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Purpose: Pain and cartilage destruction caused by rheumatoid arthritis (RA) are major 
challenges during clinical treatment. Traditional systemic administration not only has 
obvious side effects but also provides limited relief for local symptoms in major joints. 
Local delivery of therapeutics for RA treatment is a potential strategy but is limited by rapid 
intraarticular release.
Materials and Methods: In this study, we prepared a thermoresponsive injectable hydrogel 
by mixing pluronic F127 (F127) and hyaluronic acid (HA) with poly (γ-glutamic acid) 
(PGA) incorporating infliximab (IFX), a new generation monoclonal antibody drug. We 
investigated the biocompatibility of the hydrogel and its IFX release profile. In vivo, we 
studied the clinical manifestations (articular skin temperature and joint diameter), detected 
cytokines in the synovial fluid and cartilage, performed behavioral studies on pain relief, and 
evaluated the cartilage protection effect.
Results: A thermoresponsive hydrogel was successfully prepared by mixing F127, HA, and 
PGA with injectable properties. The F127-HA-PGA hydrogel had a porous structure with 
interconnected pores. The infliximab-loaded thermosensitive hydrogel exhibited good bio-
compatibility and biodegradability and sustained release properties. Intraarticular injection of 
the IFX-loaded F127-HA-PGA hydrogel could alleviate the expression of inflammatory 
cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 
(IL-6), and interleukin-17 (IL-17), in the synovial fluid and cartilage as well as relieve pain 
and inhibit cartilage destruction in RA.
Conclusion: The double effect on pain relief and cartilage protection indicated the sig-
nificant potential of the IFX-loaded injectable hydrogel for RA treatment in major joint 
lesions.
Keywords: rheumatoid arthritis, infliximab, hydrogel, intraarticular injection, control release

Introduction
Rheumatoid arthritis (RA), which affects about 1–2% of the global adult popula-
tion, is a chronic arthritic disease characterized by synovial proliferation, joint 
swelling and pain, and cartilage destruction, eventually leading to joint stiffness, 
deformity, and dysfunction.1,2 In addition to restricted mobility and disability 
caused by the persistent destruction of articular cartilage due to chronic inflamma-
tion and uncontrollable synovial hyperplasia, pain is another factor plaguing 
patients.3 In the microenvironment of arthritis, local immune cells are known to 
secrete inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), 
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interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleu-
kin-17 (IL-17), thus directly sensitizing nociceptors, which 
have the potential to cause severe pain.4,5

The therapeutic objectives of RA are to suppress syno-
vial inflammation, alleviate joint pain and swelling, pre-
vent damage to joint and articular substructures, halt 
disease progression, and reinstate joint mobility and 
function.6 Traditional therapy strategies for RA include 
administration of nonsteroidal anti-inflammatory drugs 
(NSAIDs), corticosteroids, and disease-modifying anti- 
rheumatic drugs, which have been reported to play 
a positive role in the treatment of RA but have also been 
associated with a series of unbearable adverse effects.7 

New generation monoclonal antibody drugs, such as anti-
tumor necrosis factor-α antibodies (anti-TNFα Abs) con-
stitute a significant progress in the clinical treatment of 
RA. However, long-term administration might lead to on- 
target toxicities, such as severe infections (tuberculosis or 
septic arthritis) and malignancy.8

Intraarticular administration is an important supple-
ment of traditional therapy to control RA symptoms in 
large joints, and this has been shown to decrease drug- 
related systemic side effects and might be especially 
applicable in delivering drugs with low bioavailability.9 

However, rapid clearance of local drugs means that multi-
ple injections are required to achieve the desired therapeu-
tic effect. Accordingly, this repeated administration leads 
to poor patient compliance and more complications.10,11 In 
this case, encapsulating drugs in the delivery system for 
intraarticular sustained release has been suggested as the 
ideal strategy.12,13 In particular, thermoresponsive hydro-
gels consisting of Pluronic F127 and hyaluronic acid (HA) 
were demonstrated to be suitable for intraarticular injec-
tion for arthritis owing to their encapsulation efficiency 
and controlled and stable release profiles.14–16 The F127- 
HA hydrogel could be used for sustained-release drugs; 
however, its stability is not clear, with the usual release 
time of only approximately 3 days. However, by introdu-
cing poly (γ-glutamic acid) (PGA) into the F127-HA mix-
ture, the stability of the F127-HA hydrogel could be 
increased, especially through regulation of the molecular 
weight and concentration of PGA. Therefore, the addition 
of PGA was shown to significantly enhance the stability of 
these hydrogels, thus providing the possibility for a more 
durable release.17

In the present study, we prepared a thermoresponsive 
injectable hydrogel by mixing pluronic F127 and HA with 
PGA and investigated the cartilage protection and effects 

of local delivery of infliximab (IFX) in a RA rabbit model. 
Pluronic-based hydrogels are good candidates for inject-
able hydrogels owing to their thermosensitive sol-gel tran-
sition behavior. They are soluble at lower temperatures 
(eg, 4–10°C) and therefore have injectable properties. 
Once they reach a higher temperature (eg, entering the 
human body, 37°C), they have been shown to quickly 
form gels, thus ensuring excellent retention in the joint.18 

In particular, HA, a linear polysaccharide composed of 
D-glucuronic acid and N-acetylglucosamine, is an attrac-
tive natural polymer material owing to its high biocompat-
ibility and controlled degradability.19 Moreover, HA is 
also a key component of articular cartilage and can lubri-
cate the joint after its intraarticular injection. Furthermore, 
note that HA intraarticular injection could significantly 
moderate the inflammatory response of synovial tissue, 
promote the healing and regeneration of articular cartilage, 
and alleviate pain, thus contributing to the recovery of 
disease-affected tissue.20 As a model drug for encapsula-
tion, IFX, targeting TNF-α in the disease region, could 
significantly alleviate pathological inflammation and effi-
ciently inhibit RA progression.21 Therefore, we predicted 
that intraarticular injection of an IFX-loaded F127-HA- 
PGA hydrogel could alleviate local inflammation of joints, 
relieve pain, and reduce cartilage destruction in RA.

Materials and Methods
Ethical Approval
All animal procedures were performed in accordance with 
the guidelines for the Care and Use of Laboratory Animal 
Experience of Shanghai Jiaotong University and were 
approved by the Animal Ethics Committee of Renji 
Hospital Affiliated to Shanghai Jiaotong University.

Materials
Pluronic F127 (F127, Mw 12.6 kDa), HA (Mw 2100 
kDa), poly (γ-glutamic acid) (PGA, Mw 2000 kDa), 
ovalbumin (OVA, ≈99%), Freund’s adjuvant, and all 
ELISA kits were obtained from Sigma-Aldrich 
(St. Louis, Missouri, USA). Dulbecco’s modified Eagle 
medium (DMEM, low glucose), fetal bovine serum, and 
streptomycin-penicillin were supplied by Gibco Life 
Technologies (Grand Island, New York, USA). Rabbit 
chondrocytes (CP-Rb002) were obtained from Procell 
Life Science & Technology Co., Ltd. (Wuhan, China). 
Cell Counting Kit (CCK-8) and Calcein-AM/PI were 
purchased from Biobetimes Biotechnology Co., Ltd. 
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(Changsha, China). Paraformaldehyde solution (4%) was 
obtained from Xilong Chemical Co., Ltd (Yulin, China). 
Hematoxylin, eosin, and toluidine blue were obtained 
from Thermo Fisher Scientific Co., Ltd (Shanghai, 
China). Triton X-100 was supplied by Solarbio Science 
& Technology Co., Ltd. (Beijing, China). Antibodies 
used for immunofluorescence were purchased from 
Abcam (Cambridge, UK).

Hydrogel Preparation and Drug 
Encapsulation
To prepare thermoresponsive injectable hydrogels, F127 
(17 wt%) and HA (1 wt%, Mw 2100 kDa) were dissolved 
in deionized water with PGA (10 wt%, Mw 2000 kDa) at 
4°C for 1 day using a rotary shaker (Barnstead 
International, Dubuque, IA, USA). When ingredients 
were fully dissolved, infliximab (0.1 wt%) was added 
and well mixed using a rotary shaker.

Characterization
Rheological measurement of the F127-HA-PGA hydrogel 
was performed using a rheometer (Malvern, UK) with 
temperature increase at a frequency of 1 Hz. During the 
test, the temperature was set from 10°C to 45°C, with the 
heating rate being 1°C/min. The morphology of the inject-
able hydrogel was observed using a scanning electron 
microscope (SEM) (JEOL JSM-6700F, Japan) operated at 
an acceleration voltage of 3 kV. In brief, hydrogels with or 
without IFX were frozen in liquid nitrogen for 5 min, 
followed by freeze-drying; the samples were cut to size 
and the superficial part was removed and then coated with 
a conductive layer of sputtered gold for SEM observation. 
In vivo degradation was performed by subcutaneous injec-
tion of the hydrogel in rats. Briefly, 1 mL hydrogel was 
subcutaneously injected into the backs of Sprague-Dawley 
(SD) rats. Then, rats were sacrificed at predetermined time 
points. Looking for the undegraded part of the hydrogel 
under the skin, we carefully dissected it with ophthalmic 
scissors and forceps. Then, the surrounding fat and fascia 
were cleaned, and the intact undegradable hydrogel was 
weighed. The weight of the hydrogel blocks obtained 
immediately after injection was recorded as 100%. Then, 
skin was collected and fixed in 4% (w/v) paraformalde-
hyde solution. Hematoxylin and eosin (H&E) staining was 
performed for in vivo biocompatibility analysis. All opti-
cal images were recorded using a digital camera (Canon 
EOS 550D, Japan).

Release Profiles of Infliximab from 
Hydrogel
To detect the drug release rate, IFX-loaded hydrogels were 
prepared and soaked in 5 mL phosphate-buffered saline 
(PBS, 0.01 M, pH 7.0). Preparations were shaken at 50 rpm 
and 37°C in sterile glass bottles. At the predetermined time 
point, all supernatants were removed and stored at −20°C for 
detection, and bottles were replenished with equivalent 
volume of PBS for subsequent drug release studies.

The concentration of released IFX in PBS was ana-
lyzed using an ELISA kit and a microplate reader 
(Multiskan EX, Thermo Fisher Scientific Inc., Shanghai, 
China) at 490 nm. The IFX release profiles were calculated 
in a cumulative manner with the following equation:22

Cumulative IFX released (%) = cumulative released 
amount of IFX/initial amount of IFX × 100%

Biocompatibility
To evaluate the cell biocompatibility of the hydrogel and the 
IFX-loaded hydrogel, the proliferation of chondrocytes was 
analyzed using a CCK-8 assay. Briefly, chondrocytes were 
seeded in 48-well plates at a density of 5 × 104 cells/well and 
incubated at 37°C in a 5% CO2 atmosphere. One day after 
seeding, cells were completely attached, and the growth 
medium was discarded and replaced with sample extracts 
(hydrogel and IFX-loaded hydrogel were soaked in fresh 
DMEM for 3 d and the respective extracts were collected in 
advance). No hydrogel extracts were used in the control 
group. After incubation for 1, 4, and 7 days, CCK-8 solution 
was added to the samples, and the samples were incubated at 
37°C for 2 h. Finally, 100 μL of each specimen solution was 
transferred into a 96-well plate and measured at 450 nm using 
a microplate reader. To evaluate cell viability in the IFX- 
loaded hydrogel, live/dead assay was performed 4 days after 
cell seeding. Samples were incubated with 1 mM calcein- 
AM for 1 h and then incubated with 1 μg/mL propidium 
iodide (PI) for 5 min at 37°C. Next, images of cell staining 
were taken using a fluorescence microscope (Olympus IX71, 
Tokyo, Japan).

In vivo biocompatibility analysis was performed as 
previously described (Characterization section). H&E 
staining of the skin was performed at different time points 
after subcutaneous injection of the hydrogel.

Induction of RA
New Zealand white rabbits (male, 2.5−3.0 kg, 5-mo-old, 
n = 30) were prepared as an RA model for in vivo 
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experiments. Ovalbumin (OVA) solution (20 g/L, 1 mL) 
was prepared with PBS and then mixed with an equal 
volume of Freund’s complete adjuvant (CFA) to be used 
to generate the RA model. Briefly, the mixed solution was 
emulsified at 4°C and subcutaneously injected into the 
dorsal region of rabbits weekly for three weeks at 5 points 
under sterile conditions. On the fourth week, the antigen- 
induced arthritis model was prepared by injecting 0.5 mL 
mixed OVA/CFA emulsion into the left knee joint cavity 
of rabbits.

Rabbits were randomly divided into three groups. After 
successful generation of the RA model (1 week after OVA/ 
CFA intraarticular injection), the left knee joints of RA 
rabbits underwent three kinds of therapies—intraarticular 
injection with 0.5 mL physiological saline solution as 
control (NC group), 0.5 mL hydrogel (HG group), and 
0.5 mL IFX-loaded hydrogel (HG-IFX group). These RA 
rabbits were sacrificed for the following studies 6 weeks 
after intraarticular injection therapies.

Measurement of Clinical Manifestations
To investigate the classical symptoms of the RA model 
animals during the in vivo experiment, the articular skin 
temperature and joint diameter of the left knees were 
recorded using an electronic thermometer (Yuwell 
THP79JU, Shanghai, China) and micrometer caliper 
(Links, Harbin, China). All detections were performed 
biweekly at a static state and 25°C.

Detection of Cytokines in Synovial Fluid
Two and six weeks after intraarticular injection of thera-
peutic agents, the synovial fluid was extracted from the 
articular cavity of rabbits using syringes. The concentra-
tions of TNF-α, IL-1β, IL-6, and IL-17 in the synovial 
fluid were measured using ELISA kits following the man-
ufacturer’s instructions.

Behavioral Studies of Pain Relief
To study the pain relief elicited by the intraarticular injections, 
weight-bearing capacity (WBC) and paw withdrawal thresh-
old (PWT) tests were carried out to detect the gait and pain 
threshold.23 A 3D gait analysis system (Kinama Tracer, 
Japan) was used to quantify the WBC values of the hind 
limbs of rabbits while freely walking. Briefly, RA rabbits 
walked along a runway equipped with mechanical sensors. 
The sensors can record the ground reaction force for each 
foot, reacting to the weight supported by the corresponding 
limb. According to the ground reaction force, the weight- 

bearing index (WBI) was calculated using the following 
formula:

WBI = ipsilateral weight/(ipsilateral weight + contral-
ateral weight) × 100%

In addition to study the mechanical allodynia (hyper-
sensitivity), PWT was detected using a von Frey filament 
(Ugo Basile, Varese, Italy) as described in a previous 
study.23 Briefly, the withdrawal threshold was gauged by 
the force exerted by the von Frey filament ranging from 
0 to 40 g with a 0.2 g accuracy. An acicular stimulation 
was delivered to the mid planta pedis of the left hind 
limbs through the mesh at the bottom of the cage, with 
the withdrawal threshold being automatically recorded. 
The paw sensitivity threshold was regarded as the mini-
mum force leading to a strong and immediate withdrawal 
reflex of the paw. Motion-related random movements 
were not regarded as withdrawal reactions. Stimulation 
was applied on each left posterior paw every 5 s. These 
tests were repeated 5 times, and the final results were 
obtained by calculating the average values.

Histological and Immunohistochemical 
Evaluation
RA rabbits were anesthetized and sacrificed by intracar-
diac overdose of sodium pentanal six weeks after intraar-
ticular injection therapies. The left distal femoral joints 
and synovium tissues were carefully collected and fixed 
in 4% paraformaldehyde for further tests.

Synovial tissues were embedded in paraffin for section-
ing, and H&E staining was performed to evaluate the 
inflammatory response. Bone tissue samples of the knee 
joint were decalcified with 0.5 M EDTA solution for 1 
month and embedded in paraffin to obtain slices with 
a thickness of 5 μm. According to standard protocols, 
samples were stained with H&E and toluidine blue. 
Immunohistochemical staining of collagen type I (COL 
I) and collagen type II (COL II) was performed to detect 
the composition of cartilage collagen. Further, immuno-
fluorescence staining was performed to detect the expres-
sion of TNF-α, IL-1β, IL-6, and IL-17 in the cartilage.

Statistical Analyses
All results were expressed as mean ± standard deviation from 
at least three independent experiments. Results were analyzed 
via either the Student’s t-test or one-way analysis of variance 
using the statistical software SPSS 19.0 (SPSS Inc., Chicago, 
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IL, USA). A p < 0.05 was considered statistically significant 
between groups. All histological images were analyzed using 
Image Pro Plus 6.0 (NIH, Bethesda, MD, USA).

Results and Discussion
Hydrogel Preparation and Drug 
Encapsulation
The thermoresponsive injectable hydrogel can be easily 
formed by mixing F127, HA, and PGA in deionized 
water at 4°C. The sol-to-gel phase transformation process 
is shown in Figure 1A. The hydrogel was soluble at low- 
temperatures (4°C), being injectable under these 
conditions. However, under body temperature (37°C) 
conditions, the hydrogel was observed to quickly form 
a gel state, thus ensuring excellent retention in the joint. 
The polymer hydrogel solution could be ejected through 
a 22-gauge needle (internal diameter ≈ 410 μm) without 
clogging at 4°C and was shown to form a stable gel state 
within a few seconds at 37°C (Figure 1B). This viscoe-
lastic property of the hydrogel was observed in the tem-
perature range from 10°C to 45°C. Figure 1C indicates 
that both the storage modulus (G′) and loss modulus (G′′) 
of the hydrogel rapidly increased after 26°C, suggesting 
that the temperature of the solution to complete the sol- 
gel transition was 26°C. Drug administration by intraar-
ticular injection is an emerging popular treatment for 
arthritis. This strategy of drug delivery minimizes sys-
temically effects and maximizes local effects. The inject-
ability of this formulation is safe and with minimal 
damage to tissues; moreover, it is convenient for repeated 
administration. In addition, we observed the morphology 
of the hydrogel using SEM (Figure 1D). Accordingly, we 
found that the F127-HA-PGA hydrogel exhibited 
a porous structure, with interconnected inner pores. 
Moreover, the pore structure of the hydrogel maintained 
its original state even after loading of IFX (Figure 1E). 
We performed in vivo degradation experiments on SD 
rats. As shown in Figure 1F, it took approximately 24–30 
days from subcutaneous injection of the hydrogel to its 
complete degradation.

Infliximab Release
The drug release profile is considered to be one of the 
most important characteristics in accessing the biological 
efficacy of drug delivery systems. We accordingly 
observed the release behavior of loaded-IFX from the 
hydrogel over a period of 28 d (Figure 2). On the 

first day, the percentage of released IFX was shown to be 
25.2% ± 1.9%, with the release rate gradually decreasing 
in the following days, exhibiting a sustained and con-
trolled drug-release curve. On the 14th day, the total 
amount of released IFX was increased to 63.3% ± 2.6%, 
after which the release profile did not significantly 
increase. Ultimately, 66.1% ± 2.0% was demonstrated to 
be the cumulative released amount of IFX on the 28th day.

Although F127-HA hydrogel can be used for sus-
tained-release drugs, its stability is known to be poor, 
with a release time of usually only approximately 3 
days. However, by introducing PGA into the F127-HA 
mixture, the stability of the F127-HA hydrogel could be 
increased, especially through regulation of the molecular 
weight and concentration of PGA. Herein, a large mole-
cular weight (2000 kDa) and high concentration (10 wt%) 
PGA was incorporated into the F127-HA solution, thus 
providing a durable release profile.17 Our hydrogel could 
remain subcutaneously stable for 24–30 days after which 
it would be completely degraded. The release of IFX was 
demonstrated to mainly occur through drug diffusion and 
hydrogel degradation.24 Drug diffusion might play 
a major role in the initial release of the drug, because 
the hydrogel has not been significantly degraded at this 
stage. In addition, the slight burst release observed during 
the initial stage might be related to the drug adsorbed on 
the composite scaffold surface by electrostatic interac-
tion, whereas in the subsequent release period, the degra-
dation of the hydrogel might become the main factor 
promoting release. The slow gel degradation was shown 
to enable the continuous and controllable release of 
IFX.25 Our results indicated that the IFX-loaded hydrogel 
could release IFX continuously within approximately 28 
days, thus making it an excellent local drug sustained 
delivery system for RA.

Biocompatibility of Infliximab-Loaded 
Hydrogel
The biocompatibility of the hydrogel with or without 
IFX was tested using a CCK-8 assay. Our results indi-
cated that the proliferative capability of chondrocytes 
treated with extracts from hydrogel or IFX-loaded hydro-
gel was equal to that of the control group (Figure 3A). 
Furthermore, when we performed a live/dead assay we 
found that all groups exhibited good cell viability 
(Figure 3B). In addition, we tested the in vivo biocom-
patibility of the hydrogel using H&E staining. 
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Accordingly, we observed the occurrence of very slight 
inflammation 20 min after subcutaneous injection 
(recorded as 0 d), based on the infiltration of a small 
amount of lymphocytic and neutrophil cells. This inflam-
mation was shown to be gradually alleviated with hydro-
gel degradation. After 18 days, we could not detect any 
obvious infiltration of inflammatory cells at the injection 
site or surrounding tissue (Figure 3C). These results 
suggested that the drug delivery system exhibited good 

biocompatibility and non-cytotoxicity both in vitro and 
in vivo.

Clinical Manifestations
To investigate the therapeutic effect of IFX-loaded hydro-
gel on RA, we administered 0.5 mL saline, hydrogel, or 
IFX-loaded hydrogel into the left knee joints of rabbits 
7 d after OVA-CFA intraarticular injection.

Figure 1 Characterization of hydrogel. (A) The optical images of the gelation progress. (B) Photo of ejecting hydrogel through a 22 G syringe needle from syringe without 
clogging. (C) Storage modulus (G′) and loss modulus (G′′) of hydrogel as a function of temperature. (D) Morphologies of hydrogel. (E) Morphologies of IFX-loaded hydrogel. 
(F) Quantitative statistics of undegraded hydrogel weight.
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In patients with RA, articular surface temperature and 
joint swelling are important clinical symptoms caused by 
local inflammatory reactions and synovial hyperplasia.26 

In our study, the articular surface temperature and joint 
swelling of all rabbits in the first four weeks (before 

injecting the IFX therapeutic agent) were found to be 
elevated after injection of the OVA/CFA emulsion, without 
any statistically significant differences being observed 
among the NC, HG, and HG-IFX groups. However, after 
injecting the IFX-loaded hydrogel, the articular surface 
temperature and swelling degree were demonstrated to be 
significantly decreased (p < 0.05) compared with NC and 
HG at 2, 4, and 6 weeks (Figure 4A and B). However, as 
verified by the following gross findings and histopatholo-
gical analysis, both their surface temperature and joint 
diameter were observed to be increased even before OVA- 
CFA injection, suggesting that intraarticular delivery of 
IFX could alleviate but not completely remove local 
inflammation and synovial hyperplasia. In addition, the 
HG group was shown to exhibit a tendency to reduce 
surface temperature (at 4 week, p < 0.05) and joint swel-
ling (at 6 week, p < 0.05) compared with the NC group.

HA-based hydrogels could also have therapeutic poten-
tial in RA because HA as a viscosupplement is known to 
enhance the viscosity and elastic nature of the synovial 
fluid, thus working as a lubricant.27 In addition, HA has 

Figure 2 Cumulatively released IFX amount at each time point from hydrogel for 
28 days.

Figure 3 IFX-loaded hydrogel was biocompatible with chondrocytes. (A) The cell proliferation assay was studied with chondrocytes for 1, 4 and 7 days by CCK-8 assay. (B) 
Representative fluorescence microscopy images after live/dead staining of chondrocytes incubated for 4 day. (C) H&E staining showed no obvious inflammatory reaction in 
the surrounding muscles and subcutaneous tissues after subcutaneous injection of hydrogel.
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also been reported to inhibit the secretion of enzymes, free 
radicals, and inflammatory mediators in arthritis as well as 
hinder the destruction of articular cartilage induced by 
these substances and accelerate the synthesis and repair 
of articular cartilage.19,28–30 Based on these findings, it 
could be assumed that intraarticular injection therapy 
using an IFX-incorporated HA-based hydrogel could sig-
nificantly alleviate clinical symptoms.

Infliximab-Loaded Hydrogel Alleviated 
Pain
We recorded the WBI values two and six weeks after 
intraarticular injection of 0.5 mL of therapeutic agents 
into the knees of RA rabbits. Quantitatively, the WBI 
values in the NC, HG, and HG-IFX groups were observed 
to be 35.2% ± 2.0%, 38.2% ± 2.0%, and 40.2% ± 2.9% at 
two weeks and 33.5% ± 3.1%, 36.0% ± 2.0%, and 39.3% 
± 2.4% at six weeks, respectively. A WBI value less than 
50% indicated reduced weight bearing of the treated leg 
and increased contribution of the contralateral leg in bear-
ing weight. We considered that the WBI value was 
reduced in the limb of the inflamed joint because weight 
bearing aggravated the sensation of pain, a major symptom 
of arthritis. Intraarticular injection of HA alone into the 
joints is known to relieve pain by attenuating the inflam-
matory response through the direct action of HA or by 
reinforcing the viscosity of the joint fluid.31 Therefore, it 
was reasonable that the WBI values of the HG and HG- 
IFX groups were shown to be significantly higher than 
those of the NC group at two weeks (p < 0.05). 

Moreover, the WBC of the HG-IFX group showed 
a better result at six weeks post-injection compared with 
that of the NC and HG groups (Figure 5A). In addition, we 
observed that the ipsilateral PWT of NC-treated rabbits 
decreased to 7.6 ± 1.8 g at week 2 and to 7.2 ± 1.8 g at 
week 6, both of which were significantly lower compared 
with those of the HG-IFX-treated group (10.6 ± 1.8 g at 
week 2 and 11.8 ± 2.7 g at week 6). With the assistance of 
IFX, the HG-IFX group was also demonstrated to signifi-
cantly reduce the CFA-induced hypersensitivity at six 
weeks compared with the HG group (Figure 5B).

The mechanisms of peripheral pain are known to 
include the direct activation of nociceptors, as well as the 
sensitization of nociceptors by inflammation in the articu-
lar cavity.32,33 More specifically, local immune cells have 
been shown to secrete inflammatory cytokines and addi-
tional molecular mediators that function on the peripheral 
nerve terminals of nociceptor neurons.4 In response to 
inflammatory mediators, activated intracellular signaling 
pathways lead to a phosphorylation cascade, which 
reduces the threshold for nociceptor neurons to generate 
action potentials, eventually resulting in heightened pain 
sensitivity.34 Moreover, several inflammatory cytokines, 
such as TNF-α, IL-1β, IL-6, and IL-17, have been reported 
to directly change the responses of nociceptive neurons.35 

Injection of TNF-α, IL-6, and IL-17 into normal knees has 
been shown to lead to an increase in the C-fiber action 
potential frequency when knees were rotated in either 
a non-painful (less rotation) or painful (more rotation) 
manner.36–38 Likewise, IL-1β injection was also reported 
to increase the C-fiber action potential frequency, but only 

Figure 4 Measurements of (A) surface temperature and (B) joint diameter of left knee after induction of RA and injection of IFX-loaded hydrogel (*p < 0.05, **p < 0.01, 
***p < 0.001 compared with HG-IFX, #p < 0.05 compared with NC).
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in response to painful rotation.39 Infliximab is a TNF 
inhibitor approved for the treatment of moderate-to- 
severe RA in the United States of America since 1999.40 

In particular, IFX, which is a human-mouse chimeric 
monoclonal antibody, can rapidly bind to TNF-α with 
high affinity in both soluble and permeable forms, result-
ing in the generation of stable complexes and thus inhibit-
ing the binding of TNF-α to receptors and depriving its 
biological activity. In addition, both in vitro and in vivo 
experiments have shown that in cells expressing the 
permeable form of TNF-α, it could be dissolved following 
binding to IFX.40–42 Herein, administration of HG-IFX 
was shown to reduce inflammation by directly inhibiting 
TNF-α, thereby downregulating the expression of a series 
of pain-related inflammatory cytokines (eg, IL-1β, IL-6, 
and IL-17) and alleviating the pain symptoms of RA.

Infliximab-Loaded Hydrogel Prevented 
Cartilage Destruction
In patients with arthritis, articular cartilage destruction 
and disability caused by joint dysfunction are the most 
serious consequences. Therefore, the protection of the 
articular cartilage is essential for RA treatment.43 The 
macroscopic morphology of the articular surface would 
directly affect the extent of cartilage destruction. As 
shown in Figure 6A, images of the articular surface of 
the NC group revealed broad areas of cartilage damage 
with irregular surface defects at week 6. Similar results 
were observed at the edge of the articular surface in the 
HG group. However, the cartilage in the HG-IFX 

group displayed a relatively intact surface, despite 
a slight surface fibrillation at the edge of the articular 
surface.

To further investigate the effects of IFX-loaded hydro-
gel on preventing cartilage damage, we performed H&E, 
toluidine blue, and safranin O-fast green staining, and 
immunohistochemical staining of COL I and COL II. 
Histological staining of the cartilage further confirmed 
the results of gross observation. As shown in Figure 6B, 
H&E staining demonstrated that the articular surface was 
extremely unsmooth, even though some cartilages were 
missing and damaged, and the surface cells of the cartilage 
were necrotic (red allow) in the NC group. Regarding the 
cartilage in the HG group, the articular surface was not 
smooth, the surface cells of the cartilage had disappeared, 
and deep cells were vacuolated. In addition, cells were 
loosely and irregularly arranged, and suspected fibrous 
components could be observed on the surface of some 
cartilages (red allow). However, the articular cartilage in 
the HG-IFX group was shown to be generally intact, with 
cells being regularly arranged, but loosely and with few 
layers. Toluidine blue staining showed that the cartilage in 
the control group was seriously damaged, with the carti-
lage content being significantly decreased. However, the 
cartilage in the HG-IFX group was intact and abundant in 
content, whereas the cartilage in the HG group was 
demonstrated to be between that of the NC and HG-IFX 
groups (Figure 6C). In addition, we also performed safra-
nin O-fast green staining to analyze the cartilage matrix. 
We found that in the NC group, the cartilage was 
damaged, and glycoproteins were released in the cartilage, 

Figure 5 Changes of pain-related behavior after IFX-loaded hydrogel injection into the left knee joints. (A) Weight-bearing capacity was calculated by weight-bearing index 
(WBI). (B) Paw withdrawal threshold (PWT) was measured to test mechanical allodynia (*p < 0.05).
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resulting in an uneven distribution of the matrix compo-
nents and a slight or no coloration of safranin O. In the 
HG-IFX group, cartilage had a better morphology and 
matrix distribution (Figure 6D). In the case of immunohis-
tochemical staining of COL I and COL II, we noted the 
limited expression of COL II, which is produced by chon-
drocytes, whereas COL I was detectable in reasonable 
quantities in the NC group (Figure 6E). In contrast, in 
the IFX-HG group, the expression of COL II in the carti-
lage was shown to be higher and well distributed, and the 
ratio of COL II versus COL I was higher in comparison 
with those in the NC and HG groups (Figure 6F). These 
results demonstrated that the content and quality of 

cartilage was inferior in the NC group and superior in 
the IFX-HG group.

Improvement of Synovial Inflammation
In RA, synovial inflammation and hyperplasia are the 
initiating factors, leading to invasive tissue mass finally 
causing joint destruction. Meanwhile, immune cells are 
known to secrete inflammatory cytokines and chemo-
kines, which invade the cartilage and activate osteo-
clasts to cause bone degeneration.44 To investigate the 
severity of RA synovial inflammation and hyperplasia, 
we performed H&E staining of synovial tissues around 
the left knee joints of RA rabbits (Figure 7). 

Figure 6 Macroscopic morphology and histological analyses of articular cartilage destruction. (A) Typical appearance of articular cartilage surface 6 weeks after implantation. 
(B) H&E, (C) Toluidine blue, and (D) Safranin O-fast green staining of articular cartilage 6 weeks after implantation. Red arrows indicate the necrotic tissue on the surface of 
cartilage. (E) Immunohistochemical staining of COL I and COL II of articular cartilage 6 weeks after injection. (F) Ratio of COL II versus COL I calculated in the cartilage (*p 
< 0.05, **p < 0.01).
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Accordingly, our results showed that the NC group had 
obvious synovial epithelial hyperplasia and inflamma-
tory cell infiltration (red allow). These phenomena, how-
ever, were alleviated in the HG group. Compared with 
the NC and HG groups, the HG-IFX group was char-
acterized by decreased inflammatory cell infiltration in 
the synovium, as well as mitigated hyperplasia of the 
synovial lining.

Inhibition of the Expression of 
Inflammatory Cytokines in the Synovial 
Fluid
We also detected levels of inflammatory cytokines in 
RA rabbits treated with saline, hydrogel, and IFX- 
loaded hydrogel because these cytokines are known to 
drive RA progression, thus constituting another indica-
tor of therapeutic efficacy.45 We noted that the levels of 
TNF-α in the synovial fluid were significantly 
inhibited when animals were treated with IFX-loaded 
hydrogel compared with animals treated either with HG 
or NC at both 2 and 6 week (p < 0.001). 
Concomitantly, we observed a downregulation of the 
expression of IL-1β, IL-6, and IL-17 in the synovial 
fluid in the IFX-HG group (Figure 8A and B). In 
addition, intraarticular injection with hydrogel alone 
was shown to also decrease the expression of 
some inflammatory factors, specifically inhibiting 
the expression of TNF-α (p < 0.05) and IL-1β (p < 

0.05) at 2 week and suppressing the expression of IL- 
1β (p < 0.05) at 6 week compared with those in the NC 
group.

Inhibition of the Expression of 
Inflammatory Cytokines in Cartilage
To further study the content of inflammatory factors in 
the cartilage, we performed immunofluorescence stain-
ing at 6 weeks post-injection. Similar to the results 
obtained for the levels of inflammatory cytokines in 
the synovial fluid, HG-IFX significantly inhibited the 
expression of TNF-α and IL-1β (Figure 9A), as well as 
IL-6 and IL-17 (Figure 9B) in the cartilage. In addition, 
using hydrogel alone also had a certain inhibitory effect 
on TNF-α and IL-6, compared with that in the NC group 
(Figure 9C).

Multiple immune-related cytokines, especially TNF- 
α, are known to play critical roles in the pathophysiol-
ogy of autoimmune diseases, such as RA. TNF-α and 
IL-1β are pivotal factors that have been reported to 
result in a sustainable inflammatory reaction, cartilage 
destruction, and bone degeneration.46 Likewise, IL-6 is 
another important cytokine involved in the pathogenic 
mechanisms of RA. More specifically, IL-6 has been 
shown to induce differentiation of B-cells and Th17 
cells, promoting the synthesis of acute phase proteins 
and matrix metalloproteinases (MMPs) to synergize 
with IL-1β.47 In RA, these inflammatory cytokines 
secreted by immune cells have been shown to result 
in synovial inflammation and hyperplasticity, and fol-
lowing invasion of the cartilage, lead to joint 
destruction.44 The joint protective results observed in 
this study might have been because IFX prevented the 
progression of local arthritis by inhibiting TNF-α, thus 
downregulating the expression of numerous inflamma-
tory cytokines (eg, IL-1β, IL-6, and IL-17) and alle-
viating the erosion of cartilage induced by excessive 
inflammation.

TNF-α, a critical cytokine related to RA, is known to 
play a crucial role in facilitating the proliferation of 
synovial cells and promoting the expression of other 
proinflammatory cytokines.48 TNF-α can induce the 
expression of inflammatory cytokines, such as IL-1β 
and IL-6, thus enhancing leukocyte migration. In addi-
tion, TNF-α can activate neutrophils and eosinophils and 
induce synovial cells or chondrocytes to produce tissue- 
degrading enzymes.49,50 Previous studies have shown 

Figure 7 Improvement of synovial inflammation treated with IFX-loaded hydrogel. 
Typical synovium in each group stained with H&E at 6 weeks post-injection (red 
arrows indicate synovial hyperplasia and inflammatory cell infiltration).
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that excessive expression of TNF-α could induce cas-
cade inflammatory reactions, thus causing pain and car-
tilage destruction, as well as could impede the 
chondrogenic ability of bone marrow stromal cells, 
further affecting the outcome of cartilage repair.51 In 
this study, intraarticular injection of a TNF-α inhibitor, 
IFX-loaded thermosensitive hydrogel employed as 
a local sustained-release system, significantly inhibited 
the expression of TNF-α in the synovial fluid and carti-
lage, thus downregulating the expression of other related 
inflammatory cytokines (eg, IL-1β, IL-6, and IL-17). It 
further suppressed the progression of inflammation, thus 
alleviating pain and delaying cartilage destruction in 
RA. Due to the complex mechanisms of RA, further 
treatments for pain and cartilage destruction under 
arthritic conditions should be based on the 
development of modified scaffolds, application of proper 
marrow stromal cell sources, combination of 

pharmacotherapeutics, and addition of inducible factors. 
However, maintaining the structural and mechanical 
integrity of cartilage in RA remains a challenge. 
Regarding clinical application, we should note that this 
novel method to remedy RA still remains a rough 
attempt and highlight that it only provides a short-term 
therapeutic effect on early RA conditions. Moreover, 
further studies are needed to verify the underlying 
mechanisms.

Conclusion
In this study, a complex formulation, namely, an injec-
tion of an IFX-loaded thermosensitive and biocompati-
ble hydrogel into the intraarticular space, was performed 
for treatment of an OVA-induced arthritis model in 
rabbits. Notably, intraarticular injection of this IFX- 
encapsulating HA-based hydrogel could ameliorate the 
clinical symptoms of surface temperature and joint 

Figure 8 IFX-loaded hydrogel inhibited inflammatory cytokines expression in synovial fluid. The levels of inflammatory cytokines derived from synovial fluid of RA rabbits 
treated with saline, HG and HG-IFX at (A) 2 weeks and (B) 6 weeks post-injection (*p < 0.05, **p < 0.01, ***p < 0.001).
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swelling, resulting in decreased levels of inflammatory 
cytokines. Furthermore, local sustained release of the 
TNF-α inhibitor (IFX) relieved pain, controlled synovial 
inflammation, and prevented cartilage destruction. 

Briefly, intraarticular injection of an IFX-loaded hydro-
gel as a drug delivery system presents great prospect in 
the remission of RA, and amelioration of RA-induced 
pain and cartilage injury.

Figure 9 Inhibiting inflammatory cytokines expression in cartilage. Representative immunofluorescence images of (A) TNF-α and IL-1β, (B) IL-6 and IL-17 expression in 
cartilage 6 weeks post-injection. (C) Quantitative statistics of TNF-α, IL-1β, IL-6 and IL-17 expression in cartilage 6 weeks post-injection (*p < 0.05, **p < 0.01, ***p < 
0.001).
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