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Abstract

Research on neural interfaces has historically concentrated on development of systems for the
brain; however, there is increasing interest in peripheral nerve interfaces (PNIs) that could

provide benefit when peripheral nerve function is compromised, such as for amputees. Efforts
focus on designing scalable and high-performance sensory and motor peripheral nervous system
interfaces. Current PNIs face several design challenges such as undersampling of signals from the
thousands of axons, nerve-fiber selectivity, and device—tissue integration. To improve PNIs, several
researchers have turned to tissue engineering. Peripheral nerve tissue engineering has focused

on designing regeneration scaffolds that mimic normal nerve extracellular matrix composition,
provide advanced microarchitecture to stimulate cell migration, and have mechanical properties
like the native nerve. By combining PNIs with tissue engineering, the goal is to promote natural
axon regeneration into the devices to facilitate close contact with electrodes; in contrast, traditional
PNIs rely on insertion or placement of electrodes into or around existing nerves, or do not utilize
materials to actively facilitate axon regeneration. This review presents the state-of-the-art of PNIs
and nerve tissue engineering, highlights recent approaches to combine neural-interface technology
and tissue engineering, and addresses the remaining challenges with foreign-body response.

Keywords

bioelectronic medicine; neural interfaces; neural recording and stimulation; peripheral nerve
regeneration; sensory-motor prosthesis

1. Introduction

The desire to improve human understanding of the nervous system, and the means to restore
or correct its function in the case of injury or disease, has driven researchers for well over
100 years. As new state-of-the-art technologies are developed, multidisciplinary teams of
scientists, engineers, and clinicians partner to adapt their use in the context of neuroscience
research and clinical therapies. Currently there exist many neurotechnology translation
efforts that have seen clinical and commercial successes, including neuromodulation devices
used for management of pain and movement disorders.[1-5]

Although the specific requirements needed for each neurotechnology to effectively sense
and/or modulate the neural activity in different tissue targets can vary depending on

Adv Funct Mater. Author manuscript; available in PMC 2023 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spearman et al.

Page 3

application; it is essential that all interfaces maintain their functional integrity over time.

It is for this reason that efforts to develop an implantable neuro-technology must contend
with the challenges associated with the tissue-technology interface. The most common
approach is re-engineering the interface to reduce or eliminate adverse effects by reducing
size, changing materials, increasing mechanical flexibility, or eliminating tethers/leads with
wireless telemetry. Here, we discuss another approach which is to address the challenges of
the tissue-technology interface and improve the performance of neurotechnology implants
by combining the fields of neural-interface technology with tissue engineering.

In the past several years the recognition of the need for improved peripheral nerve
interfaces (PNI) for both existing and emerging applications has been rapidly growing.
[6-11] An existing peripheral nervous system (PNS) application that is driving the need for
improved PNI technology is to serve amputees, who need scalable and high-performance
sensory and motor PNS interfaces to control state-of-the-art prosthetic limbs and to receive
high-resolution and multi-modal (e.g., tactile and proprioceptive) feedback from sensors
integrated into prosthetic limbs.[12]

For amputees, prosthetic-limb technology has been rapidly advancing. Current prosthetic
limbs now have over 20 independent degrees of freedom and are increasingly capable

of capturing various forms of sensory information (e.g., pressure, shear, temperature).[3]
Despite this remarkable progress in robotic limb technology, advances in neural-interface
technology have not kept up at the same pace.[13] To provide fine movement control and to
elicit high-resolution sensory percepts to exploit the full capability of state-of-the-art limbs,
a comprehensive bidirectional nerve-interface would need a large number of independent
motor and sensory channels. However, all existing PNI approaches have one or more

of the following challenges that limit their clinical translatability, overall utility, ultimate
performance, and operation lifetime: low channel count, low signal-to-noise ratio, low
selectivity, high foreign-body response, susceptible to motion artifacts, and incompatibility
with possible nerve swelling.

An emerging PNS application for neural-interface technology is to sense and modulate the
neural activity of autonomic nerves to improve the function of visceral organs in the case of
many different diseases (e.g., respiratory failure, chronic inflammation, rheumatoid arthritis,
diabetes, and obesity). The name of this emerging field for PNIs is called bio-electronic
medicines.[10:14] Most efforts to develop bioelectronics-medicine-based neurotechnology for
use in the clinic currently use a conventional vagal nerve-stimulation interface, which is

a large single-channel PNS interface. However, to achieve the full potential benefits and
simultaneously avoid the potential adverse side effects of bioelectronic medicines, more
advanced PNS interfaces with greater selectivity and higher sensitivity (e.g., higher interface
channel counts, density, and spatial range), such as those currently needed for amputees,
may enable more precise and reliable control of autonomic function.

This paper reviews peripheral nerve interface technologies, peripheral-nerve-tissue
engineering approaches, remaining challenges in the field, and future directions.
Specifically, we discuss how the fields of neural interfaces and tissue engineering could
merge collaboratively to address the challenges of the tissue-technology interface and
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maximize the performance of neurotechnology implants. The review begins by discussing
prior and current PNI technologies and their unique strengths/weaknesses to meet the

needs of amputees and/or bioelectronic medicines. Next, we review prior and current

tissue engineering methods used for peripheral nerves, and describe their capabilities and
limitations. We then follow those two review sections with a description of how the fields of
tissue engineering and neural interfaces could be merged to address some of the remaining
challenges in the field.

2. Traditional Peripheral Nerve Interface (PNI) Approaches

Peripheral nerves have an anatomical structure that varies widely throughout the body. Large
nerves can have many fascicles (i.e., clusters of axons grouped together and surrounded

by a tightly packed cellular layer called the perineurium), while smaller nerves may have
only a single fascicle. There are both sensory and motor fibers within a nerve trunk, and
their number and spatial distribution also varies widely throughout the body.[*5-18] When
recording from nerves, the largest signal sources are the nodes of Ranvier, which are spaced
differently along each fiber are about 0.2 to 2 mm apart.[2%] The result is a 3D cloud of
nodes of Ranvier dispersed throughout each nerve. To extensively capture the electrical
activity of a nerve, which may have anywhere from hundreds to tens of thousands of fibers
depending on the size and location, a neural interface should also be 3D in nature. The
influence of the size and location of electrodes inside or around nerves on the nature of
signals that are recorded from peripheral nerves is summarized in Figure 1.

Bioelectrical interfaces to peripheral nerves must contend with the heterogeneity in nerve
geometry, fascicular arrangement, and fiber composition. In addition, the close proximity
of muscles, tissue movement, and tissue compression can lead to large-amplitude (mV
range) interfering signal (noise) sources,29211 which can make it difficult to record the
small-amplitude (UV range) nerve signals.

To date, several different strategies have been used to interface with peripheral nerves

at varying levels of complexity and invasiveness. As with bioelectrical interfaces to the
brain, there exists a tradeoff between invasiveness and both signal-to-noise ratio and spatial
resolution.

2.1. Nerve Cuffs

An effective early strategy to chronically record(?2] and stimulate[23] nerve activity, was
to wrap them with a biocompatible dielectric material (e.g., silicone) that had microwire
electrodes integrated into the inner surface of the wrap (Figure 2). Microfabrication
processes can be used to produce nerve cuffs that integrate thin films of a polymer
dielectric with thin-film microelectrodes.[24] These processes can produce smaller and
higher resolution nerve cuffs.[2°]

The strengths of the nerve cuff are that it is simple, inexpensive, made of relatively soft and
biocompatible materials, and foreign body responses can encapsulate it with the nerve, thus
stabilizing its relative positioning.[34] However, since nerve-cuff electrodes are positioned
around the outside of a nerve, the perineurium and epineurium layers largely attenuate
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signal amplitude (e.g., #5-10 pV). In fact, given the large size and few number of electrode
contacts, traditional cuffs do not have fiber-level selectivity and can only sense compound
nerve action potentials (CNAPs) and multi-unit activity.[3%] Since traditional cuffs are best
suited for nerve-interface applications that do not require many channels of independent
motor and sensory information, they are not well suited to serve the amputee population.

2.2. FINE: Flat-Interface Nerve Electrode

The FINE-nerve interface is an advanced form of the nerve cuff that can have a higher
channel count and has a geometry that causes the nerve to remodel into a flatter non-circular
configuration. In the process of flattening out, the fascicles in the nerve spread out and end
up being closer to one or more of the densely arranged electrodes (Figure 2).[3¢] This fact
results in a core strength of the FINE—nerve interface, which is improved localization of
recorded neural activity and targeted neural stimulation compared with conventional nerve
cuffs.[27] Another strength is that the biocompatible materials of the device and relatively
conventional manufacturing process has led to rapid demonstrations of chronic viability[37]
and quicker clinical translation and regulatory approval than other approaches.[38l

Although the FINE-nerve-interface approach has greater selectivity than nerve cuffs (i.e.,
can more easily target specific fascicles), its selectivity is still limited because of the large
size of the electrodes and the still significant distance between the electrodes and the nerve
fibers. This is particularly true for recording spontaneous nerve activity from individual or
small groups of fibers, because of the reduction in amplitude as the signal travels through the
perineurium and the epineurium. As a result, reliable recordings with FINE-nerve interfaces
are still limited to electrically evoked compound action potentials, rather than spontaneous
single-unit nerve activity.[3%

2.3. LIFE: Longitudinal Intra-Fascicular Electrode

Initially the LIFE-nerve interface consisted of individual insulated small-diameter (25
um) platinum microwires with insulation removed from a 0.25 mm long to 1.5 mm

long section. The fine microwire is then attached to the back end of a tungsten needle,
which is then threaded through a fascicle in a nerve. Studies with human amputee

test subjects demonstrated that TF-LIFE—nerve interfaces can provide sufficient sensory
feedback information to precisely regulate grip strength, limb position, and the control of
hand movements,[40-42] albeit with the use wavelet signal processing.[43]

The strengths of the LIFE—nerve interface include a higher signal-to-noise ratio and a lower

stimulation threshold than the cuff and FINE approaches. This is caused by being inside the

epineurium and perineurium, where the distance between the LIFE electrodes and the axons

is greatly reduced, and the relatively high impedance of the perineurium tends to trap current
inside the fascicle and reduces the decay of potential changes inside the fascicle.[44]

However, a challenge for the conventional microwire LIFE is the stiffness mismatch between
a solid metal wire (elastic modulus of Pt wire is ~168 GPa) and nerve tissue (10 kPa).
[45.46] This mismatch, which results in differential motion between the wire and the tissue,
ultimately leads to an adverse fibrotic tissue response, a drift in recorded fiber population,
and a significant reduction in signal-to-noise ratio.[47] Subsequent efforts to develop smaller
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(12 um diameter) and more flexible LIFE-nerve interfaces (e.g., 3 GPa) that have a
polymer core (Kevlar) with a thin metal coating, have resulted in a greatly reduced tissue
response but have yet to show a sustained improvement in recorded signal-to-noise ratio.
[28:48] Alternatively, microfabrication procedures can be used to produce multi-electrode
thin-film (TF-LIFE) nerve interfaces4% that have high flexibility (Figure 2). However, the
linear arrangement of electrodes in the LIFE electrode allows sampling of only the small
volume of the nerve adjacent to the single line of electrodes.

2.4. TIME: Transverse Intrafascicular Multichannel Electrode

2.5. USEA:

The TIME-nerve interface was developed to achieve good contact with nerve fibers,
selectively addresses several fascicles in a nerve with a single implant, and minimizes the
mechanical mismatch between the implanted material and nerve tissue (Figure 2).[501 It is
essentially the same as the TF-LIFE except that it is implanted across the width of the nerve
instead of along its length as is done with the LIFE—nerve interface.[50:51]

The strengths of the TIME-nerve interface include the positioning of small microelectrodes
inside the nerve close to the fibers and sometimes inside fascicles, having a relatively high
number of independent channels (typically <32), and being manufactured with relatively
soft biocompatible materials (e.g., polyimide). The TIME-nerve interface has also been
used in human amputees to stimulate the median and ulnar nerves to convey real-time

and physiologically appropriate grasping and control information from prosthesis-integrated
sensors.[52] Similar to the LIFE electrode, the linear arrangement of electrodes in the

TIME interface samples only the small volume of the nerve adjacent to the single line

of electrodes. Also, another limitation of the TIME interface is that some electrodes could be
positioned in between fascicles by virtue of the implantation technique, which could lead to
sub-optimal selectivity in stimulation and recording.

Utah Slant Electrode Array

As the field of neuroscience has progressed, there has been a push to increase the number

of microelectrodes used to interface with tissue at a cellular level. To meet this demand
microfabrication processes have been used to produce dense arrays of microprobes, such

as the Utah Electrode Array (UEA).[53:54] The 100-channel UEA, which consists of 1.5-mm-
long probes tipped by microelectrodes, has been widely used to successfully interface with
cortex[®5] to record and/or stimulate the action potentials of individual cells. To interface
with nerves, the USEA was developed with rows of microprobes of increasing length
(Figure 2).[56] Recent work has increased the USEA microprobe density by a factor of 4[30]
from 6.25 electrodes per mm?2 (USEA) to 25 electrodes per mm? (high density-USEA).

The strengths of the USEA include its ability to penetrate the nerve, densely place a large
number of microelectrodes inside the nerve at different depths and adjacent to different
fibers, record and/or stimulate action potentials with each channel, and do so with a

core technology (UEA) that has already received FDA approval for use in humans. These
strengths have enabled the USEAS to successful interface with the ulnar and median nerves
of human amputees to record single-unit action potentials and decode movement intent, as
well as provide sensory feedback from prostheses.[57:58] However, a key limitation of the
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UEA/USEA technology is its well-known limited reliability.[5] Specifically, it has been
shown that the number of channels on the UEA with detectable neural signals falls by ~60%
per year, even in the hands of the most experienced researchers.[60] It may appear from

the end-on view of electrode arrangement and their proximity to all of the fibers that the
USEA will be able to engage with most of the nerve fibers. However, the 2D arrangement
of electrodes in USEAs still significantly under-sample the 3D cloud manifestation of the
nodes of Ranvier, and hence fibers of a nerve. Because the USEA has small-sized electrodes
that are located not only inside the epineurium, but often inside the perineurium, it can
capture larger amplitude compound nerve action potential (CNAP) signals as well as single-
unit/multi-unit activity, but without fiber-type targeting or selectivity.

2.6. Sieve—-Nerve Interface

The concept of entubulation as a surgical intervention for peripheral nerve repair after

some laceration injuries (neurotmesis),[61.621 which is summarized in a later section of this
paper, has been leveraged in several attempts in order to develop regenerative electrical
interfaces with peripheral nerves.[83] An early example is the sieve electrode,[84] which
consists of a dielectric that is perforated by many mechanically drilled small-diameter

holes and sutured on the end or between the ends of a cut nerve. Regenerated axons

will grow through the holes, including those with an adjacent or surrounding electrode

to record neural activity (Figure 2). De Luca et al.,[22] reported the first successful

recording of voluntary (without electrical stimulation) nerve activation from mammalian
peripheral nerves with a simple cuff-based approach. Subsequently, Edell and co-workers[®]
reported the first chronic recording of neural signals using silicon-based micromachined
sieve-electrode arrays, which led to a series of further studies investigating its potential in
longitudinal implant-studies.[63:66-72] polyimide-based sieve interfaces were later introduced
as an alternative to allow fabrication of the electrodes, conducting leads, and contact

pads for external connections as a single flexible microfabricated device.[73.74] Despite
these improvements, in vivo recording success of polyimide-sieve electrodes was limited

to acquiring compound nerve action potentials in anesthetized or terminal end-point
preparations, rather than long-term single-unit signals.[”>.76] Furthermore, the research focus
shifted to the evaluation of regenerated axonal quality and functional recovery of distal
target muscles after allowing sufficient time for reinnervation.[’7-801 A challenge common
to all sieve-electrode approaches is that if the holes in a sieve are too small, axons will

either not regenerate through them or suffer from axonopathy (i.e., insufficient room for
them to achieve maturation with myelin regrowth and an increase in diameter). However,

as the diameter of sieve holes is increased, a critical diameter is reached where the number
of fibers regenerating through the holes will go from zero to many, which makes it very
difficult to distinguish recordings. Also, the planar arrangement of electrodes in the sieve
can permit limited sampling of the 3D volume of nodes of Ranvier in nerves. A different
engineering design is needed that does not impose so many constraints on the regenerating
axons, yet provides a robust and scalable means for interfacing with the regenerated nerve
fibers.
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2.7. Microchannel-Nerve Interface

The microchannel interface builds upon the sieve-interface concept by elongating the holes
into long tubes within which axons can regrow (Figure 2). The first attempt demonstrated
the regeneration of bullfrog sciatic nerves through porous Teflon implants embedded with
25-um-diameter hollow gold cylinders.[1] Although subsequent attempts involved the
formation of multiple channels made of dielectric lined with passive conducting Au-Pt
metals[®2] or MOSFET buffer transistors,[83] none of these early designs were reported

to successfully obtain in vivo recordings of neural activity. Recent microchannel-interface
designs have explored the idea of restricting the action current leaving the nodes of Ranvier
and forcing it to flow parallel to the axon and longitudinally within the confines of the
channel.[84-88] Doing so amplifies extracellular recordings and reduces the charge-injection
required for selective stimulation. Recent microchannel interfaces have been constructed
from PDMS, which is more elastic (*1.5 MPa) than silicon (200 GPa) or polyimide (~8
GPa). Histological assessment of tissue regrown through PDMS microchannels has shown
successful regeneration of sciatic-nerve axons through these microchannel-based interfaces.
Single-unit and multi-unit neural recordings have also been acquired from both acute and
chronic implants in rats while they were anesthetized[32] and ambulatory.[89-91]

3. Peripheral Nerve Tissue Engineering Approaches

Advanced neurotechnology applications (e.g., upper limb amputees) require a new approach
that overcome the limitations of prior technologies described above. Specifically, required
is an interface that provides a scalable channel count; samples over the entire volume
described by the diameter of the nerve and the distance between nodes of Ranvier; captures
high amplitude CNAP, multi-unit, and single-unit signals; minimizes the negative impacts
of tissue movement; mitigates any adverse tissue response; and ideally provides fiber-type
targeting and selectivity. We believe that by combining tissue engineering methods with
neural-interface technology it is possible to develop a novel tissue-engineered PNI that can
meet the challenging demands of amputees seeking to control state-of-the-art prosthetic
limbs. A key step towards achieving that goal is to understand the relevant prior work and
research trajectories within the field of neural-tissue engineering.

Next-generation PNIs will benefit from strategies developed for peripheral nerve
regeneration. To improve the physical and electrical connection between peripheral nerves
and electrodes, ideally axons should grow along and near the electrodes. Peripheral nerve
tissue engineering approaches and biomimetic strategies may be beneficial for designing
a PNI. Peripheral nerve tissue engineering strategies have been explored as alternative
solutions to autologous nerve grafts in long-gap nerve damage. The peripheral nervous
system has some capacity to regenerate and recover the function in minor nerve damage
(e.g., neurapraxia or axonotmesis) through the contributions of myelinating Schwann
cells, growth factors, and the biomolecules of the extracellular matrix (ECM).[92] In
neurapraxia (temporary blockage of nerve conduction) and axonotmesis (crush injury)

no Wallerian degeneration occurs and recovery is typically excellent.[9] In neurotmesis
(nerve transection) Wallerian degeneration occurs and recovery is poor without surgical
intervention, particularly with longer nerve gap lengths.[93.94] The critical nerve-gap length
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in the common rat sciatic-nerve model is widely considered to be around 1 ¢cm, and in
humans for small diameter nerves is considered to be ~3 cm.[95.96]

The regenerative process of a transected nerve through a hollow conduit is shown in

Figure 3A. Initially, fibrinogen and other blood proteins infiltrate the nerve gap creating an
environment rich in proteins and neurotropic factors. Fibrinogen in the presence of thrombin
forms fibrin creating a matrix bridging the distal and proximal nerve stumps. Next, pro-
regenerative Schwann cells infiltrate the nerve gap, secrete neurotrophic growth factors, and
form bands of Bilingner. Axons then extend along the fibrin cables and last, differentiated
Schwann cells re-myelinate axons. Figure 4 illustrates various tissue engineering strategies,
both in research laboratories and in the clinic, to repair and restore the function of damaged
peripheral nerves. Various strategies for peripheral nerve repair have been developed, some
of which are currently approved for clinical use, while others are being researched as

viable future strategies. Strategies being researched in the lab include developing advanced
microarchitectures such as aligned filaments, porous sponges, and micro-channels. The use
of controlled release of growth factors or embedding supportive cells, such as Schwann cells
or stem cells is another strategy being researched. Finally, research is being conducted

on mimicking the native ECM found within healthy or regenerating nerves. Current
strategies used in the clinic include the current gold standard: autologous nerve grafts where
healthy sensory nerves are harvested from elsewhere and replaced at the site of injury.
FDA-approved devices include many hollow nerve-guidance conduits and decellularized
nerves such as the Avance Nerve Graft developed by AxoGen, Inc.[97.98]

3.1. Hollow Nerve-Guidance Conduits

Hollow nerve-guidance conduits (NGCs) are the most common off-the-shelf constructs

used in the clinic for peripheral nerve repair.[108] NGCs provide simple mechanical

support and guidance for regenerating axons. FDA-approved conduits are fabricated from
various materials including collagen (e.g., NeuroMend, NeuroMatrix, Neuroflex, NeuraGen,
NeuraWrap), porcine small intestine submucosa (SIS) (e.g., AxoGuard Nerve Connector/
Protector), polyglycolic acid (e.g., Neurotube), polylactic acid co-polycaprolactone (e.g.,
Neurolac), and polyvinyl alcohol.[198.1091 The process for regeneration through a hollow
conduit is illustrated in Figure 3A. In the context of PNIs, NGCs can serve as a frame for the
electrodes and host the nerve stump, while providing the structural guidance cues for axons
to regenerate.

Recent approaches to peripheral nerve tissue engineering involve fabrication of
bioengineered 3D scaffolds that closely mimic natural peripheral nerve tissue. Current
strategies include mimicking the microarchitecture of the native nerve tissue or the
composition and physical properties of the ECM, or a combination of both strategies.[110]

3.2. Mimicking Microarchitecture

A scaffold’s microarchitecture can provide excellent physical guidance cues for axonal
extension (Figure 5). Various microarchitectures have been designed and studied for
peripheral nerve regeneration, such as micro-channels (mimicking the native basal lamina of
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peripheral nerve),[111] aligned fibers,[112] longitudinally aligned porous materials,[113] and
multichannel NGCs (mimicking nerve fascicles).[101]

The earliest architectures were the previously mentioned multichannel NGCs.[10 |n this
study, the authors prepared collagen conduits with 1, 2, 4, or 7 channels and used the
commercially available NeuraGen conduit and an autologous nerve graft (autograft) as
controls (Figure 5A). A 1-cm-long rat sciatic nerve gap was used as the model, over

a four-month-long period. Nearly every rat saw myelinated axons midway through the
graft after the four-month-long period. However, regeneration was quantitatively analyzed
via compound muscle action potential recordings, and the results trended toward lower
amplitude with decreased channel count.[10] There are likely two reasons that decreasing
the number of channels within a nerve conduit resulted in less regeneration. First, the
higher number of channels, the smaller the total cross-sectional area into which axons can
regenerate, in addition, although this system does provide some structure, these architectural
features are still relatively large and thus do not provide cell and subcellular-level benefits
that a system having microarchitecture would.

Though the study is primarily focused on in vitro characterization, Ribeiro-Resende et al.
[114] attempted three different methods for inducing the formation of bands of Biingner:
aligned extracellular matrices (oriented collagen) (Figure 5C), polarizing differentiation/
growth factors (cocktail of three factors: nerve growth factor, neuregulin, and transforming
growth factor beta 1), and microstructured biomaterials (polycaprolactone filaments).[114]
The optimal system for in vitro Schwann cell alignment was determined to be a combination
of oriented collagen plus the three differentiation factors.

Some attempts to mimic the native microarchitecture in a nerve scaffold include Hu et al.’s
work on a collagen-chitosan scaffold containing microchannels resembling those of native
nerve basal lamina.[*11] A 15-mm-long rat sciatic-nerve defect over 4 and 12 weeks was
used as the regeneration model, with the autograft, randomly aligned scaffolds, and empty
silicone conduits used as controls. After only 4 weeks, all rats implanted with longitudinally
aligned scaffolds showed regeneration over the gap, comparable to the positive control
autograft. None of the rats with empty conduits displayed full regeneration across the gap,
and only 2 out of 9 rats with randomly aligned scaffolds showed regeneration. Similar
results were obtained for rats with longitudinally aligned scaffolds, exhibiting functional
recovery equivalent to that of the autograft controls.

3.3.  Mimicking Nerve Extracellular Matrix

Another regenerative strategy that may benefit regenerative PNIs is ECM-based scaffolds.
These scaffolds are either fabricated by combining natural ECM components to form a
hydrogel[296] or developed from decellularized nerve tissue.[297] Peripheral nerve ECM
includes two main categories of biomolecules: proteoglycans (e.g., glycosaminoglycans) and
fibrous proteins (e.g., collagen I, collagen 1V, elastin, fibronectin and laminin),[106] which
have important roles to effectively guide and enhance regeneration, Figure 3B.

Glycosaminoglycans are hydrophilic polysaccharide chains that can form hydrogels even
at low concentrations. Hyaluronic acid is a nonsulfated glycosaminoglycan found in nearly
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all animal tissues. During regeneration, glycosaminoglycans form a hydrogel network to
support cell migration. Early studies on the application of hyaluronic acid for peripheral
nerve repair showed that hyaluronic acid resulted in increased conduction velocity 4 weeks
post-operation and resulted in higher axon counts in rat sciatic-nerve-injury model.[115]

Collagen I is the most abundant collagen type in nerve tissue and was the earliest studied
ECM component to improve nerve regeneration.[116.117] Collagen provides structural
guidance during regeneration.[118] With a rat sciatic nerve model, Chamberlain et al. found
6-weeks post-operation a significant increase in the number of axons in the middle of
10-mm-long collagen-glycosaminoglycan scaffolds relative to saline-filled controls of the
same length.[119] Because of collagen’s structural role, addition of native microarchitectural
features to collagen could improve cell binding and alignment. Ceballos et al. used a
magnetic field to align collagen fibers and showed that peripheral nerve regeneration in mice
implanted with aligned collagen grafts was significantly higher than for unaligned collagen
grafts, after 60 days post-operation.[120]

Laminin is the primary component of basal lamina in nerve tissue. The basal lamina
surrounds Schwann cells and forms myelin. Laminin’s adhesive properties can encourage
Schwann cell migration during regeneration.[121] During Wallerian degeneration, the basal
lamina remains largely intact and interacts with Schwann cells through adhesion proteins,
namely integrins al, a3, ab, and a7. The Schwann cells use the remaining intact basal
lamina to longitudinally align and form bands of Blingner that axons use for structural
guidance during regeneration.[114] In tissue-engineered ECM scaffolds, laminin is generally
combined with other components such as collagen and fibronectin since laminin cannot form
a gel on its own. Bailey et al. illustrated that a laminin-filled tube increased the number of
Schwann cells migrating into a 5-mm-long gap in a rat sciatic nerve.[122]

Fibronectin forms a fibrillar matrix similar to collagens and mediates cell-binding via
integrin a5. Fibronectin enhances Schwann cell migration into the nerve gap following
injury by forming a fibrillar matrix that mediates cell-binding. Similar to laminin,
fibronectin is generally combined with other components in tissue-engineered ECM
scaffolds to improve regeneration during the repair process.[123.124]

3.4. Replicating Mechanical Properties

It is well established in tissue engineering that the mechanical properties of a scaffold

are immensely important. Cell behavior such as cell lineage can be significantly modified
simply by changing the mechanical properties of the substrate.[125:126] An ideal tissue-
engineered nerve scaffold will have mechanical properties similar to that of unmodified
nerve. Adult-rat sciatic nerve has been shown to have a Young’s modulus on the order of
580 kPa and an ultimate stress of about 2720 kPa:[127] whereas, another study found that
human ulnar and median nerve had Young’s moduli of 12 and 19 kPa, respectively.[4°]
However, when designing a scaffold for use in a regenerative peripheral nerve interface, the
scaffold must be stiff enough to support electrodes during regeneration while not being so
stiff as to impede regeneration or the ability to be sutured. Otherwise, an outer conduit that
can be sutured may need to be used.
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There are not many in vivo studies to define the effect of mechanical properties on

the regenerative capacity of neural scaffolds. However, many in vitro studies have been
conducted to investigate the changes in cell behavior in different mechanical environments.
It remains a challenge to find a compromise between mechanical properties, chemical
composition, and architectural features.

Early in vitro experiments generally varied mechanical properties of a hydrogel by changing
the hydrogels concentration. Willits and Skornia grew dorsal root ganglia from embryonic
chicks in collagen I, ranging in concentration of 0.4 to 2 mg mL~1, for up to 4 days and

then quantified neurite extension.[128] Mechanical stiffness was determined via rheology and
the range of gel concentrations resulted in storage moduli between 2.0 to 16.9 Pa at 1 rad
s~1. Neurite extension was found to be longest at concentrations of approximately 0.6 to 1.0
mg mL~1 of collagen.[228] In these types of studies, modulating the mechanical properties
cannot account for other factors, such as interfiber spacing and binding-site availability,
which also change based on gel concentration.

Gu et al. developed multiple polyacrylamide gel substrates with matching biochemical
properties; however, Young’s moduli ranged from 4.42 to 12.04 kPa, which are lower

than the stiffness of native nerve.[12%] Schwann cell elongation, adherence, viability, and
proliferation were all determined to be optimal at an elastic modulus of 7.45 kPa. Schwann
cells cultured on the least stiff gels (4.42 kPa) were found to bunch together, while cells
cultured on the other substrates were found to have increased motility. Cells cultured on 7.45
kPa polyacrylamide traveled the furthest and had the highest velocity over a 100-minute-
long period.

Another in vitro study has compared culturing Schwann cells and embryonic dorsal root
ganglia on substrates with the same biochemical cues but differing stiffness by modifying
polyacrylamide concentration.[139] Polyacrylamide gels were generated with elastic moduli
of 1, 10, and 20 kPa. This range of stiffness represents the range Schwann cells will
experience from development to full maturity. The number of lamellipodia sprouting from
Schwann cells was quantified and was found that Schwann cells on weaker gels had more
lamellipodia. This indicates that Schwann cells had a low binding affinity to the softer
substrates. Schwann cell motility was measured on the various gels over a 6-hour-long
period. The least stiff gels resulted in increased distance travelled and higher velocity.[230]
As discussed previously, Schwann cell migration is immensely important in regenerating
peripheral nerve. This indicates that a softer gel (1-10 kPa) may be able to aid nerve
regeneration by increasing Schwann cell motility. However, the two stiffer gels (10 and
20 kPa) resulted in increased length of neurite extensions from dorsal root ganglia and
increased linearity of neurites.[*30] The range of stiffness used in this study (1, 10, and

20 kPa) was meant to reflect early, intermediate, and late stages of peripheral nerve
development. This could account for the differences seen in neurite outgrowth of dorsal
root ganglia.

Although measuring Young’s Moduli (tensile or compressive) is commonly used to describe
the mechanical properties of biomaterials, there are other considerations to take into account.
For example, hydrogel materials display viscoelastic qualities and behave differently than

Adv Funct Mater. Author manuscript; available in PMC 2023 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spearman et al.

Page 13

a typical elastic material. This means the viscoelastic properties of a material should also
be considered when designing a tissue-engineered scaffold. The primary component in a
hydrogel is water, which gives these materials a strong viscous component and behavior. In
addition, most tissue, including nerve, is heterogeneous and displays anisotropic behavior.

Continuous cross-talk occurs between a cell sensing the local mechanical properties of

its environment and the biochemical cues that co-regulate cell behavior. Integrins act as
mechanochemical transducers by converting the mechanical forces near the cell into reactive
behavior of the cell.[131] For nerve regeneration, this is highly relevant during growth-cone
formation. During embryogenesis or regeneration following nerve injury, a growth cone
forms at the end of the axon as it seeks its synaptic target. These growth cones are formed
by alignment of actin microfilaments within the axon and are induced by various mechanical
and chemical interactions of integrins.[132] It is shown that upregulation in the expression

of those genes corresponding to some cell behaviors, such as growth and differentiation,

are influenced by mechanical rigidity sensed by the cells. The MRNA expression of critical
growth factors such as growth differentiation factors, ciliary neurotrophic factor, and brain-
derived neurotrophic factor significantly upregulated in Schwann cells cultured on 7.45 kPa
polyacrylamide compared to other polyacrylamide gels of different stiffness (4.42, 9.10, and
10.04 kPa).[12°]

There are many considerations for mechanical properties of peripheral nerve interfaces
generally. Many PNIs such as the Utah Slant Electrode Array are significantly stiffer than
the surrounding tissue, which can result in damage to tissue caused by laceration during
device insertion.[33] In implantable brain electrodes this has been cause for significant
concern.1331 Common electrodes are 6 to 7 orders of magnitude stiffer than brain tissue,
which can result in shear applied to the surrounding tissue and significant damage.[134]
Because of these issues, many groups have moved to using more flexible electrode materials
such as polyimide and parylene-C;[134] however, these materials can be difficult to implant
into neural tissue because the flexibility of these materials makes them difficult to insert into
nerve tissue.[134]

3.5. Integrated Strategies

Recent studies suggest that combinations of these strategies will be closer to replicating the
natural nerve microenvironment. For example, regeneration in hydrogel-containing conduits
resulted in a more mature phenotype, as evidenced by an increase in axon myelination

and overall increased nerve cross-sectional area.[124] Rather than using a generic hydrogel,
a combination regenerative strategy, which uses primary ECM components along with
architectural features that model native nerve, could benefit regenerative PNIs. Native
peripheral nerve tissue is a combination of biomolecules, architecture, and cells. In the
development of next-generation regenerative PNIs, researchers should consider replicating
features of native nerve (e.g., creating a functional biomimicking scaffold mechanically
robust enough to hold electrodes in place and biologically functional enough to improve
natural axonal regeneration).
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4. Combining Tissue Engineering with Peripheral Nerve Interfaces

The development of neural interfaces, which are capable of reliably capturing enough

motor information and conveying enough sensory-feedback information to enable intuitive
control and full limb embodiment by users of state-of-the-art prosthetic limbs (i.e., providing
high-speed, high-resolution, low-latency, and low-error limb interaction), is an unmet

open challenge in the neural-interface community. A fundamental limit on the number of
independent channels of sensory and motor information is related to the size and number of
electrodes. The use of smaller electrodes can enable higher signal-to-noise ratio interaction
with fewer nearby cells, but then more electrodes are needed to comprehensively engage
with the fibers in a nerve.

In nerves, key targets are the nodes of Ranvier, which are the focal points for transmembrane
currents in myelinated fibers. Since the locations of nodes along different fibers are
independent of one another, the nodes in a nerve are distributed randomly within a

volume equal to the cross-sectional area of the nerve times the average distance between
nodes. Thus, the nodes are distributed randomly as a 3D cloud in a cylindrical nerve

model. Scalable electrical approaches to thoroughly interface with the nerves must have
small electrodes arranged in relatively dense 3D configurations. Although microfabrication
processes can be used to produce suitably small electrodes in dense 2D configurations,
producing dense 3D configurations and locating them inside the nerve are major challenges
to overcome.

The fields of implantable PNIs, tissue engineering, and nerve regeneration are individually
well-established and active fields. However, we believe that by combining fields it will

be possible to develop PNI approaches that can address the problems limiting the utility
and long-term performance of nerve interfaces (Figure 6). Advanced polymer-based
multielectrode neural-interface technology has been proven through chronic use in humans
as retinal-prosthetic interface,[135] and increasingly used in clinical studies (e.g., TIME and
FINE interfaces). In the following sections, we will review existing PNI technologies based
on combinations of these two approaches.

4.1. REMI: Regenerative Multielectrode Interface

The REMI-nerve interface was designed to offer an open-space for axonal regeneration
(i.e., less constrictive environment) (Figure 7) in contrast to traditional PNIs such as the
sieve—nerve interface.[136] It consists of an array of microwires arranged into a bed-of-nails
configuration,[37] but, unlike the USEA, it is not inserted into the nerve. Rather, the REMI—
nerve interface is integrated into a hollow polyurethane tube, which is later filled with
collagen and then sutured to the ends of a transected peripheral nerve to allow regrowth
through the tube. A strength of the REMI includes its ability to record single-unit action
potentials (in addition to multi-unit CNAP) because of the small size of the electrodes

that are located not only inside the epineurium, but often inside the perineurium.[138]
Limitations of the REMI approach include: the use of rigid microwire arrays that result

in large mechanical-stiffness mismatch; the use of single-electrode probes fabricated in

an array by hand, which limits scalability and reliability of manufacturing compared to
batch-microfabricated arrays; the 2D arrangement of REMI electrodes, like the USEA,
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that ultimately samples only a small fraction of the repeating 3D distribution of nodes of
Ranvier; and the use of a simple non-biodegradable conduit, instead of tissue-engineered
bioscaffold approaches, which limits robust tissue regeneration and accuracy in tissue
targeting.

4.2. RPNI: Regenerative Peripheral Nerve Interface

This nerve-interface approach is inspired by the success of the targeted muscle reinnervation
(TMR) surgical technique, which eliminates the occurrence of painful neuromas arising
from limb amputation.[142-143] Residual nerves from the amputated-limb stump are
reattached to alternative muscles in the vicinity (usually in the chest or upper arm) that

are surgically denervated. The nerves grow into and reinnervate these muscles and provide
physiologically appropriate EMG signals. By doing so, the muscles act as biological
amplifiers of motor commands from nerves. The signals, which are large enough to be
recorded by electrodes on the surface of the skin, have been used to control robotic
prostheses.[141-143]

The RPNI approach differs in two important ways: first, instead of reattaching an entire
nerve to a denervated muscle, the fascicles are separated and attached to different denervated
muscle targets; and second, the denervated muscle targets are neurotized and free autologous
muscle grafts wrapped within a decellularized porcine small intestine submucosa (SIS)
tissue layer. The thin SIS layer is either embedded with metal fine wire electrodes

or electrochemically plated with poly3,4-ethylenedioxythiophene (PEDOT) for electrical
conductivity.[144] After a few months, axons of the severed nerves sprouted and formed

new neuromuscular junctions, which were determined to remain viable and functional over
six to twelve months.[145.146] Benefits of this approach include the large amplitude of the
EMG signals, which makes recording motor-intent signals easier,[147-148] and the use of
multiple muscle-graft targets makes it easier to acquire several independent channels of
motor-control information. Despite this advancement, the RPNI approach has limitations:
the signals required for fine movement might be difficult to acquire from EMG signals and it
will be challenging to consistently provide sensory percepts (e.g., tactile) that are evoked by
cutaneous receptors not typically found in muscles.

4.3. RSE: Regenerative Scaffold Electrode

An alternative regenerative nerve interface uses a sheet of aligned polymer (PAN-MA)
nanofibers to provide a surface that promotes nerve regeneration along its surface which is
also placed with a SU-8 substrate based microelectrode array (Figure 7).[139.149] panar
regenerative scaffold electrodes (RSE) were designed with multiple guidance channels
leading to the electrode array.[139] Successful regeneration was observed across the devices
with recorded nerve compound action potentials. An advantage to this approach, which
represents a major step toward the merger of tissue engineering and electronic neural
interfaces, is the demonstration of robust regeneration onto a sheet integrated into a semi-
permeable polysulfone tube that is sutured to the ends of a cut nerve. A limitation of the
work demonstrated to date is that it has only been implemented with a single nanofiber
sheet with functional electrodes, although a patent by the same authors envisions a more
scalable approach.[150] Also, the approach has only yielded recordings of evoked compound
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nerve action potentials in terminal preparations using pre-clinical models. Improvements in
electrode design, configuration, and scalable number are needed.

4.4. TEENI: Tissue-Engineered Electronic Nerve Interface

Another regenerative approach is the tissue-engineered electronic nerve interface (TEENI)
technology developed collaboratively by the authors’ research groups. In this approach,
multielectrode polymer-based threads are embedded into tissue-engineered hydrogel nerve
bioscaffolds to enable natural nerve regeneration (Figure 7).[151-153] By having the tissue
regenerate around the electrodes, nerve tissue can better integrate with the electrodes.

The fact that TEENI has more flexible electrodes makes it more mechanically compatible
with surrounding tissue, which eliminates the drawbacks associated with rigid electrodes
commonly used in other PNI approaches. Although multiple implants of microelectrode
arrays can lead to greater channel counts and a wider spatial distribution, the number and
density of probes penetrating a single nerve is ultimately limited by surgical implantation
procedures to a low number for both. In contrast, since the TEENI regenerative approach
does not implant the threads into the nerve individually, it does not have an implantation-
based limitation on the number or density of the threads but rather is limited by assembly
techniques. This approach is scalable to high channel counts because the threads can
potentially be spread throughout a sizable volume when multiple thread sets are stacked.
The size and number of thread sets can theoretically be tailored to the size of the target
nerve.

One possible implementation of TEENI would consist of multi-electrode polyimide-based
threads embedded into a biodegradable hydrogel composite, which is wrapped in a piece
of bioresorbable SIS and sutured across the ends of a transected nerve (Figure 7).[140] The
hydrogel scaffold holds the polyimide threads in position during implantation and provides
an ECM-mimicking environment for tissue regeneration and axon elongation around the
electrodes. The TEENI approach also provides ample room for axonal regeneration and
maturation over time without space constriction.

5. Key Challenge of Foreign Body Response (FBR)

5.1. Limited Long-Term Reliability with Current Devices

An unresolved challenge for all microelectrode—tissue interfaces is the long-term reliability
of chronically implanted neuro-prostheses. As mentioned previously, this has been
extensively studied in central nervous system implants; it is instructive to briefly summarize
this work. In the central nervous system, the putative mechanism limiting reliability is
inadequate biocompatibility because of the reactive tissue response.[154-156] The reactive
tissue response is a complex sequence of events that involves many cell types. For
penetrating devices, the initial mechanical insertion of devices into the brain penetrates

the blood brain barrier, initiating the inflammatory cascade and resulting in edema as well
as a release of erythrocytes and macrophages.[!57] After the initial penetrating injury, there
is a foreign body response in response to the indwelling device. Within one day, activated
microglia are observed around the implanted device.[!58] Subsequently, activated astrocytes
form a “glial sheath” around the device,[159.160] mechanically and electrically isolating
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the device from the brain. Although the signal cascade is unknown, the reactive tissue
response can be typically accompanied by more long-term neuronal death and migration
away from the device, i.e., a “neuronal kill-zone”.[159.161] This increased device-neuron
distance significantly reduces the efficacy of the neural interfaces.[162]

PNI histological characterization has reported similar challenges with device tissue
integration, compared to central neural interfaces. Figure 8 shows the seminal histological
characterization of the nerve cuff,[1631 FINE,37] LIFE,[28] TIME,[164.165] USEA [166]
sieve electrodes,[167] and REMI,[168] and have these devices all show various levels of
tissue response including encapsulation tissue, morphological abnormalities, decreases in
axon density, scar formation, inflammatory reactions, and a presence of hematogenous
macrophages near the implant. The cuff electrode in Figure 8 shows a longitudinal section
through the proximal end of the cuff where the void left by the cuff and the encapsulation
tissue are visible.[163] There is a severe response to the 0.8 mm FINE electrode at 28 days
post-implant.[37] Axon density is decreased and most of the axons are thinly myelinated
throughout the section. Degenerating axons and myelin debris are present as is abnormal
clustering of axons. For the LIFE electrode implanted in the sciatic nerve, anti-choline
acetyltransferase and hematoxylin staining of a transverse section following 3 months is
shown. The image depicts a mild scar response and a focal, but chronic, inflammatory
reaction, which is limited to a small area around the electrode placed in the nerve. Motor
axons grouped in fascicles are present, some of them at a short distance from the electrode,
as well as the fibrous tissue around the electrodes.[28] TIME electrodes implanted in the
tibial and peroneal nerve branches exhibit mild fibrous tissue surrounding the electrode
and preservation of nerve structure.[165] The USEA electrode was implanted in sciatic
nerve long-term and labeled with MAC387 and g-111 tubulin, which shows macrophages
around the electrode tips and neural processes outside of the normal fascicular structure.[166]
Sieve electrodes implanted in rat sciatic nerve for 6 months and stained with anti-CD11b
show reactive hematogenous macrophages in direct contact with the sieve electrode.[167]1 A
REMI electrode implanted in rat sciatic nerve for 60 days labeled for ED1 shows reactive
macrophages at the electrode region.[168] A TEENI electrode implanted in rat sciatic nerve
for 6 weeks and then stained for macrophages illustrates FBR in a non-regenerative area
surrounding the TEENI device.

As shown in Figure 8, traditional histological approaches are typically used to evaluate

the device-tissue integration. This oftentimes includes removal of the device from the

tissue prior to the final imaging preparation. Furthermore, tissue sections are cut very thin,
typically ~10 pum. This allows for adequate label penetration throughout the device, as well
as better imaging resolution. However, this approach has several drawbacks, including: a
loss of valuable tissue during sectioning, inter-sample variability of labeling and/or imaging,
and lengthy tissue preparation and data collection times. Furthermore, typical device-tissue
manuscripts do not provide a comprehensive cellular and tissue analysis of the samples
(reports often label only a few targets using immunohistochemistry).

More complete understanding of the biochemical and cellular responses to device insertion
and indwelling will enable implementation of higher fidelity and reliable interfaces. More
recently, investigations were made into alternative cell and tissue markers associated with
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the device-tissue interface from what is typically used in the field. For example, Graham
et al. conducted a thorough evaluation of the TEENI interface, evaluating both neuronal
and non-neuronal cells as well as components associated with the extracellular matrix in a
regenerative as well as non-regenerative state.[153]

Future histological evaluations of PNIs will likely proceed along two lines. First, fully
intact device-tissue interfaces will be investigated by preserving large-scale samples. This
will enable optical imaging approaches by using optical clearing technology to render the
tissue optically transparent.[169.170] Once the refractive index of the solution matches that
of the microscope objective then photon scattering is minimized, even for thick samples
(>1 cm). Immunohistochemical labeling of these thick slices is challenging, but is being
enabled using electrophoretic approaches.!171] The second approach, in vivo imaging,
will likely enable the evaluation and development of highly functional PNIs.[172.173]
Observing dynamic changes in appropriate biomarkers of efficacy and performance will
facilitate design, fabrication, and evaluation of smart, dynamic, and responsive implants and
ultimately help with mitigating performance decline caused by FBR.

5.2. Mitigation of Foreign Body Response

The complex molecular and cellular composition of the regenerated neural interface suggests
that a multi-tiered mitigation approach utilizing our understanding of the FBR, histology,
and electrode functionality is necessary for long-term integration. What is likely needed is

a multiscale, multimodal approach to device-tissue integration for regenerative interfaces.
Here we describe chemical coatings, surface topography modification, and drug release
approaches that may one day be simultaneously employed to enable long-term PNIs.

5.2.1. Chemical Coatings—One novel mitigation strategy for improving the
biocompatibility of interfaces is through the modification of interfacial surface chemistries.
A variety of techniques have been employed including the direct adhesion of anti-
inflammatories such as dexamethasone,[174] anti-biofouling agents like PEGMA, [173]
conductive polymers such as polypyrole,[176] and drug eluting carbon nanotubes, 1771 and
hydrogels,[178:179] with the expectation that these coatings would assist in FBR mitigation.

While adhesion strategies for anti-inflammatories have shown a reduction in the FBR

at acute time points, extended release is necessary for chronic implantation. Conductive
polymers such as polypyrrole[17¢] or PEDOT,[18%] have been shown to increase the duration
of dexamethasone release for months, but these coatings can only be placed on the electrode
sites themselves, as the conductive coating will otherwise cause a shorted circuit; while non-
conductive polymers do not exhibit this issue, their deposition can greatly increase device
impedance.[178] Hydrogels have been shown to be capable of drug elution and even cytokine
capture, but in their hydrated form, these coatings are often hundreds of micrometers thick,
dramatically increasing the device footprint, ultimately displacing the tissue with which the
device is attempting to communicate.

Second-generation coatings employ multiple strategies to assist in this amelioration,
functionalized to manipulate conductivity, reactivity, device thickness, young’s modulus,
porosity and therapeutic release. Current strategies incorporate drug eluting carbon
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nanotubes and PEDOT coated electrodes, [181] drug-eluting nanofibers, encapsulated within
alginate with PEDOT electrode sites,[178] or extended release layer-by-layer directed drug
delivery only nanometers in thickness[82:183] with minimal impact on device performance.
[184] Sol—gel coatings also show great promise, exhibiting extended controlled releasel8°]
from thin-film (x2—4 pm) coatings.[186.187] As they are also capable of seeding with cells,
[188] and functionalization28%] without a negative impact on device performance.[185-187]

5.2.2. Surface Topology Modification—A novel approach is a breakthrough
discovery by Brennan and colleagues that cellular interaction, and resulting biofouling,

can be greatly mitigated by engineering microtopographic cues into surfaces. This
technology, which has been commercialized by a spin-out company (Sharklet®) to engineer
bacterialgrowth-impeding surfaces for hospitals, has also been shown to induce epithelial
cells (keratinocytes) to reform a dermis more rapidly on wounds.[19] The Sharklet®
microtopography was developed to demonstrate the ability to use the wettability of the

pattern as well as the physical topography to control (i.e., enhance or inhibit) bioadhesion.
[191,192]

5.2.3. Drug Release—With the exciting possibilities on the horizon concerning
synthetic coatings, great interest is also being given to both traditional anti-inflammatories
as well as more novel, biologically relevant therapeutics. Historically, FBR modulating
drugs associated with neural implants include cortical steroid dexamethasone and antibiotic/
antioxidant minocycline to foster a less inflamed/less reactive tissue interface. As previously
mentioned, these drugs have had limited success at acute time points but have failed

to mitigate inflammation at more chronic time points (mainly because of their limited
duration of release).l174.193] However, by implementing the coating strategies outlined
above, a variety of non-traditional macromolecules, such as nerve growth factor and other
neurotrophins can be released concurrently and independently. The very nature in which
coatings can be applied independently allows for selective coating paradigms capable of
programming individual electrodes or segments of the electrode array to recruit motor

but not sensory axons and vice versa, while still promoting nerve regeneration and the
amelioration of the FBR.

6. Conclusions

In this paper, we have reviewed state-of-the-art peripheral nerve interfaces, remaining
challenges in the field, and nerve regeneration approaches that are contributing to future
advances in PNI design. Among the many PNIs that have been designed to date, including
nerve cuffs, FINE, LIFE, TIME, and USEA, each design has its own unique set of
advantages and disadvantages. The ideal PNI design should be able to sense low amplitude
electrical signals, which can be facilitated through enhanced physical and electrical
connections. In addition, PNIs should exhibit consistent performance over long time periods,
requiring optimized PNI and tissue integration to minimize adverse foreign body response.

Recently, there has been increased interest in PNI designs where, instead of electrodes
being inserted directly into the nerve or wrapped around the nerve, the nerve is instead
transected and allowed to regenerate into the PNI. This approach should promote a
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better integration of the PNI electrodes with the host nerve tissue. Peripheral nerve tissue
engineering is similarly concerned with regenerating peripheral nerve. Therefore, peripheral
nerve regeneration strategies that incorporate native extracellular matrix components, natural
nerve microarchitectures, and that also replicate the mechanical properties of native nerves
are capable of improving PNI-tissue interfacing. We highlight several early attempts

of combining neural-interface engineering and tissue engineering, including our tissue-
engineered electronic nerve interface (TEENI) design.

However, even taking this approach, challenges remain such as the foreign body response
caused by the mechanical, topological, and chemical mismatch between the electrodes and
surrounding tissue. This challenge may be mitigated utilizing strategies such as chemical
coatings of electrodes, surface topology modification, or combining additional drug
releasing systems to the PNIs. Regardless of the challenges, there are many advantages to
utilizing a regenerative approach for developing PNIs and ultimately improving performance
for amputees.
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Figurel.
Recorded nerve signal as a function of electrode location around or inside a nerve

and electrode size. This diagram shows the relationship between electrode diameter and
location of the electrode relative to signal specificity. Single-unit signals are recorded from
small-sized electrodes (*10-100 um) inside the perineurium, representing action potentials
detected from individual axons, typically extracted by spike-sorting. Multiunit signals are
recorded from larger-sized (~#100-1000 pum) electrodes, either inside the perineurium or
outside the epineurium, representing activity derived from aggregate action-potential spikes
of multiple axons that are indistinguishable through spike sorting. Compound nerve action
potentials (CNAP) are detectable on the outside of the nerve for any electrode size or inside
the nerve for larger electrodes, representing cumulative electric potentials generated in the
nerve.
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Figure 2.
Traditional peripheral nerve interface (PNI) approaches. Several different strategies have

been used to interface with peripheral nerves, which can be broadly classified as non-
penetrating, penetrating, or regenerative electrodes. Non-penetrating electrodes: Nerve cuff.
Reproduced with permission.[26] Copyright 2017, Ardiem Medical. FINE: flat-interface
nerve electrode. Reproduced with permission.[27] Copyright 2013, IOP. Penetrating
electrodes: LIFE: longitudinal intrafascicular electrode. Reproduced with permission.

(28] Copyright 2007, IEEE. TIME: transverse intrafascicular multichannel electrode.
Reproduced with permission.[2%] Copyright 2011, Wiley. USEA: Utah slanted electrode
array. Reproduced with permission.[39] Copyright 2013, 10P. Regenerative electrodes: Sieve.
Reproduced with permission.[31] Copyright 2016, IEEE. Microchannel. Reproduced with
permission.[32] Copyright 2015, Elsevier. For a more complete depiction of PNI device
configurations, see Table Il in a comprehensive review by Kim and Romero-Ortega.[33]
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Figure 3.
Peripheral nerve regeneration. A) Natural regeneration in a hollow conduit undergoes 5

phases: 1) Fluid phase: fibrinogen and other blood proteins infiltrate the nerve gap and the
area become rich in protein and neurotropic factors. 2) Fibrin cable phase: fibrinogen in the
presence of thrombin forms fibrin, which creates a matrix bridging the distal and proximal
stumps. 3) Cell migration phase: Pro-regenerative Schwann cells infiltrate the gap and
secrete trophic factors and form bands of Biingner. 4) Axonal phase: Axons extend along
fibrin cables. 5) Myelination phase: Schwann cells re-myelinate axons. B) The role of each
extracellular matrix (ECM) component in regeneration. Following nerve transection injury,
glycosaminoglycans form a hydrogel network to support cell migration, while Schwann cells
attach to the ECM network. Next, fibronectin enhances Schwann cell migration into the
nerve. Finally, laminin regulates bands of Biingner formation and Schwann cell maturation,
which guides axonal regeneration.
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Tissue engineering approaches to peripheral nerve regeneration. Current approaches being
researched include A) Developing advanced microarchitecture such as (left to right) aligned
filaments,[%%1 porous sponges,[19% and micro-channels[101] in 3D scaffolds. B) Controlled
release of neural growth factors to enhance regeneration.[192]1 C) Embedding supportive
cells, such as Schwann cells[193] or stem cells within 3D scaffolds.[104105] D) Mimicking
natural extracellular matrix (ECM) of the peripheral nerves. To mimic the ECM, it is
possible either to combine the components of the ECM[106] or decellularize the natural
peripheral nerve tissue.[107] Combinations of above approaches are also being studied

to utilize the advantages of various techniques. Current FDA approved techniques and
approaches in the clinic include E) Autologous nerve grafts which are the current clinical
gold standard for peripheral nerve regeneration. F) Hollow conduits have been translated to
clinical product and approved by the FDA. Hollow conduits used in the clinic are composed
of either natural (e.g., collagen 1) or synthetic (e.g., polyglycolic acid) materials. These
products can be either biodegradable or nondegradable. G) Decellularized nerve allografts
(AxoGen, Inc.) were more recently approved for use in the clinic.
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Figureb5.
Tissue-engineered peripheral nerve scaffolds/conduits with aligned architectures. A)

Multichannel nerve guidance collagen conduits with 1, 4, and 7 channels, respectively.
Reproduced with permission.[101] Copyright 2010, Elsevier. B) Linear ordered collagen
scaffold fibers within a silicon tube. Reproduced with permission.[!12] Copyright 2011,
Elsevier. C) Collagen type | hydrogels with aligned collagen fibrils (top); designed

with six lateral indentations to anchor contracting collagen fibrils (bottom). Reproduced
with permission.[114] Copyright 2009, Elsevier. D) Templated hyaluronic acidbased
hydrogels with magnetically aligned microparticles before removal (top). Hydrogel with
microchannels following microparticle removal after alignment; channels are visualized by
backfilling with dextran-FITC fluorescent dye (bottom).
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Interaction of tissue-engineered peripheral nerve interface with axons. A) Combining the
fields of tissue engineering and neural interfacing will make it possible to develop PNI
approaches that can allow for better interactions between axons and electrodes by promoting
regeneration of axons into a scaffold that supports the electrodes, which are ideally spaced
throughout the entire volume of the device. This distributed configuration of the electrodes
will allow for improved interfacing of axons and electrodes and should improve channel
count and signal. B) Interactions of axons and electrodes at the cellular level are highly
dependent on spacing between nodes of Ranvier and electrodes. Natural ECM will result in

functional myelinated axons.
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Figure7.

Regenerative peripheral nerve interface approaches. With these designs, the nerve is
transected and the device is sutured to the nerve stump; tissue-engineered constructs aid
with regeneration into the device. The top images show actual images of the devices and
the bottom images are representative schematics of the interfaces. REMI: Regenerative
multielectrode interface. Reproduced with permission.[13¢] Copyright 2012, IEEE. RSE:
Regenerative scaffold electrode. Reproduced with permission.[139] Copyright 2013, IEEE.
TEENI: Tissue-engineered electronic nerve interface. Reproduced with permission.[140]
Copyright 2016, IEEE.
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Figure 8.
Histological characterization of various PNI devices. Cuff electrode: longitudinal section

through the proximal end of the cuff, showing the void left by the cuff, as well as the
encapsulation tissue, scale bar = 500 um. Reproduced with permission.[163] Copyright
2000, Wiley. FINE electrode: severe response after 28 days (methylene blue stain, 40x
magnification), arrows point to thin myelination of axons. Degenerating axons and myelin
debris are present (double arrows) as is abnormal clustering of axons (boxes); BV = Blood
vessel. Reproduced with permission.[37] Copyright 2003, Springer. LIFE electrode: a mild
scar response and a focal but chronic inflammatory reaction, which were limited to a
small area around the electrode placed in the nerve. Anti-choline acetyltransferase (ChAT)
labeling counterstained with hematoxylin (cell nuclei, blue) of a transverse section is
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shown. Arrowheads point to motor axons (ChAT+, brown), scale bar = 50 um. Reproduced
with permission.[28] Copyright 2007, IEEE. TIME electrode: implanted in sciatic nerve
(arrow points to the entrance of the electrode) cross-section shows mild fibrous tissue
surrounding the electrode (at higher magnification in the inset; arrowhead points to the
polyimide electrode, scale bar = 100 pm). Reproduced with permission.[165] Coypright 2011,
IEEE. USEA electrode: after long-term implantation cross-section labeled with MAC387
(green) and 111 tubulin (red) shows macrophages around the electrode tips and neuronal
processes outside of the normal fascicular structure, scale bar = 100 um. Reproduced

with permission.[166] Copyright 2014, Elsevier. REMI electrode: the foreign body response
immunolabeled with the macrophage label ED1. Macrophages present at explanted electrode
region. Asterisk (*) denotes electrode location within the tissue, scale bar; 80 um.
Reproduced with permission.[168] Copyright 2012, the authors. Sieve electrode: transverse
section of the sieve-electrode—nerve complex six months after implantation stained with
anti-CD11bantibodies. Magnification 390x; p: proximal nerve stump, d: distal neuroma.
Reproduced with permission.[*67] Copyright 2001, Elsevier. TEENI electrode: cellular
component (i.e., macrophages) associated with FBR in non-regenerative area surrounding
the TEENI device, scale bar = 50 pm. Reproduced with permission.[253] Copyright 2017
IEEE.
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