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Background: Ischemic stroke treatment is a challenge worldwide. The efficacy and safety of mesenchymal 
stem cells (MSCs) for stroke have been confirmed. However, poor survival of MSCs in the ischemic 
environment limits the therapy efficacy. Changes in MSC status in the ischemic environment after 
transplantation is difficult to monitor. This study aimed to deliver brain-derived neurotrophic factor 
(BDNF)-overexpressing MSCs by hydrogel (H-B-MSCs) to promote recovery after ischemic stroke. 
Methods: MSCs were transfected with lentivirus carrying luc2 and BDNF cassette. The properties of 
hydrogel were tested after synthesis with thiolated gelatin (Gel-SH), thiolated hyaluronic acid (HA-SH), and 
polyethylene glycol diacrylate (PEGDA). Oxygen-glucose deprivation (OGD) test was carried out to confirm 
the protective effects of hydrogel in the ischemic environment. Three days after stroke induction, H-B-MSCs, 
hydrogel carrying MSCs (H-MSCs), or phosphate-buffered saline (PBS) was injected into the brains of mice, 
respectively. Bioluminescence imaging (BLI) was performed at 3, 7, 14, and 21 days post-cell-transplantation 
to monitor the dynamic status of MSCs. In the meantime, histology, quantitative polymerase chain reaction 
(qPCR), enzyme-linked immunosorbent assay (ELISA), western blot, and behavior tests were carried out at 
different time points.
Results: Hydrogel with good biocompatibility was synthesized. Lentivirus transfection significantly 
increased the expression of BDNF. BDNF-MSCs could be tracked by BLI in vitro. In vitro OGD/reperfusion 
(OGD/R) test results suggested that MSCs carried by hydrogel could survive longer in an environment 
with low oxygen and glucose. H-B-MSCs significantly improved functional recovery after ischemic stroke. 
Furthermore, H-B-MSCs treatment promoted neurogenesis, white matter recovery, and angiogenesis after 
ischemic stroke. MSC dynamics could be monitored in vivo with BLI.
Conclusions: We effectively established a robust MSC delivery system with hydrogel. Prolonged survival 
of transplanted BDNF-MSCs with a hydrogel delivery system could promote the recovery of ischemic stroke 
via the continuous release of BDNF.
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Introduction

Ischemic stroke is a leading cause of mortality and  
disability (1). The costs associated with ischemic stroke 
create a significant social burden worldwide (2). Fibrinolytic 
therapy is often used for stroke treatment but is limited 
by a narrow therapeutic window (3). Stroke therapy has 
been developing rapidly, and stem cell-based therapies 
are emerging as an encouraging approach for promoting 
long-term recovery after ischemic stroke. Mesenchymal 
stem cells (MSCs), mainly found in bone marrow, can 
develop into different kinds of cells, including osteoblasts, 
chondrocytes, adipocytes, and hepatocytes (4-6). A previous 
study confirmed that MSCs could promote recovery 
of ischemic stroke through angiogenesis, neurotrophic 
factors secretion, apoptosis inhibition and immune system 
modulation (1). Numerous neurotrophic factors are 
secreted by MSCs, including nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), vascular 
endothelial growth factor (VEGF), insulin-like growth 
factor 1 (IGF-1), and hepatocyte growth factor (HGF)  
(7-9). Prior research has confirmed that MSCs could 
promote ischemic stroke recovery via secretion of 
neurotrophic factors (10). BDNF has been reported to 
promote neurogenesis, increase white matter recovery, 
and enhance angiogenesis (11), and a previous study has 
found that BDNF-overexpressing MSCs could promote the 
recovery of ischemic stroke (12). Our previous study also 
confirmed that BDNF plays an important role in ischemic 

stroke recovery (3,11). However, MSCs are unable to 
survive a long time in the ischemic environment, and it has 
been reported that a small number of stem cells remain at 
the injected site within days post-injection (13). Biomaterial 
loading cells have been developed to overcome initial cell 
loss and increase cell survival ability after transplantation 
(14,15). Thus, the combination of hydrogel and BDNF-
overexpressing MSCs may provide a mechanism for long-
term BDNF delivery to infarct brain areas, promoting 
recovery after ischemic stroke. Therapy effectiveness is 
improved by a better understanding of stem cell dynamics  
in vivo following transplantation. Stem cell tracking  
in vivo is made possible by molecular imaging (16). In our 
prior work, we effectively observed the complete temporal 
profile of cell dynamics in vivo by combining magnetic 
resonance imaging (MRI) and bioluminescence imaging 
(BLI) (3). In the current study, the aim was to confirm 
whether prolonged survival of BDNF-overexpressing 
MSCs delivered by hydrogel could promote the recovery 
of ischemic stroke via continuous release of BDNF. We 
present the following article in accordance with the 
ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-5921/rc).

Methods

Hydrogel preparation and characterization

The hydrogel was procured from ESI BIO Stem Cell 
Solutions (Alameda, CA, USA). The hydrogel was 
synthesized by thiolated gelatin (Gel-SH), thiolated 
hyaluronic acid (HA-SH), and polyethylene glycol diacrylate 
(PEGDA), with a ratio of 4:1:1.25. Swelling/deswelling tests 
were performed as we described previously (17). 

Culture and transfection of the MSCs

The luc-BDNF lentiviral  particles were purchase 
from Jikai company (Shanghai, China). The BDNF 
gene was amplified with 5 '-AGATCTATGACCAT- 
C C T T T T C C T T A C  s e n s e  p r i m e r  a n d 
5'-CTCGAGCTATCTTCCCCTTTTAATGG anti-sense 
primer. MSCs isolated from femurs of mice (C57BL/6J) 
were donated by Jiangsu Key Laboratory of Molecular and 
Functional Imaging, Department of Radiology, Zhongda 
Hospital. MSCs were grown in Dulbecco’s Modified Eagle 
Medium/F12 (DMEM/F12) from Cellgro (Manassas, VA, 
USA), along with 10% fetal bovine serum (FBS) from 
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HyClone (Logan, UT, USA), and penicillin (50 U/mL)  
and streptomycin (0.05 mg/mL) from Sigma-Aldrich (St 
Louis, MO, USA). After MSCs were dissociated with 
0.25% (w/v) trypsin (Gibco, Life Technologies, China) and 
pipetted multiple times, they were cultivated in serum-free 
DMEM/F12 containing sufficient luc-BDNF lentiviral 
particles with 5 mg/mL polybrene (Sigma-Aldrich). The 
medium was changed to a fresh full media after 6 hours, and 
the MSCs were passed 48 hours later. MSCs with BDNF 
and firefly luciferase genes were used in this study.

Photothrombotic model of focal ischemic stroke 

C57BL/6J mice (male, 20–23 g, 8 weeks, Pengyue 
Experimental Animal Breeding Co., Ltd., Jinan, China) 
were used in this study. As we previously reported, 
a photothrombotic model of focal ischemic stroke 
was created (11). A 50 mg/kg intravenous dose of 1% 
pentobarbital was used to anesthetize the mice. To reveal 
the skull, a cut was made across the middle of the scalp. 
Five minutes following the administration of Rose Bengal  
(100 mg/kg, 1% in sterile saline, Sigma-Aldrich), a cold 
light source (KL1500 LCD, Zeiss, USA) was positioned. 
After 15 minutes of illumination, the mice were placed back 
inside their cage. Using a heating pad, the body temperature 
of the mice was sustained between 36.5 and 37.5 ℃ during 
the experiment.

Cell implantation

Three days after ischemic stroke induction, the cells were 
implanted. After anesthetized with 1% pentobarbital, mice 
were placed on a stereotaxic frame. After mixing Gel-
SH, HA-SH, and PEGDA with a ratio of 4:1:1.25. 1×106 
cells (BDNF-MSCs) or (MSCs) were re-suspended with  
100 μL hydrogel. A Hamilton syringe was used to inject 
3 μL hydrogel carrying BDNF-MSCs (1×107 cells/mL) 
or MSCs (1×107 cells/mL) into the brain at a rate of  
0.2 μL·min-1 [anteroposterior (AP) =0, mediolateral (ML) 
=2.0 mm, dorsoventral (DV) =3.0 mm].

Quantitative polymerase chain reaction (qPCR) assay

TRIzol reagents (Promega, Shanghai, China) were used 
to extract RNA from cellular or cerebral tissue. Reverse 
transcription was carried out using a SYBR Green PCR 
kit from Applied Biosystems, China, and the qPCR test 
was performed using the ABI Prism7600 Fast Real-Time 

PCR equipment. The melting temperature of the product 
was determined using melting curve analysis. As the 
reference gene, glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was consistently examined. We measured the 
relative messenger RNA (mRNA) expression using the 
2−∆∆Ct method.

5-ethynyl-2’-deoxyuridine (EdU) assay

An EdU incorporation assay was carried out according to 
the manufacturer’s instructions (Abcam, Cambridge, UK). 

Enzyme-linked immunosorbent assay (ELISA)

ELISA was carried out per the manufacturer's protocol 
(Elabscience Biotechnology, Wuhan, China).

Oxygen-glucose deprivation/reperfusion (OGD/R) test 

The OGD/R procedure was performed as described 
previously (18,19). Briefly, complete medium was replaced 
by medium without glucose and FBS. MSCs and H-MSCs 
were first placed in an airtight chamber and allowed to 
acclimate for 10 minutes while continuously fed a gas flow 
composed of 95% N2 and 5% CO2. For a further 4 hours of 
OGD, the chamber was placed in an incubator after sealing. 
A complete medium was then used to reoxygenate cells in 
an environment that is normally aerobic. Mock cells were 
added to DMEM/F12 glucose medium that was normally 
oxygenated.

In vitro BLI 

Cells were resuspended in PBS after being dissociated with 
trypsin (0.25%, w/v). Suspensions with various cell densities 
added to them were added to 24-well plates. Ten minutes 
after the addition of D-luciferin (0.15 mg/mL), the BLI of 
BDNF-MSCs was monitored, as described below.

In vivo BLI

BLI was performed using the Berthold LB 983 NC100 
imaging system (Berthold Technologies, Bad Wildbad, 
Germany) after BDNF-overexpressing MSCs by hydrogel 
(H-B-MSCs) transplantation. Briefly, the BLI signal of mice 
was recorded 10 minutes after intraperitoneal injection of  
100 mL D-luciferin (30 mg/mL). The radiance was calculated 
after drawing the region of interest (ROI) of each mouse.
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Animal experiments were performed under a project 
license (No. AHQU-MAL20220805) granted by Ethical 
Review Committee of Animal Experimental Center of the 
Affiliated Hospital of Qingdao University, in compliance 
with Chinese guidelines for the care and use of animals. A 
protocol was prepared before the study without registration.

In vitro cell survival and necrosis assay

To test the vitality of the cells, the Cell Counting Kit-8 
(CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan) 
was used. At 450 nm, the CCK optical density (OD) was 
noted. A 2-step enzymatic reaction lactate dehydrogenase 
(LDH) assay kit (Takara, Tokyo, Japan) was used to examine 
the release of LDH to the conditioned medium in order 
to determine whether cell necrosis had occurred. The 
medium’s LDH concentration was adjusted to total LDH 
(medium LDH plus cellular LDH).

Western blot analysis

Radioimmunoprecipitation assay (RIPA) buffer (KeyGEN 
BioTECH, Nanjing, China) with 1% protease inhibitor 
cocktail (Roche Applied Sciences, Mannheim, Germany) 
was used to homogenize cells or brain tissues. Supernatants 
were collected, and the bicinchoninic acid (BCA) protein 
quantification kit (KeyGEN BioTECH, China) was used 
to calculate the protein content. After sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
separation, the proteins were transferred to a polyvinylidene 
difluoride (PVDF) membrane (Bio-Rad Laboratories, 
Shanghai, China). After blocking with 5% milk at room 
temperature, the PVDF membrane was incubated with 
primary antibodies against BDNF (1:500 dilution, 
Abcam), cleaved PARP [Poly (ADP-ribose) polymerase]  
(1:1,000 dilution, Abcam), cleaved caspase 3 (1:2,000 
dilution, Abcam), VEGF (1:500 dilution, Abcam), IGF-
1 (0.2 mg/mL dilution, Abcam), β-actin (1:5,000 dilution, 
Abcam), and tubulin (1:10000 dilution, Abcam) overnight at 
4 ℃. A horseradish peroxidase (HRP)-conjugated secondary 
antibody was then incubated with the PVDF membrane 
(1:5,000, Wuhan, China). The membrane was then 
exposed and examined using the Image-Pro Plus program  
(NIH, USA).

Immunohistochemical and immunofluorescence staining

Paraffin blocks were created after f ixation in 4% 

paraformaldehyde at 4 ℃. Slices of the brain were taken 
from the block. The sections were treated with primary 
antibodies directed against myelin basic protein (MBP) 
(1:200 dilution, Abcam) and cluster of differentiation 
31 (CD 31) (1:60 dilution, Abcam) for 2 hours at 37 ℃, 
followed by biotinylated secondary antibodies (1:200, 
Abcam) at room temperature for an additional 1 hour. The 
sections were then exposed to an avidin-biotin-peroxidase 
kit for 10 minutes at room temperature. A nickel-enhanced 
3,3'-diaminobenzidine (DAB) peroxidase substrate 
kit was used to observe the HRP reaction result. For 
immunofluorescence staining, the sections were first treated 
with a primary antibody directed against neuronal nuclei 
(NeuN) (1:1,000 dilution; Abcam) for 2 hours at 37 ℃, 
followed by an hour at room temperature in the presence 
of a secondary antibody (1:1,000 dilution; Invitrogen, 
Darmstadt, Germany). The experimental groups were 
concealed from the observer who examined the data.

Behavioral tests

A modified neurological severity score (mNSS) was 
given, along with the foot fault test, 1 day prior to the 
production of a stroke and 3, 7, 14, and 21 days post-cell-
transplantation. The mice were put on a makeshift wire 
grid and recorded for 5 minutes with a camera placed 
underneath the grid as part of the foot fault test. A foot fault 
was noted once the paw passed through a grid hole. The 
experimental groups were hidden from the observer who 
recorded the scores. The mNSS scores were collected as 
previously described (3).

Statistical analysis

The data are given as mean ± standard deviation (SD). All 
analyses were carried out at least 3 times. To examine the 
statistical differences between groups, two-tailed Student’s 
t-tests or one-way analysis of variance (ANOVA) with an 
post hoc least significant difference (LSD) test were used. 
Statistics were deemed significant at P<0.05.

Results

Rheological properties of hydrogel

Strain (Figure 1A) and frequency (Figure 1B) sweep tests 
were performed to understand the hydrogel’s characteristics 
better. The complex viscosity was in a high linear 
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relationship with shear rate, and an increasing shear rate 
decreased the viscosity (Figure 1C). Following the addition 
of PEGDA, the hydrogel began to gel (Figure 1D).

BDNF detection and in vitro BLI

To investigate BDNF expression of MSCs after transfection, 
western blot, qPCR, and ELISA assays were carried out. 
The results showed that BDNF expression was significantly 
increased after lentivirus transfection (Figure 2A-2C). In 
addition, EdU-positive cells were significantly increased 
after lentivirus transfection (Figure 2D,2E). We performed 
BLI of MSCs after lentivirus transfection in vitro to verify 
whether we could track MSCs with BLI after transfection 
and whether the BLI intensity directly represented the 
number of MSCs. The results indicated that there was a 
nearly linear relationship between the BLI intensity and the 
number of MSCs (R2=0.99) (Figure 3A,3B).

Hydrogel promotes the survival ability of MSCs in the 
OGD/R model

To confirm whether hydrogel could promote the survival 
of MSCs in the ischemic environment, OGD/R assay 

was performed. MSCs and H-MSCs were compared in 
the OGD/R model. Results demonstrated that there 
was a statistical difference between the 2 groups in the 
number of cells that survived in the OGD model (P<0.05)  
(Figure  4A ) .  Addi t iona l ly,  the  re lease  of  l ac ta te 
dehydrogenase was substantially increased in the MSC 
group (P<0.05) (Figure 4B).

In vivo tracking of MSCs 

To validate our ability to track BDNF-MSCs using BLI. 
We initially performed BLI in vivo at various time intervals. 
Three days following cell transplantation, we were able to 
detect a considerably greater BLI signal in the H-B-MSCs 
group, and the signal progressively diminished over time. 
The signal could still be observed at day 14 (Figure 5A,5B). 

BDNF expression, inflammation, and necrosis on 3rd day 
of cell transplantation

On the 3rd day of cell transplantation, BDNF expression 
in the brain was detected. Results revealed that the level of 
BDNF in the H-B-MSCs group was substantially greater 
than in the other 2 groups (P<0.05) (Figure 6A-6C). H-B-

Figure 1 Characteristics of hydrogel. (A) Strain-depended rheological characteristics of hydrogel. (B) Frequency-depended rheological 
characteristics of hydrogel. (C) Correlation of shear rate and viscosity. (D) Gelation kinetics of hydrogel.

1

0.1

0.01

0.001

1000

100

10

1

0.1

0.01

G
’, 

G
G

” 
(P

a)
Vi

sc
os

ity
 (m

P
a.

s)

G
’, 

G
G

” 
(P

a)
S

to
ra

ge
 m

od
ul

us
 (P

a)

Storage modulus (G’)
Storage modulus (G’)

Loss modulus (G”)
Loss modulus (G”)

0.1          1          10        100      1000

0.1               1                10              100

0.1             1              10           100          1000
Strain, %

Shear rate, s–1 Times, s

Frequency, Hz

104

103

102

101

100

107

106

105

104

103

2000 4000 6000 80000

A B

C D



Wang et al. BDNF-overexpressing MSC hydrogel for stroke treatmentPage 6 of 12

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(24):1393 | https://dx.doi.org/10.21037/atm-22-5921

Figure 2 BDNF and proliferation detection of cells after transfection. (A) Western blot, (B) qPCR, and (C) ELISA assay results of BDNF 
expression after lentivirus transfection. (D) EdU detection of MSCs and (E) statistical results. *P<0.05. BDNF, brain-derived neurotrophic 
factor; Vec, Vector; DAPI, 4’,6-diamidino-2-phenylindole; qPCR, quantitative polymerase chain reaction; ELISA, enzyme-linked 
immunosorbent assay; EdU, 5-ethynyl-2’-deoxyuridine; MSCs, mesenchymal stromal cells.

Figure 3 In vitro BLI. (A) BLI of MSCs after transplantation and (B) linear correlation between signal intensity and MSC numbers (R2=0.99). 
BLI, bioluminescence imaging; MSCs, mesenchymal stromal cells.

MSCs transplantation significantly inhibited TNF-α and 

IL-1 expression (P<0.05) (Figure 6D,6E). In addition, 

cleaved PARP and cleaved caspase-3 decreased in the H-B-

MSCs group (P<0.05) (Figure 6F-6H).

Increase in neurogenesis, angiogenesis, and white matter 
recovery by H-B-MSCs after ischemic stroke 
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Figure 4 In vitro OGD/R test. (A) CCK-8 and (B) LDH release assay results of the OGD/R test. *P<0.05 vs. mock; #P<0.05 vs. H-MSC. 
OGD/R, oxygen-glucose deprivation/reperfusion; CCK-8, cell counting kit-8; LDH, lactate dehydrogenase.

Figure 5 BLI at different time points. (A) In vivo BLI of BDNF-MSCs at day 3, 7, 14, and 21, and (B) radiance quantification after cell 
transplantation. BLI, bioluminescence imaging; BDNF, brain-derived neurotrophic factor; MSCs, mesenchymal stromal cells.

(Figure 7C,7D) was detected in the H-B-MSCs group 
(P<0.05). H-B-MSCs significantly increased the expression 
of  NeuN (Figure  8A,8B ) .  The H-B-MSCs group 
showed more MBP expression than the other groups did  
(Figure 8C,8D). Additionally, we used the marker CD 31 
to assess angiogenesis at day 7, and the results revealed 
that H-B-MSCs therapy greatly increased the microvessel 
density (Figure 8E,8F).

Functional recovery improvement by H-B-MSCs treatment 
after ischemic stroke

According to the mNSS and foot fault tests, mice treated 
with H-B-MSCs had significantly fewer neurological 
functional abnormalit ies than the other 2 groups  
(Figure 9A,9B).

Discussion

Our results showed that we had successfully constructed an 
MSC delivery system with hydrogel, and that prolonged 
survival of transplanted BDNF-overexpressing MSCs 
delivered by the hydrogel could promote ischemic stroke 
recovery.

Stem-cell-based therapies bring considerable hope 
for ischemic stroke recovery. Unfortunately, acute cell 
death posttransplantation limits the clinical application 
of stem cell therapy (15,20). Biomaterials offer a suitable 
environment for cells after transplantation (21). In this 
study, we explored the feasibility of hydrogel carrying 
BDNF-overexpression MSC for ischemic stroke treatment.

BLI has been widely used to dynamically track cell 
fate after transplantation as the signal cannot be detected 
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in dead cells (22,23). In the present study, the BLI signal 
could be detected in the H-B-MSCs group even at 14 days 
after cell transplantation, indicating a long survival period 
for stem cells. Our lab had synthesized a biocompatible 
hydrogel during previous work (24). In the present study, 
our results suggested that the hydrogel achieved good 
biocompatibility in MSC delivery. In addition, luc-BDNF 
lentivirus transfection could promote the proliferation of 
MSCs. To confirm whether hydrogel could promote the 
survival of MSCs in the ischemic environment, the OGD/
R test was carried out. The results indicated that hydrogel 
could significantly promote the survival of the MSCs and 
suggested that MSCs delivered by hydrogel may have, 
to a large extent, overcome the acute cell death after cell 
transplantation into the ischemic area. As previous studies 
have reported, MSCs may promote the recovery of ischemic 
stroke via neuroprotection, neurogenesis, angiogenesis, 
and white matter recovery (25,26). Three days after cell 
transplantation, less inflammation response was found 
in the H-B-MSCs group, as indicated by the expression 

levels of interleukin-1 (IL-1) and tumor necrosis factor-α 
(TNF-α). Further, H-B-MSCs decreased the necrosis of the 
brain at day 3 after cell transplantation, as indicated by the 
expression levels of cleaved PARP and cleaved caspase-3. 
A previous study reported that MSCs could increase the 
BDNF level of the brain after transplantation (8). However, 
in our study, no statistically significant was found in BDNF 
expression between H-MSCs and PBS group at day 3 after 
transplantation. The photothrombotic model of ischemic 
stroke and the detection time point at day 3 after cell 
transplantation may be the reason that accounting for the 
differences.

Seven days after transplantation, significantly increased 
expression of VEGF and IGF-1 were observed in the H-B-
MSCs group. The level of these factors has been reported 
to positively correlate with recovery after ischemic stroke 
(27,28). To further confirm the therapeutic efficacy of H-B-
MSCs, neurogenesis, white matter recovery, angiogenesis, 
and function behavior were detected at different times. 
NeuN expression was significantly higher in the H-B-

Figure 6 BDNF expression, inflammation, and necrosis detection at day 3 after cell transplantation. Three days after cell transplantation, 
BDNF expression was detected with (A) qPCR and (B,C) western blot assay. qPCR results of (D) TNF-α and (E) IL-1 expression. Western 
blot results of (F,G) cleaved PARP and (F,H) cleaved caspase 3 in different groups. *P<0.05 vs. PBS; #P<0.05 vs. H-MSC. BDNF, brain-
derived neurotrophic factor; TNF-α, tumor necrosis factor-α; IL-1, interleukin-1; PARP, poly (ADP-ribose) polymerase; qPCR, quantitative 
polymerase chain reaction; PBS, phosphate-buffered saline; H-MSC, hydrogel carrying MSCs.
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MSCs group on day 14 after cell transplantation, indicating 
that H-B-MSCs could significantly increase neurogenesis 
compared with the other 2 groups. We also detected the 
expression of CD 31, with the results indicating that H-B-
MSCs could also significantly promote angiogenesis 
compared with the other 2 groups. White matter is 
considered important for sensory, motor, and cognitive 
functions and constitutes almost 50% of the brain (29,30). 
A previous study have reported that white matter repair is 
important for recovery after ischemic stroke (31). We found 
that MBP expression was higher in the H-B-MSCs group, 
indicating that myelinated axons significantly increased 
after H-B-MSCs transplantation, reflecting improved 
remyelination after the stroke. 

A number of studies have established that mNSS 

and foot fault tests are robust for evaluating functional 
recovery after stroke (11,32,33). Our study also conducted 
these tests, and the results revealed that H-B-MSCs 
could significantly promote functional recovery compared 
with the other 2 groups at day 14 and day 21 after cell 
transplantation. All of the results above indicated that 
H-B-MSCs could significantly promote recovery after 
ischemic stroke.

Conclusions

We effectively established a robust a hydrogel delivery 
system. Transplanted BDNF-MSCs with hydrogel offered a 
mechanism for continuous BDNF release, which promoted 
recovery after ischemic stroke. 

Figure 7 VEGF and IGF-1 expression at different times. Western blot results of (A,B) VEGF and (C,D) IGF-1 expression in vivo at different 
times after cell transplantation. *P<0.05 vs. control; ns, not significant. VEGF, vascular endothelial growth factor; IGF-1, insulin-like growth 
factor-1; PBS, phosphate-buffered saline; H-MSCs, hydrogel carrying MSCs; H-B-MSCs, BDNF-overexpressing MSCs by hydrogel.
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Figure 8 Angiogenesis, neurogenesis, and white matter recovery detection. Expression of (A,B) NeuN (C,D) MBP, and (E,F) CD 31 were 
detected 14 days after cell transplantation. NeuN was detected with immunofluorescence staining, MBP and CD 31 were detected with 
immunohistochemical staining. The differences were statistically significant. *P<0.05 vs. PBS; #P<0.05 vs. H-MSC. PBS, phosphate-buffered 
saline; H-MSCs, hydrogel carrying MSCs; H-B-MSCs, BDNF-overexpressing MSCs by hydrogel; O.D., optical density; A.U., arbitrary 
unit, MVD, microvessel density; NeuN, neuronal nuclei; MBP, myelin basic protein; CD 31, cluster of differentiation 31.

Figure 9 Behavior test results. (A) mNSS and (B) foot fault test at different times after cell transplantation. *P<0.05. mNSS, modified 
neurological severity score. H-MSCs, hydrogel carrying MSCs; H-B-MSCs, BDNF-overexpressing MSCs by hydrogel.
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