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Introduction: Brain ischemia is a common neurological disorder worldwide that activates 
a cascade of pathophysiological events involving decreases in oxygen and glucose levels. 
Despite substantial efforts to explore its pathogenesis, the management of ischemic neuronal 
injury remains an enormous challenge. Accumulating evidence suggests that VEGF modified 
nanofiber (NF) materials and the fatty-acid amide hydrolase (FAAH) inhibitor URB597 exert 
an influence on alleviating ischemic brain damage. We aimed to further investigate their 
effects on primary hippocampal neurons, as well as the underlying mechanisms following 
oxygen–glucose deprivation (OGD).
Methods: Different layers of VEGF-A loaded polycaprolactone (PCL) nanofibrous mem
branes were first synthesized by using layer-by-layer (LBL) self-assembly of electrospinning 
methods. The physicochemical and biological properties of VEGF-A NF membranes, and 
their morphology, hydrophilicity, and controlled-release of VEGF-A were then estimated. 
Furthermore, the effects of VEGF-A NF and URB597 on OGD-induced mitochondrial 
oxidative stress, inflammatory responses, neuronal apoptosis, and endocannabinoid signaling 
components were assessed.
Results: The VEGF-A NF membrane and URB597 can not only promote hippocampal neuron 
adhesion and viability following OGD but also exhibited antioxidant/anti-inflammatory and 
mitochondrial membrane potential protection. The VEGF-A NF membrane and URB597 also 
inhibited OGD-induced cellular apoptosis through activating CB1R signaling. These results 
indicate that VEGF-A could be controlled-released by LBL self-assembled NF membranes.
Discussion: The VEGF-A NF membrane and URB597 displayed positive synergistic 
neuroprotective effects through the inhibition of mitochondrial oxidative stress and activation 
of CB1R/PI3K/AKT/BDNF signaling, suggesting that a VEGF-A loaded NF membrane and 
the FAAH inhibitor URB597 could be of therapeutic value in ischemic cerebrovascular 
diseases.
Keywords: brain ischemia, cannabinoid receptor, fatty-acid amide hydrolase, mitochondrial 
oxidative stress, nanofiber, VEGF-A

Introduction
Brain ischemia, a basic hemodynamic characteristic of ischemic cerebrovascular dis
eases, is commonly found in the elderly and is highly prevalent among patients with 
hypertension, hyperlipidemia, and cerebrovascular abnormalities. It is a crucial risk 
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factor for the development of transient ischemic attack, cog
nitive decline, and ischemic and hemorrhagic strokes.1 

Annually, 15 million people worldwide suffer a stroke. 
Ischemic stroke, accounting for 80% of stroke, is becoming 
the leading cause of death and long-term disability in 
Western societies.2 Stroke causes insufficient blood flow to 
the brain tissue, which in turn leads to oxygen–glucose 
deprivation (OGD).3 Nerve cell viability critically depends 
on blood delivery of oxygen and nutrients. OGD can result in 
cellular energy and homeostasis failure, evoking various 
pathophysiological processes, such as inflammatory 
responses, oxidative stress, neuronal loss, and apoptosis.4 

However, there are currently no effective therapeutic targets 
for the treatment of this ischemic neuronal injury.

Nanofiber (NF) materials have been extensively stu
died and developed because they embrace considerable 
promise for broad application and offer the excellent fea
tures of nanostructured materials.5 NFs show a larger num
ber of general and technical features, such as the high 
surface-area-to-volume ratio, porosity, tunability, and 
biocompatibility.6 These remarkable qualities make them 
ideal candidates for a wide range of biomedical and 
healthcare applications, including cell or protein attach
ment, wound healing, drug delivery, tumor detection, tis
sue engineering, and regenerative medicine.6 Recently, 
a number of studies have focused on NF materials that 
offer promising prospects for the treatment of various 
neurological diseases, such as spinal cord injury, subar
achnoid hemorrhage, and stroke.7,8 Gene/protein-modified 
NF materials have the unique ability to interface with 
neural tissue at the nano-scale and are capable of influen
cing neuronal survival and neurovascular remodeling. In 
spinal cord injury, an extracellular matrix constructed of 
NF scaffolds, serving as a permissive bridge, affects glial 
scar formation and enhances axonal regeneration.9 Wang 
et al reported that glial cell-derived neurotrophic factor 
immobilized NF scaffolds promoted the survival, differ
entiation and maturation of implanted neural stem cells 
after transplantation into the brain parenchyma.9,10 In 
addition, an injectable functionalized nano-peptide under
went self-assembly to construct an interconnected network 
with intertwining NFs, and was used to promote sprouting 
angiogenesis and developmental neurogenesis in 
a zebrafish brain injury model.11

Vascular endothelial growth factor (VEGF) has recently 
been shown to be a potential therapeutic agent in ischemic 
central nervous system (CNS) disorders, including vascular 
dementia, focal cerebral ischemia, and cerebral ischemia- 

reperfusion injury.12 Hypoxic ischemia stimulates the secre
tion of VEGF and other angiogenic factors, leading to 
neovascularization and protection against ischemic 
injury.13 In a rat model of transient middle cerebral artery 
occlusion, VEGF-A promoted angiogenesis and neurogen
esis through activating ERK1/2 pathways in the hippocam
pus and frontal cortex.14 However, the biological effects of 
endogenously up-regulated VEGF-A are limited due to its 
level and route of expression. Recently, many studies have 
reported that NF material embedded with VEGF-A can 
compensate for short action times.15 Biomaterial-mediated 
VEGF-A supplementation could help overcome the clinical 
dilemma of poor surgical revascularization results and pro
vide protection from ischemic stroke.16,17 Furthermore, 
VEGF-A in a nanofibrous scaffold promotes regeneration 
of vascularized nerve tissue and functional recovery after 
spinal cord injury and cerebral ischemia/reperfusion 
injury.18,19 VEGF-A also links neurovascular coupling 
activity with angiogenesis and neurogenesis.20 Therefore, 
achieving an understanding of the molecular mechanisms 
by which VEGF-A coordinates neuronal homeostasis has 
become more urgent.

The endocannabinoid system (ECS) involves cannabi
noid 1 and 2 receptors (CB1R and CB2R), two ligands 
(anandamide and 2-arachidonoylglycerol), and endogenous 
enzymes including fatty acid amide hydrolase (FAAH). 
FAAH inhibitors can increase the levels of endogenous 
analogs of cannabinoids or endocannabinoids and have 
been shown to protect against neuropathic pain and cannabis 
withdrawal symptoms, while some evidence suggests that 
FAAH inhibitors can lead to neuronal toxic syndromes in 
humans, such as headache, memory impairment, and altered 
consciousness.21–23 3ʹ-Carbamoylbiphenyl-3-ylcyclohexyl
carbamate (URB597), a potent and selective inhibitor of 
FAAH, strongly mediates ECS bioactivities. Growing pre
clinical work has shown URB597 could be a candidate for 
alleviating ischemic brain damage, as it could offer 
increased selective protection with less risk of the undesir
able side effects that have been observed with CB agonists 
capable of activating all accessible receptors 
indiscriminately.23 URB597 decreases hippocampal micro
glial activation and the infarct volume in focal cerebral 
ischemia in mice.24 We previously reported the neuroprotec
tive effects of URB597 against ischemic hippocampal neu
ronal loss and excessive autophagy damage.25,26 However, 
the molecular mechanisms by which URB597 regulates 
neuronal cells during OGD have not yet been systematically 
evaluated.
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To clarify these issues, in the present study, we inves
tigated the potential effects of URB597 and VEGF-A 
embedded NF on primary hippocampal neurons, as well 
as the underlying mechanisms associated with its thera
peutic potential under the condition of OGD.

Methods and Materials
Materials and Reagents
Poly(e-caprolactone) (PCL; Mw=80kDa, No. 440752), 
dichloromethane and dimethyl sulfoxide (DMSO), and poly
allylamine hydrochloride (PAH) hydrochloride (1 mg/mL, pH 
= 4.7) and poly(sodium-styrenesulfonate) (PSS, 1 mg/mL, pH 
= 4.7) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Rabbit monoclonal antibodies against NSE (No. 
ab180943), Cleaved-poly-ADP ribose polymerase (PARP) 
(No. 94885), Cleaved-Caspase-3 (No. 9661), Bax (No. 
14796), AKT (No. 9272), phospho-AKT (p-AKT) (No. 
4060), CB1R, brain-derived neurotrophic factor (BDNF), tro
pomyosin receptor kinase B (TrkB), and beta Actin (Actin) 
(No. 4970) were from Cell Signaling Technology (Danvers, 
MA, USA). Anti-PI3K antibody (No. AF5112) and anti- 
p-PI3K antibody (No. AF7421) were from Affibiothech 
(Cincinnati, OH, USA). Anti-B-cell lymphoma-2 antibody 
(Bcl-2, No. ab196495) and JC-1 Mitochondrial Membrane 
Potential Assay Kit (No. ab113850) were from Abcam 
(Cambridge, MA, USA). Rat TNF-α (No. RTA00) and IL-1β 
(No. RLB00) and VEGF (No. DY564) ELISA Kits and 
recombinant rat VEGF-164 (VEGF-A, No. 564-RV) were 
from R&D Systems, Inc (Minneapolis, MN, USA). Rat 
COX-2 (No. orb410912) and iNOS (No. orb411342) ELISA 
kits are from Biorbyt and Sigma-Aldrich (St. Louis, MO, 
USA). The Alexa 488/594-conjugated goat anti-rabbit/mouse 

antibody is from Invitrogen Carlsbad (CA, USA). 
A bicinchoninic acid BCA Kit was from Beyotime 
Biotechnology (Shanghai, China). In Situ Cell Death 
Detection Kit was from Promega Madison (WI, USA). 
URB597 (No. S2631) was purchased from Selleck (Houston, 
TX, USA). All culture medium was purchased from Gibco 
Life Technologies Co (Carlsbad, California).

Fabrication of VEGF-A Loaded PCL NF 
Membrane
A schematic image of the electrospinning technique is pro
vided for PCL fiber membranes in Figure 1A as we pre
viously reported.27 In brief, we prepared a polymer solution 
by dissolving PCL in a solvent mixture containing dichlor
omethane and DMSO (3:1, w/w) at a concentration of 6% 
(w/w). Then, a 10-mL glass syringe was used to collect the 
PCL electrospinning solution, which was loaded to a pump 
(LSP01-1A, Longer Pump Inc., Baoding, China). For NF 
generation, the flow rate of the solutions was controlled by 
the pump at 0.5 mL/h, a high voltage (15 kV, ZS-60 kV/2 
mA, Rixing Electric Inc. Shanghai, China) was applied to 
the needle tip, and the working distance between the needle 
tip and NF collector was 20 cm. An aluminum foil collector 
(diameter 5 cm) was used to collect the PCL NFs with 
rotation at 100 rpm. The environmental conditions of the 
spinning device were set at 35 °C and 30% humidity.

The VEGF-A loaded PCL NF membrane scaffold was 
fabricated in a layer-by-layer (LBL) self-assembly 
manner.28 Briefly, solutions of PAH (1 mg/mL) at pH 4.7 
and PSS (1 mg/mL) at pH 4.7 were prepared. The LBL 
assembly process was divided into two steps. Firstly, the 
PCL membrane was immersed in the PAH solution for 1 

Figure 1 Schematic diagram of assembling VEGF-A-loaded PCL NF membrane. (A) Electrospinning. (B) Making the VEGF-A encapsulated PCL NF by the LBL method. (C) 
Representative SEM picture of VEGF-A NF (scale bar 10 μm). (D) VEGF-A NF product.
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h to form a positively charged precursor layer. Secondly, 
the PCL membrane was placed in a solution of negatively 
charged VEGF-A (1 μg/mL) for 5 min. As shown in 
Figure 1B, the LBL process was repeated for 10 cycles 
to coat the PCL NFs with the VEGF-A loaded PAH/PSS 
multilayer film. For the control membrane, the PCL mem
brane was soaked in the solution mixture without VEGF 
following the formation of the PAH-derived positively 
charged precursor layer.28 This dipping process was 
repeated for 5, 10, 15, and 20 cycles to make VEGF-A 
PCL in 5, 10, 15, and 20 multilayers.

Characterizations of the NF Membranes
The morphology of the NFs was observed using 
a scanning electron microscope (SEM) (S-4800, Hitachi 
Ltd., Tokyo, Japan). Each sample (0.5 g) was coated with 
gold (JFC-1600 Auto Fine Coater, Tokyo, Japan), placed 
in the vacuum chamber of the SEM, and scanned at an 
accelerating voltage of 20 kV. The average fiber diameter 
of each sample was measured using ImageJ software 
(NIH, Bethesda, MD, USA). An average of 100 fibers 
was counted for each sample. Chemical analysis of the 
composition of the NF membrane was conducted using an 
attenuated total reflection-Fourier transform infrared 
(ATR-FTIR) spectrometer (Tensor 27, Bruker, 
Woodlands, TX, USA). A wavelength range between 
4000 and 400 cm−1 was recorded for the IR spectra at 
a resolution of 0.5 cm−1 with 40 scans per specimen.

The water contact angle (WCA) analysis was used to 
evaluate the hydrophilicity of the membranes. Each sam
ple was cut into a 5 × 5-cm piece. Then, a single droplet of 
1 μL of deionized water was dropped on the surface of the 
sample, and the water-sample interaction was observed for 
60 s through the Model 200 video-based optical system 
(Future Scientific Ltd Co., Taiwan, China).29 The average 
WCA of each group was calculated using the VCA 
Optima software (VCA3000S, AST, Pittsburgh, PA, USA).

The loaded VEGF-A bioactivity of NFs with different 
layers was detected using a VEGF-A ELISA Kit (R&D). 
The membranes of each group were cut into 1×1 -cm 
pieces, accurately weighed, and soaked in 10 mL of phos
phate-buffered saline (PBS) at 37 °C. The samples were 
collected and placed into the same amount of fresh PBS at 
the same times each day. The percentage of VEGF-A 
released was assessed according to the instructions of the 
ELISA Kit (St. Louis, MO, USA). Testing was performed 
using a PerkinElmer Victor 3 multilabel reader with a 405- 

nm filter and 650-nm correction filter, and was repeated 
three times daily for 35 days.

Culture of Primary Hippocampal 
Neurons
Hippocampal neurons were isolated from embryonic day 
18 (E18) Sprague–Dawley rats and cultured as described 
previously.30 Briefly, embryos were decapitated after 
cleaning with 75% alcohol. The hippocampus without 
meninges was carefully extracted from the brain under 
a microscope (Olympus, Tokyo, Japan) and transferred to 
an ice-cold buffer composed of 127 mM NaCl, 1.7 mM 
NaH2PO4, 5 mM KCl, 2.05 mM KH2PO4, 10nM 
D-glucose, and 100 U mL−1 penicillin/streptomycin (pH 
7.4). Shredded hippocampus tissues were dissociated using 
the Neuron Isolation Enzyme Kit (with papain) (Thermo 
Fisher, MA, USA), and then incubated at 37 °C for 10 
min. The tissue solution was obtained following a wash 
with Hank’s Balanced Salt Solution (Gibco, MA, USA), 
collected on a 100-mesh grid, and centrifuged at 1000 rpm 
for 5 min. After centrifugation, the supernatant was dis
carded. Primary rat neurons were resuspended in 
a minimum essential medium composed of 1% GLUT- 
MAX and 2% B-27 Supplement (both from Gibco, MA, 
USA). A sufficient volume of the cell suspension was 
transferred to a petri dish containing poly-L-lysine-coated 
coverslips for culture at 37 °C and 5% CO2 in a sterile 
incubator.

Identification of Neurons
After culturing, the purity of the hippocampal neuron 
was detected with neuron-specific enolase (NSE) over
night by immunofluorescence staining. Briefly, cells 
were fixed in 4% paraformaldehyde for 20 min. Cells 
were washed twice with PBS, permeabilized with 0.1% 
Triton X-100 (Sigma-Aldrich) in PBS for 5 min, and 
then blocked with 5% goat serum (Sigma-Aldrich) in 
PBS for 1 h. Subsequently, cells were incubated over
night at 4 °C with anti-NSE (1:300) antibody. Then they 
were washed with PBS and incubated with Alexa Fluor 
488-conjugated goat anti-rabbit IgG (1:500, Jackson, 
West Grove, PA, USA) at 37 °C for 1 h. Coverslips 
were mounted to glass slides using ProLong Gold anti
fade reagent containing 4ʹ 6-diamidino-2-phenylindole 
(DAPI) and imaged using a fluorescence microscope 
(Zeiss, Jena, Thuringia, Germany).

https://doi.org/10.2147/IJN.S307335                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 3664

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Oxygen–Glucose Deprivation (OGD) 
and Treatment Groups
Primary hippocampal neurons were cultured for OGD as 
previously described.31 Their density was 7×105 cells/well 
in 6-well plates. Cells were transferred from the 
Neurobasal-A medium to DMEM without glucose 
(Gibco, USA) in 6-well plates. In this medium, cells 
were incubated at 37 °C for 4 h in a sealed chamber 
with an anaerobic gas mixture (5% CO2 and 95% N2). 
Neurons cultured without OGD were used as a negative 
control (the control group). Neurons cultured under OGD 
with a blank NF membrane without VEGF-A-loaded were 
the a VEGF-A control (the VEGFC group). After 4 h of 
OGD, cells were incubated in a maintenance medium for 
72 h under normal conditions prior to subsequent experi
ments. Cells in the maintenance medium with an equal 
amount of solution (excluding URB597) were set as 
a URB597 control (URBC). Cell treatment groups were 
as follows: (1) the control group (the Con group), (2) the 
OGD group (the OGD group), (3) the URB597 control 
group (the URBC group), (4) the URB597 (5.68 μ mol) 
treatment group (the URB group), (5) the VEGF-A control 
group (the VEGFC group), (6) the VEGF-A treatment 
group (the VEGF group), (7) the URB597 and VEGF-A 
co-treatment group (the URB+VEGF group).

Cell Morphology Scanning
The morphology of the neurons cultured on the NFs was 
determined from SEM scans. Briefly, the neurons in dif
ferent groups were cultured on the NFs for 72 h. The cells 
were immersed in PBS containing 1% osmic acid for 4 
h following immersion in PBS containing 2.5% glutaral
dehyde. Then, the cells were washed thrice with PBS. The 
samples were placed sequentially in ethanol solutions at 
concentrations of 20%, 40%, 60%, 80%, and 100% for 
dehydration. After drying at 25 °C for 1 h, the samples 
were gold-sputtered under vacuum and visualized using an 
SEM (S-4800, Hitachi Ltd., Tokyo, Japan). The cell adhe
sion rate, the remaining amount of cell divided by inocu
lation amount of cell, was counted by an investigator 
blinded to the groups.

Cell Viability Assay
Equal number of cells (at a density of 1 × 105 neurons/mL) 
from six samples taken from each group were seeded in 
a 96-well plate. Neuron viability was assessed by 
3-(4,5-dimethyl-thiazol-2-yl)-2, 5-diphenyl-tetrazolium 

bromide (MTT) (Sigma, USA) assay. We added 20 μL 
MTT solution (5 mg/mL MTT in PBS, pH 7.4) to each 
well at 12h, 24h, 48h, 72h, and 96 h following different 
interventions. Then, the plate was incubated for 4 h at 37 ° 
C and 5% CO2 in a sterile incubator. After removing the 
medium, DMSO was added to dissolve the resulting crys
tals. Finally, a plate reader was used to read the absorbance 
(OD) at 490 nm.

Reactive Oxygen Species (ROS) and 
Mitochondrial Membrane Potential (MMP, 
Δψm) Measurement
The hippocampal neurons were placed in 96-well plates at 
a density of 1 × 104/well, and were cultured for 72 h and 
used for measuring ROS concentrations via an ROS Assay 
Kit (Beyotime, Shanghai, China). Cellular ROS levels 
were evaluated using the oxidant-sensitive probe 
2,7-dichlorofluorescein diacetate (DCF-DA) according to 
the manufacturer’s instructions. Firstly, cells were centri
fuged at 1000 rpm for 5 min following washing with PBS. 
Then, cells were incubated with DCF-DA solution at 37 ° 
C and 5% CO2 for 30 min. A fluorometric microplate 
reader (FilterMax F5, Molecular Devices, Sunnyvale, 
USA) with excitation and emission at 485 and 530 nm, 
respectively, was used to measure the mean fluorescence 
intensity (MFI). MFI served as an indicator of the relative 
levels of mitochondrial oxidative stress.

Similarly, cells in different groups were cultured for 72 
h and used to test Δψm. According to the instruction of the 
JC-1 Kit (Beyotime, Shanghai, China), cells were washed 
with PBS, and incubated with JC-1 staining solution at 37 
°C and 5% CO2 for 20 min. Afterward, areas of red and 
green fluorescence were captured using a fluorescence 
microscope (Zeiss, Jena, Thuringia, Germany). The ratio 
of the red/green fluorescence was calculated by an inves
tigator blinded to the groups.

TdT-Mediated dUTP Nick End Labeling 
(TUNEL) Assay
Neurons were processed with the In Situ Cell Death 
Detection Kit (Promega, Madison, WI, USA) to assess 
the number of apoptotic cells according to the manufac
turer’s instruction. Cells were fixed by 4% paraformalde
hyde for 20 min, and permeabilized with 0.1% Triton 
X-100 (Sigma-Aldrich) in PBS for 5 min. 50 μL TUNEL 
reaction reagent were added to each sample. Cells were 
stained by DAPI for 5 min following incubation at 37°C 
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for 1 h in the dark. TUNEL-positive cells were counted at 
200× magnification in four non-overlapping microscope 
fields (Zeiss, Jena, Thuringia, Germany). The rate of apop
tosis was calculated as the ratio of TUNEL-positive cells 
(green) to total cells (DIPA, blue).

Western Blotting
Hippocampal neuron protein concentrations were deter
mined using a BCA Kit (Beyotime, Shanghai, China). 
Equal amounts of neuronal cell protein (30 µg) were 
separated by 6–12% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and transferred to 
a polyvinylidene difluoride (PVDF) membrane. The 
PVDF membrane was blocked using 5% non-fat milk at 
37 °C for 1.5 h. Subsequently, the PVDF membrane was 
incubated with primary antibodies against CB1R (1:1000), 
PI3K (1:1000), p-PI3K (1:1000), Akt (1:1000), p-Akt 
(1:1000), BDNF (1:500), TrkB (1:1000), Caspase-3 
(1:500), Bcl-2, (1:500), PARP (1:1000), Bax (1:1000), 
and Actin (1:5000) at 4°C for 24 h. After washing three 
times, the PVDF membranes were incubated with second
ary antibodies conjugated with horseradish peroxidase at 
room temperature for 1 h. The Western blotting bands 
were visualized using the enhanced chemiluminescence 
method, and then quantified by ImageJ software (NIH, 
Bethesda, MD, USA) by an investigator blinded to the 
groups.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
The cell culture supernatants were collected after centrifu
gation and stored at −80°C. The levels of proinflammatory 

cytokines TNF-α, IL-1β, COX-2, and iNOS were mea
sured using the relevant ELISA Kits (Sigma-Aldrich, 
St. Louis, MO, USA). The protocols were performed 
according to instructions provided by the manufacturer. 
All measurements were repeated three times and were 
performed by two experimenters blinded to the details of 
the group.

Reverse Transcription-Polymerase Chain 
Reaction (RT-PCR)
Total RNA was extracted with TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) following the manufacturer’s instruc
tions. RNA (1000 ng) was placed into a 20-μL reaction 
system for reverse transcription with the Prime Script RT 
Reagent Kit (Toyobo, Osaka, Japan). cDNA synthesis and 
amplification were performed using the SYBR Green PCR 
Kit (Toyobo, Osaka, Japan) on a real-time PCR System 
(Applied Biosystems 7500). The PCR primers were designed 
by and purchased from Sangon Biotech (Shanghai, China) 
(Table 1). The PCR reaction cycles were as follows: dena
turation for 30 s at 95 °C, 40 cycles of amplification (5 s at 95 
°C, 30 s at 60 °C, and 30 s at 72 °C), annealing for 5 min at 
72 °C. The relative expression level of each gene was calcu
lated using the 2−ΔΔCt method as previously reported.28,32

Statistical Analysis
The data are expressed as the mean ± standard deviation 
(SD). The significances among multiple groups were 
determined by one-way analysis of variance (ANOVA) 
followed by a Bonferroni post hoc test using SPSS 
Statistics 22.0 statistical software (SPSS Inc., Chicago, 
IL, USA). Comparison between two groups were 

Table 1 Primer Sequences for RT-PCR

Gene Primer Length

PARP Upstream: 5′-TCGACGTGGAGAGCATGAAG-3′ 
Downstream: 5′-ATAGAGTAGGCGGCCTGGAT-3′

106bp

Caspase-3 Upstream: 5′-GAGCTGGACTGCGGTATTGA-3′ 
Downstream: 5′-TAGTAACCGGGTGCGGTAGA-3′

113bp

Bcl-2 Upstream: 5′-ACTCTTCAGGGATGGGGTGA-3′ 
Downstream: 5′-TGACATCTCCCTGTTGACGC-3’

94bp

Bax Upstream: 5′- CATGTTT GCAGACGGCAACT-3′ 
Downstream: 5′-TGATCAGCTCGGGCACTTTA-3’

107bp

Actin Upstream: 5′-GGAGAAGATTTGGCACCACAC-3′ 
Downstream: 5′-ACACAGCCTGGATGGCTACG-3’

173bp
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performed by Student’s t-test. Differences with p values 
less than 0.05 were considered statistically significant.

Results
Synthesis and Characterization of NFs
As shown in Figure 1A, the random PCL NF membrane was 
fabricated using the electrospinning technique. The LBL self- 
assembly method was used to successfully coat the PCL NFs 
with VEGF-A (Figure 1B–D). We made four different mem
branes with 5, 10, 15, and 20 layers of VEGF-A NF. Then, 
we estimated the physical, chemical, and bioactive properties 
of VEGF-A loaded layered PCL membranes. We screened 
for the best VEGF-A NF membranes by using SEM, ATR- 

FTIR spectroscopy, the WCA test, VEGF-A release profile 
and, MTT cell survival measurements.

The microscopic morphologies of different LBL struc
ture scaffolds were observed by SEM. Figure 2A shows 
a smooth surface with no observable particulate matter in 
the PCL fiber. As VEGF-A was assembled on the NFs, the 
surface topography of VEGF-A NFs in different layers 
began to change. As the number of layers increased, parti
culate matter on the surface could be observed. The 5- and 
10-layer of VEGF-A NFs had randomly interconnected 
micropores and were highly uniform. Compared to those, 
there was too much obvious particulate matter in the 15- and 
20-layer of VEGF-A NFs, which gradually blocked the 
micropores. In addition, according to the distribution of 

Figure 2 Characterization of PCL electrospun NFs with different self-assembly layer. (A) SEM images. (B) The average diameter of NFs in different layers. (C) FTIR spectra 
of differently coated PCL surfaces of 5-, 10-, 15-, and 20-layer (D) Water contact angle curves decaying with time (E) The controlled release curves of VEGF-A from 
different PCL membranes in vitro. *P < 0.05 vs PCL; #P < 0.05 vs 5 layers; &P < 0.05 vs 10 layers.
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fiber diameters, the average diameter in the 5-layer VEGF-A 
NFs group was similar to that of the PCL group. The 
diameters of NFs in other groups increased significantly 
(p< 0.05, 10 layers vs PCL; p< 0.05, 15 layers vs PCL; p< 
0.05, 20 layers vs PCL, respectively) (Figure 2B), and there 
was no significant difference between NFs with 15 and 20 
layers. The SEM results revealed that all samples maintained 
a nanofibrous 3D structure.

As shown in Figure 2C, we further detected the ATR- 
FTIR spectra of the PAH/PSS multilayer coating-modified 
PCL scaffold. The peak between 1140 and 1250 cm−1 

corresponds to the absorption of the stretching vibration 
of the C-C bond. The vibration spectrum between 1390 
and 1500 cm−1 are closely related to the C-H bond. 
Because of the asymmetric stretching vibration of the - 
SO3 group in PSS, there are distinct absorption bands at 
1080 cm−1 and 1130 cm−1 in the ATR-FTIR spectrum. 
Furthermore, this spectrum also shows an absorption 
peak at 1610 cm−1, which is due to an amide group in 
PSS. These results proved that the PAH/PSS multilayer 
was successfully assembled on the PCL scaffold.

To analyze the hydrophilicity of nanofibrous mem
branes with different layers, the water contact angle was 
detected. As shown in Figure 2D, the initial water contact 
angles of 5-, 10-. 15- and 20-layer NF membranes ranged 
from 80.5 ° to 106.5 °. As the number of layers increased, 
the initial water contact angle also increased. The water 
droplets were completely absorbed within 50 s in the 
multilayer groups, while that of the PCL group could 
maintain a high angle (116.5 ± 2 °) for a long time. 
There was no significant difference in the time it took 
for the water droplet to be absorbed between the 5-layer 
group and the 10-layer group. The times of the absorption 
in the 15- and 20-layer groups were similar, which were 
significantly different from and higher than the absorption 
time for the 5-layer and 10-layer groups. These data indi
cated that the hydrophilicity of the nanofibrous membranes 
was significantly increased after coating with the PAH/PSS 
complex. However, when the number of LBL multilayers 
exceeded 15, the hydrophilicity of the membranes was 
reduced, similar to the results of a previous study.29

The release profiles of VEGF-A in NFs of different 
layers were investigated using an ELISA Kit. As presented 
in Figure 2E, there was an initial burst release from all the 
different layers during the first 3 days. The percentages of 
VEGF-A released from the 5-, 10-, 15-, and 20-layer 
membranes were 24.7%, 22.1%, 18.3%, and 20.5%, 
respectively, in the beginning. On day 3, the percentage 

of VEGF-A released from the 5-, 10-, 15-, and 20-layer 
membranes were 60.4%, 53.7%, 48.3%, and 48.3%, 
respectively. After 10 days, 89.5% of VEGF-A was 
released from the 5-layer membrane, and 83.2% of 
VEGF-A was released from the 10-layer membrane. The 
released rates of VEGF-A from the 15-layer membrane 
and the 20-layer membranes were similar, about 81%. 
However, in the 5-layer membranes, the release rate of 
VEGF-A reached a plateau quickly (Figure 2E), whereas 
the release rate in the 10-layer membranes was somewhere 
between those of the 5-layers and 15-layer membranes. 
Considering the differences in diameters and morphologies 
(Figure 2A and B), the 10-layer VEGF-A NF membrane 
may be considered appropriate for subsequent experi
ments. Moreover, a subsequent stable release of VEGF-A 
for up to 35 days was detected, indicating that the 10-layer 
VEGF-A NF membrane is capable of maintaining a long- 
term release of VEGF-A.

VEGF-A NF Membrane and URB597 
Promote Cell Adhesion, Proliferation, 
and Viability During OGD
NSE immunofluorescence staining suggested that primary 
cultured hippocampal neurons were successfully obtained 
(Figure 3). To estimate the biocompatibility of the NF 
membrane, the impact of VEGF-A and URB597 on cell 
adhesion and growth during OGD were assessed. Cell 
morphologies and growth were detected by SEM and 
MTT, respectively. As shown in Figure 4A, the nanofi
brous scaffolds in different groups similarly supported the 
attachment and growth of neurons while different cell 
morphologies were displayed. In the OGD, URBC, and 
VEGFC groups, the cells on the surface of the NF adhered 
sparsely with a spherical shape. However, the neurons 
formed dense structures that grew on and migrated into 
the pores of the PCL NFs after URB597 or VEGF-A NF 
treatment, and especially in the UBR+VEGF treatment 
group. The cells were strongly attached to the NF surfaces 
almost in a cluster. Statistical results showed that the cell 
adhesion rates in the OGD, URBC, and VEGFC groups 
were lower than that in the Con group (all p < 0.05, vs Con 
group) (Figure 4B). Compared with the OGD group, 
URB597 treatment and VEGF-A NF treatment signifi
cantly increased the cell adhesion (all p < 0.05). In addi
tion, the cell adhesion rate in either the URB597 group or 
the VEGF group was lower than that in the URB+ VEGF 
group (p < 0.05).
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Neuronal survival and growth were estimated using 
MTT. As shown in Figure 4C, the OD values were 
detected at 12 h, 24 h, 48 h, 72 h, and 96 h respectively. 
OGD caused a decline in cell survival and growth with OD 
values decreasing during culture. Neuron proliferations in 
the URB group, VEGF group, and URB+VEGF groups 
were found to be better than that in the OGD group, 
especially at the time of 72 h (p < 0.05, respectively). 
Taken together, these results suggest that UBR597 and 
VEGF-A promoted the survival and growth of neurons 
in vitro. Moreover, the ability of the VEGF-A loaded NF 
membranes to support neuron adhesion was proved.

VEGF-A NF Membrane and URB597 
Inhibit OGD-Induced Apoptosis
As shown in Figure 5A, the number of TUNEL-positive 
cells (green fluorescence signal) in the OGD group was 
markedly larger than that in the control group (p < 0.05). 
There was no difference between the URBC group and the 
VEGFC group. However, VEGF-A NF membrane treatment 
and URB597 treatment significantly decreased the positive 
cells (all p < 0.05, vs OGD group). Green fluorescence was 
partially downregulated in the URB+VEGF group compared 
with the URB group and the VEGF group (all p < 0.05) 
(Figure 5B), indicating VEGF-A and URB597 could miti
gate the TUNEL-positive cellar apoptosis levels.

We further investigated the changes in neuronal apopto
sis-related genes, such as PARP, cleaved-Caspase-3, Bax, 
and Bcl-2, using Western blotting and RT-PCR (Figure 5C). 
Neurons that had experienced OGD showed high levels of 
PARP, cleaved-Caspase-3, Bax, and low levels of Bcl-2 in 
protein and mRNA (Figure 5D–J). Those enhanced expres
sions were reversed by URB597 treatment, VEGF-A NF 

membrane treatment, and the combination treatment (all 
p < 0.05, vs OGD group). Similarly, the change of Bcl-2 
was also reversed (Figure 5C and J) (all p < 0.05, vs OGD 
group). Combined with the above TUNEL findings, these 
results suggest that the VEGF-A NF membrane and URB597 
could suppress OGD-induced neuronal apoptosis.

VEGF-A NF Membrane and URB597 
Attenuate OGD-Induced MMP Injury
The cyanine dye JC-1 was used to visualize the populations 
of mitochondria with a high MMP (red fluorescence) and low 
MMP (green fluorescence) (Figure 6A). Therefore, the ratio 
between the red and green fluorescence of cells loaded with 
JC-1 is often used for assessing mitochondrial damage. OGD 
caused a significant decrease in the MMP of neurons (p < 
0.05, vs Con group). However, URB597 treatment, VEGF-A 
NF treatment, and URB597 combined with VEGF-A NF 
treatment notably alleviated the decrease in OGD-induced 
MMP (all p < 0.05, vs OGD group) (Figure 6B). 
Furthermore, combination treatment was more effective 
than single treatment (p < 0.05, vs URB+VEGF group) 
(Figure 6B). No differences were observed among the 
OGD group, URBC group, and VEGFC group. These results 
indicated that the VEGF-A NF membrane and URB597 
treatment improved OGD-induced mitochondrial injury, as 
they have synergistic protective effects on MMP.

VEGF-A NF Membrane and URB597 
Suppress OGD-Induced Neuronal 
Oxidative Stress and Inflammatory 
Response
Mitochondria are the main sources of intracellular ROS. 
It remained unclear whether VEGF-A and URB597 were 

Figure 3 Representative NSE (green) immunofluorescence for neurons. Magnificent: 200 ×, scale bar 20 μm).

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S307335                                                                                                                                                                                                                       

DovePress                                                                                                                       
3669

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 4 Effects of VEGF-A NF membrane and URB597 on cell morphology and viability. (A) Typical images of hippocampal neurons in PCL membrane by SEM (scale bar 20 
and 10 μm). (B) Statistical results of the cell adhesion rate (CAR) in groups. (C) MTT assay showing neuron proliferation on OD values. *P < 0.05 vs Con; #P < 0.05 vs OGD; 
§P < 0.05 vs URB; &P < 0.05 vs VEGF.
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involved in the oxidative stress response under the con
dition of OGD. The data obtained from the flow cyto
metry analysis showed that the intracellular ROS 
increased significantly following OGD (p < 0.05, vs 
Con group) (Figure 7A and B). After URBC treatment 
or VEGFC treatment, there was no obvious change in the 
level of ROS compared with the OGD group (all p > 
0.05). In contrast, the level of ROS decreased signifi
cantly after URB treatment, VEGF-A NF membrane 
treatment, and combination therapy (all p < 0.05, vs 
OGD group), indicating VEGF-A and URB597 mitigated 

the ROS levels. In addition, the ROS level in the com
bination therapy group was lower levels than those in the 
VEGF group and the URB group (p < 0.05, respec
tively), and had the optimal effectiveness in suppressing 
ROS (Figure 7B). Therefore, these data confirmed that 
VEGF-A and URB597 inhibited OGD-induced ROS pro
duction and the resultant oxidative stress response.

Several theories have been proposed to explain the 
cellular ROS production responsible for the activation of 
neuroinflammation.33 A robust inflammatory response 
induced by cerebral ischemia plays a critical role in 

Figure 5 Effects of VEGF-A NF membrane and URB597 on apoptosis. (A) Representative TUNEL staining in neurons. (B) Quantitative analysis of the apoptosis rate in 
TUNEL. (C) Representative Western blot of apoptosis-related protein. (D–G) Quantitative analysis of the apoptosis proteins. (H–J) Quantitative analysis of mRNAs of 
apoptosis-related genes. *P < 0.05 vs Con; #P < 0.05 vs OGD; §P < 0.05 vs URB; &P < 0.05 vs VEGF.
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cellular survival, neurovascular unit remodeling, and 
apoptosis.32 Here, the levels of proinflammatory cytokines 
TNF-α, IL-1β, COX-2, and iNOS were measured by RT- 
PCR (Figure 7C–F). Compared with the control group, the 

levels of all pro-inflammatory cytokines were raised in the 
OGD group, the URBC group, and the VEGFC group (all 
p < 0.05, vs Con group), while URB597 treatment during 
OGD significantly reduced expression levels (all p < 0.05, 

Figure 6 Effects of VEGF-A NF membrane and URB597 on mitochondrial membrane potential (MMP). (A) Representative immunofluorescence of mitochondrial JC-1 in 
neurons. (B) MMP as estimated by JC-1 red/green immunofluorescence signal rate. *P < 0.05 vs Con; #P < 0.05 vs OGD; §P < 0.05 vs URB; &P < 0.05 vs VEGF.
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vs OGD group) as did VEGF-A NF membrane treatment 
(all p < 0.05, vs OGD group). Furthermore, compared with 
the URB group or compared with the VEGF group, the 
levels of proinflammatory cytokine were lower in the URB 
+VEGF group (p < 0.05, respectively), suggesting that 
dual treatment with URB597 and VEGF-A can best sup
press the OGD-induced inflammatory response.

VEGF-A NF Membrane and URB597 
Treatments Activate CB1R/PI3K/AKT/ 
BDNF Signaling, Exerting Synergistic 
Neuroprotective Effects
The PI3K/AKT signaling pathway is a major mediator of the 
transduction of multiple cellular signals, and its activation is 
reported to enhance the ischemia-induced neurogenesis and 
promote cell survival.34 However, its relationships with 

upstream and downstream molecules are complex. We further 
detected the expression of CB1R/PI3K/AKT/BDNF signaling 
elements using Western blotting (Figure 8A). CB1R, p-PI3K, 
and p-AKT levels significantly decreased in the OGD group 
compared with the Con group (all p < 0.05) (Figure 8B–D). 
However, those changes were abrogated by chronic treatment 
with VEGF-A NF membrane and URB597 (all p < 0.05, vs 
OGD group) (Figure 8B–D). We observed no obvious differ
ences in the protein levels among the OGD group, the URBC 
group, and the VEGFC group. Co-treatment with URB597 
and VEGF-A NF membrane increased the protein levels more 
substantially than treatment with URB or VEGF alone, exert
ing synergistic neuroprotective effects.

In addition, BDNF is vital for neuronal survival. The 
levels of BDNF and TrkB were dramatically decreased 
after OGD, but increased after treatment with URB597 
and VEGF-A, which was accompanied by a reversal in 

Figure 7 Effects of VEGF-A NF membrane and URB597 on mitochondria ROS and inflammatory responses. (A) Representative histograms of flow cytometric evaluation of 
the cell-associated DCF-DA. (B) Quantitative analysis of cellular ROS levels. (C–F) Quantitative analysis of pro-inflammatory factors, such as TNF-α, IL-1β, COX-2, and 
iNOS. *P < 0.05 vs Con; #P < 0.05 vs OGD; §P < 0.05 vs URB; &P < 0.05 vs VEGF.
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apoptosis (Figures 5A and 8A). Quantitative analysis 
showed that the expressions of BDNF signaling elements 
in the VEGF group and the URB+VEGF group were also 
significantly increased (all, p < 0.05) (Figure 8E and F). 
Collectively, these results suggest that the neuroprotective 
synergistic effects of VEGF-A NF membrane and 
URB597 involve activation of the CR1R/PI3K/AKT/ 
BDNF pathway.

Discussion
Usage of nanomedicine materials is rapidly expanding as they 
promise revolutionary advances in the diagnosis and treatment 
of cerebrovascular disorders including cerebral small vessel 
diseases, ischemia-reperfusion injury, and stroke.35 There are 
many methods for fabricating NFs, such as drawing, template 
synthesis and assembly, and electrospinning.36 

Electrospinning is a superior technology that is able to produce 
continuous NFs by employing LBL self-assembly technology. 
The LBL self-assembling electrospun NF is a promising med
ium for the continuous and controlled delivery of active sub
stances for neural injury repair and tissue engineering.29,37 Our 
team previously reported that a biomimetic scaffold was 

deposited on the surface of PCL NFs to enable the local 
delivery of proteins to diseased tissues.28 In this study, we 
successfully fabricated a nanofibrous of VEGF-A loaded 
PCL membrane by using LBL. This method of incorporating 
the growth factor within the layers allowed it to be slowly 
released. ELISA assay showed that VEGF-A was slowly 
released over more than one month with inherent biodegrad
ability. Furthermore, as shown by SEM, the ultramicroscopic 
morphology of the PCL NFs changed with VEGF-A embed
ding, providing an appropriate 3D microenvironment for cell 
adhesion and growth. However, as the protein load and num
bers of layers increased, the average diameter also increased in 
the different layers, which affected the biochemical functions, 
such as scaffold hydrophilicity and cytotoxicity. Some studies 
have suggested that thinner NFs exhibit increased cell 
adhesion.38,39 Therefore, we speculated that the NFs with 15 
or 20 layers with large diameters would not be favorable for 
neuron growth.

VEGF-A is a homodimeric disulfide bound glycoprotein 
that primarily promotes endothelial growth, and it also has 
neurotrophic and neuroprotective effects on neuronal cells 
within brain ischemia.40 However, in acute or chronic ischemic 

Figure 8 Effects of VEGF-A NF membrane and URB597 on CB1R signaling pathway components. (A) Representative Western blot of CB1R, PI3K, p-PI3K, AKT, p-AKT, 
BDNF, and TrkB. (B–F) Quantitative analysis of the expressions of proteins. *P < 0.05 vs Con; #P < 0.05 vs OGD; §P < 0.05 vs URB; &P < 0.05 vs VEGF.
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cerebral insults, VEGF-A with its complex underlying 
mechanisms can be either beneficial or destructive.41 This 
double-edged sword effect is closely related to its level and 
phase. VEGF-A could help retain the membrane potential of 
pyramidal neurons in the early stage of OGD (20 min), indicat
ing an acute neuroprotective effect on OGD-induced neuronal 
injury.42 In hypoxic or ischemic preconditioning, VEGF-A 
plays an important role in late-phase changes in modulating 
targets.43 We previously found that VEGF-A mRNA and 
protein levels dynamically changed with significant increases 
over 24 h postoperatively, peaking by 7 days, and decreasing 
by 21 days in chronic cerebral ischemia, which was associated 
with angiogenesis, blood-brain barrier dysfunction, and neu
rovascular remodeling.44 In a stroke, acute administration of 
exogenous VEGF-A is detrimental.41 Therefore, it is worth 
investigating ways to appropriately control the level of VEGF- 
A to make it beneficial. The NF materials embellished with 
VEGF-A makes this possible, which also exhibit beneficial 
effects and clinical translational prospects for treating diseases, 
such as creating excellent microenvironmental stimuli for 
ischemia-associated neuronal regeneration and vascular remo
deling in traumatic brain injury or indirect extracranial–intra
cranial (EC–IC) vascular bypass procedures (ie, 
encephalomyosynangiosis).16,17,45,46

Mitochondria are critical cellular organelles that maintain 
energy and metabolism, stress response, and neuronal activ
ities in the brain. Mitochondrial dysfunction is a contributing 
factor to the pathology of multiple human conditions includ
ing OGD.47 During OGD episodes, the neuron cannot utilize 
mitochondrial mechanisms that allow it to survive and main
tain homeostasis, which evokes MMP disruption. MMP 
impairment is a marker of subsequent ischemic neuronal 
death because it further leads to mitochondrial oxidative 
stress and inflammatory responses, which make it even 
worse.48 Here, upregulation of ROS and inflammatory fac
tors were found in the OGD group, indicating mitochondrial 
dysfunction trigger a series of cascades. VEGF-A and 
URB597 could enhance primary hippocampal neuron survi
val and decrease the apoptosis by protecting mitochondria. 
OGD-induced increments in mitochondrial ROS, TNF-α, IL- 
1β, COX-2, and iNOS were inhibited by VEGF-A and 
URB597. VEGF-A and URB597 showed clear mitochon
drial protective effects not only by preventing mitochondrial 
MMP disruption but also by reducing mitochondria ROS 
production and neuroinflammation, which is consistent with 
previous studies.49,50

OGD results in ischemic neuronal damage through 
activation of autophagy, neuroinflammatory responses, 

and induction of apoptosis in the hippocampal neuron 
in vitro.51 OGD-induced apoptotic cell death occurs by 
the inhibiting the PI3K/AKT and BDNF/TrkB 
pathways,40,52 and the neuroprotective effects of both 
URB597 and VEGF-A may be dependent on the activities 
of these two pathways. We previously demonstrated that 
URB597 could improve chronic cerebral ischemia-induced 
neuronal degeneration and apoptosis via activating CB1R/ 
AKT signaling.25 ESC takes a significant role via several 
downstream signaling pathways in ischemic tolerance and 
protection from ischemic stroke.53 CB1R activation is one 
prime underlying mechanism, it can be mediated by 
URB597, as has been substantiated.54 URB597 increases 
CB1R-mediated neuronal survival and neurotransmission, 
meanwhile up-regulating the levels of BDNF expression in 
the brain.55,56 Recently, we found that brain ischemia 
reduced BDNF expression in the cerebral cortex and hip
pocampus in rats with vascular dementia, which was 
reversed by chronic URB597 treatment.57 CBR has been 
shown to have protective effects on hippocampal neurons 
in brain ischemia involving the PI3K signaling cascades.58 

On the other hand, VEGF-A protects neurons against 
transient middle cerebral artery occlusion or chronic cere
bral ischemia by stimulating PI3K/AKT/mTOR 
signaling.59,60 In in vivo and in vitro ischemia, VEGF-A 
could ameliorate cognitive impairment and synaptic plas
ticity via improving neuronal viability and function 
through acting on the PI3K/AKT/VEGFR-2 pathway.42 

Blocking VEGF-A results in inhibiting adult hippocampal 
neuron growth via the PI3K/AKT-dependent mechanism.61 

In this study, we showed for the first time that the syner
gistic actions of VEGF-A and URB597 on OGD-induced 
apoptotic cell death are mediated by CB1R/PI3K/AKT/ 
BDNF activation. Co-administration of VEGF-A and 
URB597 increased CB1R expression, and enhanced 
PI3K/AKT phosphorylation without affecting total PI3K 
and AKT levels. PI3K and AKT phosphorylation and 
subsequent activation can be prevented by the CB1R 
antagonist AM251.62 We previously reported that 
WIN55,212-2 (a nonselective CBR agonist) and URB597 
could ameliorate hippocampal neuronal damage and cog
nitive dysfunction in rats with chronic cerebral ischemia, 
both of which were reversed by the CB1R antagonist 
AM281.63 In fact, accumulating evidence suggests that 
CB1R can increase not merely VEGF-A expression,64 

but activate multiple pathways, including PI3K/AKT/ 
BDNF signaling in promoting striatal neuron survival.65
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There are several limitations to this study. Firstly, we 
only investigated the effect and mechanisms of VEGF-A 
and URB597 in primarily cultured hippocampal neurons 
under OGD. Their effects on cerebral ischemia in animals 
as well as on neurological functions need to be further 
assessed, especially intervention using the CB1R antago
nist. Secondly, there is a lack of cytotoxicity tests on the 
material itself. Cytotoxicity of NFs is generally examined 
according to ISO 10993-5, analyzing the biosafety of 
medical materials or devices on living organisms. 
However, previous experiments have shown that PCL NF 
alone does not affect cell growth.66,67 In addition, the 
relatively short experimental period provided insufficient 
evidence to support the long-term solubility of the VEGF- 
A loaded NF membrane. The degradation of PCL scaffolds 
is very slow, which remains a challenge. Fortunately, rais
ing the temperature and the ratio of PEG to PCL can lead 
to significant acceleration of the degradation of PCL.68

Conclusion
Generally, these data are of clinical translational signifi
cance for the treatment of ischemic neuronal injuries 

(Figure 9). The mitochondrial oxidative stress cascades 
and CB1R/PI3K/AKT/BDNF pathway play important 
roles in the pathogenesis of OGD-induced neuronal 
damage. VEGF-A released by the NF membrane and 
URB597 showed positive synergistic neuroprotective 
effects by inhibiting oxidative stress and activating 
CB1R signaling, suggesting that VEGF-A loaded NF 
membranes and the FAAH inhibitor URB597 may be 
of therapeutic value in ischemic cerebrovascular 
diseases.
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