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A hyaluronic acid granular hydrogel nerve guidance 
conduit promotes regeneration and functional recovery 
of injured sciatic nerves in rats

Abstract  
A hyaluronic acid granular hydrogel can promote neuronal and astrocyte colony formation and axonal extension in vitro, suggesting that the hydrogel 
can simulate an extracellular matrix structure to promote neural regeneration. However, in vivo experiments have not been conducted. In this study, we 
transplanted a hyaluronic acid granular hydrogel nerve guidance conduit to repair a 10-mm long sciatic nerve gap. The Basso, Beattie, and Bresnahan locomotor 
rating scale, sciatic nerve compound muscle action potential recording, Fluoro-Gold retrograde tracing, growth related protein 43/S100 immunofluorescence 
staining, transmission electron microscopy, gastrocnemius muscle dry/wet weight ratio, and Masson’s trichrome staining results showed that the nerve 
guidance conduit exhibited similar regeneration of sciatic nerve axons and myelin sheath, and recovery of the electrophysiological function and motor function 
as autologous nerve transplantation. The conduit results were superior to those of a bulk hydrogel or silicone tube transplant. These findings suggest that 
tissue-engineered nerve conduits containing hyaluronic acid granular hydrogels effectively promote the morphological and functional recovery of the injured 
sciatic nerve. The nerve conduits have the potential as a material for repairing peripheral nerve defects. 
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Introduction 
Peripheral nerve injury (PNI) occurs in 1.2–2.8% of patients that have 
experienced traumatic events such as trauma, joint dislocation, or surgical 
trauma (Li et al., 2016a; Carvalho et al., 2019). A PNI may impair motor and 
sensory functions (Yi et al., 2019). Tension-free suturing of the peripheral 
nerve membrane via microsurgery is the current treatment method; in 
cases where end-to-end suturing is not possible, autologous nerve grafting 
is preferred (López-Cebral et al., 2017). Autologous nerve grafting is typically 
used to repair long injuries, and the technique is an essential component 
of clinical nerve repair (Gu et al., 2014). However, the need for a second 
operation and limitations of the donor site hinder the clinical application of 
autologous nerve grafts (Tao et al., 2019). While it is challenging to repair, 
regenerate, and recover function after central nerve injury, it is possible to 
use autologous nerve graft substitutes to repair a PNI.

The development of nerve tissue engineering with new biomaterials, the 
incorporation of neurotrophic factors, and cell transplantation has provided 
hope for nerve repair and regeneration (Thoenen, 1995; He et al., 2015). 

Scaffolds comprising biological materials can simulate the extracellular matrix 
(ECM) and serve as structural support for endogenous and seeded cells. Thus, 
the selection of biomaterials, natural or synthetic, becomes a critical factor 
in nerve tissue engineering. Natural materials include ECM components (e.g., 
hyaluronic acid, fibrin, and laminin), chitosan, acellular tissue, and silk protein 
(Fornasari et al., 2020; Yan et al., 2022). Although natural materials have 
biocompatibility and are suitable for cell adhesion and growth, materials from 
nonhuman resources can trigger immune responses and further damage 
host tissues. Other disadvantages of materials from nonhuman resources are 
their heterogeneity and, thus, low reproducibility and repeatability, as well as 
difficulties in chemical modification uniformity (Vijayavenkataraman, 2020). 
Synthetic materials are polymers produced under controlled conditions 
that can be further divided into degradable and nondegradable materials 
(Houshyar et al., 2019). The main advantages include their facile modification 
according to need, presumably less immune response, low toxicity, and 
minimal risk of pathogenic infection (Keane and Badylak, 2015). The main 
disadvantage of synthetic materials is poor biocompatibility, although this 
may be improved by chemical and biological functionalization (Magaz et al., 
2018).
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Nerve guidance conduits with a specific internal structure made of synthetic 
or natural materials are widely used to overcome the limitations of autologous 
nerve transplantation methods (Yan et al., 2022). Recently, nerve guidance 
conduits containing hydrogels have shown promise in tissue engineering 
by simulating the cell microenvironment, promoting cell-cell interactions, 
and the exchange of biological factors and waste (George et al., 2020). For 
example, an aligned chitosan fiber hydrogel visibly promoted the proliferation 
of Schwann cells and the secretion of neurotrophic factors, in addition to 
repairing nerve sciatic injuries and blood vessel penetration in the early stage 
of an injury (Rao et al., 2020). In another study, a decellularized neural matrix 
hydrogel combined with glial-derived neurotrophic factor visibly enhanced 
nerve injury repair and relevant functional recovery (Qiu et al., 2020). 
Vascular endothelial growth factor and the widely used nerve growth factor 
have also been added to a porcine decellularized neural matrix hydrogel to 
greatly improve the motor functional recovery of nerve damage in rats (Li et 
al., 2021).

Scaffolds based on hyaluronic acid granular hydrogels and human-induced 
pluripotent stem cells were used to support three dimensional (3D) neural 
networks in vitro. The granular scaffold sustained longer axon extension, more 
axon-bearing cells, and longer axon extensions than a bulk hydrogel scaffold 
after seven days. Long-term cultivation of therapeutically relevant human 
induced pluripotent stem cell-derived nerve cells in hyaluronic acid granular 
hydrogels supported neuron and astrocyte colonies, as well as high-level 
axon extension (Hsu et al., 2022). This approach provides a facile method for 
obtaining a tissue-relevant culture of granular hydrogels using biocompatible 
hydrogels. Although the granular hydrogel construct showed promising results 
in long-term culture, its effects on nerve regeneration in an animal model 
have not been demonstrated. In this study, we combined the previously 
developed 3D nerve conduit based on hyaluronic acid granular hydrogels 
(Lin et al., 2021; Hsu et al., 2022) for PNI repair. The therapeutic effects of 
the conduit filled with hyaluronic acid granular hydrogels were examined by 
repairing a 10-mm sciatic nerve defect in a Sprague-Dawley model. 
 
Methods   
Animals
Male animals were used as the experimental model (Li et al., 2020; Yang et al., 
2020; Onode et al., 2021). Thirty adult specific-pathogen-free Sprague-Dawley 
rats (240–260 g) aged 8–10 weeks were used. The rats were purchased from 
the Laboratory Animal Center of Air Force Military Medical University (Xi’an, 
China; license No. SCXK (Shaan) 2019-001). The rats were placed in a standard 
12-hour light/dark cycle environment (temperature 22–26°C; humidity 55–
60%). Experimental plans restricted the use of animals, and the experimental 
methodology was approved by the Animal Care and Use Committee at Air 
Force Military Medical University (approval No. IACUC-20210229) on February 
5, 2021. All experiments were designed and reported in accordance with 
Animal Research: Reporting of In Vivo Experiments (ARRIVE) Guidelines (Percie 
du Sert et al., 2020).

Pentobarbital sodium (Sinopharm, Shanghai, China) was used to anesthetize 
the animals (35 mg/kg body weight; intraperitoneal injection). A median 
incision was made at the posterior part of the left thigh to expose and a 
section of the sciatic nerve was removed. Both the proximal and distal ends 
were sutured 1 mm into the conduits, leaving a 10-mm defect between 
the nerve ends. The animals were randomly separated into five groups: 1) 
autologous nerve group: the severed sciatic nerve was rotated 180°, and then 
the severed end was sutured; 2) silicone tube group: after injury, the defect 
was bridged with an empty silicone tube (length of 12 mm; inner diameter 
of 1 mm, Pureshi, Shanghai, China); 3) bulk hydrogel group: the defect was 
bridged with an empty silicone tube (length of 12 mm) and the bulk hydrogel 
(9 µL) was injected into the lumen of the tube; 4) granular hydrogel group: 
the defect was bridged with an empty silicone tube (length of 12 mm) and 
the granular hydrogel (9 µL) was injected into the lumen of the tube; and 
5) chitosan conduit group (positive control): chitosan conduit (length of 12 
mm; inner diameter of 1 mm, Capital Medical University, Beijing, China) (Li 
et al., 2009) was used to bridge the defect. There were six rats in each group. 
Pentobarbital sodium was used to euthanize the animals (100 mg/kg body 
weight; intraperitoneal injection) 16 weeks after surgery. The experimental 
procedures and the corresponding number of animals are shown in Figure 1.

Preparation of bulk and granular hydrogels
Bulk hydrogels were fabricated using the HyStem Cell Culture Scaffold Kit 
(Cat# HYS020, Sigma, St. Louis, MO, USA) containing a HyStem monomer, 
Extralink crosslinker, and degassed water. A 1 mL syringe was used to add 
0.5 mL degassed water (4°C) into a bottle of HyStem (a structure-modified 
hyaluronan), and the bottle was placed on a shaker to fully dissolve the 
thiol-modified hyaluronan. Stroke-physiological saline solution (0.5 mL) was 
injected into the HyStem bottle and mixed well. Extralink crosslinker (12.4 µL), 
brain-derived neurotrophic factor (BDNF; Cat# 450-02, PeproTech, Rocky Hill, 
NJ, USA), and laminin (Cat# L2020-1MG, Sigma) were added to the HyStem 
bottle and mixed well. The final concentrations of BDNF and laminin in the 
solution were 2 µg/mL. The bulk hydrogel was formed at room temperature. 
The bulk hydrogel was collected using a syringe (Scientific Laboratory 
Supplies) and further crosslinked at 4°C for 1 hour.

Granular hydrogels were prepared by passing the bulk hydrogel through 
a 3D printed Toolkit (Hsu et al., 2022). The custom 3D printed Toolkit was 
assembled as previously described using a 40-µm pore size filter membrane 
(Cat# 352340, Scientific Laboratory Supplies) and 1 mL syringes (Scientific 

Laboratory Supplies). First, 350 µL of stroke-physiological saline solution and 
16.8 µL of Extralink were added to a 1.5 mL centrifuge tube; all materials 
were mixed homogenously. Bulk hydrogel (350 µL), BDNF, and laminin were 
then added (the final concentrations of BDNF and laminin were 2 µg/mL). 
The solution was collected in a syringe and mixed thoroughly using the 3D 
printed Toolkit to fabricate the granular hydrogel by passing the bulk hydrogel 
three times through the filter membrane at room temperature. The granular 
hydrogel was then subjected to secondary crosslinking at room temperature 
for 30 minutes (Hsu et al., 2022).
 
Basso, Beattie, and Bresnahan locomotor score
The motor function recovery of the affected limb was evaluated using the 
Basso, Beattie, and Bresnahan (BBB) score (Basso et al., 1995; Schiaveto 
de Souza et al., 2004; Haidar et al., 2020). The specific method is as 
follows. Animals were placed in an open field. Two trained observers then 
recorded and scored the animal’s limb movement, paw placement, gait, and 
coordination characteristics. There were three parts of the score, and each 
part had a range of 0–7 points for a potential total score of 0–21. The higher 
the score, the better the recovery of the motor function of the animal. The 
first part assessed the joint activity of animal hind limbs, the second part 
assessed the gait and coordination function of hind limbs, and the third part 
assessed the fine movement of the claws. BBB scores were recorded 4, 10, 
and 15 weeks after surgery to determine the level of motor recovery in rats 
of each group. This experiment was conducted in strict accordance with the 
double-blinded principle. 
 
Electrophysiological detection
Sixteen weeks after surgery, the compound muscle action potential (CMAP) in 
the autologous nerve, granular hydrogel, chitosan conduit, and bulk hydrogel 
groups was recorded to assess the electrophysiological recovery of the sciatic 
nerves of rats. CMAP was not measured in the silicone tube group because 
nerve regeneration was not observed. Anesthesia was applied to rats to 
expose their sciatic nerves. MadLab-8T (Zhongshi Technology, Beijing, China), 
a bioinformatics medical signal acquisition and processing system, was used. 
The recording electrode (concentric electrode; Kedoubc, Suzhou, China) was 
positioned in the belly of the gastrocnemius muscle, and the stimulating 
electrodes (concentric needle electrode; Kedoubc) were positioned 3 mm 
away from the proximal end of the autologous nerve or conduits (current 
stimulation, 5 mA, 1 Hz), and the CMAP was recorded. 

Retrograde labeling 
Three rats per group were selected for Fluoro-Gold (FG) injection to assess 
the neuron regeneration after rat sciatic nerve repair. Sixteen weeks after 
surgery, the sciatic nerve was exposed, and the injection point was identified 
5 mm from the distal portion of the conduit or autologous nerve. After gently 
squeezing the injection area with vascular forceps, 3 µL 4% (v/v) FG (Cat# 
80014, Biotium, San Francisco, CA, USA) in stroke-physiological saline solution 
was slowly injected into the trunk of the sciatic nerve, and the needle removal 
was delayed for 3 minutes. Five days later, the animals were perfused through 
the heart with 0.01 M phosphate buffered saline (PBS; pH 7.4) and 4% (w/v)  
paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4) for termination. The 
L4–L6 spinal cord segments with dorsal root ganglion (DRG), sciatic nerves 
on both sides of the animals, and the gastrocnemius muscle were removed 
after anesthesia. After dehydration, the collected samples were embedded 
in optimal cutting temperature compound (OCT) (Sakura, Torrance, CA, USA); 
20-µm (spinal cord segments) and 10-µm (DRG) thick sections were acquired 
with a cryostat (CM1950; Leica, Wetzlar, Germany). The tissue sections were 
mounted on clean adherent slides, washed with PBS, dried naturally, and 
covered with a glass slip using 2.5% (w/v) triethylene diamine in glycerol and 
0.01 M PBS (pH 7.4) (volume ratio: 1:1). Each obtained spinal cord sample 
was sectioned, and one of every five sections was used for counting. Ten 
sections per rat were taken for counting the FG-labeled motoneurons in the 
spinal anterior horn; three randomly selected sections from DRG sections of 

Figure 1 ｜ Flow chart of the experimental procedures and animal use.
BBB: Basso, Beattie, and Bresnahan score; DRG: dorsal root ganglion; IHC: 
immunohistochemistry; TEM: transmission electron microscopy.




