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Due to the complex pathophysiological mechanism, spinal cord injury (SCI) has become
one of the most intractable central nervous system (CNS) diseases to therapy. Stem cell
transplantation, mesenchymal stem cells (MSCs) particularly, appeals to more and more
attention along with the encouraging therapeutic results for the functional regeneration
of SCI. However, traditional cell transplantation strategies have some limitations, including
the unsatisfying survival rate of MSCs and their random diffusion from the injection site
to ambient tissues. The application of biomaterials in tissue engineering provides a new
horizon. Biomaterials can not only confine MSCs in the injured lesions with higher cell
viability, but also promote their therapeutic efficacy. This review summarizes the strategies
and advantages of biomaterials reinforced MSCs transplantation to treat SCI in recent years,
which are clarified in the light of various therapeutic effects in pathophysiological aspects
of SCI.
© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

it faces some controversies about complicated side effects
and unconvincing neurological recovery [2]. Besides, the
surgery is suggested to implement when canal integrity

Spinal cord injury (SCI) is a devasting central nervous
system (CNS) disease accompanying motor and sensory
dysfunction, which severely hinders the patients’ quality of
life. Falls, traffic accidents, violence, and X-sports are primary
reasons resulting in traumatic SCI [1]. Pharmacological
and surgical intervention are both adopted for the SCI
treatment in clinic. Pharmacological therapy represented by
methylprednisolone (MP) administration can scavenge free
radicals and reduce inflammation response. Nevertheless,
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is seriously damaged. The removal of cracked bone,
disk, and ligament fragments can decompress the spinal
cord and limit secondary injury, which is helpful for the
improvement of motor function and nerve recovery. However,
the therapeutic outcomes of current pharmacological
intervention or surgical intervention still cannot meet
the requirement of nerve regeneration and functional
recovery. Scientists believe that intricate pathophysiological
mechanisms, such as cells loss and death, the lack of
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neurotrophins or neuroprotective/neuroregenerative factors,
axonal breakage, demyelination, glial scar (axon regeneration
inhibitory structure) formation, inflammation, and other
inhibitory factors, are underlying reasons impeding the
recovery of neural reconnection after spinal cord injury
[3,4]. Consequently, therapeutic strategies targeting to single
pathophysiological mechanism is likely to fail to cure the
multifactorial disease.

During the past decades, stem cell transplantation has
been proposed as a potential strategy for SCI treatment
and has extensively attracted the attention of researchers
[5,6]. Mesenchymal stem cells (MSCs) [7,8], neural stem
and progenitor cells (NSPCs) [9-11], and embryonic stem
cells (ESCs) [12,13] are typical types of stem cells being
investigated for SCI treatment. Among them, MSCs own
distinct therapeutic mechanisms from other stem cells.
Apart from the capability of multipotential differentiation
[14,15], paracrine effects [16-18] and the mitochondrial
transfer [19] are typically emphasized mechanisms for
the comprehensive therapeutic effects of MSCs in the SCI
treatment. However, the failure of MSCs transplantation
in the clinical trial implies that the inherent therapeutic
characteristics of MSCs administered to humans are not as
vigorous as demonstrated in preclinical studies [20]. Variable
biodistribution rather than retention in the injured site after
administration might be one of reasons. In addition, when
exposed to the nasty microenvironment upon SCI without
nutrient extracellular matrix (ECM), MSCs are not able to
survive for an extended period or retain their physiological
functions either.

With the development of regenerative medicine and
the application of biomaterials in tissue engineering, MSCs
transplantation combined with biomaterials attracts amounts
of attention and brings unexplored insight for remedy after
severe injury of the spinal cord [21,22]. Some biomaterials can
be applied as scaffolds to support the growth of MSCs and
confine their distribution [23,24] while a few biomaterials are
capable of promoting their therapeutic efficacy via inducing
differentiation [25-27] or provoking functional secretion [28-
30]. Especially, biomaterials-based scaffolds can serve as
delivery platforms for MSCs, the varied factors derived from
MSCs, and even the anti-inflammation chemical drugs. Due to
the flexibility in the modification of biomaterials, controlled
release of the harbored therapeutic components can be
achieved as well. Benefiting from the synergistic functions,
biomaterials reinforced MSCs transplantation has come to the
front stage in therapy for SCI.

Herein, this review attempts to provide a comprehensive
overview of the recent development of biomaterials reinforced
MSCs transplantation regarding the various therapeutic
effects in pathophysiological aspects of SCI. Moreover, some
existing limitations and future perspectives of this field were
also discussed.

2. Pathophysiology

Over the past decades, the pathophysiological researches of
SCI'have been developed rapidly following with novel proposal
of management principles and intervention strategies. Herein,

we will primarily discuss the pathophysiological process of
traumatic injury in the spinal cord, which can be briefly
divided into primary and secondary injury. Traumatic events,
such as vehicle accident, fall and sports, produce immediate
mechanical damage and dislocation of the vertebral column.
The fractured and displaced bone fragments, disk material as
well as ligaments result in the compression or transection of
the spinal cord. The subsequent events, including blood vessel
damage and blood-spinal cord barrier (BSCB) disruption, evoke
severe hemorrhage, exposing the spinal cord to an influx
of inflammatory cells, cytokines, and vasoactive peptides
[4]. Within a few minutes, the spread of the spinal cord
swelling is accelerated and aggravates the compression of the
spinal cord. Furthermore, the swelling exacerbates secondary
ischemia by autoregulation of blood flow ceases [31,32].

Nevertheless, the secondary injury cascade initiated by the
above series of events is more fatal and which substantially
obstructs the progress in functional repairment. Increased
cell permeability, pro-apoptotic signals, ischemia, and BSCB
disruption further exacerbates damage to the injured spinal
cord [33]. When apoptosis or necrosis happens to neurons and
astrocytes, the over-released excitotoxic neurotransmitter
glutamate together with ischemia microenvironment can
induce the imbalance of ionic homeostasis [34,35]. It has been
demonstrated that high intracellular calcium concentration
activates calpains which intervene the functional regulation
of mitochondria, causing both neurons and glia death [36-
38]. The dead neural cells release substantive ATP, DNA,
and potassium to activate microglial cells propagating
inflammation response and ongoing neuron apoptosis or
necrosis [39]. Besides, overexpressed glutamate causes
overactivation of N-methyl-d-aspartate (NMDA) [40], «-
amino-3-hydroxy-5-methyl-4-isoxazole =~ propionic  acid
(AMPA) [41], and kainate receptor, inducing oligodendrocyte
death and axonal injury. As a result, unscathed axons become
demyelinated and thus unable to conduct impulses after SCI.
In the meantime, phagocytic inflammatory cells can not only
clear myelin debris, but also release cytotoxic by-products
such as free radicals (e.g., 0?~, hydrogen peroxide [42,43], and
peroxynitrite [44-46]), which can directly oxidize lipids, DNA
and proteins [4,43,47,48|, and further conduce neurons and
astrocytes necrosis or apoptosis.

The severe traumatic primary injury rapidly induces
dramatic secondary cascade injury and finally generates
cystic cavities and glial scar (Fig. 1A). A wide range of cells
and cytokines are involved in the pathological process of
SCI and forms an inconducive microenvironment to nerve
regeneration in the end. Therefore, the combination of
multiple strategies is more facile to implement meaningful
neural circuit connectivity than a single strategy.

3. MSGCs and repair of SCI

Stem cell transplantation has been broadly researched for
the treatment of diverse diseases, and some proposed
strategies have successfully entered the clinical trial
stage in recent years [5,6,49]. Apart from the potential of
differentiation, different stem cells have their own unique
merits. Among them, MSCs have attracted amounts of
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Fig. 1 - Illustration of the therapeutic effects of MSCs transplantation for the treatment of SCI. (A) The pathological
mechanisms of SCI. (B) The five commonly recognized mechanisms of MSCs transplantation.

attention due to their ample sources (e.g., bone marrow,
umbilical cord, adipose tissue, and amniotic fetus), easy
isolation/expansion, convenient preservation, less ethical
concerns, low immunogenicity as well as inflammation
tropism [7,14,50-53]. For SCI treatment, MSCs exhibit specific
superiority (Fig. 1B), and amounts of preclinical researches
were conducted on animal models using rats, dogs or macaco
rhesus. MSCs could exert positive influences on nerve
regeneration and functional recovery through its intrinsic
functions or by loading different therapeutic agents including
various neuroprotective/neuroregenerative factors and drugs.
There are also some projects aimed at upregulating the
expression of recovery-related cytokines in MSCs via gene
transfection to enhance the therapeutic effects of MSCs-
based strategies. Traditionally, like other stem cells, MSCs
are expected to trans-differentiate to neural lineage cells
[54,55], rebuild the injured neuronal circuit [15] or form
perineurium-like sheath to protect host myelin and axons
[56] after SCI. However, MSCs prefer to differentiate toward
the mesenchymal rather than neural lineage. Additionally, it
has been demonstrated that MSCs are inferior to neural stem
cell regarding to the differentiation capability to neuron [57].

More and more evidences indicated that the paracrine
activity instead of MSC-derived neuron-like cells maybe the
primary contributor [16-18,58,59]. MSCs can secret various
factors such as immunomodulatory, anti-inflammatory,
neurotrophic/neuroprotective, and angiogenetic factors
so that they are able to present synergistic therapeutic
effect on the SCI treatment via regulating the rigorous
host microenvironment. For instance, many neurotrophic
factors, such as vascular endothelial growth factor (VEGF),
brain-derived neurotrophic factor (BDNF), glial cell derived

neurotrophic factor (GDNF), nerve growth factor (NGF),
neurotrophin 1 factor (NT-1), NT-3, and basic fibroblast growth
factor (bFGF) [17,50,60], can prevent nerve degeneration and
apoptosis, as well as support neurogenesis, remyelination,
and axonal growth. Meanwhile, the secretion of anti-
inflammatory cytokines including tumor necrosis factor
(TNF) g1, interleukin (IL)-13, IL-18 binding protein (IL-18 BP),
ciliary neurotrophic factor (CNTF) and IL-10, can modulate
neuroinflammation [50,61,62], which are beneficial to reduce
the glial scar and subsequently promote the functional
recovery.

To this end, several researches applied the extracellular
vesicles (EVs) which are secreted by MSCs harboring
diverse active molecules for the SCI treatment [55,63-67].
As an advanced cell-free therapy strategy, MSCs-derived
exosomes could efficaciously mitigate the disorder of
spinal cord through anti-inflammation, promotion of
microglial/macrophage polarization, reduction in Al
astrocytes, and protection for BSCB [68]. Specifically,
Romanelli et al. [69] administrated exosomes generated
by human umbilical cord-derived MSCs (hUC-MSCs) to the
rats of spinal cord trauma. Their data showed that exosomes
directly interacted with activated microglia in vitro and
inhibited the expression of pro-inflammatory cytokines
during secondary injury. The expression of IL-18 and IL-6 was
downregulated, and the expansion of glia scar was inhibited.
Thus, the recovery of motor function was further confirmed
through Basso, Beattie and Bresnahan (BBB) score eventually.
In consideration of hypoxic microenvironment around the
lesion, Liu et al. [70] explored the functional difference and
imperceptible mechanisms attributed to exosomes derived
from MSCs under hypoxia (HExos) and those under normoxia
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(Exos). They found that HExos could promote behavioral
reappear by shifting microglial polarization from M1 to
M2 phenotype in vivo and in vitro. A further mRNA array
helped them to confirm that miR-216a-5p was potentially
involved in HExos-mediated microglial polarization. The
same team also demonstrated the role of MSCs-derived
exosomes in suppressing the activation of Al neurotoxic
reactive astrocytes following SCI in their previous study [71].
Since the destruction of the BSCB is usually the inevitable
result of SCI, Lu et al. [72] identified that MSCs derived
exosome-conducted treatment could inhibit the migration of
pericytes and improve the integrity of BSCB through nuclear
factor «B (NF-«B) p65 signaling in pericytes. The effective
recovery of motor functions induced by EVs instead of MSCs
accelerates the development of cell-free stem cell therapies.

Most recently, mitochondrial transfer from MSCs to
damaged cells has gradually emerged as a promising
therapeutic cue and is proposed as a novel mechanism
for MSCs to treat CNS diseases [73-76]. Reduced oxygen
delivery in the pathological environment of SCI can lead to
damage to mitochondria, causing insufficient energy supply
and a series of additional injury events such as oxidative
stress and calcium overload [77,78]. Mitochondrial transfer
from MSCs to ambient damaged cells can effectively replace
dysfunctional mitochondria and replenish energy for nerve
regeneration. Li et al. [74] depicted that bone marrow derived
MSCs could donate the mitochondria to injured motor
neurons via gap junction. Additionally, internalization of
mitochondria inhibited cellular apoptosis and promoted cell
survival in motor neurons post deprivation of oxygen and
glucose. Specifically, mitochondria transplantation presented
comparable therapeutic effect with MSCs transplantation on
SCI model rats.

4, MSCs combined with biomaterials in the
repair of SCI

Although there is certain evidence from various SCI animal
models in which testified improvement following MSCs
transplantation [7,14,54,79,80], a small part of projects can
enter upon clinical trials [81-83]. The reasons for this status
quo can be divided into two aspects. One is existent gap
between the animal models of SCI and clinical cases. Most
preclinical data are based on mild to moderately severe chest
contusion models. However, thoracic contusion is rare in
humans, and more than 60% of SCI occurs in the cervical spine
[84]. The other is the differences in immunity. Although many
studies have been conducted in immunodeficient animals,
they may not be able to accurately simulate the immune
situation of patients with SCI. Up to now, only one product,
Stemirac, MSCs extracted from the patients’ bone marrow and
multiplied in the lab, was approved by Japan government for
the SCI treatment in 2018. However, the approval of Stemirac
also struck fierce debate [85]. Some rigorous challenges,
including the unsatisfying survival rate of transplanted
MSCs as well as limited accumulation in the injured site
[83,86,87], need to be overcome urgently for the clinical
transformation. Moreover, the nasty microenvironment in the
lesion largely hinders the therapeutic functions of MSCs. With
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Fig. 2 - Biomaterials are able to promote the therapeutic
effects of MSCs for the repair of SCI.

the development of biomaterials and regenerative medicine,
their applications in the remedy of the injured spinal cord
have exhibited much promising potential [22,88-90]. The
biomaterials discussed here are materials that are employed
for contacting and interacting with the biological components
[91], playing a pivotal role in the artificial manipulation of
cellular biological activities for regenerative medicine [92-95].

Generally, hydrogels which have similar physico chemical
properties to the natural extracellular matrix such as collagen
and hyaluronic acid (HA), are broadly utilized to combine
with MSCs to synergistically mitigate the SCI damage.
Meanwhile, appropriate adhesive molecules (e.g., laminin,
fibronectin, fibrinogen, adhesive peptide) and growth factors
(e.g., BDNF) are co-delivered into biomaterial scaffolds with
cells to further promote the therapeutic effect of MSCs.
Some synthetic materials can also be developed as functional
scaffold to support MSCs. Apart from the bare scaffold, some
inorganic nanoparticles combined with MSCs as well as
multicellular co-transplantation system are also investigated
in the preclinical studies for their therapeutic capacity
in SCI model. In this section, we will discuss about the
recent researches focusing on biomaterials reinforced MSCs
transplantation in the repair of SCI (Fig. 2).

4.1.  Biomaterial scaffolds

Biocompatible scaffolds constructed by diverse natural or
synthetical biomaterials to support the transplanted MSCs
have been extensively explored during the past decades
[24,96,97].ECM is demonstrated as a crucial element to provide
structural and trophic support for cellular adhesion and
survival. Moreover, ECM plays an essential part in maintaining
and preserving the stemness of stem cells, which is essential
for their regeneration activity. However, the ECM is absent
in the injured spinal lesion, resulting in the limited survival
rate of transplanted MSCs. Consequently, the biomaterial
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Table 1 - Mesenchymal stem cells (MSCs) combined with biomaterial scaffolds in SCI.

Mechanisms Scaffolds SCI types Phase Animal model Ref.
Neuroprotection GS complete acute SD rat [56]
hydroxyapatite-collagen complete acute SD rat [153]
CS-HEC-Col/GP incomplete subacute C57 mice [154]
Immunomodulation collagen incomplete acute SD rat [103]
fibrin hydrogel complete acute SD rat [123]
RGD ECM hydrogel incomplete acute/chronic B6.129P-Cx3crltmiLitt/] mice [124]
HG RGD + ECM incomplete = C57 mice [125]
Axonal sprouting/regeneration PLGA complete acute SD rat [15]
collagen complete chronic SD rat [101]
collagen complete chronic canine [102]
Pep-HA complete acute SD rat [112]
HA-PH-RGD/F incomplete subacute Wistar rat [116]
fibrin matrix incomplete subacute rat [121]
alginate intermedia intermedia Wistar albino rat [122]
HA hydrogel complete acute SD rat [130]
GS complete acute SD rat [139]
chitosan complete acute C57BL/6] mice [155]
p(HEMA-AEMA) complete subacute Wistar rat [126]
Neuronal relay formation GS complete acute Beagle canine [80]
Myelin regeneration PLGA incomplete acute SD rat [8]
GS complete acute SD rat [141]

scaffolds can remedy the situation by facilitating the replenish
and transports of oxygen and nutrients to sustain cell
activity and avoid detachment-induced programmed cell
death [98]. Natural biomaterials derived from the components
of ECM, such as collagen, HA, gelatin, fibrin, fibronectin
and arginine-glycine-aspartic acid (RGD) peptide, have been
proposed and characterized as the scaffolds or modifiers. For
instance, Oliveira et al. [99] compared and researched three
natural ECM-like hydrogels, gellan gum (GG, functionalized
with a fibronectin peptide), collagen, and a hydrogel rich
in laminin epitopes (NVR-gel), combined with MSCs in
promoting axonal regeneration. They found all the hydrogel-
based systems supported MSCs survival. Synthetic polymers
have unique strengths in the stability and controllability
of physicochemical properties of the scaffolds, including
porosity, stiffness, and degradability. Reasonably, synthetic
biomaterial-constructed scaffolds represented by poly(lactic-
co-glycolic acid) (PLGA) scaffolds, have become an integral
element of cell scaffolds. Briefly, the biomaterial scaffolds are
able to optimize the cell niche to maintain maximum cell
viability and function, and thus induce efficient improvement
through complicated mechanisms (Table 1).

4.1.1. Collagen-based scaffolds

Type I collagen attracts extensive attentions via superior
advantages containing proper mechanical strength,
simple fabrication process and the capacity to promote
cellular adhesion. Xiao et al. [100] transplanted the
collagen scaffolds named NeuroRegen scaffolds (NRS)
with MSCs. NRS could promote cell retention, integration,
and differentiation efficiently at the injury site and exert
positive immunomodulatory and neurotrophic influences.
Additionally, the functional collagen scaffolds could suppress
scar formation and induce newborn neuron production. The
sensory and motor functional improvement was observed
while the sense function in bowel and bladder was regained

as well. In another research, Wang et al. [101] applied NRS
combined with MSCs to promote functional recovery after
scar resection in rats with chronic SCI. After surgical resection
of scar and implantation of NRS combined with MSCs, they
observed neurofilament regeneration and A-tubulin-III
positive neural regeneration in the lesion site. Meanwhile,
the beneficial outcome accompanied with no negative effects
on locomotor function. Li et al. [102] demonstrated that
MSCs seeded NRS was also beneficial to the lager animal.
The grafts could minimize the area of glial scar in injured
spinal cord at 1-year post-implantation in canines with
chronic SCI. A mechanism study of repair capacity of collagen
scaffolds delivered MSCs in SCI treatment was carried out
by Peng et al. [103]. They assessed the transformation of
classically activated macrophage/alternatively activated
macrophage polarization in a hemisected SCI rat model.
They also observed more M2-type of macrophages in
the co-transplantation group compared to the control
group, suggesting that the co-transplantation system
could protect MSCs through conducing polarization from
M1 to M2 phenotype, which was able to form an anti-
inflammatory microenvironment to inhibit the formation of
chronic glia scar and provide alignment guidance for nerve
regeneration. Interestingly, the implantation of collagen
scaffolds or MSCs alone was failed to repair the nerve
function [104]. As promising carriers to deliver MSCs, the
inner structure of collagen scaffolds attributed to different
crosslinking and fabrication process is of significance to nerve
regeneration. Porous collagen-based scaffolds can promote
neuron-like differentiation and reduce astrogliosis [105].
Declared by Zou et al. [106], aligned collagen sponge scaffold
performed better capabilities to encourage cell migration
and guide axonal elongation compared to random collagen
scaffolds.

Attempts to modify and optimize the collagen scaffold are
also underway. Cholas et al. [107] studied dehydrothermally
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(DHT) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC) mediated crosslinked collagen scaffolds incorporating
different therapeutic agents including MSCs to boost
reparative response in the rat spinal cord. They found
that physical crosslinking (mediated by DHT) and chemical
crosslinking (mediated by EDAC) exhibited different effects
on the collagen scaffolds in diverse aspects, including return
of bladder function, hindlimb function, axon regeneration,
angiogenesis, inflammatory response, and astrocyte response.
Donor MSC-derived bioactive molecules might promote
nerve preservation and regeneration [103]. Taking the high
affinity between fibronectin (FN) and collagen, they modified
the hydroxyapatite-collagen (HC) scaffold with FN. More
deposition of FN on the HC scaffolds could ameliorate the
adhesion and proliferation of MSCs.

Apart from the cell proliferation, cell communications
or interactions are essential for the secretion of paracrine
factors. Nevertheless, cell encapsulation in 3D scaffolds may
prevent cells establishing intercellular contacts. Spheroid
cell culture is a promising technique improving cell survival
and function by preserving cell-to-cell interactions [108].
He et al. [109] found that MSCs spheroids-laden collagen
hydrogels could promote neuronal differentiation and
inhibit inflammatory response attributed to the activation of
PI3K-Akt signaling pathway caused by elevated intrinsic
cell-cell communication and -cell-extracellular
interactions.

matrix

4.1.2. HA-based scaffolds

HA is another important component of the ECM [110] and has
also been investigated as the biomaterial scaffold to support
transplanted MSCs for SCI treatment. Especially, CD44, a cell-
surface receptor which also exists on the MSC surface, can
specifically interact with HA [111]. Nevertheless, functional
modification is usually conducted to further promote the
function of HA scaffolds. Li et al. [112] tethered HA hydrogel
scaffold with an adhesive peptide PPFLMLLKGSTR, and
synergized with MSCs (Pep-Sca-MSCs) to promote recovery
from spinal cord transection. The applied peptide is a motif
sequence obtained from laminin-5 «3 and is verified as
the major binding site for «381 integrin. Thus, the MSCs
could adhere on the scaffold tightly with promoted survival.
Observation results of neurofilaments (NF) and Luxol fast blue
staining suggested that Pep-Sca-MSC-treated group showed
a greater number of NF-200 positive neural fibers, indicating
the effective axonal regeneration. Furthermore, combining
the results of locomotor function recovery, the cooperation
of MSCs and the scaffold rather than single implantation
of either MSCs or the scaffold was necessary for effective
functional regeneration of neural tissue. Despite of more and
more exosome-mediated therapeutic outcome in SCI repair,
this strategy has the same problems of easy loss from injured
spinal cord as MSCs. Therefore, biomaterials scaffold with
adhesivity can be applied to encapsulate exosomes for tissue
regeneration [113-115]. The adhesive HA scaffold developed
by Li et al. could also assist the transplantation of the human
MSCs derived exosomes to the injured lesion for the treatment
of SCI. The results in vivo indicated that the transplanted
exosome could induce comprehensive mitigation of the
microenvironment after SCI [65].

In another example, Zaviskova et al. [116] developed an
injectable scaffold based on hydroxyphenyl derivative of
HA hydrogel with modification of RGD peptide. RGD was
applied for the cellular adhesion in the scaffold. Additionally,
fibrinogen was also utilized to enhance the proliferation
of MSCs. Bare hydrogel (HA-PH-RGD), fibrinogen tethered
hydrogel (HA-PH-RGD/F), or HA-PH-RGD/F combined with
MSCs was injected into the lesion. All of them could promote
axonal growth toward the lesion site, but HA-PH-RGD/F
integrated with MSCs exhibited synergistically enhanced
recovery of SCI.

4.1.3. Gelatin sponge scaffolds

Gelatin is another common component of ECM which is
designed as scaffolds loading MSCs. The certain functions
of three-dimensional gelatin sponge (3D GS) scaffolds,
decreasing the glia scar, cystic cavity and inflammation
around the lesion, have been demonstrated [117], implying
the possible cue for the improvement of neurons survival
and nerve regeneration. The attractive performance of
GS scaffolds in modulating deleterious microenvironment
is helpful to maintain the viability of MSCs. Ma et al
[56] delivered MSCs with 3D GS scaffolds to the injured spinal
cord and MSCs could survive up to 8 weeks with the scaffold
supporting. Moreover, 3D GS could direct the formation of
MSC-derived perineurium-like sheath, serving as a physical
and chemical barrier for the enwrapped host myelin and
axons. Li et al. [118] developed a NT-3/fibrin coated GS scaffold
(NF-GS) for SCIrepair. MSCs integrated to the NF-GS possessed
high cellular viability with excellent cell distribution and
phenotype in vitro. Release profile indicated that NF-GS was
able to sustainably release NT-3 up to 28 day Ameliorative
paralysis hindlimb locomotion with increased amplitude and
shortened latency of cortical motor evoked potentials in the
hemisected spinal cord of canine were observed in later
research [119].

Proper physical electrical stimulation promoting neuron-
like cell differentiation of MSCs is demonstrated by Zhang’s
group [120]. NT-3 and retinoic acid stimulated MSCs were
loaded into 3D GS scaffold, and then the system was
grafted into the transected rat spinal cord. Governor Vessel
electro-acupuncture (GV-EA) treatment was applied after
24h. Higher survival rate and more neural differentiation
were found at 30 days after GV-EA treatment in comparison
with no electro-acupuncture treatment. Furthermore, Qazi
et al. [30] demonstrated the control of gelatin-based scaffolds
pore size was another effective method to enhance cell
communications and modulate MSCs angiogenic paracrine
effects. MSCs were seeded into gelatin-based scaffolds with
varied pore size (~200, ~302 and ~382pm). The results
indicated that medium pore caused effectively cellular
aggregation, but smaller pores prevented cell infiltration and
larger ones leaded to cell flow through the scaffolds. These
differences are underlying regulators dominating intercellular
and cell-matrix interactions.

4.1.4. Other ECM-like scaffolds

Apart from collagen, HA, and gelatin, there are many other
biomaterials with great compatibility have been developed
as the scaffold for the cell therapy to the post-traumatic
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spinal cord, such as fibrin [121], alginate [122], etc. For
instance, 3D MSC-laden microfibers to mimic nerve fibers
were fabricated via electrospinning by Yao et al. [123]. The
special architecture of the fibrin scaffold enabled the MSC-
aligned adhesion to form microscale cell fibers and enhanced
their neural differentiation. After transplanting the 3D MSC-
laden microfibers in the lesion, host neurons could translocate
to the injury gap, further promoting the regeneration of nerve
fiber.

Although researches using the component of ECM to mimic
the cell niche can promote the therapeutic effect of MSCs to
some extent, ECM actually consists of various components
and single content may not mimic the actual situation very
well. To this end, Veglianese’s group implanted MSCs onto a
carbomer/agarose scaffold modified with PEG and RGD (HG
RGD). After incubation for 14 d, the ECM secreted by MSCs was
deposited in the scaffold. Thus, the HG RGD+ECM could be
obtained after lyophilization. Subsequently, MSCs were loaded
for SCI treatment. The fabricated biomimetic scaffold, HG
RGD+ECM, could not only optimize the viability and density of
MSCs, but also delivery the paracrine neuroprotective factors
(e.g., chemokine (C-C motif) ligand 2 (CCL2)) effectively. After
implantation in the injured site, MSCs combined with HG
RGD+ECM could modulate inflammation and increase M2
macrophages, leading to a promoted functional recovery in a
mouse SCI model [124,125].

4.1.5. Synthetic polymer-based scaffolds

Despite of the quantitative advantages dominated by natural
biomaterial-based scaffolds in biomaterials reinforced MSCs
for the treatment of SCI, some appropriate chemical-synthetic
biomaterials were also successfully designed as scaffolds to
delivery MSCs.

Ropper et al. [8] fabricated a tailored PLGA scaffold
with 350-500 um pore diameter, for human derived MSCs
(hMSCs) implantation in the hemisection model of SD rats.
They demonstrated that the tailored PLGA scaffolds could
realize maximize stemness maintenance benefitted from
fine-tuned softness, smoothness, and pore size ranges. MSCs
embedded in the PLGA scaffolds exerted neurotropism, anti-
inflammation, angiogenesis and so on, achieved robust motor
and sensory improvement in the end. Yang et al. [15] designed
a PLGA scaffold possessed 50 micro-channels in the 3-mm-
diameter conduit. The as-fabricated PLGA scaffolds could
impede cyst and scar formation, and MSCs encapsulated in
the scaffolds were able to differentiate into neuron-like cells
in the existence of activated or preconditioned Schwann cells
(SCs). The therapeutic system exhibited significant potential
for the rehabilitation of SCI. In addition to PLGA scaffolds,
a SIKVAV-modified highly superporous poly(2-hydroxyethyl
methacrylate) (HEMA) hydrogel with oriented pores was
constructed by Ales Hej¢l's team [126]. Their results indicated
that connective tissue and blood vessels quickly infiltrated the
scaffold within the first week after therapeutic intervention,
and axons gradually infiltrated from the first month.

Other synthetic polymers, such as PCL (polycaprolactone)
and PLA (poly-L-lactic acid), were also designed as porous PCL
scaffolds with high-volume PCL microtubes [127] and aligned
microfiber-based conduit [128] for SCI repair, respectively. Both
of two different scaffolds could promote axon regeneration,

implying that they are prospective polymers combined with
MSCs transplantation for functional restoration following
spinal cord trauma.

4.2. Inorganic nanoparticles

Apart from biomaterial scaffolds, some inorganic
nanoparticles, such as silica, iron oxide, ceria, MnO,,
and selenium are applied to treat SCI. On the one hand,
inorganic nanoparticles with reactive oxygen species (ROS)-
scavenging ability can be utilized as protectors to enhance
the proliferation of the implanted MSCs and promote the
regeneration of the host neurons [129]. The inflammation
response after SCI is accompanied by excessive production
of ROS, which contributes to the formation of inhibitory
microenvironment hindering the functional recovery. In
this regard, our group [130] developed a MnO, nanoparticle-
dotted HA hydrogel loading with MSCs to promote spinal
cord recovery through mitigating the ROS microenvironment.
MnO, nanoparticle could scavenge the H,0, effectively in
vitro and in vivo, and thus protect the MSCs from the damage
caused by ROS. Synergized with MnO,, the therapeutic
efficacy of MSCs was significantly promoted (Fig. 3). Apart
from MnO, nanoparticles, inorganic nanoparticles capable of
scavenging ROS can be adopted for the SCI treatment as well.
For example, Cho et al. [131] developed PEG-decorated silica
nanoparticles (PSiNPs) to evaluate membrane sealing ability
and neuroprotective effect of the nanoformulation after spinal
cord trauma. The results revealed that PSiNPs effectively
sealed membrane-injured neurons, significantly reduced the
formation of ROS, and obviously inhibited the process of lipid
peroxidation of the membrane. Kim et al. [132] prepared ceria
nanoparticles with an average size of 19.5nm to regulate
overexpressed ROS in the microenvironment of SCI. Upon the
oxidative stress induced by H,0,, CeO, could directly regulate
ROS under the subcellular level and the neuronal viabilities
obviously increased. Selenium nanoparticles (SeNPs) own
similar capacity of ROS scavenging. Rao’s group modified
SeNPs with the soluble polysaccharide-protein complex
and PG-6 peptide for SCI treatment [133]. With the loading
of therapeutic agents monosialotetrahexosylganglioside
(GM1) and tetramethylpyrazine (TMP), the as-constructed
SeNPs@GM1/TMP could mitigate the ROS level, prevent
mitochondrial dysfunction of neurons, and notably enhance
the functional repair of rats after SCI. However, there are
no researches combined CeO, nanoparticles or SeNPs with
MSCs to resolve obstacles in the road of SCI repair up to date.
According to their function, we believe related investigations
will be carried out in the near future.

On the other hand, some inorganic nanoparticles can
directly alter the biological functions of MSCs. For instance,
Kim et al. [134] employed iron oxide nanoparticle (IONP)
to stimulate MSCs. IONP could be partially ionized and
the released iron ions could activate the JNK and c-Jun
signaling cascades in MSCs resulting in enhanced expression
of therapeutic growth factors. In addition, due to the
inherent magnetic property of IONP [135], the exosome-
mimetic nanovesicles derived from the INOP-incorporated
MSCs (NV-IONP) could effectively accumulate in lesion via
the guidance of an external magnetic field after intravenous
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administration. Consequently, NV-IONP harboring numerous
therapeutic growth factors delivered in the lesion was
capable for anti-apoptosis, angiogenesis, and inflammation
attenuation, leading to alleviated damage and improved
function of spinal cord.

4.3.  Multicellular co-transplantation system

As mentioned above, cell therapy has been widely investigated
for SCI treatment, and various cells exhibit promising
potential in functional regeneration. Since different cell
lineage owns unique merits, multicellular co-transplantation
system may perform a synergistic therapeutic effect via
multiple mechanisms, including the intrinsic function of each
cell and the intercellular interaction [136]. SCs, playing a
crucial role in the endogenous repair process of SCI [137], are
usually co-transplanted with MSCs [138]. For example, Zeng
et al. [139] cocultured SCs and MSCs in a 3D GS scaffolds for
the treatment of SCI. SCs would induce the differentiation

of MSCs toward neuron-like cells. Meanwhile, fibronectin
secreted by MSCs in the early stage would accumulate on
GS scaffold to support the cellular adhesion and survival.
Interestingly, fibronectin could further promote the neurite
elongation of MSC-differentiated neurons. Consequently,
the as-fabricated co-transplantation system resulted in a
synergistic therapeutic effect in spinal cord transection
model. In another work, a multichannel PLGA scaffold was
designed and fabricated for the co-transplantation of MSCs
and activated SCs, which could further improve the axonal
regeneration and promote the functional recovery [15]. The
successful application of multicellular co-transplantation
system requires not only the well-designed scaffold but also
suitable types of cells with appropriate modification. It has
been reported that NT-3 could protect neurons, promote axon
regeneration, and promote neuronal differentiation of NSCs
[140] or MSCs [141]. Therefore, Wu et al. [75] genetically
modified SCs and MSCs with NT-3 gene or TrKC (receptor
of NT-3) gene, respectively. Subsequently, NT-3-SCs and
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(Reproduced from [80], Copyright 2018 Elsevier B.V.).

TrKC-MSCs were co-transplanted with a 3D gelatin sponge
scaffold in the gap of spinal cord of Beagle canines. A variable
number of MSC-derived neural tissue was integrated with
regenerating corticospinal tract (CST) nerve fibers and 5-HT
nerve fibers, which might be attributed to the formation
of synapse-like structure derived from the implanted MSCs.
Thus, the gradual restoration of paralyzed limb motor
function in the SCI canines with the treatment of the
upgraded co-transplantation system (Fig. 4).

4.4.  How do biomaterials help?

As mentioned above, multiple kinds of biomaterials have
been utilized in MSCs transplantation-based combinatorial
strategies for SCI treatment. The roles of biomaterials
in this promising remedial intervention can be overall
concluded from two sides (Table 2). One aspect is that
biomaterials dominant the fates of grafted MSCs via complex
physical properties. Fundamentally, the topography (inner
structure, pore size etc.) and mechanical properties (stiffness,
viscoelasticity, and rheological properties) of biomaterials
exert their influences on the survival, proliferation, and
adhesion of MSCs through different signaling pathways.

Besides, the introduction of biomaterials can help to
manipulate the rigorous microenvironment and thus prevent
the grafts from deleterious attacks around injured spinal
cord. In addition, appropriate modification can engineer
MSCs secretome directly [142]. Viewing on the cure of
spinal cord trauma and regeneration of injured tissue, some
biomaterials themselves also have the intrinsic therapeutic
capability, including inhibiting glial scar formation, subsiding
inflammation, stimulating angiogenesis and promoting
neurogenesis [143,144]|. For instance, HA has immanent
favorable functions in CNS tissue repair and regeneration.
As confirmed by Wang’s team [145], low molecular weight-
hyaluronan tetrasaccharide (LMW-HA,), the degradation
product of HA, can upregulate the expression of NF-«B
and c-IAP2 to inhibit caspase-3 expression and induce
astrocytes to increase the expression of BDNF and VEGEF,
leading to self-protective effects on spinal cord compression
injuries. Kushchayev’s team conducted the investigation of
neuroprotective role of HA scaffold in hemisection SCI [146].
Compared to the control group, the area of lesion, fibrous scar,
and inflammatory cells were all decreased in HA scaffold-
treated rats, although there were no differences in behavioral
assessment scores.
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Table 2 - The contributions of biomaterials to MSCs in the combinatorial strategies for SCI repair.

Types Biomaterials Mechanisms/Functions Ref.
Scaffolds collagen Regulating adhesion, proliferation, and differentiation [101-103,153]
through focal adhesion kinase-Src (FAK-Src) and
RhoA/ROCK signaling pathway
HA Promoting cellular adhesive growth through reacting [112,130]
with CD44;
Restoring protective microenvironment via
anti-inflammation and reducing glia scar
RGD/fibrinogen Enhancing adhesion and proliferation [116]
modified HA-PH
gelatin Mitigating inflammation;
Inhibiting necrosis and apoptosis; [56,80,139,141]
Promoting neuron-like differentiation
RGD ECM Integrin binding [124]
fibrin Inducing oriented adhesion, promoting neuron-like [121,123]
differentiation and axonal sprouting/regeneration
alginate Axonal sprouting/regeneration [122]
chitosan Rheological properties similar to nerve tissue [155]
contributed to MSCs viability;
Synergistically modulating inflammation with MSCs
PLGA Maintaining stemness [8,15]
p(HEMA-AEMA) Promoting integration to host tissue [126]
RGD modified RGD motif increased MSCs adhesion; ECM deposition [125]
agarose/carbomer maintained MSCs viability
Inorganic MnO, Scavenging ROS [130]
nanoparticles iron oxide Targeting MSCs to injured spinal cord and stimulating [135]
MSCs secretion
Multicellular gelatin Supporting co-cultured cell growth to realize neuronal [80,139]
co-transplantation relay formation and promote axonal
system sprouting/regeneration
PLGA Immunomodulation [15]

In consideration of the mechanism summarized above,
biomaterials with superior biocompatibility, nourishment,
appropriate mechanical parameters, microenvironment
manipulation or neuroprotection capability, are all of
potential to reinforce the MSCs transplantation for the
SCI treatment.

5. Limitations and outlook

Stem cell transplantation in spinal cord injury repair has
captured extensive attention of scientists during the past few
years. The therapeutic strategy combined with biomaterial
scaffolds at least successfully remedy some drawbacks up
to a point, represented by disappointing survival rate and
limited retention in the lesioned site, which are the reasons
conducing the failure of clinical transformation. Nonetheless,
there are amounts of roadblocks waiting to be cleared.
Firstly, despite a crowd of beneficial findings from
animal models with injured spinal cord in the preclinical
experiments, the source of MSCs, culture conditions,
transplantation parameters (e.g., cell numbers, implanted
site, timing of treatment), and route of delivery, are all need
to be clarified to create a safe therapy [147,148]. Secondly, it
is urgent to propose and adopt a clinical-grade protocol in
non-clinical trials to achieve reproducibility of the procedure.
Thirdly, in-depth research about the therapeutic mechanism

of MSCs still needs to be continuously carried out. To date,
some researchers believe that neural differentiation at the
injury/graft site after MSCs transplantation is the major cause
of nerve tissue regeneration and even motor-sensory function
recovery [148]. As amounts of researches continue to practice,
the finding of the false immuno-positive phenomenon
caused by cell fusion has brought the theory of neuron-like
differentiation of MSCs into controversy [149]. On the other
hand, taking the paracrine effect of MSCs as the starting
point, people gradually explore a new avenue to intervene
in SCI [150]. This hypothesis supposes that biomolecules,
such as neurotrophic factors including insulin-like growth
factor (IGF)-1, BDNF, VEGF, granulocyte macrophage-colony
stimulating factor (GM-CSF), fibroblast growth factor (FGF)-
2, and transforming growth factor (TGF)-B8, secreted by
transplanted MSCs at the lesion site, can activate or modulate
the endogenous neuro-restoration processes. The secretome
of MSCs contains a variety of factors as mentioned above.
However, the current potential mechanism for the beneficial
influence of the MSC secretome on SCI intervention is too
superficial. For instance, what are the respective roles of
every biomolecule secreted by MSCs? Which of them play
a pivotal part? Once these problems are well figured out,
it will undoubtedly promote the emergence of more novel
SCI treatment methods and contribute to reaching more
controlled effects of transplanted MSCs even the application
of identified biomolecules for cell-free stem cell therapy [18].
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Of course, the development of biodegradable scaffold aimed
at facilitating and optimizing bioactive molecule delivery, and
realizing effective intervention in situ, are equally important.

Low efficiency of expansion represents another defect
of MSCs seeded with biomaterial scaffolds. Microcarriers,
small particles with diameters ranging between 100 and
400 mm, are novel tackles developed for MSCs expansion and
induction of MSCs into different cell lineages attributed to
their ability to modulate cell shape and cell organization
like aggregate size [151]. Microcarrier culture system could
enhance MSCs proliferation in-fold compared to traditional
monolayer cultures. And the advanced cell culture system
could mimic a three-dimensional environment, inducing cell
differentiation. In addition, microcarriers could be directly
applied in delivering MSCs to targeted areas for repair and
regeneration of tissue [152]. Nevertheless, few pieces of
research are focusing on combining biomaterial microcarriers
with MSCs transplantation, though it has been researched in
bone, cartilage, skin, vascular, CNS, adipose tissue, and liver
repair.

In addition to accurate mechanism explorations and
more innovative treatment researches, there should
be extra efforts to promote the clinical application of
the MSCs transplantation therapy for SCI. There is an
obvious gap between the animal models of SCI and
clinical cases, such as injury site, immunity and so on,
which determined corresponding changes on the aspect
of transplantation/administration route, detailed dosing
paraments, and recovery level even prognosis. Therefore, it
is urgent to align preclinical models more closely with the
clinical patients. And developing SCI animal models using
large animals (e.g., canine and rhesus) is encouraged for the
preclinical trials.
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