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1. Introduction

Over the past 100 years, the development of biodegradable
materials has helped to advance innovation in tissue-engineering
technology by making such materials more feasible, resulting in
technological breakthroughs and new clinical applications [1,2].
Classical tissue-engineering theory involves three elements: bio-
logical materials, seed cells, and factors. Research progress sug-
gests that biodegradable materials with low immunogenicity,
high biodegradability, good biocompatibility, and favorable regen-
eration microenvironments are of great significance [3].

Nerve injury is a common clinical problem across the world.
Peripheral nerve defects and spinal cord injuries (SCIs) result in a
high rate of disability, which worsens patient quality of life and
burdens families and society. Therefore, the development of new
biodegradable materials that can help to more effectively repair
peripheral nerve defects and SCI—as well as mediate functional
rehabilitation in tissue-engineered nerves—has been a major issue
in the fields of materials science, neuroscience, tissue engineering,
and regenerative medicine.
2. Biodegradable materials

In the field of nerve transplants, the term ‘‘biodegradable mate-
rials” refers to natural or synthetic biomedical materials that can
be degraded, absorbed, or excreted by the body upon coming into
contact with internal fluids, acids, or enzymes—such as when
entering metabolic and biochemical reactions. Ultimately, the
implanted materials are completely replaced by new tissues. A
biodegradable scaffold must satisfy several important criteria to
provide a suitable environment for axon regeneration. Recently,
numerous classes of biodegradable materials have served as
scaffolds for neural tissue engineering, including polyesters (e.g.,
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(lactic
acid–glycolic acid) (PLGA), poly(e-caprolactone) (PCL), and
polyurethanes (PUs)). Additional materials include natural fibrin,
collagen, keratin, alginate, chitin and chitosan, and silk fibroin, as
well as extracellular matrix (ECM) and extracellular vesicles
(EVs) (Fig. 1) [4,5].

The ECM plays an extremely significant role in constructing and
maintaining an active microenvironment for tissue regeneration.
As a feasible alternative, ECM scaffolds are used to provide therapy
at the cellular and molecular level in tissue engineering [6].
Structurally, the ECM creates unique forms and topographies on
a nano-, micro-, and macro-scale, and provides a mechanical
framework that permits cell–cell interactions for healthy tissue
formation and maintenance. EVs are natural nano-sized to micro-
sized membrane vesicles that are encapsulated by phospholipid
bilayers and actively released by cells. According to their function,
size, and structure, EVs are divided into three categories: apoptotic
bodies, microvesicles, and exosomes [7]. Recipient cells respond to
EV-loaded molecules with changes in gene expression that can
affect cell function when EVs are internalized [8]. EVs can act as
natural therapeutic ingredients for treating many common and
intractable diseases [5], and EVs modified in vitro have strong
anti-inflammatory and axon-regeneration ability [9].

In tissue engineering for cartilage regeneration, the integration
of nanomaterials can lead to the development of scaffolds that bet-
ter simulate the ECM environment of cartilage, thereby enhancing
the interaction between scaffold and cells, and improving the func-
tion of engineering organization construction. This technique can
be used not only for the treatment of focal defects, but also to
address the extensive degenerative changes caused by osteoarthri-
tis in joints [10]. Hyaluronic acid (HA) and its derivatives have been
applied in tissue engineering due to their unique chemical and
structural properties [11], and have attracted a great deal of atten-
tion in the field of regenerative medicine.

In recent years, the development of various nanoscale strategies
has provided new approaches for the treatment of SCI by crossing
the blood–spinal cord barrier and transmitting therapeutic agents.
Song et al. [12] have discussed different fabrication methods for
nanomaterials and reviewed the recent research progress of nano-
materials for regulating inflammatory signals, targeting inhibitors,
and promoting axonal regeneration after SCI. In order to overcome
cytotoxicity and the side-effects of the system, and to provide more
effective therapeutic drugs, researchers have developed various
nanocarriers that allow the local, slow, and sustained delivery of
therapeutic drugs to the injured site. Numerous studies have
shown that drug delivery through nanocarriers at the cellular
and behavioral levels in pre-clinical models can achieve similar
therapeutic effects to traditional methods at a low dose or the
same dose.

Apart from drug delivery, providing sub-cellular nanomorphol-
ogy is the key to nerve-repair strategy. Nanotechnology provides
an attractive strategy for extending stability and penetrating the
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Fig. 1. Extracellular vesicles (EVs). HSP: heat shock protein; MVB: multivesicular body; TSG: tumor-susceptibility gene; ARF: adenosine diphosphate (ADP)-ribosylation
factor; CDC: cell division cycle; PI3K: phosphatidylin-ositol-3-kinase; mRNA: messenger ribonucleic acid (RNA); CD: cluster of differentiation. Part data reprinted and
adapted from Refs. [4,5].
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blood–brain barrier (BBB), while selectively transmitting nutrients
to pathologically related cells. Nanoscaffolds are produced to
simulate the structural and functional characteristics of the ECM
as much as possible. They not only provide mechanical support,
but also play a very important role in the regulation of cell
adhesion, proliferation, differentiation, and migration. Due to the
high complexity of nerve regeneration, the strategy of integrating
many therapeutic targets in cells and the ECM constitutes a more
holistic approach, which may produce better therapeutic effects.

Nanotechnology approaches can be combined and designed to
address the pathology of multiple diseases within a nanosystem
[13]. These data in Ref. [13] suggest that nanoparticles provide a
platform to limit acute inflammation and tissue destruction with
a good risk–benefit ratio, resulting in a regeneration microenviron-
ment that supports regeneration and functional recovery. Inflam-
matory reactions, which typically occur in response to SCI, cause
extensive tissue damage and damage function. Polymer nanoparti-
cles are formed in the absence of active drug components, which
can produce an off-target effect. This internalization redirects some
immune cells to the spleen, with modest numbers at the SCI. After
intravenous injection, the infiltration of immune cells decreases,
which is related to the decrease of tissue degeneration. In addition,
SCI has developed into a complex injury response and a permissive
microenvironment characterized by the phenotype of regenerative
immune cells, the expression of regenerative related genes, the
increase of axons and myelin, and the significant improvement of
functional recovery. These nanoparticles may be applied to many
inflammatory diseases.

With low toxicity and good blood/tissue compatibility,
edaravone-carried and angiopep-2 (ANG)/poly(ethylene glycol)
(PEG)-conjugated ceria nanoparticles (E-A/P-CeO2) can be used to
effectively treat stroke through excellent brain-uptake enhance-
ment and effective BBB protection. It can also reduce harmful
side-effects and sequelae. Recent studies demonstrated a new
way to improve drug delivery to ischemic brain tissue and
established a new glyburide preparation that could potentially be
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converted to clinical application in order to improve the manage-
ment of human stroke patients. A new method of encapsulating
nanoparticles with an engineered cell membrane was proposed to
target brain drugs [14]. Recent findings suggest that oriented and
rigid electrospun nanofiber scaffolds exhibit considerable potential
for nerve injury repair.

Nanomaterials can be used to stimulate nerve growth. The
combination of hydrogels with nanomaterials such as carbon
nanotubes (CNTs) yields the required performance, and CNT-based
scaffolds show significant ability to guide neural network connec-
tions. A clinical-related adult rat spinal cord contusion model was
used to investigate the mechanical support of nanohybrid compos-
ite (NHC) and its effect on neurogenesis by evaluating the presence
of macrophages, blood vessels, axons, and nerve-like cells. The
researchers reported that their composites provided mechanical
support for the SCI segment as well as a microenvironment that
was conducive to endogenous cell infiltration, which is important
for the repair and generation of nerve tissue [15]. Recent studies
have analyzed the potential application of biomimetic multi-chan-
nel neuro-guided conduits based on shape-memory nanofibers in
peripheral nerve repair. Based on the characteristics of the shape-
memory poly(L-lactide-co-trimethylene carbonate) (PLATMC)
polymer, a self-forming multi-channel nerve-guided catheter was
successfully prepared. The tube-forming process is simple and fast,
and the inner diameter is easy to control, which meets the actual
size requirements of the repaired nerve. In recent years, nano-
technology has played a huge role in peripheral nerve repair
(PNR). By developing advanced nanosystems (e.g., oriented nanofi-
bers or CNTs) to solve the short-gap and long-gap problems at the
same time, these nanosystems can guide and stimulate the correct
regrowth of axons. Progress in the application of nanomedicine in
PNR is expected to have a significant impact on the rehabilitation
and quality of life of patients, because new treatment strategies
are evolving and reflect the interdisciplinary and comprehensive
treatment strategies that integrate nanotechnology with tissue
engineering.
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3. Biodegradable materials in peripheral nerve tissue
engineering

To assist in the repair of nerve injuries, biomaterials are usually
modified and improved. Based on an assessment of the devices
reported in the literature, these devices can be classified into three
classes: isotropic hydrogel fillers, which provide interluminal sup-
port for nerve regeneration; fibrous interluminal fillers, which offer
intraluminal topographical guidance for neurites; and patterned
interluminal scaffolds, which provide nerve growth with three-
dimensional (3D) structural support.

Silk fibroin (SF), which is derived from natural silk, has become
a significant biomaterial for tissue-engineering applications in
recent years. SF-based nerve grafts have been used for peripheral
nerve regeneration [16]. The incorporation of EVs from skin-
derived precursor Schwann cells into nerve grafts is a promising
paradigm for the repair of peripheral nerve injury [17].
4. The use of biodegradable materials in the repair of spinal
cord injury

For biological applications, it is important to consider the prop-
erties of the scaffold. The ideal scaffold for the repair of SCIs should
have the following characteristics:

(1) Biocompatibility. Neither the polymer itself nor its degra-
dation products should cause inflammation or be toxic.

(2) Biodegradability. The degradation rate should match the
rate of nerve growth, and the degradation products should eventu-
ally be removed.

(3) Permeability or porosity. Appropriate porosity provides
enough space for the ECM and promotes cell adhesion. This allows
cells to be distributed throughout the scaffold, which facilitates
regeneration.

(4) Cell adhesion and growth. The surface permits cell adhe-
sion and promotes cell growth.

(5) Biomechanical properties. The scaffold should have a 3D
structure with considerable mechanical strength.

With the continuous release of nerve growth factor (NGF),
which is achieved by means of a microsol core–shell structure,
immunological fiber scaffolds have been shown to result in a
remarkable shift in immune cell subtype, which downregulated
the acute inflammation response, affected scar tissue formation,
Fig. 2. Construction of biomimetic tissue-engineering nerves. NGF: nerve growth factor;
CNTF: ciliary neurotrophic factor.
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promoted angiogenesis and neural differentiation at the injury site,
and promoted functional recovery in a spinal cord hemi-section
model on a Sprague–Dawley (SD) rat [18]. The biodegradable
hybrid inorganic (BHI) scaffold significantly improved the survival
rate of transplanted human-induced pluripotent stem-cell-derived
neural stem cells (hiPSC-NSCs), promoted their differentiation into
neurons, and inhibited the formation of scar tissue [19].

Recent studies demonstrated that neurotrophin-3 (NT-3)-
loaded chitosan biodegradable material enabled the prolonged
slow release of NT-3 for 14 weeks under physiological condi-
tions—a finding that illustrates both NT-3-chitosan-enabled robust
neural regeneration and motor and sensory functional restoration.
Given the similar genetics and physiology between monkeys and
humans, it is probable that technologies that have successfully
been applied for SCI repair in monkeys will be translatable to
human SCI repair [20].
5. Conclusions and prospects

The field of biomaterial science has promoted the development
of tissue engineering and regenerative medicine. To make
tissue-engineering research more applicable in clinical settings, it
is proposed that the following key elements be considered when
searching for or engineering new materials for use in transplants:
① biodegradable materials, ② stem cells or supporting cells,
③ growth factors or cytokines,④ cell matrix, and⑤ a regenerative
microenvironment.

The prospects for the use of biodegradable materials in a new
generation of biomimetic devices are good. According to recent
studies, in addition to the chemical composition of biodegradable
materials, research should focus on growth factor bionics, micro–
nano architecture bionics, and the biomimetic regeneration
microenvironment of biomimetic materials (Fig. 2). The interac-
tions between biomaterials and host cells and tissues, as well as
the complex bidirectional regulations, need to be explored and
understood [21].

Good progress has been made in the use of tissue engineering
for the repair of peripheral nerve defects (Table 1). However,
further efforts are needed toward the repair and functional
reconstruction of long-distance nerve-trunk defects.

Methods for the repair and regeneration of SCI can be divided
into biological and engineering subtypes. Biological methods use
BDNF: brain derived neurotrophic factor; GDNF: glial derived neurotrophic factor;



Table 1
Institutions with at least 11 published articles related to biodegradable materials and
neural tissue engineering.

Rank Institution Country Number of
publications

1 Chinese Academy of Sciences China 38
2 National University of Singapore Singapore 36
3 Harvard University United

States
32

4 University of California System United
States

31

5 Massachusetts Institute of Technology
(MIT)

United
States

26

6 Mayo Clinic United
States

26

7 Tsinghua University China 26
8 Pennsylvania Commonwealth System of

Higher Education (PCSHE)
United
States

25

9 Consiglio Nazionale delle Ricerche
(CNR)

Italy 24

10 Shanghai Jiao Tong University China 24
11 University of Texas System United

States
22

12 Nantong University China 19
13 University of Michigan United

States
19

14 Polytechnic University of Turin Italy 18
15 Consejo Superior de Investigaciones

Cientificas (CSIC)
Spain 17

16 Islamic Azad University Iran 17
17 Sichuan University China 16
18 University of Toronto Canada 16
19 Tehran University of Medical Sciences Iran 15
20 University of London United

Kingdom
15

21 University of Turin Italy 15
22 Wuhan University of Technology China 15

Institutions are ranked by number of publications. From 2001 to 2020, there were
1300 publications related to biodegradable materials and neural tissue engineering.
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biodegradable materials, soluble bioactive molecules, the cell
matrix, and cell transplantation. Engineering techniques include
spinal epidural electrical stimulation, deep brain stimulation, and
brain–computer interface systems.

The field of global SCI repair has developed rapidly. However,
from a clinical perspective, the number of clinical trials related to
this topic is small. At present, most clinical trials for SCI repair
and regeneration have not yet reached phase III, and the objective
clinical efficacy of the methods involved remains to be verified.

New biodegradable materials, tissue-engineering methods, and
nerve-regeneration techniques are continuously emerging with
progress in the fields of materials science, neuroscience,
biomedical engineering, tissue engineering, and regenerative
medicine. Based on the key technology of bionic tissue-engineering
construction, final realization of the construction of bionic tissue
and bionic organs and their successful transformation into clinical
application could bring significant benefits for human health. The
repair of long-distance nerve defects and the functional recon-
struction of SCI remain the goals of human medical research in this
field. Further strategies should be addressed in order for patients to
regain better functionality. These strategies must be promoted
jointly by multidisciplinary experts, scholars, and teams, along
with multi-field laboratory technology integration, continuous
1703
investment in research funds, the administration of standards
guides, and collaborative innovation based on globalization [22].

Acknowledgments

I am grateful for helpful suggestions from Zhaolian Ouyang at
the Institute of Medical Information/Medical Library, Chinese
Academy of Medical Sciences and Peking Union Medical College
and contribution to the writing from Lai Xu at Nantong University.

This work was supported by the National Natural Science
Foundation of China (31730031 and L1924064) and the Natural
Science Foundation of Jiangsu (BK20202013).

References

[1] Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB. Tissue-engineered autologous
bladders for patients needing cystoplasty. Lancet 2006;367(9518):1241–6.

[2] Hvistendahl M. China’s push in tissue engineering. Science 2012;338
(6109):900–2.

[3] Gu X, Ding F, Williams DF. Neural tissue engineering options for peripheral
nerve regeneration. Biomaterials 2014;35(24):6143–56.

[4] Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem 2019;88(1):487–514.
[5] Kalluri R, LeBleu VS. The biology, function, and biomedical applications of

exosomes. Science 2020;367(6478):eaau6977.
[6] Gu Y, Zhu J, Xue C, Li Z, Ding F, Yang Y, et al. Chitosan/silk fibroin-based,

Schwann cell-derived extracellular matrix-modified scaffolds for bridging rat
sciatic nerve gaps. Biomaterials 2014;35(7):2253–63.

[7] Shao H, Im H, Castro CM, Breakefield X, Weissleder R, Lee H. New technologies
for analysis of extracellular vesicles. Chem Rev 2018;118(4):1917–50.

[8] Tkach M, Théry C. Communication by extracellular vesicles: where we are and
where we need to go. Cell 2016;164(6):1226–32.

[9] Guo S, Perets N, Betzer O, Ben-Shaul S, Sheinin A, Michaelevski I, et al.
Intranasal delivery of mesenchymal stem cell derived exosomes loaded with
phosphatase and tensin homolog siRNA repairs complete spinal cord injury.
ACS Nano 2019;13(9):10015–28.

[10] Eftekhari A, Maleki Dizaj S, Sharifi S, Salatin S, Rahbar Saadat Y, Zununi Vahed
S, et al. The use of nanomaterials in tissue engineering for cartilage
regeneration; current approaches and future perspectives. Int J Mol Sci
2020;21(2):E536.

[11] Ahmadian E, Eftekhari A, Dizaj SM, Sharifi S, Mokhtarpour M, Nasibova AN,
et al. The effect of hyaluronic acid hydrogels on dental pulp stem cells
behavior. Int J Biol Macromol 2019;140:245–54.

[12] Song YH, Agrawal NK, Griffin JM, Schmidt CE. Recent advances in
nanotherapeutic strategies for spinal cord injury repair. Adv Drug Delivery
Rev 2019;148:38–59.

[13] Liaw K, Zhang Z, Kannan S. Neuronanotechnology for brain regeneration. Adv
Drug Delivery Rev 2019;148:3–18.

[14] Ma J, Zhang S, Liu J, Liu F, Du F, Li M, et al. Targeted drug delivery to stroke via
chemotactic recruitment of nanoparticles coated with membrane of
engineered neural stem cells. Small 2019;15(35):e1902011.

[15] Li X, Zhang C, Haggerty AE, Yan J, Lan M, Seu M, et al. The effect of a nanofiber–
hydrogel composite on neural tissue repair and regeneration in the contused
spinal cord. Biomaterials 2020;245:119978.

[16] Yang Y, Ding F, Wu J, Hu W, Liu W, Liu J, et al. Development and evaluation of
silk fibroin-based nerve grafts used for peripheral nerve regeneration.
Biomaterials 2007;28(36):5526–35.

[17] Yu M, Gu G, Cong M, Du M, Wang W, Shen M, et al. Repair of peripheral nerve
defects by nerve grafts incorporated with extracellular vesicles from skin-
derived precursor Schwann cells. Acta Biomater 2021;134:190–203.

[18] Xi K, Gu Y, Tang J, Chen H, Xu Y, Wu L, et al. Microenvironment-responsive
immunoregulatory electrospun fibers for promoting nerve function recovery.
Nature Commun 2020;11(1):4504.

[19] Yang L, Chueng ST, Li Y, Patel M, Rathnam C, Dey G, et al. A biodegradable
hybrid inorganic nanoscaffold for advanced stem cell therapy. Nature
Commun 2018;9(1):3147.

[20] Rao JS, Zhao C, Zhang A, Duan H, Hao P, Wei RH, et al. NT3-chitosan enables de
novo regeneration and functional recovery in monkeys after spinal cord injury.
Proc Natil Acade Sci USA 2018;115(24):E5595–604.

[21] He J, Sun C, Gu Z, Yang Y, Gu M, Xue C, et al. Morphology, migration, and
transcriptome analysis of schwann cell culture on butterfly wings with
different surface architectures. ACS Nano 2018;12(10):9660–8.

[22] Gu X. Tissue engineering is under way. Engineering 2017;3(1):2.

http://refhub.elsevier.com/S2095-8099(21)00448-3/h0005
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0005
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0010
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0010
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0015
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0015
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0020
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0030
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0030
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0030
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0035
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0035
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0040
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0040
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0045
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0045
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0045
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0045
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0050
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0050
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0050
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0050
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0055
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0055
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0055
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0060
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0060
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0060
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0065
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0065
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0070
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0070
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0070
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0075
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0075
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0075
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0080
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0080
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0080
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0085
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0085
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0085
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0090
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0090
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0090
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0095
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0095
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0095
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0100
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0100
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0100
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0105
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0105
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0105
http://refhub.elsevier.com/S2095-8099(21)00448-3/h0110

	Biodegradable Materials and the Tissue Engineering of Nerves
	1 Introduction
	2 Biodegradable materials
	3 Biodegradable materials in peripheral nerve tissue engineering
	4 The use of biodegradable materials in the repair of spinal cord injury
	5 Conclusions and prospects
	ack7
	Acknowledgments
	References


