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Introduction 
Sever Spinal Cord Injury (SCI) results in paraplegia or quadriplegia 

and there is no effective therapeutic regimen so far. In the U.S., it is 
estimated that the annual incidence of SCIs approximately 40 cases 
per million population or approximately 12,500 new cases each year, 
with a total of approximately 276,000 SCI patients [1]. Traffic accidents 
were typically the most common cause of SCI, followed by falls in the 
elderly population [2]. Traumatic SCI secondary to falls among the 
elderly may become an increasing public health problem as a result of 
rising aging population in developed countries [2-4]. This devastating 
disease brings the patients into disability, directly affects their life 
quality and imposes enormous psychological and economic burden to 
them and their families. Therefore, seeking effective strategies to treat 
spinal cord injuries has become one of the most challenging subjects in 
neuroscience research field. 

The pathological and pathophysiological changes after SCI include 
primary injury and the following secondary injury [5,6]. Primary injury, 
caused by the initial mechanical force, directly damage the spinal cord 
tissue, causing neural cell death, nerve fiber breakage, hemorrhagic 
necrosis and edema. These processes happen immediately after injury 
and are irreversible. Secondary injuries include spinal cord ischemia 
and hypoxia, inflammation and immune response, excitotoxicity, 
glial scar and cavity formation. The secondary injury cascade can 
be managed by active medical intervention and hence has been the 
focus of SCI research [5,7]. Primary and secondary injuries lead to 
continuous expansion of the lesion zone. The necrotic neural tissue 
and demyelinated nerve fibers in the injury epicenter release various 
cytokines and chemokines to the surrounding tissue. As a result, the 
inflammation spreads to the adjacent spinal cord segments and causes 
hyperplasia and hypertrophy of astrocytes which will eventually form 
glial scar as a response to prevent further inflammatory diffusion. 
Meanwhile, the necrotic tissue is gradually cleaned by the scavenger 
cells, leaving the cavities inside the epicenter. The reactive astrocytes 
and some components of their extracellular matrix, (e.g., chondroitin 
sulfate proteoglycans), their secretions, as well as the cavities, set both 
physical and chemical barriers to the process of neuro regeneration [8]. 
This hostile microenvironment makes spinal cord regeneration difficult 
(Figure 1A). However, with the development of novel stem cell and 

tissue engineering based treatment strategies, there are some promising 
preclinical results which raise hope for SCI treatment in the future. 
Endeavor should be made not only towards an appropriate structural 
repair but also importantly a satisfactory functional recovery [9]. 

Neural tissue engineering repair strategy helps to repair the injured 
spinal cord, especially with large tissue loss or cavity formation through 
combinatorial approaches which involve biomaterial scaffold, cells and/
or bioactive molecules. The integration of implants into the host tissue 
has been shown to alleviate spinal cord injury, replace damaged tissue, 
promote regeneration and improve the paralyzed limb function (Figure 
1B). To better utilize the repairing function of encapsulated stem cells 
and facilitate the integration of the scaffold to local host tissue, it is 
critical to choose a suitable biomaterial with the optimized physical, 
chemical and biological features. Although the criteria of biomaterial 
selection vary in different repairing strategies, we conclude that it 
should cover some basic character described as following: 

(1) Good biocompatibility. After implanting into the host, the
biomaterials per se and their degradation products have neither toxic 
side effects, nor potential cause of inflammatory response or immune 
rejection.

(2) Mechanical strength. Biomaterials should exert certain degree
of mechanical strength in order to fill in the cavities and to function as 
scaffolds for implanted cells and host cells to attach and migrate and for 
axons to extend.

(3) Plasticity. Biomaterials should have the plasticity to be tailor
into various shapes, according to the clinical needs. 

(4) Biodegradable. Due to the functional delicacy and anatomical
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Abstract
Spinal Cord Injury (SCI) results in the permanent functional impairment, leading to monoplegia, paraplegia or 

tetraplegia with tremendous social and economic burden. The intrinsic repair mechanism has been proven to be 
insufficient. The complex pathophysiology after injury imposes enormous challenging to functional recovery, given 
the most advanced medical intervention nowadays. Therefore, the development of effective therapeutic strategy 
for spinal cord injury management is in great need. Here we review a stem cell based tissue engineering approach 
under preclinical or clinical development for spinal cord injury, with a focus on promoting functional recovery after 
SCI, aiming to provide some beneficial suggestion on stem cell based tissue engineering design. 
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compactness nature of spinal cord, it’s better to select degradable 
biomaterials with an adjustable degeneration rate to make room for 
regenerating tissue 

(5) Surface property. 

The chemical or topological features of the biomaterials should be 
designed to facilitate cell adhesion and help to induce tissue regeneration. 
The biomaterials used for scaffold fabrication can be natural or synthetic 
polymers. Each of those has their own advantages and disadvantages 
[10]. In this review, we’ll address the recent advancement using tissue 
engineering repair strategy for SCI treatment. 

Naturally Derived Biomaterials in Stem Cell Based 
Spinal Cord Engineering

Natural polymers are easily obtained from natural sources and 
they have certain predictable physical, mechanical and biologic 
properties since they undergo highly controlled synthesis, resulting 
in regular structures. They are biodegradable and contain signals for 
cell adhesion; however, they are also hard to be sterilized, thereby 

often containing contaminating molecules. Another concern is the 
low reproducibility of the research results, since sometimes the exact 
compositions are unknown, and it is impossible to discuss how they 
interact with the stem cells and then impact on the outcomes [10,11]. 
The fast biodegradation rate of natural materials (i.e., collagen) and the 
low mechanical strength come as great disadvantages, which need to be 
addressed via cross-linking techniques in order to achieve the optimal 
results [12]. In order to reconstruct the functionalized tissue with good 
integration with the host, biocompatible materials are needed to fulfill 
the cysts and support the neural regeneration process. 

Fibrin

Fibrin is a broadly used naturally derived polymer for spinal cord 
tissue engineering that has been shown to reduce glial scar formation 
at the host-material interface and could enhance tissue integration in 
rat model [13,14]. Highly purified embryonic stem cells (ES)-derived 
neural progenitor cells were embedded into 3D fibrin scaffolds then 
transplanted into sub-acute SCI resulted in high viability of donor cells 
and yield of differentiated neurons, oligodendrocytes and astrocytes. 
The differentiated oligodendrocytes participated in remyelination 

Figure 1: The pathophysiology of spinal cord injury and the potential mechanism of stem cell based tissue engineering approach in spinal cord injury repair. Primary 
and secondary injury the damage the spinal cord tissue including neural cell death, nerve fiber breakage, hemorrhagic necrosis and edema and demyelination. With 
the persistence of inflammation, the glial scars and cavities form, as a barrier for neuroregeneration (A). Possible mechanism of stem cell based tissue engineering 
approach in spinal cord injury repair, such as the physical support from the biomaterials to fill in the cavities and to work as scaffold for donor and host to migrate and 
reside. Some biomaterials may contain anti glia scar elements that can promote nerve regeneration. The donor stem cells can differentiate into neurons or glia cells to 
replenish the lost cells. They can also rectify local hostile microenvironment through secretion of beneficial trophic factors and extracellular matrix (B).
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indicating the functional maturity of the donor cells. The loaded 
neurotrophine-3 (NT-3), platelet-derived growth factor (PDGF)-
AA did not influence the cell behavior much, meaning that the fibrin 
scaffolds provided a favorable environment for the cells [15]. A more 
significant morphological integration of donor cells and the host tissue 
was carried out by combining of human Neural Stem Cells (NSCs) 
and a group of trophic factors into fibrin matrices for implantation 
into rats with T3 complete spinal cord transection. The grafted NSCs 
derived neurons extended many axons into the host spinal cord for 
long distances to L1 and C4 segments, while host axons also penetrated 
grafts in the lesion sites. There was plenty synaptic structure forming 
as suggested by positive immunostaining of synaptic markers [16]. 
A following replication study confirmed that transplants of NSCs 
embedded in fibrin can fill lesion cavities with robustly extend axons. 
However, there was a discrepancy in continuous bridge of neural tissue 
between rostral and caudal segments [17].

Collagen 

Collagen is a major protein that constructs ECM in most of 
mammal tissues which contains 29 different types and is mainly 
synthesized by fibroblasts [18]. Among all the subtypes, type I collagen 
is the most commonly adapted in tissue engineering. Gel formation can 
be controlled by temperature and pH and can be used in a large range 
of gel concentration. Some modified collagen can also be cross-linked 
by other methods to improve its stiffness [19]. Primary NSCs derived 
from Sprague-Dawley rats were seeded into double-layer unequal-
hole collagen membrane (made from porcine tendons), followed by 
transplanting into rat spinal cord hemisection models in the acute 
phase. Four weeks post-injury, neuronal tissue filled the space in the 
transplantation group, but there were only irregular connective tissue 
or cavities in the untreated controls. The treated rats were able to step 
on the ground with plantar, in contrast with much poor hind limb 
motor function in the controls [20]. In another study, neural tube-like 
structure differentiated from hESC lines were seeded into collagen I 
scaffolds, and then implanted into rats with the hemi-section injury 
at T10-T11 level. Five weeks post-implantation, the hindlimb motor 
and the sensory function of the experimental group was significantly 
improved [21].

Gelatin

Gelatin as a denatured product of collagen contains multiple cell 
adhesion molecules and had been certified to support many kinds of 
stem cell proliferation and differentiation [22,23], therefore has been 
used frequently in spinal cord regeneration. With the opinion that 
bone marrow derived Mesenchymal Stem Cells (MSCs) could benefit 
spinal cord regeneration because of their neuroprotection and post-
injury microenvironment modulating abilities, neuronal induced 
MSCs were encapsulated into 3D gelatin sponge scaffolds and then 
implanted into rat models with fully transected injury at T10 segments. 
Eight weeks after transplantation, the MSC-derived neuron-like cells 
maintained their synapse-like morphology in vivo and further formed 
connections with host neurites; the hind limb function of the treated 
rats was significantly improved, and the cortical motor evoked potential 
(CMEP) was also significantly recovered [24]. In other similar studies, 
NSCs plus gelatin treated group showed highest expression of laminin 
(a pro-neurogenic molecule) and decreased chondroitin sulfate 
proteoglycans which inhibit the axonal growth and neuroplasticity. The 
stem cell treated spinal cords had smaller cavities and less scaring scale, 
and myelinated nerve fibers and blood vessels both newly formed in the 
lesion area [25,26].

Hyaluronic acid (or hyaluronan, HA) 
HA is a predominant component of intercellular matrix of stem 

cell niche which protects cells from oxidative DNA damage [27]. It 
interacts with cells mainly through CD44 and RHAMM receptors 
[28,29], but cannot crosslink to form hydrogel per se. Therefore, HA 
has been always used as side chains chemically modified product to 
facilitate gel formation [30-32] or as mixture with matrix forming 
polymers [33]. Blended HA with Methyl Cellulose (MC) was used to 
make an injectable rapidly inverse-gelling polymer which could gel 
at physiological temperature, and the gel was further formulated with 
PDGF-A via streptavidin-biotin system to apply for SCI repair. Neural 
Stem/Progenitor Cells (NSPCs) combined with HAMC gels were 
implanted into SCI rats created by clip compression at T2 segment 9 days 
after modeling. Nine weeks post SCI data indicated that the lesion size 
of the NSPC/HAMC-rPDGF-A treated group was reduced 52% when 
compared to the cell transplant control group; the number of spared 
host oligodendrocytes was about 25% higher in rostral side. Thereafter, 
the motor control function was also improved in the HAMC filled 
group [34]. Astrocyte has been identified to have both promotional and 
inhibitory effect on SCI repair [35]. It’s reported that the astrocytes- 
HA Tetrasaccharide (HA4) combination finally improved the motor 
function [36] based on the facts that HA4 augmented the benifical effect 
of astrocytes through upregulating brain derived neurotrophic factor 
(BDNF) and vascular endothelial growth factor (VEGF) expression in 
astrocytes. This phenomenon might probably due to the degradation of 
HA scaffolds relieved astrocytes proliferation inhibition [37].

Matrigel 
Matrigel matrix is a commercialized product derived from 

Engelbreth-Holm-Swarm (EHS) mouse sarcoma which contains 
multiple macromolecules such as laminin, collagen IV and entactin. 
It also contains a series of growth factors at different concentration, 
including EGF, bFGF, NGF, PDGF, IGF-1 and TGF-β. These features 
suggest matrigel may be quite friendly for cell culture and tissue 
regeneration [38]. MSCs derived from fat tissue, bone marrow, 
Wharton’s Jelly and umbilical cord blood (UCB) were delivered in 
Matrigel to compression injured spinal cord in order to evaluate the 
optimal seeded cell type for tissue repair. Matrigel-MSCs compound 
was injected around the lesion area and directly into the epicenter of 
the injured tissue. Their data demonstrated that the survived MSCs 
rarely transformed to neural cells but they migrated toward neural 
cells to modulate the neuroinflammation by reducing COX-1 and 
IL-6 and prevent astrocytosis. The authors concluded that there was 
no significant difference among all kinds of MSCs in the treatment of 
compression induced SCI, while UCB-MSCs significantly attenuated 
inflammation and favored spinal cord regeneration [39]. Another 
group induced human bone marrow stromal cells (hBMSC) into 
Schwann Cells (SC) in vitro, and then transplanted these pre-induced 
cells capsuled with matrigel into contusion injured rat spinal cord one 
week after injury. Five weeks after transplantation, although only a 
small percentage of cells survived, the cystic cavity turned significantly 
smaller than that the control group. Rats had escalated hindlimb motor 
function recovered. Although remyelination was observed in electron 
microscope images near the lesion site, the authors believed that those 
were the hBMSC-SC secreted neurotrophic factors, such as VEGF, 
TIMP-1 and -2 contributed to functional recovery, rather than the 
integration of transplanted cells into the host tissue [40].

There are also some well integrated and functionalized spinal cord 
regeneration achievements on agarose [41,42], alginate [43], chitosan 
[44] or self-assembling peptides [45].
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Synthetic Biomaterial in Stem Cell Based Spinal Cord 
Engineering

Synthetic biomaterials embrace two advantages, i.e., easy to 
sterilize and easy to control and modify key parameters (e.g., porosity, 
architecture, stiffness, degradation rate) according to the needs. 
Synthetic biomaterials are capable to be manipulated in order to suit 
a specific tissue engineering application. For examples, their stiffness 
can be designed to regulate stem cell differentiation, degradation time 
can be adjusted to match the tissue formation rate and the gelation 
time of injectable polymers can be tailored to perfectly fulfill the 
lesion area at the desired time points. Although synthetic biomaterials 
lack of recognizable signals and are usually considered to have poor 
biocompatibility, it’s feasible to overcome these hurdles through 
biofunctionalization processes [10,11]. Functionalized synthetic 
polymers could also be designed as drug/gene delivery vehicles while 
they are being used as scaffolds [46]. Here, we summarize some of the 
most commonly used biomaterials for their application in SCI repair 
studies.

Poly-lactic acid (PLA) 

PLA has been used for a long time in clinic as absorbable suture 
material, and also serves as soft tissue augmentation [47]. PLA is 
polyester that hydrolyzes and releases lactide in vivo, which as a result 
will decrease local pH around the grafts [48]. Early study adapted a phase 
separation PLA preparation method which had great achievements in 
spinal cord regeneration [49]. PLA foam was fabricated with linear 
channels inside, and then implanted the form into both chronic and 
acute rat SCI model with hemisection lesion at T8 level for 2 mm in 
length. Two weeks post-implantation, numerous cells were observed in 
full length of the channels, among which were p75 positive SCs as well 
as GAP-43+ (an axonal growth factor) cells. Laminin, which stimulates 
neurite outgrowth, was stained intensely besides the SCs inside 
channels. An intersting phenomenon was that there was no astrocyte 
found in the channels, while they only accumulated around the lesion 
site but did not migrate in. Similarly, very few macrophages were 
stained inside the PLA filling, indicating the host had low inflammatory 
response to the material [50].

Poly (lactic-co-glycolic acid) (PLGA)

Poly (glycollic acid) (PGA) is a biodegradable, thermoplastic 
polymer with simple linear structure. Due to its high modulus, low 
solubility and brittle nature, there is no report about PGA application 
in spinal cord tissue engineering. However, when PLA and PGA are 
co-polymerized, the stiffness and degradation time of the product 
PLGA could be regulated by changing the ratio of the two components. 
PLGA is one of the most widely used synthetic materials in biomedical 
practices. Early study implanted human neural stem cells (clone 
HFB2050) seeded PLGA porous scaffolds into an adult rat hemi-section 
SCI model promoted long-term improvement in function (persistent 
for 1 year in some animals) relative to a lesion-control group. This 
study may suggest a new approach to SCI and, more broadly, may 
serve as a prototype for multidisciplinary strategies against complex 
neurological problems [51]. Later study engaged 2 African green 
monkeys experienced hemi-section at T9-T10 level in acute phase. 
The PLGA scaffolds with the lactide/glycolide ratio of 50:50 were fully 
degraded within the time frame of 41-81 days post implantation. The 
motor function scores in all subjects recovered better with time went 
on, and there was significant difference on the influenced left hind limb 
between PLGA plus hNSCs subjects (scored 15) and matrix only (one 
subject, scored 10) control. Interestingly, the matrix control also had 

better performance than non-treated control (one subject, scored 6), 
which indicated the physical support function of scaffold may help to 
reconstruct local disturbed circuits to regain function [52]. Animal 
studies with using PLGA and stem cells showed PLGA is an effective cell 
delivery scaffold with benign cytocompatibility and histocompatibility 
since it triggers mild immune/inflammation responses but facilitates 
seeded cells to integrate into host tissue after spinal cord injury [53,54].

Polyethylene glycol (PEG) 

PEG is a hydrophilic polymer well known well fusogen, and had 
multiple applications in spinal cord tissue engineering because it 
mediates membrane repair of primary spinal cord injury and reduces 
secondary spinal cord injury lead by oxidative stress [55]. A recent 
report used PEG scaffolds with seeded mouse bone marrow derived 
MSCs to treat transected SCI at T10 level on mouse model suggested 
with the combined treatment, less GFAP positive reactive astrocytes 
were observed throughout both grey and white matters meanwhile 
more MAP-2 positive neurons preserved in grey matter [56]. As 
PEG per se is not intrinsically degradable and lacks of cell adhesion 
capability, it has many limitations in tissue engineering applications. 
Oligo[(polyethylene glycol) fumarate] (OPF) is a novel PEG based 
oligomer hydrogel featuring degradable fumarate ester groups [57]. 
OPF can be cross-linked by UV light and more importantly, its 
molecular weight controls the mechanical properties and degradation 
speed of the hydrogel. These properties make it broadly used in bone 
[58], osteochondral [59], musculotendinous [60], cardiovascular [61] 
and neural tissue engineering [62,63]. OPF could serve as spinal cord 
regeneration matrix mainly due to its compressive and flexural modulus 
which is similar to that of rat spinal cord [64]. When OPF mixed with 
PLGA at (50:50) ratio, the scaffold was designed to deliver dibutyryl 
cyclic adenosine monophosphate (dbcAMP) in order to enhance the 
neurite outgrowth. Bone marrow derived MSCs were suspended in 
matrigel and seeded into scaffolds and transplanted into transected rat 
spinal cord injury model. The authors believed the sustained release of 
dbcAMP rescued axonal regeneration from MSCs induced inhibition 
and capillary formation, which in turn improved motor function [62].

Poly-ε-caprolactone (PCL) 

PCL is one kind of biodegradable polyester and a semicrystalline 
polymer with regular structure resulting in high stiffness [65]. PCL 
was used as a bridging scaffold and a cell deliver vehicle as well in a 
rat hemi-section model. The cells involved were either human NSC 
line (F3) or NT3 gene engineered F3 NSCs (F3.NT3). Cell seeded 
PCL scaffolds were transplanted into the lesion sites immediately 
after injury, then chondroitinase ABC (C-ase) was pumping into the 
subarachnoid space steadily for 28 days. Rats in PCL plus F3.NT3 
group had best locomotor recovery (on both BBB score and grid walk 
tests) and much improved motor evoked potentials 7 weeks post-SCI. 
Both F3 and F3.NT3 cells migrated into the host tissue, but only few 
of them (about 10%) differentiated into MAP-2 positive neurons. 
F3.NT3 cells more frequently differentiated into oligodendrocytes 
than F3 cells. Meanwhile, the NSCs remained in PCL scaffolds did not 
terminate to neural cells. C-ase effectively abolished chondroitin sulfate 
proteoglycans around the injured tissue and enhanced NSC migration 
and axon regeneration [66]. The high stiffness and lengthy degradation 
time limited the application of PCL in neural tissue engineering. 
However, a simple way to solve this problem is physically blending 
two or more synthetic polymers together as a scaffold. For examples, 
in an aligned PCL/PLGA scaffold fabricated by electrospun technique, 
the weight ratio of PCL/PLGA was 4.5:5.5, with the ratio of lactide/
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glycolide at 75:25 and average molecular weight of 105kDa. In doing so, 
the advantages of PCL in contributing long term mechanical strength 
and PLGA in facilitating cell adhesion and proliferation were bound 
together. The authors also adapted dental follicle cells (DFC), which 
have multipotential differentiation abilities [67] in the study. DFCs 
adhered on the scaffolds tightly after overnight culture and deposited 
certain amount of ECM. This cell seeded scaffold at size 2 mm×10 mm 
was rolled and fit into the hemi-section lesion at T10-T11 level. Eight 
weeks post transplantation; the DFCs were detected to differentiate 
into oligodendrocyte precursors but not neurons or astrocytes. The 
authors considered the differentiated cells could replace the lost 
oligodendrocytes and remyelinate the survived fibers [68].

Clinical Trials
Compared to the in vitro assay and in vivo animal studies, clinical 

trials of spinal cord tissue engineering have rarely been performed. 
Although most of trials are at early stage, some of them hold high 
potentials for further development. Given the limitations of animal 
models and the differences between animal and human physiology, 
experience gained on animals interpreted judiciously before clinical 
translation. 

Acid fibroblast growth factor (aFGF) and fibrin glue have been used 
in combination with total laminectomies and neurolysis in two trials 
which lasted 24 months [69,70]. The authors claimed that after the 2 
years treatment, the American Spinal Injury Association (ASIA) motor 
scores, sensory scores, neurological levels and impairment scales were 
all significantly improved in both cervical and thoracolumbar groups. 
However, these were single-arm, nonrandomized trials with no control 
group. More cases should be included to compressively assess the real 
function of this treatment. 

Abdel-Aziz and his colleagues applied peripheral nerve grafts plus 
chitosan-laminin scaffolds combines with the patients’ autologous bone 
MSCs on 14 patients with chronic spinal cord injuries. The patients were 
with complete traumatic paraplegia leaded by complete cord disruption 
and defects. The MSCs were induced toward neural stem cell-like cells 
before mixing into the scaffolds. Patients’ sural nerves from both sides 
were served as grafts. After surgery, both motor and sensory functions 
were improved on all patients. Compared to the reported surgery only 
cases [71], these 14 patients were better recovered on the point of 
muscular activities although they were still unable to stand erect and 
hold their knees extended while walking unaided. Seroma would be a 
complication related to chitosan disintegration [72].

Summary
There have been considerable advances in stem cell based tissue 

engineering for the treatment of SCI, some of which have entered 
clinical trials. Stem cells provide a cell source that may serve as 
substitutes to replace the lost cells, to rescue the impaired cells and 
maintain homeostasis of microenvironment through secretion of 
trophic factors and beneficial ECMs. Biomaterials are not only used as 
cell delivery vehicles but also as scaffolds to fill the cavity of lesioned 
spinal cord tissue in order to provide a physical microenvironment 
so that cells from surrounded normal tissue could migrate inside and 
execute their functions. More importantly, stem cells and biomaterials 
should be designed as functional entity, which interact with each 
other to facilitate neural tissue repair. Stem cells can be acquired from 
autologous sources, which may decrease the risk of immune response, 
especially with the development of induced pluripotent stem cells. 
Designing and synthesizing appropriate biomaterials should bring 

new insights into their cytocompatibility and their integration with 
host tissue. Benefits, drawbacks and translational potential of stem cell 
based tissue engineering for the treatment of SCI should be evaluated 
thoroughly and carefully. Nevertheless, with the rapid developments of 
stem cell and biomaterials technologies, the application of a combination 
of these two disciplines will provide promising therapeutic regimens to 
SCI repair.
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