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Sustained delivery of vascular endothelial growth factor 
mediated by bioactive methacrylic anhydride hydrogel 
accelerates peripheral nerve regeneration after crush 
injury
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Abstract  
Neurotrophic factors, currently administered orally or by intravenous drip or intramuscular injection, are the main method for the treatment 
of peripheral nerve crush injury. However, the low effective drug concentration arriving at the injury site results in unsatisfactory outcomes. 
Therefore, there is an urgent need for a treatment method that can increase the effective drug concentration in the injured area. In this study, 
we first fabricated a gelatin modified by methacrylic anhydride hydrogel and loaded it with vascular endothelial growth factor that allowed 
the controlled release of the neurotrophic factor. This modified gelatin exhibited good physical and chemical properties, biocompatibility and 
supported the adhesion and proliferation of RSC96 cells and human umbilical vein endothelial cells. When injected into the epineurium of 
crushed nerves, the composite hydrogel in the rat sciatic nerve crush injury model promoted nerve regeneration, functional recovery and 
vascularization. The results showed that the modified gelatin gave sustained delivery of vascular endothelial growth factors and accelerated 
the repair of crushed peripheral nerves. 
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Introduction 
Peripheral nerve injury (PNI) occurs in about 3% of trauma patients 
around the world (Li et al., 2021a). It may result in total or partial 
loss of sensory and motor function, leading to a succession of 
dysfunctions, including sensation loss, neuropathic pain, muscle 
atrophy and paralysis, which can have substantial social and labor 
impacts. Sir Sydney Sunderland (1951) first classified five grades of 
PNI based on the discontinuity of several layers of connective tissues 
(specifically, the endoneurium, perineurium, and epineurium). 
According to Sunderland’s classifications, crush injury belongs to 
grade 4 (there is only continuity of the epineurium, whereas there is 
discontinuity in all other layers, including the axonal sheath) (Flores 

et al., 2000). Clearly, it is much more severe than injuries from grades 
1 to 3 crushes and requires more therapeutic attention than lower 
grade injuries.

In contrast to the central nervous system, the peripheral nervous 
system (PNS) has some self-repair capacity, which is partially due 
to the abundance of extracellular matrix components in its basal 
lamina (Li et al., 2021a). However, the regeneration capacity of the 
PNS may be restricted by various factors, including age, injury sites, 
and injury severity (Ruijs et al., 2005). Thus, many strategies have 
been tried to improve the ability to repair damage sustained by 
crush injury, including combination treatments using erythropoietin 
and dexamethasone (Lee et al., 2020), wrapping the injury site 
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Graphical Abstract Injection of vascular endothelial growth factor-loaded hydrogel promotes 
peripheral nerve regeneration
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with scaffold-free dental pulp cell sheets (Ahmed et al., 2021), 
transplantation of Schwann cell-like cell spheroids (Lin et al., 
2020), among others. Recently, Lopez-Silva et al. (2021) used an 
auto nanoliter injector with a glass needle to apply multidomain 
peptide hydrogels into an injury site. They effectively enhanced 
neurite outgrowth and elicited beneficial responses indicating 
peripheral nerve regeneration. Therefore, we postulated that direct 
administration of other biological facilitators through microinjection 
might help to accelerate nerve repair after peripheral nerve crush 
injury.

Vascular endothelial growth factor (VEGF) is a multifunctional growth 
factor that has main functions in vascularization and angiogenesis 
(Ferrara et al., 2003). In our previous study, VEGF was confirmed to be 
beneficial for critical bone defect repair (Xu et al., 2017). VEGF also has 
some neuroprotective and neurotrophic effects that include neuron 
survival and improving neurite outgrowth. The delivery of VEGF 
promoted both the maintenance and regrowth of damaged axons in 
mice by regulating the expression of glial-derived neurotrophic factors 
and nerve growth factors (Shvartsman et al., 2014). Others showed 
that trophic sensory and functions can be restored and injured 
peripheral neurons can be selectively regenerated by VEGF-B (Guaiquil 
et al., 2014). This suggests that VEGF-B would be an appropriate 
therapeutic target for treating PNI. However, direct use of VEGF has 
several drawbacks, such as burst release phenomenon, a short in vivo 
half-life and subsequent off-target effects (Henry et al., 2003). Thus, 
achieving a controlled delivery of VEGF is of particular importance in 
tissue engineering and regeneration.

To realize the sustained delivery of biochemical cues, it has been 
shown that a promising strategy was using bioactive hydrogels (Lu et 
al., 2019; Raimondo et al., 2019; Liu et al., 2020; Qiao et al., 2020; 
Li et al., 2021b). Gelatin modified by methacrylic anhydride (GelMA) 
hydrogel has attracted the attention of many researchers because 
of its excellent biocompatibility and its similarities to the natural 
extracellular matrix (Fan et al., 2018; Dursun Usal et al., 2019). 
GelMA hydrogel has been reported to be one of the best carriers for 
the controllable release of growth factors or drugs, such as human 
basic fibroblast growth factor (Luo et al., 2021), puerarin (Qin et al., 
2020) and aspirin (Liu et al., 2021). 

In this study, we hypothesized that administration of VEGF-laden 
GelMA hydrogel directly into a crushed sciatic nerve would promote 
its functional recovery, reinnervation and vascularization. To confirm 
this, VEGF165 (a VEGF-A isoform) was incorporated into GelMA, 
to form VEGF@GelMA hydrogel, to achieve a controlled release of 
this multifunctional growth factor. Initially, the compatibility of the 
hydrogel and bioactivity of the hydrogel leachate were investigated 
in vitro. Finally, the neurogenesis and angiogenesis capacities of this 
VEGF-laden GelMA hydrogel were evaluated in an established crush 
injury model of rat sciatic nerves (Figure 1). 

trimethylbenzoylphosphinate photo-initiator was first dissolved 
in phosphate buffered saline (PBS; 0.1%, w/v, pH 7.0), while 
in a water bath, and the solution was heated to 60°C for 30 
minutes. Next, the dried GelMA was dissolved in lithium phenyl-
2,4,6-trimethylbenzoylphosphinate solution to form a 5%, w/v  
uncrosslinked GelMA solution. The GelMA hydrogel was then 
crosslinked by irradiating the solution with a blue-violet light source 
(405 nm, 3 W) for 20 seconds for use in subsequent experiments. 
For the VEGF@GelMA hydrogel fabrication, recombinant human 
VEGF165 (Peprotech, Cranbury, NJ, USA) was dissolved in an 
uncrosslinked GelMA solution at a concentration of 0.2 µg/mL and 
subsequently irradiated as above.

Hydrogel observation
After freeze drying with the freeze dryer, the uncrosslinked and 
crosslinked GelMA samples were fixed on specimen platforms. The 
samples were sputter coated with a gold protective film and then 
observed under a scanning electron microscope (Zeiss Gemini 300, 
Oberkochen, Germany).

Fourier transform infrared spectrometry analysis
For Fourier transform infrared spectrometry, the uncrosslinked and 
crosslinked GelMA hydrogels were dried in the freeze dryer, grounded 
into fine powder and then pelletized with potassium bromide (KBr) 
to form a transparent sheet. The spectra were recorded for Fourier 
transform infrared spectrometry analysis over the wavenumber range 
from 400 to 4000 cm−1 using a spectrometer (1600, PerkinElmer Co., 
Boston, MA, USA)..

Degeneration of the hydrogel
To evaluate the degeneration rate of the hydrogel, the hydrogel was 
soaked for 1 day in PBS to achieve the W0 state (i.e., equilibrium 
swelling state). Then a degeneration test was conducted at 37°C 
in collagenase-2 (MilliporeSigma, Burlington, MA, USA) solution 
(2 U/mL). At subsequent time points (1, 2, 3, 4, 5 and 6 hours), 
the remaining gel mass was weighed and recorded as Wt. The 
degeneration rate was tracked using the following formula: 
Degeneration rate (%) = (W0 –Wt)/W0 × 100 (Liu et al., 2021).

Swelling property of the hydrogel
The swelling property of this bioactive hydrogel was determined as 
follows. The primary weight of the dried hydrogel was logged as W0. 
It was weighed again after the 1 day immersion of the hydrogel in PBS 
at room temperature. The hydrogel weight was measured and logged 
as Wt. The following formula is used for calculating the swelling ratio: 
Swelling ratio (%) = (Wt–W0)/W0 × 100 (Liu et al., 2021).

VEGF release kinetics of bioactive hydrogel
The release kinetics of VEGF@GelMA were measured as previously 
described (Xu et al., 2017). Briefly, the VEGF@GelMA hydrogel was 
soaked in PBS for various periods of time. At set time points, 0.5 mL 
medium was sampled and an equal amount of fresh PBS was added 
to replace it. The amount of VEGF released into the medium was 
detected using an ELISA Kit (R&D System, Minneapolis, MN, USA) 
as per the instructions of manufacturer. The release kinetics were 
calculated using the following formula: mt = m1 + m2 + m3 + …… + mx, 
where mx indicates the released amount measured at time x, and mt 
refers to the cumulative amount of released VEGF protein.

Cell culture
Both human umbilical vein endothelial cells (HUVECs; RRID: 
CVCL_2959) and RSC96 Schwann cells (RRID: CVCL_4694) were 
purchased from the Cell Bank, Chinese Academy of Sciences 
(Shanghai, China). The RSC96 cells were cultured in high-glucose 
Dulbecco’s modified Eagle medium (Hyclone, Logan City, UT, USA) 
with 1% streptomycin/penicillin (Solarbio, Beijing, China) solution 
and 10% fetal bovine serum (Gibco-AUS, Thornton, Australia). The 
HUVECs were cultured in endothelial cell growth medium-2 medium 
(Lonza, Walkersville, MD, USA). All cells were cultured in a humidified 
incubator (Thermo Scientific, Waltham, MA, USA) at 37°C with 95% 
air and 5% CO2. To test the biocompatibility of the GelMA hydrogel, 
equal weights (or volumes) of RSC96 cells and GelMA hydrogel were 
mixed. The HUVECs were then seeded on the surface of the gel and 
immediately irradiated with ultraviolet. RSC96 cells and HUVECs 
cultured on tissue culture polystyrene (TCP) (Corning, Corning, NY, 
USA) were used as a control.

Animals and surgical process
This study evaluating the therapeutic effects of the above bioactive 
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Figure 1 ｜ Bioactive hydrogel (VEGF@GelMA) accelerates peripheral nerve 
regeneration after crush injury. 
GelMA: Gelatin modified by methacrylic anhydride; HUVEC: human umbilical 
vein endothelial cells; VEGF: vascular endothelial growth factor. 

Materials and Methods   
Hydrogel fabrication and investigation
Construction of the bioactive hydrogel
The gelatin methacrylate (GelMA; GM-60, Engineering For Life, 
Suzhou, China) hydrogel was fabricated as per the instructions 
of manufacturer (Hu et al., 2020). Briefly, lithium phenyl-2,4,6-
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hydrogels was approved by Institutional Animal Care and Use 
Committee of School of Medicine, Shanghai Jiao Tong University 
(Shanghai, China; approval No. SH9H-2020-A762-1) on November 
11, 2020. All experiments were designed and reported according 
to the Animal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines (Kilkenny et al., 2011). A single surgeon (WLX) performed 
all the surgery and injection procedures to minimize operation 
bias. Forty-eight male specific-pathogen-free Sprague-Dawley rats 
(weighing 200–220 g, aged 6–8 weeks) were randomly divided 
into four groups: sham, crush + PBS, crush + GelMA and crush 
+ VEGF@GelMA groups (n =12 for each group). The peripheral 
sciatic nerve crush injury model used was as follows. After the 
rats were anesthetized with 2% pentobarbital sodium (50 mg/kg 
body weight; Sigma, Shanghai, China), the sciatic nerve of the left 
leg was uncovered and dissected carefully by means of a gluteal 
splitting method following instructions in previous studies (Beer 
et al., 2001; Varejão et al., 2004). The middle part of the exposed 
nerve was intercross crushed with 5-inch hemostatic forceps 
(Jinzhong, Shanghai, China) at three clicks for 20 seconds. These rats 
were all designated as crush groups. Then, for rats in crush + PBS, 
crush + GelMA and crush + VEGF@GelMA groups, 2 µL PBS, or an 
equal amount of 5% (w/v) GelMA or VEGF@GelMA, was gradually 
injected into the epineurium of the crushed nerve and surrounding 
tissues at the middle of crushed site. A 9-0 nylon suture (Ethicon, 
Somerville, NJ, USA) was used to mark the injury site at the crush 
injury’s proximal end. After closing the muscle and then the skin, all 
animals were returned to their cages where they could move freely 
and have free access to water and food. The right leg was set as the 
contralateral (normal control) side. For the sham group, the sciatic 
nerve was exposed without crush injury.

Immunofluorescence staining 
Standard protocol was used for the immunofluorescent staining of 
RSC96 or HUVEC cells or slices of paraffin embedded sciatic nerve 
tissues 4 weeks after surgery. Briefly, rats were anesthetized by 
intraperitoneal injection with pentobarbital sodium (0.05 mg/g  
body weight). The sciatic nerves were exposed and the nerve 
samples were fixed with 4% paraformaldehyde, 0.2% Triton X-100 
for permeabilization, then sealed with bovine serum albumin 
(Yeason, Shanghai, China) and incubated with phalloidin or a selected 
primary antibody. To observe cell morphology and attachment, 
HUVECs or RSC96 cells were then stained with 100 nM phalloidin 
(Yeason), an actin filament stain. The nerve tissues were incubated 
with rabbit anti-S100β (1:1000; Cat# ab41548, RRID: AB_2184443, 
Abcam, Cambridge, MA, USA), rabbit anti-myelin basic protein 
(1:1000, Cat# ab40390, RRID: AB_1141521, Abcam), rabbit anti-
neurofilament-200 (1:1000, Cat# ab207176, RRID: AB_2827968, 
Abcam) and rabbit anti-beta III Tubulin (1:3000, Cat# ab18207, RRID: 
AB_1523206, Abcam) overnight at room temperature. To assess 
angiogenesis, the nerve samples were incubated with rabbit anti-
CD31 (1:1000, Cat# ab28364, RRID: AB_726362, Abcam) and rabbit 
anti-α-smooth muscle actin (α-SMA; 1:1000, Cat# ab202509, RRID: 
AB_2868435, Abcam) overnight at room temperature. CD31-positive 
sites were found in the blood vessels and the lumen of mature blood 
vessels was positive for both CD31 and α-SMA. The sections were 
subsequently incubated with Cy3-labeled goat anti-rabbit IgG (1:1000, 
Cat# 33108ES60, Yeason) or FITC-labeled goat anti-rabbit IgG 
(1:1000, Cat# 33107ES60, Yeason) secondary antibodies for 1 hour 
at room temperature. Finally, nuclei were stained by 4,6-diamidino-2 
phenylindole (DAPI) (Yeason). Immunofluorescence was visualized 
and captured with a laser confocal microscope (Axio-Imager M2, 
Zeiss, Jena, Germany).

Histological staining
Two- and four-weeks post-surgery, rats were sampled after anesthesia 
was induced by intraperitoneal injection with pentobarbital sodium 
(0.05 mg/g body weight). To observe the histology of nerves, the 
samples were fixed, dehydrated and embedded in paraffin. Cross-
sections or longitudinal sections of the embedded samples were 
initially stained with hematoxylin and eosin (H&E), Luxol fast blue or 
toluidine blue to observe the status of the myelin sheaths around the 
axons. Samples of the gastrocnemius muscle from the injured side 
were treated similarly and the paraffin-embedded tissue was cut into 
7-μm-thick sections before staining with H&E and Masson trichrome 
stains (Solibor, Beijing, China).

Walking track analysis
Two or four weeks postoperatively, the generally accepted method, 
sciatic function index (SFI), was calculated to evaluate the functional 

recovery. As described previously (Yuan et al., 2020), the feet of each 
rat were dipped in red ink and each rat was placed on a track and 
their footprints were recorded. Then, the following formula was used 
for calculating the SFI score:

SFI = –38.3 × (EPL – NPL)/NPL + 109.5 × (ETS – NTS)/NTS + 13.3 × (EIT 
– NIT)/NIT – 8.8,

where EIT represents experimental intermediary toe spread (the 
distance between the second and fourth toes), NIT represents 
normal intermediary toe spread, ETS represents experimental toe 
spread (the distance between the first and fifth toes), NTS represents 
normal toe spread, EPL represents experimental paw length, and NPL 
represents normal print length. 

Target muscle evaluation
Six rats were taken from each group 2 and 4 weeks after surgery 
(Lee et al., 2020) and anesthetized by intraperitoneal injection of 
pentobarbital sodium (0.05 mg/g body weight). The three important 
muscles of the lower limbs (the gastrocnemius muscle, soleus muscle 
and anterior tibialis muscle) were manually separated, each in 
their entirety and the ratios of their wet weight (injury side/control 
side) were calculated. Photographs of muscle fibers were analyzed 
quantitatively using Image-Pro Plus 4.5 software (Media Cybernetics, 
Silver Spring, MD, USA). For every sample, five random fields were 
observed. The muscle fiber’s cross-sectional area was calculated 
with the following equation: Pm = Am/At × 100%, where Am represents 
the muscle fiber area, and At represents total field area (Wang et 
al., 2011). The collagen fibers were stained with Masson trichrome 
staining kit and their cross-sectional areas (CSA) were assessed using 
a similar method (Wang et al., 2011). 

Neural electrophysiological examination
As previously described (Zhu et al., 2015), after the rats were 
anesthetized with pentobarbital sodium (0.05 mg/g body weight), the 
electrophysiology of the sciatic nerves was recorded at 4 weeks after 
surgery. Briefly, the electrodes were placed superficially beneath the 
sciatic nerve trunk. To record the compound motor action potential 
of the bilateral sciatic nerve, a nerve conduction study system 
(PowerLab, Sydney, Australia) was used to obtain the action potential 
data amplitude from the curve. Data from the right uninjured sciatic 
nerve was used for comparison.

Transmission electron microscopy
Four weeks postoperatively, three rats from each group were 
anesthetized by intraperitoneal injection with pentobarbital sodium 
(0.05 mg/g body weight). A transmission electron microscopy 
(TEM, Olympus, Tokyo, Japan) scan was conducted to evaluate the 
remyelination of the crushed sciatic nerve. First, nerve specimens 
were fixed in 2% PBS-buffered osmium tetroxide glutaraldehyde 
for 2 hours at 4°C. The specimens were passed through an ethanol 
gradient to dehydrate them before infiltration with an epoxy resin 
and transverse embedding. An ultra-microtome (Leica, Wetzlar, 
Germany) was used to prepare ultrathin sections (50 nm). These 
sections were put on copper grids and stained with lead citrate 
prepare them for TEM examination. In the captured images, the 
mean diameter of the regenerated myelinated nerve fibers and the 
fiber density of the myelinated nerve were recorded and calculated.

Western blot assay
Four weeks postoperatively, the rats were sacrificed with excess 
carbon dioxide inhalation. Briefly, after providing a normal supply of air 
or oxygen, the concentration of CO2 was continuously increased until 
respiratory and cardiac arrest. The CO2 replacement rate was 30–70%, 
which ensured that the rats lost consciousness prior to the onset of 
pain. The intervention time of CO2 was 35 minutes. The sciatic nerves 
were then harvested from each group for western blot detection. 
Briefly, whole protein lysates were obtained, and the protein 
samples were loaded on sodium dodecyl sulfate polyacrylamide 
gel and electrophoresis was used for their separation. They were 
then transferred on to polyvinylidene difluoride membranes (Merck 
Millipore, Billerica, MA, USA) and incubated with primary rabbit 
antibodies against von Willebrand factor (1:1000, Cat# ab6994, RRID: 
AB_11211594, Abcam) and rabbit anti-CD34 (1:1000, Cat# ab81289, 
RRID: AB_10771056, Abcam) overnight at room temperature. After 
incubation with goat anti-rabbit secondary antibodies (1:10,000, Cat# 
ab205718, RRID: AB_10762957, Abcam) the target proteins’ relative 
expression levels were quantified with Quantity One software (Bio 
Rad Laboratories, Hercules, CA, USA). The protein expression levels 
were normalized by a β-actin reference sample (rabbit, 1:1000, Cat# 
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30102ES60, RRID: AB_2728738, Yeason).

Statistical analysis
No statistical methods were used to predetermine sample sizes; 
however, our sample sizes were similar to those reported in a 
previous publication (Zhu et al., 2015). No animals or data points 
were excluded from the analysis. The evaluator was blind to the 
grouping. SPSS 23.0 software (IBM, Armonk, NY, USA) was used to 
perform statistical analysis. Data are stated as the mean ± standard 
deviation (SD). Statistical analysis was by an unpaired Student’s 
t-test. P < 0.05 was considered to indicate statistical significance in all 
analyses.

Results
Fabrication and characterization of bioactive hydrogel
The fabrication process of the composite hydrogel is shown in 
Figure 2A. After irradiation for 20 seconds by ultraviolet light, the 
uncrosslinked GelMA solution formed a GelMA composite hydrogel 

(Figure 2B). The uncrosslinked solution had good fluidity, which 
meant that it could be directly administered to the injured site 
and then form a bioactive cumulative-releasing hydrogel by UV 
irradiation. After freeze drying, we observed the microstructures 
of both uncrosslinked and crosslinked GelMA. Both had a porous-
connected structure (Figure 2C), which is advantageous for cell 
adhesion and nutrient exchange. The Fourier transform infrared 
spectroscopy spectrum of uncrosslinked GelMA was similar to that 
of crosslinked GelMA (Figure 2D). The degeneration and swelling 
properties of the GelMA hydrogel and VEGF@GelMA hydrogel were 
also evaluated. As shown in Figure 2E, the degeneration rate of the 
VEGF@GelMA hydrogel in collagenase-2 solution was slightly lower 
than that of the GelMA hydrogel. The swelling ratios of these two 
hydrogels were very similar (Figure 2F), which indicates that the 
incorporation of VEGF did not influence the capacity of the GelMA 
hydrogel to absorb water. As shown in Figure 2G, a sustained release 
of VEGF could be achieved with the VEGF@GelMA hydrogel, avoiding 
a burst release of VEGF and facilitating its subsequent in vitro or in 
vivo applications.
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Figure 2 ｜ VEGF@GelMA hydrogel characterization and fabrication. 
(A) Flow chart of VEGF@GelMA hydrogel fabrication. (B) Photographs of GelMA solution and its hydrogel after UV treatment. (C) SEM images of uncrosslinked 
and crosslinked GelMA showed that both hydrogels had porous structures (white arrows). Scale bars: 200 μm (upper), 50 μm (lower). (D) FITR results of 
uncrosslinked and crosslinked GelMA. The red arrow indicates similar characteristic peaks. (E) Degradation percentage of GelMA and VEGF@GelMA hydrogels. (F) 
Swelling curve of GelMA and VEGF@GelMA hydrogels. (G) Cumulative release kinetics of VEGF from the VEGF@GelMA hydrogel (n = 3). Data are expressed as 
mean ± SD. The experiment was repeated three times. FITR: Fourier transform infrared spectroscopy; GelMA: gelatin modified by methacrylic anhydride; SEM: 
scanning electron microscope; UV: ultraviolet; VEGF: vascular endothelial growth factor.

Biocompatibility of the VEGF@GelMA hydrogel 
Cell adhesion, cell morphology and growth status were the basic 
parameters for assessing the biocompatibility of the hydrogel (Liu 
et al., 2021). Initially, we cultured RSC96 cells in the VEGF@GelMA 
hydrogel using a three-dimensional culture. After culturing for 10 
days, the RSC96 cells grew more with higher density and longer 
stretches in the VEGF@GelMA hydrogel than on tissue culture 
polystyrene (TCP), as indicated by phalloidin staining (Figure 3A). 
To further evaluate the bioactivity of the composite hydrogel, 
HUVECs were seeded on the surface of the hydrogel. As shown in 
Figure 3B, compared with TCP group, many more tubular structures 
could be observed in the VEGF@GelMA group, which suggested a 
proangiogenic effect of the bioactive hydrogel in vitro.

Establishment of a crush injury model of the rat sciatic nerve 
The chronological diagram of in vivo animal experiments is shown 
in Figure 4A. To test the bioactivity of the VEGF@GelMA hydrogel 
in vivo, we first established the rat sciatic nerve crush injury model, 
which is widely used to study the regeneration of the PNS (Varejão 
et al., 2004; Lee et al., 2020). Briefly, crush injury with hemostatic 
forceps broke down the internal axons and surrounding myelin 
sheaths but preserved the epineurium and basal lamina. Then, PBS 
or the hydrogel was directly administered intra-epineurium to the 
crushed nerve and surrounding tissues with a microsyringe (Figure 
4B). The crush effects were confirmed through functional and 
histological analysis. After the nerve crush, the SFI score decreased 
(P < 0.01; Figure 4C). The histological staining (H&E, toluidine blue 
and Luxol fast blue) results showed that the distance between the 
epineurium in the crushed group was considerably narrower than 
that in the normal sciatic nerve group (Figure 4D), indicating a 
successful establishment of the rat sciatic nerve crush injury model.
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Figure 3 ｜ Biocompatibility of the VEGF@GelMA hydrogel detected by 
RSC96 cells and HUVECs. 
(A) Microfilament skeleton of RSC96 cells cultured in VEGF@GelMA hydrogel 
for 4 and 10 days stained by phalloidin staining (green). RSC96 cells grew 
better with higher density (white arrow) and in longer stretches (yellow 
arrow) in the VEGF@GelMA hydrogel. (B) HUVECs were cultured on the 
surface of the VEGF@GelMA hydrogel for 4 and 10 days stained by phalloidin 
staining (red). More tubular structures (white arrow) could be observed in 
the VEGF@GelMA group. Scale bars: 50 μm. 3D: Three-dimensional; DAPI: 
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; GelMA: gelatin 
modified by methacrylic anhydride; HUVEC: human umbilical vein endothelial 
cell; TCP: tissue culture polystyrene; VEGF: vascular endothelial growth factor.
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Effect of bioactive hydrogel on muscle functional recovery in a 
sciatic nerve crush injury rat model
The in vitro data demonstrated the good biocompatibility and excellent 
bioactivity of the VEGF@GelMA hydrogel, but in vivo studies were 
necessary to comprehensively evaluate the outcomes of the composite 
hydrogel regarding PNS repair. Two and four weeks after surgery, the 
SFI score was considerably higher in the crush + VEGF@GelMA group 
than in both the crush + PBS and crush + GelMA groups (both P < 
0.05; Figure 5A and B). Target muscle analysis showed that the wet 
ratios of the gastrocnemius muscle, soleus muscle and anterior tibialis 
muscle in the crush + VEGF@GelMA group were considerably higher 
compared with those in the other two groups (P < 0.05; Figure 5C and 
D). This result indicated that the sustained delivery of VEGF reduced 
the atrophy of the three target muscles that were innervated by the 
injured sciatic nerve. H&E and Masson trichrome staining were used 
for histological analyses of the effect of VEGF on denervated muscular 
atrophy (Figure 5E–H). Four weeks postoperatively, the cross-sectional 
area of muscle fibers was significantly higher in the crush + VEGF@
GelMA group than in the crush + PBS (P < 0.01) and crush + GelMA (P < 
0.05) groups (Figure 5F). However, the average percentage of collagen 
fiber area in the crush + VEGF@GelMA group was more pronounced 
than those in the crush + GelMA (P < 0.01) and crush + PBS groups 
(P < 0.05; Figure 5H). All these data indicated that the denervation of 
target muscles and muscle atrophy resulting from crush injury could be 
attenuated by VEGF@GelMA hydrogel injection therapy.

Effect of hydrogel on nerve regeneration in a sciatic nerve crush 
injury rat model
Nerve repair 4 weeks post crush injury was determined through 
histological and electrophysiological examinations. Representative 
images of H&E staining and Luxol fast blue staining of the four 
groups are displayed in Figure 6A and B. These results indicated 
that more axonal regeneration and remyelination developed in the 
crush + VEGF@GelMA group compared with the other crush groups, 
however, the nerve fibers were better organized in the sham group. 
Furthermore, we evaluated axonal regrowth and nerve remyelination 
through immunofluorescence assays using four critical markers, 
S100β, neurofilament-200, beta III Tubulin and myelin basic protein. 
Neurofilament-200 and beta III Tubulin indicated regenerated axons 
and neurofilaments, whereas the expression of S100β and myelin 
basic protein are measures of axonal remyelination status (Cattin et 
al., 2015; Fan et al., 2018). Figure 6C and D show that the levels of 
these indicators were stronger in the crush + VEGF@GelMA group 
than those in the crush + PBS and crush + GelMA groups. These data 
suggested that VEGF@GelMA promoted nerve regeneration after 4 
weeks of administration.

TEM was used to evaluate the axons and their remyelination of 
regenerated nerve fibers. Representative images of the middle 
segment of each nerve sample are displayed in Figure 7A. At 4 weeks 
post-injury, some myelinated axons had developed in the crush + PBS 
groups that suggested Wallerian degeneration of the sciatic nerve in 
contrast to the uniform structure bounded by electron-dense, clear 
and thick myelin sheaths observed in the sham group. Quantitative 
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Figure 4 ｜ Establishment of the sciatic nerve crush injury rat model.
(A) The diagram of the procedures used in animal experiments in vivo. (B) The rat sciatic nerve was exposed, crushed and then injected with bioactive hydrogel. 
The white arrow indicated the crushed site. (C) SFI analysis of rats in the sham and crush groups 1 day postoperatively. Data are expressed as mean ± SD (n = 
6). **P < 0.01 (unpaired Student’s t-test). (D) Histological staining (H&E, TB and LFB staining) showed the crushed nerve fibers in the Crush group. The yellow 
arrows indicate the crushed nerves. Scale bars: 100 μm. CAMP: Compound motor action potential; GelMA: gelatin modified by methacrylic anhydride; H&E: 
hematoxylin and eosin; LFB: Luxol fast blue staining; SFI: sciatic function index; TB: toluidine blue; TEM: transmission electron microscopy.

analysis parameters (including myelin thickness, myelinated axons 
diameter and myelinated axons percentage) were also used to assess 
regenerative efficacy. All values of the above three parameters were 
highest in the crush + VEGF@GelMA group compared with the values 
in the crush + PBS and crush + GelMA groups (P < 0.05 or P < 0.01; 
Figure 7B–D). Electrophysiology of neurons accurately quantifies 
nerve function (Lu et al., 2019). In our study, the compound motor 
action potential amplitude in the crush + VEGF@GelMA group was 
higher than in either the crush + PBS (P < 0.01) or crush + GelMA 
groups (P < 0.05; Figure 7E and F), also indicating that repair of the 
crushed nerve is accelerated when using the bioactive hydrogel.

The composite hydrogel benefits the recovery of vascularization in 
a sciatic nerve crush injury rat model
In tandem with our evaluations of neuronal regeneration, we studied 
vascularization improvement after VEGF@GelMA hydrogel injection into 
the injury site. CD31 is widely involved in the angiogenesis process and 
may act through modulating the intercellular junctions of endothelial 
cells (Cattin et al., 2015). The results of CD31 immunofluorescence 
staining suggested significantly more formation of microvessels in the 
crush + VEGF@GelMA group compared with the other three groups 
(P < 0.05; Figure 8A and B). The presence of α-SMA indicates that the 
neovascular tissues progress become into mature vessels (Guan et al., 
2021). The α-SMA-positive mature vessel density was also considerably 
higher in the crush + VEGF@GelMA group compared with either the 
crush + PBS or crush + GelMA groups (P < 0.05; Figure 8A and C), which 
indicated that VEGF delivery promoted vessel maturation. Consistent 
with this, the protein expression of CD34 and von Willebrand factor 
(important factors associated with vascular tissues) (Abdulkadir et al., 
2020) measured by western blot further confirmed the proangiogenic 
effects of the VEGF@GelMA hydrogel (Figure 8D and E). These data 
showed that controlled release of VEGF from the bioactive hydrogel 
promoted vascularization, which may provide nutrients, remove waste 
and facilitate nerve regeneration synergistically.

Discussion
Nerve crush injury often results from acute blunt-force trauma, causing 
severe compression of the nerve trunk or its branches. Currently, there 
are only a few clinical strategies for the treatment of nerve crush injury 
and they mainly involve the supplementation of neurotrophic factors, 
primarily nerve growth factor. However, the therapeutic efficacy is 
limited due to the low effective drug concentration that reaches 
the injured region. With the rapid development of microsurgery 
technologies, intraepineurium injection offers a promising alternative 
(Manoukian et al., 2020; Lopez-Silva et al., 2021). Recently, Masgutov 
et al. (2021) injected the plasmid construct pBud-coVEGF165-coGFG2 
into the epineurium of the rat sciatic nerve and found that local 
administration of the composite plasmid could act as a proangiogenic 
stimulus and facilitate regeneration of the sciatic nerve. Consistent 
with this, our results collectively showed that direct injection of VEGF-
released hydrogel could accelerate nerve regeneration after crush 
injury; therefore, it may be a beneficial option for nerve crush injury 
treatment.
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Figure 5 ｜ Functional recovery of crushed sciatic nerves after VEGF@GelMA injection at 2 and 4 weeks after sciatic nerve injury. 
(A, B) Representative images of footprints in the four groups and corresponding SFI analysis at 2 (A) or 4 weeks (B) after surgery. The footprints were more 
relaxed in the Crush+VEGF@GelMA group than the other crush groups. (C, D) Gross view of gastrocnemius muscles, soleus muscles and anterior tibialis muscles 
in all groups and corresponding wet weight ratio analysis at 2 (C) or 4 weeks (D) after surgery. The atrophic degree of denervated muscles was alleviated in 
the Crush + VEGF@GelMA group. The yellow arrows indicated the innervated muscles. (E, F) Representative H&E staining images of gastrocnemius muscles 
and corresponding CSA of muscle fibers at 2 (E) or 4 weeks (F) after surgery. (G, H) Representative Masson’s trichrome staining images of the gastrocnemius 
muscles and corresponding average percentage of collagen fiber area at 2 (G) or 4 weeks (H) after surgery. The CSA of muscle fibers was highest in Crush + 
VEGF@GelMA group, while the average percentage of collagen fiber was lowest. Scale bars: 5 mm in A–D, 100 μm in E–H. Data are expressed as mean ± SD (n 
= 6). *P < 0.05, **P < 0.01 (unpaired Student’s t-test). Ant. Tib. m.: Anterior tibial muscle; Crush + V: Crush + VEGF@GelMA group; Crush+G: Crush + GelMA 
group; Crush+P: Crush + PBS group; CSA: cross sectional area; Gas. m.: Gastrocnemius muscle; GelMA: gelatin modified by methacrylic anhydride; H&E staining: 
hematoxylin-eosin staining; SFI: sciatic function index; Soleus. m.: soleus muscle; VEGF: vascular endothelial growth factor.

Figure 6 ｜ Histological analysis of sciatic nerves 
4 weeks after hydrogel injection in vivo. 
(A) H&E staining of regenerated nerves. (B) 
LFB staining of regenerated nerves. (C) Triple 
immunofluorescent staining of S100β (Cy3-red, an 
indicator for myelin or Schwann cells), NF200 (FITC-
green, an indicator for axons) and DAPI (nuclei) 
was performed. (D) Triple immunofluorescent 
staining of MBP (Cy3-red, an indicator for myelin 
or Schwann cells), TUJ1 (FITC-green, an indicator 
for axons) and DAPI was performed. VEGF@
GelMA promoted nerve regeneration after 4 
weeks of administration. The yellow arrows 
indicated the best nerve regeneration formed in 
the Crush + V group. Scale bars: 100 μm. Crush+G: 
Crush + GelMA group; Crush+P: crush + PBS 
group; Crush+V: crush + VEGF@GelMA group; 
DAPI: 2-(4-amidinophenyl)-6-indolecarbamidine 
dihydrochloride; FITC: fluoresceine isothiocyanate; 
GelMA: gelatin modified by methacrylic anhydride; 
H&E: hematoxylin and eosin; LFB: Luxol fast blue 
staining; Mag.: magnification; MBP: myelin basic 
protein; NF200: neurofilament-200; TUJ1: β-tubulin 
III; VEGF: vascular endothelial growth factor.
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In the present study, we first fabricated a photocrosslinkable GelMA 
hydrogel with controlled release of VEGF. Its physical properties 
and biocompatibility were investigated both in vitro and in vivo. The 
GelMA hydrogel has attracted the attention of numerous researchers 
because its three-dimensional network structure could serve as 
an optimal microenvironment for cell adhesion, proliferation and 
migration. In addition, GelMA could act as an excellent carrier 
of biochemical or genetic cues for peripheral nerve repair (Xu et 
al., 2020; Sultan et al., 2021). Zhuang et al. (2016) synthetized 
glial cell line-derived neurotrophic factor-loaded microspheres 
and these GelMA hydrogel-seeded microspheres served as a new 
biodegradable artificial nerve guide. Consistent results were also 
reported, demonstrating that a third-generation nerve regeneration 
conduit (based on GelMA hydrogel and dental pulp stem cells) was 
an improved tissue engineering method that could replace traditional 
nerve autografts when treating large gap defects after peripheral 
nerve injuries (Luo et al., 2021). Our experiment validated the 
beneficial use of GelMA hydrogel in nerve repair of crush injury and 
should broadened the application of this type of bioactive hydrogel.

Anatomically, peripheral nerves are composed of nervous tissue, 
structures supporting connective tissue and blood vessels to supply 
nutrients. The nervous system and the vascular system share similar 
signaling pathways and anatomical structures (Mukouyama et al., 
2002) and the crosstalk between the two systems is considered to be 
quite critical in both tissue development and regeneration, including 
in the repair of PNI (Zhu et al., 2015; Wang et al., 2017). It has also 
been shown that freshly developed blood vessels direct Schwann cell 
migration and promote peripheral nerve axon regrowth (Cattin et al., 
2015). However, the establishment and maturation of angiogenesis 
requires more than 3 weeks (Hoefer et al., 2001). Thus, a bioactive 
platform with sustained long-term (over a physiologically relevant 
timeframe) proangiogenic abilities is needed. Our results confirmed 
that a sustained release of VEGF could be achieved through its 
incorporation into the GelMA hydrogel. This VEGF@GelMA hydrogel 

facilitated the adhesion and proliferation of HUVECs in vitro and 
enhanced the formation of mature blood vessels in a nerve crush 
injury model. Bin et al. (2020) constructed a revascularized nerve 
graft that depended on a VEGF-heparin sustained release system. 
They found that tissue-engineered peripheral nerves could restore 
the blood supply, which greatly advanced the repair of peripheral 
nerve defects (Bin et al., 2020). Consistent with this, our unique 
VEGF@GelMA system with endoneural administration accelerated 
the peripheral nerve regeneration, which was linked to increased 
blood vessel formation in the regenerated nerves.

Apart from the direct use of growth factors, it has been demonstrated 
that VEGF gene therapies could increase the number of myelinated 
fibers, increase gastrocnemius weight and improve SFI scores after 
sciatic nerve transection (Pereira Lopes et al., 2011; Masgutov et 
al., 2021). Others concluded that dual delivery of plasmid VEGF 
and nerve growth factor as gene therapy may enhance sciatic 
nerve regeneration (Fang et al., 2020). In our experiment, a single 
administration of VEGF@GelMA hydrogel at the time of surgical sciatic 
nerve crush facilitated the nerve regeneration and functional recovery 
and would preclude the hinderances and risks associated with gene 
therapy. Additionally, VEGF-mimicking peptide has been discussed 
in recent studies (Leslie-Barbick et al., 2011; Dmytriyeva et al., 
2020). Lu et al. (2019) and showed that brain-derived neurotrophic 
factor- and VEGF-mimetic peptides synergistically facilitate the 
process of nerve regeneration. Notably, it was found that an aligned 
chitosan fiber hydrogel grafted with RGI (Ac-RGIDKRHWNSQGG, 
a brain-derived neurotrophic factor-mimicking peptide)/KLT (Ac-
KLTWQELYQLKYKGIGG, a VEGF-mimicking peptide) offered an efficient 
way for sciatic nerve defect repair (Rao et al., 2020). The merits 
of these peptides are primarily reduced costs, ease of design and 
synthesis and self-assembly behavior. So far, however, there have 
been no direct comparative studies between growth factors and their 
mimetic peptides and this warrants further exploration.

100

80

60

40

20

0P
er

ce
nt

ag
e 

of
 m

ye
lin

ed
 

ax
on

s

**

**
10

9
8
7
2

1

0D
ia

m
et

er
 o

f m
ye

lin
ed

 
ax

on
s 

(μ
m

)

2.0

1.5

1.0

0.5

0M
ye

lin
 th

ic
kn

es
s 

(μ
m

)

**

*

**

**

**
*1.0

0.8

0.6

0.4

0.2

0

Th
e 

am
pl

itu
de

 o
f C

A
M

P
s 

(in
ju

ry
 s

id
e/

co
nt

ro
l s

id
e)

Sham
Crush+P
Crush+G
Crush+V

Sham Crush+P Crush+G Crush+V

Sham Crush+P Crush+G Crush+V

A B C D

E F

Figure 7 ｜ Crushed sciatic nerves show differential myelination and electrophysiological performance after hydrogel administration. 
(A) Representative TEM images of cross-sections at different magnifications. Compared with Crush + P and Crush + G groups, more myelinated axons and 
thicker myelin (white arrows) were formed in the Crush + V group. Scale bars: 5 μm (upper), 1 μm (middle), 0.2 μm (lower). (B–D) Quantification of myelinated 
axons percentage (B), myelinated axon diameter (C) and myelin thickness (D). (E) CMAP representative images. The amplitude of CAMP in the Crush + V group 
was significantly higher than the other two groups. (F) Quantification of CAMP amplitude. Data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01 (unpaired 
Student’s t-test). CAMP: Compound motor action potential; Crush+G: Crush + GelMA group; Crush+P: Crush + PBS group; Crush+V: Crush + VEGF@GelMA 
group; GelMA: gelatin modified by methacrylic anhydride; TEM: transmission electron microscope; VEGF: vascular endothelial growth factor.

250

200

150

100

50

0

M
ic

ro
-v

es
se

l d
en

si
ty

 
(n

um
be

r/m
m

2 )

250

200

150

100

50

0M
at

ur
e 

ve
ss

el
 d

en
si

ty
 

(n
um

be
r/m

m
2 )

2.5

2.0

1.5

1.0

0.5

0

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

*
**

*

**
**

*
*

Sha
m

Crush+P
Crush+G
Crush+V

Crus
h+

P

Crus
h+

G

Crus
h+

V
Sha

m

Crus
h+

P

Crus
h+

G

Crus
h+

V
CD34

vW
F

CD34

vWF

β-Actin

39 kDa

309 kDa

43 kDa

Crush+P  Crush+G  Crush+V

Sham Crush+P Crush+G Crush+V

C
D

31
α-

S
M

A
D

A
P

I
M

er
ge

A B C D E

Figure 8 ｜ VEGF@GelMA hydrogel promotes angiogenesis of regenerated nerves. 
(A) CD31 (Cy3-red, an indicator for blood vessel structures) and α-SMA (FITC-green, an indicator for mature blood vessels) staining of regenerated nerves 
showed the Crush+V group developed the most mature vessels (white arrows) . DAPI (blue) was used for staining nuclei. Scale bars: 100 μm. (B, C) 
Quantification of microvessel density (B), mature vessel density (C). (D) Western blot detection of CD34 and vWF in regenerated nerves at 4 weeks post-
operatively showed higher protein expression of CD34 and vWF in the Crush + V group. (E) Quantification of CD34 and vWF expression. The relative expression 
was normalized by β-actin. Data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01 (unpaired Student’s t-test). Crush+G: Crush + GelMA group; Crush+P: 
crush + PBS group; Crush+V: crush + VEGF@GelMA group; DAPI: 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride; GelMA: gelatin modified by 
methacrylic anhydride; VEGF: vascular endothelial growth factor; vWF: von Willebrand factor; α-SMA: alpha-smooth muscle actin.
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There are several limitations to this research. First, the VEGF family 
contains several different isoforms, such as VEGF-A and VEGF-B. 
Only VEGF165 (a version of VEGF-A) was studied in this research; 
therefore, the specific role of other isoforms in peripheral nerve 
regeneration should be clarified. Second, the in vitro studies 
preliminarily demonstrated that the fabricated hydrogel supported 
cell adhesion and growth of RSC96 and HUVECs. However, both cell 
types aggregate easily over the 10-day culture period. The interesting 
phenomenon and inherent mechanism need further explanations. 
Other in vitro experiments (including three-dimensional culture of 
HUVEC, CD31 staining for HUVEC and S100β staining for RSC96) 
would enhance the display of the real status of these seed cells in the 
hydrogel. Another limitation is that the evaluation of angiogenesis in 
this study used basic methods of immunofluorescence and western 
blot, therefore, micro-CT angiography analysis and other methods 
could be included. Furthermore, more strategies could be adopted 
to prolong the release timeframe of the functional growth factors or 
drugs, to discover the maximal effect on nerve repair. Investigation 
of the specific molecular mechanisms behind the vascularization–
neurogenesis crosstalk should lead to other treatment options.

In the current study, we fabricated a crosslinked bioactive 
hydrogel (VEGF@GelMA) with nerve regeneration-facilitating and 
proangiogenic characteristics. The controlled release of VEGF from 
the composite hydrogel accelerated neurite regeneration, axonal 
remyelination and revascularization of crushed sciatic nerves. Our 
results show that the VEGF@GelMA hydrogel offers a new option 
and offers a great possibility for the clinical treatment of peripheral 
nerve crush injury.
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