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A B S T R A C T   

Background: Spinal cord injury (SCI) activates a cascade of signaling pathways which results in impaired sensory 
and motor function without restoration of function due to the very limited self-regenerative ability of the spinal 
cord. As a novel treatment, combination therapy can offer effective repair for SCI regeneration. In this study, a 
polymeric bioactive scaffold seeded with genetically engineered adipose-derived stem cells (ASCs) was designed 
for SCI axonal regeneration. 
Materials and methods: Emu oil (EO)-loaded polycaprolactone/collagen (PCL/Col) electrospun scaffolds were 
prepared by electrospinning and were characterized employing FE-SEM and FTIR. ASCs were transduced with a 
glial cell line-derived neurotrophic factor (GDNF)-mediated recombinant adenovirus and overexpression of 
GDNF in infected cells as confirmed using ELISA tests. The cell-seeded scaffolds were transplanted in the lesion 
site of a contused spinal cord in a rat model. Histological assessments and behavioral examinations were used to 
evaluate functional recovery and nerve repair 8 weeks after scaffold implantation. 
Results: Our study revealed the high viability of ASCs over 14 days on scaffolds. Compared with the control 
group, the levels of GDNF was significantly increased in transfected ASCs after 24 h (p < 0.05). The rats received 
scaffolds seeded with ASCs, and GDNF overexpressing ASCs, after eight weeks post-transplantation exhibited 
significant recovery of motor function as shown by the Basso-Beattie Bresnahan (BBB) score results (p < 0.05). 
Moreover, implanted PCL/Col/EO scaffolds seeded with ASCs/GDNF, reduced the size of the lesion cavity and 
axonal demyelination while improving locomotor recovery in rats. 
Conclusion: The results provide promising evidence for the application of combination therapy as a clinically 
useful treatment for SCI repair.   

1. Introduction 

Spinal cord (SCI) treatment is still a major challenge in regenerative 
medicine due to complex cellular and molecular pathophysiology 
mechanisms [1]. Thousands of people worldwide every year suffer 

severe SCI, and this devastating condition affects the overall quality of 
life for both patients and their families [2]. The major obstacles in nerve 
regeneration are loss of self-repair, limiting quantities of neurotrophic 
factors, apoptotic or necrotic cell death, and factors that inhibit effective 
axonal regeneration at the injury site [3]. Over the past few years, drug 
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development, the supply of neurotrophic factors, biomaterials, stem cell 
therapy, and genetic manipulation studies have become top research 
activities in the field of SCI treatment [4]. 

The micro-environment at the injured site changes immediately 
following primary spinal cord trauma [5]. Axonal degeneration and 
disruption of the endothelial and neuronal tissue are a consequence of 
spinal cord primary injury. Following primary injury, a cascade of 
processes triggers a secondary injury to the spinal cord including infil-
tration of immune cells to the injury site due to the breakdown of the 
blood-spinal cord barrier [6]. Ultimately, secondary injury leads to 
oxidative stress, necrosis, and neuronal cell death [7]. Therefore, further 
research is needed to explore useful therapeutic strategies for SCI. The 
combined use of biomaterial scaffolds and stem cell have been investi-
gated as a beneficial method for SCI repair over the past few years. 

Adipose-derived stem cells (ASCs) are thought to be multipotent cells 
that have attracted much attention owing to the multi-differentiation, 
self-renewal properties and their potential use of cell and gene thera-
pies [8–11]. Besides, it was fund that ASCs exhibit an inhibitory effect on 
the apoptosis of neural cells [12], can differentiate into glial cells, 
secrete growth factors such as neurotrophic factors, and inhibit the 
production of inflammatory factors following SCI [13]. Therefore, more 
recent research has focused on the implantation of ASCs with other 
therapeutic agents to ensure its application in SCI regenerative therapy. 
A meta-analysis of 1568 rats with traumatic SCI showed that MSC 
therapy provided a substantial beneficial effect on locomotor recovery 
[14]. Although stem cells possess a central role in SCI regeneration, the 
regenerative properties of these cells are limited because of their lower 
survival rate and low levels of differentiation after transplantation [15]. 
Over-expression of glial cell-derived neurotrophic factor (GDNF) using a 
viral vector in ASCs could be used to keep cells in their regenerative state 
for a long time. It has been demonstrated that GDNF increases the sur-
vival and function of motor neurons, suggesting it as a new potential 
therapeutic protein for treating SCI [16]. GDNF, with 
survival-promoting effects in spinal cord injury, has an anti-apoptotic 
effect on damaged neuron cells [17]. In previous studies, gene de-
livery using adenovirus encoding GDNF (Ad-GDNF) has been proven to 
protect motor neurons from neuronal apoptosis after SCI [18]. ASCs, as a 
perfect candidate for cell therapy of SCI, is worth investigating for its 
application along with scaffolds, and potential mechanism of its action 
for repair. While several studies have shown that the application of ASCs 
in the treatment of SCI is still limited, researchers have attempted to 
combine the cells with electrospun scaffolds in order to enhance its 
application in vivo. 

Electrospun scaffolds can be employed for nerve repair due to their 
similarity to neural ECM and loading capacity of certain bioactive ma-
terial to promote the nerve repair [19–21]. PCL-based scaffolds have 
become popular candidates for use in cell therapy in recent years [22, 
23]. PCL as a biodegradable and FDA-approved polymer has been 
approved for its application in human applications [24,25]. PCL has low 
mechanical stiffness, but its degradation products do not cause inflam-
mation in the areas surrounding a grafted point [26,27]. Similar to other 
aliphatic polyesters, the hydrophobicity of PCL hampers its widespread 
use as a scaffold [28,29]. In contrast, incorporating Collagen (Col) as an 
extracellular matrix into the PCL scaffold not only increases the hy-
drophilicity of the scaffold but also has a positive effect on the biological 
responses of the implanted biomaterial [30,31]. Thus, adding a hydro-
philic substance can resolve the problem of using PCL in 
tissue-engineered scaffolds [32]. Our previous research also confirmed 
the biocompatibility of PCL/Col/EO scaffolds seeded with ASCs, 
showing very good cell growth, distribution, and proliferation of these 
cells on polymeric nanofibrous scaffolds [33]. 

Emu oil (EO), an animal-derived lipid composition, is a rich source of 
unsaturated fatty acids, polyphenols, flavones, and phospholipids with 
therapeutic effects in combination with each other or alone [34]. EO 
contains a large amount of omega− 3 fatty acids, and because of that, 
this bioactive material has a greater ability to reduce pro-inflammatory 

cytokines compare with other oils [35]. Moreover, previous in-
vestigations found that unsaturated fatty acids induce proliferation, 
migration, gene expression, and protein secretion of mesenchymal stem 
cells (MSCs), leading to the promotion of tissue regeneration [36]. 

In recent work, we evaluated the regenerative capability of biode-
gradable EO-loaded PCL/Col electrospun nanofibrous scaffold, as a 
clinically safe polymeric scaffold. We derived ASCs from adipose tissue. 
The extracted cells were genetically engineered to over-express GDNF 
and were seeded on the electrospun scaffolds. The activated scaffolds 
were then implanted into the spinal cord contusion site of an adult rat, 
and in vivo sensory and motor function in the animals were assessed to 
determine the efficacy of the scaffolds combined with ASCs in sup-
porting nerve regeneration after SCI. 

2. Materials and methods 

2.1. Fatty acid composition analysis of the Emu oil 

Emu fats were provided by an Emu farm in East Azerbaijan, Iran. 
Extracted fats were from the intra-abdominal areas of the Emu and 
stored at − 20 ◦C. To obtain pure EO, the fats were thawed and heated to 
70 ◦C for 30 min. The thawed oils were filtered to remove suspended 
solids and aliquoted into 2 ml sterile opaque vials and stored under 
liquid nitrogen to avoid oxidation. Then, a gas chromatograph-mass 
spectrometer (GC/MS) was applied for the determination of the fatty 
acid composition in EO samples [37]. 

2.2. Preparation of PCL/Col/EO scaffolds 

EO-loaded PCL/Col nanofibers (NFs) were fabricated by electro-
spinning. First, PCL and Col (Sigma–Aldrich, Steinheim, Germany) were 
solubilized in 5 ml acetic acid with a total polymer (PCL/Col = 80/20 % 
w/w) concentration of 20% (w/v (. For the preparation of the PCL/Col/ 
EO solution, 10 w% of EO with respect to the PCL/Col content was 
added dropwise to the PCL/Col solution. Finally, the blended materials 
were homogenized on a stirrer for 24 h [38]. A 5 cc disposable syringe 
(21-gauge needle) was applied to the feed solutions on the collector. The 
speed of the rotating mandrel collector was set on 200 rpm, the flow rate 
was 2 ml/h, and the distance the collector-to-needle was adjusted to be 
constant at 15 cm while the needle was connected to a high voltage 
power supply set at 20 kV. The polymer solution was injected through 
the needle and collected on the rotating cylinder. The obtained elec-
trospun scaffolds were dried under vacuum for 72 h and then used for 
further characterization and other studies. 

2.3. Isolation and cultivation of ASCs 

The current research was performed with informed consent and 
ethical approval from Zanjan University of Medical Sciences and Ethical 
Committee (Reference Number: ZUMS.REC.1395.275). Human ASCs 
were obtained by surgery from adipose tissue samples of female adult 
donors (age range: 25–35 years) after cesarean at the Tabriz Hospital 
University of Medical Sciences. The samples were collected in a sterile 
tube and transferred to the laboratory to be processed instantly. The 
samples were cut into small slices (1–2 mm) and digested with 0.3% 
collagenase type 1 (Sigma–Aldrich, Steinheim, Germany) followed by 
incubation for 45 min at 37 ◦C. After washing with phosphate-buffered 
saline (PBS), the isolated cells (cell pellet) were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco, Invitrogen) with 10% fetal 
bovine serum (FBS, Gibco, Invitrogen), 1% penicillin/streptomycin 
(Gibco, Invitrogen), 1% ascorbic acid (Sigma–Aldrich, Steinheim, Ger-
many), and 1% glutamax (Sigma–Aldrich, Steinheim, Germany). The 
ASCs were incubated at 37 ◦C with 5% CO2. The initial primary culture 
(P0) was passaged by using 0.05% trypsin–EDTA solution at 70% 
confluence. 
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2.4. Recombinant adenovirus construction 

Adenoviral vectors carrying rat GDNF cDNA were constructed as 
described below. Briefly, the 0.7 kb rat GDNF cDNA was cloned into 
pAL119 by BamHI/XhoI, yielding pALGDNF, containing the hCMV 
promoter. Recombinant adenovirus RAd-GDNF expressing GDNF were 
produced by co-transfection of the shuttle plasmid pALGDNF with 
pJM17 plasmid into HEK293 as previously described [39,40]. RAds 
were scaled up and purified by a Cesium Chloride density gradient 
centrifugation. 

2.5. GDNF expression in ASCs infected with recombinant adenovirus 

ASCs were engineered to produce and secrete rat GDNF using 
adenoviral vectors. Briefly, ASCs were seeded into 12-well plates at a 
concentration of 2 × 105 cells per well. After adhering to the plate, the 
growth medium was substituted in each well with serum-free DMEM in 
5% CO2 at 37 ◦C. Two separate adenoviral constructs encoding GDNF 
and β-galactosidase gene were added simultaneously to ASCs at a mul-
tiplicity of infection (MOI) of 50 for each vector. Viral particles were 
removed after 4 h of exposure, and the medium was changed with the 
fresh culture medium. 

Cell culture supernatants were collected at 24 h post-infection with 
the adenovirus for GDNF measurements by an enzyme-linked immu-
nosorbent assay (ELISA). The ELISA test was performed using a GDNF 
(Rat) ELISA kit (Abnova, Taipei, Taiwan) according to the manufac-
turer’s protocol. Detection was performed by using a streptavidin solu-
tion followed by TMB detection on an ELISA reader. Readings were 
performed based on the manufacturer’s instructions at 450 and 630 nm 
filters (Awareness Technology). After reading, the optical density (OD) 
of the ELISA plate was analyzed by GraphPad Prism software. 

2.6. Scaffold preparation for implantation in the lesion site 

In this study, PCL/Col/EO scaffolds containing ASCs were applied for 
implantation into lesion sites. The scaffolds had a unidirectional porous 
pattern with a pore diameter of 250–400 μm. Two days before implan-
tation, ASCs were detached, counted, and seeded at about 2 × 105 cells 
on each scaffold. A field emission scanning electron microscope 
(FESEM) (MIRA3, TESCAN, Czech Republic) was used for confirming 
the presence of cells on the scaffold. 

2.7. Fiber morphology and cellular adhesion 

For the evaluation of NF morphology, the specimens were scanned 
by FESEM. ASCs were seeded on the NFs at a density of 8 × 104 cells/cm2 

and then incubated for 7 and 14 days. The morphology of ASCs cultured 
on NFs (PCL/Col and PCL/Col/EO) was observed using FESEM. Briefly, 
after 7 and 14 days of incubation, NFs in each well were washed gently 
with PBS, and then a 2.5% (v/v) glutaraldehyde (Sigma–Aldrich, 
Steinheim, Germany) solution was used for fixing the adherent cells for 
1 h. After that, the samples were washed with PBS and dehydrated by 
using an ethanol gradient (30, 70, 80, 90, and 100% each for 10 min). In 
the final step, the scaffolds loaded with cells were freeze-dried and 
sputter-coated with gold. The microstructure of the scaffolds was 
observed using FESEM at an accelerating voltage of 20 kV. 

2.8. Spinal cord induction and scaffold implantation 

For in vivo studies, 36 adult male Wistar rats (230–250 g each) were 
randomly assigned to six different groups as [1]: laminectomy or sham 
[2]; contusion [3]; PCL/Col [4]; PCL/Col/EO [5]; PCL/Col/EO + ASCs; 
and [6] PCL/Col/EO + ASCs/GDNF. The number of replicates for all 
different groups was constant as n = 6. 

All rats were acclimated one week before surgery. Before surgery, 
rats were anesthetized in a chamber with 5% isoflurane. Laminectomy 

surgery was performed at the T10 vertebral level and the contusion 
model of the traumatic spinal cord was induced with a force of 120 kdyn 
using a Neuroscience Research Center (NSRC) impactor (Tabriz Uni-
versity of Medical Sciences, Tabriz, Iran). In the first group (lam-
inectomy), rats were subjected only to laminectomy without any 
contusion. In the second group, contusion was performed without im-
plantation, and in the third group, a free cell- PCL/Col scaffold was put 
in the lesion. In the fourth group, a free cell- PCL/Col/EO scaffold was 
put in the lesion. In the fifth group (PCL/Col/EO scaffold + ASCs group), 
a scaffold filled with ASCs was implanted into the lesioned site. Finally, 
in the sixth group (PCL/Col/EO scaffold + engineered ASCs group), a 
scaffold filled with ASCs-expressing GDNF was implanted into the injury 
site. The postoperative care in the first week after surgery was the 
evacuation of the bladder manually and intraperitoneal (IP) injection of 
ciprofloxacin 1 mg/kg twice daily. 

2.9. Behavioral assessment 

The locomotor function test was performed using the open field- 
testing Basso-Beattie Bresnahan (BBB) method for a total of 8 weeks, 
from day one before SCI induction, 3 days after the SCI induction, and 
once a week for 8 weeks after cell transplantation. Scores were recorded 
by two observers blinded to the experimental conditions (Supplemen-
tary Table 1. The mean BBB scores were calculated for each group and 
then plotted as a function of overtime after the SCI induction. 

2.10. Histological assessment 

Eight weeks following scaffold transplantation, all rats were deeply 
anesthetized with isoflurane and perfused with 300 mL of heparin saline 
followed by 300 mL of 4% paraformaldehyde in PBS. The harvested 
tissues were processed on an automatic processor and embedded in 
paraffin. Serial sections (thickness, 5 μm) were prepared, deparaffinized 
with xylol, and subsequently, hematoxylin-eosin (H&E) and luxol fast 
blue (LFB) staining was performed. Finally, the stained sections were 
mounted and observed under the light microscope (E100, Nikon, Tokyo, 
Japan). 

2.11. Luxol fast blue (LFB) staining 

Tissue slides were deparaffinized in xylene and hydrated. Slides were 
then placed in an LFB solution at 56 ◦C overnight. After washing with 
95% ethanol, the sections were incubated in a lithium carbonate (Sig-
ma–Aldrich, Steinheim, Germany) solution and 70% ethanol, each for 
30 s. The sections were stained with cresyl violet (Sigma–Aldrich, 
Steinheim, Germany) solution for 20 s and then incubated in 95% 
ethanol at room temperature for 5 min, dehydrated in 100% alcohol for 
5 min, treated with xylene for 5 min and mounted using a resinous 
medium. Image J software was used to assess the myelination 
quantification. 

2.12. Statistical analysis 

Graph Pad Prism version 6 was used for statistical analyses of data. 
Data are presented as mean ± standard error of the mean (SEM) and the 
difference between groups was assessed by one-way analysis of variance 
(ANOVA). All experiments were repeated at least three times to assess 
reproducibility. P-values less than 0.05 were considered statistically 
significant. 

3. Results 

3.1. EO composition 

The chemical composition of the Emu oil was analyzed using gas 
chromatography-mass spectrometry and total fatty acid content was 
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determined (Table 1). 

3.2. Characterization of ASCs 

The results from flow cytometric analysis of cell surface markers are 
shown in Fig. 1. The expression of the markers CD90 and CD105 showed 
a positive correlation of 98.8% and 75.2%, respectively, and for he-
matopoietic markers, CD34 and CD45 showed a negative correlation of 
0.51% and 0.19%, respectively, which indicates the purity of ASC. The 

Table 1 
Fatty acid composition of EO in the current study.  

Fatty acid Percent w (%) 

Palmitic acid (C16:0) 21.5 
Lauric acid (C12:0) 1.1 
Oleic acid (C18:1n-9) 48 
Stearic acid (C18:0) 13.4 
Palmitoleic acid (C16:1n-7) 6.0 
Linolenic acid (C18:3n-3) 3.5 
Myristic acid (C14:0) 0.5 
Erucic acid (C20:1n-9) 2.5 
Linoleic acid (C18:2n-6) 4.1  

Fig. 1. Immunophenotyping of ASCs via flow cytometry. Panel of surface antigens for ASCs:ASCs (A–B) negatively stained for CD34, CD45 (C:0.51%, D:0.19%) and 
(C–D) positively stained for CD90, CD105 (A:98.8%, B:75.2%) (n = 3). 

Fig. 2. Multipotency of isolated ASCs. (A) Adipocyte differentiation of ASCs and oil red staining elucidating lipid droplets (Scale bar = 25 μm, 40X). (B) Osteoblast 
differentiation of ASCs and alizarin red staining indicating calcium phosphate precipitates (Scale bar = 50 μm, 10X). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. GDNF levels detected in the media of ASCs after treatment with the 
Adeno-GDNF vector and Adeno-LacZ after 24 h post-infection (n = 3, ****P 
≤ 0.0001). 
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adipogenic and osteogenic potential of these cells was confirmed by 
specific staining for each of the lineages. For adipogenesis, oil red O 
staining demonstrated small lipid droplets in the cytoplasm of differ-
entiated ASCs. For osteogenesis, calcium mineralization was observed in 
osteoblasts as confirmed by alizarin red staining (Fig. 2). 

3.3. ELISA assay of GDNF 

The ability of Adeno-GDNF to induce GDNF overexpression in ASCs 

was evaluated using an ELISA assay. GDNF levels in the culture medium 
after 24 h have been shown in Fig. 3. The analysis of the results showed 
increased secretion of GDNF in Adeno-GDNF treated cells compared to 
control groups (Fig. 3). 

3.4. NF characterization 

FESEM images of the electrospun NFs with EO-loaded PCL/Col 
showed that the randomly oriented NFs were bead-free and non-woven 

Fig. 4. FESEM images of the (A) PCL/Col and (B) EO-loaded PCL/Col NFs.  

Fig. 5. Time course of open field Basso-Beattie Bresnahan (BBB) locomotor scores. The BBB scores were obtained starting from day 3 post-injury until eight weeks (9- 
time points). The BBB scores were increased in the treatment period; however, the scores of the ASCs-treated groups were significantly higher than those of other 
experimental groups over time (P < 0.05). Also, no significant difference was observed in the BBB score of the free-cell scaffold treatment groups over time. 
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and also had uniform diameters. Diameters of these EO-loaded NFs were 
in the range of 300–700 nm while it was 300–500 nm for PCL/Col NFs. 
Thus, the diameter of the NFs increased when EO was added. For the 
PCL/Col electrospun NFs, the fibers appeared sharp and smooth but with 
a lower interconnection among the fibers while in the EO-loaded NF, a 
fused morphology (high cross-connections between fibers) was shown 
(Fig. 4). The mechanical properties and cytotoxicity of these scaffolds 
were tested in our previous study [33]. 

3.5. Behavioral assessment 

Rats were completely paralyzed after the T10 contusion. In the 
control group, the BBB score of rats after 8 weeks was 21. The mean 
values of the BBB scores gradually increased at 2 weeks after scaffold 
transplantation. Thereafter, the rats which received free-cell scaffolds 
showed no significant improvement, while the rats that received scaf-
folds + ASCs showed improved recovery. Eight weeks after scaffold 
implantation, the BBB score for the scaffolds + ASCs/GDNF group 
reached 13, demonstrating that the scaffolds seeded with ASCs and 
ASCs/GDNF promoted recovery of motor function (Fig. 5). 

3.6. H&E staining and cavitation analysis 

The mean cavity diameter was measured after H&E staining using 
Image J software. Eight weeks after scaffold transplantation, the 
contusion group (as a control group) showed the largest cavity size 
without recovery and also, an extension of damage to both white matter 
and gray matter. In the sham surgery, the structure of white and gray 
matter was intact. Our results displayed a significant decrease in cavity 
volume in groups that received scaffold seeded with ASCs in comparison 
with the SCI group (P < 0.05). Although the mean cavity percentage in 

the scaffold + ASCs transplantation group was slightly lower than the 
scaffold + ASCs/GDNF group, the difference between the groups is not 
statistically significant (P > 0.05). Also, a significant difference was not 
observed in the cavity size for the free-cell scaffold treatment group over 
time (Fig. 6). 

3.7. Myelin sparing in the lesion site 

Luxol fast blue staining revealed that the greatest part of the white 
matter area in rat groups received the scaffold + ASCs/GDNF was 
myelinated (Fig. 7). There was also a statistically significant difference 
in the myelinated axon density in the scaffold + ASCs/GDNF group and 
scaffold + ASCs group compared with the SCI group (p < 0.05). The 
myelin density in the scaffold + ASCs/GDNF group was higher than the 
contusion group (p < 0.05), also the scaffold + ASCs group showed a 
higher increase in the myelination compared with the SCI group. There 
was no obvious change between the contusion group and the group that 
received the cell-free scaffold (Fig. 7). 

4. Discussion 

Contusions, one of the most common types of spinal cord injury, lead 
to widespread nerve cell death and glial scar formation (gliosis) in the 
second phase. Various forms of single therapies have been applied to 
target single obstacles post-injury, which have provided only small im-
provements in the treatment of such injuries [41]. Recent studies have 
shown that SCI regeneration is possible if gliosis is prevented at the 
acute phase to allow axons to grow [42]. In this study, we used com-
bination therapy including ASCs overexpressing GDNF and PCL/Col/EO 
nanofibrous scaffold, to overcome some of the barriers limiting regen-
eration to improve recovery compared to single therapies. Also, in the 

Fig. 6. Histopathological assessment of 
combined treatment with PCL/Col/EO +
ASCs/GDNF on the cavity area at the center 
of the injured spinal cord. A. The H&E 
stained paraffin sections of cavity area ( ×
10) and B. Percentage of the cavity area at 
the center of injury between injury groups 8 
weeks after SCI. Data are presented as mean 
± SEM. SCI; Spinal cord injury, PCL; poly-
caprolactone, Col; Collagen, EO; Emu oil, 
ASCs; adipose-derived stem cells, GDNF; 
Glial cell line-derived neurotrophic factor, *; 
P < 0.05.   
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present study, we examined the effect of bioactive NFs (containing 
natural product) seeded with ASCs on the regeneration of contusive SCI 
in vivo model. The findings of this study demonstrated that combination 
therapy with engineered ASCs is more effective than single treatment 
with these cells. 

Scaffold is a temporary structure that provides support and me-
chanical strength to the ASCs during tissue regeneration. On the other 
hand, EO can facilitate the attachment of NF strands at the bonding 
point and thereby increasing the number of connection points that result 
in generation of a mechanically durable scaffold. Our previous study 
showed that the ASCs cultured on the EO-loaded PCL/Col NFs prolif-
erated faster that was facilitated by increasing the intercellular com-
munications of the adjacent cells, indicating that the EO-loaded PCL/Col 
NFs has greater capacity of adhesion by providing higher number of 
attach points for ASCs [33]. These adhesion points were possibly pro-
vided by the bioactive groups present in fatty acids of the immobilized 
EO in the nanofibrous scaffold. 

After induction of the SCI contusion model, the cell-loaded scaffolds 
were implanted into the injury site of rats with SCI. Histological and 
behavioral assessments were performed to find the effectiveness of these 
scaffolds in repairing SCI and possible applications in clinical repair. 

It was demonstrated that the small fiber diameters generate a high 
surface area to volume ratio, allowing for a sustained release profile via 
diffusion in slowly degrading polymers. The ability to release therapies 
from electrospun fibers locally enables the sustained release of therapies 
that otherwise might have difficulty reaching the injury site if the 
therapy were delivered systemically [32,43]. 

Besides, the purpose of combining a bioactive material or stem cells 
with scaffolds is to improve motor recovery, decrease neuron death, and 
promote remyelination. The application of a specific neurotrophic factor 

can also enhance SCI repair using a combination therapy method. It was 
revealed that GDNF, an essential growth factor for neuronal develop-
ment, widely expressed in the nervous system plays a crucial role in the 
survival of motor neurons [44]. 

In the current study, we examined whether the application of 
adenovirus-mediated-GDNF can inhibit the death of motor neurons in a 
rat model of SCI. We showed adenovirus carrying GDNF induced over-
expression of mature GDNF in infected ASCs as measured by ELISA. 

GDNF protein secretion in the supernatant medium was higher in 
comparison with control cells (P < 0.05). The GDNF quantity of each cell 
group was as follows: ASCs (without virus) = 16.4 Pg/ml, the ASCs 
containing β-galactosidase gene = 15.3 Pg/ml, and the GDNF gene- 
overexpressing ASCs = 58.7 Pg/ml. So, these results confirmed the 
ability of adenovirus vectors to infect ASCs. Use of the adenovirus for 
GDNF gene transfer to ASCs and also ELISA techniques to determine the 
amount of GDNF has not to be reported until now; but, in the study by 
Shahrezaie et al., GDNF secretion by BMSCs that were transduced by 
lentivirus was 42.01 pg/ml after 24 h [45]. The BBB test results after 
eight weeks after scaffold implantation demonstrated that the scores 
were statistically significant (P < 0.05) in groups receiving PCL/Col/EO 
+ ASCs and PCL/Col/EO + ASCs/GDNF. The motor recovery observed 
in this study was inconsistent with several other types of research. The 
BBB scores achieved for scaffold + ASCs and scaffold + ASCs/GDNF 
groups showed a 7 and 9 score increase compared to the contusion 
group, respectively, after 8 weeks after injury which is higher compare 
to results reported in other studies. For example, the scores for BMSC 
and GDNF overexpressing BMSCs-mediated by lentivirus in the study of 
Shahrezaie et al. were 2 and 4, respectively [45]. The treatment with 
ASCs carrying GDNF significantly inhibited the death of motor neurons 
until eight weeks, as shown in this research. The BBB results showed that 

Fig. 7. Luxol fast blue staining was 
used to evaluate the rate of myelination 
in different groups under the study 8 
weeks after cell transplantation. The 
myelinated area was significantly 
higher scaffold + ASCs/GDNF group 
and scaffold + ASCs groups compared to 
SCI and free-cell scaffold groups, 
although there was no significant dif-
ference between SCI and free-scaffold 
groups. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the Web version of 
this article.)   

K. Nejati et al.                                                                                                                                                                                                                                   



Journal of Drug Delivery Science and Technology 60 (2020) 102095

8

ASCs improved SCI regeneration after eight weeks. Koelsch et al. 
demonstrated that a genetically engineered herpes simplex virus vector 
carrying the GDNF gene led to a significant recovery in motor and 
sensory functions in the contused rat [46]. 

Also, the hematoxylin-eosin staining results showed that the cavity 
percentage in rats receiving PCL/Col/EO + ASCs/GDNF was signifi-
cantly reduced as compared with those receiving a free-cell scaffold. The 
results showed that in scaffolds + ASCs group the percentage of tissue 
sparing had increased after eight weeks of transplantation, while the 
combination of ASCs/GDNF transplantation with PCL/Col/EO further 
reduced the cavity volume compared with the single therapy. Also, the 
combination treatment was a more effective treatment strategy for 
improvement of tissue sparing than ASCs or scaffold alone. Cantini Eaux 
et al. indicated that mesenchymal stem cells enhance the survival of 
nerve cells and reduced the cyst cavity and also, improved locomotor 
scores following SCI in rats [47]. MSCs can secrete a variety of factors 
such as neurotrophic factors that promote axonal regeneration and also 
support the survival of damaged neural cells [48]. Several factors are 
involved in the pathophysiology of SCI with different mechanisms and 
each treatment can modulate some common factors. Thus, combine 
treatment with tissue-protective agents and stem cells may exert addi-
tive tissue sparing compared to a single treatment. 

Importantly, in the present study, combination therapy with nano-
fibrous scaffolds containing bioactive material and GDNF-engineered 
ASCs was studied for the first time. In the previous works, ASCs, and 
GDNF separately have been used to regenerate SCI. Besides, Several 
research studies have shown that the use of nanofibrous scaffolds could 
enhance cell adhesion, proliferation, and differentiation of stem cells 
[43,49,50]. Our study showed that the use of cell-free electrospun 
scaffolds does not significantly repair the damaged spinal cord, while the 
use of a combination of the scaffold and ASCs increases repair. 
Compared to other studies, in this work, we used the contusion model. It 
seems that the use of cell-free electrospun scaffold does not cause sig-
nificant restoration in this model. Therefore, the role of electrospun 
scaffolds in our study was only as a support for stem cells. Several studies 
are needed to determine the effectiveness of electrospun scaffolds in 
repairing the contusion model. 

5. Conclusion 

In the current study, we demonstrate that PCL/Col/EO + ASCs/ 
GDNF scaffold can boost some mechanisms involved in the regeneration 
of SCI, and therefore, combined treatment may exert better effects. The 
implantation of GDNF overexpressing stem cells along with scaffolds can 
reduce the cavity size, glial scar formation, and enhance the release of 
neurotrophic factors that provide a favorable microenvironment to 
enhance axonal regeneration. Because of the complexity of SCI patho-
physiology, our results demonstrate that combination therapy is a more 
effective strategy to repair SCI damage, and this study confer promising 
method in the development of a combined treatment following spinal 
cord injury. 

Credit author contribution statement 

Kazem Nejati: Methodology, Investigation, Data curation, Writing - 
original draft, Original draft preparation. Dadashpour Mehdi: Meth-
odology, Investigation, Data curation, Writing - original draft, Original 
draft preparation. Somayyeh Ghareghomi: Methodology, Investiga-
tion, Validation. Ebrahim Mostafavi: Writing - review & editing. Abbas 
Ebrahimi-Kalan: Methodology, Investigation, Visualization. Alireza 
Biglari: Resources. Effat Alizadeh: Formal analysis, Software. Yousef 
Mortazavi: Supervision, Conceptualization, Funding acquisition, 
Writing - review & editing, Reviewing and Editing. Nosratollah Zar-
ghami: Supervision, Conceptualization, Funding acquisition, Writing - 
review & editing, Reviewing and Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors thank the Council for Development of Stem Cells Sci-
ences and Technologies, Presidency of the Islamic Republic of Iran Vice- 
Presidency for Science and Technology, Tehran, Iran for all support 
provided. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jddst.2020.102095. 

References 

[1] G. Li, F. Shen, Z. Fan, Y. Wang, X. Kong, D. Yu, et al., Dynasore improves motor 
function recovery via inhibition of neuronal apoptosis and astrocytic proliferation 
after spinal cord injury in rats, Mol. Neurobiol. 54 (9) (2017) 7471–7482. 

[2] P. Lu, G. Woodruff, Y. Wang, L. Graham, M. Hunt, D. Wu, et al., Long-distance 
axonal growth from human induced pluripotent stem cells after spinal cord injury, 
Neuron 83 (4) (2014) 789–796. 

[3] Z. Zhou, C. Liu, S. Chen, H. Zhao, K. Zhou, W. Wang, et al., Activation of the Nrf2/ 
ARE signaling pathway by probucol contributes to inhibiting inflammation and 
neuronal apoptosis after spinal cord injury, Oncotarget 8 (32) (2017) 52078. 

[4] P. Jendelova, Therapeutic Strategies for Spinal Cord Injury, Multidisciplinary 
Digital Publishing Institute, 2018. 

[5] K. Nagashima, T. Miwa, H. Soumiya, D. Ushiro, T. Takeda-Kawaguchi, N. Tamaoki, 
et al., Priming with FGF2 stimulates human dental pulp cells to promote axonal 
regeneration and locomotor function recovery after spinal cord injury, Sci. Rep. 7 
(1) (2017) 13500. 

[6] J.Y. Lee, S.R. Kang, T.Y. Yune, Fluoxetine prevents oligodendrocyte cell death by 
inhibiting microglia activation after spinal cord injury, J. Neurotrauma 32 (9) 
(2015) 633–644. 

[7] J.E. Springer, N.P. Visavadiya, P.G. Sullivan, E.D. Hall, Post-injury treatment with 
NIM811 promotes recovery of function in adult female rats after spinal cord 
contusion: a dose-response study, J. Neurotrauma 35 (3) (2018) 492–499. 

[8] S. Pirmoradi, E. Fathi, R. Farahzadi, Y. Pilehvar-Soltanahmadi, N. Zarghami, 
Curcumin affects adipose tissue-derived mesenchymal stem cell aging through 
TERT gene expression, Drug Research 68 (2018) 213–221, 04. 

[9] K. Saei Arezoumand, E. Alizadeh, Y. Pilehvar-Soltanahmadi, M. Esmaeillou, 
N. Zarghami, An overview on different strategies for the stemness maintenance of 
MSCs, Artif. Cells Nanomed. Biotechnol. 45 (7) (2017) 1255–1271. 

[10] M. Dadashpour, Y. Pilehvar-Soltanahmadi, N. Zarghami, A. Firouzi-Amandi, 
M. Pourhassan-Moghaddam, M. Nouri, Emerging importance of phytochemicals in 
regulation of stem cells fate via signaling pathways, Phytother Res. 31 (11) (2017) 
1651–1668. 

[11] K.S. Arezoumand, E. Alizadeh, M. Esmaeillou, M. Ghasemi, S. Alipour, Y. Pilehvar- 
Soltanahmadi, et al., The emu oil emulsified in egg lecithin and butylated 
hydroxytoluene enhanced the proliferation, stemness gene expression, and in vitro 
wound healing of adipose-derived stem cells, In Vitro Cell. Dev. Biol. Anim. 54 (3) 
(2018) 205–216. 

[12] S. Lu, C. Lu, Q. Han, J. Li, Z. Du, L. Liao, et al., Adipose-derived mesenchymal stem 
cells protect PC12 cells from glutamate excitotoxicity-induced apoptosis by 
upregulation of XIAP through PI3-K/Akt activation, Toxicology 279 (1–3) (2011) 
189–195. 

[13] D. Lukovic, M. Stojkovic, V. Moreno-Manzano, P. Jendelova, E. Sykova, S. 
S. Bhattacharya, et al., Concise review: reactive astrocytes and stem cells in spinal 
cord injury: good guys or bad guys? Stem Cell. 33 (4) (2015) 1036–1041. 

[14] Y. Han, X. Li, Y. Zhang, Y. Han, F. Chang, J. Ding, Mesenchymal stem cells for 
regenerative medicine, Cells 8 (8) (2019) 886. 

[15] L. Frese, P.E. Dijkman, S.P. Hoerstrup, Adipose tissue-derived stem cells in 
regenerative medicine, Transfus. Med. Hemotherapy 43 (4) (2016) 268–274. 

[16] M. Walker, X.-M. Xu, History of glial cell line-derived neurotrophic factor (GDNF) 
and its use for spinal cord injury repair, Brain Sci. 8 (6) (2018) 109. 

[17] M.J. Walker, X.-M. Xu, Role of GDNF in Spinal Cord Injury Repair, 2018. 
[18] K. Araki, H. Suzuki, K. Uno, M. Tomifuji, A. Shiotani, Gene therapy for recurrent 

laryngeal nerve injury, Genes 9 (7) (2018) 316. 
[19] X. Feng, J. Li, X. Zhang, T. Liu, J. Ding, X. Chen, Electrospun polymer micro/ 

nanofibers as pharmaceutical repositories for healthcare, J. Contr. Release 302 
(2019) 19–41. 

[20] J. Ding, J. Zhang, J. Li, D. Li, C. Xiao, H. Xiao, et al., Electrospun polymer 
biomaterials, Prog. Polym. Sci. 90 (2019) 1–34. 

[21] K. Nejati-Koshki, Y. Mortazavi, Y. Pilehvar-Soltanahmadi, S. Sheoran, N. Zarghami, 
An update on application of nanotechnology and stem cells in spinal cord injury 
regeneration, Biomed. Pharmacother. 90 (2017) 85–92. 

K. Nejati et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.jddst.2020.102095
https://doi.org/10.1016/j.jddst.2020.102095
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref1
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref1
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref1
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref2
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref2
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref2
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref3
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref3
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref3
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref4
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref4
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref5
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref5
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref5
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref5
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref6
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref6
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref6
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref7
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref7
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref7
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref8
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref8
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref8
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref9
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref9
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref9
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref10
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref10
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref10
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref10
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref11
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref11
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref11
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref11
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref11
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref12
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref12
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref12
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref12
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref13
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref13
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref13
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref14
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref14
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref15
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref15
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref16
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref16
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref17
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref18
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref18
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref19
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref19
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref19
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref20
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref20
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref21
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref21
http://refhub.elsevier.com/S1773-2247(20)31384-8/sref21


Journal of Drug Delivery Science and Technology 60 (2020) 102095

9

[22] Y. Pilehvar-Soltanahmadi, M. Dadashpour, A. Mohajeri, A. Fattahi, R. Sheervalilou, 
N. Zarghami, An overview on application of natural substances incorporated with 
electrospun nanofibrous scaffolds to development of innovative wound dressings, 
Mini Rev. Med. Chem. 18 (5) (2018) 414–427. 

[23] Y. Deldar, Y. Pilehvar-Soltanahmadi, M. Dadashpour, S. Montazer Saheb, 
M. Rahmati-Yamchi, N. Zarghami, An in vitro examination of the antioxidant, 
cytoprotective and anti-inflammatory properties of chrysin-loaded nanofibrous 
mats for potential wound healing applications, Artif. Cells Nanomed. Biotechnol. 
46 (4) (2018) 706–716. 

[24] M. Khodadadi, S. Alijani, M. Montazeri, N. Esmaeilizadeh, S. Sadeghi-Soureh, 
Y. Pilehvar-Soltanahmadi, Recent advances in electrospun nanofiber-mediated 
drug delivery strategies for localized cancer chemotherapy, J. Biomed. Mater. Res. 
108 (7) (2020) 1444–1458. 

[25] S. Talaei, H. Mellatyar, Y. Pilehvar-Soltanahmadi, A. Asadi, A. Akbarzadeh, 
N. Zarghami, 17-Allylamino-17-demethoxygeldanamycin loaded PCL/PEG 
nanofibrous scaffold for effective growth inhibition of T47D breast cancer cells, 
J. Drug Deliv. Sci. Technol. 49 (2019) 162–168. 

[26] B. Azimi, P. Nourpanah, M. Rabiee, S. Arbab, Poly (ε-caprolactone) fiber: an 
overview, J. Eng. Fabr. Fibers (JEFF) 9 (3) (2014). 

[27] H. Mellatyar, S. Talaei, Y. Pilehvar-Soltanahmadi, M. Dadashpour, A. Barzegar, 
A. Akbarzadeh, et al., 17-DMAG-loaded nanofibrous scaffold for effective growth 
inhibition of lung cancer cells through targeting HSP90 gene expression, Biomed. 
Pharmacother. 105 (2018) 1026–1032. 

[28] I. Armentano, M. Gigli, F. Morena, C. Argentati, L. Torre, S. Martino, Recent 
advances in nanocomposites based on aliphatic polyesters: design, synthesis, and 
applications in regenerative medicine, Appl. Sci. 8 (9) (2018) 1452. 

[29] S. Rasouli, M. Montazeri, S. Mashayekhi, S. Sadeghi-Soureh, M. Dadashpour, 
H. Mousazadeh, et al., Synergistic anticancer effects of electrospun nanofiber- 
mediated codelivery of Curcumin and Chrysin: possible application in prevention 
of breast cancer local recurrence, J. Drug Deliv. Sci. Technol. 55 (2020) 101402. 

[30] Y. Pilehvar-Soltanahmadi, A. Akbarzadeh, N. Moazzez-Lalaklo, N. Zarghami, An 
update on clinical applications of electrospun nanofibers for skin bioengineering, 
Artif. Cells Nanomed. Biotechnol. 44 (6) (2016) 1350–1364. 

[31] R. Zamani, S.F. Aval, Y. Pilehvar-Soltanahmadi, K. Nejati-Koshki, N. Zarghami, 
Recent advances in cell electrospining of natural and synthetic nanofibers for 
regenerative medicine, Drug Res. 68 (2018) 425–435, 08. 

[32] S. Samadzadeh, S. Ghareghomi, H. Mousazadeh, M. Aghababazadeh, Y. Pilehvar- 
Soltanahmadi, N. Zarghami, An implantable smart hyperthermia nanofiber with 
switchable, controlled and sustained drug release: possible application in 
prevention of cancer local recurrence, Mater. Sci. Eng. C (2020) 111384. 

[33] K. Nejati-Koshki, Y. Pilehvar-Soltanahmadi, E. Alizadeh, A. Ebrahimi-Kalan, 
Y. Mortazavi, N. Zarghami, Development of Emu oil-loaded PCL/collagen bioactive 
nanofibers for proliferation and stemness preservation of human adipose-derived 
stem cells: possible application in regenerative medicine, Drug Dev. Ind. Pharm. 43 
(12) (2017) 1978–1988. 

[34] R. Zamani, Y. Pilehvar-Soltanahmadi, E. Alizadeh, N. Zarghami, Macrophage 
repolarization using emu oil-based electrospun nanofibers: possible application in 
regenerative medicine, Artif. Cells Nanomed. Biotechnol. 46 (6) (2018) 
1258–1265. 

[35] S. Yoganathan, R. Nicolosi, T. Wilson, G. Handelman, P. Scollin, R. Tao, et al., 
Antagonism of croton oil inflammation by topical emu oil in CD-1 mice, Lipids 38 
(6) (2003) 603–607. 

[36] Y.H. Jung, S.-J. Lee, S.Y. Oh, H.J. Lee, J.M. Ryu, H.J. Han, Oleic acid enhances the 
motility of umbilical cord blood derived mesenchymal stem cells through EphB2- 
dependent F-actin formation, Biochim. Biophys. Acta Mol. Cell Res. 1853 (8) 
(2015) 1905–1917. 

[37] Y. Pilehvar-Soltanahmadi, M. Nouri, M.M. Martino, A. Fattahi, E. Alizadeh, 
M. Darabi, et al., Cytoprotection, proliferation and epidermal differentiation of 
adipose tissue-derived stem cells on emu oil based electrospun nanofibrous mat, 
Exp. Cell Res. 357 (2) (2017) 192–201. 

[38] S. Sadeghi-Soureh, R. Jafari, R. Gholikhani-Darbroud, Y. Pilehvar-Soltanahmadi, 
Potential of Chrysin-loaded PCL/gelatin nanofibers for modulation of macrophage 
functional polarity towards anti-inflammatory/pro-regenerative phenotype, 
J. Drug Deliv. Sci. Technol. (2020) 101802. 

[39] P. Lowenstein, L. Enquist, Protocols for Gene Transfer in Neuroscience, Wiley, 
Chichester, UK, 1996. 

[40] A.F. Shering, D. Bain, K. Stewart, A.L. Epstein, M.G. Castro, G. Wilkinson, et al., 
Cell type-specific expression in brain cell cultures from a short human 
cytomegalovirus major immediate early promoter depends on whether it is 
inserted into herpesvirus or adenovirus vectors, J. Gen. Virol. 78 (2) (1997) 
445–459. 

[41] T.S. Wilems, J. Pardieck, N. Iyer, S.E. Sakiyama-Elbert, Combination therapy of 
stem cell derived neural progenitors and drug delivery of anti-inhibitory molecules 
for spinal cord injury, Acta Biomater. 28 (2015) 23–32. 

[42] G. Yiu, Z. He, Glial inhibition of CNS axon regeneration, Nat. Rev. Neurosci. 7 (8) 
(2006) 617. 

[43] S. Mashayekhi, S. Rasoulpoor, S. Shabani, N. Esmaeilizadeh, H. Serati-Nouri, 
R. Sheervalilou, et al., Curcumin-loaded mesoporous silica nanoparticles/nanofiber 
composites for supporting long-term proliferation and stemness preservation of 
adipose-derived stem cells, Int. J. Pharm. (2020) 119656. 

[44] N.-K. Liu, X.-M. Xu, Neuroprotection and its molecular mechanism following spinal 
cord injury, Neural regeneration research 7 (26) (2012) 2051. 

[45] M. Shahrezaie, R.N. Mansour, B. Nazari, H. Hassannia, F. Hosseini, H. Mahboudi, et 
al., Improved stem cell therapy of spinal cord injury using GDNF-overexpressed 
bone marrow stem cells in a rat model, Biologicals 50 (2017) 73–80. 

[46] A. Koelsch, Y. Feng, D.J. Fink, M. Mata, Transgene-mediated GDNF expression 
enhances synaptic connectivity and GABA transmission to improve functional 
outcome after spinal cord contusion, J. Neurochem. 113 (1) (2010) 143–152. 

[47] D. Cantinieaux, R. Quertainmont, S. Blacher, L. Rossi, T. Wanet, A. Noël, et al., 
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