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a b s t r a c t 

Commercial nerve guidance conduits (NGCs) for repair of peripheral nerve discontinuities are of little 

use in gaps larger than 30 mm, and for smaller gaps they often fail to compete with the autografts that 

they are designed to replace. While recent research to develop new technologies for use in NGCs has 

produced many advanced designs with seemingly positive functional outcomes in animal models, these 

advances have not been translated into viable clinical products. While there have been many detailed 

reviews of the technologies available for creating NGCs, none of these have focussed on the requirements 

of the commercialisation process which are vital to ensure the translation of a technology from bench 

to clinic. Consideration of the factors essential for commercial viability, including regulatory clearance, 

reimbursement processes, manufacturability and scale up, and quality management early in the design 

process is vital in giving new technologies the best chance at achieving real-world impact. Here we have 

attempted to summarise the major components to consider during the development of emerging NGC 

technologies as a guide for those looking to develop new technology in this domain. We also examine 

a selection of the latest academic developments from the viewpoint of clinical translation, and discuss 

areas where we believe further work would be most likely to bring new NGC technologies to the clinic. 

Statement of significance 

NGCs for peripheral nerve repairs represent an adaptable foundation with potential to incorporate modifi- 

cations to improve nerve regeneration outcomes. In this review we outline the regulatory processes that 

functionally distinct NGCs may need to address and explore new modifications and the complications 

that may need to be addressed during the translation process from bench to clinic. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Peripheral nerves function as conduits for signals between the 

ody and the spinal cord (central nervous system, CNS), originating 

rom either the brain stem or spinal cord and travelling to organs 

here they innervate target tissue and transmit a signal. Compared 

o the CNS, the peripheral nervous system (PNS) is more suscep- 

ible to damage as it lacks protection from the skull and verte- 
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ral column, and also because it extends to the extremities of the 

ody, which experience greater mechanical and physical stresses. 

ecovery of patients from peripheral nerve injury (PNI) typically 

epends on the severity of the injury and the region of nerves in- 

olved. 

Physical trauma to the PNS can lead to compression and 

tretching of the nerves and in more serious cases, nerve transec- 

ion injuries [1] . When these nerves are disrupted, sufferers are 

eft with autonomic, motor, and sensory loss. While the PNS re- 

ains some capacity for regeneration, recovery outcomes tend to be 

oor without surgical intervention, particularly as the size of the 

ap increases [2–4] . Furthermore, delayed repair has been linked 

https://doi.org/10.1016/j.actbio.2021.08.052
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2021.08.052&domain=pdf
mailto:Neil.Cameron@monash.edu
https://doi.org/10.1016/j.actbio.2021.08.052


B.J. Parker, D.I. Rhodes, C.M. O’Brien et al. Acta Biomaterialia 135 (2021) 64–86 

t

o

i

p

l

c

t

p

[

r

c

n

m

f

a

v

N

g

h

p

t

t

i

t

i

c

i

m

t

s

t

c

d

t

c

w

m

b

t

o

i

i

c

v

a

t

u

j

r

m

i

2

s

i

t

c

c  

o

n

(

t

l

o

t

t

w

t

i

I

t

a

t

t

t

g

[

2

g

W

v

v

d

f

t

m

b

t

g

a

v

l

t

g

v

f

g

o

n

h

l

t

r

r

t

t

p

g

r

i

g

(

[

c

c

n

3

b

o increased risk of poor recovery, particularly with increasing size 

f the disrupted segment [5] . This often leaves life-long disabil- 

ties [6–8] . Injuries due to trauma are predominately in the up- 

er extremities (arms and hands) compared to the lower (feet and 

egs) [9,10] . Based on the United States of America (USA) medical 

laim codes and admissions rates for nerve repair and protection 

he number of repair procedures annually average over 550,0 0 0 

rocedures and projected to increase alongside population growth 

11] . 

Currently, autografts remain the gold standard of treatment for 

epair of transection injuries, which have the worst treatment out- 

omes and greatest impact on quality of life. Autografts have sig- 

ificant disadvantages including donor site morbidity, nerve mis- 

atch and additional surgical costs (see Section 2.1.1), and there- 

ore alternative treatments such as nerve guidance conduits (NGCs) 

nd more recently decellularised human allografts have been de- 

eloped in an attempt to address this. Since their first introduction 

GCs, eg. Fastube (K850785; 510k) and Neurotube (K983007), have 

one through several iterations to the current standard of device, 

owever they still require significant development to achieve com- 

arable recovery to autografts [12] . 

Treatments for PNI include surgical procedures, regenerative 

reatments, pharmaceuticals, neurostimulation and neuromodula- 

ion devices, rehabilitative therapies, and more [13–17] . Reviews 

nto these therapies highlight that it is likely that some combina- 

ion of all the emerging regenerative approaches will lead to an 

mproved peripheral nerve repair after traumatic injury. However, 

omplex regulatory clearance pathways and a present lack of clin- 

cal evidence for combination devices and therapeutics currently 

ake them higher risk and therefore set a high barrier to indus- 

ry adoption. Furthermore, as the healthcare industry is constantly 

eeking to control costs, for industry adoption, these emerging 

echnologies ideally need to be cost effective or offer superior out- 

omes that have been demonstrated through clinical trials. 

While this review is not a substitute for expert regulatory and 

evelopment advice, this review aims to explore factors impor- 

ant to development of an NGC technology that is suitable for 

ommercialisation. The review primarily focusses on the path- 

ay for devices released in the USA, as this is often the first 

ajor market under a single regulatory body that is targeted 

y companies developing NGCs. The Food and Drug Administra- 

ion (FDA) provides an easily accessible, comprehensive database 

f cleared devices for referral, for example for use in the pred- 

cate pathway, and comprehensive guidance documents useful 

n developing a product through to approval. Whilst more fo- 

ussed on the FDA, many of the aspects covered in this re- 

iew are equally applicable to other regulatory agencies and 

re important areas for de-risking technologies and increasing 

heir likelihood of commercialisation. These factors include an 

nderstanding of the biological processes following nerve in- 

ury, manufacturing and data required to progress NGCs through 

egulatory pathways, how they are validated, and potentially 

odifications to improve repair outcomes for transection nerve 

njuries. 

. Peripheral nerve structure, composition, and injury 

Peripheral nerves are complex tissues that exhibit a hierarchical 

tructure comprised of three distinct layers: an epineurium, per- 

neurium, and endoneurium ( Fig. 1 ) [18–20] . The endoneurium is 

he innermost layer and surrounds individual nerves and Schwann 

ells. The perineurium surrounds bundles of nerves to form a fas- 

icular unit acting as a protective barrier for axons ( Fig. 1 A). The

utermost layer is the epineurium, which is a dense layer of con- 

ective tissue that surrounds multiple fascicles and microvessels 

arterial, venous, and lymphatic), providing additional support to 
65 
he multilayer structure. The major components of the extra cellu- 

ar matrix (ECM) of peripheral nerves consists of protein structures 

f collagen, laminin, and fibronectin. These proteins form fibrous 

ubular structures providing support for nerve guidance towards 

he target tissue ( Fig. 1 B) [18–20] . 

PNI covers a range of injuries following traumatic injury 

hich depend on the type (laceration, compression, etc. ) and in- 

ensity (chronic/acute, minor/major, etc. ) of trauma and sever- 

ty of injury (see Seddon or Sunderland classifications) [6,7,21] . 

n the most severe PNI, neurotmesis, complete transection of 

he nerve occurs where both axons and connective tissue sep- 

rating the nerve into two segments, a proximal portion con- 

aining the cell body soma, and distal portion which contains 

he axon terminal. The larger the transection, the less effec- 

ively the nerve repairs itself. Typically, transection requires sur- 

ical intervention and addition of materials to enable repair 

22,23] . 

.1. Peripheral nerve regeneration 

Following injury, the separated distal segment begins to de- 

enerate and initiates a cascade of signalling events resulting in 

allerian degeneration, which begins to create a suitable microen- 

ironment for spontaneous regeneration [24,25] . Briefly, this in- 

olves the recruitment of macrophages by Schwann cells to clear 

amaged tissue and myelin sheaths, which prepares the region 

or regeneration, followed by the degradation of the severed dis- 

al stump [26] . Firstly, a fibrin cable forms between the two seg- 

ents within the first week of repair [27,28] . Schwann cells then 

egin to proliferate and de-differentiate, into a regenerative pheno- 

ype, along the remaining endoneurial tubes, shifting into an elon- 

ated morphology and aligning into columns (bands of Büngner) 

long the existing fibrin cable [29,30] . These regular bands pro- 

ide physical cues for the regenerating nerve due to the upregu- 

ation of adhesion molecules, and secrete neurotrophic chemotac- 

ic factors needed for nerve survival and growth, such as nerve 

rowth factor [31] . The nerve will then begin to retrace its pre- 

ious path from the proximal segment following the path outlaid 

or it towards the tissue to innervate [31,32] . After the axons be- 

in to sprout, the last phase of recovery is myelination, which is 

bserved around 4 weeks into recovery [27] . Throughout neuroge- 

esis, axons that travel in undesired directions are often pruned 

owever, this is often incomplete and aberrant neurogenesis can 

ead to the formation of neuromas, bundles of neurite extensions, 

hat can cause life-long pain and discomfort [33] . To achieve full 

ecovery the nerve must undergo all the above processes, Walle- 

ian degeneration, axonal regeneration, and end-organ reinnerva- 

ion; failure of any of these stages can contribute to impaired func- 

ional recovery. 

Peripheral nerves regenerate at a rate of approximately 1 mm 

er day [34] . However, the fibrin cable that spans the transected 

ap begins to degrade immediately and is fully degraded within 

oughly 2–4 weeks in humans [28,35] . For this reason, the crit- 

cal gap size in humans is approximately 30 - 50 mm; critical 

ap size is defined as the gap for peripheral nerve regeneration 

PNR) which no recovery will be achieved without intervention 

36] . Whilst spontaneous recovery is possible the likelihood of suc- 

essful recovery is reduced with both time and distance. In this 

ase, surgeons will operate and replace the missing segment of 

erve with some type of bridging material. 

. Peripheral nerve repair interventions 

The standard approach is to attempt to ‘bridge the gap’ either 

y performing neurorrhaphy, (directly suturing the two ends of the 
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Fig. 1. Structure and repair of peripheral nerves. SEM images of freeze-dried human acellular nerve allograft highlighting the hierarchical structure of peripheral neurons at 

a magnification of (A) 100X and (B) 1500X. Modified from Zhu et al. [18] Image reproduced under Creative Commons Attribution License. Examples of epineurium (purple) 

and perineurium (yellow), and fascicles, can be observed in cross sections of the freeze-dried nerve (A). (B) Shows a magnified image of individual endoneurial tubes within 

a single fascicule. (C) Nerve guidance conduit repair of peripheral nerve transection injuries via graft tubulisation: Following transection injury the distal segment of the 

nerve undergoes Wallerian degeneration to prepare the injure site for regeneration mechanisms. Surgical repair of the gap via graft tubulisation then assists directional 

regeneration from the proximal nerve end ideally achieving long-term repair and degradation or remodelling of the graft (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.). 
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amaged nerve together) or using a material (autograft, decellular- 

zed matrix or otherwise, Fig. 1 C) to span the space. To elucidate 

he most advantageous uses of NGCs, it is important to also under- 

tand the advantages and disadvantages of alternative treatments. 

Direct suturing is the simplest and cheapest treatment available 

or peripheral nerve repair but is only applicable where minimal 

ension will be applied across the nerve [37,38] . This involves ap- 

roximating the nerve ending margins with sutures and attempt- 

ng to match the fascicle locations. Generally, suturing is selected 

s a primary intervention when the transected gap length is less 

han 10 mm [11] . In some cases, a wrap or NGC will be used as

 secondary treatment; generally, in this review we will focus on 

GCs that are intended for use as the primary intervention. 

In cases where the nerve endings cannot be directly sutured 

ogether, alternative solutions are available. The ideal material to 

epair the damaged segment would be an exact replica of the in- 

act nerve, however due to the complexity of the nerve, patient 

ndividuality with size of components and different cell types, and 

he timelines involved in effective treatment, a human peripheral 

erve cannot yet be replicated through tissue engineering effort s. 

his is where surgeons will often look to use an autograft, allograft, 

r nerve guidance conduit (NGC) device. 
66 
.1. Nerve transplants 

.1.1. Autograft 

Autografts (and allografts, next section) are natural sources of 

issue that will have similar properties to the damaged tissue. Au- 

ografts are segments of tissue from the patient themselves that 

re surgically removed from another site and implanted in the in- 

ury site to bridge the gap of damaged tissue. These tissues are 

self’ and will not undergo a foreign body response. Nerve auto- 

rafts provide the ideal tissue replacement as they reflect the na- 

ive tissue chemically, biologically, and structurally. Typically, to 

reat a PNI, segments of the sural nerve are used [39–41] . Seg- 

ents of other nerves have also been assessed for similar in- 

uries and in addition to the issues associated with autografts, can 

lso exhibit issues of collapsing, kinking, donor site morbidity, en- 

oneurial and fascicular tube mismatch, and lack of neurotrophic 

actors [39,42,43] . When repairing a nerve, better regeneration and 

unctional recovery has been observed when a similar nerve type 

s used to repair the nerve, such as using a donor motor neuron 

o repair a damaged motor neuron [44,45] . In clinical settings of 

arge gap repair nerve autografts remain the preferred treatment 

n peripheral nerve repair [11] . 
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Non-neuronal autografts have also been assessed where short 

egments of blood vessels or blood vessels with muscle tissue 

muscle in vein grafts) are used in place of the nerve gap [46–

0] . Whilst they are a source of autologous tissue which do not 

esult in sensory/mobility morbidities due to nerve tissue collec- 

ion, nerve autografts continue to outperform them in nerve re- 

airs. Some clinical studies have reported positive outcomes com- 

ared to alternative repair techniques, however there is a lack of 

re-clinical and clinical data to support widespread implementa- 

ion [51,52] . 

.1.2. Allograft 

Whilst preferred against sacrificing a motor nerve, sacrificing a 

ensory nerve is clearly not ideal either. Other alternatives have 

een proposed and investigated such as nerve allografts, which 

re tissue grafts isolated from cadavers, and theoretically have the 

dvantage of matching the size and neuron type (motor/sensory) 

pecificity to the recipient [53–56] . Nerve allografts contain the en- 

oneurial microstructures required to facilitate nerve regeneration, 

re a potential source of viable Schwann cells, and have shown 

omparable recovery to nerve autografts [56] . However, the key 

ajor drawback for their implementation is the lifelong prescrip- 

ion of immunosuppressants that predisposes recipients to a num- 

er of adverse side effects [56,57] . 

To reduce allograft immunogenicity, decellularization can be 

erformed to remove cellular components, but due to the removal 

f Schwann cells, they have been limited to shorter gap lengths so 

ar [54,58,59] . In clinical studies the Avance nerve graft, a decel- 

ularized, pre-degenerated, sterilized human nerve allograft, shows 

avourable regenerative results comparable to FDA cleared NGCs for 

ap sizes ranging from 5–50 mm [60,61] . Recently, a large multi- 

entre study examined repair lengths from 3–70 mm using the 

vance allograft compared to historical results from autograft or 

ollow conduits treatment [62] . Safa et al. observed meaningful re- 

overy, as assessed by the Mackinnon-Dellon Modification of the 

edical Research Council Classification (MRCC) sensory and mo- 

or scales [63] , in 91% of repairs below 15 mm and 69% of repairs

etween 50–70 mm, with no reported adverse events. Further im- 

rovement of these devices could be achieved by seeding acellular 

llograft material with autologous Schwann cells (see Section 5.3.3 ) 

53] . 

Non-neuronal allografts have also been assessed as potential 

onduit devices in peripheral nerve repair [64–66] . However, these 

lso do not perform as well as a nerve autograft and have limited 

linical data to draw from [65] . 

.1.3. Xenograft 

An alternative to human sourced grafts is to utilize segments 

f animal nerves through xenografts. The advantage of xenografts 

s that they have greater availability and reduced cost when com- 

ared human allografts, however currently there are no approved 

on-human nerve tissues for implantation into humans for periph- 

ral nerve repair [67] . Xenogeneic materials have been used widely 

n NGCs (see Table 1 and Section 5 ). 

.2. Nerve guidance conduits 

Nerve guidance conduits (NGCs) are an alternative to grafted 

issue and can be produced from biological materials, synthetic 

aterials, or a combination of both; these are typically formed 

nto a shape of a hollow tube. The first attempt at using a hol- 

ow cylinder to repair was reported in 1881, where a hollow 

one was used to bridge a gap in a dog model [12] . In the last

0 or so years the hollow NGC models have transitioned from 

ilicone-based materials to more biologically active and compat- 

ble materials [12] . Ultimately, these early generation materials 
67 
chieved some nerve regeneration in short gap segments, but were 

on-degradable and required secondary surgery for their removal 

68] . 

NGCs function by retaining diffusion of growth factors and 

hemoattractants that help direct nerve regeneration through 

iffusion gradients towards the distal segment, provide protec- 

ion to the nerve, and impede infiltration of fibrous scar tis- 

ue during recovery. NGCs are most commonly used when the 

ransected nerve gap is less than 10 mm, as the hollow con- 

uit NGC design is limited in longer gap repairs where there 

re poorer outcomes [11,69] . Key features for NGCs have been 

dentified to improve NGC performance [17,35,70] : these in- 

lude support of axonal regeneration and glial cell prolifera- 

ion and migration; matching mechanical properties with the 

ncapsulated tissue; being produced from a biodegradable and 

iocompatible material that allow tissue integration after com- 

lete regeneration; and minimising nerve compression during 

ecovery. 

.2.1. FDA-cleared neve guidance conduits 

Currently, there are a range of potential designs for NGC man- 

facture, however commercially only a select few have received 

DA clearance as NGCs [17] (summarised in Table 1 ). The current 

DA-cleared conduits are largely produced from purified bovine 

ollagen, but also include NGCs manufactured from porcine colla- 

en, and xenografts of porcine small intestine. Synthetic polymers 

hat have been cleared for use as components in NGCs include 

ommon, well characterized, biomaterial polymers produced from 

olyglycolic acid, poly(D,L-lactide-co- ε-caprolactone), or polyvinyl 

lcohol. 

A current list of approved NGCs can be found under the FDA 

10(k) code ’JXI’ for nerve cuffs as class II implantable devices 

67] . These devices are either intended to be used to bridge a gap, 

n some cases up to 30 mm, or used as a protective wrap that 

revents scar tissue and neuroma formation. A survey of nerve 

epair surgeons for transected extremity peripheral nerve repair 

onducted by Brattain found that these devices were used within 

erve gap ranges of 5–15 mm [11] . Brattain also determined that 

s primary interventions of the available treatments, NGCs were 

tilized 27.7% of the time for gaps below 8.9 mm, 21.1% of the 

ime between 8.9 mm and 20 mm but were not implemented as 

rimary interventions beyond 20 mm. Predominately for large gap 

epair, surgeons will utilize autografts (78.9%) and processed allo- 

rafts (21.1%). Kaplan et al. also criticized the overwhelming lack of 

linical evidence for approaches beyond 50 mm and the need for 

ore complex methods beyond the simplicity of the current FDA- 

leared NGCs [71] . 

A systematic review conducted by Braga Silva et al. re- 

orted that functional recovery rates for NGCs were above 80% 

or gaps below 10 mm, but synthetic NGCs had complications 

hat discouraged use [72] . These complications are largely at- 

ributable to incomplete reinnervation from axonal dispersion 

nd innervation of diverse target tissue from the same neuron 

73] . 

The key advantages of a NGC over the alternative therapies 

nclude the lack of donor site morbidity or requirement for im- 

unosuppressant therapy, with potential for ‘off-the-shelf’ sup- 

ly. Their current poor performance can potentially be improved 

hrough advancing technology. Promising results from early-stage 

tudies show that NGCs may be capable of inducing regeneration 

n larger gaps, even beyond 30 mm [74–78] . The NGC designs 

escribed in these studies are not without their own challenges 

nd are likely to require significant capital, clinical evaluation, 

nd experimental development before they are suitable for human 

se. 
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Table 1 

FDA Cleared Nerve Guidance Conduits and Nerve Cuffs under the product code ‘JXI’. Modified from the 510(k) FDA database in order of date approved [67] . 

Product name Material 510(k) Number 

Sterilization 

Method Structure Intended repair length Company 

VersaWrap Nerve 

Protector 

Calcium alginate 

and hyaluronic 

acid hydrogel 

K201631 Electron Beam Resorbable, flexible, 

thin sheet 

“no substantial loss of 

nerve tissue”

Alafair Biosciences, 

Austin, TX, USA 

NeuroShield TM Chitosan K190246 Ethylene Oxide Porous, transparent 

membrane 

“no gap” or “gap 

closure achieved by 

flexion of the 

extremity”

Monarch Bioimplants 

GmbH, Switzerland 

Reaxon Plus Chitosan K180222 

K143711 

Ethylene Oxide Transparent hollow 

tube 

“gap closure achieved 

by flexion of the 

extremity”

Medovent GmbH, 

Mainz, Germany 

NeuroFlex TM 

(Flexible Collagen 

Nerve Cuff) 

Bovine-derived 

Collagen Type I 

K131541 Gamma Irradiation Flexible, 

semi-permeable, 

corrugated, tubular 

collagen matrix 

“gap closure achieved 

by flexion of the 

extremity”

Collagen Matrix, Inc., 

Franklin Lakes, NJ, USA 

Reinforced 

Flexible Collagen 

Nerve Cuff

Bovine-derived 

Collagen Type 

I/unspecified 

biodegradable 

polymer 

K170656 Ethylene Oxide Tubular collagen 

matrix, 

circumferentially 

supported with 

polymer filament 

“gap closure achieved 

by flexion of the 

extremity”

Collagen Matrix, Inc., 

Franklin Lakes, NJ, USA 

NeuraGen: 3D and 

3D Nerve Guide 

Matrix 

Bovine-derived 

Collagen Type 

I + porous inner 

matrix colla- 

gen/glycosaminoglycan 

(chondroitin-6- 

sulfate) 

K163457 

K130557 

Unspecified Semipermeable, 

fibrillar structure of 

the collagen 

“gap closure achieved 

by flexion of the 

extremity”

Integra LifeSciences 

Co, Plainsboro, NJ, USA 

AxoGuard TM Nerve 

Connector 

Porcine small 

intestine 

K162741 Ethylene Oxide Resorbable, permeable 

wrap 

“gap closure achieved 

by flexion of the 

extremity”

Cook Biotech Products, 

West Lafayette, IN, USA 

Nerbridge TM Porcine-derived 

colla- 

gen/Polyglycolic 

acid 

K152967 Ethylene Oxide Resorbable, 

semipermeable, 

tubular membrane 

with porous collagen 

filler 

“no gap” or “gap 

closure achieved by 

flexion of the 

extremity”

Toyoba Co., Ltd. Osaka, 

Japan 

Cova O rtho-nerve 

Resorbable 

Collagen 

Membrane 

Porcine-derived 

Collagen 

K103081 Gamma Irradiation Resorbable, membrane “no gap” or “gap 

closure achieved by 

flexion of the 

extremity”

Biom’Up Advance 

Biomaterials, 

Saint-Priest, France 

Neurolac TM Poly(D,L-lactide- 

co- ε-caprolactone) 

K112267 

K050573 

K032115 

Ethylene Oxide Synthetic and 

transparent 

PLCL tubular structure 

≤ 20 mm Polyganics BV, 

Groningen, 

Netherlands 

Salutunnel TM Polyvinyl alcohol 

hydrogel 

K100382 Gamma Irradiation Non-biodegradable 

PVA tubular structure, 

with a longitudinal slit 

“no substantial loss of 

nerve tissue”

SaluMedica LCC, 

Atlanta, GA, USA 

NeuroMend TM 

(Collagen Nerve 

wrap) 

Bovine-derived 

Collagen Type I 

K060952 Unspecified Semipermeable 

collagen wrap 

designed to unroll and 

self-curl 

“no substantial loss of 

nerve tissue” and “gap 

closure achieved by 

flexion of the 

extremity”

Collagen Matrix, Inc., 

Franklin Lakes, NJ, USA 

NeuraWrap TM Bovine-derived 

Collagen Type I 

K041620 Unspecified Longitudinal slit in the 

tubular wall structure 

“no substantial loss of 

nerve tissue”

Integra LifeSciences 

Co, Plainsboro, NJ, USA 

NeuroMatrix TM 

(Collagen Nerve 

Cuff) 

Bovine-derived 

Collagen Type I 

K012814 Gamma Irradiation Semipermeable tubular 

collagen matrix 

“gap closure achieved 

by flexion of the 

extremity”

Collagen Matrix, Inc., 

Franklin Lakes, NJ, USA 

Neurogen Nerve 

Guide 

Collagen 

(type/species 

unspecified) 

K011168 Unspecified Porous, absorbable, 

collagen tube 

“gap closure achieved 

by flexion of the 

extremity 

Integra LifeSciences 

Co, Plainsboro, NJ, USA 

SaluMedica Nerve 

Cuff

Polyvinyl alcohol 

hydrogel 

K002098 Electron Beam Flexible tubular sheath “no substantial loss of 

nerve tissue” and “gap 

closure achieved by 

flexion of the 

extremity”

SaluMedica LCC, 

Atlanta, GA, USA 

Neurotube® Polyglycolic acid, 

PGA 

K983007 Unspecified Absorbable woven PGA 

Mesh Tube 

≥ 8 mm and ≤ 30 mm Synovis Micro 

Companies 

Alliance, Birmingham, 

AL, USA 

Fastube Nerve 

Regeneration 

Device 

Not specified K850785 Unspecified Unspecified Not available Research Medical, Inc., 

West Midvale, UT, USA 

Non-510(k) clearance 

Avance Nerve 

Graft 

Human 

decellularized 

nerve allograft 

N/A Gamma Irradiation Human decellularized 

nerve allograft 

≤ 70 mm Axogen Corporation, 

FL, USA 

68 
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. Considerations for the development of advanced nerve 

uidance conduits 

In recent years, there have been a great many publications on 

ew NGC technologies (see Section 5 ), however these have not yet 

een translated to the clinic. Many are developed in academic re- 

earch laboratories that use elaborate technologies and manufac- 

uring processes and combinations of technologies that will require 

ignificant further development to be suitable for commercialisa- 

ion. In order to effectively discuss the development of translatable 

GCs in later sections, various portions of the translation pathway 

or NGCs are discussed in this section. 

.1. Manufacturability 

.1.1. Scale up 

New materials, devices, and their manufacturing process should 

e evaluated based on their ability to be produced on a commer- 

ial scale and how easily they can be manufactured [79] . If a multi-

aceted NGC excels but cannot be reliably scaled up, industry may 

ot further develop the device due to the risks and expertise re- 

uired to develop new scale manufacturing approaches. The ma- 

or challenges for scaling up NGC manufacturing techniques typi- 

ally include production throughput, quality control, stability, pu- 

ification of biological components, adaption of complex processes 

nto a commercial process line, and logistics of product delivery 

nd assembly [79–81] . This requires tight process control and qual- 

ty control management (ISO 13485) and good manufacturing pro- 

esses (GMP) at all stages of manufacturing to ensure the quality 

f product [82] . 

Looking at the electrospinning technology, there are already a 

umber of commercial electrospun products available on the mar- 

et used in range of clinical settings such as vascular grafts, fillers 

or bone voids or as a dural substitute patch [83] . There are many

pproaches that can be used to scale up manufacturing of the elec- 

rospun NGC, one simple method is to increase the number of noz- 

les and to electrospin over a larger collection area [84] . Scale up 

f other NGCs can, in some cases, use a similar approach, however 

his will be entirely dependent on the technique and may require 

dditional process development to permit product scale up. 

.1.2. Sterilization 

As part of the manufacturing process of implantable medical 

evices they are usually terminally sterilized as the final process 

efore being packaged or during the packaging process. Commonly 

or in vitro, and sometimes in vivo , experimental procedures in re- 

earch, implanted materials are sterilized by ultraviolet (UV) radi- 

tion or ethanol [85,86] . Whilst it may be acceptable for these ap- 

lications it is not acceptable for implantation of medical devices 

nto humans. FDA-cleared NGCs are routinely sterilized for implan- 

ation by ethylene oxide (EtO) (ISO 11135) or gamma irradiation 

ISO 11137). These more aggressive sterilizing environments both 

ave the potential to modify (deleteriously) the properties of some 

aterials [87–91] . It is important that the proposed device is de- 

igned in such a way that it can be effectively sterilised as unwar- 

anted modifications due to sterilization can be costly to address 

ate in product development. 

FDA-cleared NGCs are primarily terminally sterilized by EtO 

 Table 1 ). However, EtO is known to possibly affect material prop- 

rties after treatment and may not be compatible with some NGCs 

88,91] . EtO is classified as a carcinogen and is an environmen- 

al concern for residents in the vicinity of sterilization facilities 

92] . Furthermore, recent EtO sterilization plant closures and fur- 

her potential shutdowns may mean that EtO could be an unre- 

iable sterilization method in the future [93] . This has prompted 

esearch into alternative established sterilization techniques for 
69 
GCs such as electron beam irradiation, dry heat, and novel tech- 

iques such as supercritical carbon dioxide [90,91,94–96] . Recently, 

he FDA conducted an innovation challenge into alternative ster- 

lization techniques in which supercritical CO 2 , nitrogen dioxide, 

ccelerator-based radiation, and vaporized hydrogen peroxide ster- 

lization were assessed [97] . To our knowledge, supercritical CO 2 

as not yet been employed in an FDA-cleared NGC device, whereas 

lectron beam sterilisation (employed in the VersaWrap Nerve Pro- 

ector (Alafair Biosciences)) is from the list of established steril- 

zation methods, approved by the FDA, and has a wealth of lit- 

rature to draw from. Unlike established methods, novel methods 

equire extensive regulatory testing and collaboration with regula- 

ory bodies to demonstrate equivalence with the established meth- 

ds. Moving forward, producers of NGCs should be aware of viable 

lternatives of sterilization should access to their primary steriliza- 

ion become uncertain. 

.1.3. Design for product integrity 

A crucial property of an implantable medical device is its des- 

gnated shelf life and use-by date. This is the period for which the 

evice can be safely used. Within the FDA-cleared NGCs, shelf life 

ange from 18 months up to 5 years [67] . There are many fac- 

ors that can impact how readily an implantable medical device 

an be used ‘off the shelf’ including: device/material stability, ac- 

ive components ( i.e. biologicals, eluted drugs, cells, etc .), storage 

onditions, and device reconstitution and assembly (if required, i.e. 

hen used as a wrap) [98–100] . 

The shelf life needs to be sufficient such that product can be 

ade, shipped, and stored such that it still provides ample time 

o be used in patients. In the current climate of logistics, distri- 

ution, and economical access, expedient delivery can be a major 

hallenge to overcome where having a longer shelf life can pro- 

ide a buffer when these issues are encountered. This is especially 

mportant for NGCs that may involve active components in the fu- 

ure as there can be a variety of reasons that timely delivery of the 

evice can be unreliable before or during surgeries [101] . 

Of the panel of FDA-cleared NGCs, long term storage conditions 

nclude dried NGCs in foil pouches, clamshell containers, double 

lister packages, or double Tyvek pouches [67] . Devices may also 

eed specialised storage conditions such as a low temperature re- 

rigeration or require specific processes to reconstitute them into 

 functional device before implantation. For example, the Avance 

erve graft is transported, once sealed in a Tyvek pouch, in dry 

ce and then stored below -40 °C for up to 3 years [102] . These spe-

ialised storage conditions may be less common in hospitals com- 

ared to a specialised research and development facility, can be 

ore difficult to maintain, and may also mean there are specific 

rocedures that need to be followed to permit use. For example, 

he dry products typically need to be rehydrated before use and 

his needs to be achieved in a quick and consistent manner such 

hat it does not adversely disrupt the surgical procedures. Likewise, 

rozen products need to be closely monitored during shipping and 

torage to ensure they do not thaw, and then need to be thawed 

ompletely in a solution before use (such as sterile saline or Lac- 

ated Ringers Solution in use of the Avance nerve graft) [102] . Once 

he devices are reconstituted and thawed, they typically need to be 

mplanted as soon as possible within a certain timeframe. Surgical 

nd logistical delays in this instance may mean the device is unus- 

ble and needs to be disposed. 

.2. Regulatory considerations 

The regulatory pathway taken by a proposed device will have 

ignificant impact on the viability of translating that device. This 

s generally due to the significant upfront investment needed to 

repare regulatory submissions and the risk of unexpected poor 
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Fig. 2. Regulatory pathways and average timeframe from submission to approval a nerve guidance conduit may take in process towards market approval depending on the 

country. Timeframe for the submission to approval process obtained from Emergo by UL. [112] . 
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esting results along the development pathway. These must be bal- 

nced against the expected gains from producing the device. 

A quality management system (QMS) for medical devices is also 

ecessary to ensure these objectives and traceability are met at all 

tages of device manufacturing and use. An operating and certified 

ystem must be in place before a device can be sold, and the QMS 

hould be compliant with 21CFR820 (in the jurisdiction of the FDA) 

equirements or ISO13485. 

.2.1. Regulatory pathways in major markets 

510(k) Pathway (USA) 

NGCs have typically been cleared for use in United States by 

he FDA following an application in the 510(k) pathway ( Table 1 , 

ig. 2 ) [67] . This requires the manufacturer to provide evidence 

hat demonstrates the new device that they are developing is sub- 

tantially equivalent to a predicate device. These new devices must 

emonstrate that they function the same and retain the same in- 

ended use as the predicate devices and have a similar level of 

afety either through in vitro, in vivo , or clinical data. However, 

 large proportion of 510(k) cleared devices, as well as NGCs un- 

er the ‘JXI’ product code, do not provide clinical evidence for 

heir devices and rely on a classification of substantial equivalence, 

ith the supporting preclinical efficacy and safety evidence, to be 

leared [67,103,104] . Once a 510(k) clearance is obtained, clinical 

ata for the device is then collected to build the clinical safety 

ortfolio for other jurisdictions, where clinical evidence is required 

or approval. This pathway significantly reduces the risk of devel- 

ping a new device, by allowing costly clinical testing to take place 

fter the device is effectively on the market and producing rev- 

nue. 
70 
Minor differences in devices, such that it is not identical to 

he predicate but rather is substantially equivalent, are possible 

nd have been employed in NGCs seeking clearance via the 510(k) 

athway. In this case, it is paramount that the information pro- 

ided alongside the application proves that the device is safe 

nd effective. Exam ples of devices that have been approved in 

his pathway whilst incorporating modifications include the Ner- 

ridge (Toyoba, K152967) and Neuragen (Integra, K163457). Typi- 

ally, but not necessarily, the predicate devices are from the same 

eld; the Nerbridge NGC incorporates features from Cova Ortho- 

erve (Biom’Up, K103081, a porcine collagen device) and Neuro- 

ube (Synovis MCA, K983007, polyglycolic acid (PGA)). For example 

he Neuragen 510(k) application includes a related non-NGC pred- 

cate device, a collagen-glycosaminoglycan bilayer sheet wound 

ressing [67] . As a further example where material does not need 

o be identical, Monarch Biomedical’s device NeuroShield is a made 

f chitosan but references predicate devices made of different ma- 

erials: Cova Ortho-Nerve and Nerbridge (polyglycolic acid and col- 

agen from porcine skin). 

The requirement for “substantial equivalence” limits the ability 

o incorporate new changes in design and materials used, espe- 

ially if any modifications may alter the intended use of the device. 

he disadvantage when pursuing a 510(k) pathway with substan- 

ial equivalence naturally means there are likely competing prod- 

cts already on the market. This makes introducing a function- 

lly distinct NGC challenging, especially to differentiate the product 

rom the competitors. 

re-market approval (“de-novo pathway”; USA). In the case where a 

evice does not fulfil the requirements for the 510(k) process, reg- 
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latory approval must be sought via a premarket approval (PMA) 

hrough the FDA. This requires preclinical and clinical data (the “de 

ovo pathway”), and hence is generally riskier due to high up-front 

osts; devices that go through this pathway need to promise signif- 

cant improvements and return on investment to justify this level 

f risk. As part of this pathway, an investigational device exemp- 

ion (IDE) can also be submitted, which permits the collection of 

reliminary clinical data that can later form part of the 510(k) or 

MA. 

evices with biological components (USA). Lastly, modifications to 

GCs that incorporate the use of biological components (cells, 

rowth factors, drugs, etc. ) as part of their therapeutic action will 

all under the “combination product” designation. A key consider- 

tion impacting the regulatory requirements is mode of action of 

he product, whether it is a single mode or the action of the two 

r more combined components. Depending on the mode of action, 

he FDA will designate a specific agency to regulate via the Of- 

ce of Combination Products (OCP), either the Centre for Biolog- 

cs Evaluation and Research (CBER), Centre for Devices and Radi- 

logical Health (CDRH), Centre for Drug Evaluation and Research 

CDER) and are subject to 21 CFR part 4 that address the GMP of 

ombination products [105] . The Avance Nerve Graft (AxoGen Cor- 

oration) is cleared for use under the 21 CFR Part 1271 Human 

ells, Tissues, and Cellular and Tissue-Base Products (HCT/P) act 

nd is under the ‘JXI’ product number. To assist in taking a newly 

eveloped product to market, if a constituent of the combination 

roduct is already FDA approved and/or cleared for this indication, 

here may already be a safety and efficacy data to draw on (as- 

uming it is available) which may speed the entry into subsequent 

rials of the combined product. The regulatory pathway the device 

akes is highly specific to the nature of the combination product. 

re-submission (or Q-sub) feedback can be obtained via the FDA 

o assist with identifying preclinical performance requirements and 

he regulatory pathway the device will take [106] . However, consti- 

utive components of these NGCs may require their own preclinical 

valuations to demonstrate safety, especially if the combination of 

ultiple parts elicit unintended outcomes. This increase in testing 

equirements, along with the many uncertainties that stem from 

he complexity of biological components, again leads to an increase 

n the threshold at which a product must perform in order to be 

ommercially viable. 

 ther markets . In Europe medical devices are approved by the Eu- 

opean Commission through provision of a European Conformity 

CE) mark, but unlike the FDA there is no searchable database 

f devices. Absorbable NGCs are likely classified as class III im- 

lantable devices by the EC and follow a similar approval process 

o the FDA premarket approval process ( Fig. 2 ), requiring a full 

esign-dossier review including pre-clinical and clinical trial data 

hat comprehensively evaluates the risk of absorbable NGCs under 

he Medical Device Directive (MDD) 93/42/EEC [107,108] . Australia, 

apan, and China require a similar burden of proof before clearance 

o confirm safety and efficacy, which can create a higher barrier 

o translation. The international regulations are covered in more 

etail by Kramer et al. and O’Grady and Bordon [109,110] . Com- 

aring the major market regulations, the predicate device path- 

ay offered through the 510(k) of the US FDA is often the first 

hoice for major medical device manufacturers. However, with in- 

reasing concern about the predicate device pathway and the need 

or stringent safety controls in regulatory, rigorous regulatory path- 

ays may become more favourable [111] . 

.2.2. Evaluating NGC preclinical safety 

In the US, NGCs are generally cleared for market through the 

DA 510(k) regulatory pathway by presenting biocompatibility and 
71 
unctional equivalence to predicate devices using methods from 

he ISO standards: ISO10993-Biological Evaluation of medical de- 

ices, and various other voluntary standards or testing regimes 

ith associated justifications that demonstrate the device’s safety 

 Table 2 ) [67] . The summaries of tests used are freely available un-

er the 510(k) summaries or can be accessed via a Freedom of In- 

ormation (FOI) request. The ISO 10993 guidelines provide a series 

f methods and guidelines to demonstrate the safety of medical 

evices. These tests involve a range of biological methods inves- 

igating the cytotoxicity, genotoxicity, carcinogenicity, immune re- 

ponses, and more. NGC safety is further evaluated by assessing 

he immune response to the implanted material by evaluating the 

resence of multinucleated giant cells, lymphocytes, activated ED1- 

mmunopositive macrophages, and polymorphonuclear cells [113] . 

The materials used to manufacture NGCs can introduce vary- 

ng degrees of risk that can impact the end device’s safety. These 

onsiderations should be based on the biocompatibility of the ma- 

erial source, raw ingredients (availability, quality/grade, and re- 

roducibility), chemical exposure during manufacture and steril- 

zation, cost, and whether they degrade or not. Other safety risks 

ssociated with material sourcing include: risk of exposure to in- 

ectious material (from a type of tissue, animal source, or batch 

f feedstock), stability of the material in an aggressive environ- 

ent (used for ensuring material is free of potential pathogens), 

nd batch to batch variation. For NGCs derived from animal prod- 

cts, as each animal is not genotypically or phenotypically iden- 

ical, within animal derived components there is some variability, 

hich can affect process parameters, and should be accounted for 

y validating material tolerance specifications to ensure practical 

atch production is possible enabling a safe and consistent prod- 

ct manufacture [114] . 

Irrespective of material source, the risks of any additives and 

rocessing aids that are incorporated to improve processability 

hould also be characterised and evaluated. For example, collagen- 

ased biomaterials are often isolated from an animal tissue by 

reating the tissue with a combination of enzymatic digestion and 

hemical treatments to remove non-collagen components and the 

emaining collagen crosslinked via crosslinking agents to improve 

trength, stability, and structure [115] . Likewise, synthetic materi- 

ls, commonly polyesters, often require solvents to improve viscos- 

ty for processability. These chemicals and crosslinking agents used 

re often toxic and their removal is assessed by measuring residual 

ontaminants. 

.2.3. Evaluating NGC preclinical efficacy: in vitro and animal models 

Currently, there is no individual standard approach to validate 

GCs for peripheral nerve repair; instead, a variety of in vitro, in 

ivo , and preclinical tests are performed to demonstrate efficacy. 

n vitro models evaluate the response of various neuronal cell lines 

such as PC12, S16, S42, SH-SY5Y, or RSC96), primary Schwann cells 

r dorsal root ganglions (DRGs), or stem cells that can be differen- 

iated before or after being introduced to the material [116,117] . 

orphology assessments of cells typically use pheochromocytoma 

2 (PC12) or DRGs to evaluate the alignment and extension of neu- 

ites migrating from the cell body. PC12 cells are frequently uti- 

ized due to the ease of differentiation into neuron-like cells, al- 

hough it should be noted that they are not actually neuronal cells 

118–120] . When PC12 cells are cultured with nerve growth fac- 

or (NGF) they form neuronal-like processes forming sympathetic- 

euron-like cells [121] . As these cells originate from a tumour cell 

ine, experiments are often followed up with primary culture and 

n vivo studies to test hypotheses drawn from experiments. Primary 

eripheral neuronal cultures typically utilise DRGs sourced from 

odents and can be prepared from embryonic, postnatal, or adult 

issue, and allow the study of neurobiology from different stages 

f development [73,122–124] . Co-culture models involve combin- 
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Table 2 

Relevant testing standards for nerve guidance conduits. 

Biocompatibility 

ISO 10993-1:2018 Biological evaluation of medical devices Part 1: Evaluation and testing within a risk management process 

ISO 10993-3:2014 Biological evaluation of medical devices Part 3: Tests for genotoxicity, carcinogenicity and reproductive toxicity 

ISO 10993-4:2017 Biological evaluation of medical devices Part 4: Selection of tests for interactions with blood 

ISO 10993-5:2009 Biological evaluation of medical devices Part 5: Tests for in vitro cytotoxicity. 

ISO 10993-6:2016 Biological evaluation of medical devices Part 6: Tests for local effects after implantation 

ISO 10993-9:2010 Biological evaluation of medical devices Part 9: Framework for identification and quantification of potential degradation products 

ISO 10993-10:2013 Biological evaluation of medical devices Part 10: Tests for irritation and skin sensitization 

ISO 10993-11:2018 Biological evaluation of medical devices Part 11: Tests for systemic toxicity 

ISO 10993-16:2018 Biological evaluation of medical devices Part 16: Toxicokinetic study design for degradation products and leachables 

ISO 10993-17:2009 Biological evaluation of medical devices Part 17: Establishment of allowable limits for leachable substances 

ISO/TS 

10993-20:2006 

Biological evaluation of medical devices Part 20: Principles and methods for immunotoxicology testing of medical devices 

ISO/TR 

10993-22:2017 

Biological evaluation of medical devices Part 22: Guidance on nanomaterials 

Sterilisation 

ISO 10993-7:2008 Biological evaluation of medical devices Part 7: Ethylene oxide sterilization residuals 

EN ISO 

11135-2014 

Sterilization of health-care products – Ethylene oxide – Requirements for the development, validation and routing control of 

sterilization process for medical devices 

ISO 22442-3 Medical devices utilizing animal tissues and their derivatives – Part 3: Validation of the elimination and/or inactivation of viruses and 

transmissible spongiform encephalopathy (TSE) agents 

ISO 11737-2 Sterilization of health care products – microbiological methods 

ISO 11137- 

1:2006/AMD 

2:2018 

Sterilization of health care products — Radiation — Part 1: Requirements for development, validation and routine control of a 

sterilization process for medical devices — Amendment 2: Revision to 4.3.4 and 11.2 

Degradation 

ISO 13781:2017 Implants for surgery – Homopolymers, copolymers and blends on poly(lactide) – In vitro degradation testing 

ISO 527-1:2019 Plastics – Determination of tensile properties – Part 1: General principles 

ISO 10993-13:2010 Biological evaluation of medical devices Part 13: Identification and quantification of degradation products from polymeric medical 

devices 

ISO 10993-14:2009 Biological evaluation of medical devices Part 14: Identification and quantification of degradation products from ceramics 

ISO 10993-15:2009 Biological evaluation of medical devices Part 15: Identification and quantification of degradation products from metals and alloys 

Mechanical 

Properties 

ISO 527-1:2019 Plastics – Determination of tensile properties – Part 1: General principles 

ISO 7198:2016 Cardiovascular implants and extracorporeal systems — Vascular prostheses — Tubular vascular grafts and vascular patches 

JIS T0401:2013 Mechanical Testing Methods for Stentgrafts 

ISO 13934-1:2013 Textiles – Tensile properties of fabrics – Part 1: Determination of maximum force and elongation at maximum force using the strip 

method 

Porosity/permeability 

ISO 845:2006 Cellular plastics and rubbers — Determination of apparent density 

JIS Z8807:2012 Methods of measuring density and specific gravity of solid 

Miscellaneous 

JIS T 3211:2011 Sterile infusion administration set 

ISO 10993-18:2020 Biological evaluation of medical devices Part 18: Chemical characterization of medical device materials within a risk management 

process 

ISO/TS 

10993-19:2020 

Biological evaluation of medical devices Part 19: Physico-chemical, morphological and topographical characterization of materials 

ISO 9001:2015 Quality management systems – Requirements 

ISO 13485:2016 Medical devices – Quality management systems – Requirements for regulatory purposes 

ISO14971:2019 Medical devices — Application of risk management to medical devices 
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ng both Schwann cells and neuronal cell types and evaluate the 

ehaviour of Schwann cells migration and neurite extension along 

opography displayed by the Schwann cells [125,126] . As Schwann 

ells play an important role in the regeneration processes follow- 

ng traumatic injury (see Sections 2.1.1 and 5.3.3 ), their behaviour 

n vitro is an early indicator of material performance in peripheral 

erve repair. 

Compared to the increased risk and scale of tests at later stages, 

n vitro tests are relatively cheap and quick to perform. Due to the 

ange and differences of in vitro models available it is important 

hat the tests performed follow the various standards available to 

llow direct comparisons to be drawn between device iterations. 

As the NGC design proceeds through the various stages of de- 

elopment ( in vitro, in vivo , and clinical evaluation), the data gen- 

rated should provide greater assurance of how the NGC may per- 

orm in humans. Currently, the in vitro biocompatibility models do 

ot provide sufficient information on the functional performance 

f NGC in humans, which necessitate the use of in vivo testing, 
72 
n a number of models, to demonstrate efficacy [116,117] . Unfortu- 

ately, this comes with an increasing cost and is often prohibitive 

o academic researchers. This is a potential area where additional 

unding (grants, translational studies) or commercial interest can 

elp with continued development, however, the investment risk 

or companies maybe a deterrent. 

Animal models commonly used to demonstrate efficacy in NGCs 

rimarily include rodent and rabbit models; however, other models 

re also used in the academic and preclinical setting and include 

ouse, guinea pig, cat, dog, sheep, monkey, and pig [36,67,127] . 

hilst the rat and rabbit models can serve to standardise data, 

heir value in predicting clinical utility is uncertain and has been 

nreliable in NGC translation [71] . The value of large animal mod- 

ls that can more closely resemble human neurobiology to gener- 

te more clinically relevant results should be strongly considered 

128] . In these animal models, functional performance is demon- 

trated by successfully supporting the regenerating nerve across 

he nerve gap compared to autograft repair or predicate devices. In 



B.J. Parker, D.I. Rhodes, C.M. O’Brien et al. Acta Biomaterialia 135 (2021) 64–86 

t

a

t

e

m

[

t

w

r

a

4

N

p

c

r

a

(

N

a

i

e

s  

a

d

p

T

d

a

t

m

d

g

I

N

f

a

s

i

r

a

c

r

c

l

[

p

a

4

d

o

v

c

c

A

e

w

s

[

a

a

5

n

s

u

a

[

m

t

e

t

c

5

l

v

t

c

s

p

b

5

t

d

u

f

w

t

c

o

a

t

r

n

h

d

t

f

c

j

i

t

1

n

m

t

h

i

d

5

f

m

r

p

s

w

t

d

he rodent models functional recovery is evaluated using grasping 

nd toe spread tests performed over the trial period [129] . Elec- 

rophysiological assessment can also be performed on the regen- 

rating nerve by recording the conduction velocity and compound 

uscle action potential and can be used in larger animal models 

117,130] . End point assessments involve histology and immunos- 

aining to assess the morphology of the regenerating nerve and 

eighing of the innervated muscle [131] . These investigate the g- 

atio (the ratio of the inner axonal diameter to the total outer di- 

meter), and density and diameter of axons [132] . 

.2.4. Clinical trials 

Prior to approaching the clinical trial stage of development, the 

GC must have cleared extensive preclinical testing to allow ap- 

ropriate evaluation of the risk in use of the device. As part of 

linical trial requirements in the US, implantable medical devices 

equire an IDE, good clinical practice (GCP) controls in place, and 

re required to register the trial on a publicly available database 

 www.clinicaltrials.gov ). At this stage of NGC development, the 

GC design should be established as any modification needs to be 

ssessed via the earlier standards before human trials. 

The Polynerve trial, is a phase I clinical trial (NCT02970864) be- 

ng conducted in the United Kingdom by the University of Manch- 

ster to primarily assess the safety of the device, in a small sample 

ize ( n = 17) [133] . Polynere is a PCL/PLA co-polymer NGC, with

 modified internal lumen surface, and can compare to predicate 

evices such as Neurolac (Polyganics) and is an indication of im- 

roved NGC designs beginning to see clinical translation [133,134] . 

he secondary aim of the study is to evaluate the efficacy of the 

evice for the repair of gaps between 5–20 mm, which will be 

ssessed by standard sensory outcomes: two-point discrimination 

est, the Weinstein Enhanced Sensory Test, and Locognosia test. 

There are clinical trials currently underway or completed for 

aterials that currently do not have direct predicate devices un- 

er the JXI 510(k) pathway such as the Avance human nerve allo- 

raft (NCT03964129, NCT00953277, NCT01526681, NCT01809002). 

n the long-term studies of the Avance nerve graft (RANGER®, 

CT01526681), the aim is to enrol a large cohort of participants, 

rom diverse populations (age, sex, nerve location, etc. ) and evalu- 

te the performance of the Avance nerve graft over 3 years post- 

urgery [60,135–137] . The advantage of this broad approach allows 

dentification of sub-populations within the dataset that can be 

etroactively assessed for outcomes [60] . The Avance allograft is 

lso being tested alongside the addition of bone marrow aspirate 

oncentrate as an adjuvant therapy to improve peripheral nerve 

epair up to lengths of 70 mm (NCT03964129). In this case, both 

omponents of the trial have been assessed individually in ear- 

ier trials, however, their combination requires separate evaluation 

138] . Should the trial prove successful, other strong candidates in 

eripheral nerve repair therapies (drugs or growth factors) could 

lso be incorporated in a similar fashion. 

.3. Market size, fit, and utility 

A significant component of medical device translation is the 

e-risking of a medical device as it progresses through its devel- 

pment process up to market clearance and release ( Fig. 3 ). De- 

elopment of a new medical device requires significant upfront 

apital and time to facilitate the validation and verification pro- 

esses necessary to achieve FDA-clearance [139] . For example, the 

vance decelluarised nerve graft has taken over 20 years from 

arly experiments to the current stage of clinical trials [82] . Like- 

ise, there is a similar delay in translation of modifications to the 

ynthetic NGCs (Polynerve) with almost 10 years of development 

134,140,141] . From an investment perspective, there is high risk 

nd an extended period before any return is seen, which provides 
73 
 strong motive and justification for manufacturers to follow the 

10(k) pathways, where clinical trials may not be required. Plan- 

ing the process from initial product design, where informed deci- 

ions and go/no-go criteria are implemented early through to reg- 

latory approval and market release can be extremely beneficial 

nd can result in significant cost savings along a specific design 

142,143] . 

There are large medical device manufacturers that are already 

anufacturing and distributing NGCs with appreciable market con- 

rol and brand identity (see Table 1 ). To encourage consumers and 

nd-user adoption (hospitals, insurers, patients), the device needs 

o demonstrate significant benefit, such as reduced cost or in- 

reased efficacy, beyond that of currently used devices. While the 

10(k) pathway is commonly used to clear NGCs for market re- 

ease, its requirement for substantial equivalence to a predicate de- 

ice is likely to make product differentiation more difficult. The al- 

ernative is to encourage a paradigm shift through introduction of 

ombination products. Whilst this pathway will be costlier, require 

ignificant time, clinical data, investment, and improvement in ca- 

abilities compared to current devices, the new device will be in a 

etter position to differentiate itself from others on the market. 

. Manufacturing technologies and designs 

Section 4 discusses existing or pre-clinical NGCs and the path 

o approval and the models they have used to get to the stage of 

evelopment they have reached (whether cleared or not for final 

se). A further consideration is whether a design can be manu- 

actured on a scale that makes it commercially viable. There is a 

ealth of techniques available to NGC manufacturers with the po- 

ential to incorporate innovative modifications to the basic hollow 

onduit design that may have the potential to improve the capacity 

f peripheral nerves to successfully regenerate across both small 

nd large gaps. 

Biologically-derived NGCs are manufactured from ECM pro- 

eins such as collagen, gelatin (a collagen derivative), or incorpo- 

ate coatings such as laminin, that are found in the peripheral 

erves, or polysaccharide-based materials such as chitin, chitosan, 

yaluronic acid, or cellulose [144–151] . As outlined in Table 1 , non- 

egradable vinyl polymers or degradable polyesters are currently 

he only synthetic polymers cleared for use. These materials are 

avoured due to their biocompatibility, ability to support diverse 

ell types, and biodegradability and have covered in depth by Vi- 

ayavenkataraman [152] . 

NGCs have been manufactured from traditional tissue engineer- 

ng manufacturing techniques like moulding, freeze-drying, knit- 

ing, microbraiding, electrospinning, and dip-coating [86,134,153–

59] . Additive manufacturing also offers potential pioneering tech- 

iques which include inkjet, extrusion, and lithographic printing 

ethods [76,160–165] . There are many advantages to these new 

echnologies and designs from a prototype and testing perspective, 

owever, caution should be taken through evaluation of scalabil- 

ty and clinical usability of the end product at early stages in their 

evelopment to confirm design choices as soon as possible. 

.1. Nerve guidance conduit designs 

The first generation of NGCs were manufactured from silicone 

ormed into hollow tubes. From there, NGCs were prepared from 

ore biocompatible and biodegradable materials, but still largely 

etained the hollow conduit design. Emerging NGC designs incor- 

orate highly varied modifications and can be split into three de- 

ign approaches: filler material, lumen topography, and conduit 

all design. These can be combined with a number of techniques 

o improve nerve regeneration ( Fig. 4 ). In more recent years, newer 

esigns have been cleared for sale, such as the NeurGen 3D Nerve 

http://www.clinicaltrials.gov


B.J. Parker, D.I. Rhodes, C.M. O’Brien et al. Acta Biomaterialia 135 (2021) 64–86 

Fig. 3. Iterative development cycle for transition of nerve guidance conduit concept into market available device. 

Fig. 4. Approaches to Nerve Conduit Design. (A) Modifications to the hollow nerve guidance conduit are grouped into topological, filler and lumen wall designs are high- 

lighted in red. Modifications include surface patterning (grooves, pillars, surface fibres), filler materials (sponges, fibres, channels), and luminal wall (porosity, permeability, 

braiding, anisotropic features). These can all be combined with: (B) surface functionalisation (peptides, conductive coatings) to improve attachment and migration of neurons 

across the surface in addition to (C) biological factors, and neurotrophic factors (such as nerve growth factor) to form the final nerve guidance conduit (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.). 

74 
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Fig. 5. (A) Schematic illustration of the fabrication process of pDNM-G scaffolds with distinct microstructures. (B) Representative SEM image of cross-sectioned R-pDNM-G 

scaffold. Scale bar = 200 μm. (C) SEM image of representative longitudinal section in A-pDNM-G scaffold. Scale bars = 200 μm. Reprinted with permissions from Rao et al. 

[169] . 
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uide matrix or Nerbridge devices which have internal porous ma- 

rices, in comparison to the standard hollow NGC. 

.1.1. NGC lumen filler modifications 

The inner lumen space of conventional hollow NGC models 

an be filled with various materials to enhance peripheral nerve 

egeneration. Common approaches include utilizing grouped fi- 

res, sponges, aligned channels, or hydrogel fillers of various ECM 

olecules [94,153,166–169] . Fibre fillings provide similar physical 

timuli to topological inner lumen surface modifications due to the 

nherent topography of the filler material. 

Wen and Tresco prepared polypropylene filaments surrounded 

y a poly(acrylonitrile-co -vinyl chloride) (PAN-PVC) with filament 

iameters ranging from 30–500 μm [167] . As the diameter of the 

bres decreased the migration of Schwann cells and neurite out- 

rowth was enhanced over a 7-day period from DRG explants. Rao 

t al. prepared a decellularised NGC ( Fig. 5 ) from porcine sciatic 

erve and introduced longitudinally aligned microchannels using a 

nidirectional freeze-drying [169] . Through control of the freeze- 

rying process, they were able to introduce microchannels ranging 

rom 29–96 μm. When DRG explants were seeded on the inner 

urface of the microchannels, microchannels with an average chan- 

el size of 29–53 μm demonstrated greater neurite extension over 

 days and observed reduced neurite guidance compared to larger 

icrochannels. Interestingly, DRGs cultured on larger microchan- 

els showed a greater tendency to form bundles with greater di- 

meters of nerve fibres over the same timeframe. A similar ef- 

ect has been observed by Ezra et al . where biocompatible fillers, 

uch as collagen-based hydrogels, may potentially impede periph- 

ral nerve regeneration over shorter gaps [170] . They proposed that 

hilst long gaps may take many weeks to heal, they may benefit 

rom the architecture and Schwann cell support provided by filler 
75 
aterial, whilst shorter gaps may benefit from the native regener- 

tive process that the body undergoes. 

As well as the outer tubular structure, the manufacturability of 

he inner filler materials needs to be considered, as well as the 

ethod and consistency of loading for the conduit. This can be 

hallenging in a large-scale production process where high consis- 

ency in loading is required. An example of an FDA-cleared NGC 

hat has taking these considerations into design is the NeuraGen 

D Nerve Guide Matrix (Integra). The NeuraGen 3D NGC incorpo- 

ates a porous inner matrix filler composed of collagen and gly- 

osaminoglycan (chondroitin-6-sulfate) encased in a collagen NGC. 

ompared to a hollow conduit, the filled NGC demonstrated signifi- 

ant improved bridging and functional motor recovery as observed 

y increased axon count after 12 weeks of recovery. [166] . Simi- 

arly, the Nerbridge product combines both PGA and collagen. PGA 

s used as the NGC wall to provide strength and protection, whilst 

 porous collagen hydrogel fills the inner space. 

.1.2. NGC topographical modifications 

During PNR axons take on a cone structure during growth in 

esponse to topological, chemotactic, and neurotrophic factors. To- 

ographical approaches to improving NGCs look to enhance axonal 

lignment and minimise axonal dispersion during regeneration by 

atterning the inner lumen of the material ( Fig. 6 ). These phys- 

cal features have been shown to improve axonal alignment and 

irectionality when compared to the standard hollow tube design 

123,134,171,172] . The parameters that can be varied include the 

hape, size, spacing, and depth of the features and can impact neu- 

ite direction. 

Increasing the depth of grooved surfaces is thought to restrict 

he ability of extending neurites to disperse laterally, perpendic- 

lar to the grooved substrate. As the depth of the grooves ap- 

roaches 8–10 μm neurites preferentially extend along the long 
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Fig. 6. Template based strategy for the construction of NGCs. (a) Scheme illustration of the template-based construction process. Digital photos of various NGCs were taken 

under UV lamp irradiation, while SEM images on the right show one head of the conduits. Scale bars: 1 mm. SEM images of (b) a nerve conduit from a rectangular patterned 

scaffold (1–2) and (c) PC12 cells (pseudocolored red) cultured on the nerve conduit after 14 days of differentiation. Scale bars: 100 μm in (b) and 20 μm in (c). Typical 

immunofluorescence images of PC12 cells after 14 days differentiation on a nerve conduit including (d) top view on the head, and (e) 3D reconstruction on the luminal 

surface of the conduit. Cells were stained with TUJ1 (red) and Hoechst (blue). Scale bar: 1 mm in (d). Reprinted with permissions from Zhang et al. [178] (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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xis of the substrate, and is reduced as depth decreases below 100 

m and can be effected by feature type (pillars, grooves, or fibres), 

nd aspect ratio [134,173–178] . Huang et al. manufactured pat- 

erned poly(ethylene-vinyl acetate) substrates from metallic stam- 

ers with dimensions of grooved structures ranging from 396 nm 

o 1809 nm [177] . Patterned substrates above 905 nm in demon- 

trated significant neurite alignment and increased neurite exten- 

ion compared to flat substrates. Grooved structures can be further 

odified by changing the shape of the groove by forming either 

, square, or sloped structures. Of these structures sloped groves 

howed significantly improved cell attachment and neurite align- 

ent [140] . 

Generally, as these features do not modify the devices chem- 

stry when comparing to predicate devices, physical modifications 

o the material structure is unlikely to have significant effect on 

he regulatory pathway so long as the device as safe as the predi- 

ate [179] . This approach is more favourable if it can be easily in-

orporated into conventional manufacturing techniques. However, 

are should be taken when structures are on a nanoscale, as these 

eature sizes may illicit different biological responses compared to 

he predicate device, and can be hazardous to manufacturers dur- 

ng production ( i.e. inhalation of particles or fibres) [180] . In these 

ases, manufactures may require comprehensive safety evaluation. 

hilst these features show a strong effect on the directionality of 

xtending neurites, the feasibility to produce these large features 

t scale, for example along a 50 mm NGC (human size) compared 
a

76 
o a 10 mm NGC (rodent size), should be considered during man- 

facture in the later development stages [181] . 

.1.3. NGC lumen structure 

Besides patterning of the lumen, the bulk material that makes 

p the NGC wall can be modified to produce non-porous, porous, 

r semi-permeable NGCs. The FDA-cleared NGCs are either perme- 

ble or porous, with the exception of early first-generation con- 

uits that are no longer on the market. Porosity and permeability 

ave been shown to improve the performance of NGCs, especially 

n synthetic NGCs, allowing vascularisation to occur and permit- 

ing fluid exchange between the inner lumen and surroundings in 

 hollow conduit [156,182–184] . When pore size exceeds 10 μm 

on-neuronal cells are able to migrate across the lumen wall into 

he conduit which can obstruct nerve regrowth due to deposited 

issue. However, without inter-luminal fluid transfer or if the ma- 

erial swells, a compressive load will be applied within the conduit 

ue to accumulation of extracellular fluid [185] . As such, it is im- 

ortant that manufacturers are able to tightly control the distribu- 

ion of pore sizes throughout the material during production. 

An example of a new design that incorporates all of the physi- 

al modifications to the NGC is the spiral bioreactor model ( Fig. 7 ).

ere the luminal wall extends into the open space acting as a filler 

186–188] . An electrospun layer is added on the surface, which 

s also used as the sealing material to fix the structure and act 

s a deterrent to scar tissue infiltration and improve NGC rigidity. 
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Fig. 7. Scanning electron microscopy images of spiral design PCL Nerve Guidance Conduits. (A) Spiral conduit filler, (B) Aligned lumen wall structure, (C) random nanofiber 

alignment topography, (D) random outer nanofiber topography. Reprinted from Chang et al. with permissions from Elsevier [186] . 
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hang et al. observed in a 10 mm sciatic nerve defect rodent model 

n improvement in the compound muscle action potential for the 

piral conduit and increased total myelinated axons after 6 weeks 

mplantation compared to a hollow tube [186] . 

NGCs with modified lumens can be produced via methods such 

s electro electrospinning, braiding, porogens templating, and hy- 

rogels [170,189–191] . Fibre manufacturing techniques can produce 

eatures with micro- or nano-scaled structures on the inner wall 

f the NGC and can incorporate porosity alongside topographi- 

al structures in the same process [155] . Hydrogels are also com- 

on lumen material that can be utilized to form both porous and 

ermeable NGCs and can be produced from both synthetic poly- 

ers and various ECM proteins through a variety of manufactur- 

ng processes [192–197] . The primary regulatory consideration in 

umen selection material chemistry and the biological response to 

hat bulk material. Other challenges depend on the manufacturing 

ethod and the complexity involved in production ( i.e. , casting a 

ulk cylinder versus assembly of a nanofibrous mesh) which can 

ither be integrated as a single step combining lumen, filler, and 

opological modifications, or assembled in part. Ultimately, this se- 

ection forms the basis of the device and must provide a strong 

oundation for peripheral nerve repair. 

.2. Surface functionalisation 

.2.1. Peptide and extracellular matrix moieties 

It is widely accepted that extracellular matrix molecules im- 

rove cell attachment and proliferation for synthetic materials un- 

er in vitro conditions. Surface coating of NGCs can be a relatively 

imple process with the potential for improving the efficacy of 

hese material for their intended use and may allow improvements 

ver longer gaps. 

Common potential coatings for peripheral nerve repair include 

roteins such as laminin, collagen I and fibronectin; poly-amino 

cids such as lysine and ornithine; and peptides such as RGD (Arg- 

ly-Asp) or YIGSR (Tyr-Ile-Gly-Ser-Arg). When PCL NGCs are coated 

ith RGD or YIGSR, both Schwann cell attachment and prolifera- 

ion is improved, and improvement is also seen in DRG explant 

eurite outgrowth. Under in vivo conditions in a rat model, im- 

roved vascularization was observed [124] . On a functionalised mi- 

ropatterned poly(lactic-co-glycolic acid) (PLGA) substrate, greater 

arallel neurite growth was observed on a laminin coated sub- 

trate compared to a collagen I substrate [198] . Klein et al. inves- 

igated the effects of coating synthetic NGCs in collagen I, laminin, 

bronectin, lysine and ornithine. They observed the strongest re- 

ponse from collagen I in conjunction with fibronectin [199] . Sim- 

larly, by incorporating VEGF- and BDNF-mimetic peptide epitopes 

nto the hydrogel improved vascularisation, axon density, as well as 

mproved muscle regeneration and electrophysiological behaviour 

200] . NGF and BDNF can also be electrostatically bound through 

unctional amine groups to provide a prolonged release of growth 

actors over a longer period [201] . 
77 
Glycosaminoglycan (GAG) functionalization has been shown to 

odulate SC behaviour [202–207] . GAGs comprise a family of lin- 

ar chains of repeating disaccharide units and provide both struc- 

ural and functional effects in the ECM. When functionalised onto 

he surface of synthetic polymers, such as PCL, they have been 

hown to impact SC behaviour and modify their adhesion, prolifer- 

tion and differentiation [202] . The further development and uti- 

ization of GAGs is promising particularly due to the already FDA- 

leared NeuraGen a device, which utilizes chondroitin-6-sulfate is 

s a material component in a collagen NGC. 

These coatings can be expensive to produce, and will cost more 

han the bulk NGC alone; cost-benefit analysis may limit where 

hey can be applied. This is especially the case because under in 

ivo conditions the material will likely adsorb a range of serum 

roteins following implantation; this may lessen their positive ef- 

ects. Furthermore, biological coatings require additional biocom- 

atibility testing due to the chemical changes of the surface, and 

iologically-derived molecules require source verification and ex- 

ra quality control during manufacturing to account for variation. 

ynthetic peptides or recombinant proteins do not have the same 

roblems with batch-to-batch variation, but are typically more ex- 

ensive to produce. 

.2.2. Conductive coatings 

As the function of neurons is to conduct electrical signals, con- 

uctive coatings or materials are a popular consideration for nerve 

egeneration [117,192] . Conductive materials affect the electrical 

ignal transduction on a severed nerve, and are capable of deliver- 

ng a local electrical stimulus to the regenerating area [208] . Stim- 

lation of neuronal cells on coated material with electric field of 

0 mV/cm, which was sufficient depolarization to trigger an ac- 

ion potential, was shown to enhance neurite formation and exten- 

ion on PLGA nanofibers [209] . Electrical stimulation has also been 

hown to modulate growth factor production [210,211] . Popular 

onductive coatings include: polypyrrole, polyaniline, a multiblock 

opolymer of PLA and a carboxyl-capped aniline pentamer, carbon 

anotubes, or graphene oxide-composites [119,192,212–217] . These 

oatings alongside various electrical stimulation regimes have been 

hown to improve nerve regeneration. Compared to biological coat- 

ngs, these coatings can be significantly cheaper due to synthetic 

ommercial processes [218] . These materials and coatings may 

ave poor biocompatibility due to cell adhesion properties, leach- 

ng of unreacted components, foreign body response through fi- 

rous capsule formation, and can be difficult to process or incorpo- 

ate as composite materials due to limited solubility [216,219–221] . 

his can be minimised by incorporating biocompatible materials or 

urface treatments, and proper process control and cleaning and 

ay not be significant barriers to translation [219,222] . However, 

ue to change in surface chemistries, further regulatory clearance 

ould also need to be sought despite the underlying material, pre- 

umably, being biocompatible. 
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Table 3 

3D printing processes/additive manufacturing utilized in nerve guidance conduit production. 

Technique Process Advantages Disadvantages 

Extrusion Mechanical/pneumatic 

pistons extrude 

biomaterial in layers along 

a desired pattern in x-y 

directions 

Large range of materials available 

Viscous biomaterials can support their own 

weight 

Delivery of multiple materials 

Can be used to deliver cells alongside 

material at high densities 

Lack of mechanical stability of typically extruded 

biomaterials limit use in NGC formation [231] 

Maximum resolution of system is limited due to 

nozzle diameter and material rheological properties 

Shear during extrusion damages cells (if present) 

Stereolithography 

Curing of layer in a bath 

of monomers using a 

focused laser/light in the 

x-y directions whilst the 

build plate translates in 

the z direction 

Smaller feature sizes 

Does not require heating or extrusion 

Control over complex geometries: pore size, 

shape, interconnectivity, porosity 

Resolution is limited by system optics 

Increased print time 

Limitations with scalability 

High energy light can damage cells (if present) 

Limited open source printers and material 

Equipment cost 
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.2.3. Functionalised patterning 

Further refinement to these coatings can be added by pattern- 

ng the coating over the surface or by preparing gradients of pep- 

ides or coatings that can promote chemotactic responses during 

egeneration [173,175,223–225] . Leigh et al. patterned laminin per- 

endicularly to aligned patterned grooves to assess the preference 

f spiral ganglion neurons to competing patterns to evaluate neu- 

ite pathfinding. When the groove depth was increased from 3 μm 

o 8 μm the effect of either cue was disrupted, whilst at lower 

roove depths neurites preferred to follow the patterned laminin. 

his process applies another layer of surface anisotropy to direct 

egenerating neurites and can be an intuitive approach to improve 

he synergistic effects of surface topography and chemistry [173] . 

atterned coatings will undergo similar regulatory processes as 

heir unpatterned coated counterparts. 

.3. Emerging manufacturing considerations 

.3.1. Conduit manufacturing techniques and additive manufacturing 

Additive manufacturing (AM, also known as “3D printing”) cov- 

rs a range of manufacturing technologies, broadly classified by ex- 

rusion and stereolithographic printing ( Table 3 ), which can often 

roduce designs that are impractical to produce using more tradi- 

ional methods. AM allows customised parts to be manufactured, 

t the cost of increased production time, with potential to match 

atient-specific and location-specific features such as bifurcation of 

 nerve. Predominately, 3D printed NGCs have focused on expand- 

ng multi-material and multi-channel NGCs [76,163,226–228] . 

The FDA and Australia’s Therapeutic Goods Administration 

TGA) have recently published guidelines on risk management of 

dditively manufactured medical devices such that the company 

an demonstrate the ability to consistently meet regulatory re- 

uirements (ISO 13485:2016) [229,230] . A particular concern high- 

ighted by Australia’s TGA is the microbiological risk from air bub- 

les present during manufacturing. These may contain non-sterile 

urfaces that are difficult to sterilize which could expose a pa- 

ient to microbes. These techniques provide an option to pro- 

uce complex geometries out of the same material, but they 

ust also meet the same stringent manufacturing and risk man- 

gement controls required of their conventionally manufactured 

ounterparts. 

.3.2. Biological factors 

Currently there are no FDA-cleared NGCs that use supplemental 

iological factors alongside NGC implantation for peripheral nerve 

epair. Folic acid, NGF, BDNF, and polysialic acid, amongst many, 

ave been shown to improve the degree of alignment and quan- 

ity of axons [190,232–234] . As indicated by Kornfeld et al. they 

ay allow repair beyond 30 mm and can be used to improve re- 
78 
overy for shorter segments [235] . Clinical trials for biological fac- 

ors have been ongoing for decades since their identification [236] . 

espite this, their use in commercial products is more compli- 

ated due to the lack of controlled release and subsequent dif- 

usion into the surrounding tissue, which can have off-target ef- 

ects [237] . Many of the issues around biological sourced products 

cost, batch-batch variation) also apply to integration of these fac- 

ors to NGCs. Ideally, for NGCs, their action should enhance the 

erformance of the device without interfering with its mode of 

ction. 

.3.3. Supplementary cells 

Several groups have investigated Schwann cells or stem cells 

o treatments and have observed favourable responses to their 

resence during recovery [184,238–244] . Cells can be incorporated 

nto an NGC via a variety of approaches for example through ho- 

ogenous seeding across the NGC surface ( Fig. 8 ) or through car- 

ier support medium (hydrogels, encapsulation, etc. ). Schwann cells 

eeded at high density have been shown to support their own sur- 

ival through autocrine pathways which inhibits apoptosis and se- 

rete neurotrophic factors that help direct neurogenesis [245–247] . 

here are limitations of Schwann cell use for repair. It can be dif- 

cult to isolate sufficient Schwann cells from adults, primarily due 

o fibroblast contamination but new isolation processes are being 

eveloped to minimise fibroblast growth [248–250] . Alternatively, 

tem cells may prove viable alternatives to Schwann cells due to 

heir plasticity, immortality, and differentiation potential but also 

ntroduce other issues around appropriate regulatory framework 

241,251–253] . 

When using cells (autologous or otherwise) as part of NGC a 

articular challenge is generating enough for use, which involves a 

ransition from small scale culture systems to industrial processes. 

his typically requires defined media, in a scalable culture sys- 

em, under stringent quality control management systems (see ISO 

3485) as small changes in the process parameters (pH, O 2 , salts, 

tc .) can generate different cell phenotypes [254,255] . Regional reg- 

latory requirements may influence options and availability when 

electing a cell type and source. 

Recently, a clinical trial was conducted by Levi et al. where 

hey have collected a biopsy for Schwann cells, expanded the cells, 

ransported on ice, and then transplanted to repair a large human 

erve defect [250,256,257] . This required an Investigational New 

rug approval from the FDA, and Institutional Review Board ap- 

roval. Before use in surgery, levels of endotoxin were assessed 

or tolerable amounts (0.7–0.98 EU/kg) and several process controls 

ere employed to remove mitogens, laminin, bovine products, and 

ther process-related contaminants before implantation back into 

he patient. 15 months post-surgery the patient showed improved 

roximal sensory and distal motor recovery as well as reduced 
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Fig. 8. Construction of nerve conduits with wall-encapsulated cells. (A) Stepwise representation of process. (1) Composite random and aligned PCL/GelMA scaffolds are 

(2) overlaid and bonded with photointiator solution. (3) The rest of the scaffold is hydrated with photoinitiator solution, and cells are placed on the scaffold (homogeneous 

seeding is shown here but other seeding approaches are also achievable). (4) The sheet is rolled around a hypodermic needle of desired diameter and cured with visible 

light to bond layers. (B) Schematic of completed conduit-layers are removed in magnified view for clarity. (C) Prototype machine used to construct scaffold consisting of 

a slow-rotating motor, a platform, and hypodermic needle. (D) Macroscopic view of 5.5 cm long conduit. (E) Flexibility of conduit at 15.8 mm radius of curvature. Inset: 

conduit retains patency after full compression. Reprinted with permissions from Sun et al. [251] . 
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ain. Ultimately, the patient received the treatment within 30 days 

f injury, where collection, isolation, expansion, and purification 

f the Schwann cells was completed within 14 days [250] . This 

rief experimental procedure highlights the certainty for sterility 

nd safety from a regulatory perspective. For peripheral nerve re- 

air cells implantation should be viewed as supplementary in con- 

unction with an NGC or other coaption method as their com- 

ined use is currently not FDA-cleared. Currently one active clin- 

cal trial is investigating the use of autologous human Schwann 

ells alongside sural nerve autografts wrapped in a collagen ma- 

rix (NCT012510079). 

Platelet-rich Plasma: 

One alternative supply of autologous factors is to use platelet- 

ich plasma (PRP) which provides a safe and rich source of growth 

actors, and has been reviewed in depth by Sánchez et al. [258] . 

RP has been studied in combination with NGCs and has also been 

pplied in a number of clinical environments [259–266] . When lo- 

ally administered in a silicone NGC, PRP was shown to signifi- 

antly enhance sciatic nerve function and accelerated gastrocne- 

ius muscle regeneration in rats [267] . Recently, Tao et al. pre- 

ared a hydrogel NGC with live platelets that was capable of sup- 

lying sustained release of growth factors [268] . Over a three- 

onth period, the addition of platelets into the NGC showed im- 

roved density of myelinated nerve fibres, axon diameter, and 

MAP comparable to and autograft repair in a 10 mm rodent sci- 

tic model. As Tao et al. have shown, within an NGC, platelets or 

ther factors could be encapsulated within filler material, as part 

f the lumen, or injected into the periphery around the wound site. 

dditional considerations such as scaling, route of administration, 

nd half-life should be considered in use of these factors. This will 

etermine the degree of expertise and additional training surgeons 

ill require to assemble the device prior to implantation, or how 

ong the device is stable with active biological factors within the 

ystem. 

.4. Combination of multiple modifications 

The most clinically effective NGC therapy may involve some 

ombination of cells, neurotrophic factors, and support material 
79 
 i.e. , a drug-device or biologic-device combination). Combination 

evices, regulated through the OCP (see Section 4.2.1 .), need to 

emonstrate that their constitutive parts maintain the regulatory 

enchmark set by current GMP and QMS for each component. 

hese combinations also require design control verification and 

alidation to confirm that there are no negative interactions be- 

ween constitutive parts and demonstrate that the final prod- 

ct reaches performance targets. However, at this stage the lim- 

ted clinical evaluation and added regulatory complexity make this 

hallenging to translate and develop at a commercial scale. Fur- 

hermore, a consideration must be made whether the NGC manu- 

acturer will implement cell and biological inclusions in-house or 

icence-in components to avoid infringing third party intellectual 

roperty (IP), and may require multiple IP arrangements between 

everal parties. However, the regulatory clearance of the supple- 

ent may already be implemented by the third party. 

Already there are two cleared combined cell and scaffold 

biologic-device) therapies in the US, albeit for indications other 

han peripheral nerve damage, that are available to use as a frame- 

ork to develop a combined NGC and cell therapy. Rather than 

eing regulated exclusively by the CDRH through the FDA, these 

ombination products are licensed through the Office of Tissues 

nd Advanced Therapies, under the CBER. GINTUIT (Organogen- 

sis Inc.) combines allogeneic cultured keratinocytes and fibrob- 

asts in bovine collagen for topical treatment of mucogingival con- 

itions. Cells are isolated from donated human newborn foreskin 

issue and are multiplied into cell banks. GINTUIT, once assem- 

led, forms a layered structure with an upper and bottom layer 

ontaining fibroblasts. This process could be mimicked to form 

 layered lumen wrap or spiral type NGC [186] . More recently 

pproved, MACI (Vericel Corp.) is a porcine collagen membrane 

ith autologous cultured chondrocytes intended for use in carti- 

age defect repair in the knee [269] . Cells are collected from a 

artilage biopsy and take, on average, 6 weeks before a sufficient 

opulation is generated and then implanted alongside the scaf- 

old. These approaches can be quite costly and logistically com- 

lex and depending on the level of improvement over existing 

echnologies, may ultimately affect the commercial success of the 

roduct. 
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. Future directions 

Whilst larger gap repair has been the focus of this review, pre- 

ominantly, NGCs are mostly employed in small gap repair where 

hey have comparable recovery to autografts [11] . There is a wealth 

f clinical data to draw upon from predicate devices in gap re- 

air of similar lengths which can be used to drive material selec- 

ion, development, and active component incorporation. Additions 

f cells, drugs, and anisotropic material designs have strong poten- 

ial to improve peripheral nerve repair outcomes and reduce the 

eed for autograft use. Currently, most NGCs are approved via the 

redicate pathway, which requires combination devices to be sub- 

tantially equivalent to their predicates making it difficult to in- 

orporate additional functionalisation and biologicals. A paradigm 

hift in the device market is required to change this but will most 

ikely necessitate different regulatory pathways beyond the stan- 

ard 510(k) FDA approvals and requires greater evidence of safety 

nd efficacy. 

As has been noted by several researchers, a particular challenge 

or material design is the mixture of sensory and motor neurons 

ithin a peripheral nerve requiring innervation into specific tis- 

ue types to facilitate their function [161] . Johnson et al. demon- 

trated that a regenerating peripheral neuron can be separated 

nto its sensory and motor parts by the differential concentration 

f the growth factors, NGF and GDNF, to guide bundles of simi- 

ar neuronal types in a desired direction [161] . This may suggest 

hat there is no ‘universal’ NGC, as each segment of nerve needs 

o be ‘personalized’ for the various arrangements of nerve fibres 

ithin to target the original innervation site appropriately, adding 

ore complexity to the design of fully functional NGCs. Further- 

ore, this leads to the field of personalised medicine, where each 

GC is also tailored to the person for size, shape, and nerve con- 

ormation. 

The potential for recovery beyond 30 mm transections is cur- 

ently poor; irrespective of treatment approach. Current research 

ighlights approaches that may have potential to push recovery be- 

ond 30 mm [61,74,75,250,257] . Yet these techniques may be un- 

erdeveloped commercially, expensive or undesirable for industry 

o implement, and require clearance through more complex and 

xtensive regulatory pathways. 

.1. Composite and combination design to address large gaps 

Clearly, for larger-gap peripheral nerve repair the available 

GCs are currently insufficient. Simple ways of improving these 

evices are to optimise the composition of the mixture of ma- 

erials, such that it retains the favourable features of all compo- 

ents [154,160,164,211,270] . For example, biologically derived ma- 

erials typically display better biocompatibility compared to syn- 

hetic materials, which can instead provide higher stiffness and 

reater protection to the structure. Similarly, by combining multi- 

le design approaches, such as filler and wall modifications along- 

ide cell seeding and other biological factors, improvements in PNR 

utcomes are obtained using common polyester based biomateri- 

ls [77,141,271,272] . However, the regulatory timeframes for these 

dditions can be significantly longer than the pre-market approval 

rocess for a standalone device, especially if the addition is not 

leared for use under the same indication [112,273,274] . 

A major challenge for combination designs is the lack of ap- 

ropriate predicate devices to support a 510(k) application. The 

reater levels of investment that are required for a pre-market ap- 

roval, coupled with the greater complexity of the production and 

uality control processes, mean that such a device is significantly 

arder to justify. It is therefore vital that early research is stan- 

ardised to allow these larger investments to proceed with high 

onfidence. 
80 
. Conclusions 

Peripheral NGCs have seen significant development and change 

ince the first iteration of the device. However, there has been 

 delay in translation of innovative design concepts into clinical 

rial and post market phases. Recent advances in NGC design and 

ombination with multiple active constituents will necessitate reg- 

latory approval other than the predicate device pathway if they 

re to move into clinical use. To further accelerate emerging NGC 

ranslation, there is a need for standardisation of testing that can 

e used to validate and assist verification of key requirements that 

ill serve to de-risk the device at earlier stages of development. 
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[162] A. Prats-Galino , M. Čapek , M.A. Reina , E. Cvetko , B. Radochova , R.S. Tubbs ,

M. Damjanovska , T. Stopar Pintari ̌c , 3D reconstruction of peripheral nerves 

from optical projection tomography images: a method for studying fascicular 
interconnections and intraneural plexuses, Clin. Anat. 31 (3) (2018) 424–431 . 

[163] S. Vijayavenkataraman , S. Thaharah , S. Zhang , W.F. Lu , J.Y.H. Fuh , Electro-
hydrodynamic jet 3D-printed PCL/PAA conductive scaffolds with tunable 

biodegradability as nerve guide conduits (NGCs) for peripheral nerve injury 
repair, Mater. Des. 162 (2019) 171–184 . 

[164] T. Cui , X. Wang , Y. Yan , R. Zhang , Rapid prototyping a double-layer

polyurethane-collagen conduit and its Schwann cell compatibility, J. Bioact. 
Compat. Polym. 24 (2009) 5–17 SUPPL.1 . 

[165] W. Zhu , K.R. Tringale , S.A. Woller , S. You , S. Johnson , H. Shen , J. Schimel-
man , M. Whitney , J. Steinauer , W. Xu , T.L. Yaksh , Q.T. Nguyen , S. Chen , Rapid

continuous 3D printing of customizable peripheral nerve guidance conduits, 
Mater. Today 21 (9) (2018) 951–959 . 

[166] J.Y. Lee , G. Giusti , P. Friedrich , S. Archibald , J. Kemnitzer , J. Patel , N. Desai ,

A . Bishop , A . Shin , The effect of collagen nerve conduits filled with colla-
gen-glycosaminoglycan matrix on peripheral motor nerve regeneration in a 

rat model, J. Bone Jt. Surg. Am. 94 (2012) 2084–2091 Volume . 
[167] X. Wen , P.A. Tresco , Effect of filament diameter and extracellular matrix 

molecule precoating on neurite outgrowth and Schwann cell behavior on 
multifilament entubulation bridging device in vitro, J. Biomed. Mater. Res. 

Part A 76 (3) (2006) 626–637 An Official Journal of The Society for Bioma- 

terials, The Japanese Society for Biomaterials, and The Australian Society for 
Biomaterials and the Korean Society for Biomaterials . 

[168] Y. Hou , X. Wang , Z. Zhang , J. Luo , Z. Cai , Y. Wang , Y. Li , Repairing transected
peripheral nerve using a biomimetic nerve guidance conduit containing in- 

traluminal sponge fillers, Adv. Healthc. Mater. 8 (21) (2019) 1900913 . 
[169] Z. Rao , T. Lin , S. Qiu , J. Zhou , S. Liu , S. Chen , T. Wang , X. Liu , Q. Zhu , Y. Bai ,

D. Quan , Decellularized nerve matrix hydrogel scaffolds with longitudinally 

oriented and size-tunable microchannels for peripheral nerve regeneration, 
Mater. Sci. Eng. C 120 (2021) 111791 111791 . 

[170] M. Ezra , J. Bushman , D. Shreiber , M. Schachner , J. Kohn , Porous and non-
porous nerve conduits: the effects of a hydrogel luminal filler with and with- 

out a neurite-promoting moiety, Tissue Eng. Part A 22 (9-10) (2016) 818–826 . 

http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0123
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0124
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0125
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0126
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0126
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0126
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0126
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0126
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0127
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0127
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0127
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0127
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0127
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0127
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0127
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0128
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0129
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0130
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0130
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0130
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0130
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0130
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0131
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0132
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0132
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0132
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0132
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0132
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0132
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0132
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0133
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0133
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0133
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0133
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0133
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0134
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0134
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0134
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0134
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0134
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0134
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0134
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0135
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0136
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0136
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0136
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0136
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0136
https://ir.axogeninc.com/press-releases/detail/882/axogen-sponsored-ranger-registry-reaches-2000-nerve
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0138
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0139
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0140
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0140
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0140
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0140
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0141
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0141
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0141
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0141
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0141
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0141
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0142
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0142
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0144
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0145
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0145
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0145
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0145
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0145
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0145
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0146
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0146
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0146
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0146
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0147
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0147
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0147
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0148
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0148
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0148
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0148
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0149
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0150
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0150
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0150
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0150
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0150
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0150
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0150
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0151
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0151
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0151
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0151
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0151
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0151
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0152
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0152
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0152
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0152
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0152
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0152
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0152
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0153
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0153
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0154
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0154
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0154
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0154
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0154
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0154
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0155
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0155
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0155
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0155
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0155
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0155
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0155
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0156
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0157
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0157
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0157
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0158
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0158
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0158
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0158
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0158
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0159
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0159
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0159
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0159
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0160
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0160
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0160
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0160
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0160
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0161
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0162
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0163
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0164
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0164
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0164
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0164
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0164
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0164
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0165
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0165
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0165
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0165
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0165
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0166
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0167
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0168
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0168
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0168
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0169
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0170
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0171
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0171
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0171
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0171
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0171
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0171


B.J. Parker, D.I. Rhodes, C.M. O’Brien et al. Acta Biomaterialia 135 (2021) 64–86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[

[

[  

[  

[

[

 

[  

 

 

 

 

 

 

 

 

 

 

[  
[171] J. Li , H. McNally , R. Shi , Enhanced neurite alignment on micro-patterned
poly-L-lactic acid films, J. Biomed. Mater. Res. Part A 87 (2) (2008) 392–404 . 

[172] C.W. Yeh , L.W. Wang , H.C. Wu , Y.K. Hsieh , J. Wang , M.H. Chen , T.W. Wang ,
Development of biomimetic micro-patterned device incorporated with neu- 

rotrophic gradient and supportive Schwann cells for the applications in neu- 
ral tissue engineering, Biofabrication 9 (1) (2017) 015024 . 

[173] C. Miller , S. Jeftinija , S. Mallapragada , Synergistic effects of physical and
chemical guidance cues on neurite alignment and outgrowth on biodegrad- 

able polymer substrates, Tissue Eng. 8 (3) (2002) 367–378 . 

[174] A.J. Bastiaens , S. Xie , R. Luttge , Investigating the interplay of lateral and
height dimensions influencing neuronal processes on nanogrooves, J. Vac. Sci. 

Technol. B 36 (6) (2018) 06J801 . 
[175] B.L. Leigh , K. Truong , R. Bartholomew , M. Ramirez , M.R. Hansen , C.A. Guy-

mon , Tuning surface and topographical features to investigate competitive 
guidance of spiral ganglion neurons, ACS Appl. Mater. Interfaces 9 (37) (2017) 

31488–31496 . 

[176] B.W. Tuft , S. Li , L. Xu , J.C. Clarke , S.P. White , B.A. Guymon , K.X. Perez ,
M.R. Hansen , C.A. Guymon , Photopolymerized microfeatures for directed spi- 

ral ganglion neurite and Schwann cell growth, Biomaterials 34 (1) (2013) 
42–54 . 

[177] Y.A. Huang , C.T. Ho , Y.H. Lin , C.J. Lee , S.M. Ho , M.C. Li , E. Hwang , Nanoim-
printed anisotropic topography preferentially guides axons and enhances 

nerve regeneration, Macromol. Biosci. 18 (12) (2018) 1800335 . 

[178] Z. Zhang , M.L. Jørgensen , Z. Wang , J. Amagat , Y. Wang , Q. Li , M. Dong ,
M. Chen , 3D anisotropic photocatalytic architectures as bioactive nerve guid- 

ance conduits for peripheral neural regeneration, Biomaterials 253 (2020) 
120108 . 

[179] A .A .D. Jones , G. Mi , T.J. Webster , A status report on FDA approval of medical
devices containing nanostructured materials, Trends Biotechnol. 37 (2) (2019) 

117–120 . 

[180] P.J.A. Borm , D. Robbins , S. Haubold , T. Kuhlbusch , H. Fissan , K. Donald-
son , R. Schins , V. Stone , W. Kreyling , J. Lademann , J. Krutmann , D. Warheit ,

E. Oberdorster , The potential risks of nanomaterials: a review carried out for 
ECETOC, Part. Fibre Toxicol. 3 (2006) 11 -11 . 

[181] K.M. Pawelec , J. Hix , E.M. Shapiro , J. Sakamoto , The mechanics of scaling-up
multichannel scaffold technology for clinical nerve repair, J. Mech. Behav. 

Biomed. Mater. 91 (2019) 247–254 . 

[182] C.B. Jenq , R.E. Coggeshall , Permeable tubes increase the length of the gap that
regenerating axons can span, Brain Res. 408 (1-2) (1987) 239–242 . 

[183] L.J. Chamberlain , I.V. Yannas , A. Arrizabalaga , H.P. Hsu , T.V. Norregaard ,
M. Spector , Early peripheral nerve healing in collagen and silicone tube im- 

plants: Myofibroblasts and the cellular response, Biomaterials 19 (15) (1998) 
1393–1403 . 

[184] M.N. Karagyaur , P.I. Makarevich , E.K. Shevchenko , D.V. Stambolsky , N.I. Kalin-

ina , Y.V. Parfyonova , Modern approaches to peripheral nerve regeneration af- 
ter injury: The prospects of gene and cell therapy, Genes Cells 12 (1) (2017) 

6–14 . 
[185] H.J. Hoppen , J.W. Leenslag , A.J. Pennings , B. van der Lei , P.H. Robinson , Two–

ply biodegradable nerve guide: basic aspects of design, construction and bio- 
logical performance, Biomaterials 11 (4) (1990) 286–290 . 

[186] W. Chang , M.B. Shah , P. Lee , X. Yu , Tissue-engineered spiral nerve guidance
conduit for peripheral nerve regeneration, Acta Biomater. 73 (2018) 302–

311 . 

[187] C.M. Valmikinathan , J. Hoffman , X. Yu , Impact of scaffold micro and macro
architecture on Schwann cell proliferation under dynamic conditions in a ro- 

tating wall vessel bioreactor, Mater. Sci. Eng. C 31 (1) (2011) 22–29 . 
[188] E.M. Jeffries , Y. Wang , Biomimetic micropatterned multi-channel nerve guides 

by templated electrospinning, Biotechnol. Bioeng. 109 (6) (2012) 1571–1582 . 
[189] S.M. Kim , M.S. Lee , J. Jeon , D.H. Lee , K. Yang , S.W. Cho , I. Han , H.S. Yang ,

Biodegradable nerve guidance conduit with microporous and micropatterned 

poly(lactic-co-glycolic acid)-accelerated sciatic nerve regeneration, Macromol. 
Biosci. 18 (12) (2018) 1800290 . 

[190] K. Moore , M. Macsween , M. Shoichet , Immobilized concentration gradients of 
neurotrophic factors guide neurite outgrowth of primary neurons in macrop- 

orous scaffolds, Tissue Eng. 12 (2) (2006) 267–278 . 
[191] C.L.A.M. Vleggeert-Lankamp , G.C.W. De Ruiter , J.F.C. Wolfs , A.P. Pêgo , R.J. Van

Den Berg , H.K.P. Feirabend , M.J.A. Malessy , E.A.J.F. Lakke , Pores in synthetic

nerve conduits are beneficial to regeneration, J. Biomed. Mater. Res. Part A 
80 (4) (2007) 965–982 . 

[192] J. Park , J. Jeon , B. Kim , M.S. Lee , S. Park , J. Lim , J. Yi , H. Lee , H.S. Yang , J.Y. Lee ,
Electrically conductive hydrogel nerve guidance conduits for peripheral nerve 

regeneration, Adv. Funct. Mater. 30 (39) (2020) 2003759 . 
[193] S. Itai , K. Suzuki , Y. Kurashina , H. Kimura , T. Amemiya , K. Sato , M. Naka-

mura , H. Onoe , Cell-encapsulated chitosan-collagen hydrogel hybrid nerve 

guidance conduit for peripheral nerve regeneration, Biomed. Microdevices 22 
(4) (2020) 81 . 

[194] J. Yoo , J.H. Park , Y.W. Kwon , J.J. Chung , I.C. Choi , J.J. Nam , H.S. Lee , E.Y. Jeon ,
K. Lee , S.H. Kim , Y. Jung , J.W. Park , Augmented peripheral nerve regenera-

tion through elastic nerve guidance conduits prepared using a porous PLCL 
membrane with a 3D printed collagen hydrogel, Biomater. Sci. 8 (22) (2020) 

6261–6271 . 

[195] R.A. Suhar , L.M. Marquardt , S. Song , H. Buabbas , V.M. Doulames , P.K. Jo-
hansson , K.C. Klett , R.E. Dewi , A.M.K. Enejder , G.W. Plant , P.M. George ,

S.C. Heilshorn , Elastin-like proteins to support peripheral nerve regener- 
ation in guidance conduits, ACS Biomater. Sci. Eng. 7 (4) (2020) 4209–

4220 . 
84 
[196] S. Wu , M. Kuss , D. Qi , J. Hong , H.J. Wang , W. Zhang , S. Chen , S. Ni , B. Duan ,
Development of cryogel-based guidance conduit for peripheral nerve regen- 

eration, ACS Appl. Bio Mater. 2 (11) (2019) 4 864–4 871 . 
[197] P. Vashisth , N. Kar , D. Gupta , J.R. Bellare , Three dimensional quercetin–

functionalized patterned scaffold: Development, characterization, and in 
vitro assessment for neural tissue engineering, ACS Omega 5 (35) (2020) 

22325–22334 . 
[198] L. Yao , S. Wang , W. Cui , R. Sherlock , C. O’Connell , G. Damodaran , A. Gor-

man , A. Windebank , A. Pandit , Effect of functionalized micropatterned 

PLGA on guided neurite growth, Acta Biomater. 5 (2) (2009) 580–
588 . 

[199] S. Klein , L. Prantl , J. Vykoukal , M. Loibl , O. Felthaus , Differential effects of
coating materials on viability and migration of Schwann cells, Materials 9 (3) 

(2016) 150 . 
200] J. Lu , X. Yan , X. Sun , X. Shen , H. Yin , C. Wang , Y. Liu , C. Lu , H. Fu , S. Yang ,

Y. Wang , X. Sun , L. Zhao , S. Lu , A.G. Mikos , J. Peng , X. Wang , Synergistic ef-

fects of dual-presenting VEGF- and BDNF-mimetic peptide epitopes from self- 
-assembling peptide hydrogels on peripheral nerve regeneration, Nanoscale 

11 (42) (2019) 19943–19958 . 
[201] A.M. Sandoval-Castellanos , F. Claeyssens , J.W. Haycock , Biomimetic surface 

delivery of NGF and BDNF to enhance neurite outgrowth, Biotechnol. Bioeng. 
117 (10) (2020) 3124–3135 . 

202] M. Idini , P. Wieringa , S. Rocchiccioli , G. Nieddu , N. Ucciferri , M. Formato ,

A. Lepedda , L. Moroni , Glycosaminoglycan functionalization of electrospun 
scaffolds enhances Schwann cell activity, Acta Biomater. 96 (2019) 188–202 . 

203] K.C. Butterfield , A.W. Conovaloff, A. Panitch , Development of affinity-based 
delivery of NGF from a chondroitin sulfate biomaterial, Biomatter 1 (2) (2011) 

174–181 . 
204] A . Conovaloff, A . Panitch , Characterization of a chondroitin sulfate hydrogel 

for nerve root regeneration, J. Neural Eng. 8 (5) (2011) 056003 . 

205] L. Karumbaiah , S.F. Enam , A.C. Brown , T. Saxena , M.I. Betancur , T.H. Barker ,
R.V. Bellamkonda , Chondroitin sulfate glycosaminoglycan hydrogels create 

endogenous niches for neural stem cells, Bioconjug. Chem. 26 (12) (2015) 
2336–2349 . 

206] M.C. Serrano , S. Nardecchia , C. García-Rama , M.L. Ferrer , J.E. Collazos-Cas-
tro , F. Del Monte , M.C. Gutiérrez , Chondroitin sulphate-based 3D scaffolds 

containing MWCNTs for nervous tissue repair, Biomaterials 35 (5) (2014) 

1543–1551 . 
207] H. Xu , Y. Yan , S. Li , PDLLA/chondroitin sulfate/chitosan/NGF conduits for pe- 

ripheral nerve regeneration, Biomaterials 32 (20) (2011) 4506–4516 . 
208] L. Ghasemi-Mobarakeh , M.P. Prabhakaran , M. Morshed , M.H. Nasr-Esfahani , 

H. Baharvand , S. Kiani , S.S. Al-Deyab , S. Ramakrishna , Application of conduc-
tive polymers, scaffolds and electrical stimulation for nerve tissue engineer- 

ing, J. Tissue Eng. Regen. Med. 5 (4) (2011) e17–e35 . 

209] J.Y. Lee , C.A. Bashur , A.S. Goldstein , C.E. Schmidt , Polypyrrole-coated elec-
trospun PLGA nanofibers for neural tissue applications, Biomaterials 30 (26) 

(2009) 4325–4335 . 
[210] A. Kotwal , C.E. Schmidt , Electrical stimulation alters protein adsorption and 

nerve cell interactions with electrically conducting biomaterials, Biomaterials 
22 (10) (2001) 1055–1064 . 

[211] J. Huang , X. Hu , L. Lu , Z. Ye , Q. Zhang , Z. Luo , Electrical regulation of Schwann
cells using conductive polypyrrole/chitosan polymers, J. Biomed. Mater. Res. 

Part A 93 (1) (2010) 164–174 An Official Journal of The Society for Bioma-

terials, The Japanese Society for Biomaterials, and The Australian Society for 
Biomaterials and the Korean Society for Biomaterials . 

[212] G. Wang , W. Wu , H. Yang , P. Zhang , J.-Y. Wang , Intact polyaniline coating as a
conductive guidance is beneficial to repairing sciatic nerve injury, J. Biomed. 

Mater. Res. Part B Appl. Biomater. 108 (1) (2020) 128–142 . 
[213] L. Huang , X. Zhuang , J. Hu , L. Lang , P. Zhang , Y. Wang , X. Chen , Y. Wei ,

X. Jing , Synthesis of biodegradable and electroactive multiblock polylac- 

tide and aniline pentamer copolymer for tissue engineering applications, 
Biomacromolecules 9 (3) (2008) 850–858 . 

[214] P. Supronowicz , P. Ajayan , K. Ullmann , B. Arulanandam , D. Metzger , R. Bizios ,
Novel current-conducting composite substrates for exposing osteoblasts to al- 

ternating current stimulation, J. Biomed. Mater. Res. 59 (3) (2002) 499–506 
An Official Journal of The Society for Biomaterials, The Japanese Society for 

Biomaterials, and The Australian Society for Biomaterials and the Korean So- 

ciety for Biomaterials . 
[215] D. Xu , L. Fan , L. Gao , Y. Xiong , Y. Wang , Q. Ye , A. Yu , H. Dai , Y. Yin , J. Cai ,

Micro-nanostructured polyaniline assembled in cellulose matrix via interfa- 
cial polymerization for applications in nerve regeneration, ACS Appl. Mater. 

Interfaces 8 (27) (2016) 17090–17097 . 
[216] S. Aznar-Cervantes , M.I. Roca , J.G. Martinez , L. Meseguer-Olmo , J.L. Cenis ,

J.M. Moraleda , T.F. Otero , Fabrication of conductive electrospun silk fibroin 

scaffolds by coating with polypyrrole for biomedical applications, Bioelectro- 
chemistry 85 (2012) 36–43 . 

[217] A. Magaz , X. Li , J.E. Gough , J.J. Blaker , Graphene oxide and electroactive re-
duced graphene oxide-based composite fibrous scaffolds for engineering ex- 

citable nerve tissue, Mater. Sci. Eng. C 119 (2021) 111632 . 
[218] V. Kumar , T. Yokozeki , T. Goto , T. Takahashi , Mechanical and electrical proper-

ties of PANI-based conductive thermosetting composites, J. Reinf. Plast. Com- 

pos. 34 (16) (2015) 1298–1305 . 
[219] D.K. Cullen , A.R. Patel , J.F. Doorish , D.H. Smith , B.J. Pfister , Developing a tis-

sue-engineered neural-electrical relay using encapsulated neuronal constructs 
on conducting polymer fibers, J. Neural Eng. 5 (4) (2008) 374 . 

220] G. Qi , L. Huang , H. Wang , Highly conductive free standing polypyrrole films

http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0172
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0172
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0172
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0172
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0173
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0174
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0174
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0174
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0174
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0175
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0175
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0175
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0175
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0176
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0176
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0176
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0176
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0176
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0176
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0176
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0177
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0178
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0179
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0180
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0180
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0180
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0180
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0181
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0182
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0182
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0182
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0182
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0182
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0183
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0183
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0183
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0184
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0184
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0184
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0184
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0184
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0184
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0184
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0185
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0185
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0185
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0185
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0185
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0185
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0185
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0186
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0186
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0186
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0186
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0186
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0186
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0187
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0187
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0187
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0187
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0187
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0188
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0188
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0188
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0188
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0189
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0189
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0189
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0190
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0191
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0191
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0191
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0191
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0192
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0193
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0194
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0195
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0196
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0197
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0198
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0198
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0198
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0198
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0198
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0199
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0200
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0200
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0200
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0200
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0200
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0200
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0201
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0202
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0202
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0202
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0202
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0203
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0204
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0204
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0204
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0204
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0205
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0205
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0205
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0206
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0207
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0208
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0208
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0208
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0208
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0209
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0210
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0210
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0210
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0210
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0210
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0211
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0211
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0211
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0212
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0212
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0212
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0212
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0212
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0212
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0212
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0213
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0213
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0213
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0213
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0213
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0213
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0214
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0215
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0215
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0215
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0215
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0215
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0215
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0215
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0216
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0217
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0218
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0218
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0218
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0218
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0218
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0219
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0219
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0219
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0219
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0219
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0220
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0220
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0220
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0220
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0220
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0220
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0221
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0221
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0221
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0221


B.J. Parker, D.I. Rhodes, C.M. O’Brien et al. Acta Biomaterialia 135 (2021) 64–86 

[  

[  

[  

[  

[

 

[

[

[

[  

[  

[  

[  

[  

 

 

[  

[  

[  

 

[  

 

 

 

[  

[  

[  

[  

[  

[  

 

[  

 

 

[

[  

[  

[  

 

[

 

[  

[  

 

[  

 

[  

[

[  

[

[

[

[  

[  

 

 

 

prepared by freezing interfacial polymerization, Chem. Commun. 48 (66) 
(2012) 8246–8248 . 

[221] A. Rahy , D.J. Yang , Synthesis of highly conductive polyaniline nanofibers, 
Mater. Lett. 62 (28) (2008) 4311–4314 . 

222] Y. Guo , M. Li , A. Mylonakis , J. Han , A.G. MacDiarmid , X. Chen , P.I. Lelkes ,
Y. Wei , Electroactive oligoaniline-containing self-assembled monolayers for 

tissue engineering applications, Biomacromolecules 8 (10) (2007) 3025–3034 . 
223] D.N. Adams , E.Y.C. Kao , C.L. Hypolite , M.D. Distefano , W.S. Hu , P.C. Letourneau ,

Growth cones turn and migrate up an immobilized gradient of the laminin 

IKVAV peptide, J. Neurobiol. 62 (1) (2005) 134–147 . 
224] B.L. Leigh , E. Cheng , L. Xu , C. Andresen , M.R. Hansen , C.A. Guymon , Photopoly-

merizable zwitterionic polymer patterns control cell adhesion and guide neu- 
ral growth, Biomacromolecules 18 (8) (2017) 2389–2401 . 

225] A.C. Von Philipsborn , S. Lang , A. Bernard , J. Loeschinger , C. David , D. Lehn-
ert , M. Bastmeyer , F. Bonhoeffer , Microcontact printing of axon guidance 

molecules for generation of graded patterns, Nat. Protoc. 1 (3) (2006) 

1322–1328 . 
226] K. Arcaute , B.K. Mann , R.B. Wicker , Fabrication of off-the-shelf multilumen 

poly(Ethylene glycol) nerve guidance conduits using stereolithography, Tissue 
Eng. Part C Methods 17 (1) (2010) 27–38 . 

[227] S. Vijayavenkataraman , S. Zhang , S. Thaharah , G. Sriram , W.F. Lu , J.Y.H. Fuh ,
Electrohydrodynamic Jet 3D printed nerve guide conduits (NGCs) for periph- 

eral Nerve injury repair, Polymers 10 (7) (2018) . 

228] D.Y. Wang, Y. Huang, Fabricate coaxial stacked nerve conduits through soft 
lithography and molding processes, J. Biomed. Mater. Res. A , 85A (2), (2008) 

434-438. 
229] Australian Government: Department of Health Therapeu- 

tic Goods Administration, 3-D printing (additive manufac- 
turing) of medical devices, (2020). https://www.tga.gov.au/ 

3- d- printing- additive- manufacturing- medical- devices . (Accessed 12/5/2021) 

230] United States Food and Drug AdministrationTechnical Considerations for Ad- 
ditive Manufactured Medical Devices, Department of Health and Human Ser- 

vices, 2017 Ed. . 
[231] M.L. Oyen , Mechanical characterisation of hydrogel materials, Int. Mater. Rev. 

59 (1) (2014) 44–59 . 
232] W.B. Kang , Y.J. Chen , D.Y. Lu , J.Z. Yan , Folic acid contributes to peripheral

nerve injury repair by promoting Schwann cell proliferation, migration, and 

secretion of nerve growth factor, Neural Regen. Res. 14 (1) (2019) 132–139 . 
233] M.E. Önger , B. Deliba ̧s , A.P. Türkmen , E. Erener , B.Z. Altunkaynak , S. Kaplan ,

The role of growth factors in nerve regeneration, Drug Discov. Ther. 10 (6) 
(2016) 285–291 . 

234] A. Mehanna , B. Mishra , N K. , C. Schulze , S. Bian , G. Loers , A. Irintchev , M S. ,
Polysialic acid glycomimetics promote myelination and functional recovery 

after peripheral nerve injury in mice, Brain 132 (6) (2009) 1449–1462 . 

235] T. Kornfeld , P.M. Vogt , C. Radtke , Nerve grafting for peripheral nerve injuries
with extended defect sizes, Wien. Med. Wochenschr. 169 (9) (2018) 240–251 . 

236] S.C. Apfel , S. Schwartz , B.T. Adornato , R. Freeman , V. Biton , M. Rendell ,
A. Vinik , M. Giuliani , J.C. Stevens , R. Barbano , Efficacy and safety of recom-

binant human nerve growth factor in patients with diabetic polyneuropathy: 
a randomized controlled trial, JAMA 284 (17) (20 0 0) 2215–2221 . 

[237] M.L. Rocco , M. Soligo , L. Manni , L. Aloe , Nerve growth factor: early studies
and recent clinical trials, Curr. Neuropharmacol. 16 (10) (2018) 1455–1465 . 

238] K.R. Jessen , R. Mirsky , A.C. Lloyd , Schwann cells: development and role in

nerve repair, Cold Spring Harb. Perspect. Biol. 7 (7) (2015) a020487 -a020487 . 
239] T. Hadlock , C. Sundback , D. Hunter , M. Cheney , J.P. Vacanti , A polymer foam

conduit seeded with Schwann cells promotes guided peripheral nerve regen- 
eration, Tissue Eng. 6 (2) (20 0 0) 119–127 . 

240] C. Liu , J. Kray , C. Chan , Schwann cells enhance penetration of regenerated
axons into three-dimensional microchannels, Tissue Eng. Regen. Med. 15 (3) 

(2018) 351–361 . 

[241] J. Hu , Q.T. Zhu , X.L. Liu , Y.b. Xu , J.K. Zhu , Repair of extended peripheral
nerve lesions in rhesus monkeys using acellular allogenic nerve grafts im- 

planted with autologous mesenchymal stem cells, Exp. Neurol. 204 (2) (2007) 
658–666 . 

242] C. Marchesi , M. Pluderi , F. Colleoni , M. Belicchi , M. Meregalli , A. Farini ,
D. Parolini , L. Draghi , M.E. Fruguglietti , M. Gavina , L. Porretti , A. Cattaneo ,

M. Battistelli , A. Prelle , M. Moggio , S. Borsa , L. Bello , D. Spagnoli , S.M. Gaini ,

M.C. Tanzi , N. Bresolin , N. Grimoldi , Y. Torrente , Skin-derived stem cells trans-
planted into resorbable guides provide functional nerve regeneration after 

sciatic nerve resection, Glia 55 (4) (2007) 425–438 . 
243] J.A. Stratton , R. Kumar , S. Sinha , P. Shah , M. Stykel , Y. Shapira , R. Midha ,

J. Biernaskie , Purification and characterization of schwann cells from adult 
human skin and nerve, eNeuro 4 (3) (2017) ENEURO.0307-16.2017 . 

244] S. Wu , S. Ni , X. Jiang , M.A. Kuss , H.J. Wang , B. Duan , Guiding mesenchymal

stem cells into myelinating schwann cell-like phenotypes by using electro- 
spun core-sheath nanoyarns, ACS Biomater. Sci. Eng. 5 (10) (2019) 5284–5294 . 

245] C. Meier , E. Parmantier , A. Brennan , R. Mirsky , K.R. Jessen , Developing
schwann cells acquire the ability to survive without axons by establish- 

ing an autocrine circuit involving insulin-like growth factor, neurotrophin-3, 
and platelet-derived growth factor-BB, J. Neurosci. 19 (10) (1999) 3847–

3859 . 

246] L. Cheng , F.S. Esch , M.A. Marchionni , A.W. Mudge , Control of Schwann cell
survival and proliferation: autocrine factors and neuregulins, Mol. Cell. Neu- 

rosci. 12 (3) (1998) 141–156 . 
85 
[247] J.S.H. Taylor , E.T.W. Bampton , Factors secreted by Schwann cells stimulate the 
regeneration of neonatal retinal ganglion cells, J. Anat. 204 (1) (2004) 25–31 . 

248] N.D. Andersen , S. Srinivas , G. Piñero , P.V. Monje , A rapid and versatile method
for the isolation, purification and cryogenic storage of Schwann cells from 

adult rodent nerves, Sci. Rep. 6 (1) (2016) 1–17 . 
249] K. Peng , D. Sant , N. Andersen , R. Silvera , V. Camarena , G. Piñero , R. Graham ,

A. Khan , X.M. Xu , G. Wang , P.V. Monje , Magnetic separation of peripheral
nerve-resident cells underscores key molecular features of human Schwann 

cells and fibroblasts: an immunochemical and transcriptomics approach, Sci. 

Rep. 10 (1) (2020) 18433 . 
250] A.D. Levi , S.S. Burks , K.D. Anderson , M. Dididze , A. Khan , W.D. Dietrich ,

The use of autologous schwann cells to supplement sciatic nerve repair 
with a large gap: first in human experience, Cell Transplant. 25 (7) (2016) 

1395–1403 . 
[251] A .X. Sun , T.A . Prest , J.R. Fowler , R.M. Brick , K.M. Gloss , X. Li , M. DeHart ,

H. Shen , G. Yang , B.N. Brown , P.G. Alexander , R.S. Tuan , Conduits harness-

ing spatially controlled cell-secreted neurotrophic factors improve peripheral 
nerve regeneration, Biomaterials 203 (2019) 86–95 . 

252] D.G. Halme , D.A. Kessler , FDA regulation of stem-cell-based therapies, N. Engl. 
J. Med. 355 (16) (2006) 1730 . 

253] E.S. Petrova , E.N. Isaeva , E.A. Kolos , D.E. Korzhevskii , Vascularization of the
damaged nerve under the effect of experimental cell therapy, Bull. Exp. Biol. 

Med. 165 (1) (2018) 161–165 . 

254] Z. Xing , B.M. Kenty , Z.J. Li , S.S. Lee , Scale-up analysis for a CHO cell culture
process in large-scale bioreactors, Biotechnol. Bioeng. 103 (4) (2009) 733–746 . 

255] Y. Gao , S. Ray , S. Dai , A.R. Ivanov , N.R. Abu-Absi , A.M. Lewis , Z. Huang , Z. Xing ,
M.C. Borys , Z.J. Li , Combined metabolomics and proteomics reveals hypoxia 

as a cause of lower productivity on scale-up to a 50 0 0 liter CHO bioprocess,
Biotechnol. J. 11 (9) (2016) 1190–1200 . 

256] A.D. Levi , Characterization of the technique involved in isolating Schwann 

cells from adult human peripheral nerve, J. Neurosci. Methods 68 (1) (1996) 
21–26 . 

[257] Z.C. Gersey , S.S. Burks , K.D. Anderson , M. Dididze , A. Khan , W.D. Dietrich ,
A.D. Levi , First human experience with autologous Schwann cells to supple- 

ment sciatic nerve repair: report of 2 cases with long-term follow-up, Neu- 
rosurg. Focus 42 (3) (2017) E2 . 

258] M. Sánchez , E. Anitua , D. Delgado , P. Sanchez , R. Prado , G. Orive , S. Padilla ,

Platelet-rich plasma, a source of autologous growth factors and biomimetic 
scaffold f or peripheral nerve regeneration, Expert Opin. Biol. Ther. 17 (2) 

(2017) 197–212 . 
259] M. Salehi , A. Ehtrami , F. Bastami , S. Farzamfar , S. Hosseinpour , H. Vahedi ,

A . Vaez , M. Rahvar , A . Goodarzi , Polyurethane/gelatin nanofiber neural guid-
ance conduit in combination with resveratrol and schwann cells for sciatic 

nerve regeneration in the rat model, Fibers Polym. 20 (3) (2019) 490–500 . 

260] M. Salehi , M. Naseri-Nosar , S. Ebrahimi-Barough , M. Nourani , A. Khojasteh ,
S. Farzamfar , K. Mansouri , J. Ai , Polyurethane/gelatin nanofibrils neural guid- 

ance conduit containing platelet-rich plasma and melatonin for transplanta- 
tion of Schwann cells, Cell. Mol. Neurobiol. 38 (3) (2018) 703–713 . 

[261] E. Anitua , F. Muruzabal , A. Tayebba , A. Riestra , V.L. Perez , J. Merayo-Lloves ,
G. Orive , Autologous serum and plasma rich in growth factors in oph- 

thalmology: preclinical and clinical studies, Acta Ophthalmol. 93 (8) (2015) 
e605–e614 . 

262] S. Padilla , M. Sánchez , G. Orive , E. Anitua , Human-based biological and

biomimetic autologous therapies for musculoskeletal tissue regeneration, 
Trends Biotechnol. 35 (3) (2017) 192–202 . 

263] E. Anitua , Plasma rich in growth factors: preliminary results of use in the 
preparation of future sites for implants, Int. J. Oral Maxillofac. Implants 14 

(4) (1999) 529–535 . 
264] M. Sánchez , E. Anitua , G. Orive , I. Mujika , I. Andia , Platelet-rich therapies

in the treatment of orthopaedic sport injuries, Sport. Med. 39 (5) (2009) 

345–354 . 
265] I. Andia , N. Maffulli , Platelet-rich plasma for managing pain and inflammation 

in osteoarthritis, Nat. Rev. Rheumatol. 9 (12) (2013) 721–730 . 
266] G. Intini , The use of platelet-rich plasma in bone reconstruction therapy, Bio- 

materials 30 (28) (2009) 4 956–4 966 . 
267] S. Abbasipour-Dalivand , R. Mohammadi , V. Mohammadi , Effects of local ad- 

ministration of platelet rich plasma on functional recovery after bridging sci- 

atic nerve defect using silicone rubber chamber; an experimental study, Bull. 
Emerg. Trauma 3 (1) (2015) 1–7 . 

268] J. Tao , H. Liu , W. Wu , J. Zhang , S. Liu , J. Zhang , Y. Huang , X. Xu , H. He , S. Yang ,
M. Gou , 3D-printed nerve conduits with live platelets for effective peripheral 

nerve repair, Adv. Funct. Mater.s 30 (42) (2020) 2004272 . 
269] D. Saris , A. Price , W. Widuchowski , M. Bertrand-Marchand , J. Caron ,

J.O. Drogset , P. Emans , A. Podskubka , A. Tsuchida , S. Kili , D. Levine , M. Brit-

tberg , Matrix-applied characterized autologous cultured chondrocytes versus 
microfracture: Two-year follow-up of a prospective randomized trial, Am. J. 

Sport. Med. 42 (6) (2014) 1384–1394 . 
[270] H. Wu , J. Liu , Q. Fang , B. Xiao , Y. Wan , Establishment of nerve growth fac-

tor gradients on aligned chitosan-polylactide /alginate fibers for neural tissue 
engineering applications, Colloids Surf. B Biointerfaces 160 (2017) 598–609 . 

[271] Y. Xu , Z. Huang , X. Pu , G. Yin , J. Zhang , Fabrication of Chi-

tosan/Polypyrrole-coated poly(L-lactic acid)/Polycaprolactone aligned fibre 
films for enhancement of neural cell compatibility and neurite growth, Cell 

Prolif. 52 (3) (2019) . 

http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0221
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0222
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0222
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0222
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0223
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0224
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0224
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0224
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0224
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0224
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0224
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0224
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0225
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0225
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0225
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0225
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0225
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0225
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0225
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0226
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0227
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0227
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0227
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0227
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0228
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0228
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0228
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0228
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0228
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0228
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0228
https://www.tga.gov.au/3-d-printing-additive-manufacturing-medical-devices
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0231
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0232
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0232
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0233
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0233
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0233
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0233
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0233
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0234
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0234
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0234
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0234
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0234
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0234
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0234
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0235
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0236
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0236
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0236
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0236
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0237
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0238
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0238
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0238
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0238
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0238
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0239
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0239
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0239
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0239
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0240
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0240
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0240
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0240
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0240
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0240
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0241
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0241
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0241
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0241
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0242
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0242
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0242
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0242
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0242
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0242
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0243
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0244
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0245
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0245
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0245
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0245
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0245
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0245
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0245
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0246
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0246
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0246
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0246
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0246
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0246
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0247
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0247
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0247
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0247
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0247
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0248
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0248
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0248
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0249
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0249
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0249
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0249
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0249
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0250
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0251
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0251
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0251
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0251
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0251
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0251
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0251
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0252
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0253
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0253
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0253
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0254
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0254
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0254
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0254
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0254
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0255
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0255
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0255
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0255
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0255
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0256
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0257
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0257
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0258
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0259
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0260
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0261
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0262
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0263
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0263
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0263
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0263
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0263
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0264
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0264
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0265
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0265
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0265
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0265
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0265
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0265
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0266
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0266
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0266
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0267
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0267
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0268
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0268
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0268
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0268
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0269
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0270
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0271
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0271
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0271
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0271
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0271
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0271
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0272
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0272
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0272
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0272
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0272
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0272


B.J. Parker, D.I. Rhodes, C.M. O’Brien et al. Acta Biomaterialia 135 (2021) 64–86 

  

 

[272] C. Wu , A. Liu , S. Chen , X. Zhang , L. Chen , Y. Zhu , Z. Xiao , J. Sun , H. Luo ,
H. Fan , Cell-laden electroconductive hydrogel simulating nerve matrix to de- 

liver electrical cues and promote neurogenesis, ACS Appl. Mater. Interfaces 11 
(25) (2019) 22152–22163 . 
86 
[273] M. Dickson , J.P. Gagnon , The cost of new drug discovery and development,
Discov. Med. 4 (22) (2009) 172–179 . 

[274] S. Morgan , P. Grootendorst , J. Lexchin , C. Cunningham , D. Greyson , The cost
of drug development: a systematic review, Health Policy 100 (1) (2011) 4–17 . 

http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0273
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0274
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0274
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0274
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0275
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0275
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0275
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0275
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0275
http://refhub.elsevier.com/S1742-7061(21)00585-7/sbref0275

	\advance \chk@titlecnt \@ne Nerve guidance conduit development for primary treatment of peripheral nerve transection injuries: A commercial perspective\global \chk@titlecnt =\z@ 
	1 Introduction
	2 Peripheral nerve structure, composition, and injury
	2.1 Peripheral nerve regeneration

	3 Peripheral nerve repair interventions
	3.1 Nerve transplants
	3.1.1 Autograft
	3.1.2 Allograft
	3.1.3 Xenograft

	3.2 Nerve guidance conduits
	3.2.1 FDA-cleared neve guidance conduits


	4 Considerations for the development of advanced nerve guidance conduits
	4.1 Manufacturability
	4.1.1 Scale up
	4.1.2 Sterilization
	4.1.3 Design for product integrity

	4.2 Regulatory considerations
	4.2.1 Regulatory pathways in major markets
	4.2.2 Evaluating NGC preclinical safety
	4.2.3 Evaluating NGC preclinical efficacy: in vitro and animal models
	4.2.4 Clinical trials

	4.3 Market size, fit, and utility

	5 Manufacturing technologies and designs
	5.1 Nerve guidance conduit designs
	5.1.1 NGC lumen filler modifications
	5.1.2 NGC topographical modifications
	5.1.3 NGC lumen structure

	5.2 Surface functionalisation
	5.2.1 Peptide and extracellular matrix moieties
	5.2.2 Conductive coatings
	5.2.3 Functionalised patterning

	5.3 Emerging manufacturing considerations
	5.3.1 Conduit manufacturing techniques and additive manufacturing
	5.3.2 Biological factors
	5.3.3 Supplementary cells

	5.4 Combination of multiple modifications

	6 Future directions
	6.1 Composite and combination design to address large gaps

	7 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


