¢? CellPress

OPEN ACCESS

Device

Beyond 25 years of biomedical innovation
in nano-bioelectronics

Pengiju Li,"* Saehyun Kim,? and Bozhi Tian>34*

1Pritzker School of Molecular Engineering, The University of Chicago, Chicago, IL 60637, USA
2Department of Chemistry, The University of Chicago, Chicago, IL 60637, USA

3The James Franck Institute, The University of Chicago, Chicago, IL 60637, USA

4The Institute for Biophysical Dynamics, The University of Chicago, Chicago, IL 60637, USA
*Correspondence: pengju@uchicago.edu (P.L.), btian@uchicago.edu (B.T.)
https://doi.org/10.1016/j.device.2024.100401

THE BIGGER PICTURE Nano-bioelectronics represent a synergistic integration of nanotechnological preci-
sion with the multifaceted nature of biological systems. Since its emergence, the discipline has witnessed
evolution propelled by a suite of technological breakthroughs including biochemical sensing, intracellular
recording, neuromodulation, and brain-machine interfaces. This review highlights the contribution of
nano-bioelectronic materials and devices in advancing biomedical interventions in the past decades, and
it looks forward to their potential for environmental surveillance, improving agricultural productivity, opti-
mizing energy utilization, and even enhancing artistic endeavors. Research in nano-bioelectronics encom-
passes a wide range of scales. On the molecular scale, it has been studied intensively in cellular operations
and intercellular dialogue, facilitating deciphering of biochemical, biomechanical, and bioelectrical lan-
guages. On the societal scale, its deployment in environmental observation, and agricultural practices herald
innovative strategies for ecosystem management. Anticipated future directions would concentrate on the
refinement of devices capable of integrating with biological matrices. Furthermore, advancements in scal-
able manufacturing processes are deemed critical for expanding accessibility and application.

SUMMARY

Nano-bioelectronics, which blend the precision of nanotechnology with the complexity of biological systems,
are evolving with innovations such as silicon nanowires, carbon nanotubes, and graphene. These elements
serve applications from biochemical sensing to brain-machine interfacing. This review examines nano-bio-
electronics’ role in advancing biomedical interventions and discusses their potential in environmental moni-
toring, agricultural productivity, energy efficiency, and creative fields. The field is transitioning from molecular
to ecosystem-level applications, with research exploring complex cellular mechanisms and communication.
This fosters understanding of biological interactions at various levels, such as suggesting transformative ap-
proaches for ecosystem management and food security. Future research is expected to focus on refining
nano-bioelectronic devices for integration with biological systems and on scalable manufacturing to broaden
their reach and functionality.

INTRODUCTION

The essence of biological complexity spans across the nano-
scale dimensions, particularly from 1 to 100 nm, the regime in
which life’s critical structures and processes find their footing.
For example, DNA strands, which are about 2 nm wide, and
proteins, with their 5-50 nm dimensions, function optimally at
this scale where their sizes are intricately linked to their roles
and interactions within the cell. The nanoscale is crucial to
the functioning of cellular organelles, including mitochondria,
the endoplasmic reticulum, and the Golgi apparatus, all of
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which are pivotal for energy production and biomolecule
synthesis. The cytoskeleton, with its network of microtubules,
intermediate filaments, and actin filaments, operates at this
scale, maintaining cellular integrity and facilitating intracellular
transport and communication. Understanding these interac-
tions is vital for the development of biosensors, drug delivery
systems, and therapeutic strategies.

The fusion of nanomaterials, electronics, and biology gave rise
to the field of nano-bioelectronics’ in recent decades (Figure 1).
This interdisciplinary field has benefited from technological leaps
such as the atomic force microscope, tools that have allowed
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Figure 1. Advancements in nano-bioelectronics for biological applications

(A) Milestones of nano-bioelectronics over the past two decades.* 578210718

(B) Carbon nanotubes and graphene have been demonstrated for gas sensing based on adsorption and desorption. Molecular gasses act as electron donors or

acceptors that affect local density of states and the resistance of the nanoelectronics device.

3,4,6

(C) Nanowire-based FET devices have been used for specific detection of biomolecules. The recognition of biomolecules through the receptors cause a change in

the local charge states, affecting the channel transconductance.'*""

(D) U-shaped and kinked 3D nanowire FETs have been leveraged for intracellular electrophysiology studies. This provided higher electrophysiological signal

fidelities compared with the extracellular microelectrode arrays.'*'®

(E) Monolithic thin-film photoelectrochemical devices have showcased leadless modulation of biological tissues. The monolithic film has achieved random-

access and photostimulation of cells, ex vivo and in vivo rodent tissues as well as in vivo pig heart models.

us to see and manipulate the biomolecular world. These ad-
vancements, coupled with bioinformatic insights, such as those
from multi-omics and synthetic biology, have paved the way for
nano-bioelectronics that interfaces with biological systems
at the molecular level. While nano-bioelectronics has its roots
embedded in improving healthcare and medical technologies,
its future applications are broad and transdisciplinary, with pos-
sibilities and opportunities for technological advancements and
societal benefits across a wide range of disciplines.

At the heart of nano-bioelectronics’ lies an array of nano-
structured components (Figure 1) for biological sensing and
modulation,?'?? including semiconductor nanowires,?** carbon
nanotubes,®® graphene nanomembranes,® supramolecular or
polymeric networks, and metallic nanostructures.””#?* Nano-
structured field-effect transistors (FETs), in particular, stand as
a cornerstone device configuration. The design and synthesis
of these materials directly impact the deployment of these com-
ponents in applications such as intracellular recording and tissue
engineering. Addressing issues such as Debye screening,
which occurs in environments of high ionic strength, is crucial
for enhancing the sensitivity of FETs. Progress in surface
modification techniques,”®*® including those employing ap-
tamers,”” " has led to improvements in specificity and sensi-
tivity. The ephemeral nature of silicon and reactive metal species
in aqueous environments has pivoted their application toward
transient bioelectronics,®®'>* whereas carbon-, carbide-, and
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noble metal-based materials are being used for their durability
in long-term applications.’

The integration of nano-bioelectronics within the domain of
brain-computer interface (BCI) technologies® " is a subject of
debate. The progression toward more advanced, miniaturized,
and lightweight devices, akin to those pioneered by Neuralink,
signifies recent progress in the field. Nanoscale engineering
may refine BCls to a degree where they can spatiotemporally
decode and modulate neural pathways with high accuracy,
opening possibilities for treating neurological conditions and
augmenting cognitive abilities. This review first discusses the
typical research and applications of nano-bioelectronics, delib-
erately reducing emphasis on BCls due to the extensive literature
coverage, and explores emerging non-biomedical applications.
We also address the challenges and forthcoming opportunities
in our conclusions.

DECADES OF BIOMEDICAL INNOVATION

The advent of nano-bioelectronics marks a convergence of
nanotechnology and biological research, catalyzing an era of
innovation that transcends traditional boundaries of science
and engineering at the macroscopic length scales (Figure 1).
This interdisciplinary field harnesses the capabilities of nano-
scale materials to interface with biological systems in new
ways to unravel biological mysteries and engineer solutions to
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pressing medical challenges. The foundational goal of nano-bio-
electronics is not only to enhance our understanding of life at the
molecular level but also to pioneer advanced diagnostic and
therapeutic devices that could revolutionize personalized medi-
cine and beyond. As we check the nuances of biosensing and
modulation, and their implications for the future of healthcare
and biological research, it is essential to recognize the transfor-
mative potential nano-bioelectronics holds.

Biosensing

In the initial stages of nano-bioelectronics research, the focus
was predominantly on the sensing of biomolecules and bio-parti-
cles, specifically targeting the detection and quantification of bio-
logical entities such as DNA, proteins, and viruses.?*'"*® This di-
rection was driven by the goal of analyzing biological molecules at
the nanoscale, utilizing the distinct properties of nanomaterials
combined with the precision offered by electronic systems. This
resulted in highly sensitive detection of biomolecules with detec-
tion limit as low as nano- to sub-picomolar range.'®"" A portion of
thisresearch also delved into exploring the dynamics and kinetics
of biomolecular interactions at the single-molecule level.*® The
capability to monitor individual molecules in their interactions
with surrounding environments or other molecules is crucial,
providing insights into biological mechanisms that are often not
discernible in bulk analysis. These insights include elucidating
the molecular recognition processes and the conformational
changes, and the impact of environmental factors on these mo-
lecular dynamics. One notable example is the use of nanowire-
based nano-bioelectronics for the electrical characterization of
single molecules translocating through nanopores (Figures 2A-
2C).* These nanopores are typically created using nanolithogra-
phy techniques, enabling the sequential passage of individual
molecules. The monitoring of these translocation events involves
measuring alterations in electrical properties, such as ionic cur-
rent or resistance, as each molecule traverses the pore.

The detection of analytes using FETs equipped with ligand-
specific receptors is typically hindered by the Debye length lim-
itation, which involves shielding by the electrical double layer. A
study by Nakatsuka et al. achieved the detection of small mole-
cules under high-ionic-strength conditions typical of physiolog-
ical environments by integrating printed ultrathin metal-oxide
FET arrays with deoxyribonucleotide aptamers.?’” These ap-
tamers, selected for their adaptive binding to targets, undergo
target-induced conformational changes (Figure 2D). The alter-
ations in the negatively charged aptamer phosphodiester back-
bones near the semiconductor channels modulate conductance
in physiological buffers, facilitating sensitive detection. The
method enabled the sensing of both charged and electroneutral
targets, including serotonin (Figure 2E), dopamine, glucose, and
sphingosine-1-phosphate, through aptameric stem-loop recep-
tors specifically isolated for this purpose.

Since 2016, the field of nano-bioelectronics has made ad-
vancements in interfacing with cellular systems such as neural
and cardiac tissues.'?'®1%19:85°37.39°47 Early efforts utilized
planar FET arrays and single FET devices for extracellular neural
and cardiac interfaces. Later, the development of freestanding
FET probes, '®941:42:45 gych as those from kinked Si nanowires
(Figure 3A) and nanostructured conductors (Figures 3B and
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3C)*5" capable of intracellular access and recording, revolu-
tionized electrophysiological recording since the development
of the patch-clamp technique. Nanopillars, with their high aspect
ratio and customizable surface properties, offer a robust plat-
form for stable intracellular access. The vertical orientation and
sharp tips of nanopillars allow for penetration of cell membranes
with minimal invasiveness, enhancing the recording stability.*®>°
Nano-mushrooms, characterized by their cap-and-stem struc-
ture, mimic the natural extracellular matrix, promoting cell
adhesion and growth. The larger surface area of the "cap" allows
for increased interaction with the cell membrane, potentially
reducing the mechanical mismatch and facilitating a more stable
intracellular connection.*>® In addition, surface chemistry mod-
ifications, such as the incorporation of cell adhesion molecules
or conductive polymers, can improve electrical coupling and
reduce the impedance at the interface, further enhancing
signal quality and stability.>*>® For example, Zhao et al. explored
curved inorganic nanostructures'® for neural recording and
developed a nanowire-based field-effect transistor (NWFET)
with a three-dimensional (3D) U-shaped configuration (Figures
3D-3F) using a fabrication process involving a sacrificial nickel
layer. Their design, enhanced with a phospholipid bilayer coating
for membrane fusion, allows the NWFET to penetrate cell mem-
branes and access the cytosol for localized recording. The 3D
curved NWFET offers several advantages, including intracellular
neural recordings and the potential for multiplexed recording
from single cells or networks. Its U-shaped design facilitates
smooth cell entry and is consistent with the understanding of
membrane tension and cortical cytoskeleton dynamics.®®°’

In biointerfaces beyond the single-cell level, engineered tis-
sues'*°%°? and organoids®®®" have been studied, particularly
for modeling neural and cardiac development and diseases.
However, a critical need exists for advanced methodologies
that enable long-term, minimally invasive electrical activity
recording in these systems. Current technologies such as
patch-clamp, penetrating microelectrodes, planar electrode ar-
rays, and substrate-attached flexible electrodes are inadequate
for chronic recording in suspended organoids while preserving
the organoids’ structural integrity. Addressing this challenge, a
new flexible electronics technology, inspired by kirigami art
and named kirigami electronics (KiriE),” has been developed
by Yang et al. (Figures 4A-4C). Their device transitions from a
2D layout to a 3D one, with a dynamic and morphing structure
with patterns resembling spirals or honeycombs. This integration
occurs without altering the organoids’ morphology, cytoarchi-
tecture, or cell composition (Figure 4A). In addition, KiriE is
compatible with optogenetic and pharmacological interventions,
proving its efficacy in simulating genetic disease phenotypes
and in observing corticostriatal connectivity within assembloids
following optogenetic stimulation (Figures 4B and 4C). In another
study, ultrasoft electronic nanomeshes® (Figure 4D) were de-
signed to monitor the field potentials of cardiomyocytes derived
from human induced pluripotent stem cells cultured on hydro-
gels. These nanomeshes permit dynamic movement of the
cardiomyocytes without disruption (Figures 4D and 4E). Due
to their softness, the nanomesh-equipped cardiomyocytes
demonstrate natural contraction and relaxation motions. Finally,
the development of an innovative in situ electro-sequencing
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Figure 2. Notable examples of biomolecular sensing via nanoscale FETs
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(A-C) Detection of DNA through local electrical potential by nanowire-nanopore sensors.* (A) lllustration of experimental setup for nanowire-nanopore (NW-NP)
measurements, with an inset providing a detailed view of the nanopore region. (B) Nanowire-nanopore sensing mechanism: on the left, a schematic of the sensing
circuit is shown, while on the right, an equivalent circuit diagram is illustrated. The silicon nanowire (SiNW) is highlighted as a critical component. (C) The single-
channel nanowire-nanopore FET detects DNA translocation, with simultaneous recording of ionic current and FET conductance signals at a bias voltage of 2.4 V.
The right panels provide detailed views of individual ionic current and FET conductance events, as indicated by black arrows in the ionic current traces on the left.
(D and E) Overcoming Debye length limitations in small-molecule sensing with aptamer-field-effect transistors.?” (D) The hypothesized mechanism of target-
induced reorientation of stem-loop aptamers in proximity to semiconductor channels, affecting the electrostatic environment within or near the Debye length. On
the left, aptamers are shown reorienting closer to the FET channels, leading to electrostatic depletion of the channels (e.g., for dopamine, glucose), whereas on
the right, aptamer stem-loops reorient away from the channels, enhancing transconductance (e.g., for serotonin, sphingosine-1-phosphate [S1P]). (E) Response
of serotonin aptamer-FETs to serotonin concentrations in artificial cerebrospinal fluid (aCSF), displaying concentration-dependent responses, in contrast to
negligible responses observed with scrambled serotonin sequences. Error bars are + SEM with N = 6.
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Figure 3. Application of nhano-bioelectronic devices in intracellular electrophysiology

(A) Utilization of kinked nanowire FET for intracellular recording.'® Scanning electron microscope (SEM) depiction showcases the initial state of the device, with
the nanoscale FET and the polymer SU-8 highlighted by a yellow arrow and a pink star, respectively.

(B) Nanopillar-electroporation-based intracellular capture of action potentials.*® Focused ion beam milling reveals the cellular-nanopillar electrode junction,
demonstrating complete cellular encapsulation of the nanopillar electrode.

(C) Plasmonic meta-electrodes for intracellular network-level recordings via high-density complementary metal-oxide semiconductor (CMOS) multi-electrode
arrays.®’ Cross-sectional SEM images exhibit HL-1 cells cultured and immobilized on CMOS-MEA meta-electrodes, with a porous platinum layer atop the CMOS
metallic connectivity.

(D-F) Introduction of the ultrasmall U-NWFET probe for electrophysiological research.'® (D) Diagrammatic representation of intracellular recording utilizing a
U-NWFET probe. The integration of a short-channel U-NWFET with the cellular membrane is achieved through internalization and formation of a high-resistance
seal, facilitating recordings of amplitude. The sensitive p-type Si NWFET region and the metallic NiSi section on the U-shaped nanowire are denoted in red and
blue-grey, respectively, with the nanowire surface modified by phospholipids. (E) Conceptual illustration of concurrent multisite intracellular recordings from a
singular neuron using paired U-NWFETs on one probe arm. (F) Sequential intracellular recording of action potentials from distinct neurons utilizing a singular

U-NWEFET probe without necessitating re-modification. The sequential order of cell measurement is indicated by cell numbering.

(electro-seq)®® by Li et al., merges flexible bioelectronics with
RNA sequencing to capture millisecond-scale electrical activity
and single-cell gene expression within intact biological net-
works, such as cardiac and neural tissues. Applied to human-
induced pluripotent stem cell-derived cardiomyocyte patches,
in situ electro-seq facilitates multimodal analysis, delineating
cell states and developmental trajectories through combined as-
sessments of electrophysiology and gene expression at the
cellular level. This technique, enhanced by machine-learning
analysis, elucidates gene-to-electrophysiology relationships
throughout cardiomyocyte development and enables the recon-
struction of gene expression evolution from stable electrical
measurements, offering potential for creating spatiotemporal
maps in electrogenic tissues to uncover mechanisms of electro-
physiological functionality and disorder.

In recent years, applications of nano-bioelectronics in
vivo from the nervous or cardiac systems have been
extensive.'>7:3537:43.63.69 The development of these devices

is primarily driven by the need to conform to the complex topog-
raphy of biological tissues or to establish interfaces with single-
cell resolution, thereby providing high-fidelity and high-density
recordings of electrical activity with minimal tissue damage or
foreign body response. While the focus in this aspect has been
on the sensing components, progress has been made in
the interconnect or substrate elements.'”:*° For example, Le
Floch et al. have developed a novel 3D implantable electronic
platform®* for neural recording, where their platform utilizes per-
fluorinated dielectric elastomers (Figure 5A) and soft multilayer
electrodes (Figure 5B) to achieve spatiotemporally scalable sin-
gle-cell neural electrophysiology. The elastomers demonstrate
stable dielectric performance for over a year in physiological so-
lutions and are softer than traditional plastic dielectrics. The 3D
integrated multilayer soft electrode array maintains flexibility at
the tissue level, thereby reducing chronic immune responses in
mouse neural tissues. In another example, Jiang et al. developed
aninterface'” for creating stretchable hybrid devices suitable for
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implantable and on-skin monitoring of physiological signals.
Their research addressed the need for interconnects that can
withstand stress and prevent debonding failure between these
modules. The interface uses a combination of interpenetrating
polymer and metal nanostructures (Figure 5C), allowing modules
to be connected simply by pressing them together, without the
need for adhesives. As a demonstration, Jiang et al. used this
interface to assemble stretchable devices for in vivo neuromodu-
lation and on-skin electromyography (Figure 5D). In another
example, Lu et al. reports the creation of a thin, elastic, conduc-
tive nanocomposite achieved by cryogenically transferring laser-
induced graphene (LIG) onto a hydrogel film.®® This cryogenic
process improves the bonding between the nanoporous gra-
phene and the crystallized water within the hydrogel (Figure 5E).
This bonding technique utilizes the hydrogel to dissipate energy
and provide an out-of-plane electrical path (Figure 5F). As a
result, cracks in the LIG can be continuously deflected, leading
to over 5-fold increase in its intrinsic stretchability. The authors
have applied this innovative approach to develop multifunctional
wearable sensors for on-skin monitoring (Figure 5G) and cardiac
patches for in vivo detection.

Modulation or programming

Recent progress in biomodulation research'6-2%:2%65-76 high-
lights the potential of nano-bioelectronics in treating neurological
and cardiovascular diseases. This includes the development of
organic electronic devices capable of delivering neurotransmit-
ters with high precision to specific neural targets,”’ and the use
of vagus nerve stimulation as an effective means to modulate im-
mune functions, offering therapeutic benefits in autoimmune dia-
betes by modifying immune system behaviors.®® Furthermore,
multifunctional neural interfaces that incorporate light sources,
electrodes, thermal sensors, and microfluidic channels have
been designed to facilitate research into brain-viscera interocep-
tive signaling.”” These interfaces have proven effective for appli-
cations as varied as modulating the mesolimbic reward pathway
in the mouse brain to controlling intestinal sensory cells that influ-
ence feeding behaviors through wireless technologies. In pediat-
ric medicine, the advent of morphing electronics’® that adapt
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alongside tissue growth is anticipated to decrease the need for
repeat surgical procedures. The advancement in bioresorbable
bioelectronics leverages degradable polymer substrates,”®
including poly(lactic-co-glycolic acid), polycaprolactone, and
poly(lactic acid), alongside metal components such as magne-
sium-, zinc-, and iron-based alloys for electrodes and inter-
connects,’® as well as semiconductors such as silicon.® These
materials generally exhibit minimal inflammatory responses,
facilitating their use in various biomedical applications.®°

Imaging techniques have been employed to track the degra-
dation process and ensure that materials do not migrate before
they are absorbed or excreted.?' It is also essential to evaluate
the metabolism and excretion pathways of both the materials
and their degradation byproducts, ensuring that they do not
pose systemic risks.® This innovative approach to imaging re-
duces the need for surgical interventions to remove the devices
post-treatment, enhancing patient recovery and comfort. Ultra-
sound-activated power sources can be used for temporary oper-
ation followed by rapid bioresorption, offering the possibility to
manage peripheral neuropathy without necessitating surgical
removal.®® For example, iron sulfide nanoclusters have been
shown to enable precise and localized generation of nitric oxide
(Figure 6A), a key lipophilic messenger in the brain, thus facili-
tating the targeted modulation and investigation of nitric oxide-
induced neural signaling events (Figure 6B).?* Some of these ad-
vancements, initially more applicable to larger systems, are
paving the way for their integration into nano-bioelectronics,
promising to enhance therapeutic strategies across various
medical fields.

Biological modulation has also been achieved through the de-
velopment of freestanding nanostructure configurations, which
focus on modulating bioelectrical activities without directly inte-
grating with the electronic elements. This research leverages
a broad spectrum of materials®® such as nanostructured sili-
con, 16:20:23.72.75 machanoluminescent nanoparticles,®* " quan-
tum dots,*® macromolecular nanotransducers,®® and organic
thin-film photovoltaics®*°" for cellular and tissue modulation. A
standout advancement in this area is the development of
porosity-based silicon heterojunction (Figure 6C),”° elevating

88

Figure 4. Nano-bioelectronic innovations for electrical interfacing with engineered tissues and organoids

(A-C) The KiriE platform® facilitates prolonged integration with organoids without disrupting the development of human cortical organoids (hCOs). (A) Displays
both top (middle) and side (right) perspectives of CAGeGFP-labeled hCOs situated on the spiral KiriE device (left), captured through live-cell confocal microscopy.
The medium’s level was reduced to enhance the visibility of KiriE’s structural changes. (B) Live-cell confocal fluorescence imagery of a corticostriatal assembloid
(outlined with dashed lines), where the left image illustrates the proximity of both hCOs and hStrOs to the electrodes at KiriE’s core. The right image provides a
closer look at the hStrO, with the green channel vividly depicting the eYFP+ projections from hCO into hStrO. Scale bars, 300 um (left) and 100 um (right). (C)
Heatmap demonstrates the neural activity’s firing rate within a corticostriatal assembloid on day 167 of differentiation (with n = 20 channels inhStrOandn =7 in
hCO), revealing increased activity in both hCO and hStrO following optogenetic excitation of ChrimsonR-expressing hCO, with orange lines marking the durations
of 590 nm light pulses.

(D-F) A nanomesh device® is shown to dynamically track the pulsations of cardiomyocytes derived from human induced pluripotent stem cells (hiPSCs) without
imposing mechanical restrictions. (D) An optical snapshot of the manufactured nanomesh device. (E) Movements of cardiomyocyte sheets attached to the
nanosubstrate, reporting the maximum strain observed in nanomesh-affixed cardiomyocyte sheets (N = 5). (F) Localized contractions within cardiomyocyte
sheets denoted by the colored region. The parylene’s thickness is noted in parentheses, where nanosubstrates devoid of parylene demonstrated synchronized
deformation patterns concurrent with the cardiomyocytes’ rhythmic contractions.

(G-K) Multifaceted profiling of molecular and functional cellular states via in situ electro-sequencing.®® (G) 3D reconstructed fluorescence image of the ongoing in
situ electro-sequencing process within a hiPSC-CMpatch electronics hybrid, with white arrows pointing to electrode locations. (H) A magnified view of the
fluorescence signals highlighting the electrode-embedded area within the white dashed square from (G). (I) A 3D cell segmentation map with cells color-coded
differently. (J) AUMAP visualization identifying major cell types among the sequenced cells, categorized through Leiden clustering, with electrically recorded cells
accentuated. (K) A 3D map of cell types, each labeled according to its cell type using the color scheme from (J), with the electrically recorded cells distinctly
marked in deep red.

Device 2, 100401, July 19, 2024 7



¢? CellPress Device
OPEN ACCESS ReVieW

Fluorinated dielectrics

Fluorinated elastomer B

Biofluid diffusion }>»

Organic solvent
swelling

© Cations @ Anions  ----"lon diffusion @ Organic solvent

BIND interconnects

Biphasic nano-dispersed

(BIND) interface Exposed Au CH21 CH7

Exposed SEBS

CH16 CH2
CH15 CH1

21le—1

i. BIND connection ii. BIND connection

Q Au nanoparticles \N Elastomeric block
~— Continuous SEBS (mechanical)

-Self-adhesive SEBS @ Hard block «2 Continuous Au (electrical) PI PCB

Buffer

1.0-1.5 pm-thick
hydrogel film

Straight crack propagation

l Filter Analogue to

and digital
|_|G PDMS amplifier conversion
LIG PPH-PDMS
e%

Figure 5. Recent advances in interconnect and substrate development for in vivo nano-bioelectronics enhancement

(A and B) Utilization of fluorinated elastomers as durable, pliable dielectrics.®* (A) Diagrams depicting ion diffusion and solvent swelling impacts on traditional
plastic, a standard elastomer, and a fluorinated elastomer. (B) Bright-field microscopy image illustrating the multilayered construction of a neural probe.

(C and D) Development of a universal interface for modular assembly of stretchable electronics.'” (C) Depiction of a BIND interface, with a detailed view (right)
revealing the SEBS and Au layers, while the interlocking nanostructure ensures cohesive mechanical and electrical connectivity. (D) Image of an EMG electrode
array positioned on a human arm (upper left) alongside the 21-channel electrode design (upper right). Enlarged sections illustrate the various BIND connection
types: flex-soft, soft-soft, and soft-encapsulation.

(E-G) Innovation of stretchable graphene-hydrogel interfaces for wearable and implantable bioelectronics.®® (E) Schematics for transferring laser-induced
graphene (LIG) onto ultrafine PPH films (with thicknesses of approximately 1.0-1.5 um) employing a cryogenic transfer technique, supported by molecular

(legend continued on next page)
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photostimulation to new translational applications.’® These
membranes utilize a non-genetic modulation approach (Fig-
ure 6D), suitable for larger animal models, and offer spatial and
temporal resolution for non-invasive biological manipulation.'®

Furthermore, the evolution of colloidal self-assembly in mate-
rial synthesis has extended into nano-bioelectronics, with supra-
molecular science techniques creating novel biointerfaces. A
notable invention are carbon-based monolithic membranes.
These membranes are constructed through micelle-enabled
self-assembly (Figure 6E), featuring hierarchical porosity, inter-
digitated microelectrodes, and micro-supercapacitor behav-
iors.*” This device can modulate cardiomyocyte contraction
rates and retina (Figure 6F) electrophysiological responses with
capacitive charge injection, showcasing the potential of self-
assembled membranes in bioelectrical modulation. In parallel,
protein engineering®®°* has introduced novel nanostructures,
such as filaments and lattices, using repeat protein oligomers.
These structures, which offer control over molecular arrange-
ment, may have applications in nano-bioelectronics if their
conductive properties can be enhanced to parallel those of natu-
rally occurring conductive protein nanowires in bacteria.®®

Researchers have also explored the use of biological modula-
tion for enabling biological programming akin to synthetic and
systems biology.?> A bioelectronic communication network
exemplifies this by employing redox mechanisms for signal
transmission between a bioelectronic interface and a microbial
community.®® This network, integrating microbial species with
electronic systems, dynamically regulates and monitors biolog-
ical activity through a live bioelectronic transducer mechanism.
The bacteria, upon receiving redox molecule signals from elec-
trodes, activate genes to produce therapeutic peptides, while
a co-culture provides electronic feedback. This system illus-
trates the feasibility of controlled bioelectronic communication
and the execution of pre-programmed biological functions.

PERSPECTIVE ON EMERGING NON-BIOMEDICAL
AREAS

The applicability of nano-bioelectronics stretches beyond the
biomedical sphere and has transformative potential in non-
biomedical sectors such as environmental monitoring, agricul-
ture, energy, and even computational systems. While these
applications are in their nascent stages, they inherit a promise
from the successes in bulk bioelectronics. This foundational suc-
cess lays the groundwork for innovative solutions that could
revolutionize how we interact with and manage our environment,
produce and consume energy, cultivate our food, and process
our information. The potential for nano-bioelectronics to con-
tribute to sustainable agriculture, environmental preservation,
efficient energy utilization, and advanced computing systems
exemplifies its role as a pivotal technology for the future. Howev-
er, the leap from laboratory breakthroughs to real-world applica-
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tions involves many challenges, including scalability, integration,
and regulatory compliance. Nevertheless, the trajectory of nano-
bioelectronics research indicates a promising avenue for inter-
disciplinary innovation, where the confluence of nanotechnology
and bioelectronic principles could address some of the most
pressing challenges of our time.

Environmental and physiological monitoring
Nano-bioelectronic sensors can detect trace levels of environ-
mental pollutants and toxins. For example, gold nanoparticle-
decorated electrodes have been leveraged for the electrochem-
ical detection of heavy metal ions such as Cd?*, Pb?*, Cu*, and
Hg?*.°"~°° These sensors harness the sensitivity and selectivity
afforded by nanotechnology to deliver real-time assessments
of water or air quality, thus enabling proactive environmental
management. We also envisage a portable and wireless detec-
tion of environmental toxins by optoelectronics, where the pho-
toelectrochemical responses are modulated by the presence of
the species of interest.

Wearable nano-bioelectronic sensors can provide constant
physiological monitoring, which is essential for detecting health
deviations from established healthy baselines. Present-day
wearable technologies, including smartwatches, electronic tat-
toos, straps, and especially sensor-equipped face masks (Fig-
ure 7A),'°%101192 demonstrate potential for broad-spectrum
chemical and biological detection. This enables the identification
of various pathogens and the monitoring of environmental toxins.

The integration of advanced transducers—optical, electro-
chemical, and chemiresistive—with microfluidic technology
and CRISPR/lateral-flow assays is poised to transform personal
protective equipment. This integration promises to enable the
detection of airborne contaminants and dangerous substances
in real time, thereby enhancing public health and safety in the
face of pollution and potential biohazards.

Agriculture and food industry
Nano-enabled devices can help achieve sustainable agriculture
via the Internet of Plants (loP), utilizing nano-sensors for precise,
real-time data on soil and atmospheric conditions to improve
crop yields and resilience.'®”"'% These include the use of cost-
effective atmospheric nano-sensors repurposed from consumer
electronics and advanced gas nano-sensors to collect critical
nanoscale environmental data for crop management. Nano-bio-
electronic sensors, resembling health monitoring smartwatches,
can monitor crop vitality at the molecular level, enabling preemp-
tive stress management. The sustainable energy-powered, auton-
omous, wireless nano-sensor networks promise scalable, mini-
mally invasive IoP networks. Interdisciplinary efforts are crucial
for integrating these nano-sensor networks with growth models,
enhancing data-driven, eco-friendly agricultural practices.
Sensors such as single-walled carbon nanotubes (SWCNTSs)
and graphitic electrodes implanted on plants can be used for

dynamics simulations for surface binding energy estimations. (F) lllustrative depiction of the differences in crack propagation in LIG with and without the PPH
interlayer, accompanied by conceptual graphs showing the resistance changes (R) relative to tensile strain (¢%) in both conductive nanocomposites, where LM
stands for liquid metal. (G) Application of a thin, stretchable, and multifunctional LIG-based sensor system for dermal monitoring, complete with a schematic of
the flexible printed circuit board equipped with wireless capabilities and a microcontroller unit (MCU).
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(A and B) In situ electrochemical synthesis of nitric oxide for neuronal modulation.®*
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real-time monitoring of plant health and environmental condi-
tions. These sensors, acting as a second skin, wirelessly report
on volatile organic compounds (VOCs) such as ethylene, crucial
for fruit ripening monitoring, with sensitivity down to 5 ppm
(Figure 7B)."%® High-resolution graphene and SWCNT-based
conductive inks can also enable real-time plant humidity and wa-
ter status monitoring, critical for drought stress management.
Future developments continue to focus on improving sensor
sensitivity and selectivity, even under variable environmental
conditions, targeting VOC detection in the ppb range.

The integration of these nanobiotechnology-based sensors
with agricultural systems can help monitor crop health conditions
through optical and wireless communication with agricultural
equipment.’® However, challenges in applicability, accuracy,
and durability must be addressed for nanobiotechnology-based
sensors, requiring designs for multiplexing various chemical sig-
nals and environmental parameters with a stable and long life-
span in relation to the growing season. Integration with machine
sensory, learning, and actuation systems will further optimize
crop conditions, allowing for precise therapeutics delivery and
autonomous agricultural operations.

In the food industry, nano-bioelectronics can be used for
monitoring food quality'°~'"? and for ensuring food supply chain
integrity. For example, nano-bioelectronic sensors and radio-
frequency identification systems offer benefits for detecting
food spoilage and enhancing food safety, outperforming tradi-
tional methods with their ability to identify a range of substances,
including bacteria and spoilage-related chemicals, through the
conversion of chemical signals into electrical signals for digital
monitoring and food quality assessment.

Energy utilization

In energy production, nano-bioelectronics has emerged as a
critical field for the innovation of bio-batteries and biofuel cells.
Utilizing microbial bioelectric mechanisms, researchers have
converted metabolic processes into electrical energy, with impli-
cations for enhancing the output and scalability of energy sys-
tems, and particularly for self-powered personal devices that
derive power from endogenous biological processes.'’™® For
example, Yu et al. have developed a perspiration-driven, bat-
tery-free electronic skin capable of sophisticated metabolic
analysis.''* This device, embedded with an array of sensors
and powered by lactate biofuel cells, boasts an architecture of
nanostructured elements that yield a power density of 3.5 mW/
cm? from sweat. The system’s durability is demonstrated by its
stable 60-h operational window, during which it continuously
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monitors metabolic biomarkers, temperature, and interfaces
with prosthetics via Bluetooth—a testament to the potential of
nano-bioelectronics in medical and robotics applications.

Focused efforts to optimize the anode function in microbial
fuel cells (MFCs) have led to increases in bacterial load and con-
ductivity, thanks to the application of nanotechnology. A notable
contribution from Cao et al. detailed an approach using reduced
graphene oxide-silver nanoparticle (rGO/Ag) scaffolds within
Shewanella MFCs, which facilitate the release of Ag* ions and
foster the formation of conductive biofilms (Figure 7C)."** This
synergy of materials and biology has markedly increased the
electron transfer rates, enhancing MFC efficacy beyond the lim-
itations of conventional models.

Triboelectric nanogenerators represent a cutting-edge advan-
cement in biomechanical energy-harvesting technologies, offer-
ing a viable energy solution for leadless pacemakers. These
nanogenerators have been effectively designed in various struc-
tures and with multiple materials to transform biomechanical en-
ergy directly into electrical energy.’'*™'"” Complementing these
innovations, Liu et al. have introduced a self-powered intracar-
diac pacemaker (SICP) that employs triboelectric nanogenerator
technology to capture the biomechanical energy of cardiac
movements.''® Designed for intravenous implantation into the
ventricular chamber, the SICP successfully achieves energy
harvesting with power management. Empirical validation in
porcine models has showcased the device’s capability to treat
arrhythmia while also hinting at its longevity, demonstrating the
feasibility of triboelectric nanogenerators in clinical settings.

Furthermore, Sim et al. have explored the utility of silver nano-
wire-enhanced silicone transducers for in vivo energy harvest-
ing.""® These mechanoelectrical devices, when tested within
the cardiac environment of swine, have shown promising electri-
cal outputs, signaling a new chapter for autonomous power sup-
ply in implantable medical devices, and addressing a historical
obstacle in device longevity and patient autonomy.

Computation and data storage

DNA-based nanotechnologies

DNA'’s base-pairing rules enable the design of precise nano-
structures and patterns. This programmability allows for the cre-
ation of complex, custom-shaped nanoscale architectures that
are challenging to achieve with traditional manufacturing pro-
cesses. The convergence of DNA nanotechnology with nano-
bioelectronics is propelling a transformative shift, enabling
intricate biological and electronic interactions. DNA nanostruc-
tures exhibit exceptional stability,'?%'?" suitable for intracellular

depicts the galvanic replacement process used to enhance Fe3S, nanocatalysts with Pt nanoparticles. The atoms of Fe, S, and Pt are represented in yellow,
white, and red, respectively. (B) This panel illustrates the NO-sGC-cGMP signaling cascade within intact cerebellar neurons, highlighting the role of guanosine
5'-triphosphate (GTP).

(C and D) Nanoporous/non-porous silicon heterojunctions for enhanced photoelectrochemical activity and biointerface applications.?® (C) Diodes, essential
components of solar and photoelectrochemical cells, exploit the intrinsic electrical field of a p-n junction to separate photogenerated electron-hole pairs. In
photocathodic processes, electrons can migrate to the surface of n-type silicon to partake in reduction reactions. Variations in porosity within p-type silicon can
lead to diode-like band alignments conducive to robust photoelectrochemical performance without doping alteration. (D) Flexible, thin silicon membranes with
nanoporous/non-porous structures enable the stimulation of rat hearts ex vivo and sciatic nerves in vivo with low-energy light pulses.

(E and F) Micelle-assisted self-assembly of carbon membranes for bioelectronic interfaces.*’ (E) The process of fabricating hierarchical porous carbon involves:
(1) synthesizing mesoporous carbon, followed by (2) generating hierarchical carbon with both mesopores and macropores. (F) A schematic detailing the
experimental arrangement for retinal stimulation is presented.
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applications such as organelle targeting and drug delivery, cir-
cumventing the use of traditional transfection methods. These
advancements bolster the therapeutic potential within nano-
bioelectronics.

DNA-based bioelectric sensors have extended the frontier of
intracellular exploration, notably with the RatiNa probe and DNA
nanodevices such as pHlicKer and Voltair, which measure intra-
cellular sodium, pH, and potassium levels, and membrane po-
tentials in organelles.'?*"'?® Such precision in targeting specific
organelles enhances our understanding of cellular physiology.

DNA data storage is advancing through refined coding
and algorithms, '*'?° leveraging DNA'’s stability'" and charge
transport capabilities'*® for computational applications. While
conventional bottom-up assembly methods face challenges in
ensuring the accuracy and repeatability, DNA’s inherent speci-
ficity and programmability provide a high degree of control,
enabling the consistent assembly of components at the nano-
scale. The scalability of DNA-templated electronics could be
enhanced by leveraging biological replication mechanisms,
potentially reducing costs and facilitating integration with
existing semiconductor processes. The creation of electronic
devices using DNA templates'?’ can achieve higher functional
complexity and adaptability. The use of dynamic DNA modifica-
tion technologies'?® and CRISPR-responsive materials'® may
lead to new applications in bioelectronics and biosensors.'*°

These developments lead to a new era where DNA-based sen-
sors integrated with nano-bioelectronics may revolutionize
bioelectrical mapping and stimulation, potentially leading to
bioelectrical computing systems that exploit cellular signaling,
opening avenues for data storage and processing rooted in
bioelectric states.

Neural network-inspired circuits

The nano-bioelectronics offers opportunities toward neuromor-
phic systems that emulate brain-like computation, integrating
advanced nanomaterials and neuroscience-driven computing
for enhanced energy efficiency. Key to this evolution is unravel-
ing the physics'*° of neuromorphic computing, advocating for a
radical transformation of electronics and promoting small-scale
systems for experimental insights. Nanomaterials such as quan-
tum dots, nanowires, nanotubes, graphene, and transition metal
dichalcogenide nanostructures are critical in these systems
for their synaptic properties,’®" but their scalability remains a
challenge.

Organic electronics'®? are advancing neuromorphic computing
with resistance-switching mechanisms, although miniaturization
to nano-scales and energy management pose obstacles. None-
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theless, their tunability and biocompatibility hold promise for
organic neuromorphic systems. The fusion of neuromorphic cir-
cuits with robotics'®® suggests potential for efficiency in dynamic
settings, indicating a future convergence of cellular biology and
engineering.

Photovoltaic detectors employing 2D semiconducting metal
sulfides'®* are innovating vision systems, leveraging character-
istics suitable for photonics-integrated neuromorphic compu-
ting. Spintronic devices'** are being explored to replicate neural
networks through magnetic textures, aiming at compact, en-
ergy-efficient systems. In addition, sustainable neuromorphic
interfaces are being developed using protein nanowire memris-
tors'?® for bio-signal processing and energy harvesting, relevant
for wearable tech and IoT (Figure 7D).

Quantum materials, such as topological insulators, graphene
and gallium,*® offer pathways beyond binary logic by enabling
quantum computing elements that operate based on the princi-
ples of superposition and entanglement.'®” These materials can
process information in ways that traditional binary systems
cannot, potentially leading to dramatic increases in computa-
tional power and efficiency.'*®

Phase change materials (PCMs) such as Ge,SboTes and
Ge,Sb,Se Te, are used in creating neuromorphic circuits that
mimic the plasticity of synapses in the brain. By exploiting the elec-
trical resistance and optical property changes in these materials,
circuits can simulate synaptic weight adjustments, a fundamental
aspect of learning and memory in neural networks.'*® This
approach allows for the implementation of analog computing prin-
ciples, offering a more nuanced and dynamic method of informa-
tion processing compared with binary logic.

Incorporating materials into neural network-inspired circuits
challenges the traditional binary logic paradigm and opens
new avenues for computing that are closer to the way our brains
operate. Spanning nanomaterials, robotics, organic electronics,
photovoltaics, spintronics, PCMs, and sustainable interfaces,
this domain is poised to revolutionize computation and harness
the brain’s power for a wide range of applications.

Artistry
Nano-bioelectronics may transform interactive art and fashion
wearables into dynamic expressions of human creativity and
functionality. This interdisciplinary field generates powerful sen-
sors and devices that are revolutionizing user engagement in art
installations and fashion.

Interactive art now utilizes nano-bioelectronic sensors for
immersive, participatory displays that evolve with viewer

Figure 7. Perspective on emerging non-biomedical areas

(A) Aptamer-functionalized ion-gated transistor device on bioelectronic mask enablesquantification of SARS-Cov-2 and H1N1 virus based on gate voltage

response (AVgs). %

(B) Single-walled carbon nanotube (SWCNT)-graphite device is transferred onto a surface of a live leaf, enabling real-time sensing of dimethyl methylphosphonate

gas at a ppm level.'®

(C) STEM-EDX mapping of Shewanella oneidensis on reduced graphene oxide/silver (rGO/Ag) electrode reveals bacteria decorated with Ag-nanoparticle.
Shewanella-Ag hybridization enhance turnover frequency of a microbial fuel cell.'**

(D) Wearable neuromorphic device featuring sensory and memristor component utilizing microbially produced protein nanowires.'%°

(E) Hybrid living material (HLM) in the shape of A mask is fabricated a by 3D inkject printing technique with the addition of genetically engineered E. coli. Over 24 h
incubation, chromogenic response of E. coli to chemical signals yields gradient coloring of the HLM mask.'°® The death mask (Vespers lll) is created with artistic
query: “What remains once life has been lived? Can the death mask drive the formation of new life?” (https://oxman.com/projects/vespers-iii).
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interactions, such as responsive floors in installations that create
visual and auditory feedback from visitors’ movements. In
fashion, smart wearables embedded with these sensors offer
not only style but practical utilities, such as health-monitoring
clothing’® that tracks vitals and conveys data to smartphones
for improved lifestyle and health awareness.

Advancements in interactive fabrics'*'~'** are driving the cre-
ation of textiles that change in response to the environment or
user inputs, such as scarves that shift color with temperature,
highlighting adaptability and personal expression. In addition,
nano-bioelectronics supports sustainable fashion through dura-
ble nanomaterials and real-time adaptive garments for better
environmental responsiveness.

Finally, living nano-bioelectronic art may redefine the artistic
landscape through the integration of living materials,'“°~'*” 3D
printing,"®'*" and bioelectronic sensing. This interdisciplinary
approach merges nanotechnology, bioelectronics, and artistic
creativity'°° to craft dynamic pieces that evolve and interact
with viewers, echoing environmental conscientiousness through
the use of sustainable materials (Figure 7E). These artworks
incorporate living cells and microorganisms'“>~'*” with synthetic
structures to create responsive, interactive canvases that react
to human presence and emotional states, challenging percep-
tions of life and interconnectivity. The digital-to-physical creation
process utilizes 3D printing for intricate designs that may grow
and adapt, reflecting the viewer’s biological and emotional
signals. This new art form may not only be participatory and
customizable but also a reflection on the integration of sustain-
ability in art, pushing boundaries in how art is experienced and
conceptualized. Challenges remain in ensuring the safety,
biocompatibility, durability, and power efficiency of these tech-
nologies,'*"'“? with research ongoing to develop materials
that can change color, transparency, or form in response to
stimuli.

SUMMARY AND OUTLOOK

The nano-bioelectronics domain heralds an innovative era,
fundamentally revolutionizing methodologies in healthcare, and
holds potential for impacts on environmental and food moni-
toring, agriculture, energy utilization, computation, and artistic
expression. This revolution is predicated on the exploitation of
nanoscale material properties and their integration with biolog-
ical systems, leading to the creation of devices and platforms
characterized by unparalleled sensitivity, specificity, and func-
tionality. Such advancements include the sophisticated engi-
neering of biosensors for real-time, in vivo biological process
monitoring and the conception of circuits inspired by neural net-
works, mimicking the computational efficiency of the human
brain, thereby promising a profound transformation of our soci-
etal infrastructure.

Nonetheless, the advancement trajectory of nano-bioelec-
tronics encounters challenges. A paramount hurdle is achieving
the integration of nano-bioelectronic devices with biological sys-
tems, a milestone for erasing the boundaries between biological
and electronic domains. This objective necessitates the innova-
tion of novel materials and device architectures that are capable
of molecular- and organelle-level biological recognition, all the
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while mitigating adverse immune reactions. Another pivotal
challenge lies in scaling nanofabrication techniques to fulfill the
requirements of broad application scopes, which demands en-
hancements in manufacturing processes to ensure cost-effi-
ciency and environmental sustainability.

Furthermore, the deployment of nano-bioelectronics, espe-
cially within biomedicine and personal monitoring domains, in-
troduces complex ethical considerations and privacy issues.
The establishment of stringent ethical frameworks and trans-
parent, consent-based data management protocols is impera-
tive for upholding public trust and promoting ethical develop-
ment practices within the nano-bioelectronics field.

Confronting these challenges necessitates a collaborative,
interdisciplinary strategy, integrating insights from materials sci-
ence, engineering, biology, ethics, and policy analysis. Ongoing
advancements in materials science and nanofabrication, cou-
pled with comprehensive biocompatibility assessments and
ethical governance, are essential for cultivating the subsequent
generations of nano-bioelectronic devices. Embracing these
challenges as avenues for innovation and progress, the nano-
bioelectronics field is poised to extend its influence, presenting
solutions to some of the most urgent challenges confronting hu-
manity in contemporary and future contexts.
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