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Percutaneous endoscopic lumbar discectomy has been widely used in clinical practice for
lumbar spine diseases. But the postoperative disc re-herniation and inflammation are the
main reason for pain recurrence after surgery. The postoperative local defect of the
intervertebral disc will lead to the instability of the spine, further aggravating the process of
intervertebral disc degeneration. In this work, we successfully synthesized the
thermosensitive injectable celecoxib-loaded chitosan hydrogel and investigated its
material properties, repair effect, biocompatibility, and histocompatibility in in vitro and
in vivo study. In vitro and in vivo, the hydrogel has low toxicity, biodegradability, and good
biocompatibility. In an animal experiment, this composite hydrogel can effectively fill local
tissue defects to maintain the stability of the spine and delay the process of intervertebral
disc degeneration after surgery. These results indicated that this composite hydrogel will
be a promising way to treat postoperative intervertebral disc disease in future clinical
applications.

Keywords: intervertebral disc degeneration, celecoxib, lumbar disc herniation, chitosan hydrogel, percutaneous
endoscopic lumbar discectomy

INTRODUCTION

Low back pain (LBP) is one of the common conditions which everyone experiences in their lifetime
(Yang;Zhang;Ma and Ding, 2020; Van Zundert and Cohen, 2021). LBP has been regarded as a
significant global public health problem, which was given more attention with the development of
society (Tendulkar;Chen;Ehnert;Kaps and Nüssler, 2019). Studies indicated that intervertebral disc
degeneration (IDD) is the most common reason for LBP (Kos;Gradisnik and Velnar, 2019).

The intervertebral disc (IVD) is the complex tissue including the jelly-like elastic nucleus
pulposus, which is surrounded by layers of collagen fibers, the annulus fibrosus (AF), together
with cartilaginous and bony end-plates (Liyew, 2020; Urban and Fairbank, 2020). The NP, one of the
most critical components of the IVD, provides an avascular hypoxic microenvironment to support
chondrocyte-like cells in a proteoglycan and type II collagen-rich ECM, regulating disc functions and
deformation (Cannata et al., 2020). The AF is the circumferential ring that withstands the tension
created during IVD deformation, which is enabling the uniform distribution and transfer of
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compressive loads between the vertebral bodies. The cartilaginous
and bony end-plates are the thin layers of hyaline cartilage placed
between the IVD and the adjacent vertebral bodies, which is the
main approach for nutrient supply to all IVD cells through
diffusion, as well as removal of waste products. With the
development of IDD, the annulus fibrosus will be broken, with
the consequence of the protrusion of the nucleus pulposus (NP),
which is called lumbar disc herniation (LDH) (Chen;Tseng;Sun;
Chang and Chen, 2021; Deng et al., 2021). Patients with LDH
usually present with symptoms such as pain, numbness, and
weakness, which have a significant negative influence on their
social functions. Percutaneous endoscopic lumbar discectomy
(PELD) was first introduced in 1992 and has been widely used in
clinical practice for lumbar spine diseases due to less invasiveness
and faster recovery than traditional surgery (Aprile;Amato and de
Oliveira, 2020; Hu;Zheng;Chen and Chen, 2020; Tacconi;Baldo;
Merci and Serra, 2020).

The PELD can significantly release nerve compression and
attenuate pain caused by the protrusion of the nucleus pulposus.
But the trauma of tissue caused by the operation will induce
inflammation in local tissue. Also, the defect of AF is that it can no
longer keep the NP residue in place, leading to pain recurrence
due to NP re-herniation. The control of postoperative pain
depends on oral drugs, such as celecoxib. However, oral
medication alone cannot provide effective concentrations
locally, and for some patients, such as those with gastric
ulcers, hypertension, and cardiovascular accident, there are
unavoidable additional side effects (Kocak et al., 2019; Patel
et al., 2019; Schectman, 2020). Controllable release of celecoxib
could decrease potential side effects and allow less administration.
Other methods, such as physical therapy strengthening and
muscle training, are also considered to improve clinical
symptoms after surgery, but there is no effective research and
clinical effect statistics supporting this. Therefore, injecting anti-
inflammatory functional materials into the defect tissue after
discectomy is a feasible strategy to control the inflammation
microenvironment locally (Wang et al., 2019; Borrelli and
Buckley, 2020).

The chitosan hydrogel is a novel choice as a carrier for
controllable release of anti-inflammatory drugs due to its
similarity to the natural extracellular matrix and excellent
biocompatibility (Alinejad et al., 2019; Zhang et al., 2021). In
addition, the thermosensitive injectable chitosan-based hydrogel
can be used for local treatment and is beneficial for the repair of
tissue defects. Celecoxib is a new generation of non-steroidal anti-
inflammatory and analgesic drugs, which is one of the commonly
used anti-inflammatory and pain-relieving drugs in the
orthopedic clinic. It can inhibit the production of
prostaglandins by selectively inhibiting cyclooxygenase-2
(COX-2) to achieve anti-inflammatory and analgesic effects.
The hydrogel delivery system could increase the release of
celecoxib and further improve bioavailability, avoid burst drug
release, and reduce toxicity and side effects. In this study, we
designed a thermosensitive injectable chitosan hydrogel-based
celecoxib (TICHC) delivery system with injectability and fixation
properties to prevent NP re-protrusion and degeneration after
discectomy. After injection, the thermosensitive composite

chitosan-based hydrogel could repair the defect and provide
the necessary mechanical support after being crosslinked,
alleviating the degeneration process aggravated by mechanical
changes. The locally released celecoxib could inhibit the
postoperative inflammatory response of residual tissue and
effectively delay the development of degeneration (Figure 1).
Finally, the thermosensitive injectable chitosan-based hydrogel
has been widely applied and intensively studied, and its safety and
reliability have been widely verified, thus supporting its clinical
application in the future.

METHODS AND MATERIALS

Materials
Celebrex (CAS: 169590-42-5), chitosan (degree of deacetylation:
95%; molecular weight: 20 w; CAS: 9012-76-4), and β-
glycerophosphate (β-GP) (CAS: 154804-51-0) were all
purchased from Sigma-Aldrich (St. Louis, United States).

Synthesis of TICHC
The 2, 3, and 5 g chitosan powder were, respectively, weighed and
dissolved with 0.1 mol dilute hydrochloric acid. A total of 5.6 g of β-
glycerophosphate sodium (β-GP) powder was weighed and
dissolved in 10ml ultrapure water with the assistance of
magnetic stirring. A 56% β-GP solution was obtained and
sterilized by using a filter membrane (22 μm) and stored in the
refrigerator at 4°C for further experiment. A total of 1 g of Celecoxib
powder was weighed and dissolved in 50ml ultrapure water with the
assistance of magnetic stirring. 1 ml of 56% β-GP solution was,

FIGURE 1 | The schematic diagram of the preparation process of
thermosensitive injectable celecoxib-loaded chitosan hydrogel and its effect
on preventing the recurrence of lumbar disc herniation and pain after partial
discectomy.
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respectively, added to 9 ml of 2%, 3%, and 5% chitosan solutions
with slow stirring. According to the previous relevant literature, a
total of 1–1.5 ml of 2% celecoxib solution was added to 9 ml of 2%
chitosan solution with constant stirring (Choi et al., 2020).

Characterization of TICHC
After freeze-drying, the chitosan hydrogel samples with different
concentrations were fixed on the specimen platform. The samples
were covered with gold produced by the sputter coater, and its
morphology was observed by using a scanning electron
microscope (SEM). Different parts of the hydrogels were
randomly selected for further analyses of celecoxib and the
hydrogel. Therefore, the hydrogels were analyzed by using an
energy dispersive spectrometer (EDS) to observe the distribution
of celecoxib in chitosan hydrogels. After coating gold on the
surface of the sample, samples were placed into the sample
chamber of the scanning electron microscope, and its
morphology was observed with 15 kV accelerating voltage. The
qualitative and semi-quantitative analyses of samples were
conducted by using an X-ray energy spectrum analyzer.

The Temperature Sensitivity Study of TICHC
According to the former study, a total of 3 ml TICHC was placed
into sample tubes. Then, the tubes were placed in 37°C incubators
to analyze temperature-sensitive characteristics of the hydrogel
using the tube inversion method.

The Injectability Study of TICHC
Samples of 5 ml liquid 2% TICHCwere, respectively, extracted by
using a 10-ml syringe. The 10-ml syringe was used to inject
hydrogel with the appropriate force to simulate the injection
process in vivo.

Cell Viability
In order to evaluate the cytocompatibility of TICHC samples, the
cytotoxicity was analyzed by using the cell counting kit (CCK;
Sigma-Aldrich Co., Ltd., United States) and the Hoechst staining
experiment (Sigma-Aldrich Co., Ltd., United States), respectively.
The different extraction concentrations of hydrogel samples were
divided into three groups including the control group, 50%
extraction group, and 25% extraction group. The cultured
L929 cells were dissociated to obtain a single cell after adding
trypsin. After 1, 3, and 5 days of culture, the fresh medium and
CCK reagent were added and incubated for 30 min at 37°C after
the removal of the old medium. Then, the measurement of
absorbance was conducted at 450 nm. After adding the
hydrogel solution for 5 days, 10 ug/ml Hoechst 33342 staining
solution was added to the plate at 37°C for 15 min. The cell
cultured glass was fixed with 4% paraformaldehyde for 15 min
and then washed with PBS solution three times to be observed
under a fluorescence microscope (Leica DMI4000B, Germany).

The Biocompatibility and Degradability
Analysis
Eighteen female New Zealand rabbits (6 months old,
approximately 2.0–2.5 kg) were provided from the animal

center of Binzhou Medical University (Yantai, China) and
were used to analyze the biocompatibility and degradability of
hydrogel in vivo. Eighteen rabbits were divided into 3 groups, 6 in
each group. They were the control group, the hydrogel group, and
the drug-loaded hydrogel group, respectively. About 3 ml of
normal saline, chitosan hydrogel, or drug-loaded hydrogel was
injected subcutaneously in the front of the thigh of each
New Zealand white rabbit, depending on its group. After
injection, 2 rabbits in each group were selected and the skin of
the right thigh was cut at 2 weeks, 1 month, and 2 months after
injection. The histocompatibility and degradation of the hydrogel
samples in vivo were observed.

Animal Surgery
This study was approved by the Affiliated Hospital of Qingdao
University Ethics Committee. The animal experiment and feed
were in accordance with the guidelines of the animal center of
the Binzhou Medical University, Yantai, Shandong. The fifteen
New Zealand rabbits (5–6 months, 2.0–2.5 kg) in the in vivo
study were obtained from the animal center of Binzhou
Medical University. They were divided into three groups
based on the different times including 2 weeks, 1 month,
and 2 months. Five rabbits were selected to conduct the
X-ray and MRI at different times. All rabbits were housed
in single cages under controlled conditions (17–23°S, and
30–70% air humidity with appreciative air circulations) and
provided with adequate feed and water. All rabbits fasted for
12 h and were forbidden water for 6 h before anesthesia. Each
rabbit was fixed into the anesthesia box to be anesthetized by
urethane through the marginal ear vein and the penicillin was
injected before the operation. The rabbit was placed on the
small operation table in the left lateral position. After the
removal of the fur from the dorsal surface, the anterolateral
intervertebral disc 2–6 were, respectively, exposed through an
anterolateral approach by blunt dissection of muscles. The
IDD model of rabbits was obtained by using a 20G needle
puncture at L3/4, L4/5, and L5/6, respectively. Each disc was
punctured five times by using a needle and continuously
aspirated with a 10-ml syringe for 30 s. The annulus
fibrosus was punctured to establish the local defect, and the
nucleus pulposus was partially sucked by the needle. In order
to avoid individual differences, the different lumbar segment
of the rabbit was conducted with different interventions on the
same rabbit. A total of four groups were established including a
control group (L2/3), a degeneration group (L3/4), a chitosan
hydrogel treatment group (L4/5), and a chitosan
hydrogel–loaded with celecoxib treatment group (L5/6). The
1-ml injection with an 18G needle was used to inject the
hydrogel into different intervertebral discs. After the
injection of hydrogel, the incision was sutured and the
rabbits were placed on the operation table at a constant
temperature to wait for recovery. The rabbits were injected
with penicillin for 3 consecutive days after surgery.

The X-Ray and MRI Evaluation
The X-ray can show the height changes of each segment to
indirectly prove the instability. After 2 weeks, 1 month, and
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2 months following the establishment of the IDD model, five
rabbits were randomly selected for X-ray and magnetic resonance
imaging (MRI) assessments at each time point. The X-ray
imaging was performed by an X-ray system (Siemens,
German), and the MRI tests were conducted using a 3.0-T
MRI system (Siemens, German).

The X-ray and MRI image analysis and measurements were
analyzed by two independent radiologists. The Bradner disc index
(BDI) was used to evaluate the intervertebral height changes. The
modified Thompson classification was used to evaluate the disc
degeneration changes by using the T2-weighted MRI images with
grades I to IV.

Histological Analysis
The air embolism after anesthesia was used to euthanize the
rabbits after 2 months. The spine samples were fixed by using
formalin (10%) for 1–3 days, and the different intervertebral discs
were, respectively, cut off from the spine. We used EDTA (10%)
to decalcify the surrounding bone of intervertebral discs for
1–2 months. We selected the coronal median section of the
intervertebral disc for the histological examination. After
obtaining the wax-embedded intervertebral disc samples, we,
respectively, stained the samples with H&E. The histological
classification was conducted based on the observation by using
light microscopy.

Statistical Analysis
The data are shown as the mean ± standard deviation (SD). All
the experiments were conducted at least three times
independently. The data of results were analyzed by SPSS 23.0
statistical software. The statistical significance of the differences
between the groups was calculated by using the one-way ANOVA
and Tukey’s post-hoc test or nonparametric test. p < 0.05 is
considered to be statistically significant.

RESULTS

Preparation and Characterization of TICHC
The different concentrations of chitosan hydrogel in this study
were the liquid state with different viscosity at room temperature.
The appearance of chitosan hydrogel loaded with celecoxib was a
milk-white liquid at room temperature. For this reason, it can be
injected by using a different-sized injector. As shown in Figures
2A,B, the thermosensitive chitosan liquid hydrogels with/without
celecoxib were able to turn solid at 37°C in 8–15 min. Hence, it
was suitable for the repair of intervertebral disc defects through
injection in a narrow surgical space. The thermosensitive chitosan
liquid hydrogel was able to convert to a solid state at a local defect
under the normal body temperature in a short time. As shown in
Figure 3, the different concentrations of hydrogel showed the
porous structure with different densities (higher the
concentration, higher the density) by scanning electron
microscopy. After comparing the different concentrations of
chitosan hydrogel, the 2％ hydrogel was more suitable for
injection and better porous density. As shown in Figure 4, the
F (red) and S (green) elements were uniformly distributed within
the chitosan hydrogel by EDS, and it was indirect proof that the
celecoxib was successfully loaded in the chitosan hydrogel.

In order to evaluate its liquid–solid transformation ability, we
used the tube inversion method and different time measurement
methods to analyze the liquid–solid conversion time of different
hydrogels. As shown in Figure 2B, the results showed that the
liquid–solid conversion time of 2% chitosan hydrogel with/without
celecoxib was, respectively, 12.20 ± 0.84min and 12.80 ± 1.48 min.
So, the celecoxib was not able to significantly affect the liquid–solid
conversion time of hydrogel. The shortest liquid–solid conversion
time was 8.40 ± 1.14min (5% chitosan hydrogel). The results
indicated that the higher concentration chitosan hydrogel had a
shorter liquid–solid conversion time. (p < 0.05).

FIGURE 2 | (A) Photographs of in situ gel formation of 2 wt% hydrogels (upper left) and hydrogel with celecoxib (middle left) solution with temperature increased
from 25°C to 37°S (upper right), gel stability (below left), and injectability (below right). (B) The thermosensitive sol-gel conversion time of hydrogel solutions with different
concentrations. (*,# = p < 0.05).
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In vitro Toxicity Evaluation
The cytotoxicity of hydrogel was analyzed by using L929 cells. As
shown in Figures 5A,B, the chitosan hydrogel with/without
celecoxib had no significant effect on the proliferation of L929
cells than the control group at 1, 3, and 5 days of incubation.
Moreover, the high concentration extracts of chitosan hydrogel
loaded with celecoxib slightly inhibited the proliferation of L929
cells, displaying 79.56 ± 3.55%, 71.35 ± 1.39%, and 70.56 ± 6.10%
cell viability for the hydrogel solution with the prolongation of
culture time. Overall, the hydrogel with/without celecoxib
solutions showed low cellular toxicity.

A live/dead staining assay of L929 cells was conducted using
Hoechst 33342 to further confirm the cellular toxicity of hydrogels.
Hoechst 33342 is a blue fluorescent dye with low toxicity, which is
able to penetrate the cell membrane of the cell. The fluorescence
microscopy was used to observe the proliferation of L929 cells after

dyeing. As shown in Figure 5C, the results showed that the cell
numbers of the three samples had no significant difference.
Compared with the control group, there was no significant
reduction of cell numbers in the hydrogel with/without celecoxib
simples. The results indicated that the hydrogel loaded with
celecoxib has satisfying biocompatibility and is a suitable
injectable biomaterial for biomedical fields.

In vivo Toxicity Evaluation
There was no significant infection in 18 rabbits after local hydrogel
injection. In 2 weeks, there was no normal saline residue under the
skin of the rabbits in the control group. No significant infection was
found in the subcutaneous fascia and surrounding muscles. So, it was
not necessary for further observation of the rest rabbits in the control
group. As shown in Figure 6, there was obvious hydrogel residue
under the skin of the rabbits of the other two groups for 2 weeks.

FIGURE 3 |Morphologies of hydrogels with different concentrations of 2, 3, and 5 wt% and celecoxib are observed in the porous hydrogel structure (red arrow).

FIGURE 4 | The EDS results showed the F (red) and S (green) were evenly distributed in the hydrogel, and indirectly indicated that the hydrogel had successfully
encapsulated celecoxib.
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Moreover, there was no sign of infection with the obvious distinction
between hydrogel residue and surrounding tissue. With the extension
of observation time, the hydrogel residues were gradually degraded
under the skin, and there was no obvious hydrogel residue under the
skin in 2 months. The results indicated that the injectable
thermosensitive celecoxib-loaded chitosan hydrogel was able to be
used as non-toxic material with good biocompatibility and
histocompatibility for biomedical application.

In vivo Study by X-Ray and MRI
In a total of two New Zealand white rabbits, death occurred in the
process of anesthesia and post-operation. There was no obvious sign
of infection, and all rabbits were in good condition after surgery. The

postoperative X-ray andMRI showed the success of the establishment
of the intervertebral disc degeneration model by needle puncture.
Therefore, the composite hydrogel showed good sealing properties of
the AF defect by injecting the exogenous hydrogel.

Postoperative X-rays can visually display the intervertebral disc
height. The postoperative intervertebral disc height changes were
judged using the Bradner disc index (BDI). In addition, the
intervertebral disc degeneration can be evaluated by the observation
of sagittalMRIT2-weighted image. At 2weeks, 1month, and 2months
after the initial surgery, the X-ray imaging showed that a relatively
normal BDI was maintained in the hydrogel treatment groups than in
the degeneration group (Figures 7A,B) (p < 0.05). Moreover, the
degeneration group had a weaker MRI signal than the hydrogel

FIGURE 5 | (A) The culture and proliferation of L929 cells. (B) The CCK-8 test of hydrogels. (C) The Hoechst staining experiment of cells cultured on the different
groups.

FIGURE 6 | The degradation and histocompatibility analysis of hydrogel implanted subcutaneously at time of 2 weeks, 1 month, and 2 months after injection.
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treatment groups after the operation (Figures 7C,D). With the
extension of time, the difference became more obvious. However,
the intervertebral height and the degeneration grade of IVD still
gradually decreased in hydrogel groups than in the degeneration group.

The Histological Analysis of Intervertebral
Discs
The H&E staining (Figure 8A) and safranin O-fast green staining
(Figure 8B) were able to show the chromatin in the cell nucleus,
cytoplasmic ribosome, cytoplasm, and the extracellular matrix.

Normal nucleus pulposus tissue after staining can clearly show
the NP cells and onion-shaped AF. As shown in Figure 8, the
staining showed an obvious decrease in NP cells and height of
IVDwith a local defect in the degeneration group. However, there
still was NP cell residue in the center of IVD without an obvious
local defect in the hydrogel loaded with the celecoxib group. The
histological grade was 9.6 ± 0.9 in the degeneration group and
7.0 ± 1.0 in the hydrogel loaded with the celecoxib group
(Figure 8C). In the hydrogel loaded with the celecoxib group,
there was no significant difference in histological grade compared
with the hydrogel group, but it was worse than that in the control

FIGURE 7 | (A) The representative X-ray images. (B) The BDI changes in different groups after surgery. (C) The representative MRI shows the intervertebral disc
signal intensity of different groups. (D) The MRI grade changes of different groups after the operation (*,# = p < 0.05).

FIGURE 8 |Morphological staining in vivo. (A) The representative paraffin sections with H&E. (B) The representative paraffin sections with H&E. (C) The histological
grades of different groups after the operation (*,# = p < 0.05).
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group. In addition, the number of NP cells can be observed by
staining. Compared with the degeneration group, there were
more NP cells residual in hydrogel groups which is beneficial
for delaying the progress of IVD.

DISCUSSION

According to some studies, the recurrence of lumbar disc herniation
is one of the main reasons for postoperative leg pain after lumbar
discectomy (Hao et al., 2020; Paulsen;Rasmussen;Carreon and
Andersen, 2020). At present, most scholars think the local defect
of the annulus fibrosus is one of the pathogeny element of the
recurrent lumbar disc herniation and reoperation. Because of the
postoperative annulus fibrosus defect, the residual nucleus pulposus
has a high risk of disc prolapse after surgery, especially for young
patientswith strong activities. Some studies showed that the incidence
of recurrent lumbar disc herniation could reach nearly 62% after
surgery (Huang;Han;Liu;Yu and Yu, 2016; Yaman;Kazancı;Yaman;
Baş and Ayberk, 2017; Shin;Cho;Kim and Park, 2019). In addition,
the intervertebral disc degeneration will be accelerated due to the
damage caused by PELD, leading to the local spinal instability. Thus,
the effective measures to prevent the re-protrusion of the
intervertebral disc are the key issues for surgeons after PELD.

In addition, inflammation is also an important aspect that cannot
be neglected in postoperative leg pain. Studies showed that the
inflammatory response will be formed by the accumulation of
neutrophils and lymphocytes (Djuric et al., 2019; Peng et al.,
2019). The molecular mediators of inflammation, such as IL-1β,
IL-6, and TNF-α, will be released to cause the inflammation (Huang
et al., 2018;Ford;Kaddour;Gonzales;Page and Hahne, 2020). In fact,
studies also showed that the degeneration grade of IVD was
aggravated by the accumulation of inflammatory cytokines. TNF-
α and IL-1β are the important inflammatory factors for intervertebral
disc degeneration, which can induce intervertebral disc degeneration
by reducing the anabolism of extracellular matrix proteins (Chen;
Hodges;James and Diwan, 2021; Kim;Hong;Lee;Jeon and Ha, 2021).
TNF-α is able to inhibit the production of extracellular matrix and
increase the expression of MMP-3, MMP-9, and MMP-13. The
extracellular matrix synthesis could decrease because of affected
mitochondrial function and protein synthesis caused by
inflammatory mediators (Lambrechts et al., 2021). Moreover, the
expression of MMPs and ADAMTSs could also be affected by
inflammatory mediators, leading to the degradation of collagen-2
and aggrecan. Spinal instability can be caused by the decreased
extracellular matrix and reduced moisture content. Due to the
important pathological role of inflammation after discectomy, it is
very important to control postoperative inflammation.

Celecoxib is a selective COX-2 inhibitor, with the effect of anti-
inflammatory and analgesic (Choi et al., 2020). Due to the
characteristics of its chemical structure, it can be combined with
COX-2 to inhibit COX-2 in the conversion of arachidonic acid to
prostaglandins. It has a good anti-inflammatory analgesic with the
protection of gastric mucosa. However, studies showed that systemic
medication can increase the risk of serious cardiovascular thrombotic
events including myocardial infarction and stroke for patients with
pre-existing cardiovascular disease (Zhou et al., 2020). Some studies

have already shown that the local management using celecoxib not
only had an anti-inflammatory effect but also avoided the systemic
adverse effects (Salgado;Guénée;Černý;Allémann and Jordan, 2020).

Considering the narrow operation space, we designed and
developed the injectable thermosensitive composite chitosan-
based hydrogel as the drug delivery system to attenuate local
inflammation and improve degeneration in order to meet the
clinical requirement. The composite hydrogel also can sustain
mechanical stability by repairing the local defect after surgery.
Unlike other light-sensitive materials, our thermosensitive
chitosan-based hydrogel can crosslink at body temperature in
a short time. We can also use electrocoagulation to reduce the
crosslink time in operation.

Chitosan is widely used in biomedicine and preparation because of
its biodegradability, low toxicity, and good biocompatibility
(Gullbrand et al., 2017; Li et al., 2018). The degradation products
of chitosan can be absorbed without accumulation or
immunogenicity in the body (George;Tandon and
Kandasubramanian, 2020; Qu and Luo, 2020). In recent years,
studies on the role of chitosan in cartilage repair are also gradually
being carried out (Rusu et al., 2019; George;Tandon and
Kandasubramanian, 2020). NP cells are the main components of
NP, belonging to the chondroid cells, which can secrete aggrecan and
type-II collagen to synthesize extracellular matrix and then maintain
the stability of NP (Liu et al., 2020). Theoretically, the gel made of
chitosan is also suitable for the nucleus pulposus scaffold of the IVD
nucleus pulposus cells. Roughley et al. inoculated and cultured NP
cells on the prepared chitosan hydrogel (Roughley et al., 2006). They
found that chitosan hydrogel has no obvious inhibitory effect on the
proliferation of nucleus pulposus cells, maintaining its phenotype and
promoting the growth of the extracellular matrix. In this study, these
advantages of chitosan allowed NP cells to normally proliferate and
had no obvious adverse effects on cells. The in vivo experiment results
also indicated that the chitosan-based hydrogel had effects on the
delay of degeneration of IVD to some extent. In addition, the
crosslinked chitosan hydrogel is able to maintain a specific local
concentration of celecoxib. The porous structure of chitosan hydrogel
can provide space to contain and protect celecoxib to improve its
bioavailability. In addition, the slowed degradation of the hydrogel
further prolonged the drug release time.

All in all, postoperative leg pain can be caused by numerous
reasons. Because of the complex structure and function of the
intervertebral disc, the in vitro and animal experiments hardly
simulate the actual situation encountered in clinical practice.
Indeed, biomechanical tests can well explain the problem of
preventing re-herniation, and biomechanical tests will continue
to be added in the future. We will try large mammal animal
models (such as monkeys and sheep) to better evaluate the
application potential of more bioremediation materials. In the
future, it is also necessary to explore the research of biological
materials to repair intervertebral discs at the genetic level.

CONCLUSION

In this experiment, we successfully synthesized a chitosan-
based hydrogel loaded with celecoxib with thermo-
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sensitivity, injectability, and anti-inflammatory
characteristics. The composite chitosan-based hydrogel,
with the characteristics of biodegradability, low toxicity,
and good biocompatibility, is able to repair the defect of
IVD to prevent postoperative recurrence of disc herniation,
to further maintain the stability of the spine, and to delay the
IDD to some extent.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the ethics
committee of the affiliated hospital of Qingdao University.

Written informed consent was obtained from the owners for
the participation of their animals in this study.

AUTHOR CONTRIBUTIONS

YD: Methodology, investigation, and writing—original draft. JL:
Experiment and writing—review and editing. XT: Experiment,
review, and editing. YZ: Review and image editing. YL:
Experiment, review, and editing. GB: Experiment. JS:
Experiment. BZ: Animal experiment. HZ: Animal experiment.
KS: Supervision and writing—review and editing. YX:
Supervision and writing—review and editing.

FUNDING

This study was support by Taishan Scholar Project ofShandong
Province, China (No. ts20190985).

REFERENCES

Alinejad, Y., Adoungotchodo, A., Grant, M. P., Epure, L. M., Antoniou, J., Mwale,
F., et al. (2019). Injectable Chitosan Hydrogels with Enhanced Mechanical
Properties for Nucleus Pulposus Regeneration. Tissue Eng. Part A 25 (5-6),
303–313. doi:10.1089/ten.TEA.2018.0170

Aprile, B. C., Amato, M. C. M., and De Oliveira, C. A. (2020). Evolução funcional
após discectomia endoscópica lombar, uma avaliação mais precoce de 32 casos.
Rev. Bras. Ortop. (Sao Paulo) 55 (4), 415–418. doi:10.1055/s-0039-3402473

Borrelli, C., and Buckley, C. T. (2020). Injectable Disc-Derived ECM Hydrogel
Functionalised with Chondroitin Sulfate for Intervertebral Disc Regeneration.
Acta Biomater. 117, 142–155. doi:10.1016/j.actbio.2020.10.002

Cannata, F., Vadalà, G., Ambrosio, L., Fallucca, S., Napoli, N., Papalia, R., et al.
(2020). Intervertebral Disc Degeneration: A Focus on Obesity and Type 2
Diabetes. Diabetes Metab. Res. Rev. 36 (1), e3224. doi:10.1002/dmrr.3224

Chen, K.-T., Tseng, C., Sun, L.-W., Chang, K.-S., and Chen, C.-M. (2021).
Technical Considerations of Interlaminar Approach for Lumbar Disc
Herniation. World Neurosurg. 145, 612–620. doi:10.1016/j.wneu.2020.06.211

Chen, X., Hodges, P. W., James, G., and Diwan, A. D. (2021). Do Markers of
Inflammation And/or Muscle Regeneration in Lumbar Multifidus Muscle and
Fat Differ between Individuals with Good or Poor Outcome Following
Microdiscectomy for Lumbar Disc Herniation? Spine (Phila Pa 1976) 46
(10), 678–686. doi:10.1097/brs.0000000000003863

Choi, J.-S., Lee, D.-H., Ahn, J. B., Sim, S., Heo, K.-S., Myung, C.-S., et al. (2020).
Therapeutic Effects of Celecoxib Polymeric Systems in Rat Models of
Inflammation and Adjuvant-Induced Rheumatoid Arthritis. Mater. Sci. Eng.
C 114, 111042. doi:10.1016/j.msec.2020.111042

Deng, L., Yang, H., Liu, M., Liang, T., Wang, F., Ning, X., et al. (2021). The Role of
Positive Nerve Root Sedimentation Sign in the Treatment of Patients
Undergoing Lumbar Disc Herniation. Br. J. Neurosurg. 35. 1–6. doi:10.1080/
02688697.2021.1923652

Djuric, N., Yang, X., Ostelo, R. W. J. G., van Duinen, S. G., Lycklama à Nijeholt, G.
J., van der Kallen, B. F. W., et al. (2019). Disc Inflammation andModic Changes
Show an Interaction Effect on Recovery after Surgery for Lumbar Disc
Herniation. Eur. Spine J. 28 (11), 2579–2587. doi:10.1007/s00586-019-06108-9

Ford, J. J., Kaddour, O., Gonzales, M., Page, P., and Hahne, A. J. (2020). Clinical
Features as Predictors of Histologically Confirmed Inflammation in Patients
with Lumbar Disc Herniation with Associated Radiculopathy. BMC
Musculoskelet. Disord. 21 (1), 567. doi:10.1186/s12891-020-03590-x

George, S. M., Tandon, S., and Kandasubramanian, B. (2020). Advancements in
Hydrogel-Functionalized Immunosensing Platforms. ACS Omega 5 (5),
2060–2068. doi:10.1021/acsomega.9b03816

Gullbrand, S. E., Schaer, T. P., Agarwal, P., Bendigo, J. R., Dodge, G. R., Chen, W.,
et al. (2017). Translation of an Injectable Triple-Interpenetrating-Network
Hydrogel for Intervertebral Disc Regeneration in a Goat Model. Acta
Biomater. 60, 201–209. doi:10.1016/j.actbio.2017.07.025

Hao, L., Li, S., Liu, J., Shan, Z., Fan, S., and Zhao, F. (2020). Recurrent Disc
Herniation Following Percutaneous Endoscopic Lumbar Discectomy
Preferentially Occurs when Modic Changes Are Present. J. Orthop. Surg.
Res. 15 (1), 176. doi:10.1186/s13018-020-01695-6

Hu, Y., Zheng, Y., Chen, G., and Chen, W. (2020). Comparison of Percutaneous
Endoscopic Discectomy and Microendoscopic Discectomy in Treatment of
Symptomatic Lumbar Disc Herniation. Med. Baltim. 99 (42), e22709. doi:10.
1097/md.0000000000022709

Huang, W., Han, Z., Liu, J., Yu, L., and Yu, X. (2016). Risk Factors for Recurrent
Lumbar Disc Herniation. Med. Baltim. 95 (2), e2378. doi:10.1097/md.
0000000000002378

Huang, K.-Y., Hsu, Y.-H., Chen, W.-Y., Tsai, H.-L., Yan, J.-J., Wang, J.-D., et al.
(2018). The Roles of IL-19 and IL-20 in the Inflammation of Degenerative
Lumbar Spondylolisthesis. J. Inflamm. 15, 19. doi:10.1186/s12950-018-0195-6

Kim, H., Hong, J. Y., Lee, J., Jeon, W.-J., and Ha, I.-H. (2021). IL-1β Promotes Disc
Degeneration and Inflammation through Direct Injection of Intervertebral Disc
in a Rat Lumbar Disc Herniation Model. Spine J. 21 (6), 1031–1041. doi:10.
1016/j.spinee.2021.01.014

Knezevic, N. N., Candido, K. D., Vlaeyen, J. W. S., Van Zundert, J., and Cohen, S. P.
(2021). Low Back Pain. Lancet 398 (10294), 78–92. doi:10.1016/s0140-6736(21)
00733-9

Kocak, A. O., Ahiskalioglu, A., Sengun, E., Gur, S. T. A., and Akbas, I. (2019).
Comparison of Intravenous NSAIDs and Trigger Point Injection for Low Back
Pain in ED: A Prospective Randomized Study. Am. J. Emerg. Med. 37 (10),
1927–1931. doi:10.1016/j.ajem.2019.01.015

Kos, N., Gradisnik, L., and Velnar, T. (2019). A Brief Review of the Degenerative
Intervertebral Disc Disease. Med. Arch. 73 (6), 421–424. doi:10.5455/medarh.
2019.73.421-424

Lambrechts, M. J., Pitchford, C., Hogan, D., Li, J., Fogarty, C., Rawat, S., et al.
(2021). Lumbar Spine Intervertebral Disc Desiccation Is Associated with
Medical Comorbidities Linked to Systemic Inflammation. Arch. Orthop.
Trauma Surg. 141. 1. doi:10.1007/s00402-021-04194-3

Li, Z., Shim, H., Cho, M. O., Cho, I. S., Lee, J. H., Kang, S.-W., et al. (2018). Thermo-
sensitive Injectable Glycol Chitosan-Based Hydrogel for Treatment of
Degenerative Disc Disease. Carbohydr. Polym. 184, 342–353. doi:10.1016/j.
carbpol.2018.01.006

Liu, Y., Li, Y., Nan, L.-P., Wang, F., Zhou, S.-F., Feng, X.-M., et al. (2020). Insights
of Stem Cell-Based Endogenous Repair of Intervertebral Disc Degeneration.
Wjsc 12 (4), 266–276. doi:10.4252/wjsc.v12.i4.266

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8761579

Du et al. Hydrogel for Intervertebral Disc Defect

https://doi.org/10.1089/ten.TEA.2018.0170
https://doi.org/10.1055/s-0039-3402473
https://doi.org/10.1016/j.actbio.2020.10.002
https://doi.org/10.1002/dmrr.3224
https://doi.org/10.1016/j.wneu.2020.06.211
https://doi.org/10.1097/brs.0000000000003863
https://doi.org/10.1016/j.msec.2020.111042
https://doi.org/10.1080/02688697.2021.1923652
https://doi.org/10.1080/02688697.2021.1923652
https://doi.org/10.1007/s00586-019-06108-9
https://doi.org/10.1186/s12891-020-03590-x
https://doi.org/10.1021/acsomega.9b03816
https://doi.org/10.1016/j.actbio.2017.07.025
https://doi.org/10.1186/s13018-020-01695-6
https://doi.org/10.1097/md.0000000000022709
https://doi.org/10.1097/md.0000000000022709
https://doi.org/10.1097/md.0000000000002378
https://doi.org/10.1097/md.0000000000002378
https://doi.org/10.1186/s12950-018-0195-6
https://doi.org/10.1016/j.spinee.2021.01.014
https://doi.org/10.1016/j.spinee.2021.01.014
https://doi.org/10.1016/s0140-6736(21)00733-9
https://doi.org/10.1016/s0140-6736(21)00733-9
https://doi.org/10.1016/j.ajem.2019.01.015
https://doi.org/10.5455/medarh.2019.73.421-424
https://doi.org/10.5455/medarh.2019.73.421-424
https://doi.org/10.1007/s00402-021-04194-3
https://doi.org/10.1016/j.carbpol.2018.01.006
https://doi.org/10.1016/j.carbpol.2018.01.006
https://doi.org/10.4252/wjsc.v12.i4.266
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Liyew, W. A. (2020). Clinical Presentations of Lumbar Disc Degeneration and
Lumbosacral Nerve Lesions. Int. J. Rheumatology 2020, 1–13. doi:10.1155/2020/
2919625

Patel, H. D., Uppin, R. B., Naidu, A. R., Rao, Y. R., Khandarkar, S., and Garg, A.
(2019). Efficacy and Safety of Combination of NSAIDs andMuscle Relaxants in
the Management of Acute Low Back Pain. Pain Ther. 8 (1), 121–132. doi:10.
1007/s40122-019-0112-6

Paulsen, R. T., Rasmussen, J., Carreon, L. Y., and Andersen, M. Ø. (2020). Return to
Work after Surgery for Lumbar Disc Herniation, Secondary Analyses from a
Randomized Controlled Trial Comparing Supervised Rehabilitation versus
Home Exercises. Spine J. 20 (1), 41–47. doi:10.1016/j.spinee.2019.09.019

Peng,H., Tang, G., Zhuang, X., Lu, S., Bai, Y., andXu, L. (2019).Minimally Invasive Spine
Surgery Decreases Postoperative Pain and Inflammation for Patients with Lumbar
Spinal Stenosis. Exp. Ther. Med. 18 (4), 3032–3036. doi:10.3892/etm.2019.7917

Qu, B., and Luo, Y. (2020). Chitosan-based Hydrogel Beads: Preparations,
Modifications and Applications in Food and Agriculture Sectors - A Review.
Int. J. Biol. Macromol. 152, 437–448. doi:10.1016/j.ijbiomac.2020.02.240

Roughley, P., Hoemann, C., DesRosiers, E., Mwale, F., Antoniou, J., and Alini, M.
(2006). The Potential of Chitosan-Based Gels Containing Intervertebral Disc
Cells for Nucleus Pulposus Supplementation. Biomaterials 27 (3), 388–396.
doi:10.1016/j.biomaterials.2005.06.037

Rusu, A. G., Chiriac, A. P., Nita, L. E., Bercea, M., Tudorachi, N., Ghilan, A., et al.
(2019). Interpenetrated Polymer Network with Modified Chitosan in
Composition and Self-Healing Properties. Int. J. Biol. Macromol. 132,
374–384. doi:10.1016/j.ijbiomac.2019.03.136

Salgado, C., Guénée, L.,Černý, R., Allémann, E., and Jordan, O. (2020). NanoWetMilled
Celecoxib Extended Release Microparticles for Local Management of Chronic
Inflammation. Int. J. Pharm. 589, 119783. doi:10.1016/j.ijpharm.2020.119783

Schectman, J. M. (2020). In Non-low Back Musculoskeletal Injuries, NSAIDs and
Acetaminophen Reduce Acute Pain. Ann. Intern Med. 173 (12), Jc65. doi:10.
7326/acpj202012150-065

Shin, E.-H., Cho, K.-J., Kim, Y.-T., and Park, M.-H. (2019). Risk Factors for
Recurrent Lumbar Disc Herniation after Discectomy. Int. Orthop. (SICOT) 43
(4), 963–967. doi:10.1007/s00264-018-4201-7

Tacconi, L., Baldo, S., Merci, G., and Serra, G. (2021). Transforaminal Percutaneous
Endoscopic Lumbar Discectomy: Outcome and Complications in 270 Cases.
J. Neurosurg. Sci. 64 (6), 531–536. doi:10.23736/s0390-5616.18.04395-3

Tendulkar, G., Chen, T., Ehnert, S., Kaps, H.-P., and Nüssler, A. K. (2019).
Intervertebral Disc Nucleus Repair: Hype or Hope? Ijms 20 (15), 3622.
doi:10.3390/ijms20153622

Urban, J. P. G., and Fairbank, J. C. T. (2020). Current Perspectives on the Role of
Biomechanical Loading and Genetics in Development of Disc Degeneration
and Low Back Pain; a Narrative Review. J. Biomechanics 102, 109573. doi:10.
1016/j.jbiomech.2019.109573

Wang, F., Nan, L.-p., Zhou, S.-f., Liu, Y., Wang, Z.-y., Wang, J.-c., et al. (20192019).
Injectable Hydrogel Combined with Nucleus Pulposus-Derived Mesenchymal
Stem Cells for the Treatment of Degenerative Intervertebral Disc in Rats. Stem
Cells Int. 2019, 1–17. doi:10.1155/2019/8496025

Yaman, M. E., Kazancı, A., Kazancı, A., Yaman, N. D., Baş, F., and Ayberk, G.
(2017). Factors that Influence Recurrent Lumbar Disc Herniation. Hong Kong
Med. J. 23 (3), 258–263. doi:10.12809/hkmj164852

Yang, S., Zhang, F., Ma, J., and Ding, W. (2020). Intervertebral Disc Ageing and
Degeneration: The Antiapoptotic Effect of Oestrogen. Ageing Res. Rev. 57,
100978. doi:10.1016/j.arr.2019.100978

Zhang, C., Gullbrand, S. E., Schaer, T. P., Boorman, S., Elliott, D. M., Chen, W.,
et al. (2021). Combined Hydrogel and Mesenchymal Stem Cell Therapy for
Moderate-Severity Disc Degeneration in Goats. Tissue Eng. Part A 27 (1-2),
117–128. doi:10.1089/ten.TEA.2020.0103

Zhou, J., Xiong, W., Gou, P., Chen, Z., Guo, X., Huo, X., et al. (2020). Clinical Effect
of Intramuscular Calcitonin Compared with Oral Celecoxib in the Treatment of
Knee Bone Marrow Lesions: a Retrospective Study. J. Orthop. Surg. Res. 15 (1),
230. doi:10.1186/s13018-020-01746-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Du, Li, Tang, Liu, Bian, Shi, Zhang, Zhao, Zhao, Sui and Xi. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 87615710

Du et al. Hydrogel for Intervertebral Disc Defect

https://doi.org/10.1155/2020/2919625
https://doi.org/10.1155/2020/2919625
https://doi.org/10.1007/s40122-019-0112-6
https://doi.org/10.1007/s40122-019-0112-6
https://doi.org/10.1016/j.spinee.2019.09.019
https://doi.org/10.3892/etm.2019.7917
https://doi.org/10.1016/j.ijbiomac.2020.02.240
https://doi.org/10.1016/j.biomaterials.2005.06.037
https://doi.org/10.1016/j.ijbiomac.2019.03.136
https://doi.org/10.1016/j.ijpharm.2020.119783
https://doi.org/10.7326/acpj202012150-065
https://doi.org/10.7326/acpj202012150-065
https://doi.org/10.1007/s00264-018-4201-7
https://doi.org/10.23736/s0390-5616.18.04395-3
https://doi.org/10.3390/ijms20153622
https://doi.org/10.1016/j.jbiomech.2019.109573
https://doi.org/10.1016/j.jbiomech.2019.109573
https://doi.org/10.1155/2019/8496025
https://doi.org/10.12809/hkmj164852
https://doi.org/10.1016/j.arr.2019.100978
https://doi.org/10.1089/ten.TEA.2020.0103
https://doi.org/10.1186/s13018-020-01746-y
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	The Thermosensitive Injectable Celecoxib-Loaded Chitosan Hydrogel for Repairing Postoperative Intervertebral Disc Defect
	Introduction
	Methods and Materials
	Materials
	Synthesis of TICHC
	Characterization of TICHC
	The Temperature Sensitivity Study of TICHC
	The Injectability Study of TICHC
	Cell Viability
	The Biocompatibility and Degradability Analysis
	Animal Surgery
	The X-Ray and MRI Evaluation
	Histological Analysis
	Statistical Analysis

	Results
	Preparation and Characterization of TICHC
	In vitro Toxicity Evaluation
	In vivo Toxicity Evaluation
	In vivo Study by X-Ray and MRI
	The Histological Analysis of Intervertebral Discs

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


