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Abstract. Spinal cord injury (SCI) is a traumatic lesion that 
can result in the loss of motor or sensory neurons. Stem cell 
(SC)-based therapies have been demonstrated to promote 
neuronal regeneration following SCI, by releasing a range of 
trophic factors that support endogenous repair or by differ-
entiating into neurons, or glial cells in order to replace the 
damaged cells. However, numerous limitations remain for 
therapies based on SC transplantion alone, including a low rate 
of survival/engraftment. Nevertheless, scaffolds are 3-dimen-
tional substrates that have revealed to support cell survival, 
proliferation and differentiation in vivo, by mimicking a more 
favorable endogenous microenvironment. A multidisciplinary 
approach, which combines engineered scaffolds with SCs 
has been proposed as a promising strategy for encouraging 
spinal cord regeneration. The present review has focused on 
the regenerative potential of mesenchymal SCs isolated from 
different sources and combined with various scaffold types, in 
preclinical and clinical SCI studies.
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1. Introduction

Traumatic spinal cord injury (SCI) is a serious pathological 
condition characterized by a high mortality and disability 
rate, that affects approximately 250,000-500,000 people each 
year (1),	implying	a	huge	financial	burden	for	health	care.

Generally, SCI is the consequence of a physical trauma 
caused by compression, laceration or contusion of the 
spinal cord (2). This is called ‘primary injury’, and caused 
tissue impairment and the loss of neuronal cells that can 
not be recovered or regenerated, resulting in motor or 
sensory deficits (3,4). The mechanical trauma triggers a 
strong inflammatory response (5). As consequence, the 
acute	increase	of	pro‑inflammatory	cytokines,	such	as	the	
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and 
IL-6 promotes neuronal degeneration and the subsequent 
expansion of the lesion (6). The progressive destruction 
of the tissue surrounding the primary trauma is known as 
‘secondary injury’, and different mechanisms are involved, 
such as edema formation, ischemia and hypoxia, excito-
toxicity, oxidative stress, mitochondrial damage, invasion 
and	activation	of	 inflammatory	cells	 that	 take	part	 in	the	
degeneration (6). In parallel, the loss of neural tissue and 
extracellular matrix (ECM) results in the formation of a large 
cystic	cavity	at	the	site	of	injury,	infiltrated	by	inflammatory	
cells,	 such	 as	 reactive	 astrocytes,	microglia,	 fibroblasts,	
and demyelinated axons that lead to the formation of the 
glial scar (7,8), a physicochemical barrier that inhibits the 
endogenous axonal regeneration. Although, spinal cord 
possesses an intrinsic ability to regenerate (9,10), the hostile 
microenvironment hinders it (11). The failure of axonal 
regeneration can be ascribed to the inhibitory molecules 
present in the injury site, such as the chondroitin sulfate 
proteoglycans (12), components of the glial scar, or myelin 
inhibitors (13),	but	it	can	also	be	limited	by	an	insufficient	
trophic or mechanical support. Therefore, build a permissive 
environment,	by	attenuating	the	inflammatory	response	or	
by reducing the inhibitors of axonal growth, could be helpful 
to promote SCI repair.

In humans, the acute phase starts from two h after injury 
until two weeks, when begins the subacute phase, while 
chronic phase starts six months after SCI (14). The acute phase 
is generally considered the optimal therapeutic window for 
interventions.
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Despite the research advances, steroid drugs are the only 
treatment available for SCI, aimed to prevent the secondary 
damage. High-doses of methylprednisolone (MP) when 
administered within eight h of injury (by bolus 30 mg/kg over 
15 min, followed by 5.4 mg/kg of MP for 23 h) are able to 
promote a notably neurologic recovery in patients affected by 
SCI (15).

On the other hand, cell-based therapies have obtained inter-
esting results in SCI experimental models (16-18).	Specifically,	
somatic cells, such as the olfactory-ensheathing cells, the 
Schwann cells and peripheral nerves have been transplanted 
in order to promote regeneration. Likewise, stem cells (SCs), 
including embryonic SCs, induced pluripotent SCs, mesen-
chymal	SCs	(MSCs),	fibroblast‑derived	SCs,	neural	progenitor	
cells, have been used for the same goal. However, many issues 
still exist for using SCs in SCI regeneration, such as the low 
rate of cell survival/engraftment after transplantation, the 
appropriate route of administration or the optimal therapeutic 
window for cell engraftments.

Therefore, in order to overcome these issues, engineered 
scaffolds have been proposed as strategies for delivery SCs and 
improve regeneration after SCI (19,20). Axonal regeneration in 
turn favor functional recovery, such as locomotor and senso-
rial improvements. In recent years, a variety of biomaterials 
have been employed in tissue engineering in order to support 
the regeneration of neural structures damaged after SCI.

2. Engineered scaffolds

Scaffolds provide a three-dimensional surrounding environ-
ment that confers a mechanical support to promote cell 
adhesion, migration and differentiation in vivo. In order to be 
applied	in	the	regenerative	medicine	field,	these	devices	must	
meet the following minimum criteria: biocompatibility, they 
must be immunologically inert; Biodegradability, they should 
degrade after a certain period of time in order to avoid a 
surgery to remove the implant; Mechanical strength, they must 
be resistant to mechanical stress in order to support growing 
tissues;	Matrix	properties,	fiber	and	pore	sizes	may	influence	
some cellular responses, including migration, proliferation and 
differentiation.

In the last years, different kind of scaffolds ranging from 
the basic hollow conduits to more complex architecture scaf-
folds have been designed in order to provide a mechanical 
support, to deliver cells, drugs or growth factors (21). Scaffolds 
can	be	classified	on	the	basis	of	their	composition	in	hydrogel	
and	nanofibers.	Hydrogel	are	three‑dimensional	macro‑porous	
structures characterized by a high water content similar to 
soft tissues (22).	They	are	difficult	to	sterilize	and	to	handle	
because of their fragile nature. Hydrogel-based scaffolds can 
be delivered to the host as either preformed solid gel or viscous 
solution. In particular, injectable hydrogels have gained much 
attention	in	the	field	of	SCI	regeneration	since	they	represent	
a minimally invasive technique (23). They can be coated with 
either natural or synthetic matrices that undergo to a rapid 
transformation from liquid to gel upon injection into the 
spinal cord (23).	Hydrogel	scaffolds	have	been	used	to	fill	the	
damaged area, but also as a carrier of SCs in order to create 
a favorable environment for tissue regeneration in SCI. These 
kinds of scaffolds have a lot of biomedical applications, such 

as drug delivery, regenerative medicine and more recently 
tissue engineering, thanks to their ability to encapsulate cells. 
Encapsulated cells are protected from the hostile environment 
in the injured spinal cord, and therefore they are more resistant 
and long-lived, but also less immunogenic (24), although the 
material mesh size can limit cell loading (25).

Nanofiber	scaffolds	are	three‑dimensional	porous	devices	
with a high surface area that once implanted not only promote 
cell adhesion, proliferation and differentiation because their 
architecture	resemble	the	native	ECM,	but	since	their	fibers	
can be orientated, they are also good network guidance chan-
nels that favor neurite outgrowth and cell alignment. The 
orientation	of	nanofibers	within	a	scaffold,	by	directing	cell	
growth,	can	significantly	affects	the	regenerative	process	(26). 
Moreover,	the	nanofiber	scaffolds	can	be	either	self‑assembled	
or created by different manufacturing techniques, such as elec-
trospinning (27). They can be used either alone or implemented 
with hydrogel (28).	However,	natural	electrospun	nanofibers	
have shared weak mechanical properties which limit their 
application as a nerve guide conduits (29).

Engineered scaffolds can be distinguished in films, 
membranes,	foam,	sponges,	particles,	fibers,	and	gels	for	their	
shape. They can be manufactured by using several fabrication 
techniques (i.e., freeze drying, particulate leaching, sponge 
replication, rapid prototyping, gas foaming, microsphere 
sintering and 3D printing) from a variety of biomaterials (30). 
Indeed,	a	first	classification	of	engineered	scaffolds	can	be	
done on the basis of source materials in natural, synthetic and 
composites.

Natural matrix‑based scaffolds. Natural biopolymer-based 
scaffolds can be composed of natural polysaccharides, such 
as agarose and chitosan, or formed by biological components 
of	the	ECM	such	as	collagen,	fibrin	and	hyaluronic	acid	(HA).	
These biological matrices mimic the molecular microenviron-
ment naturally found in neural tissues and they have also been 
used as vehicles to deliver cells and drugs.

The common advantages of natural scaffolds are: 
biocompatibility, biodegradability, low toxicity, intrinsic 
cellular interaction, plasticity, high porosity, permeability, 
hydrophilicity, while the disadvantages are: the expensive cost 
and the low mechanical stability. The main natural polymers 
used in spinal cord tissue engineering are agarose, alginate, 
chitosan,	collagen,	fibrin	and	gelatin	and	we	have	listed	their	
main features in Table I.

In addition, acellular spinal cord (ASC) scaffolds are an 
alternative type of scaffolds for spinal cord tissue engineering. 
They are natural decellularated matrices obtained from 
chemical extraction (47), formed by the non-cellular part of 
the	tissue:	proteins,	such	as	collagen,	laminin,	fibronectin	and	
collagen. The extraction procedure consists in the removal 
of myelin and cells, leaving an intact ECM. The scaffolds 
are soft and flexible, containing linear guidance pores 
extending through their full length (47). However, the natural 
bio‑polymers	used	to	coated	the	scaffolds	can	be	also	artificial	
manufactured, as well as the acellular scaffold can be chemi-
cally extracted (48).

Synthetic matrix‑based scaffolds. Synthetic polymer-based 
scaffolds	are	built	from	artificial	materials,	such	as	metals,	
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ceramics,	or	polyester	polymers.	They	can	be	classified	 in	
biodegradable, that degrade by hydrolysis, or non-biodegrad-
able.	Biodegradable	scaffolds	are	the	most	used	in	the	field	of	
regenerative medicine and include: poly(glycolic acid) (PGA), 
poly(lactic acid) (PLA) and copolymers, polycaprolacton, 
polydioxanone, and polyurethanes, while non-biodegradable 
are polyvinyl alcohol, polyhydroxyethymethacrylate, and 
poly (N-isopropylacrylamide). Synthetic scaffolds shown 
some advantages compared to naturals: they can be produced 
on a large scale using reproducible and tunable method, can 
be fabricated with tailored architecture and properties (e.g., 
porosity, degradability and mechanical properties), according 
to their applications and are easy to sterilize. Conversely, the 
disadvantages are: the increased risk of rejection compared 
to natural scaffolds, they can produce acid degradation that 
lower	the	local	pH,	leading	to	inflammation	and	cell‑tissue	
necrosis. The most used synthetic and biodegradable scaf-
folds	in	the	field	of	neural	tissue	engineering	are	PLA,	PGA,	
poly(lactic-co-glycolic acid) (PLGA) and poly(ε-caprolactone) 
(PCL) that have been summarized in Table II.

Composite matrices‑based scaffolds. Composite scaffolds 
consist of a combination of different natural and synthetic 
polymers that have been designed in order to synergize the 
advantages of both and to overcome some of the disadvantages 
of the single-phase materials (57). For instance, gelatin, which 
shows poor mechanical strength is usually used in combination 
with other materials, such as hydroxyapatite, bioactive glass, 
HA and chitosan. Given that chitosan has also low mechanical 
strength, it has also been combined with other materials, 
natural or synthetic biomaterials (i.e., chitosan/collagen (58) or 
chitosan/poly(ethylene glycol) (59). Likewise, due the Alginate 
poor mechanical properties, it has been conjugated with 
agarose or chitosan (60).

Of note, composite scaffolds composed of natural and 
synthetic allow to overcome the issue of acidic products 

production by synthetic scaffolds alone, stabilizing the pH. In 
addition, the combined approaches of two natural biopolymers 
can mimic better the ECM, which is a combination of several 
proteins, cytokines and growth factors. The advantages and 
disadvantages of natural, synthetic and composite scaffolds 
have been resumed in Table III.

Despite the therapeutic potential of scaffolds in tissue engi-
neering, it has been found that biomaterials alone are not able 
to replace neuronal loss during SCI, as well as cell transplanta-
tion alone is not able to regenerate the spinal cord complex 
architecture and stability. Therefore, it has been proposed that 
transplantation of SCs seeded on various types of scaffolds 
can exert a synergistic effect on SCI recovery.

3. Stem cells in SCI

The basic principles of tissue engineering involving the combi-
nation of SCs with a natural or a synthetic matrix (scaffold). 
In order to be used on a large scale and to be transplanted 
SCs must have the following characteristics: accessibility, 
their removal should not require invasive procedures; avail-
ability,	SCs	must	be	available	in	sufficient	numbers	to	allow	
the transplant; plasticity, they must differentiate into different 
cell lines; mitotic stability, should maintain a stable karyotype 
after several cell divisions; low risk, their use must not induce 
immunological and neoplastic reactions; ethics acceptability, 
their use must not cause ethical problems.

In the context of SCI, cultured Schwann cells and neural 
progenitor cells could be the optimal candidates for nerve 
regeneration, because Schwann cells are known to release 
growth factors that enhance axonal regeneration and to 
promote re-myelination (65), while neural progenitor cells can 
be easily induced to differentiate in neurons or glial cells (66). 
However, these cells have not yet been used in the clinic 
because of technical and ethical problems. Indeed, harvesting 
these cell lines is limited by donor morbidity and by their 

Table II. Synthetic matrix-based scaffolds employed in spinal cord injury repair and their main features.

Matrix Features Advantages Disadvantages Forms (Refs.)

PLA Aliphatic polyester Good porosity Low biocompatibility Sponge micro/ (49,50)
  and a good ratio and the discharge of nanoparticles; 
  volume/area acidic degradation hydrogels
   products
PGA Aliphatic polyester High crystallinity,  Low solubility and Sponge  (51,52)
  high strength, porosity rapid degradation
   
PLGA Aliphatic polyester,  Good thermal stability,  Less hydrophilic Sponge, tubular,  (53,54)
 derived from the fast degradation than PGA; lower Hydrogel and
	 co‑polymerization	 	 strength	 film
 of glycolic acid
 and lactic acid.
PCL Aliphatic polyester Easily degradation by Low degradation rate Tubular, sponge (55,56)
  hydrolysis of its
  ester bonds

PLA, poly(lactic acid); PGA, poly(glycolic acid); PLGA, poly(lactic-co-glycolic acid); PCL, poly(ε-caprolactone).
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limited expansion capacity. These limitations have encouraged 
the efforts to look for alternative cell sources. Among sources 
of SCs, MSCs have been extensively investigated, because they 
show advantages compared to other SCs. First, MSCs are adult 
SCs, thus they allow to avoid the ethical issues regarding the 
use of embryonic SCs. Secondly, MSCs can be easily isolated 
compared to other sources of SCs. Third, MSCs have shown a 
great capacity of regeneration and immune-modulatory prop-
erties (67). The major advantage of MSCs compared to other 
SCs is that they can be autologously sourced. Autologous cells 
are devoid of the risk of immune rejection.

MSCs are multipotent cells able to differentiate into 
different mesenchymal tissues. According to the International 
Society for Cellular the minimal criteria for classify SCs as 
MSCs	are:	fibroblast‑like	morphology	and	plastic‑adherence	
under standard culture conditions; positive expression for the 
surface markers CD73, CD90 and CD105; negative expression 
for CD45, CD34, CD14 or CD11b, CD79a or CD19 and for the 
major histocompatibility complex class II surface molecules; 
ability to differentiate into osteoblasts, adipocytes and chon-
droblasts in vitro (68). They can be isolated from various 
sources such as the bone marrow (69), umbilical cord (70), 
placenta (71), fat (72),	amniotic	fluid	(73), endometrium and 
oral cavity (74).

MSCs create a microenvironment favorable for neuronal 
regeneration by counteracting many harmful events, such as 
inflammation	and	apoptosis	(75). In addition, MSCs are poten-
tially able and to promote axonal regeneration through two main 
distinct mechanisms: i) a paracrine effect, by releasing a wide 
range of trophic factors, such as brain-derived neurotrophic 
factor (BDNF), nerve growth factor (NGF), vascular endothe-
lial	growth	factor	(VEGF),	fibroblast	growth	factor	(FGF)‑2,	
transforming growth factor (TGF)-β and insulin-like growth 
factor (IGF)-1 (76) or ii) by differentiating or by promoting 
trans differentiation into neurons or glial cells (77). Although 
MSCs	have	been	shown	to	exert	a	variety	of	beneficial	effects	
in several CNS disease models, including SCI (78,79), the 
inflammatory	environment	during	the	acute	phase	of	SCI	can	
lead to low rates of MSCs engraftment and survival (80).

Indeed, different limitations still exist for using MSCs as 
a therapeutic tool for SCI. One of the most important issues 
is the selection of the best cell transplantation routes. A 
disadvantage of MSCs infusion could be cell trapping in other 
organs, as well as the risk of immune reactions, the low neural 
differentiation rate, and low survival rate.

Given the potential of MSCs in SCI, many researchers 
have searched novel strategies to promote MSCs engrafts. 
In this regard, combining MSCs with scaffolds could be a 
promising strategy to promote MSCs survival, proliferation 
and differentiation.

4. Combined approaches of MSCs and scaffolds

Bone marrow‑derived mesenchymal stem cells (BMSCs) and 
scaffolds in SCI regeneration. Itosaka and colleagues (81) have 
reported	that	BMSCs	seeded	on	fibrin	scaffold	and	injected	
into hemisected rat spinal cord showed an increased survival, 
as well as an enhanced ability to migrate into the damaged 
spinal cord, to differentiate in neurons, compared with the 
BMSCs	implanted	alone.	In	addition,	they	observed	a	significant	
improvement of locomotor function at 14, 21 and 28 days after 
transplantation, according to the Basso-Beattie-Bresnahan 
(BBB) Loco-motor Rating Scale (82).

Instead, Kim et al (83)	compared	the	efficacy	of	allogeneic	
BMSCs conjugated with PLG scaffolds or chitosan scaffolds, 
with intralesional injected MSCs in the contusive SCI rat 
model. For six weeks after SCI, the authors observed a higher 
success rate of BMSCs engraftment and a major functional 
recovery, according to the BBB scale in both scaffold groups 
compared with MSCs infused alone. These improvements 
observed in the scaffold groups were ascribed to the increased 
release of neurotrophic factors, such as BDNF and NGF, in the 
site of injury, known to promote cell survival and spinal cord 
regeneration.

In	line	with	these	findings,	another	study	has	reported	that	
BMSCs seeded on a 3D collagen scaffold and implanted in 
the hemisected rat spinal cord, after eight weeks attenuated 
the expression of inflammatory cytokines (TNF-α, IL-1β, 
and IL-6) in the injured microenvironment and conferred 
neuroprotection by increasing the expression of neurotrophic 
factors, such as the glial cell line-derived neurotrophic 
factor (GDNF), the hepatocyte growth factor (HGF), and the 
VEGF (84) compared to BMSCs or scaffold transplanted 
alone. In another study (85), BMSCs were seeded on a gelatin 
sponge cylindrical scaffold previously covered with a PLGA 
film,	in	order	to	prevent	gelatin	deformation.	Eight‑week	after	
implantation, it was found that the cell- composite scaffold 
was	able	to	reduce	inflammation,	by	decreasing	the	cytokine	
levels (TNF-α and IL-1β), as well as the number of CD68+ 
cells (active macrophage and microglia) and to promote 

Table III.  Advantages and disadvantages of  natural, synthetic and composite scaffolds.

Type of scaffold Advantages Disadvantages (Refs.)

NATURAL High biocompatibility, fast degradation Low mechanical features, (61,62)
  immunogenic and infection risks
SYNTHETIC Good mechanical properties,  Low biocompatibility, slow degradation,  (61,63)
 thermal stability acid production
COMPOSITE Enhanced functionality: biocompatibility Sophisticated manufacturing techniques (61,64)
 and conductivity.Allow to overcome the to combine different materials together,
 the problems of using single materials expensive
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angiogenesis, by increasing the expression of VEGF and 
hypoxia-inducible factor-1α (HIF-1α) into the transected SCI 
rat model. Moreover, it was also observed a reduced cavity area 
in the cell-scaffold group compared with the scaffold group 
alone (85). On the other hand, eight weeks after transplanta-
tion BMSCs seeded on ASC scaffold were able to bridge the 
lesion	cavity	and	to	attenuate	inflammation,	as	demonstrated	
by	reducing	infiltration	of	macrophages	and	lymphocytes,	in	
the site of injury of transplanted acute SCI hemisected rat 
model (86). Moreover, it was observed a decreased apoptotic 
neuronal rate and a concomitant locomotor recovery in the 
cell-scaffold group compared with the scaffold group alone. 
Likewise, Chen et al (87), by adopting the same cell-scaffold 
constructs in the hemisected SCI rat model, observed 
similar improvements in motor function just eight weeks 
after implantation compared with the group transplanted 
with	only	scaffold.	In	this	case,	the	beneficial	effects	of	the	
cell-scaffold constructs were mainly ascribed to the inhibition 
of apoptosis, as proven by the lower caspase-3 levels, which 
result in decreased oligodendrocytes and axonal loss. Li and 
colleagues (88) have proposed an alternative approach which 
combines two different biomaterials on a unique scaffold, in 
order to minimize the disadvantages of the single material, 
not only to seed cells but also to deliver neurotrophic factors. 
In brief, fibroin/gelatin coated sponge scaffolds (NF-GS) 
were engineered in order to contain neurotrophin-3 (NT-3), 
which is known to be involved in neurogenesis by promoting 
the differentiation of new neurons (89). These NF-GS/NT3 
scaffolds have been implanted at the injury site of both tran-
sected rat and canine hemisected models to bridge the gap. 
A decreased number of CD68 positive cells (immune reactive 
cells) and TNF-α levels have been observed, after seven days 
of	transplantation,	compared	with	scaffolds	containing	fibroin	
only. Four weeks after transplantation, it was observed an 
increased	number	of	NF	(neurofilament)	positive	cells	in	the	
rostral and caudal areas near the injury/graft site of the spinal 
cord,	which	may	indicate	the	regrowth	of	the	nerve	fibers	(88). 
In this regard, Raynald et al (90) have found that BMSCS 
seeded	on	HA‑scaffold	modified	by	poly‑L‑lysine	(HA‑PLL)	
transplanted in the hemitransected rat spinal cord possess 
an increased ability to differentiate in both neurons and 
astrocytes, as demonstrated by positive cells for the neuronal 
nuclear	antigen	(NeuN)	or	for	the	glial	fibrillary	acidic	protein	
(GFAP), compared with BMSCs transplanted alone or with 
the experimental group which received only scaffolds without 
cells. Moreover, these scaffolds increased MSCs survival 
(over eight weeks in immune competent rats) and promoted 
hind-limb locomotor recovery in SCI. Zaminy et al (91) have 
successfully induced the differentiation of allogenic BMSCs in 
Schwann cells in vitro, before transplantation, as demonstrated 
by the expression of glial genes, such as p75, S100, NGF, BDNF, 
NT-3 and the peripheral myelin protein 22 (PMP22). These 
transdifferentiated cells were then engrafted via collagen 
scaffold in the hemisected rat spinal cord. Interestingly, it was 
observed a moderate improvement of hind limb motor function 
and a prominent sensorial recovery in the BMSCs + scaffold 
group compared with rat implanted with the scaffold alone. 
These improvements have been ascribed to the ability of the 
induced-Schwann cells to release a wide range of neurotrophic 
factors, such as NGF, BDNF, CTNF, and GDNF and VEGF, 

such as VEGF and HGF that promote myelin sheath formation 
and neovascularization in vivo (91). Although BMSCs are the 
most	investigated	MSCs	in	the	field	of	regenerative	medicine,	
probably due their pioneeristic discovery (92), new attractive 
sources of MSCs have been explored in the last decade. All 
the studies reported in this paragraph have been summarized 
in Table IV.

Endometrial MSCs and scaffolds in SCI regeneration. MSCs 
derived from the endometrial SCs (EnSCs) seeded on PLGA 
electrospun	nanofibrous	scaffold	have	demonstrated	to	possess	
an increased differentiation trend into motor-neuron like cells, 
compared with EnSCs cultured under standardized condi-
tions (93). Similarly, human EnSCs (hEnSCs) loaded on poly 
ε‑caprolactone	(PCL)	nanofibrous	scaffold	were	more	prone	
to differentiate into motor-neuron like cells in vitro compared 
with hBMSCs seeded on the same scaffolds and with control 
groups (grown on tissue culture polystyrene), as demonstrated 
by increased levels of neural markers, such as β-tubulin III, 
islet‑1,	neurofilament‑H,	HB9,	Pax6,	and	choactase‑positive	
motor neurons (94). Ebrahimi-Barough et al (95) cultured 
the hEnSCs in vitro with Ly294002, an inhibitor of phos-
phatidylinositol 3-kinase (PI3K)/Akt signal pathway, and 
then seeded these cells on a composite scaffold constituted 
by PCL/collagen electrospun fibrous. It was observed that 
hEnSCs loaded on this kind of scaffold differentiated more 
in motor neuron-like cells compared with hEnSCs expanded 
onto classic tissue culture plates. The in vitro studies of EnSCs 
and scaffolds have been reported in Table V.

However, only one study in vivo has demonstrated a regen-
erative	potential	of	EnSCs	in	SCI.	Specifically,	EnSCs	seeded	on	
electrospun PCL scaffolds and transplanted into the hemisected 
SCI rat have shown to prevent the cavity formation, contributing 
to the functional recovery after SCI (96) (Table VI).

Adipose (AD)‑derived MSCs and scaffolds in SCI regen‑
eration. MSCs derived from ADSCs were stimulated to 
differentiate into Schwann cells in vitro. Differentiated cells 
were then loaded into collagen scaffolds and transplanted in 
hemisected SCI rat model (97). SCI rats transplanted with 
Schwann cell derived from ADSCs + scaffold showed an 
improved sensory-motor recovery compared with SCI rats 
which received Schwann cell differentiated from BMSCs and 
also compared with rats implanted with the scaffold without 
cells.	These	findings	indicated	that	scaffolds	alone	are	less	
efficacious	than	scaffold	+	cells	and	ADSCs	could	be	a	prom-
ising source of exogenous Schwann cells for SCI regeneration. 
On the other hand, different kinds of biomaterials have been 
tested in vitro in order to design the best scaffold-device for 
cell deliver. In this regard, Gao et al (98) demonstrated the 
ability of ADMSCs to differentiate into neuron-like cells 
in vitro and their increased survival on porous scaffolds 
derived from photocurable chitosan and gelatin. Conversely, 
Wenchen et al (99) have demonstrated a good biocompatibility 
of	ADSCs	on	silk	fibroin‑chitosan	scaffold.	These	two	studies	
in vitro suggested two different approaches for using ADSCs 
and scaffolds in regenerative medicine (Table VI). However, 
new preclinical studies are needed to validate the combination 
of ADSCs with different matrix-based scaffolds as suitable 
tools for tissue engineering.
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Fetal MSCs and scaf folds in SCI regenerat ion. 
Caron et al (100) combined a lyophilized hydrogel scaffold 
with the arginine-glycine-aspartic acid (HG-RGD) tripeptide, 
which improves cell adhesion, to enhance cell/biomaterial 
interactions (101). Then, human umbilical cord blood-MSCs 
(hUCB-MSCs) were let to grow for 14 days on these 
sponge-like HG-RGD scaffolds in order to deposit ECM. By 
cellular tracking, it was found that MSCs seeded on this kind of 
scaffold survived for a longer time (more than 21 days) in vivo 
compared with other studies which employed other scaffold 
supports (approximately 14 days) (102). In addition, MSCs 
loaded with HG-RGD scaffold were delivered into the site of 
injury of the rat compression model of SCI, where they were 
able	to	modulate	the	inflammatory	responses,	by	increasing	
the rate of M2 macrophages in vivo, compared to cells or scaf-
fold transplanted alone (100). Similarly, hUCB-MSCs seeded 
on ASC scaffold were implanted in the hemisected rat SCI 
model (103). Eight-weeks post-implantation, it was observed 
a more prominent locomotor recovery in the cell + scaffold 
group compared with the group implanted with the scaffold 
alone. On the other hand, Jiao and colleagues (104) compared 
the	regenerative	potential	ofhUC‑MSCs	loaded	on	a	specific	
composite scaffold composed of silk fibroin/alginate and 
coated with GDNF (SF/AGs/GDNF scaffold) with the 
SF/AGs/GDNF scaffold group alone in a compressive SCI 
rat model. Eight weeks after implantation, they found that 
combining the composite scaffold with hUC-MSCs improved 
the locomotor recovery after SCI. The best therapeutic effect 
exerted by this combined approach has been ascribed to the 
lower rate of neuronal necrotic cells and reduced cytokine 
levels, including IL-1β, IL-6 and TNF-α, in rat spinal cord. 
Moreover, it was found an enhanced percentage of positive 
cells for the neuronal markers MAP2, NeuN and Nestin, 
indicating an increased trend of hUC-MSCs seeded on this 
kind of scaffold to transdifferentiate in neurons. Li et al (105) 
transplanted collagen-based scaffold, derived from bovine 
aponeurosis (106), known as Neuroregen™, in combination 
with hUC-MSCs in chronic SCI transection model. One year 
after transplantation, it was observed a locomotor recovery 
that was ascribed to neural regeneration and to the reduction 
of glial scar formation.

Conversely, Wang et al (107) evaluated the effect of MSCs 
isolated from amniotic membrane loaded [amniotic fluid 
MSCs	(AF‑MSCs)]	on	a	fibroin‑silk	scaffold	and	transplanted	

in chronic hemisected rat spinal cord, one week after SCI 
induction. Four weeks after implantation, it was observed 
a hind limb functional recovery in the cell-scaffold device 
implanted group compared with the groups which received 
the blank scaffold or cells alone. Similarly, amniotic epithelial 
cells (AECs) isolated from the rat amnios were seeded on acel-
lular muscle scaffolds obtained through chemical extraction 
in hemisected SCI rat. Four weeks after implantation, it was 
observed an increased functional recovery in the hind limb, 
according to the BBB scale, compared with the scaffold group 
alone. Moreover, it was reported an increased percentage of 
NF+cells, which indicated an increased regeneration (108), 
Table VI.

Dental MSCs and scaffolds in SCI regeneration. MSCs 
derived from oral cavity could be a promising SC source 
to be employed in the scenario of SCI (109,110). Indeed, 
several reports have highlighted that MSCs derived from 
oral tissues, including the dental pulp SCs (DPSCs), have a 
natural predisposition in differentiating towards neuronal-like 
cells (111,112), compared with other MSCs sources, probably 
owing to their origin from neural crest (113).

In this regard, Zhang et al (114) seeded DPSCs on chitosan 
scaffolds and induced cells to differentiate toward neuronal 
phenotype	by	culturing	them	in	a	specific	neurogenic	medium	
for 14 days. Notable, it was observed that chitosan scaffold 
enhanced the differentiation rate of DPSCs, increasing the 
number of positive cells for the oligodendrocyte marker 
CNPase, for the astrocyte marker GFAP and the neuronal 
markers MAP-2. Following neural differentiation, these 
cells were transplanted into a chronic contusive SCI rat 
model (one week after SCI). Increased levels of neurotrophic 
factors, such as BDNF, GDNF, b-NGF, and NT-3 were found 
in the DPSC/chitosan-scaffold group compared with the 
group which received only DPSCs without scaffold (control 
group) (Table VI). This enriched environment created by the 
cell-scaffold implant may be responsible for the hind limb 
locomotor recovery observed in these animals.

5. MSCs genetically modified and combined with scaffolds 
in SCI regeneration

One potential strategy to promote axonal regeneration after 
SCI consists in creating a microenvironment enriched of 

Table V. In vitro studies of scaffolds and MSCs derived endometrium.

MSCs In vitro Scaffold Outcomes (Refs.)

hEnSCs	 Induced‑differentiation	 PLGA	Nanofibrous	 ↑ Differentiation in vitro (93)
 into motor-neuron like cells
hEnSCs Induced-differentiation   (94)
vs. hBMSCs into motor-neuron like cells
hEnSCs Induction of neuronal differentiation   (95)
 through neurogenic medium
 containing a PI3K/Akt inhibitor

hEnSCs, human endometrial stem cells; hBMSCs, human bone marrow-derived mesenchymal stem cells.
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neurotrophic factors which favor MSCs survival and differen-
tiation. MSCs can be genetically manipulated to overexpress 
neurotrophic factors, such as BDNF, NT-3 and the neuro-
trophin-3 receptor (TrkC) and GDNF (115) or alternatively the 
expression of deleterious proteins can be suppressed by gene 
silencing.

BMSCs overexpressing BDNF were encapsulated in algi-
nate-based anisotropic capillary hydrogels and grafted into the 
lesion of hemisected rat spinal cord (116). Interestingly, these 
alginate scaffolds conjugated with BMSCs overexpressing 
BDNF showed an enhanced ability to induce axonal regenera-
tion four weeks after implantation, as proved by the reduced 
cavity formation, compared to the control group which 
received scaffold plus BMSCs expressing only the Green 
Fluorescent Protein (GFP) (116).

Rat BMSCs engineered to over-secrete NT-3 and TrkC 
were co-cultured in vitro with Schwann cells in a gelatin 
sponge scaffold. After growing in culture for 14 days, BMSCs 
were able to differentiate into neuron-like cells, expressing 
neuronal markers and showing typical neuronal electrical 
activity. Then, differentiated cells loaded on the scaffold were 
implanted into the rat SCI transection models (117). Eight 
weeks after implantation it was observed a recovery of hind 
limb locomotor function in the cell-scaffold group compared 
with the group that received cells alone without the scaffold 
device.

Wang et al (118) silenced the expression of Nogo-66 
receptor gene in BMSCs and Schwann cells, a gene that is 
likely to be involved in nerve growth inhibition (119), before 
seeding them on a PLGA scaffold and to co-transplant cells 
in the hemisected SCI rat model. Four weeks after transplan-
tation, it was observed a decreased cavity formation, which 
was consistent with the improvement of the lower extremity 
motor function observed compared with the control group 
(transplanted with the cell-scaffold construct expressing wt 
Nogo-66). On the other hand, MSCs overexpressing TrkC 
were placed on a gelatin sponge scaffold and transplanted 
in vivo in the transected SCI rat model. After that, vectors 
carrying human NT-3 gene were injected into the site of injury. 
Of interest, it was observed an increased migration of MSCs 
overexpressing TrkC into the site of injury which contained 
high NT-3 levels, compared to the control group (BMSCs no 
genetically	modified)	(120). All the studies described in this 
paragraph are listed in Table VII.

6. Clinical studies with mesenchymal stem cells and 
scaffolds in SCI regeneration

Clinically, SCI is a heterogeneous pathological condition. 
Patients suffering from SCI show different tracts of injured 
spinal cord, various degrees of disability and stages of disease. 
By searching for clinical trials which combine the use of 
scaffold with MSCs, we have found only two published studies 
in ‘PubMed’ that meet our criteria.

In 2016, a pioneer clinical trial study (121)	has	enrolled	five	
patients (4 male and 1 female) affected by complete SCI at the 
cervical or thoracic level (C5-T12), according to the criteria of 
the American Spinal Injury Association (ASIA) Impairment 
Scale, suffering from 2 to 32 months, with an age average 
comprised from 27 to 56 years. In this study, the NeuroRegen 
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Scaffold was employed to deliver BMSCs, in order to promote 
nerve regeneration and to bridge the gap present in the site of 
injury.	Moreover,	this	scaffold	showed	linear	orientated	fibers	
which favor axon guidance. A preliminary resection surgery 
was performed in order to eliminate the glial scar tissue at 
the spinal cord, which can interfere with nerve regeneration, 
followed by transplantation in the resection site of autologous 
BMSCs seeded on NeuroRegen Scaffold™. Two months after 
surgery, it was recorded a partial improvement of autonomic 
nervous functions in these patients in terms of sexual arousal 
and sweating in approximately 50% of patients, as well as an 
improvement of the somatosensory evoked potential from the 
lower limbs of in another 50% of the cohort, six months after 
surgery. Moreover, since no adverse effects were recorded, this 
study validated NeuroRegen Scaffold™ as safe support to be 
applied in regenerative medicine.

Another clinical trial which has employed the NeuroRegen 
Scaffold™ as cell support device for promoting nerve 
regeneration in SCI, has been just completed in China (122). 
A total of eight patients (7 male and 1 female with a mean 
age of 31.5 years) suffering from chronic (2-36 months after 
injury) complete SCI, according to the ASIA Scale, with 
C5-T12 lesions, were enrolled in this study. The patients were 
subjected to surgical resection of glial scar in the spinal cord 
in order to prevent its inhibitory effect on nerve regeneration. 
After that, allogenic UCB-MSCs were loaded on NeuroRegen 
Scaffold™ and implanted in the resection site. Also in this 
circumstance, none adverse reaction was registered after one 
year of follow-up, indicating that these scaffolds possess a 
good	safety	profile.	On	the	other	hand,	positive	outcomes	have	
been observed: some patients showed increased recovery of 
some	autonomic	neural	functions,	such	as	finger	activity,	trunk	
stability and defecation sensation (122). Although these two 
latest studies have been performed by using two different SC 
sources (BMSCs and UMSCs), either autologous or allogenic, 
seeded on the same matrix engineered scaffold (NeuroRegen 
Scaffold™), the clinical outcomes obtained were similar. 
These	findings	may	indicate	that	scaffolds	play	a	crucial	role	
in conveying the therapeutic potential of MSCs beyond their 
derivation, although none biomaterial-based scaffold has been 
approved to date for treating SCI patients. The clinical studies 
here reported have been summarized in Table VIII.

7. Conclusions

The combined strategy of MSCs and engineered scaffold 
has showed to be more efficacious compared to MSCs or 
scaffold transplantation alone. Indeed, MSCs from different 
sources conjugated with different kinds of scaffolds have 
shown to promote SCI regeneration and functional recovery, 
by increasing MSCs adhesion, migration and survival, but in 
particular by mimicking a more favorable microenvironment 
that stimulates the endogenous repair. Although the major part 
of the studies here reported have been focused on BMSCs, 
other MSCs merit to be further explored, due their marked 
trend to differentiate toward the neuronal lineage and to 
potentially replace the damaged neurons. On the other hand, 
there	is	no	electivity	for	a	specific	type	of	scaffold	despite	
the composites scaffolds have been proposed as the most 
promising devices, because they minimize the disadvantages 
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of the single material and synergize the advantages of two 
materials. Although much progress has been made in the 
scenario of acute SCI, an exhaustive amount of clinical 
evidence is still missing, and the treatments for chronic SCI 
are more challenging. Therefore, multidisciplinary approaches 
which combine genetically manipulated cells with engineered 
scaffolds have been proposed as a future perspective for SCI 
treatment.
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