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Abstract

The success of /n vivo neural interfaces relies on their long-term stability and large scale in
interrogating and manipulating neural activity after implantation. Conventional neural probes,
owing to their limited spatiotemporal resolution and scale, face challenges for studying the
massive, interconnected neural network in its native state. In this review, we argue that taking
inspiration from biology will unlock the next generation of in vivo bioelectronic neural interfaces.
Reducing the feature sizes of bioelectronic neural interfaces to mimic those of neurons enables
high spatial resolution and multiplexity. Additionally, chronic stability at the device-tissue
interface is realized by matching the mechanical properties of bioelectronic neural interfaces to
those of the endogenous tissue. Further, modeling the design of neural interfaces after the
endogenous topology of the neural circuitry enables new insights into the connectivity and
dynamics of the brain. Lastly, functionalization of neural probe surfaces with coatings inspired by
biology leads to enhanced tissue acceptance over extended timescales. Bioinspired neural
interfaces will facilitate future developments in neuroscience studies and neurological treatments
by leveraging bidirectional information transfer and integrating neuromorphic computing
elements.

eTOC blurb:

Bioelectronic neural interfaces have afforded unprecedented opportunities to understand
information processing in the brain and treat neurological disorders. Despite decades of effort, the
design of conventional neural interfaces generally bears little resemblance to the properties of the
neural tissue they are designed to interface. In this review, we emphasize the importance of
leveraging bioinspired properties at the brain-device interface. Specifically, we classify four
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properties for next-generation bioelectronic neural interfaces to emulate: size and morphology,
mechanics, topology, and biochemical functionalization.

L
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Materials innovations have constantly driven the development of neural interfaces that allow
neuroscientists to advance our understanding of the brain and enable neurologists to treat a
variety of brain disorders.1 Scientific inquiry on the relationship between behaviors and
their underlying neural circuits arguably began in the late 18th century, when Galvani
demonstrated the ability of electrical stimuli to evoke motor output.®> His experiment, which
laid the foundation for electrophysiology, routed a frog’s spinal cord to its thigh with an iron
and bronze arch, producing the first electrical interface to stimulate the nerve. In the 19th
century, scientists established direct connection between the brain and motor output by
stimulating a dog’s cerebrum with a platinum wire and observing the corresponding limb
movement.® The field initiated by these early experiments has since produced electrical
therapies such as deep-brain stimulation (DBS), arguably one of the most successful
neurotechnologies for translational medicine, offering relief for debilitating neurological
conditions such as Parkinson’s disease, epilepsy, and dystonia.”- 8 Despite its profound
clinical impact, modern DBS electrodes are relatively large and rigid rods comprising
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platinum-iridium (Ptlr) or stainless steel electrodes.® Therefore, conventional
neuromodulation electrodes are similar in material design and properties to the metallic arch
used in Galvani’s experiment more than two centuries ago,10 while bearing little
resemblance to the structure and properties of the neural tissue they are designed to
interface.

Besides the neural interfaces that stimulate activity in neural tissue, neural recording
interfaces, which afford information flow in the opposite direction, have traditionally been
constructed with similar materials. In 1957, Hubel developed an electrolytically sharpened
tungsten wire for direct recording of extracellular action potentials at the single neuron level,
demonstrating reliable recording in a feline brain for up to 1 hour.11 These tungsten
electrodes have since received widespread use in both neuroscience and neurology studies.12
Shortly thereafter, the patch clamp technique was developed to resolve neuronal behavior at
the level of individual ion channels.13 By taking advantage of glass thermal drawing
methods, the patch clamp technique involves elongating glass into a tapered micropipette,
with a tip fine enough to perturb a small number of ion channels without affecting the entire
cell.14 However, the patch clamp technique requires substantial insulation from vibration
and reduction in shunt conductance to resolve neural signals.1® It is noteworthy that
intracellular recordings by patch clamp are usually obtained from one cell at a time under
non-physiological conditions, such as cultured neurons, tissue slices, and anesthetized
brains.1® /n vivo extracellular recording electrodes, such as the tungsten wire electrodes
pioneered by Hubel, provide a proxy of the intracellular membrane potential waveform,
which has been confirmed by simultaneous recordings of both intracellular and extracellular
signals using separate electrodes’® or the same neural probe.1 In the 1970’s and 1980°s,
advancements in semiconductor fabrication provided the foundation for silicon-based
microelectrode arrays (MEASs).18 The Michigan array, with multiple recording electrodes per
silicon shank, and the Utah array, featuring a two-dimensional (2D) array with micron-sized
metal-plated silicon tips as recording sites, enabled scientists to probe neural circuitry with
multi-site throughput and single-unit resolution, significantly improving neurotechnology
standards.19-22 Similar to DBS electrodes, these recording devices are designed and
fabricated with large and rigid non-biological features that prevent intimate interfacing over
extended time periods with the endogenous neural tissue.

These foundational neural interfaces, both for stimulation and recording of neural activity,
laid the framework for emergent bioelectronic neural probes with more desirable,
bioinspired design features.18: 23. 24 The efficacy of neural probes is contingent on how well
the device conforms to and interfaces with the local brain environment — both with its
feature sizes and with its mechanical, topological, and biochemical properties.2> 26
Mismatch in these properties, where poor device design and material choices aggravate the
inherent device-brain interaction, results in failure modes such as irreversible device
degradation, inflammation-induced gliosis, neuron death and the subsequent loss of recorded
neural signals and stimulation capability over a chronic timescale.2”: 28 For example, DBS
electrodes suffer from significant glial scarring at the device-tissue interface as a result of
implant size and mechanical mismatch.2? Conventional neural recording interfaces, such as
the Michigan and Utah arrays, also suffer from chronic recording instability as a result of
glial scarring and mechanical mismatch with the neural tissue.2’: 28
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We argue that the challenges faced by existing bidirectional neural interfaces are a direct
consequence of designs that have been historically developed without an a priori
understanding of the nervous system.30 It has been demonstrated that neurotechnology
design principles should match the brain’s known properties to optimize recording stability,
resolution, and signal-to-noise ratio (SNR).2 31 By taking inspiration from the brain and
biology, there exists a rich opportunity to develop bidirectional neural interfaces which
seamlessly integrate with the brain environment. In particular, the focus of this review is to
define and demonstrate several principal properties of modern neurotechnology to optimize
bidirectional transfer of neural information, based on fundamentally new structural,
mechanical, topological, and biochemical design principles inspired by biology. Specially,
we highlight the following key features of the nervous system (Fig. 1A) that have constantly
inspired the evolution of emerging neural interfacing technologies (Table 1 & Fig. 2):

1. Size and morphology (Fig. 1B&C)
Mechanical properties (Fig. 1D)
Topology (Fig. 1E)

A v

Biochemical functionalization (Fig. 1F)

Bioinspired Size and Morphology

In the late 19t century, Ramén y Cajal utilized the Golgi staining method to illuminate the
underlying complexity of the composition and connections within the brain.”* The
stunningly exquisite drawings of Ramén y Cajal revealed the largely heterogenous structure
of neurons (unlike many other somatic cells), comprising feature sizes that span many orders
of magnitude and structures vastly different in their shapes and aspect ratios. For example,
neuron somata range from 1 to 20 um in size,32 axonal diameters range from 0.16 to 9 um
(with a high aspect ratio),33 and synaptic cleft distances range from 20 to 40 nm.”® Early-
stage bioelectronic neural interfaces were limited by their large feature sizes, which showed
great disparity from the characteristic sizes of neurons and sub-neuronal structures.
Consequently, in vertebrate nervous systems, these devices were exclusively capable of
measuring collective neuronal behavior, such as LFPs common in synchronous brain
function.”® Single-neuron activity was measured only in invertebrate nervous systems with
these devices, such as squid giant axons with millimeter diameters.’ Since the 1950’s,
neural probes have established a paradigm for minimizing size (Fig. 1B) and increasing
packing density of electrodes (Fig. 1C) through advancements in device fabrication
strategies, such as photolithography, electron-beam lithography (EBL), and micromachining.
For example, deep ultraviolet (DUV) photolithography is able to produce feature sizes down
to 50 nm,”8 EBL has been reported to achieve feature sizes down to 2 nm,”® and
micromachining can achieve high precision typically better than 1 pm.&0 This strategy has
enabled the measurement of extracellular single-unit neuron activity from the mammalian
brain by making the recording electrodes similar in size and density to the neurons they are
designed to measure. Our ability to understand the connection between brain activity and
behavior ultimately relies on improving the resolution and fidelity of next-generation
bioelectronic neural probes inspired by the size and morphology of individual neurons.
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Reducing the feature sizes of bioelectronic neural interfacing devices improves the
resolution of measured neuronal behavior by decreasing the likelihood of signal attenuation
though spatial averaging.81 For example, a simulated signal measured 1 pm away by a 1x1
um? electrode was reduced by 95% in signal amplitude when measured by a 100x100 pm?
electrode at the same distance.81 However, reduction of feature sizes is simultaneously
demanding of applicable materials and fabrication methods. This challenge directly results
from the fundamental difference in the bottom-up and top-down approaches that nature and
engineers use to create functional devices, respectively.82 Traditionally, top-down fabrication
technologies are used in engineering of neural interfaces, such as the electropolishing
method used for Hubel’s tungsten microwire electrodes,1 and micromachining and
photolithography for making silicon-based Michigan/Utah arrays.1% 20 The same top-down
approaches have been used for fabricating the state-of-the-art high-density Michigan array,
Neuropixels.>” In contrast, although widely found in biology, bottom-up approaches were
employed to a lesser degree in engineering until recent years. For example, bioelectronic
neural interfaces have been demonstrated with synthesized kinked silicon nanowires for
extracellular and intracellular in vitro recordings of electrogenic cells.83: 84 In addition, free
standing kinked nanowires and U-shaped nanowires, which integrate both bottom-up
(nanowire synthesis) and top-down (lithographic patterning and assembly) approaches, have
been demonstrated for enhanced cell targeting and multiplexing for /in vitro intracellular
recording of cardiomyocytes and neurons.88: 85 86 Despite these examples demonstrating the
feasibility of bottom-up bioelectronic neural devices, bottom-up processing generally limits
the complexity, reproducibility, and scalability of devices with small feature sizes.8”
Therefore, it is essential to judiciously design bioelectronic neural probes with reduced
feature sizes and improved spatial resolution.

The maturation of fabrication technologies and materials discovery significantly refined the
resolution of modern neural interface design to approach the feature sizes of individual
neurons and their subcellular components (Fig. 3A). Modern neural interfaces now use a
range of manufacturing techniques, from EBL to polymer-based thermal drawing processes
used to create multifunctional probes.>0: 8. 89 EBL offers a higher patterning resolution than
photolithography, as the feature resolution of photolithography is limited by UV diffraction
(approximately the wavelength of light used, ranging from 50 nm to ~1 pm),’8 while the
resolution of electron-beam lithography is often limited by the secondary electrons
generated by the interaction between photoresist and the electron beam (typically ~tens of
nm).%0 In comparison, thermal drawing processing allows for high-throughput
manufacturing of bioelectronic devices with up to a 200x reduction in cross-sectional area,
producing electrode cross-sectional areas down to 5 um via manufacturing of materials with
similar glass and melting temperatures (Fig. 2A & Fig. 3B, i).%° Below, we highlight two
bioinspired approaches to address such challenges: bioelectronic neural interfaces with
feature sizes approaching individual neurons and with morphology mimicking neurites.

Feature sizes approaching individual neurons

By constructing electronic devices with densely packed electrodes of similar size to that of a
neuron soma, ranging from 1 — 20 pm, an intimate neural tissue-probe interface can be
realized at the single-neuron level with a significantly increase in electrode density and
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multiplexity.5”: 73 This strategy has been demonstrated in a range of modern neural probes
recently, including the multifunctional fibers (Fig. 2A, Fig. 3B, i),%° NeuroGrid (Fig. 2B),%?
ultraflexible nanoelectronic probe (Fig. 2F, Fig. 3B, ii),°6 Neuropixels (Fig. 2E, Fig. 3B, iii),
57 NeuroRoots (Fig. 2G, Fig. 3B, iv),%1 and neuron-like electronics (NeuE, Fig. 2H, Fig. 3B,
v).83 For example, NeuroGrid offers an approach to record both collective and single-unit
neural signals from the brain’s cortical surface in an electrocorticography (ECoG) setting
(Fig. 2B).52 Inspired by the size and spacing of neurons in the cortex, NeuroGrid is designed
with 10x10 pm? electrodes and 30 um interspacing, resolving both LFPs and action
potentials from single neurons without brain penetration. In a further development, the
enhancement-mode ion-gated transistor (e-IGT) with a channel length of 5 um provides high
speed and high gain for electrophysiological recordings performed with low power
consumption owing to the default OFF state at zero gate potential. The combination of the
enhancement mode and the conventional depletion mode achieves internal filtering in a wide
voltage range to suit electromyography, electrocardiography, intracranial encephalography,
and action potential measurements.”? In a recent example of a flexible, multiplexed
electrode array called “Neural Matrix”, ECoG signals were recorded from 1,008 channels
over a year in duration and a centimeter-scale brain region in space.’°

The strategy of reducing electrode size to approach individual neurons and thus affording a
high channel count of single-unit recording has also been adapted in the implantable neural
probes. For example, the Neuropixels array (Fig. 2E, Fig. 3B, iii) represents a significant
upgrade in channel count to similar silicon-based intracranial neural interfaces, such as the
Michigan array. The Neuropixels array utilizes 130 nm CMOS technology®! and is now a
consumer standard for high electrode density and small feature size neural interfaces with its
960 12x12 um? electrodes placed on a 70x20 pm? shank.5” Meanwhile, the Argo system, a
highly multiplexed Utah-like array, provides the highest channel count /n vivo neural
recording system to date, affording simultaneous recording from its 65,536 channels.”

Finally, building devices with inspiration from synapses and single ion channels wields the
power to elucidate the behavior of subthreshold neural activity, such as transmembrane
dynamics of individual ion channels. Ultrashort-channel nanowire field-effect transistors
(FETSs) with a 50 nm channel length and sub-10 nm branched intracellular nanotube field-
effect transistors (BIT-FETs), mimicking the size of single ion channels, offer an alternative
to patch clamp for recording from individual ion channels with subcellular resolution (Fig.
3C, vi & vii).49: 68.86. 92 The impedance of ultrashort FETs and BIT-FETs with sizes down
to <10 nm is significantly lower than would be anticipated with decreasing micropipette size
in the patch clamp technique. This is enabled by the devices’ independence from interfacial
impedances, allowing higher signal-to-noise recording of transmembrane potential with the
capability to increase the multiplexity (i.e., channel count) of subcellular recording.%3
Progress has also been made to the conventional patch clamp techniques. In a recent
example, flexible quartz nanopipettes offer an alternative approach to conventional glass
microelectrodes by featuring a reduced tip diameter of ~ 10 — 20 nm, which affords
improved resolution and SNR for intracellular recordings (Fig. 3C, viii).5”
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Mimicking morphology of neurites

With a different perspective, neural probes inspired by the morphology of neurites and non-
neuronal cells have also shown improved acceptance into the brain. This strategy has been
demonstrated earlier in non-electronic neural tissue scaffolds, recognizing the importance of
myelination of displaced axonal fibers in improving the longevity of neural probes in the
brain.94 95 For example, inspired by the elongated morphology of axons, Lee et al.
optimized a neural scaffold containing axon-like polystyrene nanofibers to optimize
oligodendrocyte myelination. The study uncovered the impact of polystyrene nanofiber
diameters ranging from 0.2 — 4.0 ym on myelination efficiency, and unearthed the optimal
range of diameters of polystyrene nanofiber for promoting myelination (greater than or equal
to 0.5 um). Typical axonal diameters fall within the range discovered in their results,
suggesting that mirroring the morphology of neurites improves both the restoration of the
endogenous neural tissue environment and the device-tissue acceptance. In addition,
imitating the structural features of neurites has been demonstrated to improve the interface
of neural tissue with electrophysiological neural probes in chronic studies. For example,
NeuroRoots, a thread-like bioelectronic neural interface with small feature sizes, was
designed with inspiration from the size and distribution of axonal bundles within the brain
(Fig. 2G, Fig. 3B, iv).61 With 10 um diameter circular electrode pads and 7x1.5 pm? leads,
NeuroRoots affords chronic recording stability up to 7 weeks and represents a promising
technology to interrogate and modulate the firing of specific subpopulations of neurons in
behaving animals. Similarly, Neurotassels offers a scalable, high electrode-density, and
small-footprint approach to high-resolution and chronic recording stability devices, with
sizes approaching those of neurites.5* With a bioresorbable polymer coating comprising
polyethylene glycol (PEG), Neurotassels self-assembles prior to insertion through
elastocapillary interactions with a molten, tissue-dissolvable polymer. Another
demonstration of a bioelectronic neural interface which is indistinguishable from the
endogenous neural tissue is the bioinspired NeuE. By mirroring both the morphology and
size of neuron somata and neurites, NeuE affords exceptional chronical stability for long-
term brain interfacing (Fig. 2H, Fig. 3B, v). With recording electrodes mimicking the soma
of typical pyramidal neurons (8 — 20 um) and interconnect lines along with insulating
ribbons mimicking axons and dendrites (width = 1 — 4 um), NeuE allows high-resolution
recording and encourages neural progenitor cell (NPC) migration.53 The rostral migratory
stream (RMS) is an endogenous structure in the rodent brain comprised of highly aligned
vascular and glial cells which is dedicated to encouraging NPC migration.%” As its role and
structure become increasingly understood, there is a significant opportunity for next-
generation bioelectronic devices to explicitly mimic the role of the RMS, as has been
demonstrated in the NeuE probe, to further persuade brain-device compliance. Therefore,
mimicking the cellular and subcellular anatomy of neurons and other cells has demonstrated
increased bioelectronic neural interface acclimation and improved recording stability and
resolution.

To conclude this section, we posit that feature size reduction and size- and morphology-
mimicking of neurons and neurites imparts the following advantages on neural interface
functionality:

Matter. Author manuscript; available in PMC 2021 October 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woods et al.

Page 8

1. High resolution of interfacing: Neural interfaces are capable of measuring single-
unit activity in addition to LFPs, as electrodes approach the size of neural somata
(Fig. 1B).

2. High density multiplexing: Due to modern manufacturing techniques and as a

direct consequence of smaller electrodes, neural interfaces are constructed with
orders of magnitude more electrodes while occupying the same, or even smaller,
volume (Fig. 1C).

3. Improved axon myelination and progenitor cell migration: By reducing
interconnect widths and mimicking the morphology of neurites and glial cells,
neural interfaces encourage acceptance into the brain by promoting their
interactions with neurons and non-neuronal cells.

Bioinspired Mechanical Properties

Failure modes of electrical neural probes generally arise from design flaws such as material-
degradation or shorting,%8 and/or from device-brain interactions.%9 While design limitations
of bioelectronic neural interfaces are largely addressed by modern fabrication and materials
technologies, deleterious device-brain interactions remain a significant challenge to chronic
interfacing with neural tissue. Effects of device-brain interactions may emerge as early as
insertion (e.g., puncturing blood vessels and displacing neural tissue), or later during chronic
interfacing due to an inherent mechanical property mismatch (e.g., neuronal death during
relative motion and micromotion, or device insulation due to glial sheath).190 We argue that
the failure modes of implantable bioelectronic neural devices fundamentally arise from the
mechanical property mismatch between neural interfaces and surrounding neural tissue.

Neural tissue is extremely soft, with its Young’s modulus ranging from 100 Pa to 10 kPa.101
This is a direct result of the composition of the neural tissue and the functions the tissue
must fulfill: in order to transmit neural signals (in the form of membrane potentials) between
different brain regions, the cable theory of neurites prescribes that the interior of the neurites
must be conductive, while the exterior must be insulating.192 lonic solution is an ideal
conductive material a neurite can use for its interior, while myelinating glial cells with rich
membrane lipid content are a readily available insulating material for its exterior.34 Both
water and lipids are very fluidic, thus leading to the exceptional softness of the neural tissue.

Neural devices, however, are usually fabricated with much stiffer materials than the neural
tissue, leading to mechanical mismatch which becomes the main contributor to the limited
longevity and stability of a neural interface.191 Two physical properties evaluate the
mechanical compliance of a neural probe: the Young’s modulus of the materials, and the
bending stiffness of the structure. On one hand, Young’s modulus is an intrinsic material
property that measures the ability of a material to resist a change in length under tensile or
compressive forces.103 Typical materials used in neural interfaces are rigid, with Young’s
moduli 8 — 9 orders of magnitude larger than that of the brain.: 18 On the other hand, the
bending stiffness measures the ability of a structure to resist bending deformation to applied
force. Although the Young’s modulus defines a material’s intrinsic mechanical properties,
the bending stiffness highlights the mechanical interaction between devices with certain
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structures and the surrounding neural tissue (Fig. 1D), which affects the magnitude of neural
tissue damage and the evoked chronic immune responses.’: 18

When the bending stiffness of bioelectronic neural implants exceeds that of neural tissue, a
cascade of coupled chronic immune responses occur, ranging from the development of a
local insulating glial sheath that renders electronic devices inoperable, to complete neuronal
death.2” Determining the origin of chronic immune responses is a complex problem, but it is
known that a major source derives from the inertial difference between neural implants and
surrounding tissue during micromotion (e.g., due to local blood flow and global motion).2
Studies have demonstrated that softer and smaller devices have the potential to minimize
chronic immune responses; 194 therefore, next-generation bioelectronic neural interfaces
must be judiciously designed with materials and features with reduced mechanical mismatch
to optimize chronic interfacing.

To improve mechanical compliance via a reduction of bending stiffness, which is
proportional to the dominant material’s Young modulus and feature sizes (Eqgn. 1), next-
generation bioelectronic device design must incorporate small size with softer materials.
This design principle is governed by the dependence of effective bending stiffness (K;
normalized against the width of the neural probe) on the Young’s modulus and thickness of
the neural probe:

K a Ed® #(1)

where £and dare the Young’s modulus and dimension in the direction of bending,
respectively. Neural implants with significantly reduced bending stiffness can thus be
achieved by reducing Young’s modulus and/or reducing feature sizes (e.g., thickness).
However, challenges remain in the design and fabrication of bioelectronic neural interfaces
with similar mechanics to those of the neural tissue, since conventional technologies for
making high-performance electronic systems usually use materials that are not mechanically
compliant with the nervous tissue. Therefore, advances are needed in the constituent
materials, architectural dimensions, and integration methods to impart bioinspired
mechanical properties in next-generation neural interfaces.?

Softer materials reduce bending stiffness

Compared to hard materials such as silicon, polymers are ideal materials for neural probes
owing to their low Young’s modulus and thus high flexibility (Fig. 4A). For example,
polyimide provides a flexible material for the insulating layer of neural probes and can be
patterned via standard photolithography methods'9® and a novel laser-engraving method.106
By encapsulating gold electrodes and interconnects in a polyimide substrate, Rousche et al.
introduced a new direction for neural interfaces by combining flexibility, biocompatibility,
and chronic recording stability. The first generation of polyimide probes demonstrated
chronic recording stability of multiunit neural activity, with a SNR of ~5.42 A multitude of
neural interfaces with various polymer-based materials, shapes, and topologies have since
been developed and demonstrated evidence for improved chronic compliance. NeuroGrid
combines ultrathin and highly conformable materials (4 um, parylene C) with its bioinspired
architecture, described in the previous section, and demonstrates stable recordings for up to
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10 days.>2 Similarly, a device designed to mimic the properties of the dura mater, called the
e-dura, combines silicone, gold interconnects, and soft Pt-silicone composite electrodes into
a flexible package (Fig. 2C).51 By comparing the e-dura with a rigid device, the authors
noted significant improvements in motor performance, decreased spinal cord damage, and
lessened microglial and astrocytic accumulation after 6 weeks. In addition, multifunctional
fibers, which leverage polymers alone to form optical waveguides, conductive electrodes,
and microfluidic channels, demonstrated reduced glial response three months after
implantation.107

It is noteworthy that the polymer materials used in these examples still have Young’s moduli
orders of magnitude higher than that of the neural tissue, thus necessitating reliance on
structural designs, such as ultrathin and macroporous electronics,108: 109 to further improve
the neural tissue interface, as will be discussed below. A recent demonstration of
‘elastronics’, which consists of a highly conductive soft hydrogel as the conductor and an
elastic fluorinated photoresist as the insulating layer, successfully produced a bioelectronics
neural implant with Young’s modulus (104 — 10° Pa) similar to that of the neural tissue for
the first time (Fig. 4A).110 Owing to the tissue-like Young’s moduli of the constituent
materials, the soft elastronic arrays enabled ultralow voltage electrical stimulation of the
mouse sciatic nerve. Furthermore, by employing tissue-like polymers with viscoplastic and
self-healing properties, “morphing electronics” affords a reconfigurable and seamless neural
interface that grows together with the sciatic nerve, thus allowing stable electrical
stimulation during the fastest growth period in rats.111

Reduction of critical dimensions decreases bending stiffness

Besides replacement of harder materials with softer counterparts, it has also been
demonstrated that reduction of critical dimensions can make nominally rigid materials
mechanically compliant. For example, by varying the diameter and tip geometry of
microwires, Obaid et al. demonstrated that a significantly tempered interfacial force,
suggesting less tissue damage, upon insertion was measured for smaller-diameter
microwires.113 Similarly, microthread electrodes (MTES) are ultrasmall composite
electrodes, made with polymer-coated 7 um diameter carbon fibers, which produce over 4
orders of magnitude increase in flexibility and over twice the fracture strength compared to
silicon. Owing to these properties, Kozai et al. demonstrated chronic recordings in rats for
up to 5 weeks with reduced chronic immune responses at implantation site.*8 Additionally,
further reduction of feature sizes from micron-sized carbon fibers to 30 nm diameter multi-
walled carbon nanotubes (CNTSs) has been offered as a solution to improve the mechanical
compliance and reduce the chronic immune responses of hard materials. By spinning CNTs
into 10 pm diameter yarns, McCallum et al. demonstrated a 10-fold increase in conductivity
and flexibility, compared to Ptlr electrodes of the same diameter, as well as up to 16 weeks
of recording stability in rat autonomic nerves.114 Finally, a combination of softer materials
with reduced feature sizes has led to the unprecedented tissue-like mechanical properties of
NeuE which has demonstrated few to none chronic immune responses and seamless
integration with neuronal circuitry (Fig. 4B).63: 115,116
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Strategies to address the challenges of delivery

However, there remains an intrinsic dilemma in creating neural interfaces that seamlessly
integrate with the brain while minimizing the impact of brain penetration and insertion.
Flexible and ultrathin neural probes conform to neural tissue and minimize chronic immune
responses, yet these probes require a specialized insertion technique to avoid mechanical
deformation during the implantation process, which is the prominent failure mode for these
devices.18: 26 stiffeners and shape-memory polymers, which are inspired by stimulus-
responsive materials found in biology, offer solutions for device implantation without
buckling.117: 118 By coating thin film polymer probes with bioresorbable PEG or silk fibroin,
an otherwise flexible device may be inserted without crumpling.119: 120 Freezing a highly
flexible macroporous probe in liquid nitrogen has also been shown to demonstrate
environment-induced softening, simply due to the thawing of ice without requiring an
additional material-based coating.121 In addition, by utilizing shape memory polymers,
neural interfaces have been shown to soften /in vivo, hosting a similar elastic modulus to
neural tissue after insertion.118 In an example inspired by twining plants, shape memory
polymers have been employed to afford self-climbing of flexible electrodes onto peripheral
nerves for in vivo stimulation and recording of nerve activity in rabbits.122 Finally, by taking
inspiration from the reversible hardening of sea cucumber dermis, bioinspired neural devices
are capable of actively changing its stiffness via chemoresponsive and thermoresponsive
composites, which can complement preexisting polymeric systems.123

Besides the approaches that involve a dynamic change of stiffness to facilitate insertion,
mesh electronics are delivered precisely into the targeted brain regions via syringe-assisted
injection.124 Mesh electronics can be suspended in a biocompatible solution of phosphate
buffered saline (PBS), loaded into a syringe needle, and delivered into the brain region of
interest with stereotaxic syringe injection like pharmaceuticals.124 Inspired by the shuttle
device-assisted delivery of ultraflexible nanoelectronic probes, a scalable, automatable
alternative to injection is a ‘sewing machine’-like rapid insertion, which guides devices into
precise brain regions while evading essential vasculature to minimize the impact of
insertion.8: 65 Moreover, taking inspiration from the mechanisms behind the mosquito’s
skin-piercing fascicles allows neural interfaces to be inserted with increased critical buckling
force, and therefore greater precision free of crumpling (Fig. 4C).112 In addition, distributing
the load of flexible devices via microfluidic actuation offers an alternative to inserting neural
interfaces that would otherwise buckle. By coupling a flexible microelectrode to a
microfluidic channel, the fluid applies a viscous drag force to the microelectrode due to the
velocity differential between the two, thus holding the device under tension in preparation
for insertion.62 Therefore, taking inspiration from biology, both within the brain and beyond,
has the potential to improve the seamless integration of neural interfaces via improved
mechanical compliance and optimized delivery methods to ultimately obtain a chronic
interface for recording and modulating neural circuitry.

Bioinspired Topological Properties

In addition to revealing the intricate size and scale of neurons and neurites, the workings of
Ramon y Cajal and Golgi also highlighted the elaborate connectivity between neurons and
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the complex circuits they comprise.}2> Recent advances in electron microscopy and two-
photon fluorescence microscopy have enabled the reconstruction of the three-dimensional
(3D) network comprised of neurons and non-neuronal cells in the mouse brain with
exceedingly convoluted connections and interactions.126: 127 The brain is comprised of
highly organized and interconnected networks of neurons and non-neuronal cells, such as
astrocytes and microglia, which significantly contribute to neuronal function, that neural
interfaces should ideally leave intact.128 Despite knowledge of the underlying complexity of
neural networks established in the late 19t century, early-stage bioelectronic neural
interfaces were limited by available materials and techniques for fabrication.1 Owing again
to the technological advancements since the 1950’s, 2D neural interfaces were developed as
a direct result of planar microfabrication techniques.12® As discussed in the section
“Bioinspired Size and Morphology”, these 2D structures allow for both a larger electrode
packing density and the new capability of simultaneously measuring single-unit action
potentials from multiple neurons, giving rise to knowledge of neural connectivity and
circuitry.130-132 By mimicking the structure of neurons and the topology of their
corresponding circuitry in three dimensions, next-generation neural interfaces will provide
an unprecedented perspective on the dynamics and evolution of neural function.

Neural interface topology pertains to both the global device shape and the local distribution
of its electrodes and/or sensors. Generally, the global and local topologies of devices can be
identical but are not necessarily so. For example, the tetrode is a one-dimensional (1D)
bundle of four microwires, where four exposed electrodes lay on the end, thereby measuring
signals from a small plane of neural tissue in 2D.133 In contrast, the Utah-type MEA (Fig. 5,
top middle panel) has its recording electrodes distributed laterally in 2D over a larger area
(5x5 mm?2) on a planar silicon substrate.2? This difference comes from distinct needs for
neural signal measurement: the densely packed microwires in the tetrode are used for
oversampled measurement and triangulation of action potentials from the same neurons,134
while the Utah array is designed for sampling a larger volume of neural tissue with many
neurons.3 The historical evolution of neural interface topology, owing to materials
discovery and modern processing techniques, is summarized to reveal a clear trend from
lower-dimensional neural interfaces to 3D bioinspired topology (Fig. 1E).

Owing to the complex and dynamic structure of neural networks, we argue that there exist
two principal opportunities for neural interface topology mimicry at different scales, which
depend on the spatial distribution pattern of neurons.2> On one hand, the retina hosts a
curvilinear interface where the ganglion cells reside for visual processing and integration.
Because of this, the optimal interface topology extends primarily to two dimensions (Fig. 5,
top middle column). A key technology for retinal interfaces is the hexagonally packed 2D
silicon-based photovoltaic array that can convert incoming light into electrical stimulus as
retinal prosthetics.53: 72136 On the other hand, the brain displays a high degree of
interpenetration between the neuronal and glial networks in 3D;126 therefore, an ideal
bioelectronic neural interface implanted within the brain 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. On a global scale, the cooperation of glial cells directs functional
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connectivity and evolution of neuronal networks in the brain.137. 138 Therefore, the device
design should ensure an absence of or, at worst, minimal disturbance of the endogenous
distribution of neurons and non-neuronal 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 cells13 and 3D diffusion of
important molecular and macromolecular signaling species such as the inflammatory
cytokines.149 We note that both principal opportunities have driven the development from
lower-dimensional neural interfaces to 3D bioinspired topology, and below we will discuss
this trend in the topological evolution of neural probes for rigid and flexible bioelectronic
neural interfaces, respectively.

Topological constraints for rigid neural interfaces

Rigid bioelectronic neural interfaces, which inherit the conventional designs and materials of
neural electrophysiological probes, are progressing toward an increased density of
electrodes, refined fabrication processes, and accommodating layouts of recording and
stimulation sites in the topological evolution of neural probes. For example, while 1D
devices were originally limited by available materials and processing techniques, such as
Hubel’s tungsten microwire (Fig. 5, top left panel),!1 modern devices have made a
resurgence in low dimensions with a variety of fabrication and processing techniques. MTES
are created by coating 7 pm diameter 1D carbon fibers with polymers via chemical vapor
deposition (CVD) and electrochemical deposition for the insulating layer and the recording
site, respectively, resulting in an advanced 1D interface with reduced footprint and chronic
immune responses as discussed above.*8 Similarly, CNTf microelectrodes utilize a clever
fluidic microdrive insertion mechanism to deliver small carbon nanotube-based electrodes
into the neural tissue, producing a 1D interface with neural tissue.62 Additionally, the
Behnke-Fried electrodes are comprised of bundled platinum-iridium microwires that spread
out into the target brain region like a cone, thus maximizing the interfaced volume of neural
tissue in the brain with a limited number of 1D microwire electrodes.14! Meanwhile,
multifunctional fibers have a topology similar to that of microwire electrode arrays such as
the tetrode, where the device contains multiple electrodes on the end of a cylindrical
structure to afford a 2D neural interface.% 142 Conventional 2D MEA configurations such as
the Michigan and Utah type silicon arrays (Fig. 5, top middle panel) have also received
improvements in the topology of neural interfacing. For example, the Neuropixels probe is
built on the conventional 2D layout of a Michigan-type MEA with a much larger number of
recording sites, benefiting from high resolution planar processing techniques (e.g., 130-nm
CMOS technology) which allow recordings from a large population of neurons.>’ Similarly,
Roukes et al. developed a 3D Michigan-type array comprising 16 silicon shanks in a 4x4
layout, affording up to 1024 electrodes in a 0.6 mm?3 footprint (Fig. 5, top right panel).8°
Lastly, the recent CMOS-integrated massively parallel microwire array integrates hundreds
to thousands of fine micromachined microwires into a CMOS readout system for enhanced
3D interfacing with neural circuitry and readout technologies.®®
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Topological constraints for flexible neural interfaces

The popularization of flexible materials in neural interfaces allows for flexibility in device
topology by reducing mechanical load and increasing device conformability to surrounding
tissue.143 The ultraflexible nanoelectronic probes (Fig. 2F, Fig. 3B, ii), for example, host a
linear array of four or eight electrodes on a 1D flexible thread, and offer chronically stable
recording of single-unit action potentials for four months (Fig. 5, bottom left panel).56
Similarly, Neuralink offers 32-channel Michigan-style flexible threads that are implanted
individually with a ‘sewing machine’.6> Comprising a 2D array of recording electrodes,
NeuroGrid is a planar structure that, due to its flexibility, conforms to the irregularly curved
three-dimensional structure of the cortical surface, offering measurement of both low-
frequency ECoG signal and high-frequency single-unit action potentials from an extended
area of the cortex (Fig. 5, bottom middle panel).52 144 Besides the ECoG-type
interrogation of single-unit action potentials from the cortical surface, a flexible epicortical
device, which is comprised of a distributed mesh of thin Si membrane and a
polydimethylsiloxane (PDMS) substrate enables precise activation of limb movement via
light-induced capacitive and Faradaic effect.59 145 Additionally, the ultraflexible and
macroporous properties of mesh electronics allows for enhanced conformability to the
curvilinear surface of the retina. Upon injection into the vitreous body of the eye, mesh
electronics is capable of unfolding and coating the retinal surface to seamlessly interface
with retinal ganglion cells (RGCs).146 In addition to its ultraflexible properties, the
macroporosity of mesh electronics allows for unimpeded light to interact with the retinal
ganglion cells, preserving visual acuity and light perception during chronic /in vivoretinal
experiments.146 This chronic 2D retinal interface enabled longitudinal study of RGCs after
optic nerve crush, revealing dramatic differences in the physiological responses of distinct
RGC types and their resilience to injury.14 Further, by interfacing a fully organic device
comprising a flexible silk substrate and layers of photoactive conjugated polymers, Maya-
Vetencourt et al. demonstrated a fully-autonomous bioelectronic neural prosthesis that
restores vision in both a rat model of degenerative blindness and of retinal dystrophy.’2 136

In addition, flexible low-dimensional devices introduce the opportunity for higher
dimensional occupancy. Neurotassels incorporates flexible and independent 1D fibers that
can span two- to three-dimensions upon insertion into the brain.54 Similarly, NeuroRoots is a
modular set of 1D electrodes that occupy a volume of neural tissue after being guided by a
microwire (Fig. 5, bottom right panel).61 Mesh electronics, by incorporating multiple
ribbons of recording electrodes into a porous, 3D structure, enables neurite
interpenetration1%8 and prevents accumulation of inflammatory molecules.121: 140 As a
result, mesh electronics exhibits few to none chronic immune responses, evidenced by
immunohistology, for up to one year post-injection.11% 116 |_jkewise, NeuE is designed with
a similar architecture, but with an increased porosity above 99% to further encourage neural
circuitry interpenetration and NPC migration in 3D (Fig. 5, bottom right panel).63

By combining the advantages of flexible materials, advanced insertion techniques, and
modern interfacing methodologies with higher-dimensional topologies mimicking those of
the endogenous neural network, modern neural interfaces significantly reduce volume
occupancy compared to traditional devices. Therefore, these topological design features
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contribute to a much larger number of interfaced neurons, a significant reduction of nearby
chronic immune responses and the maintenance of a close-to-native local environment of the
neural tissue. We argue that bioinspired neural interface topologies, made possible by
flexible materials and modern processing techniques, result in unprecedented chronic
recording stability and high-dimensional conformability, and, ultimately, represent the next
step towards seamless integration with endogenous neural circuitry.

Bioinspired Coatings and Functionalization

Neuroinflammation, the immune system’s response to implanted neural interfaces within the
central nervous system, is characterized by the accumulation of activated microglia and
astrocytes at the implanted probe interface and exists in all stages of the device-brain
interaction. A few weeks following implantation, activated microglia attach to the surface of
the device and release proinflammatory and neurotoxic factors, eventually leading to
neuronal death and device degradation.28: 148-150 Around 6-8 weeks post-implantation, a
glial scar, comprising microglia and astrocytes, will form an encapsulating layer around the
implant, limiting axonal regeneration and preventing restoration of damage done to the
blood-brain barrier (BBB) during implantation.2”- 149. 151 Because neuroinflammation
comprises various cellular and chemical pathways, we argue that the local biochemical
environment of the implanted bioelectronic neural interface can be modified via bioinspired
surface coating and functionalization with a clear trend of surface-functionalized neural
probes in recent years (Fig. 1F). These surface modification approaches will help suppress
inflammation and promote neuronal growth, thus encouraging the regeneration of a native
cellular environment at the neural tissue-implant interface.2 139, 152

Anti-inflammatory coatings

Chronically stable neural interfaces have been developed by integrating anti-inflammatory
coatings comprising endogenous molecules (Fig. 6, right). For example, alpha melanocyte-
stimulating hormone (a-MSH) is an endogenous tridecapeptide, which is naturally produced
by cells in the pituitary gland®3 and inhibits pro-inflammatory cytokines and neurotoxic
nitric oxide production by microglia.1®* Additionally, a-MSH can directly mitigate
microglial responses to foreign brain implants.1®> By depositing a-MSH onto Michigan-
type silicon MEAs, a significantly attenuated glial response was found for at least four
weeks post-implantation.*3 Similarly, dexamethasone is a synthetic glucocorticoid hormone
used to treat many inflammatory responses via local delivery.1°6 By either coating silicon-
based Michigan arrays or retrofitting a flexible polyimide-based device for controlled release
of dexamethasone, both an attenuated inflammatory response and a reduction of neuronal
loss are achieved.** 157 Integrating minocycline, a broad synthetic tetracycline, to a
bioelectronic neural interface can provide an additional pathway to the reduction of
deleterious immune responses.1®8 Combining a silicon oxide substrate, to mimic the surface
of silicon-based MEAs (i.e. Utah and Michigan-type MEASs), with an engineered polymer
film for sustained release of minocycline, resulted in a reduction of biomarkers associated
with inflammation and retention of neuron viability within 46 days in comparison to an
uncoated silicon oxide substrate.1% Similarly, integrating a flexible microfluidic channel to
silicon-parylene neural probes to administer minocycline into the local environment
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produced a reduction in microglial reaction when compared to a plain silicon shank.159
Another bioinspired approach to inhibit neuroinflammatory response is via targeting the
receptor of a biomarker associated with the cascade of immune responses with the receptor’s
antagonist. IL-1 is a family of cytokines that is known for inducing scars and contributing to
the pro-inflammatory response in the brain.160 Coating silicon-based MEAs with IL1-
receptor antagonist (IL1-ra), which blocks the receptor from the IL-1 cytokine molecules,
produced significantly less glial scarring 4 weeks post-implantation compared to the non-
coated MEA 161

Neuron-promoting coatings

In the 1950s, Levi-Montalcini and Cohen observed that chick embryos, after being injected
with purified snake venom, exhibited an overgrowth of sensory and sympathetic ganglia and
sympathetic nerve bundles.162 By isolating nerve growth factor (NGF), a pro-growth and
regenerative biological signaling molecule, Levi-Montalcini and Cohen produced the first of
many neurotrophic factors, resulting in their joint Nobel Prize in Physiology or Medicine in
1986. Since then, numerous additional neurotrophic factors have been discovered and
implemented /n vivo, demonstrating both anti-inflammatory and pro-growth regeneration of
neuronal cells.1%0 The discovery of NGF and introduction to neurotrophic factors established

an additional dimension to designing and implementing next-generation neural interfaces.
163, 164

Neural regeneration-based long-term recording was first demonstrated /77 vivoin the late
1980’s by implanting a 75 pm diameter Teflon-insulated gold wire inside a hollow glass tube
containing a piece of sciatic nerve, which contained active NGF.16% By inducing neurite
growth, Kennedy et al. recorded single and multiple unit activity for up to twelve months in
the motor cortex and demonstrated histological evidence for /n vivo neurite growth.
Additionally, extracellular matrix (ECM) materials can mitigate an inflammatory response
due to their biocompatibility and biodegradability and, if incorporated in a scaffold-like
framework, they have the potential to encourage neural regrowth.166. 167 |n addition to
providing mechanical support, ECM materials encourage regrowth of endogenous tissue
through their intrinsic properties (e.g., biochemical and mechanical cues). ECM materials
have found significant application in stroke recovery models and have the potential to
translate in other models of neural interface technologies.1®8 For example, laminin is a key
ECM regulator that plays crucial roles in cell adhesion, differentiation, migration and axonal
pathfinding.169 By coating eight bilayers of laminin on a silicon-based neural probe, there
was a ~50% reduction in glial fibrillary acid protein (GFAP), an indicator for astrocytes, four
weeks post-implantation.1’0 Meanwhile, introducing a neural cell adhesion molecule may
encourage neural regeneration while diminishing neuroinflammatory response (Fig. 6,
center). L1, which is a transmembrane protein member of the L1 protein family, is a
neuronal cell adhesion molecule expressed in the majority of neurons in the central nervous
system (CNS), and is known to promote neuronal survival and migration.46 By comparing
L1-coated with non-coated four-shank Michigan-type MEAs, Cui et al. noted significantly
less neural loss and a lower activation of microglia and astrocytes on the L1-coated device.*
Inspired by the use of endogenous biological factors with the neurotrophic electrode and the
mechanical and biochemical cues provided by the ECM, Lee et al. developed the Matrigel
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coating, which is a biologically-derived hydrogel containing basement membrane proteins as
well as growth factors.1’1 By integrating Matrigel on a flexible parylene-C shank (optionally
with the addition of dexamethasone), the authors demonstrated reduced electrical impedance
during the first week and enhanced SNR at 14 weeks of recording relative to the uncoated
shank.

While anti-inflammatory and neuron-promoting molecular coatings demonstrate the
potential to curtail the chronic cascade of neuroinflammatory responses at the neural
interface, most have been demonstrated on large and stiff devices (e.g., Michigan arrays). On
one hand, this is advantageous as results can be interpreted to demonstrate some sort of
“worst-case scenario”. However, on the other hand, we envision that combining modern
small and flexible neural interfaces with the advantages of anti-inflammatory coatings can
realize enhanced chronic recording stability. We imagine that, by mimicking interfacial
biochemical and mechanical properties, neural interfaces can “trick’ the immune system into
accepting what might have normally been flagged as a foreign body. For example,
bioresorbable silicon-based flexible electronics globally integrate bioresorbable materials to
encourage conformal interfacing and complete dissolution to minimize chronic impacts (Fig.
2D).55. 172,173 By integrating a sheet of poly(lactic-co-glycolic) acid (PLGA) and silicon
nanomembranes, the ECoG-like array serves as a bioinspired solution for minimally invasive
integration with the cortical surface for up to 4-5 weeks.5> Additionally, the incorporation of
a PLGA fiber with a bioresorbable photodetector (comprised of a doped monocrystalline Si
nanomembrane) and zinc electrodes yielded a bioresorbable spectrometer capable of
measuring neural activity via calcium indicator transients, cerebral temperature, and cerebral
oxygenation.172

Conclusion and Outlook

The fields of neuroengineering and neuroscience have intimately connected roots, yet their
corresponding objectives have largely been independent. We argue that there exists a
remarkable opportunity for these fields to engage and refine the means of interrogating and
manipulating neural activity at an unprecedented resolution and scale through both a
fundamental understanding of endogenous tissue, including its size, mechanical, topological,
and biochemical properties, and the development of next-generation devices that allow for
seamless integration with surrounding tissue (Fig. 7).

Because neural interface properties are fundamentally coupled in complex and seemingly
mercurial ways, it is difficult, and even inappropriate, to argue the importance of one
property above all others. Instead, to counsel the direction of this exceptionally
interdisciplinary field, we highlight the impact that varying key properties, inspired by the
brain and beyond, has on the device’s ability to interface with endogenous neuronal
circuitry. Therefore, we emphasize a modern trend of neural interface design (Fig. 1), where
design principles are taken with an a priori knowledge of the properties of endogenous
neural tissue and unlock unprecedented spatiotemporal resolution and scale. In particular,
we reiterate key features of bioinspired neural interfaces:
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. Size and morphology: The feature sizes and morphologies of neural interfaces
afford the opportunity for greater spatial resolution, substantial multiplexing, and
endogenous neural tissue acceptance.

. Mechanical properties: The device-brain interface improves as the bending
stiffness of neural interfaces approaches that of adjacent neural tissue, thereby
affording greater chronic recording stability.

. Topological properties: As the topology and interpenetration of neural
interfaces increases, the opportunity for improved interfacing and neuroscience
study in its native cellular environment is afforded.

. Biochemical properties: Coating or functionalizing neural interfaces with anti-
inflammatory or neuron-promoting molecules influences the extent and
magnitude of an inherent immune response to neural interface implantation.

With the progressing trend towards bioinspired bioelectronic neural interfaces, there exists a
further opportunity for bidirectional information transfer. Stimulating neural devices have
been demonstrated with significant clinical potential, such as the DBS electrode,? yet
stimulating devices have not evolved to the same great extent as recording devices. We assert
that, in addition to the potential for closed-loop feedback between neuroscience and
neuroengineering advances (Fig. 7), there also exists a fortuitous opportunity for closed-loop
bidirectional information transfer from the brain and the user, which could take the form
beyond the conventional implantable electrodes and fiber optics. For example, significant
strides have been made in developing wirelessly operating bioelectronic devices, evidenced
by the recording capabilities of Neural Dust.174 Additionally, by coupling a custom
integrated circuit and energy storage capacitor to a piezoelectric transducer, StimDust
affords low-power, wireless neural stimulation via ultrasonic power, with a minimal device
volume footprint.1® Similarly, the recent development of ‘sono-optogenetics’ from our lab
has demonstrated a minimally invasive method of delivering nanoscopic light sources deep
inside the brain via intravenous injection of mechanoluminescent nanoparticles and a brain-
penetrant, ultrasound-based neural stimulation interface.1’6 Besides the endogenous
circulatory system in the body that has offered unique opportunities for delivery and
formation of neural stimulation interfaces,176: 177 there are plenty of bioinspired
opportunities for establishing a bidirectional neural interface with the desired properties in
Fig. 7. Bidirectional information transfer via a seamless neural interface has the potential to
elucidate function and dysfunction of neural circuitry, as well as the ability to better inform
more efficient, less invasive, and longer lasting neural therapies.

Beyond the ways in which the field can improve the front-end interface between the brain
and the bioelectronic device, additional opportunities exist to refine back-end connections
with recording and stimulation instruments. First, there is a need to improve the downstream
connection between the bioelectronic neural interface and data acquisition and storage
systems. This requirement is emphasized by understanding the trend towards larger
electrode multiplexity (as seen in Fig. 1C). As electrode multiplexity of bioelectronic neural
interfaces increases, standard connection methods (e.g., flat flexible cables) are no longer
relevant and new, reliable systems are required. Recent efforts have tackled this looming
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problem by taking inspiration from silicon-based technologies. For example, Neuropixels
utilizes a customized CMOS-based connector and user-programmable switches to address
384 out of the 960 total electrodes simultaneously.®’ Taking a step further, a massively
paralleled microwire array has been developed recently to mate to a variety of CMOS chips,
allowing further opportunities for scalability and customizability.8% The Argo system, taking
a similar approach as the Neuropixels recording system and that of Obaid et al., affords the
highest channel count of any /n vivo bioelectronic neural interface with simultaneous
recording of up to 65,536 channels at 32 kHz and 12-bit resolution.”3 By designing a
custom, on-chip CMOS-based system capable of standard preprocessing (e.g., analog to
digital conversion and amplification), the Argo system provides a high throughput end-to-
end solution to high density recording.”3 Unlike spatially separated recording sites and data
multiplexers, the implementation of on-shank CMOS multiplexing circuits on high electrode
density probes (e.g. NeuroSeekerl78) causes heat dissipation in the brain. The maximum
power of these circuits must be curtailed to prevent excessive heating of tissue, limiting
further increases in electrode multiplexity.18: 179. 180 \while placing all active electronics on
the probe base can reduce tissue heating, this technique has its own limitation as it increases
the size of the headstage.1® Thus, further work is needed towards the optimal management of
heat dissipation in high electrode density probes.

Furthermore, we envision the future of neural interfaces will surpass the conventional aim of
achieving a physically seamless and high-throughput interface, additionally achieving a
reliable and direct computational interface between the exogenous neural implants and the
endogenous neural network that can process and analyze ultra-dense neural recording data
efficiently.181 Fortunately, this is already galvanizing with Neuralink’s custom on-chip
integrated circuit for real-time spike thresholding and wireless data transfer.8> Going beyond
this, we envision the potential to interface endogenous neuronal circuitry with neuromorphic
devices.182. 183 While neuromorphics were initially implemented to mimic desirable
dynamics of neuronal computation, such as short-term and long-term potentiation involved
in neuroplasticity, with silicon-based technology, these systems encompass much more. Now
formed from inorganic and organic,184 low-dimensional and layered (e.g., van der Waals)
materials, 185 neuromorphic devices are envisioned to be efficient in memory computation
via massive parallelism, capable of supervised and unsupervised learning, and strip the need
for analog to digital (ADC) converters.186 The integration of sensing elements into
neuromorphic devices will enable the construction of artificial central and peripheral
nervous systems, which could repair or augment existing neural tissue.187 To unlock the
great potential of chronic neuromorphic implants, this bio-influenced computational concept
must be realized in bioinspired devices. By replacing energy demanding electronics with a
system inspired by the tissue it measures, we envision a fundamental shift in what it means
to listen to and mediate neural matter.

Progress and Potential Statement:

In the past decade, significant strides towards optimizing /n vivo neural interfaces have been
achieved with continuous materials advances. While modern materials discovery and
fabrication techniques unlocked a fundamental avenue for remarkable progress of
bioelectronic neural interfaces, a significant dimension impeding further progress emerges
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from the lack of an a priori understanding of the properties of the neural tissue. By taking
inspiration from the brain and biology, there exists a rich opportunity to develop
bidirectional neural interfaces which seamlessly integrate with the endogenous tissue. This
review focuses on an exciting new dimension by demonstrating how several principal
properties of modern neurotechnology may optimize bidirectional transfer of information,
based on fundamentally new structural, mechanical, topological, and biochemical design
principles inspired by biology.
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Highlights:

Bioinspired sizes and morphologies enhance spatial resolution and
multiplexing

Reducing the interfacial mechanical mismatch increases chronic recording
stability.

Bioinspired topologies allow for conformal interfacing of various neural
structures.

Biochemical functionalization tempers immune response, improving chronic
interfacing.
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Figure 1.
Trends of /n vivo bioelectronic neural interfaces with bioinspired size, multiplexity,

mechanics, topology, and functionalization. (A) Schematic summarizing the bioinspired
design features of /n vivo bioelectronic neural interfaces. (B&C) The onset of modern
fabrication techniques, such as photolithography, has made a substantial impact on the
accessible resolution of device feature sizes, corresponding to a distinct decrease in
electrode size (B), and an increase in electrode multiplexity, which is defined as the number
of independent channels in a bioelectronic neural interface (C). The size ranges of typical
neuronal structures32-34 and the ranges of neuron number in different species3>—39 are
shown in the colored shades of B and C, respectively. Note that the range of soma size
(green shade) overlaps with that of axon size (blue shade) in B. (D) Engineering devices
with soft materials and specific structures allows the effective bending stiffness, which is
defined as ratio of bending moment to the product of width and curvature of the neural
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probe, to decrease by up to ten orders of magnitude, reducing the overall probability of
eliciting a chronic immune response. The range of effective bending stiffness of a 20 — 100
pm thick slice of brain tissue is shown as the green shade.18 (E) A general trend in the
topology of neural interfaces is found towards higher dimensions, allowing for more
intimate interfacing with the neural tissue due to brain-device conformability. Non-integer
topologies, such as radially segmented DBS electrode array (1D — 2D) and Utah slanted
electrode array (2D - 3D) are indicated due to variability in design. The dimensionality of
different components of the nervous system is shown as colored shades. (F) Progression of
the field towards biochemical functionalization represents another clear marker of
bioinspired neural interfaces. Biological tissues are intrinsically functionalized with
biochemical cues, as labeled in the colored shade. In all graphs, solid curves are intended to
guide the visualization of trends of various important features of bioelectronic neural
interfaces and are not intended to fit these data to a particular mathematical model, although
a similar trend of exponential growth has been found for doubling of simultaneously
recorded neurons and Moore’s law.18 All data points come from technologies listed in Table
1.
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Figure 2.

Examples of novel in vivo bioelectronic neural interfaces. (A) Multifunctional fibers,
constructed via thermal drawing processes, offer a multimodal means of interacting with
neurons. As demonstrated in the schematic drawing (top) and a cross-sectional image
(bottom) of the multifunctional fiber, this design incorporates one cylindrical optical
waveguide comprising a polycarbonate (PC) core and a cyclic olefin copolymer (COC)
shell, two microfluidic channels (“hollow channels’) for local drug delivery, and two
conductive polyethylene electrodes (CPE) for recording extracellular action potentials.
Adapted with permission from Ref. 50. (B) NeuroGrid features poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) coated electrodes with sizes
and interelectrode spacing inspired by the average size of neuron somata and neuronal
density within the neocortex, and is capable of resolving both local field potentials (LFPs)
and single unit activity when conformally interfacing the curvilinear cortical surface.
Adapted with permission from Ref. 52. (C) e-dura is designed to mimic the mechanical
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properties of the dura mater of the brain and spinal cord. By integrating flexible silicone
with thin films of conductive platinum-silicone composites and a microfluidic channel, the
e-dura affords seamless integration with the spinal cord and potentially superficial regions of
the brain, enabling electrical recording and stimulation in addition to local drug delivery.
Adapted with permission from Ref. 51. (D) Bioresorbable silicon electronics are designed to
seamlessly interface with cortical tissue for transient monitoring and modulation of brain
activity (left). By integrating functional materials that can dissolve under physiological
conditions, bioresorbable electronics show rapid dissolution upon immersion in an aqueous
buffer solution with pH = 12 at 37 °C (right). Adapted with permission from Ref. 55. (E)
Neuropixels facilitates electrophysiological recordings that demand high channel counts
(left). Neuropixels incorporates 960 electrodes (layout shown in the right), with 384 active
processing units at any one time. Adapted with permission from Ref. 57. (F) Ultraflexible
nanoelectronic probes (shown: NET-50, left) combine reduced feature sizes of electrodes
(right) and flexible materials to produce a device capable of chronically stable single unit
recording. Adapted with permission from Ref. 56. (G) NeuroRoots takes inspiration from
axon sizes and distribution within the brain (top left) and can be inserted into the brain
through self-assembly, mediated by capillary forces, along the direction of the microwire
shuttle (bottom left). Owing to NeuroRoots’ flexibility and small footprint, stable single unit
recording is demonstrated for up to 7 weeks (right). Adapted with permission from Ref. 61.
(H) Neuron-like electronics (NeuE) combine bioinspired feature sizes, mechanical
compliance and topological properties (left) to optimize device-brain interfacing (right) and
affords chronic recording stability. Adapted with permission from Ref. 63.
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Figure 3.
Bioelectronic neural interfaces inspired by the size and morphology of neuron somata and

neurites. (A) Feature sizes of the subcellular structures of the neuron, ranging from a few
nanometers for ion channels, 0.16 — 9 microns for axonal diameter, to 1 — 20 microns for
neuron somata. (B) Many modern bioelectronic neural interfaces have recording electrodes
of similar sizes to neuron somata. Shown are the electrode regions of (i) Multifunctional
fibers (d=5 um), (ii) Ultraflexible nanoelectronic probe (¢d= 10 um), (iii) Neuropixels (d=
12 um), (iv) NeuroRoots (d= 10 um), (v) NeuE (d= 8 — 20 um), where d'is the diameter for
round electrodes, or width for square electrodes. Additionally, by mimicking the size
characteristics of axons, neural interfaces can encourage acceptance in the endogenous
neural tissue via promotion of neural progenitor cell migration and integration with the
neuronal network. Shown: (iv) NeuroRoots (w~ 7 um), (v) NeuE (w=1 -4 um), where w
is the width of interconnect ribbons in the electronics. (C) Devices mimicking the size of ion
channels, such as the 50 nm ultrashort-channel FET and sub-10 nm BIT-FET, allow
recording from individual ion channels with subcellular resolution. Shown: (vi) Ultrashort
nanowire FET, (vii) Sub-10 nm BIT FET, and (viii) Flexible nanopipette.
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Figure 4.
Bioelectronic neural interfaces inspired by the mechanical properties of neural tissue.

Bioinspired mechanical compliance may result from the reduction of (A) the material’s
Young’s modulus, through engineering thin-film hydrogel elastronics with Young’s moduli
on the order of kPa, or (B) feature sizes, with neuron-like electronics (NeuE). A schematic
of the intertwined neuron-NeuE interface is shown on the left, and a reconstructed 3D image
of neurons (green) interpenetrating the electronic network of NeuE (red) in shown on the
right. Finally, improved insertion mechanisms of flexible neural interfaces may be realized
through a variety of bioinspired strategies, such as the fascicles of female mosquitos, thereby
reducing buckling during implantation (C). Reproduced with permission from Refs. 63, 110,
112.
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Figure 5.

Bioelectronic neural interfaces inspired by the topology of neural tissue. This means that, for
neurons within the brain (white-red gradient), neural interfaces constantly advance toward
3D topologies. Starting with the microwire electrode, silicon-based fabrication strategies
ignited arraying rigid materials for higher-dimensional interfacing, as seen with the Utah
array and the 3D Michigan array. In contrast, interrogation of the neurons in the retina (i.e.,
retinal ganglion cells) and on the cortical surface requires interfacing at two dimensions on a
curvilinear surface (yellow highlight in the middle column). Meanwhile, the joint trend
towards higher-dimensional topologies is maintained for flexible bioelectronic neural
interfaces, evidenced by the ultraflexible nanoelectronic probe (NET-50), NeuroGrid,
NeuroRoots, mesh electronics, and NeuE. Dark gray circles and squares indicate recording
sites in these examples. Schematics are not to scale in these drawings.
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Figure 6.
Bioelectronic neural interfaces with bioinspired functionalization. At left, a typical immune

response to a non-coated neural implant is illustrated. Astrocytes and microglia accumulate
at the probe interface, ultimately forming a glial scar, and neuronal loss is observed around
the probe. At center, a probe with neuron-promoting coating (such as L1 or Matrigel)
prevents local neural loss while reducing immune response, thoroughly incorporating the
probe with the endogenous neural tissue. At right, an interface with anti-inflammatory
coating (such as a-MSH or IL1-receptor antagonist) significantly reduces the presence of
microglia and astrocytes, allowing unhindered access to local neurons.
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Figure 7.
Envisioned synergy between neuroscience, which elucidates the properties of biology in the

nervous system, and neuroengineering, via neural interface design. In particular, the
knowledge of the size, mechanical, topological, and biochemical properties of the brain
affords an unprecedented opportunity for next-generation neural interface design, with
features such as high spatiotemporal resolution, enhanced electrode multiplexity (i.e.,
number of electrodes), the capability for seamless integration, and chronic recording
stability.

Matter. Author manuscript; available in PMC 2021 October 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Woods et al.

Table 1.

Historical, conventional and novel bioelectronic neural interfaces.

Year of appearance Bioelectronic neural interface Reference
1781 Galvani bimetal arch wire 5
1870 Fritsch lead wire 6
1957 Hubel microwire 11
1970 Michigan array 19
1972 DBS electrode 40
1989 Tetrode 41
1990 Utah array 20
2001 Polyimide probe 42
2007 Michigan MEA with anti-inflammatory surface coating 43
2007 Dexamethane-coated Michigan MEA 44
2008 Neurotrophic electrode 45
2011 Neural probes coated with neuron-adhesion molecules 46
2011 Fish-bone-shaped neural probe 47
2012 Microthread electrode (MTE) 48
2013 Sub-10 nm BIT-FET 49
2015 Multifunctional fiber 50
2015 e-dura 51
2015 NeuroGrid array 52
2015 Subretinal photovoltaic array 53
2016 Endovascular stent-electrode 54
2016 Bioresorbable silicon electronics 55
2017 Ultraflexible nanoelectronic probes (“nanoelectronic threads”: NET-50, NET-10) 56
2017 Neuropixels 57
2017 Highly scalable mesh electronics 58
2018 Silicon nanoscale membrane 59
2018 Nanowire-based artificial photoreceptors 60
2018 NeuroRoots 61
2018 Carbon nanotube fiber microelectrodes (CNTf) 62
2019 Neuron-like electronics (NeuE) 63
2019 Neurotassels 64
2019 Flexible electrode threads (Neuralink) 65
2019 Integrated glass microelectrodes 17
2019 Polymer electrode array 66
2019 Flexible nanopipette 67
2019 U-shaped silicon nanowire transistor 68
2020 CMOS interfaced microwire array 69
2020 Neural Matrix 70
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Year of appearance Bioelectronic neural interface Reference
2020 Enhancement-mode, internal ion-gated organic electrochemical transistor (e-IGT) 71
2020 Liquid retina prosthesis 72
2020 The Argo (a 65,536-channel neural recording system) 73
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