were determined by a soft
elastomer membrane casted against the 3D-printed model.
After removal from the model, this electronics-embedded 3D
membrane could be wrapped around the entire epicardium
for robust bioelectronic interface. With careful mechanical
designs, the elastic forces from the membrane afford stable
contact during cardiac cycles. On the other hand, the exerted
pressure is sufficiently small and do not interfere with the
natural motion of the cardiac structures. These instrumented
membranes enable large-area mapping of electrical activa-
tion, temperature, strain, and pH with high spatiotemporal
resolution (Figure 5b). They could further allow optical stim-
ulation and delivery of precision electrotherapy to the heart
in a feedback-controlled manner.® To access the internal
surfaces of organs, similar designs could be applied to instru-
mented balloon catheters. Their reconfiguration affords both
minimally invasive intervention and expansion to match the
geometry of complex cavities.!

The combination of 3D imaging and 3D printing tech-
niques could enable conformal electronics directly fabricated
on curved surfaces. Advanced inks with tunable viscosity allow
for direct writing of functional materials in 3D.[233 Electro-
hydrodynamic (EHD) lithography could generate nanoscale
features on contours.®*#] When combined with 3D imaging
modalities, these and other techniques for direct writing could
enable custom fabrication of organ-conformal electronics. For
instance, an integrated close-loop system could fabricate elec-
tronic circuits on free-moving human hands (Figure 5¢).®% In
this setup, the 3D geometry and the motion of the hand are
tracked with an optical scanner and computer vision. Printing
of electrical connects and placing of miniaturized chips can be
controlled with real-time inputs of geometrical information of
the moving hand. Furthermore, for soft tissues undergoing
complex expansion and contraction, machine learning could
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Figure 5. Design and fabrication of organ-specific electronics. a) Top: The fabrication process for a heart-specific electronic membrane.
Bottom: Photographs of 3D electronic membranes integrated across the entire surface of a rabbit heart. b) Activation mapping of a Langendorff-
perfused rabbit heart from both anterior and posterior surfaces, measured with a 3D electronic membrane. Reproduced with permission.”?l Copyright
2014, Springer Nature. c¢) Schematics of a close-loop system for custom fabrication of skin-conformal electronics. It involves 3D imaging, motion
tracking and 3D printing of functional components. Reproduced with permission.8¥ Copyright 2018, Wiley-VCH.

be applied to obtain accurate surface information via dynamic
point-cloud analysis.®”] These automated systems enable rapid
and custom fabrication of conformal devices, suggesting routes
to advanced wearable technologies.

4. Interpenetrating 3D Biointerfaces

Interrogating brain activities represents one of the major moti-
vations for developing advanced bioelectronics. However, the
cerebral neural network involves only on the surface of the
cortex but also the deep layers of the brain. Surface mounted
devices are not able to characterize the full 3D picture involving
both low-frequency local field potential (LFP) and high-fre-
quency action potential of neurons.®¥ Therefore, invasive
probes are often required. After implantation, these probes
occupy the original space of functional tissues, causing forced
rearrangement of the neurons and glial cells. Furthermore,
they disrupt the blood-brain-barrier (BBB) and form device—
tissue interfaces that are prone to chemical degradation, rela-
tive motion and unwanted injury/immune responses, which
severely compromise the device functionality.®**% To mitigate
these impacts, minimizing the feature size and the bending
stiffness of brain probes is crucial. Chemical modifications to
the devices could also help to modulate tissue responses.’!l In
addition, multiplexed devices could help to resolve the spati-
otemporal patterns of LFP and cellular activities, and to deliver
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targeted stimulation. Recent efforts were devoted to addressing
these issues, leading to neural probes with increasing levels of
functionality and compatibility with the natural tissues. These
devices could enable interpenetrating neuroelectronic inter-
faces, complementing functional magnetic resonance imaging
(ftMRI), calcium or voltage indicators, surface-mounted elec-
trodes and other techniques for advanced neuroscience.

4.1. Miniaturized Probes with Integrated Bioelectronics

Since its first demonstration in 1957, microwire electrodes have
been extensively adopted for probing neural activities.’? In
addition to their minimal invasiveness, it is believed that elec-
trodes with diameters below 10 um are desirable for resolving
unitary spikes from individual neurons. A recent work demon-
strated advanced composite microwires for chronic recording
of brain activities on living rats (Figure 6a).”’l These devices
involve 7 um diameter carbon fibers coated with =800 nm of
parylene-N via chemical vapor deposition (CVD). A =200 nm
thick layer of poly(ethylene glycol) methacrylate (PEGMA) was
polymerized on the surface of the fibers to prevent nonspe-
cific adsorption of plasma proteins. Nanotextured PEDOT:PSS
was electrochemically deposited on the tip of the carbon fiber,
serving as low-impedance electrochemical interface. These
flexible probes afford stable in vivo recording of single-neuron
activities for over 5 weeks upon implantation. As compared
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Figure 6. Miniaturized neural probes. a) Composite microwire electrodes implanted into the cortex of a rat. Scale bar: 100 um. Reproduced with permis-
sion.1¥] Copyright 2012, Springer Nature. b) An array of polymer-based, Michigan-type probes involving 64 electrodes. Such array could be deployed in
groups allowing for up to 1024 electrodes implanted in a rat brain. Reproduced with permission.92 Copyright 2019, Elsevier Inc. c) A CMOS-based Si
probe involving 960 neural electrodes. The insets show neural activities recorded on day 58 after implantation. Reproduced with permission.%!l Copy-
right 2017, Springer Nature. d) An optofluidic neural probe for programed in vivo pharmacology and optogenetics. The insets show a comparison of a
representative device (top) with a conventional metal cannula (bottom). Scale bars, 1 mm. Reproduced with permission.['°® Copyright 2015, Elsevier Inc.

with millimeter-scale shaft electrodes, these composite microw-
ires significantly reduce the levels of acute injury and subse-
quent foreign body responses, leading to chronically stable
bioelectronic interfaces. Microwire electrodes can be bundled
up to allow multichannel recordings.®***] However, high den-
sity mapping is difficult to achieve with typical microwires
partly due to the limitations in their fabrication techniques.
Furthermore, charge injection capacity and electrochemical cor-
rosion might restrict their application in chronic stimulation.!

Manufacturing technologies for Si-based microelectronics
enabled multiplexed probes for high-density neural recording.
A Michigan-type device involves a narrow shank with elec-
trodes distributed along the length of the probe.””! A Utah-type
device exploits a bulk-micromachined array of Si needles, with
the tips serving as the recording sites.®! Although they are not
as deformable as recently developed soft devices, these classic
tools have enabled extensive studies on neuroscience and neu-
roprosthetics.’>1% A recent system, referred to as Neuropixels,
involves 960 electrodes integrated on a Michigan-type probe,
suitable for chronic in vivo measurement of brain activities
(Figure 6¢).°0 These high-density electrodes are driven by com-
plementary metal-oxide-semiconductor (CMOS) components
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fabricated on the shank, with the voltage signals filtered, ampli-
fied and digitized on the base of the device. This 10 mm long
probe could interface with multiple structures of the brain
along the depth of penetration, generating distinguishable
signals from over 700 individual neurons of an awake mouse.
In addition, Michigan-type probes could be tessellated in the
transverse directions to generate a hybrid array (Figure 6b).1%%
Such array integrates 1024 electrodes for neural recording in a
3D fashion. Although Si-based probes are useful, the increasing
number of electrodes might lead to invasiveness to the brain
tissues, high electrochemical impedance or burden for thermal
management.'3-1%] The rigid Si structures can be replaced
with soft polymers for a tissue-compliant interface, 17 but
the tradeoff mentioned above may still exist.

Physiological research involving optogenetics could benefit
from multifunctional neural probes. In addition to electrical
sensing and stimulation, these probes deliver optical pulses
to the genetically modified targets, enabling precise control of
neuronal activities.””l For instance, a thermally drawn multi-
material fiber could integrate six electrodes, one optical wave-
guide and two microfluidic channels.'%¥! It allows delivery of
viral vectors carrying opsin genes while providing collocated
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neural recordings and optical stimulation. This multifunctional
probe enables an integrated system for optogenetic experiments
on the animal brains, with only one-step implantation. Another
type of probe exploits microscale light emitting diodes (1-LEDs)
directly implanted into the brain (Figure 6d).1%! These u-LEDs
are supported by soft polymeric substrates that can be injected
into the brain structures. Multimodal sensors for temperature,
bioelectricity and strain, as well as microfluidic channels, can
be fabricated on the optoelectronic probe for physiological
monitoring and drug delivery.19>110-12] T addition, this design
could transform into cuff probes for integration with peripheral
nerves.!'®l These probes connect to miniaturized wireless mod-
ules, allowing for full operation on free-moving animals.

4.2. Injectable Mesh Electronics

Unlike the traditional neural probes, mesh devices could
interrogate a volume of brain structures without excessive
disruption of the natural tissues. Their flexibility and porosity
enable adaptive and interpenetrating tissue—electronics inter-
faces, leading to lower degree of foreign body responses and
relative motion as compared with traditional probes. Recent
efforts were devoted to injectable mesh electronics for chroni-
cally stable brain-machine interfaces.""™!] A typical configu-
ration involves thin-film metallic electrodes insulated with
soft polymers, and microfabricated into an open network.
The mesh device could fit in a glass capillary with a diam-
eter of =100 um (Figure 7a).l'® Upon syringe-injection into
the brain, the mesh unfolds spontaneously and integrate with
the 3D structures of neural tissues (Figure 7b). Connection
to external hardware could be accomplished after the injec-
tion, as the base of the mesh remains outside of the brain tis-
sues.6-18] An alternative design exploits surface tension of
water for folding an input/output(l/O)-connected mesh into a
microcylinder. After freezing, this freestanding cylinder could
be directly inserted into the brain without using a syringe,
avoiding the separate process for I/O connection."? Injec-
tion of the mesh electronics could be controlled by stereotaxic
instrument, allowing for targeting to specific brain struc-
tures.[®V1201 Although the mesh devices are compliant to the
neural tissues, managing the acute injuries from the insertion
might require extensive attention.

A recent research demonstrated mesh electronics with the
size and mechanics approaching those of natural neurons.!'?!l
This device, referred to as neuron-like electronics (NeuE),
involves 16 electrodes constructed in an open network. The
feature size of the device (1-20 um) is similar to those of
the soma and neurite of typical pyramidal neuron (Figure 7c).
The ultrathin polymer structures (=1 um) afford a low bending
stiffness (=0.087 nN m™') comparable to those of axons. After
implantation, the NeuE forms interpenetrating interfaces with
the neurons, with less than 0.3% of the volume occupied by
the device (Figure 7d). In contrast to traditional probes, the
NeuE does not lead to an obvious depletion of neurons or pro-
liferation of astrocytes in the vicinity, indicating a minimal
level of injury or foreign body response. These implanted
electrodes maintain fixed positions relative to the surrounding
tissue, affording stable recording of the same set of individual
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neurons for over 90 d on living mice. The NeuE could charac-
terize 3D patterns of the neural signals with micrometer-scale
resolution, providing useful information for functional map-
ping of the brain. Furthermore, as indicated by both electrical
recordings and histology, the NeuE could promote migration
of newborn neurons into the open network. This phenom-
enon suggests further possibilities of modulating cell behav-
iors in vivo.

5. 3D Soft Electronics for Advanced Cell
and Tissue Culture

The previous discussion was mainly focused on 3D soft elec-
tronics designed for in vivo applications. On the other hand, in
vitro studies involving cell and tissue culture are indispensable
for biomedical research. These experiments provide a simpli-
fied and well-controlled environment for fundamental investi-
gation of biological processes and development of therapeutic
strategies. Electronic devices compatible with cell and tissue
culture could enable real-time monitoring and/or targeted
stimulation, providing an advanced toolbox for physiological
research. This section will highlight some of the recent devices
for creating 3D adaptive interfaces with isolated cells and tis-
sues. The emerging strategies for soft electronics have enabled
systems with functionalities far beyond their traditional coun-
terparts. Examples involve scalable probes for intracellular
recordings and instrumented scaffolds for synthetic tissues,
among many other applications.

5.1. Emerging Tools for Intracellular Recordings

Probing physiological signals from the intracellular space rep-
resent an area of major interest. For instance, the full elec-
trophysiological repertoire of a neuron involves subthreshold
synaptic potentials, membrane oscillations, and action poten-
tials, which is difficult to capture without accessing both sides
of the cell membrane.'??l The LFP measured by typical extra-
cellular electrodes misses significant details of the cellular
activities, with the peaks representing only partial components
from the action potential. Traditional intracellular recordings
rely on patch-clamp experiments.'2}l Although useful, this
method requires sophisticated manipulation and it is diffi-
cult to scale up for long-term measurement or simultaneous
recording on multiple cells. Recent development in 3D nan-
odevices has led to many advanced systems with capabilities
beyond those of patch-clamp setup. For instance, electrodes
constructed as vertical nanopillars could spontaneously form
a tight interface with the cell membrane (Figure 8a,b).l124l
Their access to the intracellular space could be achieved by
membrane fusion,l?>12%1 endocytosis,"?’! electroporation, 28!
optoacoustic effects,['?l or other techniques. Many of these
methods lead to reversible changes in the cell membrane with
minimal impact on the natural cellular physiology. The subse-
quent intracellular measurement could capture fine details of
the electrophysiological processes, which is in a steep contrast
with recordings from the extracellular space (Figure 8c).3% In
addition, localized stimulation to individual cells is possible
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Figure 7. Injectable mesh devices for interpenetrating neuroelectronic interfaces. a) An optical image of mesh electronics fitted into a glass needle
(inner diameter 95 um) and ready for injection. b) Schematics of the injection process for a mesh probe. Reproduced with permission.["*l Copyright
2015, Springer Nature. ¢) Schematics of NeuE interfacing with natural neurons, showing their structural similarity at subcellular levels. Neurons: green;
electrodes and interconnects: yellow; polymer layers: red. d) 3D reconstructed fluorescent images showing the interpenetrating interface between
neurons (green) and NeuE (red) at 6 weeks postimplantation. The electrodes are highlighted with white dashed circles. Scale bars: left: 200 um,
right: 50 um. Reproduced with permission.'?!l Copyright 2019, Springer Nature.

with these culture-embedded nanopillar electrodes, enabling
studies of electromechanical coupling of cardiomyocytes
(Figure 8c) or many other experiments.

Si-based device technologies could facilitate the creation of
advanced 3D cell-electronics interfaces. Nanowires or nanopil-
lars can be fabricated with techniques ranging from top-down
approaches involving reactive ion etching (RIE)!?Y and focused
ion beam (FIB) milling,1261%] to bottom-up methods involving
vapor-liquid-solid (VLS) growth!?® and electroplating.3!
These fabrication methods afford diverse routes for building
3D electronic tools embedded in the cell culture. Furthermore,
Si-based integrated circuits could enable high-density arrays of
intracellular electrodes for measuring hundreds of cells.[129130
Such platforms allow for network-level mapping, providing key
capabilities for both fundamental research and pharmacological
screening. In addition to the direct electrical interfaces, Si-based
devices could interact with cells in many other domains. For
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instance, bending of flexible Si NWs could enable measure-
ment of cellular mechanics.*?l Photovoltaic effects in coaxial
p-type/intrinsic/n-type Si NWs could be utilized for stimulating
neurons via electrochemical reactions.!33]

Although many of the intracellular tools mentioned above
are constructed on rigid platforms, their fundamental con-
cepts provide inspirations for creating 3D probes with soft
mechanical behaviors. For instance, Si NWs could be bent
into a U-shape and deterministically assembled on soft poly-
meric substrates.*¥ After fabrication into field-effect transis-
tors (FETS), these NW devices could be released form the rigid
handling wafer, forming freestanding probes (Figure 8d). The
high surface-to-volume ratio of NWs and their operation as
FETs afford excellent sensitivity to voltage signals. Interactions
with the cell membrane can be controlled with the tip geom-
etry and sensor size, along with the chemical modifications to
NWs. These freestanding probes enable active tracking of cells
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Figure 8. 3D nanoelectronics for intracellular recordings. a) An SEM image of vertical nanoelectrodes based on Si. False coloring shows metal-coated
tips. Scale bar: T um. b) A SEM image of a rat cortical cell on top of vertical nanoelectrodes. The inset shows the membrane-electrode junction. Scale
bars: 2.5 um. Reproduced with permission.['?l Copyright 2012, Springer Nature. c) Top: comparison of extracellular and intracellular signals from a
cardiomyocyte, measured by an array of vertical nanoelectrodes. Bottom: stimulation of a cardiomyocyte using vertical nanoelectrodes, with synchro-
nized cell movement analyzed from video differentials. Reproduced with permission. Copyright 2017, Springer Nature. d) A SEM image of an array
of U-shaped NW-FET probes. Scale bar: 10 um. Reproduced with permission.[3¥l Copyright 2016, American Chemical Society. ) Schematics of simul-
taneous multisite intracellular recording using scalable NW-FET probes. (i) Multisite intracellular recording from a single cell. (i) Multiplexed intracel-
lular recording from different cells; (iii) Simultaneous intracellular/extracellular recording from one cell. Reproduced with permission.[* Copyright

2019, Springer Nature.

and recording of up to 100 mV of intracellular action poten-
tials. Furthermore, these NW-FET sensors can be constructed
in a scalable manner. Arrays of these probes can be configured
for modes of multiplexed recording (Figure 8e).'**! They pro-
vide advanced means for studying dynamics of single cells, cell
networks and functional tissues.

5.2. Electronic Scaffold for Synthetic Tissues

Engineering functional tissues in vitro is essential for regenera-
tive medicine, disease modeling, pharmaceutical biotechnology,
and many other applications. Traditional methods for tissue
engineering rely on electropassive biomaterials.*® Their limited
capability in spatiotemporal sensing and stimulation creates dif-
ficulties for precise control of tissue formation. Recently emerged
electronic meshes are showing their promises for addressing
this challenge. Their advantages for tissue engineering involve:
i) structural flexibility to match the mechanics and topog-
raphy of soft tissues, ii) capabilities in large-area mapping and
stimulation, and iii) high porosity to support tissue assembly
and nutrient transport. For instance, a porous electronic mesh
involving 64 FET sensors could be embedded in a cardiac tissue
culture.™! Construction of 3D interface is achieved with manual
folding and stacking of the electronic mesh. This scaffold ena-
bles real-time measurement of propagation of action poten-
tial at the tissue level, providing an advanced alternative to the
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traditional fluorescent experiment.® Furthermore, nanofibers
could be incorporated into the scaffold to mimic the extracellular
matrix, providing a robust interface between cells and electronic
devices (Figure 9a,b).1** Nanofiber-based scaffold is adaptive
to the motion of cardiomyocytes, allowing for stable recording
for over 96 h."0l In addition, electronic scaffolds could be con-
structed with multiple functions (Figure 9a).!3% Integrated com-
ponents for electrical sensing, stimulation, cell attachment, drug
release and other utilities enable controlled interactions with the
tissue in many domains.

Soft electronic scaffolds could enable dynamic 3D tissues
via self-folding. Mechanisms involving extrinsic forces or
intrinsic stresses allow for a variety of reconfigurable 3D struc-
tures.”#1¥!] For instance, controlled buckling of NMs could lead
to a complex 3D architecture at micro-/mesoscale (Figure 1a).
Electronics fabricated with such architecture could be used
to guide the formation of cardiac or nervous tissues.*>!]
An advantage of this 3D platform is that it allows structural
reconfiguration via applied strains. Tissues could be cultured
in one configuration and transform into another via active
structural modulation. This feature will facilitate studies on
the dynamics of electrogenic tissue network. Another example
involves electronics-embedded organoids (Figure 9c).* In
this scheme, the process of organogenesis is coupled with the
adaptation of a stretchable electronic mesh. The cell—cell attrac-
tion forces lead to self-folding of a composite tissue-electronics
sheet. After 3 to 20 d of coculturing, a stem-cell-derived cardiac
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Figure 9. Electronic scaffolds for synthetic tissues. a) Schematics of a multifunctional electronic mesh capable of cell attachment, in situ sensing/
stimulation, and controlled release of drugs. Reproduced with permission. Copyright 2016, Springer Nature. b) A photograph of a cardiomyocyte cell
culture with embedded nano-mesh electronics. Scale bar: 1 cm. Reproduced with permission.% Copyright 2018, Springer Nature. c) An optical image
of an electronics-integrated cardiac organoid. The inset shows a magnified view of the stretchable electronic mesh. Reproduced with permission.[*4l

Copyright 2019, American Chemical Society.

organoid could form with an integrated electronic network. The
embedded sensors enable continuous monitoring of electro-
physiological signals during the process of organogenesis, pro-
viding powerful means for physiological research.

Recent advances in 3D bioprinting allow for custom fabri-
cation of tissue-electronics complex. For instance, a flexible
antenna could be co-printed with chondrocyte-seeded hydro-
gels, forming an “bionic ear.”™] Tactile sensors could be
3D fabricated within prostate tissue models.® Integrating
impedance-based chemical sensors in cartilage tissues leads
to an “hybrid nose.”™! Although promising, these 3D-printed
prototypes have yet to demonstrate sophisticated bioelectronic
interactions. Further development on functional inks and high-
resolution bioprinting might help to address this limitation.

6. Summary and Outlook

The examples discussed above represent diverse strategies for
building 3D interfaces between soft electronics and complex
biological organs and tissues. These designs provide advanced
means for obtaining important physiological information and
for delivering targeted stimulation. With these 3D electronic
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interfaces, a range of experiments for biological research or
therapeutic innovation become possible, otherwise difficult to
accomplish with traditional tools. Development in soft mate-
rials and their fabrication techniques will continue to expand
the design toolbox for advanced 3D bioelectronics, creating
opportunities for biomedical applications.

Some of the key challenges may require further attention.
First, the functionality of existing soft electronics has yet to
match the complexity of natural tissues. For instance, the brain
involves billions of neurons interconnected in sophisticated net-
works, which cannot be fully deciphered with devices involving
only =100 electrodes. This limitation is partly related to the
fabrication capabilities available to typical biomedical research
labs. Fortunately, the modern microelectronics industry has
established processes for large-scale integration of high-density
microdevices. Collaboration with industrial platforms would
facilitate the creation of systems with number/density of the
sensors far beyond those of the existing prototypes.® Incor-
porating high-density semiconductor electronics for signal
amplification and/or multiplexing would be essential for these
sophisticated devices.'""3% In addition, solutions for energy
and wireless communication for these biointegrated systems
might require further attention.#21>0
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The second challenge involves data interpretation for
the emerging modes of measurement. Established analytic
methods were mostly designed for the traditional biomedical
tools, which might not be ideal for the data generated from
3D mapping with advanced soft bioelectronics. In addition, as
the number of sensors scales up, the volume of information
could exceed the capacity of traditional analytic protocols. The
emerging techniques in artificial intelligence might help to
address this challenge. For instance, algorithms for pattern rec-
ognition could analyze recordings from 548 sensors integrated
on a tactile glove.™ With a brief process of machine learning,
it becomes possible to recognize the signature of human grasp
and to perceive the weights and dimensions of various objects.

The third challenge is related to standardized fabrication.
Most of the existing 3D soft bioelectronics involves manual
assembly of the devices. Although their functionalities are well-
demonstrated, developing commercial products would require
scalable methods for manufacturing. Recently emerged tech-
niques for 3D fabrication suggest a couple of useful routes.'>
For instance, pneumatically inflated elastomeric balloons could
be used as stamps for transferring microdevices on curved sur-
faces.> This method may enable automated manufacturing
of organ-conformal electronics. In addition, 3D printing tech-
niques could couple with dynamic morphing of the printed
structures.> The hybrid method, referred to as 4D printing,
involves mathematical analyses for the precise assembly of
3D structures with nonuniform Gaussian curvatures. This
approach may help to fabricate adaptive soft devices in a scal-
able manner. These and other manufacturing techniques could
facilitate the development of commercial soft bioelectronics,
providing further capabilities for standardized experiment and
clinical translation.
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