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Peripheral nerve injuries within the upper extremities can lead to impaired function and reduced quality
of life. Although autografts have traditionally served as the primary therapeutic approach to bridge nerve
gaps, these present challenges related to donor site morbidity. This review delves into the realm of
biomaterials tailored for addressing nerve gaps. Biomaterials, whether natural or synthetically derived,
offer the potential not only to act as scaffolds for nerve regeneration but also to be enhanced with growth
factors and agents that promote nerve recovery. The historical progression of these biomaterials as well
as their current applications, advantages, inherent challenges, and future impact in the arena of
regenerative medicine are discussed. By providing a comprehensive overview, we aim to shed light on
the transformative potential of biomaterials in peripheral nerve repair and the path toward refining their
efficacy in clinical settings.

Copyright © 2024, THE AUTHORS. Published by Elsevier Inc. on behalf of The American Society for Surgery of the Hand.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Historically, peripheral nerve gaps caused by trauma or disease
were addressed using autografts.! However, the use of nerve au-
tografts is associated with donor site morbidity, including numb-
ness and potential for neuropathic pain secondary to neuroma
formation.” Advances in material science and biomedical engi-
neering offer biomaterials as a promising alternative.

These substances, either derived from natural sources or syn-
thesized in laboratories, can be tailored to encourage nerve growth,
regeneration, and repair. Biomaterials not only provide a scaffold
for nerve regeneration but can also be imbued with growth factors
and other agents that stimulate and guide nerve recovery. This
review aims to comprehensively examine the emerging field of
biomaterials tailored for addressing nerve gaps in the upper ex-
tremities. We will focus on the evolution of these materials as well
as a critical appraisal of their efficacy, advantages, and challenges,
which will aid in forecasting their potential impact on future
medical interventions.
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Overview and Current Treatment Options for Peripheral Nerve
Gaps

Epidemiology and classification of peripheral nerve injury

Peripheral nerve injury (PNI) is more prevalent in young men
and is seen mostly in the upper extremities.! Trauma is the most
common cause.” PNI is estimated to affect 3% of patients
admitted to Level 1 trauma centers.>* Repetitive motion or
overuse can also result in nerve compression and injury. Certain
medical conditions, including diabetes, autoimmune disorders,
and infections, can lead to nerve dysfunction and damage over
time.” Seddon’s 1943 classification remains relevant today,
categorizing injuries into neurapraxia, axonotmesis, and neu-
rotmesis.® Sunderland later proposed a more detailed classifi-
cation in 1951, which divided peripheral nerve injuries into five
degrees based on severity, ranging from neurapraxia to
neurotmesis.’

Current treatment for peripheral nerve gaps

The focus in the treatment of peripheral nerve gaps is mini-
mizing tension and achieving a secure coaptation. Where tension
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on the nerve ends is a concern, nerve grafting should be considered
with autografts or allografts.%®

Acellular nerve allografts (ANA) are nonimmunogenic human
peripheral nerve tissues that undergo a chemical decellularization
process to effectively eliminate cellular debris and axon-growing
inhibitors, while preserving the inherent neuronal structure
required for nerve regeneration.”'° Advantages include availabil-
ity in various lengths, the lack of donor site complications, a lower
rate of host rejection, and no need for immunosuppressive ther-
apy.'"'? Animal trials have demonstrated encouraging nerve
regeneration capacity for ANAs.”'>

The initial reports from human clinical trials showed that ANAs
are associated with substantial functional recovery, with lower
extremity nerve injuries and nerve gaps exceeding 15 mm being
risk factors for unfavorable functional recovery.'*'> A few studies
have reported failures directly related to the acellular nerve grafts.
The most common cause of ANA-specific failure was postoperative
degradation or absorption, without signs of functional
improvement.'6~!

Autografts remain the gold standard for long nerve gaps. Cable
sural nerve autografts are the most used reconstructive modality
for reconstruction of proximal long nerve gaps.” Vascularized
nerve grafts provide another option for reconstruction of long
nerve gaps.’ Nerve transfer may be an option in some cases when
nearby healthy, redundant functioning nerves are available.?!
Nerve guidance conduits are another option currently used for
nerve gaps. Tubular structures made of various biomaterials serve
as a scaffold for nerve regeneration and also protect and guide
regenerating nerve fibers across the gap. These products are
designed to be wrapped around nerves after neurolysis or nerve
coaptation, providing a protective and biocompatible environment
that encourages axonal regrowth. Their biodegradable nature fa-
cilitates resorption, leaving behind a healed and functional nerve.

Some popular products in this category include small intestinal
submucosa wraps like AxoGuard (Axogen Inc., Alachua, FL).>> Other
products include collagen-based devices (NeuraGen®, Neura-
Wrap™).2®> The initial animal studies for NeuraGen showed
comparative results with direct nerve suturing and autografts.’42>

The efficacy of nerve conduits has been shown through studies
involving human subjects to assess the efficacy of collagen-based
devices.’® 2% The main limitation of collagen-based nerve con-
duits is the extended time required for degradation, which may
predispose to compression neuropathy.’® Incorporating stem cells
into nerve conduits was also found to be a safe option with
promising potential.>*!

Choice of Biomaterials
Synthetic materials

The evolution of synthetic materials, especially polymers, offers
new options for addressing nerve injuries and gaps. One of the
standout polymers in this domain is poly (lactic-co-glycolic acid)
(PLGA), which offers a plethora of advantages tailored to meet
therapeutic requirements. One of the chief strengths of PLGA and
similar synthetic materials is their customizable properties. This
ability allows design and modification of these polymers according
to the specific therapeutic needs of a case. For instance, the
degradation rates of these polymers can be controlled. By doing so,
they can create an optimal environment that is conducive to nerve
regeneration over a defined period, ensuring that the material
degrades at a pace that complements the nerve healing process.

This controlled degradation is pivotal because it prevents po-
tential complications that could arise from materials persisting
longer than necessary or breaking down too quickly, which could

be detrimental to the healing process. Another significant advan-
tage is the adaptability of these materials. The ability to mold and
shape PLGA to fit specific physiological requirements is paramount.
Different nerve injuries present varied topographical challenges,
and having a material that can be crafted to seamlessly integrate
into these diverse landscapes augments its clinical utility. This
flexibility eliminates the “one-size-fits-all” approach and brings
about a more personalized medical intervention strategy.

However, although these synthetic materials come with
numerous benefits, challenges remain. The integration of synthetic
materials with other emerging technologies, such as nanotech-
nology or bioactive agents, might potentiate their efficacy, paving
the way for groundbreaking medical solutions that could revolu-
tionize treatment for nerve injuries.

In the context of the article, tissue-engineered nerve grafts have
been identified as a promising solution for repairing long-distance
peripheral nerve defects.>> 3> The core element of tissue engi-
neering, biomaterials, is rapidly evolving, with synthetic materials
like PLGA offering superior plasticity compared to natural materi-
als.>3 Chitosan, a natural polymer, has been combined with PLGA
to create a balanced microenvironment conducive for nerve
regeneration.’%~#* The PLGA scaffolds, in particular, neutralize the
degradation rates of other polymers, ensuring an optimal envi-
ronment for nerve regeneration (Fig. 1).**~*° This combination of
natural and synthetic materials, along with the understanding of
the neural regeneration microenvironment, represents a significant
step toward innovative medical interventions for nerve injuries.

Natural materials

Natural materials, including substances like collagen and chi-
tosan, are renowned for their exceptional biocompatibility. Stem-
ming from organic sources, collagen and chitosan have been
rigorously researched and used given their high biocompatibility.
This biocompatibility leads to reduced foreign body reactions upon
implantation, diminishing inflammation, and potential side effects.
A salient feature of these materials is their intrinsic ability to pro-
mote cellular adhesion and growth.>®

Being components native to living organisms, they foster a
conducive environment for cell development and nerve regenera-
tion. Their organic origin ensures harmonious integration with host
tissues, reducing the chances of adverse reactions or rejection.
However, accompanying these advantages are certain challenges.
In scenarios demanding durability and resilience, these materials
may not meet the required standards of mechanical robustness and
structural consistency.’! The tunability of mechanical properties for
natural materials is poor, and they may be brittle and not hold
sutures well. Potential options include material refinement or
merging natural substrates with synthetic counterparts to achieve
the necessary robustness.

In a study by Spearman et al,’>> hyaluronic acid (HA), a key
component of the neural extracellular matrix that supports neural
cell function and modulates inflammatory responses, emerged as a
promising scaffold for tissue regeneration because of its modifiable
mechanical traits and controllable degradation.”? Notably, two HA
methacrylation techniques, glycidyl methacrylated HA (GMHA) and
methacrylic anhydride HA (MAHA), were examined, showcasing
their capability to mimic the mechanical attributes of a range of rat-
derived tissues. For neural tissue engineering, these hydrogels,
when combined with proteins and either GMHA or MAHA, align
well with the mechanical characteristics of the rat sciatic nerve,
promoting axonal growth.

Such advancements in HA-based scaffolds hint at potential
clinical applications, especially in nerve conduits or other nerve-
related scaffolds, which can serve as bridge solutions for nerve
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Figure 1. Schematics of tissue-engineered nerve grafts with chitosan nerve conduits and different amounts of PLGA in scaffolds. A Chitosan nerve conduit. B Chitosan nerve conduit
with one PLGA scaffold. C Chitosan nerve conduit with two PLGA scaffolds. D Chitosan nerve conduit with three PLGA scaffolds. E PLGA scaffold zoomed in.

injury or resection. Methacrylated HA stands out as a versatile
platform for soft tissue engineering. However, certain limitations
have been identified, particularly with GMHA’s degradation and
cell adhesion properties. Addressing these challenges, a strategy
that combines HA with fibrinogen was developed, enhancing both
cell adhesion and hydrogel degradation properties.”® Preliminary
results show promise for this modified approach, though in-depth
in vivo assessments are yet to be conducted. As with naturally
derived materials, although their inherent properties encourage
cell growth and minimize rejection risks, they can occasionally lack
in providing the required durability, suggesting the need for ma-
terial enhancement or integration with synthetic substrates.

VersaWrap (Alafair Biosciences, Austin, TX) is a commercially
available HA-based scaffold that can be used as a nerve wrap
(Fig. 2). As research progresses, we can expect to see hybrid ma-
terials, combinations of natural and synthetic materials, that merge
the best of both worlds.”* An example could include leveraging the
biocompatibility of natural materials like collagen and chitosan
while bolstering their mechanical strength through synthetic
augmentation. This evolution could redefine the paradigm of
medical interventions, presenting more effective, efficient, and
patient-friendly solutions.

Conductive polymers

Conductive polymers offer a potential groundbreaking approach
to nerve gap repair. Incorporating elements that foster nerve
growth through electrical conductivity, these polymers have ush-
ered in a new era of innovative solutions in the field.>> Using
polymers like polypyrrole and polyaniline, researchers have
endeavored to create environments conducive to cell proliferation
and neurite extension, thereby offering hope in the nerve gap
repair landscape.”® Nonetheless, concerns linger, including the
long-term stability and potential cytotoxicity associated with these
polymers, highlighting a need for further research to ensure their
safe and effective deployment in clinical settings.’®

A recent study sheds light on the challenges faced by diabetic
patients in peripheral nerve repair.’’ Although autologous nerve
transplantation remains the gold standard for PNI repair, it has its
limitations, such as size mismatch and limited donor sources.?®

Hydrogels have potential as nerve conduits given their ability to
mimic the extracellular matrix and load stem cells.”>%° However,
traditional hydrogels lack topographical cues for directional align-
ment, which is crucial for nerve repair’' To address this, a
graphene-based conduit can be used, leveraging the unique prop-
erties of graphene for tissue engineering.%? This conduit combines
the toughness of natural silk with the bioactivity of gelatin meth-
acryloyl, forming a double network hydrogel loaded with the
growth factor Netrin-1.°® This design ensures rapid setting, me-
chanical support, biocompatibility, and sustained growth factor
delivery. The inclusion of graphene not only enhances the conduit’s
mechanical properties but also fosters cell proliferation.®®

Soluble Factors

Soluble factors, including growth factors, hold a cardinal posi-
tion in the endeavor for nerve gap repair. According to Daly et al,®*
soluble factors dictate cellular behaviors integral for nerve regen-
eration, forming a fundamental part of the biomaterial strategies in
the nerve repair landscape. Growth factors, such as nerve growth
factor and brain-derived neurotrophic factor, have regenerative
capacities, fostering an environment conducive to nerve growth.’®
Advances in delivery systems enabling controlled release of these
growth factors have been highlighted as a cornerstone in modern
nerve repair strategies.®

In the context of the evolution of materials used, seeding
decellularized nerve allografts with adipose-derived mesenchymal
stromal cells (MSCs) offers a promising avenue. Processed nerve
allografts, when combined with the trophic functions of MSCs,
particularly those from adipose tissue, have shown potential in
stimulating nerve regeneration. These MSCs secrete a plethora of
growth factors, including vascular endothelial growth factor, nerve
growth factor, and brain-derived neurotrophic factor, which are
pivotal for nerve repair (Fig. 3). The interaction between MSCs and
the decellularized nerve allografts not only augments the mRNA
and protein expression of these growth factors but also provides a
conducive microenvironment for nerve regeneration.’® The intri-
cate balance of spatial and temporal distribution requires meticu-
lous planning to avert unwanted proliferative responses.®’
Furthermore, although the combination of a patient’s own
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Figure 2. VersaWrap application. AVersaWrap applied as a nerve wrap in a patient undergoing surgery for recurrent carpal tunnel syndrome. B VersaWrap applied in a patient with

recurrent cubital tunnel syndrome.

Extracted peripheral nerve

MSCs

Allograft Peripheral Nerve
loaded with MSCs

Figure 3. Allograft loaded with mesenchymal stromal cells. Steps of the process are shown. A Peripheral nerve extracted. B Decellularized extracted peripheral nerve creating the
allograft, preserving microarchitecture and biochemical cues. C MSCs are grown inside a flask. D Allograft loaded with MSCs.

adipose-derived stem cells with processed nerve allografts pre-
sents an attractive individualized peripheral nerve repair strategy,
the actual mechanisms underlying the neurotrophic potential of
MSCs remain elusive. By harnessing the natural capabilities of MSCs
and the structural benefits of allografts, this combined approach
might pave the way for more effective, economical, and accessible
treatments for nerve injuries.

Mechanical and Structural Design Considerations

Advances such as multi-channel conduits and three-
dimensional printed anatomical pathways present promising ave-
nues in guiding nerve growth more effectively.°® These conduits,
through a representation of a semblance to the natural environ-
ment, offer a pathway to foster nerve regeneration and functional
recovery. However, these technologies, despite their prospective
benefits, confront substantial barriers, including design intricacies
and reproducibility issues, which hinder their large-scale adoption
in the clinical landscape.®®

The endeavor to mirror the natural physiological environment
while maintaining mechanical stability remains a pertinent
research area, urging a deeper exploration into innovative design
approaches that balance both aspects to foster a successful nerve
regeneration pathway. One compelling technology, magnetic tem-
plating developed by the Rinaldi lab at the University of Florida,
relies on the incorporation of microarchitecture within hydrogels.”®
This study aimed to engineer a hydrogel scaffold embedded with
porous microchannels that emulate intricate tissue microstructures
with the intent to direct cell growth in a scalable and cost-efficient
manner for tissue restoration.

In this approach, termed magnetic templating, magnetic algi-
nate microparticles (MAMs) are interspersed within a hydrogel
precursor (Fig. 4). They are then oriented using a magnetic field and
eventually degraded post-hydrogel crosslinking, resulting in a
precisely aligned porous structure.’”® A systematic protocol,
leveraging microfluidics, was formulated to produce consistent
MAMs, optimizing the replicability and adjustability of the tem-
plated microdesign.”’ Iron content analysis revealed the
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Magnetic Templating

®

Pre-Cursor Gel mixed with
magnetic alginate
microparticles (MAMs)
solution.

Pre-cursor gel with
MAMs injected into
mold.

©

\§

s

Magnetic field applied
aligning MAMs.

—_—

© ®

MAMSs removed using
(Ethylenediaminetetraacetic
acid) EDTA. Mold removed.

UV crosslinking
locking MAMs in
place.

Figure 4. Magnetic templating protocol. A Precursor gel is mixed with MAMs solution. B Precursor gel mixed with MAM s is injected into mold. C External magnetic field is applied
to gel containing MAMs, aligning them parallel to the magnetic field. D Gel containing MAMs is crosslinked, locking aligned MAMs into place. E MAMs are removed using EDTA,
forming a templated gel. EDTA, ethylenediaminetetraacetic acid; MAM, magnetic alginate microparticle.

technique’s capacity to regulate the magnetic iron oxide concen-
tration within the MAMs. Both Brownian dynamic simulations and
nanocomputed tomography corroborated the alignment between
the projected and observed areal densities of the MAM chains,
attesting to the method’s precision in generating aligned
microchannels.”®

Mechanical evaluations, encompassing oscillatory rheology
and stress relaxation tests, have shown that magnetically tem-
plated microchannels markedly affect the overarching attributes
of the hydrogel. In vitro experiments incorporating the cultiva-
tion of rat Schwann cells on these patterned hydrogels represent
potential applications in peripheral nerve gap repair. The out-
comes showcased the hydrogels’ capability to direct cell growth
along the channels.”® This research underscores the promise in
crafting microstructured biomaterials using the magnetic tem-
plating technique, exhibiting versatility for diverse tissue resto-
ration endeavors. Nonetheless, advancements in channel length
and density are requisite to effectively stimulate peripheral nerve
regrowth.”®

Electrical Stimulation

It has been demonstrated that electrical stimulation can
enhance nerve regeneration, improve functional recovery, and
modulate neural plasticity.”"’?> Furthermore, the application of
electrical stimulation has been shown to be effective in reducing
muscle atrophy, promoting sensory and motor axon regeneration,
and improving the reinnervation process.”>’* In their work,
Brushart et al’> explored how electrical stimulation contributes to
motoneuron regeneration. The study found that although stimu-
lation promotes regeneration, it does not necessarily increase its
speed or condition the neuron, providing valuable insights into the
nuanced impacts of electrical stimulation on nerve regeneration.””
Geremia et al’”* conducted a study highlighting the beneficial ef-
fects of electrical stimulation in promoting sensory neuron regen-
eration and the expression of growth-associated genes,
underscoring its significance in peripheral nerve repair. In light of
this, the development and application of advanced devices like the

Magnetically Aligned Regenerative Tissue-Engineered Electronic
Nerve Interface (MARTEENI) hold great promise.””

The MARTEENI device (Fig. 5), which consists of a flexible and
scalable regenerative peripheral nerve interface within a
microchannel-embedded hydrogel (GMHA-collagen), has shown
significant results in in vivo studies involving Lewis rats.”> The
device has demonstrated potential in channel-isolated activity and
electrophysiology and fostered the formation of minifascicles by
regenerating axons within the templated hydrogel. These prom-
ising findings suggest that combining such innovative devices with
electrical stimulation strategies can potentially optimize thera-
peutic outcomes for peripheral nerve repair and regeneration.
Although advancements in hydrogel chemistry have been notable,
it was observed that residue GMHA potentially blocked regenera-
tion sites. Additionally, foreign body encapsulation was evident
around electrode sites. Nonetheless, the integration of electrical
stimulation with cutting-edge technologies such as MARTEENI in
peripheral nerve repair strategies holds significant promise.

Clinical Translation and Recent Advances

Nonresorbable devices consist of a polyvinyl alcohol backbone
with Salubria™ hydrogel, a nondegradable biomaterial containing
a similar water proportion to human tissue, which was first
described by Ku et al.>? However, there is very little clinical evi-
dence on its utilization.

The potential of nerve conduits infused with stem cells has been
explored and found to be a safe option.>®>! Allogenic Schwann cell
transplantation has been introduced as an alternative option for
axonal growth for long gap nerve repair. Its efficacy for enhanced
nerve regeneration has been proven in animal models.”®””

Furthermore, nerve implants embedded with stem cell and
growth factors represent a novel and highly promising alternative.
Although its use has not been tested in humans, an in vivo study by
Wang et al’® showed promising regenerative capacity of nerve
implants seeded with umbilical cord-derived stem cells and
dihydroxyphenylalanine-insulin-like growth factor 1. Artificial
nerve conduits represent other emerging options that have been
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Figure 5. MARTEENI device. A Nonfunctional MARTEENI device with a triple stack electrode thread forming a three-dimensional microelectrode cloud embedded in a templated 10
mg/mL GMHA and 3 mg/mL Collagen with AxoGuard®. B MARTEENI Device implanted within an ~250 g female Lewis rat using the sciatic nerve transection model.

studied widely recently. The main issue with artificial nerve con-
duits is the need for an extracellular matrix-like matrix required for
nerve regeneration. Ikegami et al’® showed that in vivo application
of heparin/growth factor to an artificial nerve conduit can be
accompanied with sustained stability and improved axonal
regeneration.

Conclusion

In conclusion, the landscape of PNI repair has witnessed sig-
nificant advancements, with the introduction of diverse innovative
technologies and methodologies. Magnetic templating is an
example of one such innovation, leveraging microarchitecture
within hydrogels to improve nerve regeneration by mimicking
complex tissue microarchitecture, presenting a scalable and cost-
effective approach to tissue repair. Moreover, devices like MAR-
TEENI, combining magnetic alignment with regenerative periph-
eral nerve interface technology, showcase the potential of
integrating mechanical design with electrical stimulation to opti-
mize therapeutic outcomes. These technologies, along with growth
factor integration, advanced mechanical design, various grafting
materials, and electrical stimulation, contribute to a broadened and
enriched therapeutic repertoire for PNI. However, challenges such
as economic barriers, design complexities, reproducibility issues,
and clinical translation still loom, highlighting the need for
continued exploration, innovation, and refinement. The progres-
sion in this field is promising, fostering hope for the development of
more effective, scalable, and cost-efficient solutions for individuals
afflicted with peripheral nerve gaps.
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