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Abstract

Electrophysiology tools have contributed substantially to understanding brain function, yet the
capabilities of conventional electrophysiology probes have remained limited in key ways due to
large structural and mechanical mismatches with respect to neural tissue. In this Perspective, we
discuss how the general goal of probe design in biochemistry — that the probe or label has a
minimal impact on the properties and function of the system being studied — can be realized by
minimizing structural, mechanical and topological differences between neural probes and brain
tissue, thus leading to a new paradigm of tissue-like mesh electronics. The unique properties and
capabilities of the tissue-like mesh electronics as well as future opportunities are summarized.
First, we discuss the design of an ultra-flexible and open mesh structure of electronics that is
tissue-like and can be delivered in the brain via minimally-invasive syringe injection like
molecular and macromolecular pharmaceuticals. Second, we describe the unprecedented tissue
healing without chronic immune response that leads to seamless three-dimensional integration
with a natural distribution of neurons and other key cells through these tissue-like probes. These
unique characteristics lead to unmatched stable long-term, multiplexed mapping and modulation
of neural circuits at the single-neuron level on a year timescale. Last, we offer insights on several
exciting future directions for the tissue-like electronics paradigm that capitalize on their unique
properties to explore biochemical interactions and signaling in a “natural’ brain environment.
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INTRODUCTION

Tools that can provide spatially resolved, real-time, and quantitative measures of the
electrical activity of neurons are crucial to understanding the brain.! Since a capillary
electrometer by Adrian? and a cathode ray oscilloscope by Erlanger and Gasser3 were used
for recording electrical signals conducted by nerve fibers, scientists have strived to develop
tools that can improve the understanding of both the basic electrophysiology of single
neurons and the functional connectivity of many neurons in the entire brain.*° Despite
advancements over the past century, there have remained substantial limitations of
electrophysiology probes due to their fundamental structural, mechanical and topological
differences with respect to neural tissue they are designed to interrogate; that is, these
differences cause conventional probes to disrupt the natural properties and function of
system being studied. Recognizing this issue, one can ask what are the structural,
mechanical, topological, and ultimately biochemical properties that would define an ideal
electrophysiology probe.

From a structural perspective, the brain features a large variety of components with sizes
ranging from tens of nanometers for synapses that connect individual neurons, to tens of
centimeters for long-range projections that connect distinct brain regions.! In comparison,
silicon microelectrode arrays have overall probe sizes that are always >4 times larger than a
single neuron,®7 although subcellular-sized recording electrodes with high density and
multiplexity can be achieved by top-down fabrication processes.® On the other hand,
microwire-based brain probes become significantly larger than neuron somata with
increasing channel number,? despite subcellular feature size for single-channel carbon
electrodes.10.11 The relatively large size of probes may disrupt the natural three-dimensional
(3D) neural connectivity and activity of relatively dense neural tissue comprising
interconnected neurons, glial cells and blood vessels at the implanted site, and lead to
unfavorable chronic immune response.

From a mechanical perspective, conventional brain probes also differ significantly from
brain tissue. Brain tissue is extremely soft, with a small Young’s modulus of 0.1-16 kPa and
a bending stiffness of 1074-10~1 nN-m per unit width for a 20~100 um thick brain slice.1213
In striking contrast, the bending stiffness values for typical 15-um thick Si probes, ~10°
nN-m,14.15 single-channel carbon electrodes with diameters less than 10 pm, ~10% nN-m,
10.15 and typical “flexible’ probes fabricated on 10-20 um thick bendable polyimide
substrates, 103~10* nN-m,6 are at least 100,000 to 1,000,000 times stiffer than the tissue
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they are designed to interrogate. The high rigidity of these common probes is primarily due
to the large Young’s moduli, which describes the inability of materials to deform, and
thickness of the materials used in their construction. Importantly, this large mismatch in
bending stiffness leads to relative shear motion between brain tissue and the neural probes,
and evokes a chronic immune response that produces glial scar formation and neuron
depletion at probe-brain interfaces.1” The near universal chronic immune response is
believed to be the main contributor to reported degradation of recording and stimulation
capabilities over extended time periods with common probes.18

From a topological perspective, the brain is comprised of highly organized and
interconnected 3D networks of neurons and non-neuronal cells, such as astrocytes and
microglia, that brain probes should ideally leave intact. There are several characteristics of
probe design one should consider to accomplish this. On a local scale, inspired by the high
degree of interpenetration between the networks of neurons and glial cells in 3D,19 the probe
should be designed to afford a similar degree of interpenetration between the implanted
electronic network and the endogenous neuronal and glial networks by leaving sufficient
open space for interpenetration to occur in a 3D topology. On a global scale, recognizing the
cooperative importance of glial cells in defining the functional connectivity and evolution of
neuronal networks in the brain,29-21 the probe design should ensure the absence or at worst a
minimal disturbance of the endogenous distribution of neurons and other cells. Despite these
design principles of an ideal neural probe, conventional probes necessarily exclude a solid
volume of neural tissue permanently, thus not only prohibiting 3D interpenetration with the
neuronal and glial networks, but also disrupting the endogenous distribution of cellsl’ and
3D diffusion of important molecular and macromolecular signaling species.?2

As a consequence of the aforementioned structural, mechanical and topological mismatches
between neural tissue and the electronic probes designed to study the neural tissue,
conventional implantable brain probes adversely impact the properties and function of the
neural systems being studied, and are thus generally incapable of achieving a chronically
stable interface with the endogenous neural network and affording consistent long-term
monitoring and modulation of brain activity at the single-neuron level.23-28 Thus, we have
focused on fundamentally new probe concepts that overcome these limitations by
eliminating the distinction between the neural and electronic systems with “tissue-like’
neural probes.1529-35

MESH ELECTRONICS IS DESIGNED TO MIMIC NEURAL TISSUE

Early on we began to focus this goal merging electronic and neural systems by developing
subcellular-sized nanowire field-effect transistor (FET) detectors,36-38 and porous 3D
flexible device arrays.3940 The small sizes of nanowire FETs without loss of measurement
sensitivity have allowed them to probe cells in a highly localized manner,1:42 allowing the
formation of artificial synapses with neurites3” and minimally-invasive intracellular
recording.3843 Incorporation of addressable nanoelectronic devices into a 3D tissue scaffold
(macroporous nanoelectronic scaffold) followed by cell seeding and culture also led to the
demonstration of electronically-innervated synthetic neural and cardiac tissues, where
bidirectional flow of electrical and chemical signals between interpenetrated cellular and
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electronic networks allows simultaneous monitoring and modulation of network activity.
40,44

The macroporous nanoelectronic scaffold concept for synthetic or engineered tissues placed
us tantalizingly close to goal of seamless 3D integration of electronic recording and
stimulation devices within the brain. In particular, the macroporous nanoelectronics scaffold
provided a framework now generalized to an open mesh electronics platform*%44 where it is
possible to design and realize neural probes that have (1) structural features of functional
devices, conductive interconnects and support elements in the nanometer to micrometer size
scale similar to that of cells in neural tissue, (2) mechanical properties on par with those of
the endogenous neural tissue, and critically, (3) macroporous 3D interconnected structures
that allow interpenetration of neurons and other cells without altering their endogenous
distribution, as well as diffusion of key signaling molecules in the local milieu.2®

The free-standing mesh electronics®29:33 (Figure 1A, 1) consists of an array of recording
and/or stimulation electrodes with their positions photolithographically defined at one end to
target one or more brain regions (green dots in the solid black box). These electrodes are
individually connected to input/output (1/0) pads at the other end of the mesh (red dots) via
polymer-passivated metal interconnect wires (red lines in the dashed black box), allowing
the electrodes to transmit electrical signals to and receive modulation signals from external
recording and stimulation instrumentations, respectively. Structurally, the mesh electronics is
designed to have the widths of longitudinal (long axis) and transverse (short axis) elements
smaller than cell soma. In addition, these longitudinal and transverse elements have
submicron thicknesses, and unit openings in the mesh are generally at least two orders of
magnitude larger than the soma. Together these structural features result in an extremely
small bending stiffness of the mesh electronics, 1072-10~1 nN-m, similar to that of brain
tissue (1074-10~1 nN-m).32 The unique structural, mechanical and topological properties of
the mesh electronics not only address and overcome the key limitations of previous
electrophysiological probes used for understanding and modulating the brain, but also set the
stage for much more sophisticated biochemical modifications and functionalization of mesh
surface, which is composed of biocompatible poly(alkylene-arylene oxide) polymer, as will
be discussed in the ‘Future Directions and Outlook’ section below.

UNIQUE DELIVERY OF MESH ELECTRONICS

As a result of the unique structural, mechanical and topological design of mesh electronics,
the ultra-flexible, submicron-thick mesh structures can be suspended in an aqueous solution
much like colloids with apparent light scattering (Figure 1A, 11).1534 At first glance, this
characteristic and unique flexibility of the mesh raises a conundrum for minimally-invasive
delivery to the brain. Conventional silicon, microwire and polymer neural probes, which
have bending stiffness values significantly larger than brain tissue, can be directly inserted
into the brain at the cost of long-term inflammatory immune response and chronic recording
instability.23-28 In contrast, a similar direct insertion of the tissue-like mesh electronics is
not possible, and placing the mesh probe in a surgical incision would be invasive and cause
local trauma. Thinking out of the box, the ultra-flexibility of mesh electronics opens up a
simple yet effective solution commonly used in biology and medicine for delivery of species
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ranging in size from biomolecules to viruses and cells — direct syringe injection through a
needle.

A single mesh electronics probe suspended in an aqueous solution can be drawn and loaded
into a syringe needle, such as a glass capillary, and then injected under positive pressure into
virtually any brain region or other soft tissue in the body like pharmaceuticals and biologics
with minimal invasiveness. The first demonstration of the injectable mesh electronics
concept by Liu et al. in 2015 showed that centimeter-scale macroporous mesh electronics
could be injected through needles with inner diameters <100 pm (Figure 1A, I11) without
damage to the mesh electronics.® During injection into a cavity, solution or body fluid the
mesh electronics unrolls and expands from the point of the needle constriction, although it
maintains a roughly cylindrical structure when injected into dense tissue. This initial work
also led to an indication of the special chronic stability of the mesh electronics injected into
neural tissue, but it was limited in terms of the ability to target precisely different brain
regions. For example, because the mesh electronics is so flexible it was subject to crumpling
during injection, yielding poorly defined sensor device positions with respect to specific
regions within the brain. Specifically, the small size of key subfields and layers of a mouse
brain requires precise injection of the mesh probe to ensure targeted delivery to a desired
region: for example, the CA1 subfield of the hippocampus is ca. 620 um thick, CA3 subfield
is ca. 230 um thick,*® cortical layer V is ca. 300 um thick,*6 and the dentate gyrus granular
cell layer is ca. 60 um thick.4”

Hong et al. solved this key challenge by developing a semi-automated controlled injection
method in which the rates of mesh electronics injection and needle withdrawal are balanced
using a standard stereotaxic surgery stage with addition of a motorized translator and
charge-coupled device (CCD)-imager (Figure 1B, 1).34 The balanced mesh injection/needle
retraction is achieved by real-time optical tracking of the upper 1/0 pads of the mesh
electronics, which are always outside of the skull, in the field of view (FoV) of the CCD (red
arrow, Figure 1B, I). In this manner, it is ensured that the mesh position remains stationary in
the FoV during injection by the syringe pump (green arrow, Figure 1B, 1) while the needle is
moved upward by a computer-controlled linear translation stage (blue arrow, Figure 1B, I).
The ability to implant mesh electronics with fully extended structures in targeted brain
regions using this methodology was confirmed by micro-computed tomography (micro-CT,
Figure 1B, I1) and histology.34 The positioning precision of electrodes in the mesh
electronics during the injection process is measured as ca. 20 um, smaller than the thickness
of key subfields and layers within the brain (ca. 60-600 um, as noted above*>47), and thus
indicates that the FoV injection method can achieve precise targeted delivery of mesh
electronics. In addition, the common use and availability of stereotaxic injection in
neuroscience animal research makes this method of delivery straightforward and simple to
adopt in other laboratories.

UNIQUE CHRONIC INTERFACE WITH BRAIN TISSUE

Several studies have now demonstrated that the tissue-like properties of mesh electronics
yield little or no adverse chronic brain tissue response following injection/implantation of
the mesh probes.32-3% Immunohistological staining of brain tissue after implantation of
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common silicon,1” tungsten*® and carbonl0 brain probes has established that these probes
evoke chronic immune responses at the probe/tissue interface as evidenced by neuron
depletion and glial scar formation. Studies indicate that the deleterious chronic immune
response is in part due to the mechanical mismatch between the neural tissue and the probe,
and together these factors prohibit stable recording and tracking of electrophysiological
activities from single neurons over extended time periods.18:23.28,49-53

In direct contrast, time-dependent immunohistological studies of brain tissue containing
implanted tissue-like mesh electronics have demonstrated tissue healing without evidence
for a chronic immune response (Figure 2).15:30.33.35 Confocal fluorescence images of probe-
containing brain slices at 2 weeks, 4 weeks and 3 months (Figure 2A-C) revealed several
unique features. First, the mesh electronics produced little inflammation at short times (2
weeks) post-implantation, evidenced by only a slight accumulation of astrocytes and
microglia signals near the mesh boundary, while there was essentially no evidence for a
chronic immune response at longer times. Second, images showed that axons and neuron
somata started penetrating into the interior of the open mesh electronics at the earliest 2
week time point, and that by 3 months post-injection, there was seamless integration of
implanted electronic network and tissue. Third, quantitative immunohistology analyses
demonstrated that neuron axons and somata, as well as non-neuronal cells such as astrocytes
and microglia, exhibited endogenous distributions from inside to far away from the mesh
probe (Figure 2D-F). Taken together, these results have shown that, by addressing key
structural, mechanical and topological constraints with our tissue-like mesh electronics, it
has been possible to realize a probe that minimizes perturbation of the brain tissue we seek
to study, in contrast to commonly used electrophysiology tools. This has not only allowed
unique measurements that will be described in the following sections, but also opens up the
unique opportunity to exploit biochemical functionalization of mesh electronics for
modulating interactions within the brain, as will be discussed at the end of this Perspective.

MESH ELECTRONICS STABLY MONITORS BRAIN ACTIVITY AT THE
SINGLE-NEURON LEVEL

The stable and seamless chronic integration of axons and neuron somata throughout the
implanted mesh electronics probes has enabled stable measurements of neural activity
without influence from chronic gliosis present with other probes. In general, information
processing in the brain is carried out by transduction of electrical signals within neurons and
transport of neurotransmitters between neurons. Rapid intracellular depolarization and
axonal propagation of the action potential in the pre-synaptic neurons result in vesicle-
mediated release of neurotransmitters, such as dopamine or y-aminobutyric acid (GABA),
which reach the post-synaptic neuron by diffusion across the synaptic cleft. This then elicits
a functional response in the post-synaptic neuron and allows for downstream signal
propagation.! Electrophysiology of neurons manifests from continuous interrogation of
changes in intracellular or local extracellular potentials, which occur as a direct result of
these electrical and chemical signals.>* Due to the technical challenges of in vivo
intracellular patch clamp that is only applicable to acute recordings in anesthetized animals,
55.56 most intracerebral electrophysiology studies employ single-neuron level extracellular
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monitoring of neuronal activity with a focus on improving chronic stability33 and increasing
the throughput of simultaneously measured neurons.”:32

A critical challenge for multiplexed /n vivo brain mapping with mesh electronics has
centered on creating structures that can be readily connected to and disconnected from
measurement electronics. It is important that the 1/0 pads corresponding to each electrode
remain separate when being connected to an external recording interface, otherwise the
crossed wires may short circuit and confound data collection; however, the syringe-injection
process makes it topologically difficult to achieve prebonding of 1/0 pads to a connector. We
first solved this challenge with an automated conductive ink printing method,34 and
subsequently, with a more user-friendly plug-and-play 1/O interface.3! The plug-and-play
interface, which allows for direct clamping of the mesh electronics 1/0 pads into a standard
zero-insertion force (ZIF) connector, was implemented by redesigning the region of the
mesh external to skull. The recording region of the mesh probe is kept identical to previous
designs (Figure 3A, green inset) to maintain its tissue-like properties, while the external
region consists of a leaf-like stem with parallel interconnects terminating in an array of
perpendicularly-oriented input/output (1/O) pads (Figure 3A, blue inset). The width and
pitch of the 1/O pad array were designed to ensure 100% channel connectivity with blind
insertion into the ZIF connector.3 The external region with I1/O pads is injected onto a thin
polymer film that allows direct ‘by-hand’ insertion and clamping of the 1/O pads into a ZIF
connector pre-mounted on a printed circuit board (PCB, Figure 3B). The PCB is fixed onto
the animal’s skull as a compact and low mass interface (1.3 g and 0.65 g, with and without
the detachable amplifier connected, respectively,32 compared to at least 3 g for Michigan
array silicon probes’+>7) for removable attachment of measurement electronics during
chronic recording from awake restrained or free-moving animals (Figure 3C). In addition to
facilitating adoption of the mesh electronics by nonexpert laboratories, the plug-and-play
interface has also enabled implementation of sterilization protocols necessary for human
surgical environments.

Representative chronic recording data from a 32-channel channel mesh probe highlight
several key points about measurements with mesh electronics in live rodent brains. First, as
demonstrated in previous immunohistology studies, the implanted mesh electronics probe
allows the recording electrodes to detect extracellular action potential firing from an
endogenous distribution of neurons in the vicinity of the probe (Figure 4A, I). Second, the
recorded traces from the 32 recording electrodes that are distributed at different locations
spanning the motor cortex exhibit distinct firing patterns (Figure 4A, 11, left) with clear
firing events represented by ‘spikes’, or extracellular action potential waveforms in the
magnified time traces (Figure 4A, 11, right). Since the appearance of each spike indicates the
firing event from a single neuron, such recordings are usually also referred to as ‘single-
neuron’ or ‘single-unit’ recordings. Third, it is possible for spikes from multiple neurons to
be detected simultaneous by the same electrode; however, spikes with origins from different
neurons usually display and can be resolved by their distinct waveforms due to differences in
relative locations and distances from the same recording electrode.>* This fact brings
immense advantages to processing the single-unit recording data, as it becomes much more
computationally efficient to extract all spikes by standard spike sorting algorithms, and
perform principal component analysis (PCA) to cluster spikes and assign them to different
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putative neurons based on the differences in waveform. An overlay of sorted and clustered
spikes for 8 representative channels from the 32-channel multiplexed recordings
demonstrates the detection of 1-2 neurons per electrode (Figure 4A, 111).

Using the same approach to process the single-unit recording data, chronic recordings
obtained from 4 separate, 32-channel mesh probes implanted into the motor cortex and
hippocampus in the right and left hemispheres of a mouse at 2 and 4 months (Figure 4B)
highlight the unique stability and capabilities of tissue-like mesh electronics.32 For example,
single-unit firing activity was detected in roughly 85% of the 128 channels, and the detected
activity in each channel generally remained consistent over the 4-month period of the
measurements. For example, ca. 80% of all channels with recorded spikes showed <20%
variation in average spike amplitude, and >90% of detected single units at 2 months
remained detectable with aforementioned small changes in amplitude at 4 months. These
results contrast data reported from conventional microwire electrodes®8 and silicon-based
Utah array probes,2> where the majority of channels exhibit >50% variation in spike
amplitude and loss of more than half of initially detected single units after only 1-month
post-implantation. Thus, the tissue-like mesh electronics provides a substantial jump forward
in capabilities for highly stable and scalable multiplexed chronic recording from the single
neuron level upwards.

Highly-stable and multiplexed recording probes will be critical for elucidating mechanisms
of neural circuit evolution over months to year-long time spans important in, for example,
natural and pathological aging.5® Indeed, we have carried out recording studies with
implanted mesh electronics over nearly a year time-scale where we showed the capability to
stably track and record from the same individual neurons for the first time (Figure 4C).33 For
example, PCA of single-unit activity from individual channels (Figure 4C, I) and firing rate
analyses from PCA-identified individual neurons (Figure 4C, I1) demonstrated stable neuron
spiking waveforms and intrinsic biophysical properties (i.e., action potential firing rates)0
over an 8 month period without behavioral training. Interestingly, extending these studies
past the time, 48 weeks, where aging-related changes are observed in mice, chronic
recordings with mesh electronics revealed distinct changes in individual neurons (Figure 4C,
I11). Since no observable changes were found in electrode impedance or cell populations at
the mesh probe surface, the neuron-dependent declines in firing rate can be attributed to
biologically intrinsic changes in neuronal and neural circuit properties during aging. The
unique capability of mesh electronic to stably monitor brain activity at the single-neuron
level over months to years opens up unprecedented opportunities for high-resolution,
longitudinal studies to interrogate age-dependent neural circuit evolution underlying
neurodegenerative processes, such as the memory decline and learning impairment
associated with Alzheimer’s disease, from a single-neuron perspective.

MESH ELECTRONICS CHRONICALLY MODULATES BRAIN ACTIVITY WITH
STABLE SINGLE-NEURON RESPONSES

Electrophysiology probes can also be used to modulate brain activity by injection of charge
above a threshold determined by neuromodulatory efficacy for stimulation or inhibition of
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activity.18:61 While direct electrical modulation serves as the basis for research and
therapeutic devices, such as deep brain stimulators used to treat Parkinson’s disease,52:63 the
issue of mismatches in structural and physical properties that lead to glial scar formation and
micromotion discussed earlier also limit the stability of research probes and medical
implants.64

In this context, implantation of tissue-like mesh electronics incorporating both stimulation
and recording electrodes into brains (Figure 5A) allows for single-neuron level modulation
and recording in a natural tissue environment. Simultaneous stimulation and recording
studies showed significantly increased firing rates from neurons adjacent to stimulation
electrodes as evidenced by reproducible evoked spike trains in repeated stimulation trials
(Figure 5B). Moreover, consistent patterns of post-stimulus firing rate modulation from 4 to
14 weeks post-injection of mesh electronics along with spike sorting and PCA analyses
confirmed stable single-neuron responses to chronic electrical stimulation over this time
period (Figure 5C). The detection of a new neuron at 14 weeks (blue, Figure 5C), which can
be attributed to the long-term changes of the local neural circuits as a result of chronic
modulation, represents a unique opportunity for future studies. For example, the
demonstrated chronic stability of tissue-like mesh electronics with simultaneous modulation
and recording could be used to probe causality in neural networks in the absence of
deleterious ‘probe-induced’ cell and tissue changes.

FUTURE DIRECTIONS AND OUTLOOK

The unique characteristics of syringe-injectable mesh electronics as a tissue-like neural
probe could enable unprecedented future studies and provide new insight into a variety of
biological phenomena in neuroscience and neurology. In particular, many experiments can
benefit from the simple, minimally invasive delivery to targeted brain regions, the ability to
modify the probe surface with biochemically active molecules, and their long-term
biochemical stability that allows them to chronically monitor and modulate
electrophysiological and chemical processes in the brain with single-neuron resolution.
Below we highlight several general directions for mesh electronics and how they could be
used to probe the endogenous biochemical interactions and signaling in a ‘natural’ brain
environment (Figure 6).

The first example we consider comes from recognizing the inability of implanted
electrophysiological probes to target and record from specific cell types or neuron subtypes
versus the capability to target and optically-image or stimulate specific neuron subtype
activity using genetically encoded calcium and voltage indicators8® or optogenetics,®6
respectively. The natural distribution of both neurons and glial cells achieved post-
implantation with tissue-like mesh electronics suggests that functionalization of recording
and/or stimulation devices with antibodies or aptamers capable of recognizing and targeting
specific cell surface receptors could enable /7 vivo neuron subtype electrophysiology (Figure
6A). We believe the development of such capabilities could open-up broad new
opportunities for electrophysiology tools, such as deconstruction of complex neural circuitry
based on selective recording from specific subgroups of neurons. Additional, this capability
could enable more efficacious electrotherapeutic treatment of neurological diseases such as
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Parkinson’s disease. We envisage that functionalized electrodes in mesh electronics could
selectively target and stimulate medium spiny neurons (MSNSs) expressing dopamine type-1
(D1) receptors versus D2 receptors, which are structurally and functionally intertwined to
facilitate and inhibit movements via direct and indirect pathways, respectively.6” By
selective inhibitory stimulation of D2 MSNs in the ‘motor-inhibiting’ indirect pathway,
mesh electronics could restore the normal motor functions in Parkinsonian patients with
much lower therapeutic threshold and long-term safety and efficacy.67.68

In a similar vein, our previous /n vitro studies using functionalized nanowire FETS for
biochemical sensing36:69.70 and subcellular-resolution electrophysiological recording3843
could open up completely new opportunities for mesh electronics in the future. For example,
receptor-functionalized nanowire FETS incorporated into mesh electronics could be used for
highly-localized, non-destructive detection of neurotransmitters in vivo.*171.72 Furthermore,
nanowire FET devices functionalized with phospholipids38:43.73 or cell penetrating
peptides’ could enable in vivo intracellular recording of multiple neurons simultaneously.
Such technology would open substantial new opportunities for understanding and
influencing brain activity by providing a direct intracellular interface in live animals.”275-77

We believe that implanted mesh electronics also holds substantial potential for regenerative
medicine. The underlying motivation of this direction builds upon the use of earlier mesh
electronics as an “active’ engineered neural tissue scaffold*0 and observations that mesh
electronics, when injected into the lateral ventricle of a live mouse acted as a scaffold to
guide the migration of neural cells.1®> Our more recent histological studies showing the
interpenetration of neuron axons and somata into the interior of mesh electronics at days to
weeks post-injection30:33 calls for further investigations to elucidate the relative
contributions of tissue remodeling, neurite growth, and migration and development of neural
progenitor cells (NPCs). Surface modification of mesh electronics with functional
biomolecules known to interact with NPCs and facilitate migration’8 or differentiation’®
could be employed to improve the therapeutic capability of mesh electronics (Figure 6B). By
understanding and exploiting the extracellular matrix (ECM)-like properties of mesh
electronics to favor migration and development of NPCs from the subventricular and
subgranular zones,8% while simultaneously monitoring and possibly modulating neural
activity and circuit connectivity, we envision the potential of targeted injection of mesh
electronics to connect endogenous sources of NPCs to regions of damaged tissue for neural
tissue repair.
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Figurel.
Design and delivery of mesh electronics probes. (A) Unique structural and mechanical

design of mesh electronics enables novel syringe-assisted delivery through a needle. I,
Schematic of 16-channel mesh electronics, highlighting the recording electrodes (green dots
in solid black box), metal interconnects (red lines in dashed black box) and 1/0 pads (red
arrow). 11, Photograph of a beaker with multiple 16-channel mesh electronics probes (yellow
arrow) suspended in an aqueous saline solution; the golden color corresponds to light
scattered and reflected from 10 pm wide, 100 nm thick metal interconnect lines. I11, Bright-
field microscope image taken in wide-field transmission mode showing partially ejected
mesh electronics through a glass needle with an 1.D. of 95 pm, exhibiting significant
expansion and unfolding of mesh electronics in aqueous solution. (B) Controlled stereotaxic
injection allows precisely targeted delivery of mesh electronics in the brain. I, Schematic of
the semi-automated instrumentation for controlled injection of mesh electronics,
highlighting a syringe pump for controlling the volumetric injection rate (green arrow), the
motorized translation stage for controlling needle withdrawal (blue arrow), and the CCD
camera for visualizing the mesh in the FoV (red arrow). Il, Micro-CT image showing two
fully extended mesh electronics probes (red linear structures highlighted by green arrows)
within the brain following controlled injection. The other reddish areas correspond to the
skull and mesh probe (1/0 region) on the outer surface of the skull. Reproduced with
permission from refs. 15 and 34,
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Time-dependent histology of the mesh electronics/brain tissue interface. (A-C) Confocal
fluorescence microscopy images of 10-um thick horizontal brain slices sectioned
perpendicular to the long axis of mesh probes at (A) 2, (B) 4 and (C) 12 weeks post-
injection. Green, red, cyan and blue colors correspond to neuron nuclei (NeuN antibody),
neuron axons (neurofilament antibody), astrocytes (glial fibrillary acidic protein, GFAP
antibody) and mesh electronics, respectively. (D-F) Normalized fluorescence intensity
plotted as a function of distance from the boundary of mesh electronics at (D) 2, (E) 4 and
(F) 12 weeks post-injection. The pink shaded regions indicate the interior of the mesh
electronics, and the error bars represent the standard error of the mean (s.e.m.). Reproduced

with permission from ref. 30.
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Figure 3.
Syringe-injectable mesh electronics with plug-and-play interface. (A) Schematic diagram of

the plug-and-play mesh electronics, where the ultraflexible recording region (green box;
lower left inset, zoom) converges to a flexible stem terminating in mesh metal 1/0 pads
perpendicular to the stem (blue box; lower right inset, zoom). The stem and mesh I/O remain
outside the skull. (B) Schematic diagram of direct clamping of the mesh /O pads into a
PCB-mounted ZIF connector (red arrow), which can then be connected to measurement
electronics via a standard Omnetics connector (yellow arrow) mounted on the same PCB.
(C) Photograph showing electrophysiological recording of a freely moving mouse injected
with mesh electronics; the inset shows the part of the interface that remains permanently
attached to the mouse head without the amplifier and the cable connected. Reproduced with
permission from refs. 2% and 31,
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Figure 4.
Highly multiplexed, chronically stable /n vivo electrophysiology in mice. (A)

Electrophysiological recording of single-neuron action potentials in mouse brain. I,
Schematic of /n vivo recording of neuron activities via the seamless integrated interface
between the injected mesh electronics and the endogenous neural tissue. Electrically active
neurons are highlighted in bright cyan color, with their firing activities detected by a subset
of recording electrodes (yellow circles) in the mesh electronics at a time. Il, Representative
multiplexed extracellular single-neuron recording traces from a 32-channel mesh electronics
probe at 2 months post-injection into the mouse motor cortex, with a magnified view of a
20-ms segment highlighting the waveforms of detected single-unit action potentials in
Channels 10, 11, 19, 23 and 24. 111, Overlay of sorted and clustered spikes from a subset of
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selected channels by processing the raw data of recording traces shown in A, Il. Red and
green colors are used to denote spikes assigned to different neurons. (B) Average single-unit
spike amplitudes from simultaneous 128-channel recording in a mouse brain using 4
separate 32-channel mesh electronics probes at 2 and 4 months post-injection. The error bars
represent the s.e.m. (C) Time-dependent consistent tracking of the same individual neurons
based on single-unit spike recording, sorting and clustering as shown in B. I, PCA-separated
clusters of single-unit firing activity are stable over the course of 34 weeks post-injection in
young mice. I, PCA-identified neurons from C, | demonstrate stable firing rates across the
analyzed 34 weeks. 111, Age-dependent individual neuron firing rate changes in middle-aged
mice demonstrate systematic decline. Reproduced with permission from refs. 32 and 33,
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Figureb.

Precision modulation of neural activity. (A) Schematic of mesh electronics with stimulation
& recording electrodes where precise circuit modulation with simultaneous recording is
highlighted from two stimulation sites. (B) A representative stimulus-evoked single-unit
firing trace with a red arrow indicating the stimulus (top), and a raster plot showing single-
unit firing events (blue dots) before and after an electrical stimulus is given (red solid line, t
= 0s) for 50 trials (bottom). (C) Poststimulus time histograms from a representative
recording electrode in the vicinity of a stimulation electrode at 4, 6, and 14 weeks post-
injection of the mesh probe. Spike-sorting and PCA clustering results with corresponding
colors are shown as insets. Reproduced with permission from ref. 33.
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Mesh electronics for
regenerative medicine

Promote Cell Migration
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Future directions for tissue-like mesh electronics. (A) Antibodies or aptamers on electrodes
could be used to attract and target specific cell types, allowing selective electrophysiological
monitoring of different cell types on different electrodes. (B) Mesh electronics (blue) could
be used to connect brain regions containing NPCs (grey) to sites of tissue damage (pink).
Biochemical modification of the surfaces of mesh electronics could be used to promote
cellular migration towards damage and differentiation to desired cell types near damage

while monitoring and/or modulating activity with the integ
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