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Background: Iguratimod (IGUR) is a novel disease-modifying antirheumatic drug used for

treating rheumatoid arthritis (RA). To improve its bioavailability and to alleviate gastro-

intestinal side effects, we changed the formulation into nanoiguratimod-loaded hydrogel

(NanoIGUR-loaded hydrogel) composites for sustained release of therapeutics.

Methods: IGUR was first encapsulated in biodegradable polyvinyl alcohol micelle by liquid

antisolvent precipitation (LAP) technology, and then loaded into an in situ injectable hyaluronic

acid hydrogel, which was cross-linked by PEG (Thiol)2 (HS-PEG-SH) throughMichael addition

reaction. In vitro, the biological effects (proliferation, migration, and invasion) of NanoIGUR-

loaded hydrogel on fibroblast-like synoviocytes (RA-FLS) from RA patients were evaluated. In

vivo, the pharmacokinetics of NanoIGUR-loaded hydrogel was assessed and the efficacy of

NanoIGUR-loaded hydrogel in treating collagen-induced arthritis (CIA) rats was evaluated.

Results: By the LAP technique, we acquired the amorphous form nanoiguratimod, with an

average size of 458 nm, which had higher dissolution rates and higher stability. The release

of IGUR from hydrogel composite in PBS was gradual and sustained for up to 72 hrs

compared with nanoiguratimod. Different concentrations of NanoIGUR-loaded hydrogel

inhibited the proliferation, migration, and invasion of RA-FLS. The pharmacokinetic para-

meters showed better bioavailability and longer half-life time with NanoIGUR-loaded

hydrogel by subcutaneous administration than oral raw iguratimod. Animal experiments

confirmed that subcutaneous injection of NanoIGUR-loaded hydrogel (10 mg/kg every 3

days) and oral raw iguratimod (10mg/kg daily) showed similar efficacy in decreasing arthritis

index score, pathological score, and expression of inflammatory cytokines.

Conclusion: Overall, we demonstrate that NanoIGUR-loaded hydrogel provides a new

route of administration and extends the administration interval. It could be a promising

drug-delivery approach in the management of RA.

Keywords: iguratimod, nanoparticles, injectable hydrogel, rheumatoid arthritis, drug

sustained-release system

Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory and autoimmune disease

characterized by symmetrical, progressive, and aggressive polyarthritis.1 The dis-

ease invades articular cartilage and surrounding soft tissues, resulting in the

destruction of articular cartilage, bone, and joint capsule, eventually leading to

joint deformity, physical disability, and loss of function, which significantly reduces

the quality of life of patients.2,3
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Early treatment is especially important for the prognosis

of RA.4 Drugs for treating RA mainly include nonsteroidal

anti-inflammatory drugs (NSAIDs), disease-modifying anti-

rheumatic drugs (DMARDs), glucocorticoids, and biological

agents. Traditional DMARDs, including leflunomide, meth-

otrexate (MTX), and sulfasalazine, have been widely used in

clinical practice and show a certain degree of therapeutic

efficacy. However, there is still a significant proportion of

patients with RAwho do not achieve clinical remission with

these traditional DMARDs.5 Among biologics commonly

used in RA, tumor necrosis factor alpha (TNF-α) inhibitors
were the most frequently used; however, about 20% to 40%

of RApatients treated with a TNF-α inhibitor fail to achieve a
20% improvement in American College of Rheumatology

(ACR20) criteria, and moreover lose response over time, due

to secondary failure or acquired therapeutic resistance,6 and

some may experience adverse events such as infections.7

Moreover, high cost also makes it difficult to achieve wide

applications in the clinic.8 Although the efficacy of new

dosage forms of traditional DMARDs, like MTX, has been

investigated in a few studies, the results have not been

translated into clinical practice.9,10

Iguratimod (IGUR), a methanesulfonanilide, also known

as T-614 [N-(3-formylamino-4-oxo-6-phenoxy-4H-1-benzo-

pyran-7-yl)], was exclusively developed in countries of the

Asia-Pacific region and has been shown to possess anti-

inflammatory properties.11 As a novel DMARD, IGUR is

effective in treating RA; however, side effects, such as

elevated liver enzymes and gastrointestinal discomforts,

are the main concerns in its clinical applications.12 IGUR

is practically insoluble in aqueous solvents and is only

available in oral dosage forms.11 A major problem with

oral administration is that the speed and extent of drug

absorption are affected by multiple factors, owing to the

complex physiological state of the gastrointestinal tract. The

low solubility of drugs is responsible for incomplete absorp-

tion and low bioavailability, which affects their clinical

efficacy and increases its gastrointestinal side effects.13 To

alleviate the side effects of IGUR, and to improve its

bioavailability and promote its application in the treatment

of RA, it is necessary to develop a convenient and effective

drug-delivery system for this drug.

In this study, we developed an in situ forming injectable

hydrogel drug-delivery system, which was used as a depot of

nanoiguratimod (NanoIGUR), for the treatment of RA. We

evaluated the biological effects (proliferation, migration, and

invasion) of the NanoIGUR-loaded hydrogel on fibroblast-

like synoviocytes (RA-FLS). The pharmacokinetics of oral

raw IGUR and subcutaneous injection of NanoIGUR-loaded

hydrogel was assessed in healthy rats. Furthermore, the effi-

cacy of NanoIGUR-loaded hydrogel in treating collagen-

induced arthritis (CIA) rat model was evaluated. Overall,

we reported the successful preparation of a new sustained-

release NanoIGUR-loaded hydrogel.

Materials And Methods
Materials
The raw IGUR was provided by the Simcere Pharmaceutical

Group (Jiangsu, China). Adipic acid dihydrazide (ADH,

>99.0%), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride (EDC, 98%), triethanolamine (TEA, 98%),

and polyvinyl alcohol (PVA; average Mw 31,000) were

purchased from Shanghai Aladdin Bio-Chem Technology

Co. Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO,

AR grade), used as a solvent, was purchased from Beijing

Chemical Works (Beijing, China). Sodium hyaluronan (HA;

average Mw 50,000) was purchased from Bloomage Freda

Biopharm Co. Ltd. (Jinan, China). N-Acryloxysuccinimide

(NHS-Ac, 99%) and 4-(2-hydroxyethyl) piperazine-1-etha-

nesulfonic acid (HEPES, 99%) were purchased from J&K

Scientific Ltd. (Beijing, China). PEG (Thiol)2 (HS-PEG-SH),

with an average Mw of 3500, was purchased from JenKem

Technology Co. Ltd. (Beijing, China). All the compounds

were used as received.

Hyaluronic Acid–Acrylate Modification
Sodium hyaluronan was modified to contain acrylate func-

tionalities as previously described.14 Briefly, as shown in

Figure 1A, HA (2.00 g, 50 kDa, 5.28 mmol carboxylic

acid) was reacted with 25.0 g (143.5 mmol) of ADH at pH

4.75 in the presence of 4.0 g (20 mmol) of EDC overnight

and purified by dialysis [8000 molecular weight cutoff

(MWCO)] in deionized (DI) water for 5 days. The purified

intermediate (HA-ADH) was lyophilized and stored at

−20°C until used. Approximately 45% of the carboxyl

groups were modified with ADH; the modification was

characterized using 1H NMR (D2O) by taking the ratio

of peaks at δ = 1.54 and 2.26, corresponding to the eight

hydrogens of the methylene groups on the ADH, to the

singlet peak of the acetyl methyl protons in HA (δ = 1.88)

(Figure 1B). All the modified HA-ADH was reacted with

NHS-Ac (4.46 g, 26.38 mmol) in HEPES buffer (10 mM

HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.2) overnight

and purified by dialysis in a 100–0 mM salt gradient for 1

day, followed by dialysis in DI water for 3–4 days before
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lyophilization. The degree of acrylation was determined to

be ~11% using 1H NMR (D2O) by taking the ratio of the

multiplet peak at δ = 6.2, corresponding to the cis and

trans acrylate hydrogens to the singlet peak of the acetyl

methyl protons in HA (δ = 1.88) (Figure 1B). Dynamic

mechanical thermal analysis (DMTA-V, Rheometric

Scientific, USA) was used to analyze the loss modulus

(E’) and storage modulus (E’’) of NDHM, and the tests

were run from 0.01 Hz to 10 Hz at 37 °C.

Preparation Of NanoIGUR By Liquid

Antisolvent Precipitation
NanoIGUR, with high aqueous phase dispersibility, was

synthesized using the liquid antisolvent precipitation (LAP)

method. Briefly, 20 mg of the raw IGUR and 20 mg of PVA

were dissolved in 1 mL of DMSO as the drug solution. One

milliliter of the drug solution was quickly added to 20 mL of

ultrapure water (antisolvent), and then the mixture was stir-

red for 30 mins. After dialysis and lyophilization, the powder

was stored at 4°C for further use.

Characterizations Of NanoIGUR
The particle size of NanoIGUR was determined by

dynamic light scattering (Nano ZS, Malvern Instruments,

UK) and reported as the Z-average (intensity-based mean

particle diameter). The measurements were repeated three

times. The morphology of the samples was examined

using a transmission electron microscope (TEM, Hitachi

HT7700, Japan). The drug-loading capacity (DLC) and

dissolution rate of the sample were determined using a

UV/visible spectrophotometer (Varian Cary 50, USA) at

a wavelength of 309 nm, according to the formula:

DLC (wt. %) = (weight of the drug/weight of drug-

polymer nanoparticles) × 100

Evaluation Of In Vitro Drug Release
The dissolution rate of raw IGUR and NanoIGUR in PBS

buffer (150 mM, pH 7.4) at 37°C was determined. In each

experiment, 1.0 mg of the sample was mixed with 5 mL of

PBS buffer and was fully dispersed. The mixture was then

transferred into a dialysis bag (3500 MWCO), and the bag

was put into a tube containing 20 mL of PBS buffer.

Further, 3 mL of PBS buffer was withdrawn from the

tube at predetermined periods of time, and 3 mL of fresh

buffer was added into the tube. The dissolution rate of raw

IGUR and NanoIGUR was calculated by determining the

UV absorption of IGUR at 309 nm. The NanoIGUR-

loaded hydrogel was prepared by first dissolving the poly-

mers, HA-AC and HS-PEG-SH, using the NanoIGUR

solution. Subsequently, equivalent volumes and concentra-

tions of the two solutions were mixed for allowing the

gelation. The process for the solidification of NanoIGUR-

loaded hydrogel is shown in Figure 2C. The resulting

hydrogels (250 μL) were loaded into a dialysis bag (3500

MWCO), and the dialysis bag was put into a tube contain-

ing 20 mL of PBS buffer. Further, 3 mL of PBS buffer was

withdrawn from the tube at predetermined periods of time,

and 3 mL of fresh buffer was added into the tube. The

dissolution rate of IGUR from the hydrogel was calculated

by determining the UV absorption of IGUR at 309 nm.

Figure 1 Synthesis scheme for hyaluronic acid–acrylate (HA-AC) (A) and the results of NMR (B). a:-CH3, b:-CH2-CO-, c:-CH2, and d: -CH.
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Cell Studies
Cell Culture
Synovial specimens were taken from five patients with RA

who underwent synovectomy or joint replacement at Peking

University Third Hospital. All the patients met the 2010 ACR/

EULAR classification criteria for RA.15 RA-FLS were iso-

lated from the fresh synovial tissues as previously described.16

After the synovial tissue was obtained, the excess adipose

tissue was removed immediately, and the synovial tissue was

infiltrated into high glucose DMEM (GIBCO-BRL) with 15%

FBS (GIBCO-BRL), 100 U/mL penicillin (GIBCO), and 100

μg/mL streptomycin (GIBCO) after three times of irrigation

with PBS. The synovial tissue was cut into tissue fragments

about 2mm× 2mm in size and then inoculated in the flask and

added 2 mL DMEM containing 20% FBS. The flask was

reversed after incubation at 37°C and 5% CO2 incubator for

6-10 hrs. Primary cell growth could be seen after 5–7 days and

RA-FLS from passages three to six was used in this study. This

study was conducted in accordance with the ethical principles

originating in the Declaration of Helsinki (2004 revision) and

was approved by the Ethics Committee of Peking University

Third Hospital (No. LA2015044-02), and all the patients

provided signed informed consent.

Vitro MTS Assay
In addition to the blank controls (10% FBS high glucose

DMEM complete medium) and the sham controls (complete

medium containing PBS for the raw IGUR or blank gel for

the NanoIGUR-loaded hydrogel), different concentrations

(40, 80, 160, and 320 μg/mL) of raw IGUR or NanoIGUR-

loaded hydrogel were used for cell proliferation experiments.

Cells were seeded (3×103 cells/100 μL) and incubated over-

night to allow cell adherence. Six duplicate wells were

assigned for each group. After 48 hr incubation with different

concentrations of raw IGUR or NanoIGUR-loaded hydrogel,

20 μL MTS was added to each well. Subsequently, after

further incubation for 2 hrs, the absorbance (OD) was mea-

sured at 490 nm and analyzed statistically.

Figure 2 Schematic illustration showing the process for preparation of NanoIGUR (A); the process for preparation of NanoIGUR-loaded hydrogel (B); and the

solidification process of NanoIGUR-loaded hydrogel and the administration of subcutaneous injection of NanoIGUR-loaded hydrogel to the collagen-induced arthritis

(CIA) rat (C).
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Vitro Migration Assay
The transwell plate was pre-balanced before the migration

experiment and the drug concentration gradient was set as

in the MTS assay. RA-FLS in serum-free medium (3×103

cells/100 μL) was added to the upper chamber of 8-μm
pore size transwell chambers (Corning). The bottom cham-

bers contained 10% FBS as a chemoattractant, and differ-

ent concentrations of raw IGUR or NanoIGUR-loaded

hydrogel were separately added into the upper chambers.

Cells were allowed to migrate through the porous mem-

brane for 48 hrs at 37°C. Nonmigrating cells that remained

on the upper surface of the filter were removed with cotton

swabs, and the remaining cells on the lower surface of the

filter were fixed with 600 μL 4% paraformaldehyde at

room temperature for 30 mins, stained with 600 μL 0.1%

crystal violet and counted under a bright field microscope

(Nikon E400). Five visual fields were randomly selected

for counting, and each experiment was independently per-

formed three times.

Vitro Invasion Assay
The matrigel matrix (Invitrogen) was converted into a

liquid state before the invasion experiment. The matrix

glue was diluted with precooled serum-free medium (med-

ium: matrix glue = 5:1) and 60 μL of it was added to each

compartment. Incubation was done overnight in an incu-

bator. The remaining steps were the same as in the migra-

tion experiments. Five visual fields were randomly

selected for counting and three independent replications

of the experiment were conducted.

Animal Studies
Animals
The animal study was approved by the Peking University

Animal Protection and Ethics Committee (No. LA201425)

and strictly abided by the Laboratory Animal Protection

and Use guidelines. Female Lewis rats (150 ± 10 g, 6

weeks) were purchased from Vital River Laboratory

Animal Technology Co. Ltd (Beijing, China). Prior to the

experiments, all the animals were housed in specific patho-

gen-free animal rooms under controlled temperature (23 ±

2°C) and 12-hr light/dark cycles for at least 7 days and had

free access to diet and water.

Vivo Pharmacokinetics
Normal female Lewis rats were used for studying the phar-

macokinetics of IGUR. The drug concentration in plasma

was determined by high-performance liquid chromatography

(HPLC) after administration of a single dose (10 mg/kg) of

IGUR. The rats in the raw IGUR group were orally adminis-

tered raw IGUR dissolved in 0.5% carboxymethyl-cellulose

(CMC) sodium in distilled water. Serial blood samples were

collected in heparinized tubes at 10 and 30 mins, and at 1, 2,

3, 4, 6, 8, 12, 18, and 24 hrs. The rats in the NanoIGUR-

loaded hydrogel group were subcutaneously injected with

NanoIGUR-loaded hydrogel and blood samples were col-

lected at 10 and 30 mins, and at 1, 2, 3, 4, 6, 8, 12, 18, 24, 48,

72, 96, and 120 hrs in heparinized tubes, as described by

Xiaofeng Guo et al.17 The pharmacokinetic parameters were

processed by DAS 2.0 software and calculated according to

the characteristics of the pharmacokinetic–time curve.

Collagen-Induced Arthritis (CIA) Model
CIA is an ideal animal model for RA.18 To induce CIA,

bovine type II collagen (Chondrex, WDC, USA, 20,022)

was dissolved in an equal volume of Freund’s complete

adjuvant (Chondrex, WDC, USA, 7001), and a total

volume containing 400 μg collagen was subcutaneously

injected to each rat. Seven days later, immunization was

repeated with bovine type II collagen and incomplete

Freund’s adjuvant (Chondrex, WDC, USA, 7002). After

14 days, the incidence of arthritis was observed and

recorded daily. The severity of CIA joint inflammation

was evaluated as the arthritis index (AI) score.19 Briefly,

the severity of arthritis in each paw was rated from 0

(normal) to 4 (severe). The AI score of the onset joint

was added, with a maximum score of 16. The scoring was

performed independently by two researchers.

Vivo Therapeutic Efficacy
The CIA rats were randomly allocated to three groups. No

intervention was done in one group (CIA model, n = 7),

whereas rats in the other two groups received the drugs as

follows: raw IGUR 10 mg/kg intragastrically, daily (raw

IGUR, n = 7) and the NanoIGUR-loaded hydrogel 10 mg/kg

by subcutaneous injection, every 3 days (NanoIGUR-loaded

hydrogel, n = 7). The healthy normal rats were used as healthy

controls (healthy control, n = 7). In this study, 0.5% CMCwas

used as a suspension agent for raw IGUR to increase the

distribution area of IGUR in the gastrointestinal tract after

oral administration, and made it absorb thoroughly.

Experiments have confirmed that 0.5% CMC has no toxic

side effects on experimental animals.20 HA is a ubiquitous

natural polysaccharide in the body with excellent physico-

chemical properties such as biodegradable, biocompatible,
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nontoxic, and nonimmunogenic characteristics. Accordingly,

HA has been widely used for various medical applications

such as arthritis treatment21, ophthalmic surgery22, drug

delivery,23,24 and tissue engineering,25 So we did not set up a

group for CIA treated with 0.5% CMC or the blank hydrogel

in the study. The total duration of drug administration was 21

days. Weight, ankle diameters, and AI scores of the

experimental animals were measured every 3 days by two

researchers.

Histological Evaluation
After drug intervention, the rats were euthanized by exsan-

guination under anesthesia and the right ankles were har-

vested for histological evaluation. The tissue was fixed,

decalcified, and dehydrated before being embedded in

paraffin. H&E staining and saffron O-fixing green staining

were performed to observe the histological changes.

Hyperplasia of synovial tissue and blood vessels, infiltra-

tion of lymphocytes, and destruction of bone and cartilage

were observed under a light microscope. The same sample

was scored in terms of the Mankin’s score (5 grades) based

on observations of multiple visual fields, several times.26

The total semiquantitative score of the pathological injury

of ankle joints was calculated.27

Analysis Of The Expression Of

Inflammatory Cytokines In Serum And

Synovial Homogenate Supernatants By

Enzyme-Linked Immunosorbent Assay

(ELISA)
Blood was taken from the canthus of the rats and centri-

fuged at 300 × g for 10 mins. Serum was collected and

stored at −80°C. Synovial tissue was isolated and homo-

genized in PBS containing protease inhibitors (Applygen,

China) and centrifuged, and the supernatant was collected.

The levels of interleukin-1 beta (IL-1β), interleukin-1

(IL-6), and TNF-α were determined using high-sensitivity

ELISA kits according to the manufacturer’s instructions

(MultiScience, China).

Statistical Analysis
Statistical analysis was performed using SPSS V.22.0.

Data were expressed as means ± SD. Mann–Whitney

U-test or ANOVA analyses were used to compare the

differences between the groups. A value of P < 0.05 was

considered to indicate a statistically significant difference.

Results
Preparation And Characterization Of

NanoIGUR
NanoIGUR with an IGUR : PVA weight ratio of 1:1 and a

solvent : antisolvent ratio of 1:20 was prepared using the

LAP technique. The TEM image revealed a spherical

shape of NanoIGUR particles, ranging in size from 300

to 530 nm (Figure 3A). The average size of NanoIGUR, as

determined using DLS, was 458 nm (Figure 3B), which

was consistent with the TEM results. As shown in

Figure 3C, E′ was consistently higher than E″ (E′=storage

modulus, E″=loss modulus), and they exhibited a plateau

in the entire frequency range of 0.01 to 10 Hz at 37°C,

suggesting that the hydrogels were robust and behaved as

elastic solids.

Vitro Drug Release
The contents of IGUR in NanoIGUR and NanoIGUR-

loaded hydrogel were measured using UV spectrophotome-

try. The drug-loading capacity of NanoIGUR was estimated

to be 34.98%. The loading efficiency further confirmed the

combination of IGUR with the PVA excipient during the

LAP process to form IGUR/PVA nanocomplexes. The com-

parison of the dissolution rates of raw IGUR and

NanoIGUR prepared by the LAP method is shown in

Figure 3D. Only 28.65% of raw IGUR was dissolved during

the 72 hr incubation period. In contrast, the LAP method

effectively reduced the particle size of NanoIGUR, leading

to a much higher dissolution rate of 80% and a very fast

release equilibrium period of 24 hrs. The results proved that

smaller particle size could improve the solubility owing to

the increased surface area available for dissolution, as

described by the Noyes–Whitney equation.28 Therefore,

using the LAP technique is effective in improving the

solubility and bioavailability of water-insoluble drugs.

NanoIGUR-loaded hydrogel was prepared by mixing

the HA-AC solution containing NanoIGUR with the HS-

PEG-SH cross-linker solution, and this mixture was com-

pletely solidified after 5 mins, suggesting that the hydrogel

formation time would be quick enough for in vivo applica-

tions. The drug dissolution profile of NanoIGUR-loaded

hydrogel is shown in Figure 3D. IGUR was gradually

released from the hydrogel matrix and the release could

be sustained for 72 hrs, with a dissolution rate of 68%.

This suggests that the hydrogel composite can serve as a

reservoir for sustained release of the encapsulated drug

over a long term.
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Effects Of Different Dosage Forms Of

IGUR On Proliferation, Migration, And

Invasion Of RA-FLS
In vitro drug release tests confirmed that the dissolution of the

NanoIGUR-loaded hydrogel reached a plateau of release at 48

hrs. So, the in vitro cell proliferation, migration, and invasion

experiments of RA-FLS were all conducted at 48 hrs. MTS

assay has confirmed that NanoIGUR-loaded hydrogel could

inhibit the proliferation of the RA-FLS in a dose-dependent

manner. Furthermore, 160μg/mLNanoIGUR-loadedhydrogel

had better inhibitory effect than the same concentration of raw

IGUR (relative cell proliferation ratio: 83.72 ± 1.41% for raw

IGUR; 74.25 ± 1.17% forNanoIGUR-loaded hydrogel) and so

did 320 μg/mL NanoIGUR-loaded hydrogel (relative cell pro-

liferation ratio: 80.73 ± 2.14% for raw IGUR; 65.25 ± 2.31%

for NanoIGUR-loaded hydrogel) (Figure 4A). Moreover, the

different dosage forms of IGUR could inhibit migration and

invasion of RA-FLS, with NanoIGUR-loaded hydrogel

showing a better inhibitory effect than raw IGUR in the 160

and 320 μg/mL groups. For example, relative cell migration

Figure 3 Characterization of NanoIGUR and NanoIGUR-loaded hydrogel. Transmission electron microscopy images of NanoIGUR (A); Differential light scattering analyses

of NanoIGUR (B); DMTA of the hydrogel in the frequency range of 0.01 Hz to 10 Hz at 37°C (C); Dissolution profiles of raw IGUR, NanoIGUR, and NanoIGUR-loaded

hydrogel (D). Data represent three independent experiments (mean ± SD), ****p < 0.0001.
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and invasion ratio for 320 μg/mLNanoIGUR-loaded hydrogel

treated group were 22.42 ± 1.96% and 20.74 ± 1.16%, respec-

tively, while the relative cell migration and cell invasion ratio

for raw IGUR group were 44.69 ± 1.58% and 44.59 ± 2.24%,

respectively. After excluding the effect of NanoIGUR-loaded

hydrogel on cell proliferation, it still inhibit-ed the migration

and invasion of RA-FLS (Figure 4B and C). Representative

pictures are shown in Figure 4D and E.

Plasma Concentration And

Pharmacokinetic Parameters
The plasma concentration–time curves for healthy rats after

oral administration of raw IGUR and subcutaneous injection

of NanoIGUR-loaded hydrogel (10 mg/kg) are shown in

Figure 5A. The pharmacokinetic parameters were processed

using the DAS 2.0 software. The T1/2 of NanoIGUR-loaded

hydrogel was determined to be 13.7 hrs, which was more than

the T1/2 of raw IGUR (3.7 hrs). The Cmax of NanoIGUR-

loaded hydrogel was 5921.9 μg/mL, which was lower than

that of raw IGUR (12,654.6 μg/mL). The AUClast of

NanoIGUR-loaded hydrogel and raw IGUR were 150,171.9

and 110,670 μg/mL, respectively. The lower Cmax and

delayed Tmax indicated the sustained-release characteristics

of NanoIGUR-loaded hydrogel and the higher value of

AUClast suggested better bioavailability.29–31

Changes In Body Weight, Ankle Joint

Diameter, And AI Scores After Drug

Intervention In CIA Models
According to the pharmacokinetic parameters, NanoIGUR-

loaded hydrogel (10 mg/kg) was injected subcutaneously in

rats every 3 days, and raw IGUR was given intragastrically

daily for 21 days. The weight, ankle joint diameter, and AI

scores were recorded every 3 days. As shown in Figure 5B, the

AI scores in the NanoIGUR-loaded hydrogel group were

significantly lower than in the CIA group on the 10th day of

Figure 4 Effects of IGUR in different dosage forms on the proliferation, migration, and invasion of fibroblast-like synoviocytes (RA-FLS). Cell proliferation assay (A); cell

migration assay (B); cell invasion assay (C); representative pictures for cell migration assay (D). Representative pictures for cell invasion assay (E). In the in vitro study, 10%

FBS high glucose DMEM complete medium (complete medium) was used as the blank control, complete medium containing PBS was used as the sham control for the raw

IGUR and the blank gel was used as the sham control for the NanoIGUR-loaded hydrogel. Data represent three independent experiments. **p < 0.01, ***p < 0.001, Scale

bar = 100 μm.
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administration, and the difference was statistically significant.

The AI scores in the raw IGUR group were significantly lower

than in the CIA group on the 16th day of administration. From

the 4th day of administration, the mean diameters of the ankle

joints in the NanoIGUR-loaded hydrogel and raw IGUR

groups were significantly smaller than in the CIA group, and

this was maintained until the end of the administration

(Figure 5C). On the 13th day of administration, the body

weights in the NanoIGUR-loaded hydrogel and raw IGUR

groups were significantly higher than in the CIA group, but

were lower than in the healthy control group (Figure 5D).

Representative pictures of rat ankle joints are shown in

Figure 5E. These data indicate that NanoIGUR-loaded hydro-

gel and raw IGURhave similar therapeutic effects onCIA rats.

Figure 5 Changes in body weight, ankle joint diameter, and AI scores after drug intervention in CIA models. Comparision of drug concentration–time curve in healthy rats

of raw IGUR and NanoIGUR-loaded hydrogel (A); changes in the arthritis index of rats during drug intervention (B); changes in the joint diameter in rats during drug

intervention (C); changes in the weight of rats during drug intervention (D); (E) ❶: Induction of collagen-induced arthritis (CIA) model by intradermal infection of bovine

type II collagen emulsion; ❷: Swollen joints of CIA model rats; ❸: Ankle joints in healthy rats; ❹: CIA model without any drug intervention showing obvious joint deformity

21 days after the onset; ❺: CIA model rat treated with raw IGUR for 21 days; ❻: CIA model rat treated with NanoIGUR-loaded hydrogel for 21 days. Data represent three

independent experiments (mean ± SD), n = 7 per group. *p < 0.05, compared with NanoIGUR-loaded hydrogel, # p < 0.05, compared with raw IGUR.
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Histological Evaluation
The H&E-stained sections of ankle joints of rats were

observed under a light microscope. In the control group,

normal ankle joint structure, with smooth and intact articu-

lar cartilage surface and normal joint space, without syno-

vial tissue proliferation or pannus formation was observed.

In the CIA group, the ankle joint structure was severely

destroyed, with hyperplastic synovial tissue, infiltrated

inflammatory cells, pannus formation, and bone erosion

were observed. The articular cartilage surface was

damaged, the surface was stripped, and the joint space

was narrowed. Compared with the CIA group, rat ankle

joints from the raw IGUR and NanoIGUR-loaded hydro-

gel treated groups showed less infiltration of inflammatory

cells in the synovial tissue and no obvious bone erosion

(Figure 6A). The synovitis scores and Mankin’s scores in

the raw IGUR and NanoIGUR-loaded hydrogel groups

were significantly lower (P < 0.05) than in the CIA

group, but there was no significant difference in the scores

between the raw IGUR and NanoIGUR-loaded hydrogel

groups (Figure 6C and D). The saffron O-fixing green

staining showed that the basophilic cartilage stained red

with saffron O and the acidophilic bone stained green or

blue with the acid dye, thus distinguishing the cartilage

tissue from the bone tissue. A complete cartilage band

attached to the articular surface was observed in the

healthy control group, whereas in the CIA group, the

cartilage band on the articular surface almost disappeared,

indicating that the entire cartilage layer was eroded. In the

raw IGUR and NanoIGUR-loaded hydrogel groups, the

cartilage on the articular surface was slightly thinner or

wormlike, but the cartilage band remained intact or only a

small amount of cartilage was eroded and lost, showing a

slight discontinuity. Compared to the CIA group, the

pathological changes in the ankle joint cartilage of rats in

the raw IGUR and NanoIGUR-loaded hydrogel groups

were significantly improved (Figure 6B). The percentage

of cartilage area in each group was estimated using Image

J software. Compared with the normal control group, the

area of ankle cartilage in the CIA group was significantly

Figure 6 Results of histological evaluation. H&E staining (A); saffron O-fixing green staining (B); Mankin’s score of CIA rats (C); synovitis score of the CIA rats (D);

percentage of cartilage area in each group (E); healthy control = healthy normal rats, CIA model = CIA rats with no intervention, raw IGUR= CIA rats treated with raw

IGUR 10 mg/kg intragastrically, daily, NanoIGUR-loaded hydrogel= CIA rats treated with NanoIGUR-loaded hydrogel 10 mg/kg by subcutaneous injection, every 3 days. Data

represent three independent experiments (mean ± SD), *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; n = 7 per group, Scale bar = 200 μm.
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reduced (P < 0.001). The area of ankle cartilage in the CIA

rats increased significantly after drug intervention (raw

IGUR and NanoIGUR-loaded hydrogel) (P < 0.05), but

there was no statistical difference between the raw IGUR

and NanoIGUR-loaded hydrogel groups (Figure 6E).

Expression Of Inflammatory Cytokines

After Drug Intervention
IL-1β, IL-6, and TNF-α are crucial inflammatory cytokines

in the process of inflammation in RA and are associated with

the disease activity.32–34 Compared with the control group,

IL-6, TNF-α, and IL-1β levels in the serum of the CIA group

were significantly upregulated. The serum levels of IL-6,

TNF-α, and IL-1 β in the raw IGUR and NanoIGUR-loaded

hydrogel groups were significantly lower than those in the

CIA group, but there was no significant difference between

the raw IGUR and NanoIGUR-loaded hydrogel groups

(Figure 7A–C). Similar results were found in the synovial

tissue homogenate supernatant (Figure 7D–F). Overall, these

results demonstrate the efficacy of NanoIGUR-loaded hydro-

gel in the treatment of CIA rats. Subcutaneous injection of 10

mg/kg NanoIGUR-loaded hydrogel every 3 days achieved

the same therapeutic effect as the oral administration of 10

mg/kg raw IGUR daily.

Discussion
Compared with the conventional administration, the sustained

release of drugs has several advantages. It allows the main-

tenance of effective therapeutic concentration of the drug in

body fluids for a longer time and reduces the times of admin-

istration, which is convenient for the patients. Moreover, it

reduces the peak–valley of the drug concentration in the blood,

reducing the side effects and improving the curative effects,

and increases the stability of the drug. Sustained release of

drugs also allows reduction in the dose and direct administra-

tion to specific target organs, which decreases the systemic

side effects. Injectable hydrogels for in vivo localized drug

delivery have achieved remarkable results in the development

of new dosage forms that are not possible through traditional

drug delivery and have shown huge prospects in the drug

market, which has rapidly made them one of the most popular

pharmaceutical dosage forms.35–37

Although the injectable hydrogel in vivo localization

dosage form has many advantages, there are presently

some limitations in its use.38–40 The even distribution

Figure 7 Analysis of the expression of inflammatory cytokines in serum and synovial homogenate supernatants by enzyme-linked immunosorbent assay (ELISA). Serum

levels of IL-6 (A), TNF-α (B), and IL-1β (C). Levels of IL-6 (D), TNF-α (E), and IL-1β (F) in the synovial tissue homogenate supernatant. Data represent three independent

experiments (mean ± SD), *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. n = 7 per group.
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and stabilization of water-insoluble drugs in the hydrogel

matrix is a key issue that needs to be resolved for the

construction of hydrogel dosage forms. Therapeutic drugs

are mostly hydrophobic molecules,41–44 and the hydrogel

has a certain network pore size. Therefore, only when a

hydrophobic drug can easily be dispersed into particles,

having a size larger than that of the hydrogel pore, can it

be uniformly and stably restricted. In the hydrogel matrix,

it is further released from the hydrogel uniformly and

constantly by passive diffusion of molecules and by the

degradation of the hydrogel host material. The liquid anti-

solvent technology is a new method for preparing nano-

micron powders, which has been proposed in recent years,

especially for the preparation of nanomicron drugs, and

has shown prospects for broad application.45 Based on the

molecular mixing theory, the fast molecular mixing char-

acteristics in the liquid environment can effectively and

accurately control the synthesis of drug particles. Thus,

drug nanoparticles with high nanometer size and uniform

particle size can be synthesized, and nanomedicines with

excellent dispersion properties, high dissolution, and high

bioavailability in the aqueous phase can be prepared by

controlling the particle size and using the dispersant.

IGUR is used in the treatment of RA, but gastrointest-

inal side effect caused by conventional oral dosage forms

limits its application. For the first time, we tried to develop

a new dosage form of IGUR to alleviate its side effects and

to satisfy the needs of clinical therapy. As shown in

Figure 2, first, NanoIGUR with high aqueous phase dis-

persibility was synthesized using the LAP method.

Subsequently, we prepared HA-ADH, with amino group

from HA and ADH, by condensation reaction, and then

reacted it with N-acryloyloxysuccinimide to obtain a dou-

ble bond on the segment of HA-AC. Furthermore, HA-AC

was completely dissolved in PBS buffer and sequentially

mixed with NanoIGUR and the crosslinking agent PEG

(Thiol)2 (HS-PEG-SH) to prepare a hydrogel precursor

solution. After subcutaneous injection, hydrogels encapsu-

lating NanoIGUR were formed in situ by Michael addition

reaction.46–48

After the preparation of the new dosage form of

NanoIGUR-loaded hydrogel, we first determined its effects

on the proliferation, migration, and invasion of RA-FLS.

The NanoIGUR-loaded hydrogel showed better inhibitory

effect than raw IGUR generally in the 160 and 320 μg/mL

groups, which indicated that the NanoIGUR-loaded hydro-

gel improved the solubility of the water-insoluble IGUR

and might act as a new drug-delivery system for future

clinical applications. Thereafter, the plasma concentration

and pharmacokinetic parameters of raw IGUR and

NanoIGUR-loaded hydrogel were tested in healthy rats.

The pharmacokinetics of the NanoIGUR-loaded hydrogel

indicated that intermittent subcutaneous administration is

feasible, which might improve the compliance of patients

by reducing the number of administrations and the risk of

gastrointestinal side effects. According to the pharmacoki-

netic parameters, NanoIGUR-loaded hydrogel (10 mg/kg)

was injected subcutaneously in CIA models of rats every 3

days, and raw IGUR was given intragastrically, daily.

Changes in body weight, ankle joint diameter, and AI

score after 21 days of drug intervention indicated that

NanoIGUR-loaded hydrogel and raw IGUR had similar

therapeutic effects on the CIA rat models. By changing

the route of administration, the same effect and longer

interval of administration could be achieved, which shows

that the new drug-delivery system—the NanoIGUR-loaded

hydrogel, is suitable for animal experiments and may have

good prospects for clinical applications in the future.

Histological evaluation has further confirmed that both

raw IGUR and NanoIGUR-loaded hydrogel could effec-

tively reduce the destruction of cartilage and bone in the

ankle joints of CIA rats and could reduce the proliferation

of synovium and infiltration of inflammatory cells in the

synovial tissue.

IL-1β, IL-6, and TNF-α are crucial inflammatory cyto-

kines in the process of inflammation in RA and are asso-

ciated with the disease activity. The expression levels of

inflammatory cytokines (IL-1β, IL-6, and TNF-α) in the

serum and supernatant of the synovial tissue homogenate

demonstrate the efficacy of NanoIGUR-loaded hydrogel in

the treatment of CIA rats. Subcutaneous injection of 10

mg/kg NanoIGUR-loaded hydrogel every 3 days achieved

the same therapeutic effect as the oral administration of 10

mg/kg raw IGUR daily. By changing the dosage form of

IGUR into NanoIGUR-loaded hydrogel, we reduced the

dosage of raw drugs, achieved long-term and sustained

release, and acquired the same therapeutic effect.

Although it is not ideal to apply the three-day administra-

tion of NanoIGUR-loaded hydrogel in clinical application,

our research provides a kind of new thinking and method.

Further improvements in the composition of hydrogels

may extend the interval of administration.

Conclusion
RA is a common systemic autoimmune disease character-

ized by erosive synovitis, which leads to the damage of the
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joint architecture and consequent disability. Early treat-

ment with DMARDs is the key to prevent joint destruction

and improve prognosis. As a novel type of DMARD,

IGUR is effective in treating RA by inhibiting the secre-

tion of polyclonal immunoglobulin and production of

cytokines.49 At present, only oral-administered IGUR

tablets are available because of its hydrophobic properties.

The prevalence of gastrointestinal side effects limits the

use of IGUR in clinical practice. The designing of a

sustained and localized drug-delivery system for subcuta-

neous or intra-articular administration may increase its use

by improving the bioavailability and by preventing gastro-

intestinal irritation. To achieve this goal, a new drug-

delivery system, the nanoloaded hydrogel, was developed,

and in vitro and in vivo experiments confirmed it to be an

effective drug-delivery system. NanoIGUR-loaded hydro-

gel released IGUR in a sustained manner with long-acting

time, and its subcutaneous injection achieved similar effi-

cacy in treating CIA rats as did the oral administration of

raw IGUR. However, the biocompatibility, biodegradabil-

ity, and clinical safety of the new hydrogel carrier need to

be further studied in the future. Overall, the NanoIGUR-

loaded hydrogel may serve as a new drug-delivery system

for specific DMARDs with broad prospects for clinical

application.
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