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Abstract

Biocompatible materials and structures with three-dimensional (3D) architec-

tures establish an ideal platform for the integration of living cells and tissues,

serving as desirable interfaces between biotic and abiotic systems. While con-

ventional 3D bioscaffolds provide a mechanical support for biomatters, emerg-

ing developments of micro-, nano-, and mesoscale electronic and photonic

devices offer new paradigms in analyzing and interrogating biosystems. In this

review, we summarize recent advances in the development of 3D functional

biointerfaces, with a particular focus on electrically and optically active mate-

rials, devices, and structures. We first give an overview of representative

methods for manufacturing 3D biointegrated structures, such as chemical syn-

thesis, microfabrication, mechanical assembly, and 3D printing. Subsequently,

exemplary 3D nano-, micro-, and mesostructures based on various materials,

including semiconductors, metals, and polymers are presented. Finally, we

highlight the latest progress on versatile applications of such active 3D struc-

tures in the biomedical field, like cell culturing, biosignal sensing/modulation,

and tissue regeneration. We believe future 3D micro-, nano-, and

mesostructures that incorporate electrical and/or optical functionalities will

not only profoundly advance the fundamental studies in biological sciences,

but also create enormous opportunities for medical diagnostics and therapies.
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1 | INTRODUCTION

Biological science that studies life and living organisms
has become one of the emerging disciplines and is pro-
gressively actuated by its medical potential for resolving
health issues and improving health care.1,2 Investigations
into the enormous biosystems, including their physical

conformations, biochemical interactions, internal physio-
logical mechanisms, and so on, not only provide opportu-
nities to thoroughly understand lives from the scientific
perspective, but also offer paths to novel technologies for
biomedical diagnostics and therapies. Biointerfaces,
which are defined as the interfaces between biological
systems and synthetic materials,3,4 act as an
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interdisciplinary area to explore biological science and
clinical applications. In past decades, micro-, nano-, and
mesoscale structural biointerfaces have been designed
and formed by transforming synthetic materials into vari-
ous geometries, including zero-dimensional (0D),5-7 one-
dimensional (1D),8-10 two-dimensional (2D),11-13 and
three-dimensional (3D) configurations.14-17 Due to their
cellular and subcellular size, low-dimensional (0D, 1D,
and 2D) materials and structures present particular phys-
ical and chemical characters pertinent to biological sys-
tems, promoting their usages for revolutionary biological
studies as functional biointerfaces.18 For example, a
recent work made an overview of 0D luminescent
nanoparticles for tracking single molecules as well as
imaging subcellular structures in living systems in real
time.19 In another thrust, photoelectrochemical modula-
tions for neurons via freestanding silicon (Si) 1D nano-
wires were demonstrated.20 Undoubtedly, strategies for
biological manipulations based on these low-dimensional
biointerfaces are promising for both fundamental and
clinical applications. Nevertheless, biological systems,
including molecules, cells, tissues, and organs, are natu-
rally delicate, irregular, and inhomogeneous with com-
plex anisotropic 3D structures embraced in stereoscopic
environments. Consequently, low-dimensional bio-
interfaces with simple structures are incapable of fully
fulfilling realistic requirements for high-fidelity compre-
hension of the biological systems within in vitro and/or
in vivo conditions. To adapt to the sophisticated 3D
biological matters and overcome the deficiencies of low-
dimensional structures, hierarchically configured 3D bio-
interfaces are actively exploited for ideal biointegration
within in vitro and/or in vivo conditions.

In fact, biological scaffolds together with engineered
3D biointerfaces have been extensively studied and
applied for tissue regeneration and remodeling engineer-
ing.21 A representative example is the utilization of 3D
bioscaffolds for bone tissue regeneration engineering.22

During this regenerative process, 3D biointerfaces
between the scaffolds and bone tissues play a pivotal role
for cell attachment, proliferation, induced differentiation,
and tissues regeneration with designate-oriented assem-
bly.23 Depending on targeted applications, these conven-
tional 3D scaffolds can be based on certain metals
(titanium alloys, stainless steels, etc.), synthetic polymers
(polylactides, polycaprolactone, etc.), hydrogels, and
hybrid materials.24 With proper structural and mechani-
cal properties, these scaffolds are able to resemble real
tissues and provide topographic support for living cells in
biosystems, exhibiting reasonable biocompatibility and
even biodegradability. However, these scaffolds are lim-
ited to construct effective extracellular matrix (ECM)
microenvironment and to meet clinical requirements.

For this case, growth factors (physiologic polypeptides)
are generically employed to improve bioactivity of the
scaffolds via biomimetic ECM rebuilding.25 Noteworthily,
this incorporation creates vast complexity in practice
and, even worse, causes functional decline of scaffolds
because of the short-term, indirect biochemical interac-
tion with cells. Obviously, high-performance scaffolds are
needed to furnish with bioactive cues to communicate
with biosystems from their inherent mechanisms and
connotation. It is clear that physical signals, especially
electrical signals, are also the basis of biological activity
and action, as well as the realization of fundamental
functions of biosystems, ranging from molecules to whole
organs.26

Physical biology built upon physical principles and
methods imparts radical insight into the role of electrical
biointerfaces to straightforwardly discover the underlying
transduction mechanisms in the biological world. For
example, electrophysiological techniques perform elec-
tronic sensing by converting biological signals (ions) into
current or voltage, which have been widely utilized not
only for cellular research (such as ion channel proteins)
in laboratories, but also for disease treatment (such as
heart arrhythmia) in clinical practice. Up to date,
advanced electronics (typically miniaturized, physically
transient, and soft 3D electronics) along with the formed
electrical activated biointerfaces have been deeply devel-
oped as multifunctional platforms for a broad spectrum
of application areas, reaching nearly every class of the
hierarchical biosystems, including molecular detection
and sensing,27 cellular recording and stimulation,28 and
tissue regeneration and modulation.29 In addition to elec-
trical biointerfaces, optical biointerfaces resulting in
physiological functions by photons known as biological
fluorescence in early stage are also of growing interest
owing to their potential applications in fields as diverse
as molecular visually tracking,19 neuroscience
investigations,30 and photodynamic therapy (PDT).31 A
breakthrough on optical biointerfaces is the advent of
optogenetics that modulates neural activities with high
spatiotemporal resolutions by expressing light-sensitive
actuators and leads to precise causal manipulation of
neural circuits,32,33 concerning on neurological problems
like Parkinson's disease, epilepsy, and blindness due to
neuronal loss.34,35 Taken together, compared to conven-
tional biochemical interface, either electrical or optical
biointerfaces exhibit distinguished features of reliable,
controllable, versatile, multiscale, and substantial bio-
physical interactions at high spatiotemporal resolutions,
which open up opportunities for their biological applica-
tions, notably extending to human beings.

In this review, we focus on the recent new phenom-
ena and developments of the state-of-the-art
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nonconventional 3D multifunctional biointerfaces that
are electrically and/or optically active. Discussions begin
with diverse techniques as approaches to 3D manufactur-
ing in advanced functional materials. Subsequently, we
emphatically illustrate various types of biocompatible,
multipurpose materials (semiconductors, carbon-based
materials, metals, organic polymers, and hybrid mate-
rials, as summarized in Table 1) that display unique
physical properties. Then, we highlight the 3D
multifunctional biointerfaces, principally regarding
bioelectronics and biophotonics interfaces for some lead-
ing biological applications such as cell culture, signal
recording, behavior regulation, and therapy. Finally, we
describe the challenges and opportunities, and conclude
by outlining perspectives on future research.

2 | METHODS

2.1 | Vapor-based deposition

Semiconductors display a wide range of controllable
physical properties such as doping level, geometry, and
composition, and thus could lead to tunable electrical
and optical performance, which allows them to become
versatile platforms for different biological applications. In
the case of building functional semiconductors with com-
plicated 3D geometries, vapor-liquid-solid (VLS) or
vapor-solid (VS) methods have attracted significant atten-
tions due to its simplicity and versatility. An up-to-date
overview of research concerning VLS and VS is provided
in details by Guniat et al.36

The VLS growth mechanism for semiconductor nano-
wires was first demonstrated in the work by Wagner and
Ellis,37 who recognized that the crystallization of silicon
whiskers could be mediated by a liquid metal droplet at a
lower temperature. Later findings also illustrated that
crystallization of Si and germanium (Ge) have been
succeeded by alloying gold (with Ge or Si) at a eutectic
temperature as low as 360�C.38 Taking Si as an example,
silicon tetrachloride (SiCl4), silane (SiH4), or pure Si is
fed into a chamber as the vapor phase precursors. As the
precursors decompose and penetrate into the gold
(Au) surfaces, then the Si-Au alloy droplets can be
formed at a temperature below pyrolysis of Si. Due to the
supersaturation effect, Si atoms are able to precipitate
from the bottom of alloy droplets and to eventually inte-
grate into vertical nanowires. During this growth process,
the locations and lateral sizes of the nanowire are well
confined by the top liquid droplets. Obviously, metals or
intermediate phases as catalyst are necessary to grow
semiconductors for VLS method. Relatively, as an alter-
native catalyst-free path, the proposed VS method could

eliminate the catalysts to grow semiconductors directly
through the effect of imbalance in crystal growth veloci-
ties.39 Semiconductors like gallium nitride (GaN) and
indium arsenide (InAs) are typically prepared via VS
method.

Additionally, one of the most attractive features of the
VLS method is that semiconductors can be transformed
into heterostructures and complex 3D structures
(Figure 1A), which enable them to create new systems
with fundamentally new characteristics and functionali-
ties. Figure 1B shows a vertically oriented 3D Ge nano-
wire array grown from Au colloids on a Si substrate.
Generally, a polyelectrolyte layer with positive charges
on the substrate is used as a binder to link the negatively
charged gold colloids. Here, a linker-free method is pres-
ented to deposit Au colloids onto hydrogen-terminated Si
substrate by acidifying the Au colloids solution with
hydrochloric acid or hydrofluoric acid, which could

TABLE 1 Summary of representative materials and methods

to form functional, electrically, and/or optically active biostructures

Category Materials Manufacturing

Semiconductors Si, InP, GaP, ZnO,
GaN

Vapor-based
deposition

Mechanical
buckling

Microfabrication

Printing-based
assembly

Polymers PEDOT:PSS, PPy,
PANI

Microfabrication

3D printing

Electrospinning

Salt-leaching

Metals Au/Pt (SU-8/PDMS) Microfabrication

Elastocapillary

Carbon-based
materials

Graphene, carbon
nanotubes

Vapor-based
deposition

Physical
exfoliation

Hybrid materials Si/Au-PLGA/
Alginate

Microfabrication

PPy-PLGA/PCL Printing-based
assembly

Salt-leaching

Abbreviations: 3D, three-dimensional; Au, gold; GaN, gallium nitride; GaP,
gallium phosphide; InP, indium phosphide; PANI, polyaniline; PCL,

polycaprolactone; PDMS, polydimethylsiloxane; PEDOT:PSS, poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonate); PLGA,
poly(lactic-co-glycolide); PPy, polypyrrole; Pt, platinum; Si, silicon; ZnO,
zinc oxide.
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prevent oxide formation during the epitaxial process of
Ge nanowires.40 In addition to the vertical Ge nanowires
array, gallium phosphide (GaP) with tree-like
nanostructures were further developed via the VLS
growth process by Dick et al,41 as showed in
Figure 1C. The fabrication process contained two steps,
the forming of trunk and the growth of branching struc-
tures. Because of their high surface area-to-volume ratio,
these novel tree-like 3D nanostructures hold promising
biological application as photoelectrochemical devices.44

In addition to the innovation of geometrical structures,
integration of multiple semiconductor materials has
attracted further attention, as the well-known semicon-
ductor heterostructures combining with particular opto-
electronic properties. As demonstrated in Figure 1D,
high-quality Ge/GeSn (germanium-tin) core/shell
heterostructure nanowires arrays were synthesized via
VLS at a low temperature (~300�C).42 Besides, the GeSn
alloys possessed a direct bandgap of about 0.465 eV, with
the potential to form shortwave infrared detectors for bio-
medical spectrographic applications. Quite recently,
InAs/gallium arsenide (GaAs) heterostructure-based
nanowire networks in wafer scale were introduced by

using the template-assisted selective area epitaxy
growth.43 As shown in Figure 1E, the researchers devel-
oped a gold-free fabrication process utilizing GaAs
nanomembranes as templates for InAs nanowire growth.
These emerging techniques provide inspiring strategies to
assemble sophisticated semiconductor heterojunctions.

Besides, the vapor-based deposition is also utilized to
grow 1D, 2D, and 3D carbon-based materials that hold
great potential for biological investigation. For example,
as a “bottom-up” approach to fabricate graphene, it
involves active gaseous precursors (like methane, CH4),
specific substrates as catalysts (like copper and nickel),
and suitable reaction temperature (~1000�C). Using the
chemical vapor deposition (CVD) method, large area,
either multilayer, or single-layer graphene can be
obtained.

2.2 | Microfabrication and printing-
based assembly

Lithographic tools are widely used to form patterned
micro- and nanostructures in large-scale integrated

FIGURE 1 A, 3D structures and heterostructures using vapor-liquid-solid or vapor-solid growth. B, Vertical Ge nanowires array.

Reproduced with permission.40 Copyright 2007, American Chemical Society. C, Transmission electron microscope images of GaP nanotrees.

Reproduced with permission.41 Copyright 2004, Nature Publishing Group. D, Cross-sectional energy-dispersive X-ray spectroscopic (EDS)

mapping of a Ge/GeSn core-shell nanowire. Reproduced with permission.42 Copyright 2017, American Chemical Society. E, Scanning

electron microscopy (SEM) image of a branched GaAs/InSn nanomembranes/nanowires network. Reproduced with permission.43 Copyright

2018, American Chemical Society
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circuits. Furthermore, advanced assembly methods like
wafer/chip bonding and transfer printing are developed
to realize more versatile heterogeneous materials and
device integration. For example, Kim et al45 studied a
microtransfer printing process to pattern gold electrodes
on cellulose electroactive paper (EAPap) using pol-
ydimethylsiloxane (PDMS)-based stamps, aiming to
develop biodegradable and flexible electronic circuits
(Figure 2A). In this method, a separator was coated on

the PDMS stamp and an adhesive membrane was coated
on the cellulose paper to facilitate the transfer process.52

Combining this approach with biomaterials can produce
various integrated microprobes for health monitoring in
human body. Lu et al46 integrated a miniaturized light
source and a photodetector on a biocompatible and flexi-
ble micro-needle-shaped polyimide chip (Figure 2B1),
which could be inserted into the deep brain of mice and
achieve long-term and stable detection of neuronal

FIGURE 2 A, Process flow of microfabrication and transfer printing. Reproduced with permission.45 Copyright 2006, IOP Publishing.

B1, Schematic illustration of a wireless probe integrating a microscale inorganic light-emitting diode (μ-ILED) and a microscale inorganic

photodetection (μ-IPD). Reproduced with permission.46 Copyright 2018, PNAS. B2, Scanning electron microscope image of a probe showing

the front side, electrode sites, square-shaped channel opening in the polyimide foil and lateral channel opening in the SU-8 channel wall.

Reproduced with permission.47 Copyright 2013, The Royal Society of Chemistry. B3, Schematic and photograph of an epidural probe,

highlighting the soft, stretchable connection to an LED. Reproduced with permission.48 Copyright 2015, Nature Publishing Group. C1,

Microscope images of mesh electrodes. Insets: zoom-in views. Reproduced with permission.49 Copyright 2017, PNAS. C2, Injection of mesh

electronics into aqueous solution.50 Reproduced with permission. Copyright 2015, Nature Publishing Group. C3, Images of electrode arrays

wrapped onto a glass hemisphere. Reproduced with permission.51 Copyright 2010, Nature Publishing Group
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dynamics. Rubehn et al47 fabricated a polymer-based
shaft electrode (Figure 2B2) and integrated SU-8-based
waveguide and fluidic channel into it by using
microelectromechanical systems. With similar
approaches, Sung et al48 achieved a wireless, minimally
invasive optoelectronic system (Figure 2B3) that inter-
faced with multiple neural cells. Furthermore, taking
advantage of microfabrication and printing assembly,
highly integrated, flexible, and multichannel electronics
for stable chronic brain detection were fabricated, such
as multichannel mesh electronics (Figure 2C1),49 syringe-
injectable electronics (Figure 2C2),50 and silk-based
ultrathin degradable electronics (Figure 2C3).51 It can be

seen from these examples that versatile micro- and
nanofabrication techniques provide viable solutions to
accurately and chronically operate 3D biological
interfaces.

2.3 | Mechanical force-guided assembly

Recently, mechanical force-guided assembly becomes
one of the most prevailing manners to construct nano-,
micro-, and mesoscale 3D structures for its ability to form
highly intricate and deterministic 3D configurations at a
low cost and large scale. Typical mechanical driving

FIGURE 3 A, Transformation of a flat film to a triangular shape by capillary force. Reproduced with permission.54 Copyright 2007,

American Physical Society. B, Process for the deterministic assembly of 3D mesostructures made of monocrystalline silicon, scale bar

400 μm. Reproduced with permission.55 Copyright 2015, AAAS. C, Illustration of rolling up a nanomembrane into a tube (left), scanning

electron microscope image of Si/SiO2 tubes, and optical image of Pd/Fe/Pd tube respectively (right). Reproduced with permission.56

Copyright 2008, Wiley-VCH. D, Images of self-folding nets, dodecahedra (left) and icosahedra (right), scale bar 300 μm. Reproduced with

permission.57 Copyright 2011, PNAS. E, Designing responsive buckled surfaces by halftone gel lithography. Reproduced with permission.58

Copyright 2012, AAAS
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forces used to build structures include capillary forces,
compressive forces, and residual stress.

Capillary actions result from the intermolecular
attraction between liquid and solid, which can be utilized
for advanced micro- and nanomanufacturing. The gener-
ated surface forces between the liquid and surrounding
solid, known as capillary forces utilized to form 3D struc-
tures such as bundles, rackets, and folded films have
been intensively studied in recent years.53 Figure 3A
illustrates the effect of capillary forces on a flat elastic
PDMS membrane that led to a predetermined 3D
shape.54 This spontaneous folding process occurred in a
time-lapse sequence as a liquid droplet deposited on a tri-
angular PDMS membrane. The corners of the PDMS
membrane would fold toward the center and the flat
membrane turned into a tetrahedral pyramid along with
the connected corners at the center. Along with further
evaporation of the liquid droplet, buckling on the pyra-
mid walls occurred due to the negative internal pressure.
In such a capillary origami process, elastocapillary length
determined the minimal folding size of a flat mem-
brane.59 By employing the capillary forces to assemble
3D electronic structures, Guo et al60 exploited the 3D
folding of single-crystalline silicon-based photovoltaic
devices to improve the power conversion efficiency.

Compressive forces can also be applied to form
sophisticated 3D geometrical structures such as multi-
level and hierarchical mesostructures.61 This process
depends on the compressive forces exerting to an
elastometric substrate to transform the prefabricated pla-
nar precursor structure into a 3D configuration through
controlled compressive buckling with strain release. This
original concept in assembling 3D architectures was pres-
ented by Xu and coworkers,55 as showed in Figure 3B in
details. The 2D precursors of planar serpentine silicon
ribbons were first fabricated by micro/nanofabrication
technologies. Afterward, accurately patterned structures
of surface hydroxyl terminations at desired locations (red
dots in Figure 3B) were produced lithographically by the
exposure of ozone made using ultraviolet light. At the
same time, the soft silicone elastomer substrate was
stretched to a large level of prestrain and was then
exposed to ozone to generate uniform coverage of surface
hydroxyl groups serving as a platform that guided the
mechanical assembly for silicon ribbons. After the afore-
mentioned steps, the serpentine silicon ribbons were
transferred onto the treated surface of the elastomer sub-
strate. Accordingly, firm and spatially selective bonding
was formed via covalent linkages of the hydroxyl groups
between silicon ribbons and silicone substrate. As the
substrate recovering to its original shape, the induced
compressive forces would act on the serpentine precur-
sors. Consequently, 3D helical silicon ribbons were

achieved through the compressive force-guided assembly.
This compressive force assembly has been further studied
as a reliable method to establish highly complex multi-
level or hierarchical 3D mesostructures.62

Residual stress-induced self-folding has been demon-
strated as another effective force-based assembly approach,
which is often used to form rolled tube structures driven by
the minimization of surface tension. In early days, this
strain engineering-based approach has limited applications
because of strict requirements for various desirable mate-
rials. Figure 3C shows an improved method that can be
applied for a broad range of materials and material combi-
nations.56 Inorganic nanomembranes deposited onto a
photoresist-based sacrificial interlayer could be easily
released from the substrate by removing the sacrificial layer
with solvents like acetone and roll up into a 3D nanotube
shape. By adopting this generic approach, various tubular
micro or nanostructures based on different materials (Pt:
platinum, TiAu: titanium gold, TiO2: titanium dioxide,
ZnO: zinc oxide, SixNy: silicon nitrides, etc.) have been built
with precisely controlled diameters and lengths. As an
application of this technology, the rolled-up microtubes
were used as bio-cell growth-guided scaffolds for cell cul-
ture. In addition, polyhedral structures driven by surface
tension utilizing discrete geometry were designed and
formed by Pandey et al57 with both experimental and theo-
retical investigations. The authors discussed the criterion
for the synthesis of polyhedra by self-folding using planar
nets and found that compactness was an effective design
criterion for high polyhedra, especially for truncated octahe-
dron, dodecahedron and icosahedron, as shown in
Figure 3D. These findings offered profound insight into self-
assembly of complex 3D structures by designing computed
configuration space and folding pathways.

Active materials that respond to certain stimuli such as
heat and light are ideal for fabricating reversible 3D struc-
tures, holding promises in application areas such as
bioelectronics, bionics, and biomedicine. For example, Kim
and coworkers developed the temperature-responsive
N-isopropylacrylamide (NIPAm) copolymer to form 3D
geometries via a proposed method called “ehalftone gel
lithography.”58 Such a technique utilized two photomasks
to produce highly cross-linked dots embedded in the photo-
cross-linkable NIPAm polymer film, and enabled the fabri-
cation of stimulus-responsive gel patterned sheets, thereby
leading to predictable 3D structures (Figure 3E).

2.4 | 3D printing

As a widely used additive manufacturing technique, 3D
printing employs a layer-by-layer method to join specific
materials to make objects from 3D models.63 It enables to
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fabricate large-scale, soft, and flexible bioelectronics at
low cost.64 As a typical example of 3D printing, direct ink
writing employs a computer-controlled translation ink-
deposition nozzle to create 3D models with designed
architecture and composition.65 The direct ink writing
methods can be divided into inkjet-based approaches and
extrusion-based approaches (Figure 4A, left). The inkjet
printing is only appropriate for the materials within a
very small viscosity range (about 10 times that of pure
water), while extrusion printing squeezes materials out of
a very thin nozzle by exerting high pressure to the injec-
tion head. Thus, various materials with a wide range of
viscosity can be shaped with the extrusion printing
(Figure 4A, left).70 For example, quantum dot-based
light-emitting diodes (QD-LEDs) with multiple active
layers can be fabricated by using 3D extrusion print-
ing (Figure 4A, right).66 Multiple layers of materials
were sequentially printed to form this device,
including: (a) cadmium selenide/zinc sulfide (CdSe/ZnS)
core-shell QDs as the emission layer, (b) poly(N,N0-bis
(4butylphenyl)-N,N0-bis(phenyl)-benzidine) as the hole
transport layer, (c) poly(ethylenedioxythiophene):polysty-
rene sulfonate (PEDOT:PSS) as the transparent anode,
surrounded by (d) a sintered silver nanoparticle ring
metallic interconnect, and (e) a eutectic gallium indium
liquid metal cathode. Taking advantage of the ability of

extrusion printing to print high viscosity inks, Ahn et al67

proposed a method by using silver nanoparticle inks to
form highly conductive cables with a high aspect ratio,
and possibly spanning in 3D (Figure 4B).

Besides direct ink writing, a novel 3D printing
method based on optical projection was introduced for
additive manufacturing. In such a method, an oxygen
“dead zone” was developed by using an oxygen-
permeable window based on amorphous fluoropolymer
between the ultraviolet image projection plane and the
liquid precursor (Figure 4C).68 In this zone, photo-
polymerization was prevented and both of the continuity
and fineness could be greatly improved for the printed
structures. On 2D planes, printers are able to form con-
ductive polymer71,72 and inorganic semiconductor,73 and
3D printing is mostly composed of 2D plane splicing into
3D structure, which greatly reduces the continuity of the
final product. Kelly et al69 were inspired by computed
tomography, a nondestructive imaging technique widely
used in the medical field,74,75 and designed a new 3D
printing method by utilizing tomographic reconstruction
technology (Figure 4D). The 3D object was decomposed
into 2D patterns with different angles, and these patterns
were projected into the photosensitive liquid from differ-
ent angles by light, so as to form complete 3D patterns
without considering support structures. The 3D printing

FIGURE 4 A, Schematic diagrams of 3D-inject printing and 3D-extrusion printing (left) and directly 3D printed QD-LEDs (right).

Reproduced with permission.66 Copyright 2014, American Chemical Society. B, Schematic diagram illustrating omnidirectional printing

(left) n silver interconnect arch printed used for LED (right). Reproduced with permission.67 Copyright 2009, AAAS. C, Patterned

illumination of 3D exposure dose to a photoresponsive material and an uncured 3D model. Reproduced with permission.68 Copyright 2019,

AAAS. D, Schematic of a printer for continuous liquid interface production, and a printed Eiffel Tower model. Reproduced with

permission.69 Copyright 2015, AAAS
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formed by optical methods not only guarantees the preci-
sion, but also greatly improves the forming speed. This
modified 3D printing methods is promising for large-
scale industrial applications.

3 | MATERIALS

3.1 | Silicon

As the basis of modern electronics, silicon is widely used
in the semiconductor industry and has desirable biocom-
patible and biodegradable characteristics.76 At the same
time, it has unique mechanical properties as well as elec-
trical, optical, and biological adhesion properties.77 While
currently most applications are based on single-
crystalline silicon wafers, many researchers are also
focusing innovative silicon structures with various config-
urations. For example, Luo et al78 created a method
named atomic gold-enabled 3D lithography to produce
silicon with mesostructures and they succeeded in mak-
ing skeleton-like silicon (Figure 5A). Jiang et al79 applied

CVD to form a Si mesoporous structure (Figure 5B),
which had amorphous atomic structure, ordered
nanowire-based framework, and random submicrometer
voids, with the average Young's modulus 2 to 3 orders of
magnitude smaller than that of single-crystalline silicon.
Kirigami-based concepts were also introduced to form
strategically configured arrays of cuts to guide buckling/
folding processes in a manner that reduced mechanical
stresses, to form a variety of 3D structures. For example,
Zhang et al80 created a new method to fabricate complex
3D structure of the device (Figure 5C), providing a new
idea for the design of silicon electronic products.

In terms of the application of silicon-based devices,
the miniaturization and the precision trend are gradually
presented. In the field of biological signal detection,
researchers are committed to developing new detection
methods with Si similar to conventional patch-clamp
techniques. Tian et al84 found that variation of reactant
pressure during silicon nanowire growth could introduce
reproducible 120� kinks and that the junction regions
could be doped to create p-n diodes and field-effect tran-
sistors (FETs). With this method, a two-terminal FET

FIGURE 5 A, Scanning electron microscopy (SEM) images of skeleton-like Si spicules. Reproduced with permission.78 Copyright 2015,

AAAS. B, 3D transmission X-ray microscopic image of a mesostructured silicon scaffold. Reproduced with permission.79 Copyright 2016,

Nature Publishing Group. C, A silicon 3D structure driven by mechanical buckling. Reproduced with permission.80 Copyright 2015,

PNAS. D, SEM image of a silicon-based kinked transistor. Reproduced with permission.81 Copyright 2010, AAAS. E, SEM image of a SiO2

nanotube on a silicon nanowire. Reproduced with permission.82 Copyright 2012, Nature Publishing Group. F, SEM images of bare silicon

microphotodiodes. Reproduced with permission.83 Copyright 2017, Wiley-VCH
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probe (Figure 5D) was fabricated and could be inserted
into single cell, to realize nanoscale neural interroga-
tion.81 In this design, the kink configuration and device
designed places limited the probe size and the potential
for multiplexing. To solve this problem, Duan et al82 inte-
grated SiO2 nanotube on top of a nanoscale FET
(Figure 5E). This nanotube could penetrate the cell mem-
brane and could bring the cell cytosol into contacting
with the FET, which was able to record the intracellular
transmembrane potential. Silicon nanomaterials also play
an important role in the field of optoelectronics. Vargas-
Estevez et al83 reported suspended silicon
microphotodiodes (Figure 5F) for biological applications
and the devices were able to achieve the photovoltaic
detection in liquids.

To summarize, as a biocompatible and biodegradable
versatile material, Si-based functional 3D structures have
become useful tools in biology within recent years. There
are still significant issues that need to be resolved in the
future research, for example: (a) the mechanical mismatch
between Si and biosystems; (b) heterogenous integration of
Si with other traditional biomaterials; and (c) fundamental
mechanisms of interactions between Si and biosystems (eg,
how the complex bioenvironment influences the surface
state of Si, which further affects its optoelectronic perfor-
mance; moreover, how the cells respond to the electrical
signals produced by Si-based electronics).

3.2 | Other inorganic semiconductors

Apart from elemental semiconductors like Si, C, and Ge,
compound semiconductors with 3D geometries have also
been exploited for biological studies because of their
unique optoelectronic properties as well as ideal biocom-
patibility. When semiconductors are made into nanorods
arrays, qualitative differences (such as localized inter-
faces penetrated with cells) readily take place and lead to
new phenomena of 3D biointerfaces. Numerous
researches have concentrated on 3D configurations for
semiconductor nanorods arrays to uncover unicellular
activities, multicellular connections, and growth features
of biological tissues.

Presently, zinc oxide (ZnO), a biocompatible wide
bandgap semiconductor as transparent intracortical micro-
probe was first developed as a tool to deliver light stimulus
and recording biosignals simultaneously for optogenetics.85

In the process, electrically conductive and optically trans-
parent n-type ZnO slabs (~2 mm in thickness) were used as
the raw material, and the final transparent core-shell
(ZnO@ITO, indium tin oxide) probe was manufactured
through a series of microfabrication steps, including micro-
patterning, metallic deposition, mechanical dicing, and

chemical etching. Figure 6A (left) shows a scanning elec-
tron microscopy (SEM) image of a probe with smooth tips
covered by an ITO conducting layer. Finally, the fabricated
probe arrays (Figure 6A, right) provided a multifunctional
platform for multichannel optical stimulation and recording
in a rodent model in vivo.

Traditional III-V compound semiconductors, for
example, indium phosphide (InP), and gallium phos-
phide (GaP), have been extensively investigated as func-
tional scaffolds to regulate the growth of neuronal
networks and record cellular responses from external
stimuli. As demonstrated in Figure 6B,86 the isotropic
InP nanorods fabricated by microfabrication process not
only monitored the neurite growth, but also promoted
interactions (synchronization of calcium ion activities)
among the adjacent neurons. Although the cultured cells
spontaneously engulfed these III-V nanostructures, the
cell adherence and survival rates on vertical III-V
nanorods or nanowires are similar to those on conven-
tional planar glass substrates, exhibiting ideal biocompat-
ibilities (Figure 6C).87 Using the VLS process we
previously reviewed, semiconductor heterostructures
with unique electronic and photonic properties can be
formed and applied for biological studies. As shown in
Figure 6D, the direct bandgap (tunable) GaInP segments
embedded in the epitaxial GaP-GaInP axial nanowires
yielded strong photoluminescence emission and acted as
fluorescent indicators to visualize and identify nanowires
in situ in living cells.88 This work opened doors to track
cells during the culture and proliferation processes by
labeling cells in a more moderate physical manner in
contrast to using chemical fluorescent reagents. Possible
studies in the future would incorporate optoelectronic
materials with improved biocompatibility, cytotoxicity,
and even biodegradability.

3.3 | Carbon-based materials

Carbon has captured broad interests in the science com-
munity since the discovery of its diverse allotropes and
derivatives, including diamonds, graphite, fullerenes
(C60), carbon nanotubes (CNTs), and graphene. These
various carbon-based materials present unprecedented
physical and chemical properties, such as high mechani-
cal strength, corrosion resistance, electrical, and thermal
conductivities.89 Due to these unique features, they are
not only utilized in a broad range of applications includ-
ing optoelectronics,90 energy storage,91 but also served as
unique platforms for advanced bioscience exploration
and biomedical engineering, such as drug delivery,92 tis-
sue scaffold reinforcement,93 as well as cellular modula-
tion and sensing.12
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CNTs have become one of the most widely used
carbon-based materials since their discovery. Commonly
synthesized via CVD, CNTs have a wide range of physical
properties induced by extended sp2 carbon atoms and vari-
able geometrical parameters (eg, length, diameter, single-
walled, and multiwalled). Therefore, CNTs have attracted
considerable attention in biological sciences, and numerous
studies have been performed on interactions between CNTs
and living biosystems. For example, multiwalled CNTs
(MWCNTs) were shaped into 3D architectures as scaffolds
for cell seeding and growth, as shown in Figure 7A.94 The
process began with the formation of perpendicularly
aligned MWCNTs by CVD on Si substrates, followed by
treatments in acid solutions. This process induced capillary
and tensile forces between the vertical aligned tubes, lead-
ing to 3D honeycomb-like polygons with perpendicular
walls. Furthermore, these MWCNTs-based 3D scaffolds
were demonstrated to support the cell attachment and
growth of mouse fibroblasts by providing with bionic
dimensional matrices. More recently, a vertically aligned

CNT-based impedance sensor was introduced for the detec-
tion of cancer cells.95 As shown in Figure 7B, the CNT array
acted as an adhesive and electrically conductive scaffold to
monitor cell behaviors with high sensitivities and spatio-
temporal resolutions.

Graphene is a representative 2D material consisted of a
freestanding layer with hexagonal sp2-hybridized carbon
atoms. For its unique atomic structure, graphene also pos-
sesses notable electronic characteristics like CNTs. For
example, graphene shows an integer quantum Hall effect at
room temperature and its band structure exhibits a Dirac
fermion behavior with linear energy dispersion.97,98 The
graphene family contains members such as graphene
sheets, reduced graphene oxide, graphene oxide, and lay-
ered graphenes. Recent studies have shown that single or
multilayered graphene sheets and its derivatives like
graphene oxides exhibit unique properties for advanced bio-
logical interfaces. Pampaloni et al12 showed that single-layer
graphene could modulate neuronal communication and
excitability, by regulating extracellular ions at the

FIGURE 6 A, Scanning electron microscopy (SEM) image of a smooth ZnO tip covered by an ITO overlayer (left), and photo of a 4 × 4

optoelectrode array (right). Reproduced with permission.85 Copyright 2015, Nature Publishing Group. B, A neuronal cell cultured on InP

nanowires. Reproduced with permission.86 Copyright 2017, American Chemical Society. C, SEM image of the cell engulfing nanowires

encountered along its path, scale bars 1 μm. Reproduced with permission.87 Copyright 2007, American Chemical Society. D, False color SEM

image of GaP-GaInP dual fluorescent segment barcode nanowires (red: GaInP; gray: GaP; yellow: gold seed particle), scale bar 250 nm.

Reproduced with permission.88 Copyright 2013, American Chemical Society
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graphene/cell interface. In order to understand different
dynamic behaviors of 2D and 3D biointerfaces between
graphene and neuronal networks, Severino et al15 quantita-
tively analyzed the growth of rat hippocampal neurons
using 2D graphene films and 3D graphene foams (3D-GFs)
scaffolds (Figure 7C). in vivo cell dynamics of neuronal net-
works cultured on the 3D-GFs showed significantly
enhanced cell connectivity and more synchronous electrical
activities compared to those on 2D graphene films. Further-
more, Xiao el al96 proposed a fully interconnected
graphene-CNT hybrid 3D web to study glioma infiltration
in engineered 3D cortex-like networks, as shown in
Figure 7D. Such a 3D cortex-like network responded to
dense neuronal networks and exhibited functional activities
close to cells at in vivo conditions. Although their biocom-
patibility and cytotoxicity need further investigation for
in vivo and clinical applications in the future,99 these
carbon-based functional 3D networks provide promising
solutions for bioactive interfaces.

3.4 | Metallic meshes

In the past years, electrically conductive mesh electronics
(mostly metal based) have received tremendous

attentions for the study of biointerfaces. With careful
designs, these thin-film, mesh-based metallic structures
realize similar mechanical properties (eg, bending stiff-
ness) to biological tissues.100 Additionally, they electroni-
cally record and/or regulate biological signals in
biological environments, with high spatial-temporal reso-
lutions.101 Here, we highlight some latest studies on
metallic mesh electronics and their relevance to specific
biomedical applications.

Figure 8A shows ultraflexible multichannel mesh
electronics with a low Young's modulus that were
injected into mouse eyes.102 Compared with semiconduc-
tor and ceramic based materials, these metallic meshes
were able to form compact and more conformal coating
on the retina surface, obtaining reliable recording of indi-
vidual retinal ganglion cells in vivo. Figure 8B further
illustrates a “neurotassel” structure consisting of 1024
microelectrodes, which was developed via micro-
fabricarion process coupled with elastocapillary self-
assembly when withdrawn from molten poly(ethylene
glycol) (PEG).103 Such a neurotassel was demonstrated to
collect electrical signals from a large number of neurons
in the deep brain of rodents. Figure 8C illustrates an
active hybrid cardiac patch system with multifunctional
mesh electrodes to monitor and regulate cardiac

FIGURE 7 A, Scanning electron microscopy (SEM) images of a carbon nanotube (CNT) network (left) and the walls forming cavities

(right). Reproduced with permission.94 Copyright 2004, American Chemical Society. B, SEM images of an entrapped cell on CNT beams

(left) and the CNT tips enter the cell (right).95 Copyright 2012, The Royal Society of Chemistry. C, SEM image of a 3D graphene foam

scaffold (scale bar 1 μm); the inset presents ripples on surface (scale bar 50 μm). Reproduced with permission.15 Copyright 2016, Nature

Publishing Group. D, Low- (left) and high-magnification (right) SEM images of the graphene-CNT web (inset: the optical images of porous

nickel, graphene/nickel foam, and graphene-CNT web). Reproduced with permission.96 Copyright 2018, Wiley-VCH
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functions ex vivo.104 Other than general mesh electronics
only for biosignal recording, this patch system was emp-
owered to precisely release biochemical factors for func-
tion enhancement of cardiac tissues.

3.5 | Conductive polymers

Conventional electrodes made of metals like gold, tita-
nium, and platinum or semiconductors like silicon usu-
ally have smooth surface and high electrical impedance
with interfacing with biological tissues. Therefore, it is
crucial to apply materials that match with biotissues in
various aspects, to enhance the signal quality.105,106 Soft
conductive polymers can reduce the mechanical mis-
match, the impedance at tissue interfaces, and the
inflammatory response.107,108 For example, polypyrrole
(PPy), as a traditional conductive polymer with ideal
biocompatibility, has been developed and applied for bio-
sensors in various areas. Qi et al109 fabricated a micro-
electrode array (MEA) made of modified PPy nanowires
(Figure 9A). These PPy nanowires enhanced adhesion

between the MEA and the neural tissue (Figure 9B), and
resulted in higher softness and lower impedance
(at lower frequencies, below 100 Hz) than those made of
the gold electrodes.

Long-distance peripheral nerve defects are one of the
major challenges in clinical medicine. A series of recent
studies112,113 have shown that electrical signals play an
important role in promoting and guiding peripheral
nerve growth. In the area of nerve repair, conductive
polymers can be used to establish electrically active scaf-
folds for tissue engineering. As shown in Figure 9C,D,
Huang et al110 combined PPy with chitosan and fabri-
cated a conductive scaffold with microchannels for nerve
repairing, which could generate an electric field at the
site of nerve injury and thus promote nerve growth. With
a similar approach, Xu et al111 integrated PPy with poly
(D,L-lactic acid) (PDLLA) to create a conductive nerve
repair scaffold (Figure 9E). The combination of the excel-
lent mechanical property and biodegradable property of
PDLLA with the electrical conductivity of PPy showed a
great potential in repairing long-distance peripheral
nerve defects. Future research directions include the

FIGURE 8 A, Schematics showing the noncoaxial intravitreal injection of mesh electronics onto the RGC layer. Reproduced with

permission.102 Copyright 2018, AAAS. B, Schematics of the elastocapillary self-assembly of a neurotassel. Reproduced with permission.103

Copyright 2019, AAAS. C, Image of a freestanding flexible device consisting of 32 gold electrodes (left), scanning electron microscope images

of a rolled device as presented in the dashed square (middle, scale bar 200 μm) and a 50 × 50 μm2 electrode pad (right, scale bar 50 μm).

Reproduced with permission.104 Copyright 2016, Nature Publishing Group
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improvements in materials' stability and degradability for
in vivo applications.

3.6 | Hybrid scaffolds

Due to the mechanical properties and topographic struc-
tures of traditional 2D electronic devices, their applica-
tions are severely limited in fields like tissue engineering
and 3D architectures are necessary. Furthermore, hybrid
3D structures can take the advantages of different mate-
rials and exhibit unique functionalities. For example,
after a heart attack, 3D porous materials are often used

as a heart patch to grow heart cells to repair damaged tis-
sue.114,115 Dvir et al116 developed a 3D scaffold made of
alginate and gold nanowires. By using gold nanowires to
bridge nonconductive pore walls of alginate scaffolds
(Figure 10A), these composite 3D scaffolds could improve
electrical communication between cardiac cells. Cur-
rently, in tissues regeneration, most techniques of optical
imaging119 and planar microelectrodes120,121 are limited
to a 2D plane. Tian et al117 integrated polymer scaffolds
with FETs made from silicon nanowires through lithog-
raphy, obtaining a 3D macroporous nanoelectronic scaf-
fold (Figure 10B). By using silicon nanowire FETs, the
3D scaffold was able to record both extracellular and

FIGURE 9 A, Optical image of the multielectrode array on an ITO glass substrate (left) and scanning electron microscope image of the

PPy nanowires (right). B, Schematic of the compliant electrode array adhering to a rat brain (left) and image of a four-channel MEA on the

brain. Reproduced with permission.109 Copyright 2017, Wiley-VCH. C, D, Microstructures of a conductive chitosan/polypyrrole scaffold and

images of FG-positive motoneurons in the scaffold. Reproduced with permission.110 Copyright 2012, PLOS. E, Intraoperative photographs of

the PPy/PDLLA nerve conduits, immediately after grafting (left), 3 months postoperatively (middle), 6 months postoperatively (right).

Reproduced with permission.111 Copyright 2013, Elsevier
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intracellular signals from cultured neural cells.122 Via a
similar method, Dai et al118 fabricated tissue-scaffold-
mimicking 3D nanoelectronic arrays (Figure 10C), which
realized real-time monitoring of extracellular action
potentials in cardiac tissues. In these hybrid 3D scaffolds,
various devices can be integrated, such as chemical
sensors,123 pressure sensors,124 and light-emitting
devices.125

4 | APPLICATIONS

4.1 | Cell culture

In vitro cell culture technologies have revolutionized our
understanding of cellular behaviors. Owing to the com-
plex 3D topography, the ECM holds sophisticated bio-
chemical and mechanical properties, which precisely
controls cellular organization and modulates the tissue
growth. Therefore, the construction of bionic 3D tem-
plates as desirable extracellular microenvironments is
imminently required for cell culture. Using organic-based
biocompatible and biodegradable materials to construct

3D scaffolds have been broadly exploited.21 Conventional
biodegradable materials are usually based on natural-
derived materials such as collagen, silk, hydrogels, and
synthetic polymers such as poly(lactic acid), poly(glycolic
acid), and their copolymer poly(lactic-co-glycolide)
(PLGA).126 As a representative example shown in
Figure 11A, a poly(2-hydroxyethylmethacrylate)-based
hydrogel was printed to form periodic 3D scaffolds, creat-
ing 3D environments for neuronal cell culture.127 Confo-
cal images of representative neuronal cells on the
scaffolds revealed that cells preferred wrapping around
junctions of the orthogonal intersections between printed
rods in adjacent layers. As an electrically conductive,
optically transparent and biocompatible material,
PEDOT:PSS was also used to fabricate macroporous scaf-
fold via ice-templating method for fibroblast culture.128

The SEM image in the top of Figure 11B indicates
the stromal cells successfully invaded and adhered
to the PEDOT:PSS scaffold. The fluorescence image
(Figure 11B, bottom) further demonstrates that the cells
were capable to polymerize fibronectin into fibers, indi-
cating that the cells were performing regular cell func-
tions in this PEDOT:PSS-based ECM.

FIGURE 10 A, Scanning electron microscopy (SEM) image of nanowires assembled within the pore walls of the scaffold into star-

shaped structures. Reproduced with permission.116 Copyright 2011, Nature Publishing Group. B, A bright-field optical micrograph of the

folded scaffold, the inset showing a hybrid sheet before folding (scale bars, left: 200 μm and inset: 5 mm), SEM image of a mesh nano-ES/

alginate scaffold (right, scale bar 100 μm). Reproduced with permission.117 Copyright 2012, Nature Publishing Group. C, Schematic of the

freestanding macroporous nanoelectronic scaffold with nanowire FET arrays (red dots). Reproduced with permission.118 Copyright 2016,

Nature Publishing Group
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The exploration of interfaces between biological
systems and semiconductors has also attracted consid-
erable attentions. Illustrated in Figure 11C, Si and Ge
nanomembranes were transformed to nanotubes by
strain induced self-rolling, which were employed as 3D
culture platforms for primary cortical neurons.129

When interacting with surfaces of these 3D nanotubes,
neural cells maintained their normal morphology
when interacting with Si or SiGe surfaces, and they
presented a growth preference within and along the 3D
nanotubes.

In Figure 11D, McCracken et al130 conducted a com-
prehensive study by using a Si-based microscale 3D
framework to regulate cultured cell behaviors. The Si-
based 3D scaffolds were fabricated via the compressive
force-guided assembly mentioned in previous sections
(Figure 11D, left). A 3T3 (3-day transfer, inoculum
3 × 105 cells) fibroblasts/media/PEG gel suspension was
applied as the printing ink and directly written onto the
Si scaffolds. After the dissolution of PEG gel suspension,
the 3T3 cells adhered to the Si scaffolds and migrated
along the ribbon framework (Figure 11D, middle).

FIGURE 11 A, Confocal images of neuronal cells on the scaffolds (left) and soma on scaffold (right, scale bar 20 μm). Reproduced with

permission.127 Copyright 2011, Wiley-VCH. B, Scanning electron microscopy (SEM) image of a PEDOT:PSS scaffold after cell culture (top),

and its fluorescence micrograph with cell-deposited fibronectin fibers (bottom). Reproduced with permission.128 Copyright 2015, Royal

Society of Chemistry. C, SEM image of Si/SiGe nanotubes for controlled neurite outgrowth (scale bar 10 μm, and 5 μm for inset).

Reproduced with permission.129 Copyright 2011, American Chemical Society. D, Colorized SEM image of a solenoid array (left, scale bar

500 μm), schematics of DIW poly(ethylene glycol)/media-3T3 gel deposited locally onto the solenoid array (middle), and a migrating 3T3 cell

on the solenoid array (right, scale bars 5 μm). Reproduced with permission.130 Copyright 2017, Wiley-VCH
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Figure 11D (right) shows the 3T3 cell's morphology as it
migrated along the Si ribbons, and the highlighted red
region demonstrates that the filopodia could anchor the
cells to the scaffold. Furthermore, these Si-based 3D scaf-
folds were also well adapted to the morphology of dorsal
root ganglion neurons at the tissue-level organization.

4.2 | Recording and sensing

Monitoring in vitro and in vivo biological activities is
essential to understand animal behaviors and provide
instructive insights to clinical diagnostics. For example,
recently explored advanced epidermal sensors respond to

FIGURE 12 Legend on next page.
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various stimuli on the human skin, like pressure, tempera-
ture, surface roughness, and material hardness, with poten-
tial applications in the development of artificial limbs, robot
sensors, and wearable electronic devices.131-133 Sensor plat-
forms based on assembled electronic and optical devices on
soft substrates have been intensively investigated, such as
all-graphene multifunctional electronic skin sensor
matrices,134 fully printed fingerprint-like three-axis tactile
force and temperature sensors,135 and user-interactive elec-
tronic skins.124 Specifically, innovations on the 3D struc-
tural design for these active sensors are of particular
interest. Shown in the left of Figure 12A, Reeder et al136 fab-
ricated a device matrix with novel sensing modalities,
named electronic whiskers (e-whiskers). The e-whisker imi-
tated the characteristics of animal whiskers by using a gold
strain gauge on a flexible substrate made of a shape mem-
ory polymer. In such a shape memory-based reconfigurable
structure, the strain gauge was empowered to probe various
stimuli such as proximity, surface topology, friction, force,
material stiffness, and temperature (Figure 12A, middle and
right). Another example is the microelectrode system for
the electrophysiological recording of living cells, along with
sensors for optical imaging based on luminophores like Ca2
+ indicators,140 potentiometric dyes,141 and voltage-sensitive
proteins.142 While the conventional patch-clamp technique
has been widely applied for high-precision extracellular and
intracellular recordings, recently developed complementary
metal-oxide-semiconductor (CMOS) microelectrode arrays
(MEAs) are able to collect signals for a large group of
cells.143-145 Abbott et al137 fabricated arrays of nanoscale
probes coupled to a fully integrated circuit based on the
0.35-μm CMOS technology (Figure 12B, left and middle),
which captured intracellular potentials for individual neu-
rons in a large-scale cellular network (Figure 12B, right).

In regard to implantable electrodes for in vivo neu-
ral recording, Michigan-type microelectrode arrays146

and Utah arrays147 are widely used; however, these Si-
based, rigid probes induce tissue inflammation and
lead to undesirable biocompatibility. Further technol-
ogy developments require optimized soft nerve elec-
trodes that possess mechanical properties conformable

to those of brain tissues.129 Inspired by the morphology
of the neuron network, Yang et al138 developed litho-
graphically defined metal electrodes on polymer sub-
strates to produce neuron-like electronics (NeuE) at
the subcellular level (Figure 12C). The geometry of
NeuE matched to that of neuron cells, with similar
mechanical properties such as stiffness. Inspired by the
natural spiral structure of twining plants,148 Zhang
et al139 fabricated twining electrodes (Figure 12D) by
using shape memory polymers. With significantly
reduced mechanical mismatches and sliding frictions
between electrodes and surrounding tissues, these
deformable electrodes could swag, bend, and stretch
with the peripheral nerve at the body temperature
(~37�C) without additional surgical fixation.

4.3 | Regulation and modulation

Besides biological sensing, advanced 3D biointerfaces
also play critical roles in the stimulation and function
regulation of brains, spinal cords, peripheral nerves, car-
diac, and other organ systems.149-151 For neural modula-
tion we focus here, conventional techniques based on
electrophysiology and optogenetics have been widely
applied. For these methods, electrical and/or optical sig-
nals are applied to activate or inhibit specific ion chan-
nels, thereby adjusting neuron activities. Implantable
devices for electrical neuromodulation have been widely
used in clinical practice, such as deep brain stimulators
and vagus nerve stimulators.152 To reduce the mechanical
mismatch, soft materials like hydrogels are used as the
interface between devices and tissues.153 However, the
low conductivity of conventional hydrogels makes them
unable to respond quickly to high-frequency signals, and
they are difficult to be patterned using standard micro-
and nanoprocessing technologies. To overcome these
challenges, Liu et al154 developed a highly electrically
conductive hydrogel and devised a process to lithographi-
cally pattern it, forming a hydrogel based electrode array
(Figure 13A). These electrodes exhibited a high-charge

FIGURE 12 A, A bended array of electronic whisker (left), its sensing modalities using 3D electronic whiskers (middle), and resistance

response to temperature fluctuations (right). Reproduced with permission.136 Copyright 2018, Wiley-VCH. B, Four pixels in the 32 × 32 array

(left), false-colored scanning electron microscope image of nine vertical nanoelectrodes fabricated per pad (middle, the tip with white color

was Pt, and the base with blue color is SiO2), extracellular and intracellular recordings of cardiac action potentials (right). Reproduced with

permission.137 Copyright 2017, Nature Publishing Group. C, Schematics showing the neuron-like recording network (left), 3D image of

NeuE near the CA1 subfield (middle, scale bar 50 μm), time evolution of spikes of principal component analysis clustered single units from

five representative channels (right). Reproduced with permission.138 Copyright 2019, Nature Publishing Group. D, Schematic diagram of the

conceptual PNS neuromodulation for restoring the motor and physiological functions and the electrode-nerve interface (left), the self-

climbing process from the flattened state driven by body temperature and the photograph of the twining plants during deformation (right).

Reproduced with permission.139 Copyright 2019, AAAS
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storage capability and long-term stability in the physio-
logical environment. They were placed on the sciatic
nerve of mice and showed desirable performance for
chronic stimulation.

In the early 2000s, the discovery of light-sensitive ion
channels and their transformation into neurons led to
the rise of optogenetics.157 Due to the strong absorption
and scattering of biological tissues, implantable light
sources are required for light delivery into the deep brain.
Kim et al155 fabricated injectable, cellular-scale optoelec-
tronic devices, including microscale inorganic light-
emitting diodes (μ-ILEDs), microelectrodes, and

microscale inorganic photodetectors (μ-IPDs) stacked on
a flexible injectable microneedle substrate (Figure 13B).
Compared to conventional silica fibers, thin-film micro-
scale optoelectronic devices printed on flexible probes
can provide wirelessly operated, multifunctional neural
modulation, and sensing, realizing promising solutions
for ideal optical biointerfaces.

The dimensional accuracy of electrophysiological
modulation is determined by the geometry of the inter-
face between the implanted electrode and the tissue.
Based on this principle, Jiang et al156 reported an opti-
cally controlled multiscale biointerfaces by regulating the

FIGURE 13 A, Schematic of the in vivo neural stimulation with a micropatterned electrically conductive hydrogels (MECH)

microelectrode (left), projection of a three-dimensional reconstructed confocal micrograph of the MECH microelectrodes wrapping around a

sciatic nerve (middle), the percentage of leg movement under different stimulation voltages for the MECH electrode and the platinum

electrode (right). Reproduced with permission.154 Copyright 2019, Nature Publishing Group. B, A multifunctional, implantable

optoelectronic device with illustration of various components (left), process of injection and release of the microneedle (middle), heat maps

of activity during the posttest (right). Reproduced with permission.155 Copyright 2013, AAAS. C, A flexible device composed of a stack of a

distributed Si mesh and a holey PDMS membrane (left), schematic illustrating the in vivo photostimulation test (middle), example traces of

raw neural response and mean neuron-firing waveform (orange) superposed on individual waveforms (black) of both spontaneous and

stimulation-evoked activities (right two). Reproduced with permission.156 Copyright 2018, Nature Publishing Group
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size of silicon (from nanometers to centimeters). At the
nanosize scale, they created a multilayered p-i-n Si diode
junction by CVD to form the intrinsic and n-type Si
layers onto a p-type Si semiconductor-on-insulator sub-
strate. At the centimeter scale, they designed a bilayer

device layout, consisting of the Au-decorated Si mesh
and the holey PDMS membrane (Figure 13C). Using a
laser-induced photoelectric effect, the Si-based hetero-
structures can modulate neuron activities at both the cel-
lular and the tissue level.

FIGURE 14 A, Illustration of a bioresorbable, wireless electrical stimulator as an electronic neuroregenerative medical device (left), its

surgical procedure for implanting the device to the sciatic nerve (middle), and application in spinal cord stimulation (right). Reproduced

with permission.29 Copyright 2018, Nature Publishing Group. B, Photograph of freestanding conducting polymer hydrogel (CPH) films on a

finger (left top) and demonstration of the adhesion of the CPH to spinal cord tissue in vitro (left bottom), graphical representation of

semitubular CPH implanted as a bridge to cover the spinal cord hemisection gap (middle), quantification graphs showing the average cystic

cavity area of animals with SCI and other treatments (right). Reproduced with permission.159 Copyright 2018, American Chemical

Society. C, Images of a sandwiched near-field communication (NFC) LED chip subcutaneously implanted on the inner surface of the dorsal

skin when the skin stretched, compressed and twisted (left two), histopathological images of the intradermally transplanted tumor of the

mice treated with different devices (middle), normalized tumor volume of the three control and two PDT groups of mice (right). Reproduced

with permission.160 Copyright 2019, Nature Publishing Group
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4.4 | Therapy

Different from conventional pharmacological therapies that
engage biochemical interplay, advanced 3D functional
structures enable physical interactions (electrical, optical,
and/or mechanical) with biological systems, realizing novel
therapeutic functions in areas like tissue regeneration and
phototherapy. For example, the effects of electrical stimula-
tion on tissue regeneration have been investigated for
decades.158 Unlike conventional methods based on external
electronic wires and instruments, Koo et al29 developed an
innovative nonpharmacological treatment to repair periph-
eral nerves by electrical stimulation, based on a wirelessly
operated, fully implantable and bioresorbable device sys-
tem. The developed platform used a radio frequency power
harvester to dramatically facilitate nerve regeneration via
electrical stimulation. As shown in Figure 14A (left), the
device systems was comprised of fully biocompatible and
degradable materials, including Si (for diode), Mg (magne-
sium, for coils and electrodes), and PLGA (for dielectric
interlayers and substrates). The middle part of Figure 14A
displays the surgical process, showing the cuff secured to
the sciatic nerve with biodegradable sutures. Somatosensory
evoked potential was acquired from stimulation of the spi-
nal cord with monophasic pulses (Figure 14A, right). The
in vivo results revealed that the electrical stimulation pro-
vided by such an electronic medicine could effectively pro-
mote the nerve recovery.

In another work, Zhou and coworkers developed con-
ducting polymer hydrogels (CPHs) as a bioactive scaffold to
repair spinal cord injury by bridging spinal cord lesions
(Figure 14B).159 The CPHs were engineered to achieve high
electrical conductivity and appropriate mechanical proper-
ties that matched to the surrounding tissue (Figure 14B,
left). Figure 14B (middle) presents the semitubular CPH
covering the spinal cord hemisection gap. With the
implanted CPHs, the endogenous electric microenviron-
ment could contribute to the restoration and regeneration
of interrupted nerves. Compared to the control groups, the
injured animals with the electroactive gels presented accel-
erated nerve tissue regeneration and showed smaller cavity
sizes (Figure 14B, right).

PDT is an effective method for cancer treatments
based on optically activated photosensitizers.31 Conven-
tional PDT is limited for curing tumors on the skin sur-
face. For applications in the deep tissue, biodegradable
light sources and their seamless fixation with complex 3D
biological tissues are necessary. Here, an implantable
device system was demonstrated PDT in the deep tissue,
by using polydopamine (PDA) as a biocompatible adhe-
sive material for chronic fixation.160 Figure 14C (left)
illustrates the layered device structure, consisting of a
near-field communication controlled LED chip and PDA-

PDMS-based nanosheets. The PDA-based adhesive
ensured that the subcutaneously implanted device was
stably fixed onto the inner surface of the dorsal skin even
under the conditions of mechanical stretching, com-
pressing and twisting (Figure 14C, middle). By remotely
operating the implanted microscale LEDs, low-dose and
long-term PDT was demonstrated to successfully kill
microtumors in vivo in a mouse model (Figure 14C,
right). Because of the low invasiveness of suture-free
implantation, this technique is expected to be an effective
treatment for deep-tissue tumors in fragile and delicate
organs like the brain and pancreas.

5 | CONCLUSION AND OUTLOOK

In this paper, we have reviewed recent advances of 3D
electronic and photonic biointerfaces as emerging plat-
forms for fundamental biological studies and advanced
biomedical applications. While the biology systems of
interest are always soft, flexible, curved, and wrinkled in
complex 3D geometries, artificial high-quality materials
and devices are conventionally rigid, flat, smooth, and
steady.161 The developments of novel 3D concepts and
manufacturing techniques are imminently motivated to
overcome this fundamental mismatch, and corresponding
materials with designer structures are highly demanded.
Recent progress has constructed various available tech-
niques with encouraging abilities in forming 3D struc-
tures, as demonstrated in this article, including vapor
growth, microfabrication, mechanical assembly, and so
on. Challenges still remain in the aspect of accessible
materials. For example, although 3D printing technologies
offer outstanding capability in forming complex 3D archi-
tectures, further promotions are still needed for rapid
large-scale processing and incorporating functional mate-
rials such as semiconductors as raw materials for printing.
Furthermore, the design principle and standards for 3D
manufacturing remains uncertain. In other words, there
still exist enormous opportunities in the exploration of
fundamentally effective and all-purpose strategies for for-
ming 3D nano-, micro-, and mesostructures.

Biosystems naturally respond to and communicate
via a series of physical events, such as electrical, optical,
mechanical, and thermal signals. Conventional materials
such as ceramics (eg, hydroxyapatite) and synthetic poly-
mers (eg, polylactides, polycaprolactone) are able to offer
proper mechanical properties and provide topographi-
cally effective bioscaffolds, but they lack bioactive proper-
ties when interacted with biosystems, which limits their
biomedical applications particularly serving as scaffolds
in tissue engineering. Alternatively, semiconductors dis-
play incomparable superiority because of their tunable
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optical and electrical properties together with abundant
signal transduction mechanisms at the biointerface, but
they are inelastic or too fragile to fit with biological tis-
sues. In addition, typical semiconductors made of bulk
crystals or organics are not biodegradable and bio-
absorbable, producing biocompatibility issues during
chronic implantation. By modifying these active mate-
rials in a thin-film, micro-/nanoscale platform, they can
be incorporated into biologically relevant structures and
potentially facilitate progress toward clinically practical
biointerfaces.

In spite of the preliminary results discussed here,
comprehensive understanding of inner mechanisms (eg,
how different cells and organelles sense the external elec-
trical field and photons) for biological behaviors at the
biotic-abiotic interfaces is necessary to provide guidance
for further progress. From the aspect of the latest pro-
gress on versatile applications of such active 3D struc-
tures encompassing cell culturing, biosignal sensing/
modulation, and tissue regeneration, the unique capabili-
ties of electronic and photonic biointerfaces hold great
potential for developing progressive biological technolo-
gies to realize fundamental biological studies in vitro
and/or in vivo, and to advance biomedical applications in
clinical practice.
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