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Injectable hydrogel has the advantage to fill the defective area and thereby shows promise as therapeutic implant
or cell/drug delivery vehicle for tissue repair. In this study, an injectable hyaluronic acid hydrogel in situ dual-
enzymatically cross-linked by galactose oxidase (GalOx) and horseradish peroxidase (HRP) was synthesized
and optimized, and the therapeutic effect of this hydrogel encapsulated with bone mesenchymal stem cells
(BMSC) and nerve growth factors (NGF) for traumatic brain injury (TBI) mice was investigated. Results from in
vitro experiments showed that either tyramine-modified hyaluronic acid hydrogels (HT) or NGF loaded HT
hydrogels (HT/NGF) possessed good biocompatibility. More importantly, the HT hydrogels loaded with BMSC
and NGF could facilitate the survival and proliferation of endogenous neural cells probably by neurotrophic
factors release and neuroinflammation regulation, and consequently improved the neurological function recovery
and accelerated the repair process in a C57BL/6 TBI mice model. All these findings highlight that this injectable,

BMSC and NGF-laden HT hydrogel has enormous potential for TBI and other tissue repair therapy.

1. Introduction

Traumatic brain injury (TBI) is a common neurotrauma and major
cause of death and disability in the world. The external force can directly
disrupt brain structure and function, leading to physical, cognitive, and
behavioral symptoms and effects such as loss of consciousness, impair-
ment of cognition and memory and other related neurological function.
However, so far, there is no effective therapy in clinic [1]. Primary injury
and secondary injury are two stages involved with the pathophysiolog-
ical process of TBI [2]. Especially secondary injury causes cellular,
chemical, tissue, or blood vessel changes in the brain that contribute to
further destruction of brain tissue after initial impact, which leads to
massive neuronal necrosis in the injured site, disrupts the blood-brain
barrier and releases a large number of inflammatory factors, produces
brain edema and neurological dysfunction [3,4]. The repair and reha-
bilitation of brain injury is a long-lasting challenging problem. Recently,
many studies have presented that stem cell transplantation holds great
promises for TBI treatment [5,6].

The development of stem cell therapy opens a new avenue for the
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brain function plasticity. When stem cells migrate to the damaged site of
brain, they will survive and grow in a friendly microenvironment and
crosstalk with cells and signals in many ways, including enhancing the
secretion of neurotrophic factors, inhibiting neuroinflammation, pro-
moting the synaptic formation of neurons at the injured site, and
releasing neurotransmitters to promote the recovery of damaged nervous
system [7]. Mesenchymal stem cells can also differentiate into neural
cells at the lesion to replace the damaged or loss of neurons. Meanwhile,
they can provide nutrition supplement, promote neurogenesis, protect
the brain function, repair the injured brain structure and functional
reconstruction [8-10]. Among them, bone marrow mesenchymal stem
cells (BMSC) have attracted more attention due to their extensive sour-
ces, low immunogenicity and less ethical controversy [11]. However,
stem cell retention, survival and differentiation in the lesion are far from
satisfactory and hamper the brain functional recovery. Thus, an effective
delivery of BMSC to the brain lesion and optimization of stem cell fate is
still a technical challenge. It is known that building a suitable neural
scaffold will be a pivotal strategy in favor of stem cell and drug delivery
to the target area for cell-based therapy for TBI.
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As the progress in tissue engineering field, development of new
techniques will provide an innovation to solve the existing problems of
stem cell transplantation. It was reported that improvement the thera-
peutic effect of stem cells has been achieved by tissue engineering
modified methods in the treatment of a variety of diseases [12,13]. In TBI
models, s series of hydrogels were developed as neural scaffolds by
encapsulating stem cells and bioactive factors to repair cerebral function
due to its three-dimensional network structure which is similar to neural
tissue [14-16]. Among them, hyaluronic acid (HA) is a natural
non-sulphated glycosaminoglycan, a major component of the extracel-
lular matrix and gets involved in inflammatory response, angiogenesis
and tissue regeneration [17,18]. HA has superior biocompatibility,
biodegradability and easy to be chemically modified, which plays an
important role in the process of wound healing [19,20]. A phenol-rich
hyaluronic acid polymer has been of great interest for the development
of in situ forming and injectable hydrogels enzymatically cross-linked by
horseradish peroxidase (HRP) and galactose oxidase (GalOx) due to the
controllable gelation rate, high specificity, and sensitive to outer condi-
tion changes.

Nerve growth factor (NGF) is a member of cytokine families that
protects neuron survival, stimulates axonal growth and maintains syn-
aptic plasticity, participates in physiological processes of neurotrans-
mitter synthesis and release, and promotes the sensorimotor function
recovery and axon regeneration [21-23]. However, the short half-life of
exogenous NGF administration limits its bioactivity and therapeutic ef-
fect in vivo. Therefore, developing an efficient delivery of NGF with a
hydrogel scaffold may better its bioactivity and provide a
controlled-release of NGF, which is beneficial for repair and regeneration
of neural injury [24-26]. By injection or spray-based minimal invasive
approach, hydrogels enable remodeling in the lesion, encapsulate cells
and/or biomolecules, and accurately fit to any irregular tissue defects
[27,28].

Herein, we established a series of HT hydrogels dual-enzymatically
cross-linked by GalOx and HRP. HT polymers performed as the natural
neural scaffold material, BMSC as the seed cells, and NGF as the bioactive
factor. The characterization and biocompatibility of HT hydrogels and
HT/NGF hydrogels were investigated systematically. And the therapeutic
effect of NFG and BMSC loaded in HT hydrogel was evaluated in TBI
mice. All data suggested that this injectable HT hydrogel could success-
fully load of NFG and BMSC and has great potential for TBI treatment.

2. Experimental
2.1. Materials

Hyaluronic acid sodium salt (HA) from Streptococcus equi, horse
radish peroxidase (HRP), tyramine hydrochloride, 2-(N-morpholino)
ethanesulfonic acid (MES), 1-ethyl-3-(3-dimethylaminopropyl)-carbodii-
mide (EDC), N-hydroxysuccinimide (NHS), galactose oxidase (GalOx),
and p-galactose were all purchased from Aladdin Chemical Reagent Co.,
Ltd. (Shanghai, China). The dialysis membrane (molecular cutoff = 3500
Da) was purchased from Solarbio Technology Co., Ltd. (Beijing, China).
Murine bone marrow mesenchymal stem cells (BMSC) were purchased
from Cell Bank of Chinese Academy of Sciences, Shanghai, China. Nerve
growth factors (NGF) were from Staidson Biopharmaceuticals Co., Ltd.
(Beijing, China). Calcein-AM/PI (Live/Dead kit) was obtained from
Sigma Aldrich (St. Louis, MO, USA). CCK-8 kit was obtained from US
Everbright, China. Alkaline phosphatase (ALP), glutamic-oxalacetic
transaminase (GOT) and glutamic-pyruvic transaminase (GPT) assay
kits were sourced from Solarbio Science &Technology Co., Ltd. (Beijing,
China). All of the antibodies used in this study were purchased from
Proteintech Group Inc. (Wuhan, China).

2.2. Synthesis of HT and HT/NGF hydrogels
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HT hydrogels were prepared according to our previous method with
some modifications [29]. The brief experimental steps are as follows: 0.5,
1, and 1.5 wt% HT polymers were dissolved in 100 mM/L p-galactose
solution to obtain the pre-hydrogel solution, following by the addition of
1 U/mL HRP and 1 U/mL GalOx to synthesize HT hydrogel. For the
preparation of HT/NGF hydrogels, 50, 100, 150, and 200 ng/mL NGF
were added into the 0.5% pre-hydrogel solution respectively, following
by addition of 1 U/mL HRP and 1 U/mL GalOx to induce gelation.

2.3. Characterization of HT hydrogels

An inverted tube test was used to determine the gelation time of 0.5,
1, and 1.5% HT hydrogels. When the GalOx and HRP were added to the
solutions of HT polymers, the counting was started.

The injectable ability of HT hydrogels was first characterized by
measuring the linear viscosity () under a frequency sweep mode (25 °C,
1-100 s~1). Afterward, 500 pL of HT pre-hydrogel solution was trans-
ferred to a syringe to observe if it could be injected through a pinhole (25
G).

The water content of the HT hydrogels was calculated based on the
formula: D (%) = [(Wyy — Wa)/Wy] x 100, where D denotes the water
content of the hydrogels, W,, denotes the wet weight of the hydrogels,
and Wq denotes the dried weight after freeze-drying.

The degradation performance of the hydrogels was investigated using
the formula: L (%) = (W/W;) x 100, where L denotes the mass residual
rate after the hydrogels were immersed in PBS solution for 1, 3, 7, 14, 21,
28 and 35 days. The initial mass of hydrogels before immersing in PBS
was labeled as Wj, and the mass of hydrogels after immersion for 1, 3, 7,
14, 21, 28 and 35 days was labeled as W;.

The enzymatic degradation performance of the hydrogels was
determined by another formula: L (%) = (Wy/Wj) x 100, where L denotes
the mass residual rate after the hydrogels are immersed in 15 U/mL
hyaluronidase solution hourly. The initial mass of the hydrogels before
immersing in 15 U/mL hyaluronidase solution was labeled as Wj, and the
mass of the hydrogels after immersion for each hour was labeled as Wy.

The swelling ratio (%) was calculated by the following equation:
swelling ratio (%) = (Ws/Wj) x 100, where Wj is the weight of hydrogels
immersed in PBS solution from day 1 to day 7, and Wj is the initial weight
of the hydrogels. The measurement was repeated in triplicates.

The internal morphology of the HT hydrogel was characterized by
scanning electron microscopy (SEM, FEI Quanta200, The Netherlands)
after lyophilization, breakage and gold spraying.

The rheological behavior of the HT hydrogels was evaluated by a
rheometer platform (TA DHR2, USA). The dynamic oscillation scanning
angular frequency ranged from 0.1 to 100 rad/s, and the temperature and
strain were set as 37 °C and 1%, respectively.

2.4. Cytocompatibility of HT and HT/NGF hydrogels

CCK-8 assay was used to assess the cytocompatibility of HT and HT/
NGF hydrogels. The extracts from 0.5%, 1%, and 1.5% HT hydrogel and
0.5% HT hydrogels with different concentrations of NGF (50, 100, 150,
and 200 ng/mL) were prepared by DMEM/F12 complete medium. The
effect of different groups of HT and HT/NGF hydrogel extracts on the cell
survival and proliferation of BMSC at the first day and second day was
detected.

To evaluate the influence of hydrogels on the cellular activity, 3D
culture was carried out as a test model. Briefly, BMSC were re-suspended
with HT and HT/NGF pre-hydrogel solution at a density of 1 x 10° cells/
mL, then HRP (1 U/mL) and GalOx (1 U/mL) were added to induce
gelation. Each hydrogel (100 pL) was transferred to a 24-well plate, and
1 mL DMEM/F12 complete medium was added to each well and cultured
at 37 °C in a cell incubator containing 95% air and 5% CO,. After
culturing for 3 and 5 days, the BMSC-loaded hydrogels were stained with
Calcein-AM/PI working solution (Live/Dead kit) at 37 °C for 20 min, and
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then observed under fluorescence microscopy (Leica DFC7000T, Ger-
many). In addition, immunofluorescence of Ki67 was performed to
analyze the proliferation of BMSC cultivated in hydrogels for 3 and 5
days, finally fluorescence was observed and photographed under inver-
ted fluorescence microscope.

2.5. Animal experiments

2.5.1. Ethics statement

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Zhengzhou Uni-
versity and approved by the Animal Ethics Committee of Zhengzhou
University.

2.5.2. Blood compatibility and histocompatibility of HT hydrogel in vivo
The hemolysis rate was used to test the blood compatibility of HT
hydrogels. First, HT hydrogels were prepared and soaked in normal sa-
line for 30 min, then fresh mouse blood was collected and added. After
further incubation for 1 h, hydrogels were removed and centrifuged at
2000 rpm for 5 min. Photographs were taken and the absorbance of su-
pernatant was detected at 545 nm. The blood of mouse was put in
deionized water as the positive control group. Normal saline instead of
water was as the negative control group to calculate the hemolysis ratio.
The hemolysis ratio was calculated by the following equation: hemolysis
ratio (%) = [(ODt-ODy)/(ODp-ODy)] x 100. ODt, ODy, and ODp donate
the absorbance value of test group (hydrogel group), negative group, and
positive group, respectively. In addition, the morphology of red blood
cells (RBCs) in NS, 0.5%HT hydrogel, 1%HT hydrogel, and 1.5%HT
hydrogel groups were observed and captured by an inverted microscope.
Hematoxylin and eosin (HE) staining was performed to investigate
the immune response of the implanted hydrogel scaffold. 100 pL 0.5% HT
pre-hydrogel solution was subcutaneously injected at the dorsum of mice
(3 injected points each mouse). The hydrogels and surrounding tissues
were separated on day 3, 7, 14, and sectioned for HE staining to assess the
biocompatibility of HT hydrogel in vivo. Moreover, the heart, liver,
spleen, lung, kidney, and blood samples were harvest on day 14 for HE
staining and biochemical analysis. ALP, GOT, and GPT were analyzed by
the corresponding assay kits, with the normal mice set as control group.

2.5.3. Experimental groups and establishment of a moderate TBI model
C57BL/6 male mice (22-25 g) obtained from the Experimental Ani-
mal Center of Zhengzhou University were used in this study. BMSC were
used as the seeded stem cells. TBI mice were divided into four groups
randomly (6 mice in each group per batch): TBI mice treated with normal
saline (NS) as the control group, three other groups of TBI mice were
treated with NGF-loaded HT hydrogel scaffold (HT + NGF), BMSC-
loaded HT hydrogel scaffold (HT + BMSC), and treated with BMSC and
NGF-loaded HT hydrogel scaffold (HT + NGF + BMSC), respectively.
The TBI mice model was established by a typical Feeney's weight-
drop method [30]. In brief, mice were given a normal preoperative
hair removal under anesthesia. Then, the scalp was incised longitudinally
along the median sagittal line, and the fascia was bluntly dissociated to
expose the right skull. Next, a hole of diameter around 3 mm was opened
which located at midway between the bregma and the lambda with the
medial edge 1.5 mm lateral to the midline, and a craniocerebral per-
cussion device (Shenzhen Ruiwode Lift Technology Co. Ltd, China) was
adjusted so that the striker was hit precisely at the center of the opening.
Subsequently, the striker was slowed down to make a contact with the
dura, after a decline of 2 mm, free falling from a height of 20 cm with a
20 g impact hammer caused a moderate brain damage rapidly. Finally,
routine cleaning of the wound and hemostasis were performed. After
confirming that there was no active bleeding, the scalp was sutured. The
mice's respiration and heartbeat were monitored, and the mice were kept
warm until they completely woke up and their vital signs were stable.
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2.5.4. HT hydrogel scaffold, NGF and BMSC injection

Seven days after TBI model establishment, C57BL/6 mice were
anesthetized, and primary bone hole was exposed for in situ injection into
the center of lesion. Briefly, the tip of microsyringe was placed 1.0 mm
depth under the dura, and 20 pL pre-gel solution was slowly injected into
the site of injury, which last approximately 2 min to reduce the leakage of
cells along the needle tract. After injection, the needle was maintained in
lesion for an additional 5 min before it was slowly pulled out. Finally, the
scalp was sutured, and the mice were kept warm until they became
active. Routine preventive antibiotics were applied, and the behavior
tests such as limb movements, learning and memory ability, and wound
healing of the TBI mice were observed at predetermined time points.

2.5.5. Neurological motor function assessment

Onday 1, 3, 7, 14, 21, and 28 after treatment, the neurological motor
function of the C57BL/6 mice (6 mice each group) was evaluated. The
scores were determined by the double-blind method according to the
modified neurological severity score (mNSS). The mNSS indexes
including motor and sensory functions, balance, and reflexes were scored
from O (healthy) to 18 (most severe) points in mice. The experimental
protocols were described in our previous study [30].

2.5.6. Morris water maze

The learning and memory ability of the TBI C57BL/6 mice from day
23 to day 28 after treatment were investigated using a Morris water maze
system (diameter 1.2 m, depth 0.6 m) with a platform (diameter 10 cm)
located 2 cm underwater. The platform was marked with “o” so that mice
could position themselves and search for the platform. Before entering
the water, mice were placed on the platform for 10 s to acclimate
themselves with the surrounding environment. Then, they were reposi-
tioned far away from the platform so that they were required to search for
the marked platform. If the mice did not find the marked platform in 60's,
they would be placed again for an additional 10 s to refamiliarize
themselves with the surrounding environment and underwent the test
once more. The water temperature ranged from 19 °C to 21 °C, and entire
test process was filmed with a camera. The escape latency and the time
on the marked platform were recorded. On the last day, the platform was
removed, mice were repositioned far away at the same place mentioned
above, and swimming trails, the number of crossing platform, and the
time that mice remained in the platform quadrant within 60 s were
recorded.

2.5.7. Western blot

After treatment for 28 days, 6 mice in each group were sacrificed
under anesthesia. Brain tissues around damaged areas were isolated and
western blot were performed. In brief, tissues were lysed in lysis buffer.
Then an equal amount of protein was loaded and separated by 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis gels and trans-
ferred to a polyvinylidene difluoride membrane (EMD Millipore,
Billerica, MA, USA). After that, primary antibodies against neuronal
differentiation related proteins (NSE, NeuN, and NFL, Proteintech),
neurotrophic factors (BDNF, Proteintech), inflammation-associated pro-
tein (IL-6, Proteintech) and apoptosis-related proteins (Bax, Bcl-2, Pro-
teintech) were incubated respectively, followed by horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody.
B-actin was used as an internal control. The protein analysis was visual-
ized by using Quantity One software (Azure Biosystems C300, Azure
¢300, USA).

2.5.8. Immunofiuorescence staining

To evaluate the neural remodeling by the injected hydrogels, the
proliferation and activity of neural cells in the hippocampus were
examined using Ki67 and NeuN immunofluorescence staining. In addi-
tion, inflammatory response in lesion area were further examined by
Argl and iNOS immunofluorescence staining.
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2.5.9. Damaged area analysis

After 28 days of implantation, the brain tissues were preserved with
4% paraformaldehyde carefully. Frozen sections of the specimens were
prepared to measure the volume of brain injury. Serial coronal sections
were made at 2.0 mm before and after the lesion site, with the thickness
of 20 pm for each brain slice. One section was randomly selected from
each of 10 consecutive brain slices for HE staining. Image J software was
used to analyze the lesion area of each group. The brain injury volume

(@) (b)
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formula is as follows: brain injury volume (unit: mm>) = average injury
area x the number of brain slices n x 10 x 2%. Then the brain tissues
were photographed with a camera.

2.6. Statistical analysis

Data were given as means + standard deviation (SD). Statistical an-
alyses were plotted using Graph Pad Prism 8.0 software. One-way
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Fig. 1. Physical characterization of HT hydrogels. (a) Gelation time; (b) water content; (c) modulus of HT hydrogels measured by rheometer; (d) degradation rate of
HT hydrogels in PBS; (e) degradation rate of HT hydrogels by 15 U/mL hyaluronidase; (f) swelling ratio of HT hydrogels; (g) photographs of HT hydrogel after soaking
in PBS for 24 h; (h) internal microtopography of HT hydrogels by SEM. Scale bar represented 100 pm. Mean + SD, n = 3.
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ANOVA were performed to determine significance in statistical com-
parisons, p < 0.05 was considered statistically significant.

3. Results
3.1. Physical characterization of HT hydrogels

In our previous study, we developed a dual-enzymatically cross-
linked HT hydrogel, and investigated the effect of enzyme activity on the
physical and biological characteristics of HT hydrogels [29]. In this
study, the influence of HT content on the physical and biological char-
acteristics of HT hydrogels was further analyzed. The HT polymers of 0.5,
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1, and 1.5 wt% were used to prepare hydrogels, and both of HRP and
GalOx were set as 1 U/mL according to our previous study [29]. For the
convenience of description, these hydrogels were named 0.5%HT, 1%
HT, and 1.5%HT, respectively. The gelation time was 5.5 + 0.7, 4.4 + 0.8
and 7.2 + 1.0 min respectively as shown in Fig. 1a, there was no linear
correlation between gelation time and HT content. Injectable hydrogels
have been widely studied due to their painless and minimally invasive
merits. Hydrogels with shear-thinning ability can be injected directly into
the desired position of injury, filling the wound well and making full
contact with the wound site. Herein, a rheometer was applied to measure
the relationship between HT hydrogel's viscosity and shear rate. As
presented in Figure S1, increasing the shear rate reduced the viscosity,

1.5%HT 1%HT 0.5%HT

0.5%HT+150ng/ml NGF  0.5%HT+200ng/ml NGF

0.5%HT+100ng/ml NGF

0.5%HT+200ng/ml NGF
Day 1

0. S“A.H T

1. *%HT 1%HT

0.5%HT+150ng/ml NGF  0,5%HT+200ng/ml NGF

200 pim

1%HT -5 L 0.5%HT+50ng/ml NGF 0.5%HT+100ng/ml NGF 0.5%HT+150ng/ml NGF 0.5%HT+200ng/ml NGF

200

200 pm

200 pm

Fig. 2. Cytocompatibility and proliferation of BMSC by HT and HT/NGF hydrogels. (a) Cell viability of HT and HT/NGF hydrogel extracts for 1 and 2 days by CCK-8
assay; Calcein-AM/PI staining to detect cells morphology when cells were cultured with hydrogel extracts for 1 and 2 days; (b) Calcein-AM/PI fluorescence staining
and Ki67 immunofluorescence staining of cells cultured within HT and HT/NGF hydrogels after 3 and 5 days. Scale bar represented 200 pm. Mean + SD, n = 3.
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demonstrating the well shear-thinning capacity of HT hydrogel. Besides,
the insets in Fig. S1 showed that HT hydrogel could be easily injected and
maintained its shape after injection without breaking, clogging, or dis-
solving, all confirming the excellent injectability of HT hydrogel. From
Fig. 1b, all hydrogels possessed a water content about 98% (98.3 + 0.4%,
98.4 + 0.2% and 98.1 + 0.1% for 0.5%HT, 1%HT, and 1.5%HT hydro-
gels). Rheological results from Fig. 1c showed that the storage moduli of
0.5%HT, 1%HT, 1.5%HT hydrogels were all less than 100 Pa similar to
that of brain tissues and expected to be beneficial for neural differenti-
ation [28]. The stability of hydrogels from Fig. 1d displayed that all
hydrogels maintained in PBS solution for more than 28 days, and 0.5%
HT hydrogel showed the highest stability. In addition, HT hydrogels
could be biodegraded by hyaluronidase within 12 h. The completely
degradation time of 0.5%HT, 1%HT and 1.5%HT hydrogels was 7 h, 9 h
and 12 h, respectively (Fig. 1e). Hyaluronic acid is a super-absorbent and
swelling material. The swelling ratio increased with the increase of HT
content, and the maximum swelling ratios of 0.5%HT, 1%HT and 1.5%
HT hydrogels were 211.4 + 19.2%, 574.9 + 18.2% and 857.3 + 41.2%,
respectively (Fig. 1f). The pictures of HT hydrogels after soaking in PBS
solution for 24 h was presented in Fig. 1g, which was consistent with the
result of swelling behavior. Additionally, the microstructure of HT
hydrogels was also analyzed by SEM. Results from Fig. 1h showed that all
hydrogel had a loose and porous structure, which is similar with natural
extracellular matrix. In summary, the main difference of these hydrogels
is the swelling ability. In order to minimize the risk of secondary damage
during implantation, 0.5%HT hydrogel with low swelling ratio was
selected as the scaffold for in vivo implantation.

3.2. Cytocompatibility of HT and HT/NGF hydrogels

The cytocompatibility of HT hydrogels and NGF-loaded hydrogels
(named HT/NGF) was measured by CCK-8 assay. As shown in Fig. 2a, HT
hydrogels decreased the viability of BMSC slightly on the first day and
second day compared with control group (without hydrogel treatment).
But the cell activity of BMSC in all hydrogel groups were greater than
95%, much more beyond the requirement of 70% as the international
criteria [31]. And there was no significant difference among 0.5%HT, 1%
HT, 1.5%HT hydrogel groups. Moreover, compared with the pure 0.5%
HT hydrogel, NGF-loaded 0.5%HT hydrogels presented a better cell
viability. The supplement of NGF could promote cell survival and growth,
and the cell viability obviously improve the cell viability than control
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group. Among these HT/NGF hydrogel groups, there was also no sig-
nificant difference for cell viability. After CCK-8 assay, cells were labeled
by Live/Dead kit (Calcein-AM/PI), almost all cells in each group were
marked in bright green fluorescence (living cells) and cells’ morphology
in hydrogel groups presented no obvious change compared with control
group, confirming the good cytocompatibility of HT and HT/NGF
hydrogels.

Afterward, the cytocompatibility of these hydrogels was further
analyzed by the three-dimensional cultivation method as shown in
Fig. 2b. BMSC encapsulated in all hydrogels displayed well survival
status (green fluorescence). Cell number of 1.5%HT hydrogel and 1%HT
hydrogel was less than other hydrogel groups, which might be due to
their higher swelling ratio and diluted cell density. Besides, there was
nearly no difference among three hydrogel groups on day 3 and day 5. It
was interesting that the encapsulated cells continuously leaked from
hydrogels along with the process of cultivation and still maintained high
viability as labeled with bright green (Fig. S2). This might partially
explain why cell number within hydrogels did not increase as time goes
on. Additionally, from the result of Ki67 immunofluorescence, cells
cultured in hydrogels displayed a well proliferation behavior, indicating
these hydrogels had little negative effect on cell growth. All these data
from CCK-8 assay, Live/Dead fluorescence staining, and Ki67 immuno-
fluorescence labeling demonstrate that these HT hydrogels and HT/NGF
hydrogels possess good cytocompatibility in vitro.

Previous studies have indicated that the shear force exerted during
injection has a negative effect on cell viability [32]. Here, the Live/Dead
fluorescence staining of BMSC before and after injection was carried out
to observe the influence of shear force. Results in Fig. S3 demonstrated
that the shear force during the injection did not obviously affect cell
viability in our study. The possible reason was that the gelation time of
0.5%HT hydrogel is 5.5 min, and the injection process could finish before
gelation. During the injection, shear force of pre-hydrogel solution is far
less than that of hydrogel. Therefore, the produced shear force during
injection of HT pre-hydrogel is very mild, and the caused negative effect
on cell viability could be negligible.

3.3. Blood compatibility and histocompatibility of HT hydrogel
3.3.1. Invitro hemolysis test for blood compatibility

As shown in Fig. 3a, results of hemolysis test showed that there was
nearly no hemolysis reaction in HT hydrogel groups. The hemolysis rates
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Fig. 3. Hemolysis test in vitro for evaluation of blood compatibility of HT hydrogels. (a) Images of RBCs treated with normal saline (NS), 0.5%HT, 1%HT, 1.5%HT and
H-0. H,0 group and NS group were positive control and negative control group, respectively; (b) hemolysis ratio of 0.5%HT, 1%HT and 1.5%HT hydrogels; (c) Images
of RBCs in NS, 0.5%HT hydrogel, 1%HT hydrogel, and 1.5%HT hydrogel groups. Mean + SD, n = 3.
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of 0.5%HT, 1%HT and 1.5%HT hydrogels were 0.14 + 0.07%, 0.31 +
0.20%, and 0.41 + 0.20%, respectively (Fig. 3b). The data fully meet the
demands of the international standard of biomaterials hemolysis rate 5%,
indicating that these hydrogels have good blood compatibility [33].
Besides, the morphology of RBCs (red blood cells) after treated with
hydrogels was observed using a microscope. All treated RBCs maintained
a biconcave disc shape, similar to the shape of healthy RBCs in NS group
from Fig. 3c.

3.3.2. Histocompatibility assessment

100 pL of 0.5%HT hydrogel was subcutaneously injected at the
dorsum of C57BL/6 mice to evaluate the histocompatibility. The exper-
imental mice had normal eating and activity, and there was no bleeding
and swelling after subcutaneous implantation. Weight and volume of
hydrogels were gradually down, indicating these hydrogels are biode-
gradable in vivo (Fig. 4a). As shown in Fig. 4b, lots of cells infiltrated into
hydrogels, which contained inflammatory cells (white arrow), however,
most cell infiltration occurred in the marginal area of hydrogels, and
there was almost no inflammatory response in the tissues around sub-
cutaneous injection site, suggesting that HT hydrogel has good histo-
compatibility and could be further applied in vivo.

In order to further evaluate the systemic biosafety of 0.5%HT
hydrogel, the biochemical analysis of blood and HE staining of main
organs on day 14 were also performed. From Fig. 4c, the blood
biochemical indexes of ALP (alkaline phosphatase), GPT (glutamic-py-
ruvic transaminase), and GOT (glutamic-oxalacetic transaminase) dis-
played no significance between the healthy mice and 0.5%HT hydrogel-
implanted mice. As presented in Fig. 4d, there was no obvious patho-
logical change between Normal group and Hydrogel group, indicating
that the implantation of 0.5%HT hydrogel would not cause noticeable
impair to vital organs and tissues. All these above results highlighted the
excellent biocompatibility of 0.5%HT hydrogel in vivo.

3.4. In vivo testing

To further investigate in vivo neural repair efficacy of HT hydrogel
combined with BMSC and NGF. The moderate traumatic brain injury
(TBI) contusion model of C57BL/6 mice was performed according to our
previous method [34]. Treatment was performed 7 days after the
establishment of TBI model. The timeline of animal experiment was as
follows (Scheme 1): the day of hydrogel implantation was set as day 0;
modified neurological severity score (mNSS) was performed on 1, 3, 7,
14, 21, and 28 days after implantation; Morris water maze (MWM) test
was performed from day 23-28; and brain tissues were collected to
measure the damaged volume, western blot and immunofluorescence
assays on the 28th day.

3.4.1. BMSC and NGF-loaded HT hydrogel implantation promotes the
recovery of neuromotor function in TBI mice

From Fig. 5, the mNSS score of TBI mice in HT + NGF group, HT +
BMSC group and HT + NGF + BMSC group were significantly decreased
compared with NS group (p < 0.05) on the 14th day after implantation.
With the prolongation of treatment time, mNSS score in the HT + BMSC
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Fig. 5. The mNSS score of implanted TBI mice in each group, which revealed
the recovery of motor ability from day 1 to day 28 (*p < 0.05 compared with
NS, #p < 0.05 compared with HT + NGF hydrogel, mean + SD, n = 6).

group and HT + NGF + BMSC group continued to reduce significantly on
the 21st and 28th days after implantation compared with not only NS
group (p < 0.05) but also HT + NGF group (p < 0.05). These results
indicated that in the early stage of implantation, the HT + NGF, HT +
BMSC and HT + NGF + BMSC groups had good therapeutic effect and
could promote the recovery of neuromotor function. In the meantime, the
outcome of TBI mice treated by HT + BMSC hydrogel and HT + NGF +
BMSC hydrogel implantation was better than HT + NGF hydrogel im-
plantation on day 21 and day 28.

3.4.2. BMSC and NGF-loaded HT hydrogel implantation improves the
recovery of learning and memory function in TBI mice

To evaluate the recovery of learning and memory abilities of TBI mice
in each group, Morris Water Maze (MWM) behavior test was performed
from day 23 to day 28 after treatment. The results were presented in
Fig. 6. As shown in Fig. 6b, the escape latency in HT + BMSC group and
HT + NGF + BMSC group was significantly lower than that in NS group
(p < 0.05), indicating that mice in HT + BMSC group and HT + NGF +
BMSC group could better adapt to the training environment. As shown in
Fig. 6a, c and 6d, compared with NS group and HT + NGF group, mice in
HT + BMSC group and HT + NGF + BMSC group crossed the platform
more frequently, and mice in HT + NGF + BMSC group stayed longer in
the target quadrant (p < 0.05). Moreover, in comparison to the HT +
BMSC group, HT + NGF + BMSC group demonstrated a better outcome.
These results indicated that HT/BMSC hydrogel and HT/NGF/BMSC
hydrogel had better therapeutic effect and improved the recovery of
learning and memory function of TBI mice, and HT/NGF/BMSC hydrogel
treatment performed the best.
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Scheme 1. Timeline and procedures of in vivo experiments.
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3.4.3. BMSC and NGF-loaded HT hydrogel implantation alleviates the
inflammatory response and apoptosis in the injured site of TBI mice

After 28 days transplantation, the expression of inflammation-related
protein (IL-6) and apoptosis-related proteins (Bax and Bcl-2) was detec-
ted by western blot to elucidate the curative effect of BMSC and NGF-
loaded HT hydrogel on brain injury repair. As shown in Fig. 7a and b,
the expression of inflammatory related protein IL-6 in HT + NGF + BMSC
group was decreased significantly compared with that of NS group (p <
0.05), indicating that the inflammatory response after transplantation
was reduced in TBI mice. Compared with NS group, the expression of
apoptotic factor Bax decreased in all treatment groups, while its
expression was significantly decreased only in HT + BMSC and HT +
NGF + BMSC groups (p < 0.05). Although the expression of anti-
apoptotic factor Bcl-2 increased in all treatment groups, only HT -+
NGF + BMSC group was significantly increased compared with NS group
(p < 0.05). The enhanced expression of proapoptotic protein Bax and low
expression of apoptotic inhibitory protein Bcl-2 both indicated that
hydrogel implantation could obviously inhibit the neuronal apoptosis. As
shown in Fig. 7c, compared with the NS group, stronger immunofluo-
rescence intensity of Argl (marker of M2 macrophage/microglia) and
weaker immunofluorescence intensity of iNOS (marker of M1 macro-
phage/microglia) were observed in HT + NGF, HT + BMSC, and the HT
-+ NGF + BMSC groups, suggesting that hydrogel treatments could pro-
mote the polarization of macrophage/microglia from M1 type to M2
type. In a word, the above results of western bolt and immunofluores-
cence manifested that BMSC and NGF-loaded HT hydrogel implantations
could significantly mitigate TBIl-induced neuroinflammation and
apoptosis around the injured site of TBI mice.

3.4.4. BMSC and NGF-loaded HT hydrogel injection enhances the cell
survival of neurons in the injured site and neurogenesis of TBI mice

The expressions of brain-derived neurotrophic factor (BDNF) and
neuron-specific markers (NFL, NSE and NeuN) in the damaged tissues

were detected by western bolt to elucidate the curative effect of BMSC
and NGF-loaded HT hydrogel on brain injury repair after 28 days of
treatment. From Fig. 8a and b, in contrast with NS group, the expression
of BDNF was increased in all hydrogel treatment groups, and significantly
increased in the HT + NGF + BMSC group (p < 0.05). Similarly, the
expression of NFL was increased in all hydrogel treated groups, and
significantly increased in HT + BMSC and HT + NGF + BMSC groups
compared with NS group (p < 0.05). The expression of NSE in HT +
BMSC and HT + NGF + BMSC groups was increased significantly
compared with NS and HT + NGF groups (p < 0.05). In addition, the
expression of NeuN was promoted in all treatment groups compared with
NS group (p < 0.05). These results suggest that HT + BMSC and HT +
NGF + BMSC groups produce more neurotrophic cytokines and neuron-
related proteins, which effectively promote the neural repair and func-
tional recovery in TBI mice. Furthermore, the proliferation of neural cells
in the hippocampus was detected by immunofluorescence staining
(Fig. 8c). Compared with NS group, the positive expression of both Ki67
and NeuN in DG region was obviously increased in the HT + BMSC and
HT + NGF + BMSC groups, and the positive expression in HT + NGF +
BMSC group was the most abundant, which indicated that there were
more proliferative cells in DG region and enhanced therapeutic effect by
BMSC and NGF-loaded HT hydrogel treatment.

3.4.5. BMSC and NGF-loaded HT hydrogel accelerates the healing process of
damaged tissue in TBI mice

After 28 days of in situ injection, the damaged tissue volume in each
group was observed by HE staining (Fig. 9a), gross morphology (Fig. 9¢),
and then quantitatively analyzed by Image J (Fig. 9b). Compared with NS
group, the damaged volume in the treatment groups (HT + NGF group,
HT + BMSC group and HT + NGF + BMSC group) were all decreased
significantly (p < 0.05). Compared with the HT + NGF group, the
damaged area of HT + BMSC and HT + NGF + BMSC groups were
smaller and the therapeutic effect were more obvious (p < 0.05).
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Particularly, the lesion volume in HT + NGF + BMSC group was the
lowest among all the treatment groups, highlighting the best recovery
outcome of the combined treatment (HT + NGF + BMSC hydrogel).

4. Discussion

TBI is a serious neurotrauma disease with a high incidence of death
and disability globally, which causes a sudden serious brain structure
disruption, large number of neuronal death and long-lasting or irre-
versible neurological dysfunction [35,36]. Currently, the effect of clinical
treatment on neurological function after TBI is far from satisfaction [37].
At present, more and more preclinical studies or clinical trial by using
mesenchymal stem cells (MSCs), induced pluripotent stem cells (iPSCs)
and neural stem cells (NSCs) have been performed to evaluate the safety
and efficacy of stem cell therapy for TBI [38]. Stem cell therapy has
brought a new era for some intractable diseases include TBI. Stem cells
transplantation could promote neural regeneration and functional
reconstruction through multiple mechanisms including inhibition of
neuroinflammation, direction of neural differentiation, secretion of
neurotrophic factors and so on [39,40]. However, stem cell-based ther-
apy still faces many technical bottlenecks, such as a low retention and
survival of stem cells in the injured niche after transplantation, inefficient
neural differentiation, which limit its therapeutic effects. To solve these
problems, encapsulation of stem cells with hydrogel material to prompt
cell retention and survival is an alternative promising and effective
strategy.

A neural scaffold should possess a series of essential characteristics for
supporting transplanted cell growth and simultaneously matching the
brain microenvironment. Hydrogel is one of the widely studied tissue
engineering material, also an excellent carrier for stem cells, bioactive
factors and drugs. An ideal hydrogel includes a controllable gelation
process, high water content, porosity, appropriate rheological behavior,
suitable degradation performance, injectability, and the most important
property of well biocompatibility. Currently, a variety of hydrogel ma-
terials have been studied in nervous system diseases, such as hyaluronic
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Fig. 7. Expression of inflammation and apoptosis-
related proteins in the damaged brain tissues of each
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o group after 28 days' treatment. (a) Western blot im-
HEENGE ages of IL-6, Bax and Bcl-2; (b) quantitative analysis of
HT+BMSC western blot results of IL-6, Bax and Bcl-2; (c)

HT+NGF+BMSC immunofluorescence staining of Argl and iNOS, DAPI
labeled the nucleus, scale bar represented 25 and 100
pm. p-actin was used as a protein loading control; *p
< 0.05 compared with NS group, #p < 0.05 compared

with the HT + NGF group; mean + SD, n = 3.
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acid, sodium alginate, gelatin, collagen and polypeptides [14,41-44]. As
a major component of extracellular matrix of neural cells, hyaluronic acid
plays an important role in maintaining the brain homeostasis by affecting
cell migration, proliferation, differentiation and other cellular behaviors
[18,45,46]. Hyaluronic acid hydrogels have good biocompatibility and
have been widely used in tissue engineering and regenerative medicine.
Nerve growth factor (NGF) regulates the production of neurotransmitters
and improves the survival, growth and differentiation of neurons, and
has shown superior ability to repair nerve injuries in animal models [47,
48].

In this study, we synthesized and optimized an injectable hyaluronic
acid hydrogel (HT hydrogel) through in situ enzymatically crosslinked
technique by HRP and GalOx, and used it as a neural scaffold to deliver
BMSC and NGF for TBI treatment. The 0.5%HT hydrogel possessed suf-
ficient moisture (about 98%), low swelling ratio and appropriate rheo-
logical behavior that meet the physiological requirements for brain tissue
repair and reduce the frictional irritation to the surrounding tissue [49,
50]. A gelation time of 5 min would benefit the injection process, because
alonger time of operation will lead to the loss of loaded cell and NGF. The
continuous and porous structure facilitates the permeation of nutrients,
exchange of oxygen and carbon dioxide, and discharge of metabolites,
which could provide a friendly environment for cell survival, extension
and proliferation. The superior cytocompatibility of the 0.5%HT and
0.5%HT/NGF hydrogels confirmed by 3D culture model and Ki67
immunofluorescence staining could ensure the survival and proliferation
of loaded BMSC. Good biocompatibility of this hydrogel verified by he-
molysis test, blood biochemistry assays, and HE staining is a prerequisite
of its further application in vivo.

For animal treatment, normal saline (NS), HT + NGF, HT 4 BMSC and
HT + NGF + BMSC hydrogels were micro-injected into the core of the
lesion on day 7 after the establishment of TBI model. One week after TBI,
the harsh microenvironment of lesion dramatically alleviated, and the
severe inflammatory response basically subsided, which provide a rela-
tive stable living microenvironment for the implanted cells [51].
Therefore, the timepoint (7 days after TBI model) was chosen for
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Fig. 8. Expression of neuro-related proteins in the
damaged brain tissue and DG region of each group
after 28 days' treatment. (a) Western blot of BDNF,
NFL, NSE and NeuN; (b) quantitative analysis of
western blot results of BDNF, NFL, NSE and NeuN; (c)
immunofluorescence staining of Ki67 and NeuN to
detect the neural cell proliferation in DG region after
28 days' treatment, DAPI label the nucleus, scale bar
represented 100 pm. f-actin was used as internal
control; *p < 0.05 compared with NS group, #p <
0.05 compared with HT + NGF group; mean + SD, n
=3.
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Fig. 9. Statistical results of brain tissue defect area in each group after 28 days' transplantation. (a) HE staining of tissue sections; (b) quantitative analysis of lesion
volume, and (c) representative photographs of the damaged volume in each group after 28 days' treatment. *p < 0.05 compared with NS group, #p < 0.05 compared

with HT + NGF group, mean + SD, n = 3.
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treatment. In addition, after 7 days, a cavity formed at the injury site,
providing space for in situ hydrogel injection [52-54]. The mNSS scoring
and MWM are very common tests to assess the neurological function
situation including motor function, learning and memory ability [55,56].
The results of mNSS indicated that all the three treatment groups had
improved neural function in TBI mice, and HT + BMSC and HT + NGF +
BMSC groups exhibited better therapeutic recovery of neuromotor
function. The results of MWM demonstrated that the number of crossing
platform and staying time in target zone significantly increased in HT +
BMSC and HT + NGF + BMSC groups compared with others. The motor
function and cognition showed a consistent rising trend. Therefore, both
mNSS and MWM test results confirmed that HT + BMSC and HT + NGF
+ BMSC groups indeed promoted the neurological function recovery in
TBI mice after treating for 28 days, when compared with NS group.

In addition, we further analyzed more related protein expressions for
cell growth including IL-6, Bax, Bcl-2, BDNF, NFL, NSE, NeuN by western
blot. Combined with immunofluorescence staining of Argl, iNOS, NeuN
and Ki67, these data suggested that HT + BMSC and HT + NGF -+ BMSC
groups markedly reduced neuroinflammation, inhibited cell apoptosis,
promoted neurotrophic factor secretion, and enhanced endogenous
neural cell survival and proliferation. Moreover, data analysis of the
damaged volume indicated that composite hydrogels significantly facil-
itated the repair process of brain damage. Therefore, it is clear that BMSC
and NGF-loaded HT hydrogel makes a striking contribution to the
neurological function recovery and tissue regeneration in TBI mice, and
the working mechanism includes apoptosis inhibition, immunoregula-
tion, neurotrophic factors secretion and neurogenesis synergistically.

5. Conclusions

In this work, dual-enzymatically cross-linked hyaluronic acid hydro-
gels by GalOx and HRP were developed as a novel neural scaffold to
simultaneously load NGF and BMSC for TBI treatment. HT hydrogels
have good injectability, stability, biodegradability, low storage modulus
(<100 Pa), and superior biocompatibility. 0.5%HT hydrogel with the
lowest swelling ratio was more suitable as the implanted scaffold
compare with 1%HT and 1.5%HT hydrogel. In situ injection of NGF and
BMSC-loaded HT hydrogel could significantly promote the functional
recovery of motor, learning and memory ability, and accelerate the
healing process of damaged brain tissues. The molecular mechanism
mainly involves that hydrogel implantation not only provides a positive
nutrition supply for cell survival and proliferation, but also suppresses
neuroinflammation and apoptosis. These findings provide a solid basis
for the application of BMSC and NGF loaded HT hydrogel in TBI
treatment.
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