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Abstract

Monitoring and modulating the diversity of signals used by neurons and glia in a closed- loop
fashion is necessary to establish causative links between biochemical processes within the nervous
system and observed behaviours. As developments in neural interface hardware strive to keep pace
with rapid progress in genetically encoded and synthetic reporters/modulators of neural activity,
the integration of multiple functional features becomes a key requirement and a pressing challenge
in the field of neural engineering. Electrical, optical, and chemical approaches have been used to
manipulate and record neuronal activity /n7 vivo, with a recent focus on technologies that both
integrate multiple modes of interaction with neurons into a single device and enable bidirectional
communication with neural circuits with enhanced spatiotemporal precision. These technologies
are not only facilitating a greater understanding of the brain, spinal cord and peripheral circuits in
the context of health and disease, but also informing the development of future closed-loop
therapies for neurological, neuro-immune and neuroendocrine conditions.

The human nervous system is composed of a heterogeneous network of cells that
communicate with each other through electrical, chemical, and physical signals. Diseases of
the nervous system, including Alzheimer’s, Parkinson’s and epilepsy, affect >100 million
people and represent a >$800 billion annual burden in the United States alonel. Treatments
for these disorders often rely on pharmacotherapy or implanted electrical stimulation
devices, but they are generally not specific to neuronal subtypes and thus are accompanied
by side effects. This arises as a result of our poor understanding of the underlying
mechanisms of action of these interventions, alongside a lack of available tools to interact
with the brain at meaningful levels of precision and depth. To fully appreciate this
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complexity, new probes must be developed to deliver and record signals through multiple
modalities, while minimizing unwanted side-effects2.

In this review, we discuss principles that should be considered when designing next-
generation neural interfaces to communicate bi-directionally with neural circuits through
multiple modalities. Advances beyond classic electrical stimulation and recording
techniques will likely contribute to understanding and treating disorders of the nervous
system. These efforts will help link the physiological processes associated with neuronal
function to normal and pathological behaviour as well as enabling closed-loop bio-interfaces
for therapeutic intervention.

Integration challenges in a multimodal neural interface

To understand neurological disorders and the mechanisms that drive behaviour, we must
interrogate neural circuits spanning areas across the brain (Fig. 1a). Conversely, each neuron
has thousands of synaptic connections that are uniquely regulated by a palette of receptors
that vary at the subcellular level (Fig. 1b—d). Neurotransmission also varies dramatically in
temporal resolution, from the sub-microsecond span of action potential firing to hour-long
fluctuations in hormone concentrations or gene expression (Fig. 1e). Signalling events are
heavily compounded and their strength can vary by orders of magnitude; for example,
neurotransmitter secretion, which occurs at concentrations ranging from pM (10712M) to uM
(1073 M) (ref. 3).

Consequently, when designing neural interfaces, one must consider a multitude of factors,
including: spatial resolution, temporal precision, sensitivity and the cellular selectivity with
which signals can be delivered or recorded. Neurotransmission is multimodal in nature, thus
the devices themselves should possess multiplexed capabilities and the physical properties of
the implanted hardware should be carefully engineered (Table 1). Size and flexibility must
also be considered, as the mechanical mismatch between stiff implanted devices (1-100
GPa) and the soft brain tissue (kPa—MPa) can yield tissue damage and elicit a foreign body
response that eventually blocks the interface through glial scarring. With these
characteristics in mind, developments in materials, manufacturing techniques and signalling
modalities will open doors to new experimental techniques and further understanding of
neural processes.

Electrical recording and stimulation of neural activity

Since the first electroencephalography (EEG) recording in 1938 (ref. 11), numerous neural
implants to stimulate and record electrical activity in the brain have been developed.
Advanced fabrication techniques made available by the electronics industry have delivered
silicon (Si)-based Utah arrays and Michigan probes3# (Fig. 2a,b) and have enabled the
extreme miniaturization and dense packing of electrodes in the Neuropixel®. Integrated with
a complimentary metal-oxide-semiconductor (CMOS) platform, the Neuropixel offers 960
recording sites along 10 mm long shanks with a 70x20 um? cross section and can record
well-isolated action potentials from hundreds of neurons (Fig. 2c).
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As the mechanical and chemical mismatch between probes composed of hard materials
(including metals, glasses, and semiconductors) often yields a foreign-body response and
gliosis in neighbouring tissue®’, soft materials are increasingly being adopted in neural
interfaces to minimize these effects. A notable example, the Neural Mesh, comprises 16
platinum (Pt) recording or stimulating electrodes (20 um and 150 um in diameter,
respectively) deposited onto gold (Au) interconnects sandwiched by layers of a photoresist
SU-8 (20 um width and ~400 nm thick). The open architecture allows these probes to
integrate with the brain tissue following injection via a needle® (Fig. 2d). The Neural Mesh
permits recording of local field potentials and single-unit action potentials; it can deliver
electrical stimulation over 8 months in the mouse brain. In a follow-up study, this platform
was adapted to record single-unit activity from the retina of awake mice®. Mesh-based
electrode arrays composed of porous and transparent graphene®, or composite/metal
nanowires!! deposited on flexible and stretchable substrates, have been applied as conformal
cortical surface probes and stimulation electrodes (Fig. 2e,f). These devices take the shape of
the surface to which they are applied, and this approach has also been used to prepare
spinall? and cardiac interfaces.13

Organic conductors have been explored vigorously in recording and stimulation electrodes
due to their promising mechanical and electrochemical interfaces with the neural tissuel4.
Because of its biochemical stability and ability to form both electronic and ionic interfaces
with the cells in physiological fluids, the organic semiconductor poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and its chemical derivatives
are often exploited in coatings to reduce the impedance and increase the charge injection
capacity (CIC) in miniaturized electrodes. For example, 8.4 um carbon fiber microelectrodes
have been coated with PEDOT:poly(toluenesulfonate) (PEDOT:PTS) to lower the tip
impedance from 6.8 MQ to ~120 kQ at 1 kHz1®. This array is capable of recording single
unit action potentials from the rat motor cortex for 3 months, inducing only negligible glial
scarringl®. Another system, the Neurogridl’, employed PEDOT:PSS as a gate in organic
electrochemical transistors on a 4 pm parylene C structure. This permitted recording of
isolated action potentials from the cortical surface with high signal-to-noise ratio (SNR). A
systematic study has recently quantified electronic and ionic transport between PEDOT-
based electrodes and physiological environments, informing design of interfaces for
optimized SNR and CIC18,

The transition of high-resolution, low-modulus electrodes with improved impedance and
CIC to the clinic will likely provide spatiotemporally precise alternatives to the millimetre-
thick clinical deep brain stimulation electrodes. When paired with artefact rejection circuits
and algorithms to permit simultaneous stimulation and recording®, these electrodes will
also empower closed-loop therapeutic neuromodulation. Furthermore, integration of
electrophysiology and electrical stimulation with the chemical and optical neural
interrogation approaches will undoubtedly facilitate fundamental studies of neuronal
dynamics and inform the abovementioned clinical interventions.
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Light-controlled stimulation or silencing of neuronal activity using opsins.

Genetically cells or circuits can be manipulated with sub-microsecond precision through
incorporation of light-sensitive proteins—the rapidly evolving field of optogenetics®20. The
blue-light sensitive cation channel channelrhodopsin 2 (ChR2), which depolarizes cells on
activation, remains the workhorse tool for neural excitation?!, despite its early introduction
to neuroscience (more than a decade ago; Fig. 3a). Thousands of studies have leveraged
ChR2 to dissect the roles of specific brain regions, neuronal types, and projection circuits in
controlling behaviours spanning motivation, movement, circadian rhythm, addiction,
anxiety, memory, aggression and social interactions, among others?2-25_ Over the past
decade, ChR variants with red-shifted activation spectra2®, modified kinetics?’, or
subcellular localization?8 have also been developed to expand our stimulation capabilities.

Complementary to neural excitation with photosensitive cation channels, inhibition is
achieved with opsins that hyperpolarize the membrane. Inhibitory opsins, such as proton (H
)29 or sodium (Na*)30 pumps, as well as chloride (C17)31:32 channels, have been engineered
for enhanced sensitivity and modified activation spectra and Kinetics (Fig. 3b). For example,
the blue light-activated H*-pump Arch3 silences neurotransmission by increasing cellular
pH2%, When fused to a pH-sensitive green fluorescent protein (GFP) and targeted to synaptic
vesicles or lysosomes, the Arch-based pH probe pHeonix can control intracellular organelle
acidification and provide an optical readout33. Moreover, rhodopsin-linked enzymes allow
optical control of second messenger metabolism, such as the rhodopsin-guanylyl cyclase
CaRhGC and rhodopsin-adenylyl cyclase CaRhAC, which on green irradiation generate
cGMP or cAMP, respectively3* (Fig. 3c).

As the use of optogenetic tools in neuroscience continues to expand, so does the demand for
probes capable of simultaneous optical modulation and monitoring of neural activity.
Although commercially available silica fibers remain a staple of optogenetic studies,
advanced probes, such as tapered optical fibers, allow stimulation of multiple spatially
restricted brain regions using different wavelengths3°. Moreover, the burgeoning interest
from the neural engineering community has delivered a diversity of integrated optoelectronic
probes, including Michigan-style38 and Utah-style arrays3’ with monolithically integrated
light-emitting devices (LEDs), microcontact printed flexible probes equipped with
microscale LEDs (ULEDs)38, arrays of transparent conductive nanopillars39, and
multifunctional polymer-based fibers124041 These platforms have been extensively
reviewed elsewhere?2, and in the later sections, we discuss these emerging tools with
expanded capabilities that further empower optogenetic studies.

Light-controlled neural signalling using LOV domains and cryptochromes.

Besides opsins, other optogenetic motifs can be used to engineer light-responsive proteins to
control enzymatic activity or gene expression through protein sequestration, rearrangement,
fragment condensation, or translocation*3. The LOV (light oxygen voltage)-domain can
regulate activity or protein access through conformational rearrangements induced by blue
irradiation. In the FLARE (fast light- and activity-regulated expression)*4 and Cal-Light
approaches®®, a transcription factor is tethered to the membrane via a linker containing a
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calmodulin-binding motif and a protease cleavage site that is sterically blocked by the dark-
state LOV-domain. During neuronal activation, increased intracellular calcium ion (Ca?*)
concentration recruits or reconstitutes a calmodulin-linked protease in proximity to the
membrane linker. LOV-domain photoactivation unmasks the cleavage site to release the
transcription factor from the plasma membrane, driving gene expression (Fig. 3d). These
optogenetic coincidence detectors can be applied to express opsins with activity-dependent
cellular resolution, and specific neurons can later be activated or inhibited to confirm their
role in behaviour.

Optogenetic dimerizers (e.g., the cryptochrome-based CRY2-CIB heterodimerization motif)
can on irradiation with blue light, fuse split-enzymes or control protein translocation*6. The
CIB domain can be genetically targeted to specific subcellular locations, and fusion of
CRY?2 to a target protein can control its localization on demand. This was used to generate
an optogenetic cCAMP-dependent protein kinase (optoPKA)*7, which could be reversibly
activated on the mitochondria, cytoskeleton or plasma membrane (Fig. 3e). The emerging
diversity of light-sensitive biological machinery will enable rational design of optogenetic
tools to manipulate and probe molecular mechanisms of neurotransmission /n vivo with the
goal of correlating these molecular processes to behaviour in the context of health and
disease.

Genetically encoded fluorescent reporters to monitor neural activity

Fluorescent reporters for ions or small molecules enable monitoring of neural activity from
the subcellular to population scales*8. Genetically encoded Ca2* indicators (GECIs) remain
the gold standard for imaging neural activity (Fig. 3f), and they enable entire cortical circuits
to be monitored in awake head-fixed mice using wide-field and two-photon imaging®°. In
addition to green-emitting GCaMPs®? (GCaMP is a fusion of circularly permutated GFP,
calmodulin, and M13 peptide sequence from myosin light-chain kinase), red-shifted GECls
allow imaging in deeper tissues and can be used for multiplexed recording from orthogonal
cell populations®L. Similarly, genetically encoded voltage indicators (GEVIs) can record
action potentials over large tissue volumes with sub-microsecond resolution. Closed-loop
robotic directed evolution was used to engineer Archonl for improved brightness and
membrane localization®2. In the ‘Floxopatch’ mouse line, the near-infrared opsin-based
GEVI QuasAr2 (Fig. 3g) and the blue-shifted cation channel CheRiff are expressed in a Cre-
dependent manner®3. This allows dual-color stimulation/recording in genetically defined cell
populations. Other biomolecules or neurotransmitters can be imaged using encodable optical
biosensors®4:55. Probes for glutamate (SF-iGIluSnFR)>®, dopamine (dLight157 and
GRABpa®®) acetylcholine (GACh)2® or glycine (GlyFS)80 enable real-time imaging of
neurotransmitter release via one- or two-photon imaging. Expansion of this approach to
other signalling molecules in combination with new probe hardware, sensors, and multi-
color imaging will allow dissection of the temporal dynamics of neurotransmitter and
biomarker release, reuptake, and ion flux.

Although conventional fluorescence microscopy enables recording of neural activity at
multiple scales, it remains mostly limited to applications in head-fixed subjects. Implantable
endoscopes based on gradient index (GRIN) optics®® and solid-state detectors (e.g.,
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Miniscope®?) permit activity-dependent imaging in the brain of moving rodents. Although
the former are available commercially, the latter can be assembled from off-the-shelf parts
using open-source instructions. Although fluorescence endoscopy of subcortical structures
using the Miniscope requires removal of the cortical tissue, combining this method with
two-photon excitation affords less invasive access to deeper brain areas®3.

Fiber photometry uses an implanted fiber optic to both excite and collect the emission from
GECIs to record activity from populations of neurons (Fig. 3h)%4. Although spatial
resolution is limited by the size of the fiber core and the scattering properties of the neural
tissue, genetic targeting allows monitoring of specified neurons in freely moving subjects.
Up to 7 spatially distinct brain regions can be simultaneously monitored in behaving animals
using frame-projected independent-fiber photometry (Fig. 3i)5%, where signals from a
bundled fiber are integrated by a CMOS camera. When applied to GEVIs, the TEMPO
(trans-membrane electrical measurements performed optically) approach® can record local
field potentials from defined cell populations without physiological noise fluctuations.
Application of fiber photometry to other fluorescent biosensors will be instrumental in
determining how neurotransmitters fluctuate in deep brain regions of behaving subjects.
Notably, a multimode fibre-based endoscope permits the imaging of fluorescent proteins
within deep brain regions®’. Although it has yet to be applied to reporters of neural activity,
this device may increase the applicability of fiber photometry to monitor neural activity in
deep brain regions with cellular resolution.

In addition to implantable optical probes that rely on external optoelectronics for signal
detection, micro-contact printing techniques have recently permitted direct integration of
ULEDs and photodetectors®® (Fig. 3j). Such optoelectronic probes allow illumination and
detection of reporter fluorescence at the point of implantation. This eliminates the need for
collection optics and fiber tethers and is compatible with wireless data and power transfer.

Electrical and microfluidic detection of neurotransmitters and biomarkers.

Although signals propagate along the neuronal membrane in the form of an electrical
potential wave, transmission between neurons happens at the synaptic cleft via release,
reuptake, and metabolism of neurotransmitters®. Understanding spatiotemporal dynamics of
chemical neurotransmission will allow dissection of the molecular mechanisms underlying
many neurological disorders’®. Electroactive biogenic amines, such as dopamine,
norepinephrine, serotonin and histamine, can be detected in real-time using /7 vivo fast scan
cyclic voltammetry (FSCV). This approach relies on rapid potential sweeps at implanted
electrodes to oxidize and reduce nearby analyte molecules, and the voltammogram shape
offers information about the target analyte’%71 (Fig. 4a). FSCV excels in temporal resolution
(<100 ms) and sensitivity, but remains limited in terms of its selectivity. Chemically similar
electroactive species (e.g., dopamine and norepinephrine) can complicate the analysis, but
principal component analysis (PCA) may be used to deconvolute signals from distinct
neurotransmitters’2:73,

Despite decades of research, the majority of FSCV experiments are still conducted with
probes composed of a single carbon fiber microelectrode housed in a glass capillary’ (Fig.
4b). These probes have been applied to chronic long-term monitoring of dopamine dynamics
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in primates’® and mice’®. Moreover, simultaneous voltammetric detection of dopamine and
oxygen can be combined with single-unit electrophysiological recordings to demonstrate
fluctuations in these biomarkers correlated with widespread electrical activity following
brain injury’’. Notably, FSCV is compatible with optical stimulation using ChRs’8, and the
development of more advanced probes with improved optical capabilities will allow FSCV
to be used in conjunction with optical reporters to simultaneously monitor both electroactive
and non-electroactive species with high temporal resolution.

Functional coatings can be deposited to improve electrode stability, sensitivity and analyte
selectivity. Coating a tungsten electrode with a boron-doped diamond film afforded an
FSCV probe with improved mechanical and electrochemical stability’®. Sensitivity was
enhanced by increasing the electrochemical interface area and improving surface adsorption,
as was demonstrated with electrodeposited PEDOT-graphene oxide (PEDOT-GO)
coatings®. When compared with uncoated carbon electrodes, PEDOT-GO increases
dopamine detection sensitivity by 880% and reduces the limit of detection by 50% (to ~20
nM). Analyte selectivity can be enhanced by integrated size-exclusion membrane coatings
for detection of low molecular weight molecules like hydrogen peroxide8l. Moreover,
enzyme-coated electrodes widen the scope of accessible analytes, and allow detection of
non-electroactive biomarkers, such as glucose®2:83, and could be further expanded to detect
lactate84, choline and acetylcholine®®, and glutamate®6,

As a complement to voltammetry, microdialysis allows quantification of a vast array of
biomarkers within the sampled fluid, independent of their electrochemical activity. Typical
microdialysis probes consist of inlet and outlet capillaries within a hollow-fiber that is sealed
by a semi-permeable membrane and infused with buffer8” (Fig. 4c). The collected analytes
are subject to chemical analytics including high performance liquid chromatography and
mass spectrometry88, and sample derivatization permits detection of up to 70 analyte
molecules from a single sample8°. Microdialysis thus provides exquisite chemical resolution
and a wide sensitivity range towards diverse analyte molecules®, but the low sampling rate
(often >10 min) and offline analysis limit its temporal resolution in real-time applications.
The slow sampling rate also limits the spatial resolution, as diffusion of analytes through the
tissue is a major factor at these timescales. Continuous online microdialysis (coMD)% is
being used in clinic for diagnosing and monitoring traumatic brain injury®l. The coMD
approach uses ion-selective electrodes and dedicated sensors to perform real-time recording
of multiple ions (K*) and small molecules (e.g., glucose and lactate). It can also complement
electrocorticography (ECoG) recordings to understand how these biomarkers fluctuate with
neural activity.

Microdialysis probes often exceed 200 um in diameter®2; thus, a microfabricated Si-based
probe with 45x180 pm?2 dimensions increases the spatial resolution and reduces the
surrounding tissue damage®3 (Fig. 4d). This microfabricated Si-based probe possesses an
etched U-shaped channel and a nanoporous membrane along the tip and can quantify
amphetamine-stimulated dopamine release in the rat striatum with accuracy comparable to a
standard dialysis probe. Similar to FSCV, microdialysis is also compatible with optical tools.
A hybrid device composed of a light-guide embedded within a microdialysis probe has also
been used to measure extracellular dopamine and glutamate in response to optogenetic
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stimulation within the mouse brain®4. In a more recent example, an opto-dialysis probe was
able to monitor optically evoked release of multiple opioid peptides alongside dopamine,
gamma aminobutyric acid (GABA), and glutamate in freely moving mice®. Future
integration of more advanced microfluidic probes with optical capabilities will allow real-
time imaging of neural activity concomitant with biomarker analysis with increased
spatiotemporal precision.

Chemical approaches for stimulating neural cells

Chemical probes can address the roles of specific receptors and downstream pathways on
cell physiology. Designer receptors exclusively activated by designer drugs (DREADDS) are
chemogenetic tools based on G protein-coupled receptors (GPCRs) engineered to respond
exclusively to an otherwise inert ligand®-97. DREADDSs retain the natural downstream
signalling properties of their parent receptor, allowing activation and inhibition of target
neurons on systemic addition of the exogenous ligand. However, this approach offers limited
spatial resolution and temporal precision restricted by slow on/off kinetics. For targeting
endogenous receptors with increased precision, light-responsive molecules can transmit an
optical stimulus into a cellular response. Caged ligands, the activities of which are masked
by a photo-labile protecting group, become irreversibly activated on illumination (Fig. 5a).
Alternatively, permanent attachment of a photoswitch to a drug molecule can afford
reversible optical control of the target®8, and a variety of ions/neurotransmitters and their
receptors have therefore been placed under optical control®®. Synthetic tuning of the photo-
cages or switches permits activation/inactivation with far-red or two-photon
irradiation190.101 and can even target ligands to subcellular compartments02.103,

Self-labelling enzyme tags covalently tether molecular probes to defined locations with
subcellular accuracy%. These include SNAP (an O6-alkylguanine-DNA-alkyltransferase
that reacts with O6-benzylguanine derivatives), CLIP (an O2-alkylcytosine-DNA-
alkyltransferase that reacts with O2-benzylcytosine derivatives) or Halo-tag (a haloalkane
dehalogenase that reacts irreversibly with primary alkylhalides)—enzymes that react with a
functional group at one end of the linker to tether the pharmacophore to the target. For
example, the DART (drugs acutely restricted by tethering) approach uses the Halo-tag to
target an a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-receptor agonist
to either striatal dopamine 1 (D1) or D2 receptor-expressing cells in a Parkinson’s mouse
model105, Similarly, optical control of a SNAP-metabotropic glutamate receptor 2 (mGIuR2)
receptors in retinal ganglion cells using a BGAG (SNAP-reactive benzylguaninie (BG) at
one end, a linker, and an azobenzene-glutamate (AG) at the other end)-tethered
photoswitchable glutamate restores light-responses in the blind mouse retina /n vivo,
enabling patterned vision1 (Fig. 5b).

Importantly, multiplexed stimulation of distinct cell populations or receptor subtypes can be
achieved through selective expression of orthogonal enzyme tags!0”. Antibodies can also be
used to target molecules to defined locations. In the chromophore-assisted light inactivation
(CALLI) approach (Fig. 5c)108, an antibody-conjugated photosensitizer could selectively
inactivate target receptors through localized generation of singlet oxygen. This has been
used to inactivate AMPA receptors in the mouse hippocampus, and to erase fear memory /in
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vivo during behaviour. Future synthetic efforts will expand these approaches to other
ligands/receptors, and implantable devices that permit simultaneous viral and chemical
delivery alongside optical stimulation will facilitate the use of these technologies in freely
moving animals.

Synthetic and semi-synthetic probes for molecule and ion detection

Small-molecule ion- or voltage-sensitive dyes allow imaging of neural activity without the
need for genetic manipulation, and their selectivity/sensitivity can be systematically tuned
through chemical modification. For example, the red-shifted CaZ* sensor Cal-590 permits Jn
vivo two-photon imaging up to 1 mm deep within the mouse cortex99. It can be applied by
extracellular perfusion, or localized to single cells by electroporation through a patch pipette.
Rhodamine-based voltage dyes (RhoVRS) possess increased dynamic range, permit
visualization of single action potentials in deep tissues!19, and can be used in conjunction
with green-emitting Ca2* indicators for multiplexed imaging.

Semi-synthetic biosensors possess the advantage of genetic targetability while retaining the
synthetic malleability of small-molecule dyes. Tethering hydrogen-sensitive dyes to the
inside to synaptic vesicles using SNAP-tags allows visualization of exocytosis and
endocytosis in hippocampal neurons1, An alternative strategy for measuring NAD* or
NADPH/NADP?* levels (NAD-Snifit and NADP-Snifit, respectively) employs orthogonal
bioconjugation (SNAP- and Halo-tags) to tether a Forster resonance energy transfer (FRET)
fluorophore-pair to defined locations on a ligand binding domainl12. FRET changes induced
on analyte binding allow NAD(P) levels to be quantified in real-time (Fig. 5d). These hybrid
probes can be applied to a wide array of analyte molecules and used /7 vivo alongside the
development of the appropriate hardware.

Approaches for small molecule and gene delivery

Achieving the delivery of small molecules /n vivo with precision comparable to chemical
neurotransmission remains a challenge. Local injections bypass the blood-brain-barrier and
generate high local drug concentrations while reducing the potential for off-target effects
associated with systemic injections. Although conventional cannulas are still commonly
used, microfabricated probes with enhanced capabilities and improved biocompatibility have
emerged. For instance, the Chemtrode integrates a microfluidic channel with a
microelectrode array, enabling injection of up to three different drugs alongside
simultaneous electrophysiology at 7 recording sites!!3 (Fig. 5e). The microfluidic ion pump,
UFIP, uses electrophoresis to drive solvent-free delivery of ions, such as K* and GABA™,
across a membrane to the target region114.

Controlling gene delivery across different scales is vital to understand the roles of individual
cells, or interface with large functional areas of the brain (Fig. 5f). Single-cell transduction
can be achieved using the virus-stamping approach!1>, where viral particles are reversibly
bound to the surface of iron nanoparticles placed in a micropipette solution. The
micropipette is inserted into the brain and positioned against the target cell, and magnetic
field application directs the particles to the target cell surface. This technique is compatible
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with several viruses commonly used in optogenetics and can be exploited to transduce other
biosensors into single cells. Conversely, large functional areas can be transduced by
functional coatings of silk fibroin mixed with AAV capsids (Fig. 5g). When applied to the
surface of implants, such as optical fibers or cranial windows!16, this approach ensures
widespread virus expression at the site of the implant and simplifies the surgical
implantation procedure. Alternatively, engineered viral capsids that can cross the blood brain
barrier, such as AAV- PHP.eB, allow widespread, non-invasive labelling throughout the
entire CNS following systemic injection17. These approaches will be especially useful
when applied to optogenetic probes or biosensors for expression in large mammals.

Multi-modal interaction with cells and tissues

To keep pace with the ever expanding palette of molecular and genetic tools for controlling
and recording neural activity, emerging neural interfaces must integrate multiple functional
features to deliver electrical, optical, and chemical signals to and from the neural tissue.
Such probes will enable bi-directional communication with the neural circuits and accelerate
fundamental studies of their physiological and pathological outputs.

The most straightforward approach to integrate multiple functionalities is to fuse disparate
existing technologies. For example, addition of a nanoelectronic coating to the surface of a
device (e.g., a silica optical fiber or a micropipette) endows it with electrical recording
capabilities for delivering a bi-modal probe (Fig. 6a)118. Alternatively, a miniaturized neural
drug delivery system (MiNDS) has been reported relying on a tungsten recording electrode
and two microfluidic channels housed in a stainless steel needle1® (Fig. 6b). This device has
been used to record and chemically stimulate deep brain regions in non-human primates.
The fusion of soft microfluidic channels to an integrated array of inorganic p-LEDs (p-
iLEDs) on a flexible substrate has also been used to create an optofluidic system that
delivers not only drugs and viruses to the brains of freely moving rodents, but also
concurrently confers the ability to photostimulate neural activity20 (Fig. 6¢). Although this
approach enables the design of multifunctional devices, it is often limited by the device
footprint, which increases with the addition of each new functionality.

Leveraging well-established micro- and nano-fabrication techniques permits scalable
production of miniaturized devices with densely packed features. For example,
optoelectronic integration has been applied to produce a multi-shank optoelectrode that
allows dual-color photostimulation and electrical recording at multiple sites (Fig. 6d)21.122,
Each silicon shank integrates two laser diodes and iridium electrodes allowing recordings
alongside dual-color photostimulation /7 vivo. Similarly, using polydimethylsiloxane
(PDMS) as a substrate, the electronic dura matter integrates microfluidic channels with
recording and stimulating electrodes onto a flexible, transparent and stretchable probe,
which has been used to restore locomotion after spinal cord injury in rodents123,
Microfabrication techniques have also been employed to prepare a T-junction low-flow,
push-pull microdialysis probe, which additionally houses platinum electrodes capable of
electrical stimulation and recording (Fig. 6e)124.
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The use of transparent substrates and electrodes can endow electrophysiological probes with
optical capabilities without increasing their footprint. The deposition of transparent electrode
arrays onto polymer substrates permits simultaneous electrical recording and optogenetic
stimulation?25 or fluorescent imaging with GECI126 on the cortical surface (Fig. 6f). Two-
photon imaging and optogenetic excitation extends these approaches to deeper tissues'27:128,
In another approach, silicon-based biointerfaces leverage the photoelectric, photoacoustic,
and photothermal properties of silicon to stimulate neurons through multiple modalities.
These can be shaped into nanowires, flat nanomembranes or flexible mesh arrays to generate
thermal, faradaic or mechanical signals upon irradiation12?, These interfaces can also be
tailored to allow intercellular, intracellular, and extracellular optical control of neural activity
without the need for genetic modification.

An alternative strategy to enable multifunctional integration at the microscale, employed by
our laboratory, is to apply thermal drawing of multi-material fibers offers (Fig. 6g)*1. Fibers
combining optical neuromodulation, microfluidic delivery of drugs and viruses, and
electrophysiological recording capabilities can be produced in kilometer lengths from
macroscale models by application of heat and tension. These devices have recently enabled
monitoring of opsin expression in cell bodies and axonal terminals, informing projection
mapping in behavioural studies#%130, Moreover, application of fiber drawing to elastomers
has delivered stretchable probes suitable for chronic recording and optogenetic
neuromodulation in the rodent spinal cord'2. Going forward, innovations in materials
chemistry and thermal drawing techniques are anticipated to expand the sensing and
modulation capabilities of fiber probes, while maintaining their miniature and flexible form
factors,131-133

Conclusions and perspective

The nervous system is formed by a vast network of cells communicating through a plethora
of stimuli. To fully appreciate this complexity, next-generation technologies must
communicate with the neural tissue bi-directionally through a variety of modalities, time-
scales, and sensitivities, while spanning the nanometre to centimetre scales. Fabrication
techniques and materials must evolve accordingly to accommodate novel optical and
chemical probes to facilitate their use in behaving subjects, while offering the ability to
continuously record multiple biomarkers. Importantly, alongside this ever-expanding toolkit
of neural probes comes increasing experimental complexity that can impede data
interpretation. Certain modalities are not compatible when applied simultaneously in
spatially restricted areas of the brain, and can cause confounding artefacts that skew
experimental observations. As such, great care must be taken when selecting tools for each
experiment, and appropriate control experiments must be performed to avoid unsupported or
erroneous conclusions. However, when used correctly these tools will enable studies of the
molecular mechanisms underlying behavioural and physiological phenotypes and facilitate
integration of molecular and systems neuroscience. The insights delivered by such integrated
studies will inform therapeutic approaches for neurological and psychiatric conditions with
heterogeneous pathophysiology and temporally evolving signatures.
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Although most tool development thus far has focused on interrogation of neurons, glia are
emerging as increasingly important players in the functioning nervous system, and
approaches to exclusively target glial biology and signalling are urgently needed.
Applications to other electroactive tissues present entirely different challenges, such as cell-
type diversity, different time-scales for activation, and different sets of chemical and physical
signals!34. This provides biologists and engineers with endless research opportunities, and
the urgency to develop therapeutic interventions for disorders of the aging nervous system
should motivate the translation of these emergent approaches and insights from the lab and
into the clinic.
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Figure 1. Overview of neuronal communication. A progressively zoomed-in view from a brain
circuit to aneuron to a synapse to an ion channel.

(a) Example of a circuit spanning areas across the brain. The Papez circuit involved with
emotion and declarative memory. (b) Neurons communicate via chemical and electrical
signals. Action potential propagates to the synapse, where chemical neurotransmission takes
place. (c) The presynaptic neuron (top) releases neurotransmitters that diffuse in the synaptic
cleft and bind to receptor proteins on the postsynaptic cell (bottom). (d) Diversity of
membrane receptors in neurons involved in neurotransmission. (€) Neuronal communication
spans timescales ranging from sub-milliseconds to hours.13°
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Figure 2. Probesfor electrical stimulation and recording of neural activity.
Miocrofabricated silicon-based (a) Utah arrays? and (b) Michigan probes*. (c) Based on

CMOS fabrication process, the Neuropixel features extreme miniaturization and dense
packing of 960 recording electrode.® (d) Syringe injectable mesh electronics based on gold,
platinum and SU-8 integrate with the brain and record and stimulate neighboring neurons.8-2
(e,f) Examples of mesh-based electrode arrays: (e) porous graphene electrode on SU-8
substrates1? and (f) soft and stretchable electrode grids made of Au-TiO, nanowires
embedded in PDMSL,
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Figure 3. Optical neural stimulation and recording via genetic or non-genetic tools; sensitivity,
orthogonality, requirementsfor hardware.

(a) ChR2 is a cation channel that mediates membrane depolarization upon exposure to blue
light. (b) Recently developed inhibitory opsins, anion-conducting channelrhodopsin (eACR),
proton pump Archaerhodopsin (Arch3.0) and enhanced sodium pump KR2 (eKR2). (c)
Rhodopsin-guanylyl cyclase chimeric protein CaRhGC consists of a photo-sensitive
rhodopsin directly connected to the guanylyl cyclase via a coiled-coil stretch converts GTP
to cGMP upon green light illumination34. (d) In the Cal-Light approach, increase of Ca?* in
the cytosol M13 moiety to bind to calmodulin Ca2*-binding domain (CaM), which restores
tobacco etch virus (TEV) protease function. LOV-domain photoactivation unmasks TEVseq
cleavage site which then releases cleaved tTA to translocate to the nucleus of the cell where
it initiates gene expression.136 (e) Light-triggered transfer of an optogenetic cAMP-
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dependent protein kinase (OptoPKA) from the cytoplasm to the mitochondria.137 (f) GECI
consist of Ca2*-binding CaM, an M13 moiety, and a fluorescent protein. In GCaMP8,
binding of Ca?* induces the formation of CaM-M13 complex, which protects the
fluorescent core and increases its quantum yield.138 (g) GEVI consists of a voltage-
dependent domain and a fluorescent protein. Arclight consist of a voltage-sensing domain
fused to super ecliptic pHIuorin reporter. Depolarization causes conformation change, which
yields a decrease of green fluorescence.138 (h) Single-fiber® and (i) multi-fiber
photometry39. Optical fibers transmit excitation light and collect light emitted from GECls.
(j) Micro-photometry system for deep-brain fluorescence recording integrating ULEDs and
integrated photodetectors (IPDs) encapsulated by PDMS on a polyimide substrate.58
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Figure 4. Chemical sensing with voltammetry and microdialysis.
(a) Fast-scan cyclic voltammetry (FSCV) recording of dopamine concentration. Upon

application of a triangle potential to the carbon fiber microelectrode, dopamine oxidizes into
dopamine-o-quinone and then gets reduced back into dopamine. These electrochemical
reactions contribute to the resulting current and form the basis of cyclic voltammogram
readout.140 (b) Traditional FSCV probes are made of a carbon fiber or metal wire housed
within borosilicate or fused-silica insulating sheaths. The redox reaction occurs at the
exposed electrode tip.87 (c) A microdialysis probe is composed of inlet and outlet capillaries
housed within a hollow fiber shaft sealed by a size selective membrane sheath infused with
buffer. During microdialysis, chemical species diffuse into the hollow cavity and are
collected for post-hoc chemical analyses.8” (d) A microfabricated silicon-based
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microdialysis probe consists of a U-shaped microfluidic channel with a nanoporous
membrane at the tip.93
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Figure 5. Technologiesfor chemical modulation and delivery.
(a) A protective group (the cage) is cleaved upon illumination and the ligand becomes

biologically active8. (b) mGIuR2 receptor modified to include a SNAP tag is optically
controlled via a tethered photoswitchable glutamate BGAG6. (c) Schematic representation
of chromophore-assisted light inactivation (CALI). An anti-GluA1 monoclonal antibody is
labeled with eosin, a photosensitizer. Photoactivation by green light and binding of the
conjugated antibody to a GIuA1 inactivates the targeted receptor containing GluA1141, (d) A
semi-synthetic biosensor NADP-snifit measures NADPH/NADP+ levels via fluorescence
shifts in a FRET-pair tethered to a ligand binding domain by Halo and SNAP-tags42. (e)
Schematic representation of the Chemtrode, a microfabricated probe integrating a
microelectrode array with a microfluidic channel connected to three separate inlets!13. (f) A
GFP-gene carrying virus is reversibly bound to a magnetic nanoparticle that is brought into
physical contact with the target cell using magnetic forces and then released upon
application of an alternating magnetic field,11° (g) Coating of silk fibroin mixed with adeno-

associated virus (AAV) capsids for widespread virus expression in the vicinity of the device.
116
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Figure 6. Multimodal integration.
(a) Adhesion of a nanoelectronic coating onto an optical fiber or a micropipette results in bi-

modal probes!43. (b) The miniaturized neural drug delivery system (MiNDS) consists of 2
borosilicate microfluidic channels and a tungsten recording electrode inserted into a stainless
steel needle1®. (c) Bonding of p-iLED array on a polymer substrate to a soft PDMS
microfluidic device leads to a flexible optofluidic probel20. (d) The dual-color optoelectrode
fuses monolithically integrates an optical mixer with a Michigan-style probel?2, (e) A bi-
modal neural probe monolithically integrates microfluidic channels with recording and
stimulation electrodes!?4. (f) Transparent graphene electrodes fabricated on a flexible
parylene C substrate permit electrophysiological recording concomitant with optical imaging
with GEVI and optical coherence tomography128. (g) Thermal drawing of multimaterial
macroscale models, preforms, into kilometers of fibers comprising polymer waveguides,
conductive composite or metallic electrodes, and microfluidic channels124041,
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Comparison of using electrical, optical, and chemical manipulation and recording of neuronal activity.

wavelength, etc.

Modality Spatial resolution Temporal resolution Sensitivity Selectivity
- Limited by current . .

Electrical p : : Limited —all cells surrounding probe

. - spreading and electrode | Sub-microsecond Highly tunable iy -
stimulation dimensions experience field
Electrical s Limited - pharmacology required to
recording <10 ym Sub-microsecond 10 pv determine contributors to current

. . . Highly tunable by e ; it

Optical Single cell optical . st High; only light-sensitive reporters
stimulation stimulation'#4 Sub-microsecond irradiation power, will respond

Optical recording

Single cell45

Sub-microsecond; can
record single action
potentials

Limited by available
reporters

High; selective biosensors for
neurotransmitters and analytes have
been developed

>100 pum limited by

Can detect electroactive

Moderate; care must be taken to

chemistry

FSCV : ; >100 ms molecules over large validate electrochemical signatures
large devices required concentration range of recording
P >150 pum limited by - Sensitivity towards a High; defined by high- resolution
Microdialysis large size of probes Seconds to minutes large range of analytes chemical analytics®
: Seconds to minutes; . ) .
Chemical L oo ) e Moderate; tunable High; can be fine-tuned using
" : Limited by diffusion dictated by diffusion ’ f e p
stimulation and metabolism through dose applied synthetic chemistry
; Excellent; can be fine- : " .
Chemical . 109 . 110 P - High — can be fine-tuned using
recording Single-cell Sub-microsecond tuned using synthetic synthetic chemistry
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