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A B S T R A C T

Brain tissues that are severely damaged by traumatic brain injury (TBI) is hardly regenerated, which leads to a
cavity or a repair with glial scarring. Stem-cell therapy is one viable option to treat TBI-caused brain tissue
damage, whose use is, whereas, limited by the low survival rate and differentiation efficiency of stem cells. To
approach this problem, we developed an injectable hydrogel using imidazole groups-modified gelatin metha-
crylate (GelMA-imid). In addition, polydopamine (PDA) nanoparticles were used as carrier for stromal-cell
derived factor-1 (SDF-1α). GelMA-imid hydrogel loaded with PDA@SDF-1α nanoparticles and human amniotic
mesenchymal stromal cells (hAMSCs) were injected into the damaged area in an in-vivo cryogenic injury model
in rats. The hydrogel had low module and its average pore size was 204.61 ± 41.41 nm, which were suitable for
the migration, proliferation and differentiation of stem cells. In-vitro cell scratch and differentiation assays
showed that the imidazole groups and SDF-1α could promote the migration of hAMSCs to injury site and their
differentiation into nerve cells. The highest amount of nissl body was detected in the group of GelMA-imid/SDF-
1α/hAMSCs hydrogel in the in-vivo model. Additionally, histological analysis showed that GelMA-imid/SDF-1α/
hAMSCs hydrogel could facilitate the regeneration of regenerate endogenous nerve cells. In summary, the
GelMA-imid/SDF-1α/hAMSCs hydrogel promoted homing and differentiation of hAMSCs into nerve cells, and
showed great application potential for the physiological recovery of TBI.

1. Introduction

Brain, as one of the most delicate organs, is responsible for lan-
guage, behavior and various neuroregulatory functions [1]. Brain in-
jury, caused by traumatic brain injury (TBI) or stroke, may severely
affect nervous system, subsequently causing dysfunction for patients
and even threatening their lives [2]. Brain tissue bears very limited self-

healing capacity and it has nearly no potential to regenerate lost parts
[2–4]. Nerve cells and extracellular matrix (ECM) in the injured sites
will be soon phagocytosed and removed, finally forming a cavity filled
with extracellular fluid in brain [5] and surround by glial scarring [3].
This kind of irreversible damage eventually causes permanent function
loss of the relevant brain area.

Tremendous treatment options have been attempted to treat TBI,
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among which stem cell replacement therapy is considered as a pro-
mising way to regenerate brain tissue [5]. Human amniotic mesench-
ymal stromal cells (hAMSCs) have attracted much attention since they
are easily obtained without minimal ethical controversy [6,7]. Fran-
cesca et al. have found that hAMSCs showed neuronal rescue and in-
troduction of trophic factors in TBI, which are favorable to protect brain
[8]. Other researchers have found that hAMSCs treated-TBI present a
significant decrease of microglia activation [6], as well as upregulation
of vascular endothelial growth factor (VEGF) and brain-derived neu-
rotrophic factor (BDNF) [9]. These results indicate that hAMSCs have
great potential to protect the injured brain, reduce the loss of neurons,
increase the expression of nutritional factors, and partially restore brain
function.

In addition to using exogenous stem cell transplantation, it is also
important to promote the migration of endogenous neural stem cells to
the injured area to treat TBI. Stromal cell-derived factor-1 (SDF-1α) is
one of the most attractive chemo attractants to promote stem cell
homing [10,11]. SDF-1α can stimulate the proliferation rate of neuro-
blasts and promote its migration into injured areas. Besides, SDF-1α
expression is widely detected in brain, participating in brain develop-
ment, angiogenesis, and neurogenesis [12]. Polyphenol-based nano-
particles, such as polydopamine, can interact with biomolecules
through non-covalent interactions, thereby carrying and slowly-re-
leasing bioactive agents [13].

Injectable hydrogels are highly suitable for the treatment of TBI
[1,14,15], since its injection can minimize the damage to the skull and
ensure the direct access of its-carried medicine to the lesion [16]. In
addition, hydrogels can be carriers for various bioactive elements, such
as stem cells, cytokines and drugs. They also simulate the extracellular
matrix (ECM) to provide a suitable environment for cell migration and
proliferation [17,18]. Gelatin methacrylate (GelMA), containing cell
adhesion-stimulating RGD peptide, is one of the most commonly used
hydrogels for stem cell carrier [19,20]. Furthermore, it is also very
important to promote the differentiation of stem cells. Imidazole mo-
lecules are proved to promote the differentiation of pluripotent stem
cells into neural cells [21]. It is also found that hydrogel containing
imidazole groups can repair spinal cord injury by promoting ECM re-
modeling [22]. Considering the effect of imidazole groups on stem cells,
we decided to introduce imidazole groups into GelMA to promote the
differentiation of hAMSCs.

In this study, we aimed to prepare an injectable hydrogel carrying
hAMSCs to treat the TBI. The GelMA functionalized with imidazole
groups (GelMA-imid) was used to load hAMSCs and promote their
differentiation. The hydrogel was formed by blue light initiation and 2-
mercapto-1-methylimidazole could react with GelMA by “click-chem-
istry” during the hydrogel formation process. In addition, poly-
dopamine (PDA) was used to carry SDF-1α and loaded into the GelMA-
imid hydrogel. This is the first time that imidazole molecules were
covalently bond with GelMA to form hydrogel. In-vitro cell migration
and differentiation experiments were used to evaluate the functions of
SDF-1α and imidazole groups. The prepared GelMA-imid/SDF-1α/
hAMSCs hydrogel was finally used to treat TBI rat model established by
cryogenic injury. (see Scheme 1) We believed that the GelMA-imid/
SDF-1α/hAMSCs hydrogel would be a prospective material to prevent
nerve cells decrease and promote tissue regeneration in the injured area
Scheme 1.

2. Materials and methods

2.1. Materials

Gelatin (type A, from porcine skin) was purchased from Sigma-
Aldrich, USA. Methacrylic anhydride, 2-mercapto-1-methylimidazole
were purchased from Macklin, China. Dopamine hydrochloride and
sodium hydroxide were purchased from Aladdin, China. Recombinant
human SDF-1α was purchased from Peprotech, USA. Phosphate

buffered saline (PBS, pH = 7.4) and fetal bovine serum were purchased
from Gibco, USA. Cell counting kit-8 (CCK-8) was purchased from
Beyotime Biotechnology, China. LIVE/DEAD cell imaging kit was pur-
chased from Thermal Fisher, USA. Bone wax was purchased from
Guangzhou Beogene Biotechnology Co., Ltd. Guangzhou, China. All the
other reagents were analytical grade and used without further pur-
ification.

2.2. Synthesis of PDA and PDA@SDF-1α nanoparticles

PDA nanoparticles were synthesized from previous reported
methods [23]. Briefly, dopamine hydrochloride (180 mg) was dissolved
in 90 mL of deionized water, then 0.8 mL of freshly prepared 1 M NaOH
solution was added to the solution. The reaction mixture was stirred for
5 h at 50 °C. After that, the black suspension was centrifuged at
10,000 rpm for 30 min to obtain the precipitant. Washed the precipitant
with deionized water for three times to remove the unreacted reagent.
Lyophilized the precipitant to get the PDA nanoparticles.

The PDA@SDF-1α nanoparticles were obtained through non-cova-
lent interactions between polydopamine and SDF-1α. In brief, SDF-1α
(0.5 μg) was dissolved in 1 mL of PDA solution (1 mg/mL) and stirred
for 24 h at 4 °C and lyophilized, the obtained PDA@SDF-1α nano-
particles was stored at −20 °C until use to protect its bioactivity.

2.3. Synthesis of GelMA

The GelMA was synthesized by a typical amide reaction [24]. Ge-
latin was dissolved in PBS buffer to obtain a 10% (w/v) solution. Me-
thacrylic anhydride was added dropwise to the gelatin solution at a
mass ratio of 0.6:1. The two-phase mixed solution was stirred at 50 °C
for 1 h then dialyzed against deionized water for 3 days at 45 °C
(MwCO = 3500). Next, the solution was centrifuged at 5000 rpm for
5 min to obtain the supernatant. Finally, stored the supernatant at
−80 °C overnight and freeze-dried to obtain GelMA. The final product
was stored at −20 °C until use.

2.4. Preparation of hydrogels

The GelMA-imid hydrogel was formed by blue light (405 nm) ir-
radiation and 2-mercapto-1-methylimidazole was grafted to the gelatin
molecular by click-chemistry [25,26]. GelMA was dissolved in PBS
water to obtain a 5% solution, 2-mercapto-1-methylimidazole was
dissolved in GelMA solution to form a concentration at 0%, 0.5%, 1%
and 2%. LAP was added to the solution at a final concentration of 0.1%
[27]. The hydrogel was finally formed by blue light (405 nm) irradia-
tion for 30s. As for GelMA-imid/SDF-1α, GelMA-imid/hAMSC and
GelMA-imid/SDF-1α/hAMSC hydrogels, the concentration of PDA@
SDF-1α was 1 mg/mL, which contains 500 ng/mL SDF-1α; and the
density of hAMSC was 1 × 105 cells mL−1.

2.5. Characterization of the GelMA-imid hydrogel

Fourier transform infrared spectroscopy (FTIR, VERTEX70; Bruker,
German) was used to analyze the chemical construction of Gelatin,
GelMA and GelMA-imid. The test was executed in transmittance mode
with KBr plates at a scanning wavelength from 400 cm−1 to 4000 cm−1

and a resolution of 4 cm−1. Gelatin and lyophilized GelMA were re-
hydrated in D2O and characterized by proton nuclear magnetic re-
sonance (1H NMR, Bruker AVAVCE 600 Hz; Bruker, German). The
morphology of the lyophilized hydrogel was investigated by scanning
electron microscopy (SEM, S-3400; Hitachi, Japan) at 5 kV. The rheo-
logical properties of hydrogel were tested by rotary rheometer (Kinexus
Pro; Malvern, the UK). The experiments were carried on a parallel-plate
(20 mm diameter) geometry. The stiffness of these hydrogel was mea-
sured by a time sweep test with a constant strain of 1% and frequency of
1 Hz at 25 °C. The stability of these hydrogels was measured by a
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frequency sweep test with a constant strain of 0.5% and changing fre-
quency from 0.1 Hz to 10 Hz at 25 °C. The shear thinning property was
measured at a constant frequency of 0.1 Hz and 100 Hz at 25 °C. The
mechanical property was tested by universal testing machine (Electro
Force 3220; BOSE, USA) at a strain of 60% and compression rate of
0.05 mm s−1.

2.6. In vitro degradation rate of the hydrogel

To analyze the in vitro degradation behavior of hydrogel, the cy-
lindrical hydrogel was immersed in PBS buffer, and the weight of the
hydrogel was recorded at a selected time [28]. The PBS buffer was
changed after each weighing, and the hydrogel continued to soak under
the previous conditions until it completely degraded. The degradation
rate was calculated by formula: × 100%W

W
t
0

. Where W0 was the original
weight of the hydrogel and Wt was the weight of the hydrogel at a
selected time. Each sample was tested for three times.

2.7. Characterization of the PDA and PDA@SDF-1α nanoparticles

The morphology and size of PDA and PDA@SDF-1α nanoparticles
were characterized by transmission electron microscopy (TEM, H-800;
Hitachi, Japan) at an operating voltage of 120 kV. The hydrodynamic
diameter of the microspheres was characterized by laser particle size
analyzer. (Zetasizer Nano ZS; Malvern, the UK).

2.8. In vitro release of SDF-1α

GelMA-1% imid hydrogel with 500 ng/mL PDA@SDF-1α (GelMA-
imid/SDF-1α) was used to analyze the in vitro release behavior of SDF-
1α. 1 mL of the GelMA-imid/SDF-1α hydrogel crosslinked with blue
light was immersed in 5 mL of the PBS buffer and shaken at 37 °C. Take
out the sustained-release solution at the indicated time points and
stored at −80 °C, then 5 mL of the fresh PBS buffer was added. The
whole release test was kept for 7 days. Finally, the concentration of
SDF-1α was test by Human CXCL12/SDF-1 ELISA kit (PeproTech, USA)
following the manufacturer's instructions.

2.9. In vitro cytotoxicity

Human amniotic mesenchymal stromal cells (hAMSCs) cultured in
DMEM/F12 with 10% fetal bovine serum and 1% penicillin-strepto-
mycin were used to assess the in vitro cytotoxicity of hydrogels [29].
The GelMA-imid pre-solution (50 μL) was firstly added in to 96-well
plates, then exposed to blue light for 30 s to form hydrogel. Wash the
hydrogel with PBS for three times. Then, 100 μL of the hAMSCs grown
in the exponential phase was seeded on the hydrogel (1 × 104 per well)
and cultured at 37 °C in a 5% CO2 humidified incubator. After culturing
for 24 h and 48 h, the culture medium was removed and refreshed with
100 μL of fresh culture medium containing 10% CCK-8 regent. Then the
well plate was incubated in a cell culture incubator for 1 h. The ab-
sorbance value (OD value) at a wavelength of 450 nm was measured by
a microplate reader (Multiskan MK3; Thermo scientific, USA).

2.10. Scratch experiments and in vitro hAMSCs differentiation

The effect of SDF-1α on the migration capacity of hAMSCs was
evaluated by scratch wound healing assay [29,30]. The sterilized hy-
drogel was immersed in DEME/F12 complete medium at 37 °C for 24 h
to obtain extract solution. hAMSCs were seeded into a 24-well plate
with a DMEM/F12 complete medium. When cell's confluence reached
over 90%, a scratch wound was generated in the cell monolayers with a
sterile plastic 20 μL micropipette tip. The cells were allowed to growth
for an additional 24 h with GelMA-imid/SDF-1α hydrogel extract so-
lution. Photographs of scratch were taken at 0 h, 6 h, 12 h, and 24 h on
an inverted microscope (Mshot, MI52). DMEM/F12 complete medium
served as control.

hAMSCs of the P3 generation were seeded at a density of 1 × 106

per well in a 6-well plate with a cover glass. Incubated for 24 h until the
cells adhere to the glass, and replace the culture medium with hydrogel
extract: GelMA-imid hydrogel and GelMA-imid/SDF-1α hydrogel.
DMEM/F12 complete medium served as control. After cultured for 3 d,
the cells were fixed with paraformaldehyde and labeled with Nestin and
GFAP by immunofluorescence.

Scheme 1. (A) Illustration of GelMA-imid/SDF-1α/hAMSCs hydrogel preparation process. (B)Schematic diagram of establishing cryogenic injury model.
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2.11. In vivo cryogenic injury model and histological studies

Animal experiments were approved by the Experimental Animal
Welfare and Ethics Management Committee of Southern Medical
University and were executed in accordance with national guidelines
and regulations. 45 male Sprague Dawley (SD) rats (8–11 weeks) were
randomly divided into the following 5 groups (n = 3): (a) Control, (b)
GelMA-imid hydrogel, (c) GelMA-imid/SDF-1α hydrogel, (d) GelMA-
imid/hAMSC hydrogel, (e) GelMA-imid/SDF-1α/hAMSC hydrogel.

Rats were weighed and anesthetized by intraperitoneal injection
with sodium pentobarbital (30 mg/kg). Shaved the hair of rat's head
and disinfected with iodine. A midline sagittal incision was made to
expose the skull of the rats. A circular dental drill was used to open the
skull after the coronary suture, before the herringbone suture, and on
the right side of the sagittal suture. The diameter of bone window was
5 mm. A copper rod with a diameter of 5 mm was pre-cooled in liquid
nitrogen for 5 min, and the rod was placed on the exposed parietal skull
for 60 s to make an injury. Hydrogel (20 μL) was injected into the center
of damaged area using a 26 G syringe and maintained for 60 s to pre-
vent the hydrogel from being squeezed out, whereas the control group
were not treated with hydrogel. The bone window was fixed with bone
wax and the wound was closed using suture needle after the injury [1].
All the operated rats were kept for recovery and were sacrificed at two
different time points post injury (7 and 14 d). Seven days after opera-
tion, the isolated brains were fixed with paraformaldehyde and em-
bedded in paraffin. Fourteen days after operation, half of the isolated
brains in each group were fixed with paraformaldehyde, and the other
half was stored at −80 °C were kept in −80 °C for Western blot ana-
lysis.

2.12. Statistical analysis

The WB data was analyzed using Image J software. Origin 9.0 and
GraphPad Prism 7.0 were used to calculate various spectroscopic data
and bar diagram. All experiments were repeated three times and results
expressed as mean values ± standard errors (SD). The experiment data
were analyzed using Analysis of Variance (ANOVA). The value of
*p < 0.05, **p < 0.01 and ***p < 0.001, n = 3 was considered
statistically significant.

3. Results and discussion

3.1. Chemical construction of hydrogels

Thiol-ene click chemistry can efficiently add small molecules con-
taining thiol groups to macromolecules containing double bonds
[25,26]. This reaction has a higher reaction rate in the presence of a
photo-initiator. Therefore, 2-mercapto-1-methylimidazole was grafted
to the main chain of GelMA using click chemistry while forming the
hydrogel. The Fourier transform infrared (FTIR) spectra of GelMA and
GelMA-imid (0.5%, 1%, 2%) were shown in Fig. 1 (A). The character-
istic absorption peak of the C–S bond at 700 cm−1 indicated that the
thiol group was added to the C]C double bond, thus proving the
successful adding of 2-mercapto-1-methylimidazole to the main chain
of GelMA.

3.2. Rheological, mechanical properties, in vitro degradation, and sustained
release of SDF-1α

The rheological properties of GelMA and GelMA-imid hydrogel,
grafted with different mass concentrations of 2-mercapto-1-methyli-
midazole, were presented in Fig. 1 (B) and 1 (C), respectively. The time-
sweep sequence (Fig. 1 (B)) showed that the hydrogels completely
formed under blue light crosslinking. The storage moduli (G′) and loss
moduli (G″) of hydrogels were stable as time changed, and G′ in all
groups were maintained at 60–110 Pa. The introduction of imidazole

groups caused the reduction of the G’. This may be due to that the C]C
double bond on GelMA used for photo-crosslinking reacted with thiol
group on 2-mercapto-1-methylimidazole, therefore decreasing the
crosslinking density of GelMA. Though some of the C]C double bonds
on the main chain of GelMA molecule reacted with thiol groups, the G′
of GelMA-imid hydrogel didn't show a significantly decrease. This may
be explained by that the nitrogen atom in the imidazole group has a
strong hydrogen bonding coordination effect [31,32], so the hydrogel
network can still maintain a certain strength through hydrogen
bonding.

The frequency-sweep sequence (Fig. 1 (C)) showed that loss moduli
(G″) of hydrogels increased as the angular frequency increasing in all
groups. However, the inflection points of G” of the GelMA-imid hy-
drogels were higher than that of GelMA, indicating that GelMA-imid
hydrogels were more stable than GelMA hydrogel. This may due to the
more hydrogen bonding coordination of GelMA-imid hydrogel, and
thereby more resistance to deformation under high shear rate [31].

Fig. 1 (D) showed the static compressed stress-strain curve of hy-
drogels. The strain of GelMA-imid hydrogels was lower than GelMA
under the same stress, which indicated that the deformation of GelMA-
imid hydrogels was less after injection into the brain, and would be not
easy to be extruded due to the compression of the surrounding tissue.
No significant difference was found in the in-vitro degradation rates in
PBS between GelMA and GelMA-imid hydrogel. They could all com-
pletely degrade after seven days (Fig. 1 (E)).

The release of SDF-1α was related to the degradation of hydrogel.
As shown in Fig. 1(F), a fast release of SDF-1α was detected from 4
days, which was complied with the degradation of hydrogel. Due to the
diffusion effect of SDF-1α and the degradation of hydrogel, SDF-1α had
a faster release rate in the first four days. In addition, there were
electrostatic forces [33] and non-covalent bonding between PDA and
SDF-1, so that SDF-1α could not be released quickly on the first day,
which prolonged the action time of SDF-1.

The human brain tissue has a G’ range from 140 to 620 Pa [16],
Matthew find that the hydrogel can maintain tight apposition to brain
tissue if the hydrogel modulus is similar to the brain. Besides, previous
reports believed that the mechanical strength of hydrogel will regulate
stem cell fate, finally induced to different types of tissue [34]. Bone
mesenchymal stem cells (BMSCs) cultured on hydrogel with the mod-
ulus between 0.1 and 1.0 kPa will differentiate into nerve cells. Ac-
cording to the rheological results, the GelMA-1% imid hydrogel we
prepared was suitable for culturing hAMSCs and inducing them into
nerve cells.

3.3. Shear thinning behavior

The repair efficiency of drug and stem cell therapy for treating TBI
was dramatically compromised by blood-brain barrier (BBB) [3]. The
effective amounts of drugs and nutrients transported by intravenous
injection to the injured area will be greatly reduced due to BBB. In-
jectable hydrogel is highly suitable to treat TBI since it may enable a
direct action of drug in the injured area and minimize the damage
during administration [1,35]. In order to verify the injectability of
GelMA-1% imid hydrogel, we tested its viscosity when the shear rate
was changed between 0.1 Hz and 100 Hz. When the shear rate was
0.1 Hz, the viscosity was close to 18 Pa s−1, while at a high shear rate of
100 Hz, the viscosity rapidly decreased to 0 Pa s−1, and the viscosity
gradually increases after applying lower shear rate (Fig. 1 (F)). This
showed that the GelMA-1% imid hydrogel had shear thinning property
and could be directly applied to damaged tissues through a syringe.
Fig. 1 (H) showed a word “BRAIN” written by GelMA-1% imid hydrogel
through a 26 G syringe.

3.4. Morphology of hydrogel and nanoparticles

The SEM images of GelMA and GelMA-imid hydrogels were shown
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in Fig. 2 (A). As can be seen from the figure, all the four groups could
form network structure with uniform pore size. The average pore sizes
of GelMA, GelMA-0.5% imid, GelMA-1% imid and GelMA-2% imid
hydrogel were 176.6 ± 21.8 nm, 184.8 ± 26.7 nm,
204.6 ± 41.4 nm and 241.0 ± 34.5 nm, respectively. The pore size of
the hydrogels after freeze-drying may be influenced by lyophilization
condition [36]. But the average pore size distribution of the hydrogels
we obtained after freeze-drying under the same conditions could
roughly show the difference in crosslinking density. The gradually en-
larged pore size may be due to the lower crosslinking density of GelMA-
imid hydrogel. High concentration of 2-mercapto-1-methylimidazole
might prohibit the crosslinking of C]C double bond on GelMA, thus
leading to larger pore size.

The TEM images showed that the PDA and PDA@SDF-1α nano-
particles we prepared were spherical with uniform particle size (Fig. 2
(B)). By statistical analysis of TEM images, the particle size of PDA
nanoparticles and PDA@SDF-1α nanoparticles were
130.36 ± 18.85 nm and 138.11 ± 18.55 nm, respectively, which was
basically close to the particle size distribution obtained by the DLS.
Because the SDF-1α was coated on the surface of PDA nanoparticles, so
the PDA@SDF-1α nanoparticles had a larger size.

3.5. In vitro cytotoxicity, migration, and differentiation ability of hAMSCs

We had successfully grafted 2-mercapto-1-methylimidazole on the
GelMA molecules and obtained GelMA-imid hydrogels. The in-vitro

cytotoxicity of GelMA-imid hydrogel was performed to screen out the
optimal concentration of 2-mercapto-1-methylimidazole. The cell via-
bility of hAMSC co-cultured with hydrogel for 24 h and 48 h was shown
in Fig. 3 (A). With the increase of the imidazole group content, the
cytotoxicity also showed an increasing trend, but the overall survival
rate was maintained above 80%, indicating that the hydrogel had no
significant cytotoxicity. All the five groups showed an increased trend
in cell viability at 48 h. GelMA hydrogel always possesses the highest
cell viability due to its excellent biocompatibility. The possible reason
for the decrease in cell viability was that as the concentration of 2-
mercapto-1-methylimidazole increased, the content of free small mo-
lecules that have not been grafted onto GelMA through click chemistry
also increased. These free 2-mercapto-1-methylimidazole molecules
may increase cytotoxicity. Therefore, the toxicity of GelMA-2% imid
hydrogel was significantly higher than the other three groups. In the
end, we chose GelMA-1% imid hydrogel for subsequent experiments.
The GelMA-1% imid hydrogel had a cell survival rate of 87.7% at 24 h
and contains more imidazole groups, which could improve the biolo-
gical function of the hydrogel [16,22].

Stem cells play an important role in the process of tissue re-
generation. As a pluripotent stem cell, hAMSCs can differentiate into
nerve cells so as to repair damaged nerve tissue [6,7]. Scratch test was
performed to determine whether the addition of SDF-1α could promote
the migration of hAMSC (Fig. 3 (B)). Images showed that SDF-1α at a
concentration of 50 ng/mL could significantly increase the migration
rate of hAMSC, completely covering the scratches after 24 h. This result

Fig. 1. Chemical construction, rheological and mechanical characterization of the hydrogel. (A) FTIR spectra of GelMA and GelMA-imid at different concentrations.
(B) Time-sweep sequence of hydrogel. (C) Frequency-sweep sequence of hydrogel. (D) Stress-strain curve of hydrogel. (E) In vitro degradation behavior of hydrogel in
PBS. (F) In vitro release curve of SDF-1α. (G) Shear-thinning properties characterized by viscosity change (shear rate 0.1 and 100 Hz). (H) Hydrogel appearance (Left:
GelMA-imid hydrogel; Right: GelMA-imid/SDF-1α/hAMSCs hydrogel). (I) “Brain” written by hydrogel through a 26G needle.
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Fig. 2. (A) SEM image of lyophilized hydrogel. (B) TEM images of PDA and PDA@SDF-1α. (C) and (D) DLS of PDA and PDA@SDF-1α.

Fig. 3. (A) In vitro cytotoxicity of hAMSC cultured with GelMA-imid hydrogel. (B) Cell scratch experiment of SDF-1α. (C) In vitro differentiation of hAMSCs induced
by GelMA and GelMA-imid hydrogel.
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indicated that SDF-1α could facilitate the homing of hAMSCs, accel-
erate the migration of stem cells from the surrounding area to the in-
jured area, and promote injured tissue remodeling [10,11].

Small molecule inducers play an important role in stem cell differ-
entiation. Many tri-substituted imidazole molecules have been reported
to promote the neural differentiation of human pluripotent stem cells 9
days post treatment [21]. We also verified whether imidazole group
and SDF-1α in GelMA-imid/SDF-1α hydrogel could promote hAMSC
differentiation, and the results were shown in Fig. 3 (C) hAMSC were
co-cultured with GelMA, GelMA-imid, and GelMA-imid/PDA@SDF-1α
hydrogel extracts for 3 days, then immunofluorescence staining was
performed to label the Nestin and glial fibrillary acidic protein (GFAP)
of the cultured cells. Cells labeled with both red (Nestin) and green
fluorescence (GFAP) indicated that the treated hAMSCs had the char-
acteristics of nerve cells. The hAMSCs treated with GelMA-imid/PDA@
SDF-1α hydrogel showed the highest Nestin (+) and GFAP (+) and the
cells represented an elongated morphology. These results indicated that
the GelMA-imid/PDA@SDF-1α hydrogel had the best induction effect,
which might promote the regeneration and functional reconstruction of
brain tissue.

3.6. Histological analysis of in vivo cryogenic brain injury

Images of injured brain treated with different hydrogels for 14 days
after injury were displayed in Fig. 4 (A), and the related sagittal H&E
staining images were shown in Fig. 4 (B). As shown in the figures, the
circular defect caused by copper rod in Control group was the largest.
At the same time, a large amount of blood stasis was also seen in
Control group. GelMA-imid hydrogel treatment group had no obvious
blood stasis, but there were still large defects. The brains of both the
GelMA-imid/SDF-1α and GelMA-imid/hAMSC hydrogel treated groups
still had defects, but the defects were much smaller than those in
Control group and GelMA-imid hydrogel treated group. The damage in
GelMA-imid/SDF-1α/hAMSC hydrogel treated group was almost in-
visible in days 14. The corresponding sagittal H&E staining images were
also roughly the same as those in Fig. 4 (A). Except for the GelMA-imid/
SDF-1α/hAMSC hydrogel treated group, significant hollows were ob-
served in the gray matter at the upper left of the brain in Control,
GelMA-imid, GelMA-imid/SDF-1α and GelMA-imid/hAMSC groups.

Fig. 5 showed the results of H&E and toluidine blue staining of the
cerebral cortex. It can be seen from the H&E staining that there were a

Fig. 4. (A) Images of rat brain after 14 days of treatment. (B) H&E staining of sagittal plane of brain tissue at 14 days.

Fig. 5. (A) H&E stained images of cerebral cortex on days 7 and 14. (B) Toluidine blue stained images of cerebral cortex on days 7 and 14. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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large number of defects in the Control group on the 7th day, and the
middle cortex was broken due to injury. The number of glial cells
around the injured area in the hydrogel treatment group was sig-
nificantly more than that in the control group. Glial cell after brain
injury can proliferate to fill the defect site as well as secrete neuro-
trophic factors and various growth factors to promote tissue regenera-
tion. Glial cell line-derived neurotrophic factor (GDNF) is crucially
important for the development and maintenance of brain tissue. As an
important neuroprotective therapeutic candidate, it has been widely
used to treat Parkinson's disease [37]. The H&E staining results in-
dicated that the GelMA-imid/SDF-1α/hAMSC hydrogel could sig-
nificantly promote the proliferation of glial cells in the early stage of
injury, which might produce GDNF to maintain and regenerate brain
tissue. Since we only conducted a short-term (14 days) experiment,
further experiments are still needed to be explored whether glial scars
will form with the extension of treatment time.

Toluidine blue can be used to dye the Nissl body. The coloured Nissl
body appears blue-violet oval or triangular [1,38]. Nissl bodies are
present in neurons and are responsible for protein synthesis. A decrease
in the number of Nissl bodies represents a decline in neural tissue

function [1,38]. Fig. 5 (B) showed that the Control group had the lowest
amount of Nissl bodies, the GelMA-imid/SDF-1α/hAMSC hydrogel
group had the highest amount, and GelMA-imid/SDF-1α and GelMA-
imid/hAMSC hydrogel groups had similar numbers of Nissl bodies.
These findings might be due to the synergistically promoting effect of
imidazole and SDF-1α on the differentiation of hAMSCs into neural
stem cells. Besides, SDF-1α could recruit peripheral neural stem cells to
homing, and the differentiated hAMSC could jointly promote the repair
of damaged tissues.

3.7. Immunohistochemistry and WB analysis

Mature neuronal cell bodies are identified by expressing neuron-
specific nuclear protein (NeuN), neuron-specific enolase (NSE) and
microtubule associated protein 2 (MAP2) [2]. NeuN exists in most
neuronal cells and NSE is expressed by mature neurons. MAP2 is im-
portant in microtubule assembly. These three proteins were commonly
used to determine neuronal cell type. We performed im-
munohistochemical staining of NeuN, NSE, BDNF and MAP2 in the
damaged brain tissues, and the results were shown in Fig. 6. The

Fig. 6. (A) Immunohistochemical staining of NeuN, NSE, BNDF and MAP2 in the damaged brain tissues in days 7. (B) Immunohistochemical staining of NeuN, NSE,
BNDF and MAP2 in the damaged brain tissues in days 14.
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GelMA-imid/SDF-1α/hAMSC hydrogel group had the highest positive
expression of NeuN, NSE, BDNF and MAP2, and their expression levels
at 14 days was higher than that on the 7th day.

Then, Western blot was performed on the 14th day for semi-quan-
titative analysis of the related protein (NeuN, NSE and BDNF) and the
results were shown in Fig. 7. The relative expression level of NeuN, NSE
and BDNF in the hydrogel treated groups were higher than that in the
Control group. The NSE and NeuN had high expression in GelMA-imid/
SDF-1α, GelMA-imid/hAMSC and GelMA-imid/SDF-1α/hAMSC hy-
drogel group, showing that those hydrogels-treated groups had more

mature neurons, which was consistent with the results in vitro cell
proliferation results. Our results suggested that the GelMA-imid/SDF-
1α/hAMSC hydrogel resulted in more mature neurons to recover the
TBI-damaged brain tissues.

3.8. In vivo toxicity analysis of main organs

In order to determine whether the GelMA-imid hydrogel penetrated
the blood-brain barrier and caused systemic cytotoxicity, we performed
H&E staining analysis on the main organs (heart, liver, spleen, lung,

Fig. 7. (A) WB image and (B) relative value of cerebral cortex in the injured area. The unmarked indicates no significant difference.

Fig. 8. H&E staining of heart, liver, spleen, lung and kidney after 14 days of treatment in rats.
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kidney) on day 14 (Fig. 8). No damage to the tissue morphology and
organ structure of each internal organ was observed in all the groups,
indicating that the materials used in the experiment did not cause any
physiological toxicity to the rats.

4. Conclusion

In this study, we prepared 2-mercapto-1-methylimidazole grafted
GelMA-imid hydrogel, and loaded with PDA@SDF-1α nanoparticles
and hAMSCs. The imidazole groups in GelMA-imid hydrogel synergis-
tically worked with SDF-1α to promote the migration and differentia-
tion of hAMSCs. The GelMA-1% imid hydrogel had a low module
(95 Pa), high compression stress (5.2 kPa) and could be completely
degraded (Fig. 1), which was suitable for treating brain damage. The in-
vitro cell scratch and differentiation experiments of GelMA-imid/SDF-
1α/hAMSCs hydrogel showed that the imidazole groups and SDF-1α
could promote the migration of hAMSCs to injury site and directionally
differentiation into nerve cells. For treating cryogenic brain injury, the
GelMA-imid/SDF-1α/hAMSCs hydrogel treated group showed the
smallest injured area and least decrease of Nissl body. Im-
munohistochemistry and WB analyses also presented the highest re-
levant protein expression levels of neuron. The GelMA-imid/SDF-1α/
hAMSCs hydrogel may provide a new clinical option to treat TBI.
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