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Abstract

Sections

Biohybrid devices based on engineered cells interfaced with
bioelectronics represent a promising union where the strengths of
each field can be synergistically combined, resulting in constructs
with properties that are not otherwise achievable. Recent progress
inbiomaterials and cell-based synthetic biology has resulted in cells
that can be remotely triggered via multiple modalities and can

access anumber of cellular pathways to achieve complex sensing

and biomolecule production tasks. Although these living cells

canbe deployed as next-generation diagnostics and cell-based
therapies, they are limited by the fundamental boundaries of biology.
Bioelectronics, conversely, has been engineered to leverage the
strengths of established computational hardware and software,
integrates multiple inputs of biometric and external data, and allows
communication over long distances. However, bioelectronics often
requires considerable power to perform complex tasks and lacks the
specificity and adaptability of cells and tissues. The parallel advances
in synthetic biology, biomaterials and bioelectronics therefore present
new opportunities in devices for regulated cell therapies, diagnostic
tools and next-generation robotics. In this Review, we discuss the
enabling mechanisms of communication between engineered cells
and bioelectronics platforms, describe the approaches and challenges
inassembling and deploying such systems, and highlight recent
prototypes. The continued advancementin cell support systems and
bothinternal and external closed-loop control suggest forthcoming
breakthrough opportunities for biohybrid bioelectronics.
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Key points

o Biohybrid devices bring forth new opportunities not achievable
by bioelectronics or synthetic biology alone, enabling function that
overcomes fundamental biological processes while maintaining
connections to the Internet of Things and stakeholders.

o Biohybrid devices can enable real-time data-driven patient care
while improving adherence and enhancing patient access by enabling
remote treatment and monitoring.

e Combining cell engineering and bioelectronics requires efficient
means of bidirectional communication between cells and abiotic
bioelectronics, which can be achieved across modalities.

e Many challenges exist, including prevention of fibrosis or fouling for
implants and life support to sustain cells, which can be addressed via
co-design of biomaterials, bioelectronics and/or cell engineering.

o While key demonstrations have been achieved for therapy,
diagnostics and robotics, the examples are largely at the proof-
of-concept stage.

o Future advances in longevity, feedback and regulation, and
multicellular approaches are needed to advance the field.

Introduction

Biohybrid electronics brings together two research communities that
have evolved largely independently but are keenly aware of, and oppor-
tunistically leverage, key tools from one another. Specifically, recent
advances in both bioelectronics and synthetic biology have created
complementary toolboxes that, when combined, enable devices with
capabilities surpassing the use of either field’s tools alone’ (Fig. 1 and
Table 1). For example, where bioelectronics show poor selectivity for
stimulation, cellular engineering strategies developed over decades
canimpartcell-type level specificity. Where biological systems suffer
from slow signal transmission over millimetre-scale distances, bioelec-
tronics canwirelessly communicate toloop inthe user or operator, as
wellaslocal and global (Internet of Things) environmental signals and
data. Itisthus not surprising that the union of these disciplines, called
living electronics, biohybrid (bio)electronics or {syn(bio}electronics),
brings great potential across multiple domains: health monitoring
and therapy, responsive environmental tools and robotics, to name
afew. To best understand this union, it is critical to understand the
strengths (and limitations) of bioelectronics and synthetic biology
independently.

Engineered living (multi)cellular organisms canbe viewed as living
machines that have, over millennia, evolved energy efficient, highly
parallelized and specific functions. These functions, inherent to the
sub-cellular to tissue-scale living constructs, can be harnessed for
biomanufacturing, sensing and logic, and microscale force transduc-
tion and, importantly, can communicate via myriad cues (chemical,
mechanical, optical, electrical). Engineered cells can be used for on-site
production of biomolecules: so-called cell therapies, which target
living, engineered cells to be implanted or injected as a therapy*>.
These cells use their own machinery to synthesize peptides and pro-
teins, which a host is unable to produce sufficiently, to treat diseases

suchascancer, diabetes and other endocrine disorders. Similarly, living
mammalian cells and bacteria can sense their environment using native
receptors and signalling cascades or viaengineered pathways integrat-
ing non-native cues*®. Beyond simply carrying (often on the plasma
membrane) a specific receptor to bind or detect a molecule or physi-
cal input, multiple functions can be integrated within the same cell.
Different cells canbe multiplexed, logic circuits canbe implemented,
and signals amplified and even stored as on-board memory, before
being communicated to the user through an output signal (that is,
electrical or fluorescence signals). In this way, for example, compact
and parallel diagnostics can be performed to monitor waterways or to
trackinflammationinvivo or glucose availability in the gastrointestinal
tract*®”. Furthermore, specific cell types and their tissues can be used
to harness their specific evolved function. For example, muscle cells
can be harnessed for their efficient force production in microscale
regimes®, a feature that is otherwise challenging to achieve with syn-
thetic soft actuators. Biological systems are capable of self-contained
regulated control at cellular, tissue and organism levels by combining
thesensing and logic functions with actuation (biosynthesis and force
transduction), whichis at the core of the autonomy of living matter.

Living tissues can leverage genetic editing tools to programme
multiple features that extend their function beyond what is found
in nature: synthesis of non-native products, enhanced productivity,
improved resilience to senescence or cell death, tailored non-native
stimuliresponse and programmable safety switches (Box1). Critically,
these engineered living systems are, by their very nature, at the mercy
ofbiology. Their response times are limited by biological mechanisms
such as molecular rearrangements, diffusion, and transcription and
translation. Many early cell engineering strategies were established
in prokaryotes, such that they can respond to and sense a variety of
external stimuli, setting the stage for similar innovations in mam-
malian cells. In engineering cells, especially mammalian cells, it can
be challenging and inefficient to incorporate multiple gene circuits
within a single cell’™2. Likely the largest barrier to implementation is
that cells must be kept alive and functional to serve their engineered
function and they require energy, ideal environmental conditions
(pH, temperature) and waste removal.

Bioelectronics describes the interface of biological systems and
electronics, whereby electronic components as well as their intercon-
nects and integration platforms are entirely abiotic, relying on inor-
ganic materials (metals, ceramics), with polymers often relegated to
passive, insulating layers. The use of polymer-based or carbon-based
electronic materials has gained interest, especially at the biotic-abiotic
interface, and these are often called ‘organic’ bioelectronics (describing
the use of materials made up of low-mass elements commonin biology),
eventhoughthey donot useliving materials. Bioelectronics thus con-
siders the electronics and encapsulation materials as the engineered
system, with living or environmental systems (biology) being external
to a device. In this sense, a biological system is the device’s environ-
ment, an entity to be sensed and acted on. The interfacial nature and
form factor of a device largely dictate the efficiency and stability of
bidirectional information transfer. Bioelectronics leverages building
blocks fromelectronics: complementary metal oxide-semiconductor
(CMOS) technology enables pre-defined tasks to be hardwired into a
device or to be programmed externally. Logic operations can be rap-
idly executed at time scales that are orders of magnitude faster than
biology. Finally, information can be passed from and integrated with
other electronic systems — connecting to local networks of sensors and
actuators, tocloud services for later analysis, or remotely controlled by
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Fig.1| Biohybrid bioelectronic components,
function and applications. Bioelectronic
components (blue), engineered cells (red), and
functional encapsulation and biomaterials (grey)
serve as building blocks in biohybrid systems.
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other peopleorelectronicsystems. Inthisway,auser or patient, ahealth
practitioner, or afamily member canreceive actionable dataas well as
control or supervise an operation or therapy. Bioelectronics thus prom-
isesboundless potential, for example, in providing precision dosing and
timing, ranging from pacemakers to deep brain stimulators emitting
electrical pulses of precise frequency and intensity to control muscle
and neural tissues or fluidic pumps controlling dosing of therapies.
Bioelectronic systems can leverage sensing data to regulate actuation.
The classical example is an insulin pump, which senses glucose levels
and deliversinsulinat the appropriate levels; however, more complex
multi-sensor e-skins are in development that will enable prosthetics or
robotstorespond to their environment more naturally™". Bioelectron-
ics can perform these functions in both a closed-loop and human-in-
the-loop manner. Witharise inneuromorphic computing and machine
learning, new approachesto processing data, alongside existing infor-
mation, enable electronic systems to classify objects, scenarios and
diagnoses, with the potential to adapt and learn over time.

However, bioelectronic systems are incompatible with wet,
salt-rich environments, and often have stringent requirements for large

power and small form factors. Electrochemical processes, especially
unintended ones owing to aqueous exposure to electrical currents or
voltages, can damage electronic components, cause short circuits,
or expose the biological environment to harmful chemical or physi-
cal stimuli. Communication through tissue and over long distances,
although largely more effective than biological communication, can
be power intensive. The Achilles’ heel of bioelectronics is the need to
provideelectrical power, whichis not readily availablein usable forms
(by engineered electronics) in biological settings, thus necessitating
batteries or bulky transceivers. Much attention hasbeengivento these
challenges, which will result in new materials and coatings for stable
barriers”, hardware advances to handle intermittent power, long-term
storage and power harvesting, and wireless power delivery through the
body'. As with any technology with wireless connectivity, safety and
information security must be considered and properly engineered.
Unlike traditional bioelectronics, in abiohybrid device, the bound-
ary of theengineered system should encompass bothbioelectronicand
living cellular components, which interact with other living or envi-
ronmental systems. To engineer biohybrid bioelectronics, especially

Nature Reviews Bioengineering


http://www.nature.com/natrevbioeng

Review article

Table 1|1 Comparison of strengths of cell engineering (synthetic biology) and bioelectronics

Feature Synthetic biology Bioelectronics
Long-range [ ] Signal velocity typically <1 um s™. Largely limited HEE Signal velocity typically near 3 x10® m s™. Multimodal
communication to direct, physical, chemical communication® and wireless communication
Latency ] Typically 0.01-100 s HEE Typically less than 0.1s
Ease of programming W Lack of standard programming languages [ [ 1] Many widely used standardized programming languages
Physical actuation (] ] Muscle generates force efficiently in microscale and [ 1 [ ] Fast, precise actuation of light, magnetic and/or
macroscale regimes with higher mass to power ratio than electric field, and heat with standard optoelectronic
abiotic actuators. Electrical and optical actuation possible components. Motors, piezo and pneumatic actuators
produce mechanical forces in the macroscale regime
Physical sensing [ T] Receptors for mechanical force, light, electric fields HEE Fast and precise sensors for mechanical force, light,
and heat electric and magnetic fields, and heat
Feedback control (] ] Limited precision and complexity of feedback control 1 [ ] Many complex and accurate feedback controls systems
Security HEEE nherently secure in operation® HEE Robust encryption and cyber security
Safety in failure [ T] Can cause disease or injury® [ T7] Can cause injury®
Chemical actuation HEE Capable of producing many biomolecules ] Limited mainly to redox reactions, or pre-loaded
reservoirs of few or limited drugs
Chemical sensing HEE Receptors for most biomolecules ] Limited mainly to molecules with redox signatures, or

integration with known biorecognition elements. Limited
long-term stability

Self-renewal HEE Most cells can self-replicate

Most electronics cannot self-replicate

Number of squares (ll) denotes qualitative strength of a given feature, with examples or relevant metrics denoted for each. *Bioluminescence can provide long-range signalling but light
intensity is typically too low to activate biological activity*. *For autologous cells, patient genetic information can be compromised during cell production but robust electronic records
and encryption can be implemented. °Both engineered cells and bioelectronics can incorporate emergency and/or automated shut offs — cells can be engineered with pharmacological

‘safety switches’.

with living cells and tissues, system design and integration require
transdisciplinary approaches and co-design strategies. In this Review,
we introduce and outline the toolbox that enables biohybrid bioelec-
tronics. We then outline the modes and mechanisms with which cells
and bioelectronic systems communicate (for both sensing and actua-
tion or stimulation), including electrical, electrochemical, optical and
mechanical mechanisms. Cell engineering strategies enabling engi-
neered cell function for biohybrids will be highlighted. Subsequently,
we describe the challenges and efforts to achieve integration between
bioelectronic and cellular components. Such systems require notonly
the sensing and actuation of each component but should efficiently
transduce signals between the bioelectronic and living cellular systems.
The same tools that enable robust coatings and matrices to protect
electronics and cells from degradation and isolation are as criticalina
hybrid device, yet bioelectronics and engineered cells themselves can
serve anadditional role as alife-support system to maintain and report
onthehealthand viability of the cells and tissues. Finally, we highlight
key examples of demonstrated bioelectronic biohybrid prototypes that
showcase the complementarity of biohybrid devices, spanning from
robotics to diagnostics and therapeutics, and provide an outlook for
biohybrid devicesidentifying future opportunities.

Modalities of cell-bioelectronic communication

To link engineered cells and electronics an interface must be built to
exchange information between living cells and non-living electronic
components. This ‘bidirectional’ communication must include both
‘writing’ (that is, actuating biological activity in engineered cells and
tissues) and ‘reading’ (that is, recording signals produced by the liv-
ing tissue). These biohybrid building blocks form the toolbox that is
necessary to build biohybrid electronic devices or systems (Fig. 2).
The primary challenge in these biohybrid read-write systems is that

information in electronic circuits is transmitted by electrons and
holes, whereas information in living cells is typically transmitted by
ions and molecules. Thus, technologies for reading and writing must
convertbetween these different types of information carriers. Below,
we describe the principal methods for converting between biotic and
abiotic information carriers, which provide the basic transduction
technologies required for biohybrid bioelectronics.

Electrical reading and writing

Since the1700s scientists have recognized that electrical currents can
activate nerve and muscle activity and that this activity can also be
recorded by measuring the electrical currents or potentials produced
by living tissue". The principle of this electronic transduction is that
ions flowing across the cellmembrane throughion channels create an
ionic currentintheelectrolytes surrounding the tissue. Thus, electrical
readout technology primarily records the activity of neurons or mus-
cle cellsbecause activity in these cells is associated with current flowing
through voltage-gatedion channelsinthe cellmembrane. Fortunately,
recent advances in genetic engineering have enabled researchers to
engineer clonal celllines, such as humanembryonickidney (HEK) cells,
togenerate action potentials by expressing voltage-gated sodium and
potassium channels'". Thus, a biohybrid electronic readout can be
engineered by using these ‘spiking HEK’ cells along with electrodes or
transistors to record cell activity. By engineering these cells to gener-
ateanaction potentialin response to physiological signals, it would be
possible to create an electronic biohybrid readout system.

For electrical stimulation or writing, electrons can be moved to
or from the electrode surface to drive ions through the electrolyte.
This ionic current can, in turn, stimulate voltage-gated ion channels
and drive cellular signalling. For example, an electrode can be used
toinduce voltage-gated calcium currents that drive engineered gene
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circuitsin a process referred to as ‘electrogenetics™ . In either case,
the electrodes used to drive cell signalling benefit from electrode
materials that have large charge injection capacity, which describes
the amount of charge that flows from the surface of the electrode per
unit area at a given potential. The electrode characteristics and their
efficacy in both recording and stimulation are largely governed by
their size and/or shape as well as interfacialimpedance, which can be
tailored through the properties and morphology (that is, roughness,
porosity) of the materials*.

(Electro)chemical reading and writing

Chemical reading and writing typically provide better chemical
and cellular specificity when compared to direct electrical methods
butare often hindered by longer stimulation and recording latencies.
Traditional chemical stimulation and measurement through intrave-
nous delivery, drug pumps and controlled delivery devices, or blood
draws are the most commonbut also have the longest latencies because
drugs must diffuse through the blood or tissue. Faster chemical reading

and writing can be achieved by creating or sensing chemicals near
the target using electrochemical reactions. Rather than moving ions
through the electrolyte with an electrode, electrochemical methods
canstimulate or record cell activity by creating or sensingions or elec-
troactive species directly. These methods require tight control over the
electrode surface and electrical potential to avoid undesirable chemi-
calreactions. For example, dopamine, akey neurotransmitter, can be
measured using fast-scanning cyclic voltammetry and carbon-based
electrodes”?. For sensing non-electroactive molecules, biochemical
detection based on biological or bio-inspired recognition elements
(suchasenzymes, antibodies or aptamers) associated with electrodes
or transistor interfaces benefits from decades of development®%,
In this case, changes in charge or current associated with biochemi-
calreactions at the surface of functionalized electrodes enable selec-
tive sensing; however, continuous and resilient long-term sensing in
complex environments remains a challenge.

Redox-active molecules are the basis for electron transfer in biol-
ogy; therefore, reducing or oxidizing chemical species at the electrode

Box 1| Synthetic biology tools for engineering cells for biohybrid devices

Biohybrid systems harness the exquisite sensing and programmability
of cells via native and augmented networks of biomolecules.
Increasingly, biohybrid systems integrate synthetic biology tools

to perform sophisticated computation and enact precise control

of cellular responses'®*~"®®. Building cells that can respond to the
desired cues requires the construction of interfaces to receive and
relay information™">"¢’,

Transgenic systems and genetic elements are encoded through
DNA sequences that are integrated into the host genome for stable
expression. Modular sets of genetic sequences can be called genetic
elements or ‘parts”®®""°, These parts can encode the rate at which
genes are expressed by varying rates across the central dogma
(Box Fig. 1), including synthesis, degradation, and transport of RNAs
and proteins. The types of elements required for gene expression vary
by species as the process of gene regulation varies widely between
bacteria, yeast and mammals. For all species, coding genes specify
the sequences that will be expressed as proteins. By recruiting RNA
polymerases, the promoter controls the rate of transcription. For
eukaryotes, the exact start site and end site of transcription can vary
by promoter and by cell type, thus encoding different untranslated
regions. These untranslated regions can influence mRNA processing,
stability and translation, shaping the pattern of gene expression and
enabling cell-type-specific profiles and responses.

Connecting sensors to regulate the transcription, translation
and release of biomolecules closes the control loop, enabling both
user-guided and autonomous control. Although sensor molecules
can combine actuation, transmission of signals into synthetic
gene networks can provide integration of multiple signals and
sophisticated processing''"'"*. Bacteria, in particular, have been
genetically modified to exhibit precise responses to electrical
stimuli such as light, electric fields and magnetic fields, allowing
for the control of gene expression and cellular behaviour with high
spatial and temporal resolution'*""®, They have also been used
to sense a variety of different signals such as disease markers'*"®
and environmental chemicals'®. Learning from prokaryotes, these

strategies have been developed across cell types. Furthermore,
signals can be processed through synthetic gene circuits to

achieve Boolean, dynamic responses and sophisticated patterned
responses’>'®, By routing signals to control promoter activity,
transcription factor inputs enable simple computation of ‘AND’ and
‘OR’ logic that can be built into high-level processing. Synthetic gene
networks, such as pulse generators, band-pass detectors, oscillators
and toggle switches, convert input signals into temporally defined
responses that can be used to time cellular processes and deliver
molecules on a defined schedule'”"**'"®'. Advances in engineering the
secretion of proteins provide an important tool that will accelerate
the types of biohybrid systems'®*"®°, Importantly, for stability,
biohybrid devices will require synthetic population control systems
that support homeostasis of cell numbers in the device and prevent
overgrowth'®,

Although the ability to synthesize and construct genetic
programmes has massively increased since the early 2000s,
forward design remains challenging. In particular, circuits with
greater numbers of parts and more complex designs are fragile.
Coupling through resource sharing, physical coupling and
metabolic burdening can lead to emergent behaviours that diminish
performance. Simple, single-transcript and single-locus designs
can reduce variability and improve predictability®®. Designs that
minimally impact native systems, account for emergent coupling
and buffer interactions between modules can improve designs'®*°.
However, integration of genetic programmes for stable cellular
engineering remains a challenge'®"®. Integration into the genome
requires consideration of the influence of the native genome on
component and circuit behaviour®*®, As our understanding of
the molecular regulation of the native genome expands, our ability
to select locations in the genome and parts that optimize circuit
function will improve the robustness of forward design and cellular
engineering""°"¥", Alternatively, screening for circuit functions
represents a useful framework that can be made more powerful as
library sizes reach the scale for machine learning-guided design'®.
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synthetic promoters, logic functions can enable cells to respond to specific combinations of inputs with defined output matrices

169

Circuits can do complex signal processing to decode transient from sustained signalling via persistence detectors and pulse detectors.

Biohybrid devices can benefit from synthetic population control that can support maintenance of the culture without loss or overgrowt

h 182,194

Ideally, biohybrid devices can autonomously deliver signals using clock-like functions of transcriptional oscillators'®*'*®. Combining
these molecular tools and systems will allow biohybrid devices to receive, process and respond to diverse stimuli and support advanced

computation.
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surface via electrochemistry is a powerful method for transmitting
and receiving information. Such an interface can serve as a conduit
for information transfer to (from) biological systems and influence
downstream biological outcomes from the molecular to the multicel-
lular level”. For example, reducing or oxidizing signalling molecules
(such as ferrocene, ferricyanide® or hydrogen peroxide) activate
engineered gene circuits within cells to enable signal transduction
across the cellular population with a high degree of spatiotemporal
control®®, The control of gene expression can be further validated using
redox-active products suchas p-aminophenol® and others****. Further-
more, redox communication can be extended to additional molecular
signalling pathways, for example, myriad NADH-responsive enzymes
can beregulated via electron transfer, thus linking electronic signals
toavastarray of biological processes”. Transmission of information
from electrodes into genetic pathways can also be achieved through
electrochemically responsive variants of CRISPR****, For example,
redox-activated promoters, like SoxS, can drive the production of

guide RNAs that direct the CRISPR to edit specific sitesin the genome.
In this way, electrical signals can be converted into changes in the
genome that can amplify the effects of the electrical input signals.
Finally, living or interactive materials, such as catechol-conjugated
redox-active hydrogel films, can serve as a platform to bridge elec-
trodes and redox signalling in bacterial systems; interestingly,
they can also be assembled electrochemically and modified in
real time®,

As afaster alternative to electrochemical sensing of synthesized
proteins, microbes can be engineered to produce electrical currents
viadirectelectrontransfer between proteins on the surface of the cell
and the electrode. In this way, bioelectronic cell-based sensors can
avoid the latency of protein synthesis to provide near real-time sens-
ing within minutes of exposure to an analyte®. Cells can also be engi-
neered to produce functional materials that support electrical coupling
between cell assemblies, providing another method for synthetic
biology to induce fast electronic signalling through cell networks*5,
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Optical reading and writing

Optical methods to read and write can achieve lower latencies com-
pared to electrochemical methods and improved cell-type specific-
ity compared to direct electrical methods. This cell-type specificity
is most easily achieved using ‘optogenetic’ techniques, whereby
light-sensitive proteins are expressed in the cell membrane®*°. This
method typically involves genetic modification and integration of
transmembrane protein complexes (that is, ion channels, pumps
or G protein-coupled receptors) that incorporate photoresponsive
chromophores that impart light responsivity. Light can also acti-
vate cells without genetic manipulationwith infrared light* or viamate-
rials that convert incident photons into heat*?, molecular motion®,
ultrasound** or electric fields*. Techniques that do not require any
genetic manipulation of the host cells mightbe more suitable forin vivo
or clinical applications that lack well-developed transgenic tools.
However, these methods lack the cell-type specificity possible with
optogenetics.

Optical readout can also be achieved with genetic manipulation
of the cells or with small-molecule indicators of calcium, voltage or
other signalling molecules***. The majority of these optical readout
technologies rely on measuring fluorescence that changes based on
voltage or binding to analytes like calcium or neurotransmitters by
using a semiconductor-based photodetector. One of the major chal-
lenges with fluorescence is the need for excitation light (that is, from
alaser or light-emitting diode (LED)), which can produce cytotoxicity
over long periods of time and require high-fidelity filtering to sepa-
rate the emitted from the excitation light. Bioluminescence has been
used as an alternative optical readout, which obviates the need for
excitation light because cell activity can be encoded directly into light
emitted by the cell***°, However, bioluminescenceisrarely used asan
optical readout owing to difficulties in delivering the substrate (such
as coelenterazine) thatis cleaved by the cells to produce light, and dif-
ficultyin detecting the low light levels that are produced compared to
ambient light. A genetically encoded bioluminescence substrate and
improvementsinsubstrate delivery and brightness would enhance the
adoptionofbioluminescence as an optical readout technology. Alter-
natively, indicators that convert cell activity into changesin absorption
or scattering could offer other non-fluorescent optical methods to
measure cell activity.

Mechanical reading and writing

Mechanical activation of cell activity can achieve relatively fast latencies
when compared to chemical methods by activating mechanoreceptors
on cells but typically requires direct physical contact with the cells®'.
A quasi-remote version of mechanical writing can be achieved with
magnetomechanical activation. With this approach, a magnetic field
can displace nanoparticles or microparticles in cells or surrounding
extracellular matrices thatin turn activate cell mechanoreceptors™>*,
Mechanicalforces canalso be used for reading cell activity; for example,
mechanical actuation of contractile tissues can be used to communi-
catearesponse toastimulus or toactuate miniature robotic biohybrid
devices™®,

Asasubset of mechanical approaches, ultrasound waves can also
be used to activate mechanoreceptors and can often achieve deeper
penetration compared to direct physical contact, optical illumina-
tion or electrical stimulation. Some cells, such as neurons and glia,
respond endogenously to ultrasound via activation of an ensemble of
mechanoreceptors”, and ultrasound sensitivity has been observedin
both vertebrates® and invertebrates®.

In addition to stimulation, ultrasound can be used to record cell
activity based on calcium-dependent contrast from gas vesicles®.
Microbes and mammalian cells can be genetically modified to express
the ensemble proteins that create these gas vesicles®. Furthermore,
these vesicles can be engineered to produce ultrasound contrast that
depends on the local calcium concentration. In this way, ultrasound
can be used as an effective deep-tissue readout of genetically modi-
fied cell activity. Both ultrasound actuation and imaging approaches
will benefit from advances in wearable, adhesive and implantable
ultrasound systems®>*, Such systems rely on piezoelectric elements
that emit sound waves into tissues (2-18 MHz) and/or measure the
reflected waves to formimages.

Other modalities of writing

Typically reserved for invertebrate small-animal models, thermore-
ceptors can be overexpressed in specific cells to enable activation
by heating or cooling the tissue or animal. Alternatively, tempera-
ture can be used to control membrane localization of genetically
encoded proteins®*. One of the main challenges of ‘thermogenet-
ics®* is that there are often endogenous thermoreceptors and other
temperature-sensitive chemical processes that limit its specificity. One
way to improve thermogenetic activation is to use magnetic fields to
heat magnetic nanoparticles that can beinjected into specific regions
ofthe tissue. The advantage of magnetothermal activation is that the
localized rapid heating can be much more targeted than heating
the entire tissue. Magnetothermal activation of mammalian cells can
stimulate cell activity with latencies on the order of seconds®**°. This
latency is driven by the need for nanoparticles to reach the threshold
temperature of the TRPV1 thermoreceptorsin the target cells. Alterna-
tively, rate-dependent thermoreceptors (TRPA1) that are activated by
fast changes in temperature produce much faster cell activation with
behavioural latencies of 0.5 s (ref. 67) and can be activated with less
changeinlocal temperature when compared to TRPV1channels. These
studies were performed in Drosophila, which have rate-dependent
TRPA1channels. Applying similar methods inmammals could improve
the response time for magnetothermal activation.

Magnetoelectric materials can, in principle, activate cells more
rapidly than magnetothermal methods because voltage-gated chan-
nels should respond to depolarization within milliseconds. Several
approachesto use magnetoelectric nanoparticles haveindeed shown
the ability toactivate cells with an applied magnetic field but most stud-
ies show latencies of several seconds®®*’, This relatively long latency
is the result of weak electric fields produced by nanoparticles, which
do not drive sufficient depolarization to activate electrically excit-
able cells. To increase the electric field, magnetoelectric materials
can be driven at their resonance frequency; however, this frequency
istypically far above the cutoff frequency of the cell membrane, mak-
ing it ineffective for stimulation. A self-rectifying magnetoelectric
‘metamaterial’ can overcome the mismatch between the cell mem-
brane response and the high-frequency resonant mode to achieve
millisecond latencies’.

Key challenges towards biohybrid integration
Protection from fouling and fibrosis

Implanted biohybrid devices can trigger a cascade of host-mediated
immune responses, which results in the fibrous encapsulation of the
implant and compromises device function and durability”. These
foreign body reactions occur on the order of days to weeks after
implantation and represent a critical hurdle to the functional activity
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of chronically implanted devices. Thus, mitigation strategies must be
integrated into the design of biohybrid devices to ensure protection
against fibrosis. There are many ways to prevent fibrosis ofimplants™
some of which are particularly relevant for biohybrid or bioelectric
implants. For example, surface modification enables implants toevade
theimmune system and resist non-specific adhesion of biomolecules;
thisapproachinvolves the application of biocompatible coatings, such
as zwitterionic modifications, on the encapsulating hydrogels and
electronic components. Large libraries of small molecules have been
screened and small-molecule coatings, such as Z4-A10, have beeniden-
tified to prevent the fibrotic response toimplanted encapsulated cells”.
This method prevented fibrosis and protected the viability of cells for
at least 6 months in the immune-competent C57BL/6) STZ-induced
diabetic mouse model™. Release of cytokines from the implant can
also prevent the fibrotic response from sequestering implants. For
example, IL-2 release from an encapsulated cellimplantinthe intraperi-
toneal space of C57BL/6) prevented fibrosis for 2weeks”. Cells can also
be engineered to secrete other immunomodulatory molecules, such
as IL-10, IL-33 and IL-35, to limit host immune recognition, suppress
inflammation and promote engraftment’®.

Co-implantation of crystalized anti-inflammatory drugs, such as
GW2580, acolony-stimulating factor 1receptor inhibitor, has also pre-
vented fibrosis of electrode-based glucose sensors”. Other approaches
showing promisein reducing implant fibrosis include modifying device
topography’®, surface charge’ and stiffness’>*°.

Chronic real-time biosensing in complex in vivo environments
can be hampered by protein adsorption and host immune responses
leading to reactive oxygen species and decay by tissue remodelling
factors (that is, degradation enzymes)”. Surface modifications can
also help reduce inflammation®, repel protein adsorption®? and release
anti-inflammatory molecules toreduce signal decay and maintain the
accurate performance of chronic sensors®. In the case of electrical
stimulation, biofouling can be compensated for by increasing the
amplitude of the stimulator but this might approach the limits of safety
or practicality. Thus, both electronics and biological elements can each
be engineered to overcome challenges like fibrosis and/or fouling.

Supporting cell viability and function
High-density cell therapies are essential for compact therapeu-
tic devices. Encapsulation allows cells to survive at 6,000-40,000
cells mm~ for chronic disease treatment, for example, diabetes and
psoriasis®®. Yet, preserving cell function over time is challenging
not only due to host immune responses but also due to lack of nutri-
ents and oxygen, with oxygen being regarded as the limiting factor
supporting cell viability and potency®®. In native tissues, each cell is
within ~-100 um from a blood capillary to allow adequate oxygen sup-
ply, which is limited by the mass diffusion of oxygen®®. Transplanted
exogenous cells or tissue require the formation of new blood vessels or
supplemental oxygenation®. Resilience to hypoxia canbe engineered
into cells using genetic constructs. Human cells can naturally adapt to
hypoxic environments through the regulation of hypoxia-inducible
factors (HIFs), which can be tuned to achieve cell resilience®. These
master regulators can be leveraged to modulate critical cell functions
suchas metabolism,immunogenicity and cell plasticity. The same path-
ways can also be harnessed to promote the release of pro-angiogenic
molecules like VEGF and suppress apoptosis pathways to protect
against cell death®°,

Oxygen deficiency in the transplanted cells is caused by (1) insuf-
ficient oxygentension at the implantationsite, (2) innate large oxygen

consumption of cells (that is, metabolic demand), (3) high cell density
and (4) additional barriers to oxygen diffusion (such as membranes
or formation of encapsulating fibrotic tissue). To address the hypoxic
stress, various strategies have been investigated to enhance exogenous
oxygen delivery. Active methods involve oxygen release through an
externally controllable mechanism, for example, delivery of gaseous
oxygen to transplanted cells such as islets’’. Passive methods rely
on gradual release of oxygen through unregulated or self-regulated
mechanisms, such as engineered platforms, to increase the oxygen
exchange with the implantation environment®” or release of oxygen
frommetal peroxides® *. Although these strategies can support trans-
planted cells, they are limited in the control of oxygen release and
lifetime of available oxygen supply and thus have limited supported cell
density. Electrochemical water electrolysis for oxygen production is
apromising active approach for providing oxygen to cells’*”. In elec-
trolysis, oxygenis produced by splitting water at an electrode (anode)
interface while hydrogenis produced at another electrode (cathode).
However, its demonstration in vivo has been limited due to improper
materials selection for water splitting in neutral pH, the use of bulky
or complex electronics, and a limited power budget”™ . New bio-
electronic electrocatalytic oxygenators for sustaining high-density
(up to 60,000 cells mm™) implanted cells in vitro and in vivo were
demonstrated, opening new avenuesin bioelectronic cell support'**",
Oxygen generation is achieved through electrocatalysis of water
and precisely regulated using either battery-powered or wireless,
battery-free power transfer. The choice of electrocatalyst, such as
nanostructurediridium oxide, whichis a highly active, biocompatible
electrocatalyst for water oxidation, is critical for efficient and selective
oxygen production'®'?’, Other cell engineering strategies can also
be leveraged to survive transient hypoxic conditions and support a
more robust function of devices’. For example, although metabolic
engineering has generally focused on optimizing the production of a
desired product, these optimizations often minimize central metabo-
lism. Thus, minimizing metabolism might improve the performance
of engineered cells and stabilize them during short periods of low
oxygenation as well as limiting the requirements of nutrient supply
and waste removal'®,

Manufacturing and regulatory considerations

Just as the choice of biomaterials and coatings can influence cell and
device function and longevity, so too will the choice of cell chassis for
the biological system. Even the high-level choice of bacterial versus
mammalian cells substantially changes paths of device development,
manufacturing and supply chain, and regulatory approvals. Owing to
their lower divisionrates and rates of mutation, mammalian cells have
lower rates of genetic drift, which can corrupt desired function. The
hardiness and rapid division rate of bacteriamakes them adaptable and
responsive to harsh and variable conditions, yet these same features
allow bacteria to more rapidly mutate encoded gene circuits, which
can destroy their function. Across the human body, populations of
bacteria are well tolerated within their specialized niches such as the
gut. However, the risk of sepsis in the event of the release of microbes
into the blood makes bacteria ariskier cell type for in vivo applica-
tions beyond the gut. Even withinmammalian cells, HEK cells are often
used in various applications owing to their resilience, ease of genetic
manipulation and response to transgenic programmes'®*'°*, Never-
theless, cell therapy products are emerging as an important class of
medicines with more than 35 FDA-approved cellular therapies on the

market today'®.
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However, moving beyond a proof-of-concept lab demonstration
to deploying or translating a biohybrid device, new barriers are ever
present. Although good manufacturing and good lab practice and
standards are well established in the biomedical device and cell therapy
communities separately, their integration within a single device is
less straightforward. For example, the point in an assembly process
atwhichtheliving componentisintegrated with the abiotic materials
or electronics needs to be considered. Although the hardware can be
sterilized and packaged for long-term storage, once the living compo-
nent is added, storage and shipment protocols relevant to cells must
be implemented without the opportunity to re-sterilize the device
before deployment. Assuch, the lifetime of the electronics, encapsula-
tion, coatings and biomaterials must therefore consider the assembly
and storage process, where bioelectronic-only devices are largely
engineered for their time after deployment (in the body, for example).
Alternatively, the living component and hardware could be integrated
at the point of application, posing additional risks in quality control.

These considerations hinder approvals for biohybrid devices for
biomedical or environmental applications. Such devices might be
viewed as a combination product by regulatory bodies, which could
requirebothinvestigational device exemption and investigational new
drug approvals, with one taking the lead depending on the primary
mode of action of the device. There are few predicate ‘living’ devices
that combine bioelectronic sensing and/or actuation with exogenous
living cells, meaning that each new product is shaping the approvals
landscape.

‘Device’ implementation examples
With technology in place for supporting, activating and/or reading
from engineered living constructs, key examples of biohybrid bio-
electronics devices have emerged. Although many examples are
rudimentary and might not represent a closed system, they show
potential for such approaches across domains.

Biohybrid mechanical actuation

There hasbeena considerable focus on designing and deploying engi-
neered cell-based actuators motivated by their increased scalability,
adaptability and energy efficiency compared to traditional actuators'®.
Robust bioelectronic interfaces that precisely control contractile tis-
sueactivity and integrate closed-loop sensory feedback would enable
deploying bioactuators in real-world applications in medicine and
robotics.

Pacing and on/off control of cardiac and skeletal muscle-based
actuators has primarily been achieved via electrical stimulation or, in
the case of optogenetic cell-based systems, light stimulation. Although
these approaches enable spatiotemporal control of muscle actua-
tion, they have largely beenimplemented as stationary arrays of rigid
electrodes, LEDs or optical fibres that do not adapt their stimulation
parameters to accommodate changing muscle position, thus limiting
their potential for untethered functionality®'°7°°, New methods for
manufacturing light and battery-free electronics that can be stably
attached to actuating tissues and remotely controlled via radio fre-
quency power sources have, however, showcased the transformative
potential for bioelectronic innovations in bioactuators"®'" (Fig. 3a).

Equally asimportant as bioelectronic control of bioactuators but
less explored are methods to enable real-time functional readout from
contractile tissues'”. Because triggerable actuation is the primary
function of bioactuators, most efforts to integrate bioelectronic sen-
sors with cardiac and skeletal muscle tissues have focused on precise

displacement readout via compliant strain sensors™*"*, Although
important, displacement-centred sensory readouts neglect emerging
understanding that muscle actuation is coupled with its functionasa
secretory organ™"°, Future work targeted at integrating biochemi-
cal sensing with bioactuators could thus prove equally important for
monitoring muscle functioninreal time.

Closed-loop feedback of bioactuators that couples the output
of sensors to the input of upstream controllers has yet to be explored
in depth for in vitro systems targeted for applications in robotics.
However, monitoring tissue movement and using this information to
modulate upstream neural control of muscle has been demonstrated
in vivo for bioelectronic applications in prosthetics'’, providing an
ampleknowledge base to drive future advancesinclosed-loop feedback
control of engineered bioactuators.

Notably, bioelectronic interfacing with bioactuators has largely
focused on direct control of and sensory readout from muscle rather
than monitoring and modulation of upstream neuronal networks.
Single-cell level and lower power control of bioactuators would require
complete functional innervation of contractile tissue and bioelectronic
interfacing with motor and sensory neurons. Although bioelectronic
control and monitoring of neurons have been extensively explored
and characterized"®'’, the challenge of innervating millimeter-scale
3D tissues and forming functional motor control circuits remains
unsolved®'”°, presenting an open future opportunity in this field.

Biohybrid ‘living pharmacies’

Using the natural machinery of the cell, biomolecule production canbe
initiated or controlled (using the multiple modalities described above)
for wide-ranging applicationsin cell-based therapeutics.

Light-stimulated therapy production. Optogenetics enables pre-
cise control of cellular function through light stimuli'*. This method
allows cells to respond to specific wavelengths of light, triggering
the synthesis and secretion of therapeutic agents. Owing to the tem-
poral sensitivity of diabetes therapy delivery, the effectiveness of
optogenetic systems was first tested for the secretion of a short vari-
ant of human GLP1 and insulin in response to light stimulation'* "%,
Light-induction of various cancer immunotherapies has also been
demonstrated to reduce tumour burden in amouse cancer'.

Owing to the wide range of wavelengths of light that can stimu-
late optogenetic systems, multiple systems can act independently
of each other. Three different optogenetic systems, activated by
blue, red or UV-B light, were able to be individually activated without
cross-activation'”, This feature is potentially useful in low-space set-
tings, such asinamedicalimplant targeting the regulated production
of multiple biomolecules independently.

Although most workin engineering cells for controlled therapeu-
tic secretion is focused on mammalian cells, bacterial cells have also
been used in some cases. For example, certain anaerobic bacteria can
localize to atumour microenvironment, and by using alight-activated
optogenetic kill switch, the bacteria can be forced to lyse and release
anti-tumour factors to treat the cancer to which they are localized'”.
Light delivery in these cases depends on the desired wavelength and
spatial localization, ranging fromtranscutaneousillumination to fibres
or wireless LEDs.

Electrical or electrochemical therapy production. Electrogenet-
ics focuses on engineering cells to secrete therapies in response to
electrical stimulation, a concept that is relatively new compared
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to optogenetics, and allows for unique methods of stimulation when
implanted. For example, voltage-activated calcium channels can be
used to activate the nuclear factor of activated T cells (NFAT) signal-
ling pathway for transgene expression and induce the secretion of
insulin-containing vesicles from engineered B-cells'?®. These engi-
neered cells were encapsulated in animplant that was wirelessly pow-
ered by a field generator to stimulate the cells inside mice (Fig. 3b).
Asecond electrogenetic system, named DC-actuated regulation tech-
nology, is activated via endogenous generation of reactive oxygen
species caused by direct cell stimulation with a metallic electrode'”.
After subcutaneous implantation, these cells can be transdermally
simulated with acupuncture needle electrodes, where the electrodes
areinserted through the skinat opposite sides of theimplanted cell and
avoltage applied to them. Electrogenetics benefits from asimple setup
for stimulation (that is, two electrodes) compared to the other meth-
ods of transgene control. Moreover, it has lower power consumption
compared to optical stimulation approaches.

Electrogenetics can also actuate cells by longer-distance mecha-
nisms; for example, redox reactions produce reduced oxygenthat cells

can sense and respond to, which can be used to control the cells
invitro™. This method cansignal at a distance from the deviceinitiating
the electrical signalling unlike direct-electrode stimulation®

Mechanogenetic and magnetogenetic therapy production.
Mechanogenetics and magnetogenetics provide flexible platforms
for precise cellular control in therapeutic contexts. Mechanogenetic
therapy induction has been used to activate the expression of chima-
ericantigenreceptorsinresponse to ultrasound stimulationinJurkat
T cells in vitro™. Similarly, heating nanoparticles induces transgene
expression of heat-sensitive ion channels in mammalian cells to acti-
vate the NFAT signalling pathway, which has been used for controlled
expression of insulin for glucose correction in mice™.

Biohybrid cell-based chemical sensors

Cells are phenomenal sensors of their local environment. Although
sensory organs are often highlighted for their ability to respond to
biochemical and biophysical cues outside an organism, every cell is
riddled with receptorsthatinitiate biochemical signalling cascades that
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canbe leveraged for biochemical sensing and readout. By harvesting
native components and engineering theminto modular genetic parts,
cellscanalsobe engineered to respondto diverse physiochemical cues,
including light'**¢, temperature®*'”, pH"**, mechanical stimuli**"**!*°,
small molecules™'"'*, synthetic and native proteins'**™*¢, and cell-cell
interactions'*°. Genetically encoded sensor molecules can direct
external stimuli into native and synthetic protein and transcriptional
networks to compute and produce programmed cell responses™®*",
They also allow for renewable function as these sensor molecules are
regenerated through gene expression, thus offering the potential for
continuous sensing. However, continuous real-time sensing still faces
many challenges, in that the engineered cells will respond to aniinitial
cue and propagate the desired genetic circuit, but subsequent changes
in the same cue will not be sensed by that same cell and will not alter
the cell response™>'*, By integrating sensing and computation of sig-
nals, engineered cells augment electronic devices to serve asmodular,
programmable and low-resource systems that expand the capabilities
of biohybrid systems™*.

Cell-based health diagnostics. Owing to their natural abundancein
the gastrointestinal tract, bacteria are a promising chassis for sensing
markers of stomach and bowel disease. Engineered bacterial strains
encapsulated within ingestible devices can monitor gastrointestinal
health and detect colonic inflammation through luminescent and
fluorescent outputs™*>>¢, Example implementations use micro-
electronic luminescence sensors and wireless communication to
transmit information about sensed biochemicals such as extracel-
lular haeme™” (Fig. 3c). Mammalian cells have also been engineered
for non-gastrointestinal sensing applications, forexample, to express
reporter proteins in response to physiological cues, such as hyperos-
molarity, and disease markers such as VEGF, offering potential avenues
for health diagnostics and therapeutic monitoring™”%,

Sensors for environmental chemical monitoring. Bacteria have
also been engineered to sense environmental chemicals by detecting
pollutants and heavy metal contamination. Genetic manipulation
enables these microbial sensors to selectively respond to target com-
pounds, facilitating the detection of toluene, heavy metals and poly-
cyclicaromatic hydrocarbonsin diverse environmental settings™’ ¢,
These types of bacterial sensors can be encapsulated in biomaterials
to facilitate environmental sensing’. Such living sensors can similarly
be probed with optical or electrical readouts.

Outlook
The union of engineered biological systems with bioelectronic com-
ponents presents many opportunities in health, robotics and the
environment. By harnessing the parallel developments in genome
editing, biomaterials and tissue engineering, and bioelectronics, living
biohybrid bioelectronics can synergistically combine their strengths.
Currentdemonstrations are either few or limited to proof-of-concept
demonstrations, still lacking in key metrics that would enable their
translation. For example, questions about how long aliving biohybrid
bioelectronic device canlast remain unanswered. Although short-term
biomedical devices can have relevance in some applications (that is,
anti-virals, contraceptives or oncotherapies), many chronic conditions
requirelongimplementation, motivating deeper studies of resilience
and lifetime control in such systems.

Another key limitation of biohybrid bioelectronics is that pio-
neering examples in this domain have largely focused on tissues

derived from single-cell types for single purposes. By contrast, most
natural biological systems rely on multicellular assemblies of diverse
specialized cell types to generate complex and adaptive functional
behaviours'®. Biohybrid robotics, as one use case, have thus far lever-
aged simple actuator designs limited to the sterile environment of a
petridish. How neural control and sensory feedback can be integrated
inbiohybrid robots to achieve more complex autonomous functionali-
ties and robust adaption to unpredictable conditions remains to be
established. Multiple cell types can also benefit biohybrid sensors and
therapies: support cells can be integrated to protect against inflamma-
tion or fibrosis, report on cell state, or enable multiple co-located cell
types for multiplexed actuation or sensing.

Finally, across applications, standalone wireless devices that can
perform multiple, multimodal functions and communicate wirelessly
require continued advances in power efficiency. This mustinclude
advances in wireless, long-range power transfer, or improvements in
the capacity and miniaturization of on-board batteries.

Thenext frontierinliving biohybrid bioelectronics willbe respon-
sive and evolvable. Such functionality will lean on both the living and
bioelectronic components. For example, internal feedback will allow
foradaptive control: enteroception or proprioception viamechanical
sensing in biohybrid robotics will provide feedback for controls and
preserve the longevity of muscle tissue, avoiding fatigue. Living or
abiotic chemical sensors will enable precision and personalized dosing
for living therapeutics. This will enable fine dose control for thera-
pieswithnarrow therapeutic ranges. Furthermore, external feedback
will enable sensors to modulate production due to toxicity biomark-
ers or to allow for timed therapy production when needed or when
most efficacious. External feedback will empower a biohybrid robot
to explore or seek certain cues in both biological and environmental
settings. Finally, dynamic reprogramming (both biological and bio-
electronic) will enable a device to evolve over time towards the needs
ofthe targeted application or as ameans for device self-preservation.

These advances will require expertise in synthetic biology, bio-
materials and bioelectronics to continue their rapid advances. More
importantly, they require co-design and convergence research. The
biotic and abiotic components cannot be designed separately and
brought together. Each component has an outsized effect that influ-
ences the design choices of other components. Each design metric
or constraint is dependent on the desired application and outcome,
including location or tissue type, cell types, densities, and duration
of operation. Power requirements influence the size and heating of
adevice, thus influencing the number of cells or their viability. Oxy-
gen tension influences fluorescent protein maturation and hence
optoelectronic readouts for cell-based sensing. By bringing these
communities together, living biohybrid bioelectronics will lead to
advances in regulated therapies, diagnostics, regenerative engineer-
ing, robotics, computation, environmental remediation, and energy
storage or production.

Published online: 07 January 2025
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