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Abstract
The physicochemical stimulation of acupoints is a widespread treatment strategy for different diseases, such as sciatica. Its 
efficacy is mainly based on the temporal and spatial modulation of the physicochemical properties of the acupoints. The existing 
therapies based on the stimulation of acupoints have certain disadvantages. Therefore, in this study, injectable dexamethasone 
(DXM)- and magnetic Fe3O4 nanoparticles-loaded chitosan/β-glycerophosphate (CS/GP) thermal crosslinking hydrogels were 
prepared, thereby improving the performance of embedding materials. The sciatica rat models were established to compare 
the therapeutic effects of hydrogels and catgut. The DXM or Fe3O4-loaded CS/GP hydrogels were compared in terms of their 
gelation kinetics, release kinetics, magnetic responsiveness in-vitro, and biocompatibility as well as their analgesic effects on the 
chronic constriction injury of the sciatic nerve (CCI) rats in-vivo. The CS/GP/Fe3O4/DXM hydrogel showed comparable gelation 
kinetics and good magnetic responsiveness in-vitro. This hydrogel could relieve sciatica by reducing the expression levels of 
inflammatory factors in serum, inhibiting the p38MAPK (p38, mitogen-activated protein kinase) phosphorylation, and decreasing 
the expression level of the P2X4 receptor (P2X4R) in the spinal dorsal horn. In conclusion, the DXM or Fe3O4-loaded CS/GP 
hydrogels can be considered as a treatment option for the physiochemical stimulation therapy of acupoints to improve sciatica.
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Graphical abstract

(A) Synthesis route of CS/GP hydrogel (B) Fe3O4 and DXM encapsulated CS/GP hydrogel used in sciatica rat models under 
0.4 T static magnetic field at acupuncture point ST36 (Zusanli).
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Introduction

In Traditional Chinese Medicine (TCM), qi and blood are 
transferred to and from the internal organs and meridians at a 
special spot in the body, known as the acupoint. This phenom-
enon closely interacts with, responds to, and treats the internal 
organs and meridians as well as tissues and organs to a certain 
extent1. The receptors present in the skin, muscles, and internal 
organs can be activated by the mechanical, thermal, or chemi-
cal stimulation of the acupuncture points, such as moxibustion, 
injection, and thread embedding2. The stimulation signals are 
then transmitted to the relevant peripheral or central nerves for 
integration, thereby regulating nerve function, improving local 
circulation, and inhibiting the release of inflammatory factors, 
which enhance immunity and also improve body function.

Physiochemical stimulation of acupoints has been widely 
used to treat acute, chronic, and intractable diseases3,4, such 
as inflammatory diseases5 and neuropathic pain3. In acupoint 
stimulation, the major problem is its non-modulation, such 
as the time of acupuncture, dosage, and tools for acupoint 
injection, and singularity of the acupoint embedding materi-
als, which are needed to be solved urgently. Numerous stud-
ies showed that glucocorticoids could play an essential role 
as an anti-inflammatory analgesic for the treatment of sciat-
ica; however, dexamethasone (DXM) is still the main choice 
for treating sciatica6,7. The physical stimulation of acupoints 
in combination with DXM also showed good clinical results 
in pain management. P2X4R played an important role in 
neuropathic pain, showing a clear effect on the developmen-
tal maintenance of nociception8,9.

Acupoint Catgut Embedding Therapy (ACET) is a kind of 
the physiochemical stimulation therapy of acupoint, which is 
often used for the treatment of chronic diseases and exhibits 
several advantages, including long-lasting stimulation, fewer 
treatments, and improved compliance as compared to the 
ordinary acupuncture. However, some of the disadvantages 
of this therapy included its inability to carry drugs, fast deg-
radation time, the requirement of multiple injections for 
stimulation, and poor controllability. The most commonly 
used clinical material for ACET is catgut (sheep intestine 
thread). However, some patients are allergic to catgut; there-
fore, other polymeric materials are also developed and 
applied, having great potentials10,11.

Hydrogels with a three-dimensional (3D) network struc-
ture of polymer materials have gradually become a preferred 
choice for ACET. The in-situ injectable hydrogels, which are 
a new type of embedding material and drug carrier with con-
trolled release, show a temperature-induced sol-gel transi-
tion for achieving the long-lasting stimulation of acupoints. 
However, the existing in-situ injectable hydrogels lack cer-
tain controllability and have responsiveness and dose adjust-
ability, easily causing internal extrusion and reducing the 
efficacy in the stimulation of acupoints. Chitosan hydrogel is 
one of the most widely used bio-compatible natural hydro-
gels used in genetic engineering12,13 and drug release14,15.  

It possesses anti-inflammatory, anti-bacterial, and good 
mechanical as well as adhesive properties. DXM is elimi-
nated rapidly, thereby requiring high and frequent doses, 
which cause side effects, such as affecting the glucose and 
cortisol homeostasis16. These adverse effects can be over-
come by the sustained release of drugs using hydrogel.

Smart hydrogels, which respond to external stimuli, such 
as pH17–19, temperature20,21, and magnetic field22,23, have been 
widely used in the pharmaceutical industry. In order to enhance 
the responsiveness of hydrogel material for improving the 
effects of physiochemical stimulation of acupoints, the hydro-
gels can be loaded with superparamagnetic Fe3O4 nanoparti-
cles, giving them the properties of spatial control, rapid 
magnetic response, and non-invasive remote actuation. Using 
the external magnetic field24–26, a certain amount of pressure is 
exerted on the acupoint, producing the vibration effects simi-
lar to physiotherapy. Recent studies showed that chitosan 
threads were absorbed by the body and produced longer 
physiological and biochemical responses for up to 20 days or 
longer27 in the acupoints and surrounding tissues. Therefore, 
the chitosan hydrogel, showing a certain degree of magnetic 
responsiveness, has become the focus of the studies.

In the current study, a CS/GP/Fe3O4/DXM hydrogel, 
which was a DXM-loaded injectable in-situ thermal cross-
linking magnetic responsive hydrogel, was developed for the 
physiochemical stimulation of acupoint for suppressing pain 
in the sciatica rat models. The efficiency of this hydrogel was 
assessed by analyzing the expression levels of two proteins, 
including P2X4R and downstream p-p38MAPK, in the spi-
nal cord dorsal horn of CCI rats at the acupuncture point 
ST36.

Material and Method

Preparation of Hydrogels

A CS/GP/Fe3O4/DXM hydrogel was prepared by adding 200 
mg CS (deacetylation degree of 90%–95%, median molecu-
lar weight, Aladdin, Shanghai, China) to 10 mL hydrochloric 
acid solution (0.1 mol/L) under continuous magnetic stirring 
for 2 h. Subsequently, to this solution, 2 mL GP solution 
(56% w/v, Shanghai, Aladdin, China) and 20 nm Fe3O4/CS/
GP hydrogel, containing 0.3% w/v Fe3O4 (Beijing Deke 
Daojin Science Technology Co. Ltd, China) were added at 
25℃. Then, 12 mg DXM (Aladdin, Shanghai, China) was 
then dissolved in the prepared Fe3O4/CS/GP solution. For the 
control group, the DXM drug (1 mg/mL) was dissolved in a 
phosphate-buffered saline solution (PBS, pH = 7.4).

Physical Characterization and Gelation of 
Hydrogel

The liquid hydrogel was converted into gel at 37°C in the 
5-ml centrifuge tubes. The gel was then placed in liquid 
nitrogen for 5 min and lyophilized at −40℃ in a freeze-dryer 
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for 48 h. After freeze-drying, the hydrogel was cut into small 
pieces (5 mm × 5 mm × 5 mm) and attached to the scanning 
support using conductive adhesive. Vacuum gold spay was 
carried out on the sample pieces for 300 s. The hydrogel 
samples were observed under the field emission scanning 
electron microscope (SEM, 250FEG, Quanta, America). The 
formation of gel was tested using simple the vial-inverting 
method at a controlled temperature (37℃)28. The vial was 
inverted for 30 s to ensure the complete transformation of 
liquid hydrogel into a gel.

Rheological Properties of Hydrogels

After preparing the CS/GP hydrogel, the rheological proper-
ties of the gel were determined using an advanced rheometer 
(MCR101, Anton Paar, Austria). Variations in the storage 
modulus (G') and loss modulus (G") with angular frequency, 
ranging from 0.1 to 100 rad/s, were set after 5 min of solid 
gel formation at 37℃. A dynamic time sweep test was per-
formed on the CS/GP/Fe3O4/DXM hydrogel to determine the 
gel time of the sample in the physiological state. The param-
eters were set as follows: 2.0 rad/s frequency, 2% strain, and 
37°C temperature.

Swelling Test and Biodegradability

The weight (W0) of the dried samples of CS/GP hydrogel and 
CS/GP/Fe3O4/DXM (n = 3 for each type of hydrogel) was 
determined. The samples were rehydrated in PBS for 20, 40, 
60, 80, and 120 min at 37°C. After their removal from PBS, 
the swollen hydrogels were dehydrated using filter paper and 
again weighted (Wt). The swelling rate of the hydrogels was 
calculated using Eq. (1).

 Swelling %  = W W /W 100%( )t 0 0( ) ′−−  (1)

The dried CS/GP and CS/GP/Fe3O4/DXM hydrogels (n = 
3 for each hydrogel) were incubated at 37°C in 20 mL PBS, 
containing 500 μg/mL lysozyme, in a shaking incubator at 50 
rpm for 3, 6, 9, 12, and 15 days. The control group was incu-
bated in PBS without lysozyme. All the samples were weighed 
before (W0) and after incubation (Wt) for different durations. 
The sample degradation was calculated using Eq. (2).

 Degradation %  = W W /W 100%( )t 0 0( ) ′−  (2)

In-vitro Study of Drug Release

The drug release testing of DXM-loaded hydrogel was per-
formed using a dialysis bag (molecular weight cut off, 
MWCO: 10000 Da). The hydrogel-containing dialysis bag, 
after gel formation, was incubated in 25 mL PBS (pH 7.4) at 
37°C and 50 rpm in a thermostatic shaker. A 5-ml PBS solu-
tion was replaced regularly after 4, 8, 24, 48, 72, 120, and 

192 h with the same volume of PBS each time (three samples 
were taken at each time point and the experiments were trip-
licated). The amount of DXM released in each sample was 
analyzed using a UV spectrophotometer (UV-2102C, Unice, 
China).

In-vitro Cytotoxicity Assay of CS/GP/Fe3O4/DXM 
Hydrogel

The cytotoxicity of CS/GP/Fe3O4/DXM hydrogel was evalu-
ated using Cell Counting Kit-8 (CCK-8, SAB, USA) assay. A 
100-μL L929 cell suspension was plated into each well of the 
96-well plate with a cellular density of 5 × 104/mL and incu-
bated in an incubator, containing 5% CO2 concentration, at 
37°C for 24 h. Then, 100 μL of CS/GP/Fe3O4/DXM hydrogel 
extracts was added to each well, and co-cultured with cells. 
The samples were then incubated in a CO2 incubator at 37°C 
for 24 h. As a control group, the cells without magnetic hydro-
gels were used. After incubating with CCK-8 at 37°C for 1 h, 
the cellular morphologies were photographed using a micro-
scope (XDS-500C, Caikon, China) and their optical density 
(OD) values at 450 nm were measured using a microplate 
reader (DNM-9602, Perlong, China). Then, the cell viability 
of each sample was calculated.

Animals and Surgical Preparation

Healthy male SD rats, weighing 200 ± 20g, were used for the 
implantation of the hydrogel samples. For the establishment 
of the CCI rat model, the SD rat models were fasted 1 d before 
modeling and then anesthetized with isoflurane gas. The mid-
dle of the right posterior leg of the rat was sterilized and a 
sterile towel was laid down. About 2 cm of their skin was cut 
open and the biceps femoris muscle was bluntly separated, 
exposing the middle segment of the right sciatic nerve. The 
ligature was loosely ligated with the four stitches of 4-0 silk 
thread, having a 1-mm distance between two stitches. The 
tightness was kept appropriate to make the ligature slide over 
the sciatic nerve trunk, leading to a slight trembling of the 
rat’s muscles. After establishing the rat models, the vital signs 
and wound healing of the rats were closely observed.

Experimental Groups and Treatments

A total of 56 healthy male rats were divided into seven 
groups, including control, CCI, catgut, CS/GP, CS/GP/
Fe3O4, CS/GP/Fe3O4/DXM, and DXM groups. A 30-cm 
magnetic field with a magnetic field strength of 0.4 T was set 
next to the rat’s ST36 acupoint. The rats were treated twice 
daily for 30 min with an interval of 6 h between the two treat-
ments (10:00–10:30 and 16:00–16:30). The CS/GP, CS/GP/
Fe3O4, and CS/GP/Fe3O4/DXM groups were treated by the 
intramuscular injection of the respective hydrogels (0.1 ml) 
at the ST36 acupoint in the SD rats. DXM (0.1 mg) was 
injected per acupoint. The catgut group was implanted with 
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2-mm catgut (Shandong Boda medical supplies Co., Ltd, 
China). Each treatment group of rats was treated weekly.

Finite Element Simulation of the Magnetic 
Responsiveness

The correlations between the magnetic force at the free end of 
the magnet and the gap between the hydrogels were measured 
using the finite element method in-vitro. The maximum value 
of the magnetic force was also calculated. The hydrogels had 
a gap distance of 8 mm to 0 mm, and the hydrogels were des-
ignated as homogeneous or ellipsoidal spheres.

The ST36 acupoint is located near the tibialis anterior mus-
cle. Therefore, the hydrogel was injected into the muscle layer. 
The finite elements were used to simulate the stretching force 
on the muscles near the acupoint. Using the NdFeB, the simu-
lated magnetic field was 75 mm × 75 mm × 25 mm with a 
magnetic field strength of 0.4 T. The hydrogel samples were 
fixed next to the muscle or at one end of the muscle. In order 
to evaluate the effects of magnetic stimulations on the mus-
cles, a simplified simulation was performed using the Finite 
Element Software (COMSOL Multiphysics 6.0, Sweden). The 
muscle was measured as a fusiform cylinder as well as Young’s 
modulus of 30 kPa and Poisson’s ratio of 0.4529. A force was 
applied at the surface as a force boundary condition. The strain 
distribution within the muscle was measured.

Behavioral Testing

The paw mechanical withdrawal threshold (PMWT)：The 
right hind paw of the SD rat was measured using a paw noci-
ceptive Electronic Von Frey tester (IITC 2391, USA) before 
surgery and on the 1st, 3rd, 5th, 7th, 10th, and 14th day of 
surgery. The SD rats were placed in cages on a wire panel 
with a mesh for 30 min. When the rats were quiet, a gradual 
pressure was applied to the right hind paw until the rats 
showed movements, such as lifting, avoiding, or licking the 
foot. The maximum pressure applied to the right hind paw at 
the time of a positive response was recorded and repeated 
three times at an interval of 5 min.

Hematoxylin and Eosin (H&E) Staining and 
Enzyme Linked Immunosorbent Assay (ELISA)

The formation and compatibility of the hydrogels were eval-
uated in the SD rats in-vivo. The skin on the back of the SD 
rat was fixed in 10% paraformaldehyde for 2 days. After the 
skin tissues were made transparent using xylene, they were 
dehydrated and embedded in paraffin, followed by cutting 
into 5-μm-thick sections. The sections were dewaxed in 
xylene, rinsed with water, and stained with H&E under a 
light microscope (ECLIPSE Ni, Japan) in order to observe 
the histopathological changes in the skin.
In order to evaluate the inflammatory response, ELISA was 
performed to detect the expression levels of serum TNF-α, 

IL-6, and IL-1β in rats. The rats were anesthetized on the 14th 
day of surgery using 1 mL/100 g of 0.3% pentobarbital 
sodium. The rats’ tissues and organs were bluntly separated to 
expose the abdominal aorta. A total of 5 mL of blood was col-
lected from the abdominal aorta and centrifuged at 3000 rpm 
for 15 min at 4℃. Then, the blood serum was collected. The 
expression levels of serum TNF-α, IL-6, and IL-1β were 
determined using their respective ELISA kits (Xinyu, Biotech, 
Shanghai, China) following the manufacturer’s instructions.

Western Blotting

Western blotting was performed to determine the protein 
expression levels of P2X4R, p38MAPK and p-p38MAPK in 
the L4-L6 dorsal horn of the spinal cord. The four rats from 
each group were anesthetized on the 14th day of surgery and 
the L4-L6 segments of the spinal cord were removed. After 
further fragmentation by ultrasound, the tissues were placed 
on ice for 30 min and then centrifuged at 4℃ for 20 min at 
15,000 rpm. The supernatant was extracted, and the protein 
concentrations were determined using the bicinchoninic acid 
(BCA) method. The extracted proteins (50 μg) were dena-
tured in a loading buffer at 95°C for 5 min and separated on 
a 12% sodium dodecyl-sulfate (SDS)-polyacrylamide gel. 
The samples on SDS-polyacrylamide gel were then trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane, 
which was then probed with the primary antibodies at 4℃ 
overnight. The primary antibodies included rabbit anti-
P2X4R (1:1000, CST, USA), rabbit anti-p38MAPK (1:1000, 
CST, USA), and rabbit anti-p-p38MAPK (1:1000, CST, 
USA). Then, the excess antibodies were washed with TBST 
buffer thrice for 5 min. The membrane was incubated with 
the respective horseradish peroxidase-conjugated secondary 
antibodies (1:1000) at room temperature for 1 h, followed by 
washing similar to the previous step. ECL luminescent solu-
tion was prepared, and the images were captured using a GE 
luminometer (Tanon-5200, Shanghai, China) and analyzed 
using Image J software for the image gray value analysis.

Quantitative Real-Time PCR

Total RNA was extracted from the spinal cord L4-L6 tissues 
and converted into cDNA. Real-time PCR was performed 
using an iCycler (ABI-7300), SYBR Green supermix 
(Thermo, #K0223), and 4 ng of the cDNA30. For PCR, the 
primers were synthesized by Invitrogen (Fermentas, 
#K1622). The primers for the P2X4R gene were as follows; 
forward primer 5’-CATCCTCCCCAACATCAC-3’ and 
reverse primer 5'-CCCTCAACTGCCATCTCC-3.’

Statistical Analyses

All the experimental data were statistically analyzed using 
SPSS 26.0 (Statistical Package of Social Science, Chicago, 
USA) software and plotted using GraphPad Prism (version 
5.01, GraphPad Software, San Diego, USA). The bivariate 
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Figure 1. Microscopic characterization of the thermosensitive hydrogel. (A and B) SEM pictures (X100, X400) of the CS/GP hydrogel 
showed that the gel carrier contained a loose porous network matrix structure with a smooth matrix surface; (C and D) CS/GP/Fe3O4/
DXM hydrogel had also a loose porous network matrix structure because the Fe3O4/DXM was embedded on the surface or inside of 
the matrix, which was rough and granular.

analysis of variance (ANOVA) and Bonferroni post hoc tests 
were used for comparing the threshold of mechanical pain at 
different time points in each group. For the comparison of 

seven groups, one-way ANOVA was performed for the anal-
ysis of biochemical indicators. All the numerical data were 
expressed as means ± SEM. The statistical significance was 
set to P < 0.05.

Results

Characterization of Hydrogels

After freeze-drying the hydrogels, SEM revealed that the 
structure of hydrogel was a 3D loose porous network (Fig. 1), 
which facilitated the sustained release of DXM and exchange 
of nutrients/wastes. Evaluating the gel-forming properties of 
hydrogels showed the formation of gel immediately at 37°C, 
and the state of the gel changed in a time-dependent manner 
(Fig. 2). The difference between the storage modulus and the 
loss modulus of the hydrogel was small until 100 s, indicating 
that the hydrogel was semi-solid at this stage. However, after 
100 s, the storage modulus was always much higher as com-
pared to the loss modulus, indicating that the hydrogel was 
completely transformed into a solid state. Therefore, all the 

Figure 2. The gel-forming properties of hydrogels. Variations in the 
storage and loss moduli (G' and G", respectively) with time at 37°C.
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Figure 3. Thermosensitive and magnetic responsiveness of hydrogels. (A) Photographs of the (a and b) CS/GP hydrogel at 25°C 
and 37°C, and (c and d) CS/GP/Fe3O4/DXM hydrogel at 25°C and 37°C; (B) Variations in the storage and loss moduli (G' and G", 
respectively) with angular frequency at 37°C; (C) Photographs of the (a) CS/GP/Fe3O4/DXM hydrogel sunk to the bottom of beaker 
with saline and (b) CS/GP/Fe3O4/DXM hydrogel attracted to the left of beaker having a 0.4-T magnetic field. The arrows indicate the 
direction of motion of CS/GP/Fe3O4/DXM hydrogel.

tests were performed after 5 min of gel formation to ensure 
the complete formation and stability of the gel.

The CS/GP hydrogel was present in the form of a yellow 
transparent liquid at room temperature (25°C), while the CS/
GP/Fe3O4/DXM hydrogel appeared as a black liquid (Fig. 3A). 
The solution state of the hydrogels facilitated the injectability 
of hydrogels; all the hydrogels could be injected using a 
syringe. These in-situ liquid solutions could transform from 
sol to gel at physiological temperature (37°C). Fig. 3A(a), 
A(b) showed that the CS/GP was a pale yellow transparent 
liquid at room temperature, showing good fluidity, and the liq-
uid level changes with the tilting of the test tube. After heating 
in a water bath for 5 min above 37°C, the CS/GP liquid rap-
idly transformed into a gel, adhering to the wall of the test 
tube and appearing as a milky yellow, homogeneous, turbid, 
and opaque gel, as well as lost fluidity when the test tube was 

tilted. Fig. 3A(c), A(d) showed that the CS/GP/Fe3O4/DXM 
hydrogel appeared as a black liquid at room temperature with 
good fluidity and the liquid level changed with the tilting of 
the test tube. However, after heating the gel in a water bath for 
5 min above 37°C, the gel transformed into a black solid gel 
without fluidity when the test tube was tilted. In order to dem-
onstrate the sol-to-gel transition, a rheology test was per-
formed. As illustrated in Fig. 3B, the G' was much higher than 
the G" at 37°C, clearly indicating the gelation, which enabled 
the hydrogel to adhere to the acupoints. The results of mag-
netic responsiveness showed that when the CS/GP/ Fe3O4/
DXM hydrogel was placed in a beaker with saline solution, 
the hydrogel sank to the bottom of the beaker. After giving a 
magnetic field of 0.4-T magnetic field strength, the hydrogel 
was attracted to the left side of the beaker, thereby showing its 
good magnetic targeting potential in-vitro (Fig. 3C).
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Figure 4. Degradation, swelling, and drug release of the hydrogels. (A) Degradation degree of the CS/GP, CS/GP/Fe3O4/DXM 
hydrogels with and without LZM; (B) Swelling ratio; and (C) Release curve of the DXM from CS/GP/Fe3O4/DXM hydrogel in-vitro. All the 
data are expressed as mean ± SEM, n = 3. Abbreviation: LZM, lysozyme.

The in-vitro degradation of hydrogels was studied by sim-
ulating them with lysozyme. The control group was simulated 
with a media, containing PBS. The degradation rate of all the 
hydrogels increased with the increase in the incubation time. 
Both the CS/GP and CS/GP/Fe3O4/DXM hydrogels showed 
no significant differences in their degradation degree and 
trend over time as compared to the control group (Fig. 4A). 
The degradation rates of hydrogels in the medium with and 
without lysozyme were different. The incubation of hydro-
gels with lysozyme over the 2-week incubation period showed 
a relatively rapid degradation rate in the first 3 days, which 
slowed down thereafter. The degradation rate could reach 
roughly 60% by day 6 and reach about 80% on day 15 for 
both the CS/GP and CS/GP/Fe3O4/DXM hydrogels incubated 
with lysozyme. As compared to the hydrogels incubated with 
lysozyme, those incubated with PBS showed a little differ-
ence in their degradation rates during the first 3 days. 
However, the increase in the degradation rate was much 
slower, reaching nearly 50% on day 15 for both the hydro-
gels. These results indicated that the CS/GP hydrogel had a 
relatively acceptable degradation rate and could be applied 
for the prolonged stimulation of acupoints, having magnetic 
responsiveness and drug-loading abilities.

The swelling ratios of the hydrogels were assessed in PBS 
(pH 7.4) at 37°C in a shaking incubator. As shown in Fig. 4B, 
the CS/GP and CS/GP/Fe3O4/DXM hydrogels reached the 
swelling ratios of nearly 280% and 180%, respectively, after 
20 min. Their swelling ratio gradually and slowly increased 
for 60 min, reaching the swelling equilibrium within 1 h with 
the steady swelling ratios of nearly 300 and 200% for the CS/
GP and CS/GP/Fe3O4/DXM hydrogels, respectively. All the 
hydrogels were maintained in the gel-forming state at 37°C 
during the period of the test. The swelling ratio of CS/GP/
Fe3O4/DXM hydrogel was much lower than that of the CS/GP 
hydrogel, probably due to the space occupied by Fe3O4/DXM, 
which was related to the controlled release of the drug.

The drug release tests of the CS/GP/Fe3O4/DXM hydro-
gel were performed in a 25-mL PBS (pH 7.4). The controlled 

drug release experiments were observed after 5 min of the 
formation at 37°C in a thermostatic shaking incubator. The 
CS/GP/Fe3O4/DXM hydrogel showed a sustained release of 
the drug (DXM) (Fig. 4C). In the first 4 h, the CS/GP/Fe3O4/
DXM hydrogel released a total of 31.22% of the DXM, 
which reached 42%, 62%, 71%, 80%, and 88% after 8 h, 24 
h, 48 h, 72 h, and 120 h, respectively. The release curve pla-
teaued after 192 h.

Injectable CS/GP/Fe3O4/DXM Hydrogel 
Attenuated PMWT After CCI Model

Among the seven groups, the baseline measurements of the 
PMWT using the Electronic Von Frey tester did not show dif-
ferences. After the constriction of the unilateral sciatic nerve, 
the established CCI rats developed evident tactile allodynia in 
1 day in their ipsilateral hind paw, which persisted for about 
14 days. The PMWT in the control group remained stable for 
14 days. The in-situ injection of CS/GP/Fe3O4/DXM hydro-
gel at the ipsilateral acupoint (ST36) increased the PMWT on 
day 1 and showed significant improvements after 14 days. 
Moreover, as compared to the control group, the PMWT of 
CS/GP/Fe3O4 and DXM groups improved and there was no 
obvious difference between the CS/GP and CCI groups. Two-
way ANOVA revealed that the CS/GP/Fe3O4/DXM treat-
ments showed significant improvements (Fig. 5).

Formation and Biocompatibility of the CS/GP 
and CS/GP/Fe3O4/DXM Hydrogels in-vivo, and 
Cytotoxicity of CS/GP/Fe3O4/DXM Hydrogel in-
vitro

The pre-gels of CS/GP and CS/GP/Fe3O4/DXM hydrogels 
were subcutaneously injected into the dorsal regions of the SD 
rats to evaluate the toxicities of the in-situ hydrogels. The 
physiological temperature of the SD rats was about 37℃. 
Therefore, the hydrogels could form on their backs and 
showed adherence to the surrounding tissues (Fig. 6A1–A4). 
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The inflammatory responses, such as local redness, swelling, 
or necrosis were not observed, indicating no in-situ toxicity of 
the hydrogels. Moreover, the CS/GP solution could form gels 
in-situ thereby ensuring the ability for the continuous stimula-
tion of acupoints. The gel formation was also confirmed by the 
H&E staining, showing well-demarcated and fixed gels in the 
rats (Fig. 6B, C). The magnetic nanoparticles (MNPs) 
remained encapsulated in the hydrogels and no necrosis was 
observed in the tissue surrounding. Clear boundaries could be 
observed on the skin tissue around the injection site of hydro-
gels. The results indicated that these hydrogels had good bio-
compatibility and facilitated the use of acupoints injection in 
the rats. The CCK-8 results suggested that there was no sig-
nificant difference in the cell survival between the CS/GP/
Fe3O4/DXM hydrogel and control groups (P > 0.05). 
Meanwhile, the in-vitro cytotoxicity tests showed that CS/GP/
Fe3O4/DXM hydrogel was essentially non-cytotoxic (Fig. 7).

Magnetic Force Could Be Used as a Physical 
Stimulation of Acupuncture Points in-vivo

The maximum value of in-vitro magnetic force by finite ele-
ment simulation was 24 N, demonstrating the controllability 
of the magnetic field strength. The strain generated using 24 
N magnetic field strength on the left end of the muscle was 
0.18%. The strain distribution was smaller in the middle of 
muscles and larger on both sides. The results showed that 
stretching the muscles by applying magnetic force to one end 
of the muscle could be used as a physical stimulation of the 

acupuncture points, which was similar to the acupuncture 
stimulation of the acupoint. The magnitude of the magnetic 
force increased by increasing the concentration of magnetic 
nanoparticles and the strength of magnetic field, thereby 
increasing the intensity of the stimulus (Fig. 8).

Injectable CS/GP/Fe3O4/DXM Hydrogel Could 
Attenuate the Overexpression of TNF-α, IL-6, 
and IL-1β in Serum After the CCI Model

The serum expression levels of TNF-α, IL-6, and IL-1β were 
detected using ELISA. These expression levels in the CCI group 
and CS/GP group significantly increased as compared to those 
in the control group (P < 0.001, Fig. 9). However, these expres-
sion levels decreased significantly by the CS/GP/Fe3O4 and CS/
GP/Fe3O4/DXM hydrogels as compared to those in the CCI 
group. Furthermore, as compared to the control and CS/GP 
groups, the catgut and DXM groups also showed a decrease in 
their expression levels. The CS/GP/Fe3O4 and CS/GP/Fe3O4/
DXM groups also showed a reduction in their expression levels, 
these reductions were lower than those of the catgut and DXM 
groups. These results indicated that CS/GP/Fe3O4/DXM hydro-
gel could inhibit the neuropathic pain systemic immune response 
by lowering the expression levels of TNF-α, IL-6, and IL-1β in 
serum with the continuous drug release and magnetic stimula-
tion. These effects were superior to the drug injection and catgut 
alone without drug-carrying properties, thereby showing the 
good anti-inflammatory and analgesic effects of CS/GP/Fe3O4/
DXM hydrogels in the CCI rats at the ST36 acupoint.

Figure 5. PMWT of the CCI rats was measured using Electronic Von Frey tester. CS/GP/Fe3O4/DXM hydrogel significantly reduced 
allodynia as shown by the increase in PMWT. The data were expressed as the means ± SEM (n = 8 for each group). *P < 0.05, as 
compared to the CCI group, and &P < 0.05 as compared to the catgut group. Abbreviations: CCI, chronic constriction injury of the 
sciatic nerve; PMWT, paw mechanical withdrawal threshold.
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Figure 6. Biocompatibility of the hydrogels in-vivo. (A) Representative images of the dorsal skin of the SD rats injected with 200 µL of 
PBS, CS/GP, CS/GP/Fe3O4, and CS/GP/Fe3O4/DXM hydrogels for 14 days. (B) Small and medium boxes indicate the hydrogels formed in 
the dorsal skin of the SD rats. (C) Magnified images around the small boxes. The black arrow shows MNPs (magnetic nanoparticles).

Figure 7. Cytotoxicity of CS/GP/Fe3O4/DXM hydrogel in-vitro. (A) Microscopic images of L929 fibroblasts co-cultured with CS/GP/
Fe3O4/DXM hydrogel for 24 h. (B) Cell viability after the co-culturing of cells with CS/GP/Fe3O4/DXM hydrogel for 24 h.

Injectable CS/GP/Fe3O4/DXM Hydrogel Could 
Reduce the Overexpression of P2X4R Expression 
and p-p38MARK Protein Expression in the CCI rats

The PCR results indicated that the injection of CS/GP/Fe3O4 
and CS/GP/Fe3O4/DXM hydrogels showed a significant 
reduction in the elevated P2X4R expression levels in the CCI 
rats on Day 14 (P < 0.05 and P < 0.01). The catgut therapy 
and DXM injection also reduced the P2X4R expression 

levels in the CCI rats, while the injection of CS/GP hydrogel 
showed no effects (Fig. 10D). As compared to the catgut 
therapy, the CS/GP/Fe3O4/DXM hydrogel could signifi-
cantly decrease the P2X4R expression levels (P < 0.001). 
These results indicated that P2X4R was involved in the 
effects of CS/GP/Fe3O4/DXM hydrogel on the CCI rats. 
Western blot analysis also showed similar results at the 
P2X4R protein level as well as for the p-p38MARK protein 
expression (Fig. 10A–C). These findings indicated that the 
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CS/GP/Fe3O4/DXM hydrogel could effectively treat sciatica 
by down-regulating the expression levels of P2X4R and 
downstream p-p38 MARK protein in the CCI rats.

Discussion

This study characterized the injectable CS/GP, CS/GP/Fe3O4, 
and CS/GP/Fe3O4/DXM hydrogels in-situ and evaluated 
their properties in-vitro and therapeutic effects in-vivo. The 
results showed that the CS/GP/Fe3O4/DXM hydrogel had 
good physiochemical properties as well as a superior thera-
peutic effect as compared to the groups (CS/GP hydrogel, 
CS/GP/Fe3O4 hydrogel, catgut, and DXM treatment) in 
terms of their inflammatory and analgesic effects in the CCI 
rats, showing great potential in the physiochemical stimula-
tion of acupoints.
The advantages of the thermosensitive hydrogel include no 
requirement of surgery, easy availability, and a controllable 
magnetic field. These advantages make these hydrogels pre-
ferred materials for ACET. This study showed that the CS/

GP hydrogels could maintain a liquid state at room tempera-
ture, allowing for a dose-controllable injection, improving 
the tools of ACET, showing the drug- and MNPs-loading 
properties, and reducing the treatment costs. After injecting 
into the acupoint, a gel was formed at the physiological body 
temperature (37℃), which could adhere to the ST36 acu-
point and release drugs, thereby exerting a certain magnetic 
responsive effect on the acupoints. The field strength and 
concentration of the magnetic fluid were adjustable. The low 
concentrations of Fe3O4 and drug dose used in this study 
could provide a better therapeutic effect. Chitosan is a widely 
studied polysaccharide. Although it did not contain thermo-
sensitive polymers, GP could make it a thermosensitive 
hydrogel, thereby achieving the sol-to-gel transition31. Both 
the chitosan and β-glycerophosphate have good biocompat-
ibilities and can form hydrogel at 37℃32. The gel was formed 
by electrostatic crosslinking33. Moreover, the degree of 
deacetylation and molecular weight of CS could also affect 
the characteristics of hydrogels34. The DXM and Fe3O4 did 
not influence the thermal crosslinking of hydrogels, ensuring 

Figure 9. Role of the pro-inflammatory mediators in the effects of CS/GP/Fe3O4/DXM hydrogel on the CCI rat models. (A–C) 
Expression levels of TNF-α, IL-1β, and IL-6 in serum. All the data were expressed as the means ± SEM (n = 4 for each group). *P 
< 0.05 as compared to the control group; #P < 0.05 as compared with the CCI group; &P < 0.05 as compared to the CS/GP group. 
Abbreviations: IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha; IL-1β, interleukin 1β.

Figure 8. Finite element simulation of the magnetic responsiveness. (A) Magnetic force varied with the distance between the free end 
of the magnet and magnetic hydrogel in-vitro. (B) Strain distribution estimated by the finite element simulation was stretched along the 
left side of the muscle. (C) Strain distribution along the muscle centerline: the normal component strain resolved into a component in 
the vertical direction.
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Figure 10. Treatments with the injection of CS/GP/Fe3O4/DXM hydrogel could inhibit the P2X4R and p-p38 MAPK protein levels 
in the dorsal horn of the CCI rats’ spinal cord, which was detected using Western blot assay and quantitative real-time PCR. (A) 
Representative images of the P2X4R and p38MAPK protein levels in the dorsal horn of the spinal cord, p38, and GAPDH were used as a 
loading control. (B and C) Summary data of the P2X4R and p-p38 MAPK proteins. (D) mRNA levels of the P2X4R in the dorsal horn of 
the spinal cord. All the data were expressed as means ± SEM (n = 4 for each group). *P < 0.05 as compared to the control group; #P < 
0.05 as compared to the CCI group; and &P < 0.05 as compared to the CS/GP group.

their good stability. These results indicated a promising 
potential for the in-situ applications of hydrogel in the phys-
iochemical stimulation of acupoints.

The CS/GP hydrogel showed great potential in control-
ling the delivery system for the Fe3O4/DXM-loading. In 
addition, the swelling and degradation properties of the 
hydrogels might also play an important role in the slow 
release of drugs. These hydrogels maintained their 3D struc-
ture while degrading, thereby facilitating the sustainable 
release of DXM. Besides, the swelling equilibrium reached 
within 1 h while maintaining the stability of the hydrogels 
network and not affecting the drug-controlling and magnetic 
responsive properties, when subjected to compression or 
deformation. The release kinetics profile of DXM revealed a 
burst release in the start, showing the advantages of rapid 
arrival of effective dose at the target site and relief of inflam-
matory response after injection at the acupoint. This burst 
release might be due to the dissolution of the hydrogel sur-
face. Next, the slowed release phase of DXM was related to 
the degradation rate of hydrogels35. Furthermore, with the 
widespread applications of magnetic hydrogels23, their mag-
netic therapeutic potentials can be used in TCM, which can 
greatly improve the utilization and function of embedding 
material. Furthermore, the magnetic field has the advantages 

of simple operation, fast response, and high controllability. 
This study showed that the CS/GP/Fe3O4 hydrogel had a bet-
ter therapeutic effect as compared to the CS/GP hydrogel, 
which might be due to the weak vibrations produced by 
Fe3O4 under the action of the magnetic field, showing a tar-
geted and weak physiotherapeutic effect of the hydrogel. 
Considering the risks of adverse effects, the efficacy and tar-
geting ability of DXM could be increased at a given dose 
while reducing its side effects by the weekly injection of 
Fe3O4-loaded CS/GP hydrogel at the ST36 acupoint. The 
results showed that the CS/GP/Fe3O4/DXM hydrogel pro-
vided a continuous release of the DXM, which could be con-
trolled in space and dose. Its efficacy and prospects were far 
superior to those of the catgut and DXM groups.

CCI is the most common animal model of neuropathic 
pain, such as spontaneous pain, thermal hyperalgesia, and 
mechanical hyperalgesia, which appeared in the CCI rats 
after nerve ligation for 2 weeks and the maximum pain at day 
14. Therefore, the CCI model is the best model for simulat-
ing the chronic neuralgia symptoms36. ST36 is an important 
acupoint for the treatment of sciatica37–39, which was used in 
this study. Peripheral nerve injury could elicit a series of 
inflammatory responses, resulting in nociceptive hypersensi-
tivity with decreasing mechanical pain threshold to the 
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injurious stimuli. The PMWT increased in the CCI rats of all 
the CS/GP/Fe3O4/DXM, CS/GP/Fe3O4, and DXM groups, 
especially the CS/GP/Fe3O4/DXM group, which signifi-
cantly reduced the mechanical allodynia as compared to the 
control group.

The expression levels of the inflammatory factors in the 
serum of CCI rats were elevated, which were mitigated after 
the injection of CS/GP/Fe3O4/DXM hydrogel at the ST36 
acupoint. Injury neurons are sensitized by TNF-α, IL-1β, and 
IL-6, which are produced by macrophages, mast cells, and 
neutrophils during the sensitization. IL-1β and TNF-α are 
important factors in the nuclear transcription factor-kappa B 
(NF-κB)40 signaling pathway, which is the first inflammatory 
response and plays a vital role in promoting inflammation. 
The current study showed consistent results. A remarkable 
increase in the expression levels of TNF-α, IL-1β, and IL-6 
was observed in the CCI group, while the CS/GP/Fe3O4/
DXM group showed a noticeable decrease in the expression 
levels of these proteins as compared to the catgut group. 
This might be due to the lack of 3D porous structure in catgut, 
which could not be loaded with drugs. These results con-
firmed that the injectable in-situ CS/GP/Fe3O4/DXM 
hydrogel with controlled release of the drug and magnetic 
responsiveness could ease the neuropathic pain through a 
prolonged physiochemical stimulation of the acupoint.

The activation of microglia in the dorsal horn of the spinal 
cord and its surface P2X4R expression after the peripheral 
nerve injury have a clear effect on the maintenance of noci-
ception8,41. Blocking the P2X4R expression in microglia 
might be a novel strategy for the treatment of neuropathic 
pain42. The p38MAPK is widely present in neuronal cells 
and microglia and can exchange information among the 
pathways. It is involved in the formation and maintenance of 
neuropathic pain. Studies have shown that, after the sciatic 
nerve injury, the P2X4R expression on the surface of microg-
lia is upregulated, resulting in the activation and enhanced 
expression of p-p38MAPK in the neuronal cells; the activa-
tion of p-p38 MAPK expression can increase the excitability 
of neurons and enhance pain perception43. In the current 
study, Western blot and quantitative real-time PCR analyses 
suggested that the effects of CS/GP/Fe3O4 were better than 
those of the CS/GP hydrogel in improving the sciatica rats by 
reducing the expression levels of P2X4R and p38MAPK 
proteins. This might be related to the responsiveness (stress 
in the presence of a magnetic field) of the magnetic hydrogel 
for the acupoints. The effects of CS/GP/Fe3O4/DXM hydro-
gel were better than catgut in improving the analgesic effects 
on neuropathic pain by decreasing the expression levels of 
P2X4R and p-p38 MAPK proteins and ensuring a sustained 
release of DXM. These results showed that the CS/GP 
hydrogels loaded with drugs could be used as an embedding 
material for the prolonged stimulation of acupoints.

Altogether, this study showed that the DXM/Fe3O4-
loaded CS/GP hydrogel had additional advantages in the 
physiochemical stimulation therapy of acupoint in the CCI 

rats. The CS/GP hydrogels loaded with suitable therapeutic 
drugs might be considered an embedding material similar to 
the ACET for the physiochemical stimulation of acupoints 
for the treatment of neuropathic pain. Further in-vivo studies 
on the effects of the magnetic force on acupoints are needed 
to clarify the clinical applications of this therapy.
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