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A B S T R A C T   

Arthritis is a syndrome characterized by inflammation in the joints. Triamcinolone acetonide (TA) was used as an 
anti-inflammatory agent in the treatment of this disease. However, there are limitations to its clinical application, 
including rapid clearance from the joint cavity, potential joint damage from multiple injections, and adverse joint 
events. To address these drawbacks, we developed a tunable in situ forming implant loaded with TA. This 
injectable polymer solution utilized poly (lactic-co-glycolic acid) (PLGA) as an extended-release material. When 
injected into the joints, the solution solidifies into implants through a solvent exchange in the aqueous envi-
ronment. The implants demonstrated robust retention at the injection site and released TA over several weeks 
even months through diffusion and erosion. By adding different proportions of low water-miscible plasticizers, 
the release period of the drug could be precisely adjusted. The plasticizers-optimized implants exhibited a tough 
texture, enhancing the therapeutic efficiency and drug safety in vivo. In arthritic model studies, the tunable TA- 
loaded implants significantly reduced swelling, pain, and motor discoordination, and also showed suppression of 
arthritis progression to some extent. These findings suggested that TA-loaded ISFI holds promise for managing 
inflammatory disorders in individuals with arthritis.   

1. Introduction 

Arthritis is a chronic or acute inflammatory disease that affects the 
joints, leading to various clinical symptoms such as pain, stiffness, 
swelling, reduced range of motion, and potential disability (Senthelal 
et al., 2022). These symptoms significantly impact an individual’s 
ability to carry out daily activities. Currently, more than a hundred types 
of arthritis have been discussed, the most common being osteoarthritis 
(OA) and rheumatoid arthritis (RA). The aging population and the rise in 
obesity in recent years have made arthritis not just a healthcare concern 
but also a socioeconomic issue (Safiri et al., 2021). Therefore, there is an 
urgent need to develop efficient methods to manage this disease and 
alleviate these severe symptoms. The most commonly utilized pharma-
ceutical treatments include oral and topical administration of non- 
steroidal anti-inflammatory drugs (NSAIDs), topical analgesics, 
disease-modifying antirheumatic drugs (DMARDs), and intraarticular 

corticosteroids or hyaluronic acid (HA) injections (Jones et al., 2019). 
While these pharmacological therapies may provide some relief from 
arthritis symptoms, they have limitations in preventing disease 
progression. 

As one of the corticosteroids, triamcinolone acetonide (TA) has 
several drawbacks in arthritic application, including poor residence in 
the joint cavity, low drug efficacy, frequent adverse joint events, and the 
need for multiple administrations (Kompel et al., 2019). To overcome 
those limitations, the developing long-acting injectable formulations is 
desirable. In 2017, TA extended-release (ER) 32 mg (Zilretta®), a PLGA 
microsphere, was approved by FDA for the treatment of osteoarthritis 
(OA) (Paik et al., 2019). Zilretta® possesses advantages such as pro-
longed joint retention, high drug efficacy, and reduced systemic expo-
sure. However, the PLGA microsphere-based product is limited in 
application due to its low drug-loading capability, the use of toxic 
organic solvents in the preparation process, and challenges in industrial 
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production (Wright and Burgess, 2012). In contrast, owing to high drug- 
loading and low manufacturing difficulty, in-situ forming gels could 
overcome the drawbacks to some extent (Wang and Burgess, 2021). The 
in-situ gelling system has broad applications in various drug delivery 
routes, including oral delivery, topical injection, spray, and transdermal 
drug delivery owing to the good biocompatibility of degradable excip-
ients (Wright and Burgess, 2012; Shan et al., 2022). Moreover, this 
technology has been widely used in multiple fields, such as post-surgical 
cancer treatment to prevent recurrence (Chen et al., 2019), Alzheimer’s 
disease treatment (Meng et al., 2018), and ophthalmic diseases (Jumelle 
et al., 2020). Meanwhile, the in-situ gelling system holds potential for 
arthritis prevention and treatment as it can accommodate drugs with 
various properties and keep them stable in this system (DesNoyer and 
McHugh, 2001; Solouk et al., 2014). Currently, most studies have 
applied temperature-sensitive gel for arthritic treatment design (Lu 
et al., 2019; Yin et al., 2020; Zhao et al., 2021). However, those stra-
tegies were constrained in clinic transition by relatively complex 
manufacturing, strict conditions of phase inversion and storage. 

As a type of in-situ forming gel technology, biodegradable in situ 
forming implant (ISFI) is generally composed of poly (lactic-co-glycolic 
acid) (PLGA) and solvents (such as N-Methyl pyrrolidone, NMP), and 
formed from a polymer solution. The drug-loaded polymer solution can 
be prepared with a simple manufacturing. Upon administration, solvent 
exchange takes place, resulting in the formation of solid implants 
(Kanwar and Sinha, 2019). As reported, ISFIs was first used in the 
treatment of periodontitis, and a doxycycline-loaded polymer solution 
(Atridox®) was developed to sustain drug release for seven days 
(Büchter et al., 2004; Wang and Burgess, 2021). Subsequently, this 
platform has been widely employed for delivering other drugs, such as 
leuprolide acetate (Ravivarapu et al., 2000), NSAID (Christian et al., 
2019), and calcitonin (Prabhu et al., 2005). However, this system still 
has certain limitations, including susceptibility to deformation in vivo 
due to shear thinning, poor injectability in syringes with small needle 
sizes, and the potential for burst release. 

In this study, we investigated the application of ISFI for intraarticular 
administration in arthritic treatment. We incorporated α-tocopherol 
(α-T), benzyl benzoate (BB), m-cresol (m-c), and propofol (pp) as plas-
ticizers into the ISFI formulation. These plasticizers were added to 
reduce the burst release of TA and improve the hardness of the implants. 

Furthermore, the addition of suitable plasticizers allowed for precise 
modulation of the drug release period, ranging from several weeks to 
months. The optimized TA-loaded ISFI exhibited excellent plasticity, 
injectability, and biocompatibility, making it suitable for arthritic 
treatment. Its robust retention in the joint space ensured sustained 
release of TA during arthritis flares. Additionally, the solvent used in the 
formulation may have potential anti-inflammatory effects. A study has 
reported the potential efficacy of NMP in lipopolysaccharide (LPS)- 
induced arthritis models (Zhu et al., 2018). Moreover, BB has been used 
in the clinical treatment of various scabies cases (King, 1940). Thus, the 
tunable TA-loaded implants are expected to be a promising platform for 
arthritis therapy. This study thoroughly investigated the drug release 
kinetics, implant degradation, therapeutic efficacy, and the inflamma-
tory microenvironment. 

The in situ forming implant (ISFI) is composed of a biocompatible 
polymer and an amphiphilic solvent. In this study, four types of PLGA 
and two water-miscible solvents were used to prepare the ISFI. Addi-
tionally, several plasticizers were incorporated into the ISFI formulation 
to screen for suitable formulations. The ideal formulation should be an 
injectable, well-dispersed system with no uncontrollable burst release. 
Therefore, in vitro drug release, rheology studies, and texture mea-
surements were conducted. As depicted in the Scheme1, the fully dis-
solved polymer solution is homogeneously mixed with the TA powder, 
resulting in a drug-loaded polymer solution. Subsequently, the polymer 
solution is loaded into a syringe and successfully delivered into the joint 
cavity through a needle. Upon contact with body fluid, the water- 
miscible solvent (NMP) rapidly dissipates, allowing water to penetrate 
the system. This leads to polymer precipitation at the injection site, 
which is a solvent exchange process that entraps the drug within a 
porous structure (Phaechamud and Mahadlek, 2015). The established 
long-acting ISFI could release the drug through a combination of diffu-
sion, dissolution, and erosion processes (Patel et al., 2010). 

2. Materials and methods 

2.1. Materials and mice 

Triamcinolone acetonide (TA) was obtained from Rhawn Chemical 
Technology Co.,Ltd.(Shanghai, China). Triamcinolone acetonide (TA) 

Scheme 1. TA: triamcinolone acetonide; PLGA: Poly (lactic-co-glycolic acid); NMP: N-methyl-2-pyrrolidone; BB: benzyl benzoate.  
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Acetate suspension (TA Inj, 10 mg/mL) was obtained from Zhejiang 
Xianju Pharmaceutical Co.,Ltd.(Hangzhou, China). Poly (lactic-co-gly-
colic acid) (L/G 50:50 (w:w), MW: 15 kD); (L/G 50:50 (w:w), MW: 58 
kD); (L/G 75:25 (w:w), MW: 15 kD); (L/G 75:25 (w:w), MW: 58 kD)was 
purchased from Dai Gang biological company (Ji Nan, China). N- 
methyl-2-pyrrolidone (NMP; purity ≥ 98%), benzyl benzoate (BB; pu-
rity ≥ 99%), DL-α-tocopherol acetate (α-T; purity ≥ 98%), 2-Pyrrolidi-
none (2-PY; purity ≥ 98%), and dialysis membrane with Mw cut-off 
350 kD was supplied from Chen Tong Biochemical Reagent Co., Ltd. 
(Hangzhou, China). Sodium dodecyl sulfate (SDS) and Diclofenac so-
dium (DS) were obtained from Shanghai Macklin Pharmaceutical Co 
(Shanghai, China). Lipopolysaccharide (LPS, 10 mg) was purchased 
from Shanghai yuanye Bio-Technology Co., Ltd (Shanghai, China). 
Complete Freund’s adjuvant with 1 mg/mL heat-killed mycobacteria 
was supplied from Jia en Biochemical Reagent Co., Ltd. (Hangzhou, 
China). 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine Io-
dide (DiR) was purchased from Invitrogen Co. (Carlsbad, CA, USA). Cell 
lines: RAW 264.7 (Shanghai Cell Bank, Chinese Academy of Sciences) 
were maintained in high-glucose DMEM supplemented with 10% fetal 
bovine serum (FBS). 

All in vivo experiments were conducted using 8–10-week-old male 
Kun Ming (KM) mice weighing 45 ± 5 g, which were obtained from 
Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, 
China). The mice were housed under standard conditions of a 12-hour 
light–dark cycle and provided with free access to water and food. All 
in vivo experiments were carried out under the requirements of the 
Zhejiang University Animal Study Committee on the care and use of 
experimental animals in the research. 

2.2. Preparation of polymer solutions 

According to formulations listed in Table S3 and Table S4 (Supple-
mentary material), various Poly (lactic-co-glycolic acid) (PLGA) were 
mixed with N-methyl-2-pyrrolidone (NMP) at 20%, 25%, 30% (w/w) 
concentrations, followed by dissolution and swelling for 3 ~ 4 h at room 
temperature to form the blank solution. Triamcinolone acetonide was 
dissolved in the blank solution to prepare the drug-loaded polymer so-
lution with a drug loading capacity of 10%, 5%, and 2.5% (w/w). As a 
plasticizer, benzyl benzoate and DL-α-tocopherol acetate were selec-
tively added to polymer solutions at 1 ~ 6%. The clarity of the polymer 
solution was observed, and an appropriate amount of solution was 
dropped into deionized water to observe whether ISFI was formed. 

2.3. In vitro drug release 

0.5% (w/w) sodium dodecyl sulfate (SDS) was added into PBS as a 
release medium (the solubility of TA is about 193.1 μg/mL) (Table S1, 
Supplementary material). Accurately weighed TA-loaded polymer so-
lution (about 50 μL) was injected into a dialysis bag filling 1 mL release 
medium. After ISFI solidified completely, dialysis bags were immersed 
in 50-mL centrifuge tubes containing 45 mL release medium. The whole 
experimental set-up was placed in a shaking water bath at 37 ± 0.5 ◦C, 
adjusted at a constant rate of 50 rpm. All the release medium of each 
sample was withdrawn completely at different time intervals (1 h, 5 h, 
10 h, 1d, 3d, 5d, 7d, 10d, 15d, 20d, 30d), which were replaced imme-
diately with the same volume fresh release media (that creates sink 
conditions). Ten milliliters from the withdrawn samples were assayed 
spectrophotometrically at 240 nm. Absorbance (A) was measured, and 
concentration (C) was calculated by the regression equation (A =
0.0386C + 0.0078) to calculate the cumulative drug release of each 
sampling point. All experiments were carried out in triplicates. Finally, 
four mathematical models were adopted to fit the releasing behaviors of 
TA-loaded ISFI. These models were zero-order kinetics (Ct = C0-K0t), 
first-order kinetics (log Qt = logQ0 + K1t/2.303), Higuchi (Qt = KHt1/2), 
and Ritger -Peppas (Mt/M∞=Kt n) (Marcos, 2015; Wu et al., 2005; 
Siepmann and Peppas, 2001). 

2.4. Rheology analysis 

Before and after the phase transition, the rheological behavior of the 
polymer solution and ISFI was assessed by using a rheometer (Anton 
Paar, MCR302, Austria). Polymer solution or ISFI was uniformly loaded 
between the Peltier plate of the rheometer, and the space was adjusted to 
0.5 mm. The viscosity was studied at constant temperature (25 ◦C) by 
flow shear rate sweep (shear rate from 0.01 to 100 s− 1). Amplitude 
sweeps of polymer solutions were run at variable ω from 0.1 to 100 rad/s 
at 1% strain to identify the stability and dispersibility of formulations 
(Arno et al., 2020). The linear viscoelastic range (LVR) and shear yield 
stress were determined at 25 ◦C by using the oscillation strain sweep 
(0.01%~10%) at an angular frequency of 1 rad/s. The shear stress has a 
linear relationship with shear strain within LVR (Razavi and Karazhiyan, 
2009). The shear yield stress was defined as the stress at which the value 
of storage modulus (G’) equals the value of loss modulus (G“) (Razavi 
and Karazhiyan, 2009). 

2.5. Syringeability and hardness test 

The texture analyzer (A-XT PLUS, Stable Micro System, UK) was set 
in compression mode to acquire forces during the injection process of 
polymer solution in two syringe systems (26G, 29G). It could also 
determine the hardness of ISFIs. The device to detect syringeability was 
equipped as described previously (Sheshala et al., 2019). The injection 
process of the polymer solution was performed at 25℃ (pre-test rate: 5 
mm/s, test rate: 1 mm/s, post-test rate: 10 mm/s), and the sample length 
was 6–15 mm. Similarly, implants were placed on the platform with a 
probe installed, and the experimental parameters were set to be the 
same as the syringeability measurement. The sample thickness was 
about 3 ~ 4 mm. The force in the test was curved with the test distance. 

2.6. Solubility parameter estimation 

The current solubility parameter (δt) system is developed based on 
the Hildebrand solubility parameter theory, which is widely used in 
drug design (Subrahmanyam et al., 1996). Plenty of theories were raised 
to predict compound δt, including the Hansen solubility parameter 
model, group contribution method, and Flory-Huggins parameter, to 
avoid complicated experiments (such as evaporating method, swelling 
method, and turbidity titration method) (Schenderlein et al., 2004). 
Since the partial solubility parameter is a standard mathematical 
method to predict δt, the group contribution method was adopted in this 
research (Abou-ElNour et al., 2019). The difference between drug and 
excipient total solubility parameters (Δδt) is calculated by equation 
Δδt=|δ1-δ2|. Table1 was summarized by mathematical method and 

Table 1 
Solubility parameters of TA, DS, PLGA, NMP, benzyl benzoate, and α- 
tocopherol.   

δt 

(MPa)1/2 
References TA Δδt 

b) 

(MPa)1/2 
DS Δδt 

c) 

(MPa)1/2 

Triamcinolone 
acetonide  

20.1 Abou-ElNour 
et al., 2019) 

NA a) NA 

Diclofenac 
sodium  

26.6 (Žilnik et al., 
2007) 

NA NA 

PLGA (50/50)  22.3 (Schenderlein 
et al., 2004) 

2.2 4.3 

PLGA (75/25)  21.7 (Schenderlein 
et al., 2004) 

1.8 4.9 

NMP  22.9 (Barton, 1991) 2.8 3.7 
Benzyl benzoate  21.3 (Mohammad 

et al., 2016) 
1.2 5.3 

α- tocopherol  20.24 (Kagliwal et al., 
2011) 

0.14 6.36 

a) NA: Not applicable; b) TA Δδt: TA-excipient interaction parameter; c) DS Δδt: 
DS-excipient interaction parameter. 
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references investigation. 

2.7. Thermal analysis 

The thermal properties of pure TA, PLGA (75/25,15 kD), diclofenac 
sodium (DS), ISFI-TA, the physical mixture of TA and PLGA(Mixture- 
TA;1:3), and the physical mixture of TA and PLGA(Mixture-DS;1:3) 
was analyzed using Differential scanning calorimeter (DSC, METTLER 
TOLEDO, DSC1, Switzerland). Approximately 7 ~ 10 mg of the freeze- 
dried powder sample was compressed by placing 20 μL aluminum 
pans and heated with a rate of 5 or 10 ℃/min up to 400℃ or 100℃. The 
whole process of the experiment was run using dry nitrogen as carrier 
gas with a flow rate of 25 mL/min (Abou-ElNour et al., 2019; Oz et al., 
2019). 

2.8. Powder X-ray diffraction (XRD) analysis 

The crystallinity of drugs, PLGA, and ISFI were detected by X-Ray 
Diffractometer (Brucker, Bruker D8 ADVANCE, Germany) to reflect the 
interaction between drugs and PLGA. The drug-loaded ISFI was lyoph-
ilized, and the physical mixture of TA and PLGA at a mass ratio of 1:3 
was also detected by XRD. An amount of 20 μg from each sample was 
uniformly compressed on a sample platform, and the X-ray diffraction 
pattern was recorded at 25℃ from 5 to 90◦2θ using a step increment of 
0.1◦2θ (Abou-ElNour et al., 2019; Oz et al., 2019). 

2.9. Scanning electron microscope (SEM) 

ISFIs were removed from the release medium to penicillin bottles at 
different time intervals (0, 1, 15, and 30 days). Those samples were 
observed and lyophilized overnight. The freeze-dried implants were 
then subsequently mounted on an aluminum stub using carbon tape and 
sputter coated with 5 nm of gold–palladium alloy. The coated samples 
were then imaged using a high-resolution, field emission scanning 
electron microscope (Hitachi, SU-8010, Japan) with a magnification of 
4 ~ 5 k for micrographs. 

2.10. LPS-induced osteoarthritis model 

As an adjuvant, lipopolysaccharide with a concentration of 100 ng/ 
mL was selected to induce local osteoarthritis in mice (Cokelaere et al., 
2018; de Grauw et al., 2009). Briefly, under anesthesia, mice received 
LPS (25 μL, 100 ng/mL per mouse) once a week via intraarticular in-
jection(i.a.) into the left knee joint (Zhao et al., 2021). The mimetic 
osteoarthritis was established through 3-weeks of consecutive injection 
with mice swelling, lameness, and mechanical hypersensitivity. LPS also 
was injected once a week during the subsequent experiment, and joint 
infection will be cautious to prevent. 

2.11. CFA-induced rheumatoid arthritis model 

The healthy KM mice were subcutaneously (s.c.) injected with the 
complete Freund’s adjuvant (CFA, 100 μL) containing 1 mg/mL heat- 
killed mycobacteria into the base of their tails, as described previously 
(Quan et al., 2014; Wang et al., 2016). Two weeks after immunization, 
mice received an intraarticular injection (i.a.) booster of CFA in the left 
ankle joint, and a unilateral mimetic rheumatoid arthritis model was 
built (Zhao et al., 2021). It was observed the next day that mice tend to 
be swelling, lameness, and hyperalgesia. Similarly, it is vital to prevent 
joint infection. 

2.12. ISFI retention in situ and degradation in vivo 

The DiR solution was prepared by adding DiR and sodium carboxy-
methylcellulose (CMC-Na) into PBS, as CMC-Na is a common component 
in TA suspension. Subsequently, arthritis-induced animals were 

randomized into three groups (n = 3). DiR solution, TA@ISFI, and TA +
BB@ISFI labeled with DiR (1% (w/w)) were administered intra-
articularly into the left knee joint. The mice were imaged at 
0d,1d,5d,10d,15d,20d, and 30 days after administration by Caliper IVIS 
Spectrum In Vivo Imaging System (Perkin Elmer, USA). The left knee 
joint of the mice was covered with a piece of black card at 24 h after 
injection, and the fluorescence biodistribution except the affected joint 
was observed. At the end of this experiment, the relative fluorescence 
intensity (compared with 0 day) and fluorescence area were analyzed. 

2.13. Therapeutic efficacy in vivo in LPS-induced model 

The mice were randomly divided into the following treatment 
groups: Normal (n = 5), PBS (n = 5), TA suspension (n = 5), TA@ISFI (n 
= 5), and TA + BB@ISFI (n = 5). Before arthritis was induced, mice were 
trained to run spontaneously in a pet running wheel to evaluate motor 
ability. As mentioned before, LPS-induced models were used to evaluate 
the efficacy of different groups. PBS, TA suspension (1 mg TA), TA@ISFI 
(1 mg TA), and TA + BB@ISFI (1 mg TA) were intraarticularly admin-
istered into the knee joint of mice by a single injection, whereas normal 
mice in the control group without any management. The whole exper-
iment was performed for 50 days with a 4-week treatment, and the 
mice’s body weight, swelling, lameness, and hyperalgesia were 
measured. The swelling was evaluated by measuring knee joint thick-
ness in mm using a digital caliper. Visible lameness was measured by the 
running wheel at 41,44,47d after the experiment. Mechanical hyper-
sensitivity was assessed by applying von Frey hair to the hind paw 
(touch test), and the mechanical force required to elicit a paw with-
drawal response was recorded (Rudnik-Jansen et al., 2019). At the end 
of the experiment, all animals were sacrificed, and the hind knee joint 
was harvested. All samples were preserved in 4% formaldehyde. 

2.14. Therapeutic efficacy in vivo in CFA-induced model 

CFA-induced mice were randomized into four groups, named Normal 
(n = 5), PBS(n = 5), TA suspension (n = 5), and TA + BB@ISFI(n = 5). 
CFA-induced mice subcutaneously received PBS, TA suspension (1 mg 
TA), and TA + BB@ISFI (1 mg TA) at the ankle joint except for the 
normal group. Similarly, body weight, swelling, and hyperalgesia were 
investigated throughout the experiment. After 4-week treatment (44 
days), mice were sacrificed. The ankle joints were collected and fixed at 
4% formaldehyde. 

2.15. Micro-CT analysis 

The hind knee joints and ankle joints, collected from 2.13 and 2.14, 
were scanned using microcomputed tomography (Milabs, U-CT-XUHR, 
Netherlands) for acquiring bone parameters. The bone parameters 
usually reflect arthritis development and the drug’s potential toxicity. 
The dataset was reconstructed and analyzed by software. The 3D images 
of joints and trabecular in the distal femur metaphyseal bone were ob-
tained. Bone mineral density (BMD) and trabecular bone thickness (Tb. 
Th) were also quantitatively analyzed (Zhao et al., 2021; Deng et al., 
2021). 

2.16. Histology and immunohistochemical (IHC) assessment 

From joints collected in steps 2.13 and 2.14, we randomly selected 
three samples for histology and IHC assessment. All the decalcification 
samples were paraffin-embedded and sectioned (8 μm) for staining with 
Hematoxylin-eosin (H&E) and Safranin O (SF). Those ankle joints were 
stained with tartrate-resistant acid phosphatase (TRAP). Meanwhile, all 
the sections were studied by TNF-α, MMP9 (or MMP3), and IL-1β 
immunohistochemistry. A synovitis score assessed the H&E and SF 
sections, and OARSI was used to grade the OA stage. Image J software 
(National Institutes of Health, USA) was used to semi-quantify the IHC 
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sections and determine to mean optical density (MOD), representing a 
positive rate. 

2.17. Cell viability 

RAW 264.7 cells were inoculated in a 96-well plate at the density of 
3 × 103. After one night of incubation, the designated columns were 
treated with different volumes of TA + BB@ISFI or freeze-dried TA +
BB@ISFI. After incubation for 24 and 48 h, the drug-loaded ISFI were 
removed respectively, and then 20 μL CCK8 solution was added. After 2 
h of incubation, the absorbance in each well was detected at 450 nm by a 
microplate reader (Bio-Rad, Sunnyvale, CA). 

2.18. Statistical analysis 

Data were represented as ± SD; Student’s t-test or one-way analysis 
of variance (one-way ANOVA, Tukey’s multiple comparisons test) ac-
count for two or multiple comparisons. All statistical analyses were 
performed using Origin 9.0. (Origin Lab, Northampton) and Prism 
GraphPad 8.3.0. (San Diego, CA), with a value of p * < 0.05, p ** < 0.01, 
p *** < 0.001, and p **** < 0.0001; ns: non-significant; p # < 0.05, p ## <

0.01, p ### < 0.001. 

3. Results and discussion 

3.1. In vitro drug release 

Formulations of ISFI based on PLGA, solvent, and drug properties 
were designed. The in vitro drug release profiles of these formulations 
were systematically investigated and summarized (Table S2, Supple-
mentary material). The impact of several critical factors, including the 
molecular weight (Mw) of the polymer, the concentration of PLGA, and 
the lactic acid/glycolic acid monomer (L/G) ratio, on the drug release 
kinetics was initially discussed. It was observed that implants made from 
58 kD PLGA released TA at a slower rate compared to those made from 
15 kD PLGA, indicating that implants with higher Mw PLGA exhibited 
more stable drug release kinetics (Fig. 1(a)(b)). However, implants with 
lower Mw PLGA showed greater swelling and expansion tendencies, 
making them easier to inject than their higher Mw counterparts (Fig. 2 
(b)) (Wang and Burgess, 2021). Furthermore, the concentration of PLGA 

was found to influence the drug release kinetics. The results demon-
strated that increasing the PLGA concentration slowed down the drug 
release rate without causing an excessive burst release of the drug (Fig. 1 
(c)(d)) (Table S2, Supplementary material). Based on these findings, an 
ISFI formulation with a 30% (w/w) PLGA concentration was selected for 
the subsequent experiments. 

The lactic acid/glycolic acid (L/G) ratio of PLGA plays a crucial role 
in determining the overall hydrophobicity, permeability, and degrada-
tion profile, which in turn affect the drug release characteristics. In our 
study, we observed that increasing the L/G ratio of PLGA slightly 
enhanced the release rate in vitro (Fig. S1(a)(b)(c)(d), Supplementary 
material). Furthermore, the L/G ratio can also impact rheological 
properties, injectability, hardness, and solubility parameters. Therefore, 
PLGA ratios of 50/50 and 75/25 were selected for subsequent studies to 
explore their effects. 

Additionally, the drug loading capacity and its impact on drug 
release were evaluated in detail, as described in previous literature 
(Parent et al., 2013). Consistent with those findings, our in vitro drug 
release results demonstrated that ISFI formulations with higher drug 
proportions exhibited slower drug release kinetics (Fig. S1(e)(f), Sup-
plementary material) (Patel et al., 2010). This higher drug loading ca-
pacity can be advantageous in reducing the formulation volume for 
intra-articular drug delivery. In our study, a drug loading of 10% (w/ 
w) was selected for further investigations. In compared to the hydro-
philic anti-arthritis drug diclofenac sodium (DS), TA in the same 
formulation exhibited excellent drug release kinetics with slower burst 
release. Furthermore, when benzyl benzoate (BB) was added to the ISFI, 
DS and TA showed different responses in terms of drug release (Fig. S2 
(a)(b)(c)(d), Supplementary material). This phenomenon may be 
attributed to the compatibility between the drugs and organic solvents. 

Solvent property generally determines the drug release at the phase 
inversion stage, as described before (Parent et al., 2013; Bode et al., 
2018). High drug solubility in N-Methyl pyrrolidone (NMP) and rapid 
solvent exchange contribute to burst drug release. To mitigate this, 
water-immiscible plasticizers were added to the ISFI formulation to 
reduce the drug solubility in NMP and slow down the diffusion rate of 
NMP. To reduce the initial drug release, benzyl benzoate (BB), known 
for its high safety, and α-tocopherol (α-T), a commonly used antioxidant, 
were utilized as plasticizers. The results demonstrated that the cumu-
lative release curve of ISFI with 1% BB was slower than that of the 

Fig. 1. PLGA and plasticizer which adjusted TA release from ISFIs of different polymer L/G ratios. PLGA (L/G 50/50) (red); PLGA (L/G 75/25) (blue). (a, b) 
PLGA molecular weight (Mw). (c, d) PLGA concentration, 20%, 25%, 30% (w/w). (e, f) Addition of plasticizers, 1% (w/w), 3% (w/w). BB: benzyl benzoate; α-T: 
α-tocopherol. All the results are presented as mean ± SD (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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counterpart without BB within the first ten days, reducing the risk of 
burst release at the beginning (Fig. 1(e)). However, during the final 
release phase (15 ~ 30 days), the formulation containing 1% BB 
exhibited a slightly higher drug release rate compared to the plain 
implant, ensuring a stable and complete drug release. Interestingly, ISFI 
with 3% α-T showed contradictory results with the same PLGA type 
(Fig. 1(e)(f)). Similarly, two other plasticizers, m-cresol and propofol, 
exhibited similar effects on drug release as BB (Fig. S1(i), Supplementary 
material). Increasing the concentration of BB resulted in a faster release 
of TA (Fig. S2(a)(b), Supplementary material). Therefore, the type and 
concentration of the added plasticizer should be carefully optimized to 
achieve the desired drug release kinetics. In our study, 1% BB was 
selected for subsequent studies based on its ability to slow down the 
initial drug release. Additionally, implants dispersed in N-Methyl pyr-
rolidone (NMP) showed a slower release behavior compared to 2-pyrro-
lidone (Fig. S1(g)(h), Supplementary material). 

In summary, the findings of our study indicated that increasing the 
molecular weight (Mw) and concentration of PLGA, increasing the drug 
loading, or reducing the lactic acid/glycolic acid (L/G) ratio (from 75/ 
25 to 50/50) can effectively slow down the release rate of TA from the 
ISFI. Furthermore, the overall release kinetics could be precisely 
controlled by incorporating different plasticizers. Based on these results, 
three formulations with low cumulative release at 24 h were selected for 
further experiments and labeled as TA@ISFI, TA + BB@ISFI, and TA +
α-T@ISFI, respectively. 

3.2. Rheological properties 

The polymer solution is a colorless, clear, and transparent injectable 
liquid at room temperature. Upon contact with water, the solution 
immediately solidifies into a milky precipitate by solvent exchange 
(Fig. 2(a)). To characterize the polymer solutions and implants, flow 

curves were obtained through a shear rate sweeping. As showed in Fig. 2 
(b), the viscosity of the polymer solutions (with 58 kD PLGA) was 
significantly higher compared to the solutions with lower molecular 
weight (15 kD) counterparts, resulting in poor injectability. After phase 
separation, the viscosity of the system increased substantially, and the 
L/G (50/50) implant exhibited higher viscosity than the L/G (75/25) 
implant, which explains the observed differences in drug release kinetics 
between them (Fig. 2(c)). The rheological behavior of the polymer so-
lutions displayed a proportional relationship between shear rate and 
shear stress, demonstrating a Newtonian response with constant vis-
cosity over a high range of shear rates (Fig. S3(a)(b)(c)(d), Supple-
mentary material). As we observed a yield stress at low shear rates, the 
polymer solution can be classified as a plastic fluid, specifically a 
Bingham fluid (Liu et al., 2022). However, after phase inversion, the 
implants exhibited a non-Newtonian pseudoplastic behavior character-
ized by shear thinning (Fig. S3(e)(f), Supplementary material). There-
fore, it is important to note that vigorous exercise should be avoided 
within the first 24 h to prevent a decline in overall viscosity. 

Based on the findings mentioned above, frequency sweeping and 
strain-dependent oscillatory sweeping were conducted for the three 
formulations selected in section 3.1. The rheological differences among 
the three formulations were investigated, with a focus on yield stress 
value (τ). During frequency sweeping, it was observed that the storage 
modulus (G’) of TA + BB@ISFI had a higher value than that of TA@ISFI 
and TA + α-T@ISFI, indicating that TA + BB@ISFI exhibited greater 
stability than the other two formulations. Additionally, all three poly-
mer solutions exhibited fluid-like behavior as G“>G’ across the entire 
range of frequencies examined (Fig. 2(d)) (Liu and Bilston, 2000). The 
frequency-dependent complex viscosity curve revealed that plateaus in 
the low-frequency range were associated with poor dispersibility. Only 
TA + BB@ISFI showed a straight decline, demonstrating good dis-
persibility (Fig. 2(e)) (Chegini et al., 2020). The linear viscoelastic 

Fig. 2. Rheological properties, syringeability, and hardness of different ISFI formulations. (a) The phase inversion took place in the aqueous environment. (b) The 
shear rate-dependent viscosity curve of polymer solutions prepared with PLGA of different Mws and L/G ratios. (c) The shear rate-dependent viscosity curve of 
implants prepared with PLGA of two L/G ratios. (d, e) The frequency weeping measurement shows storage modulus (G’), loss modulus (G“), and complex viscosity of 
TA@ISFI (blue), TA + BB@ISFI (black), and TA + α-T@ISFI (red). (f, g) To explore the linear viscoelastic region (LVR) and yield stress value (τ), the strain-dependent 
oscillatory rheology measurement was operated to obtain the value of G’, G” and shear stress. (h, i, m, l) The plots of force vs. distance (texture measurement). (h) 
The force required to expel TA@ISFI, TA + BB@ISFI, and TA + α-T@ISFI solutions of two L/G ratios through 26G needles. (i) The force required to expel polymer 
solutions through 29G needles. (j) The morphology of TA@ISFI (I), TA + BB@ISFI (II), and TA + α-T@ISFI (III). (k) The morphology of plain ISFI, ISFI + 1% BB, and 
ISFI + 1% α-T. (l) The hardness of TA@ISFI, TA + BB@ISFI, and TA + α-T@ISFI. (m) The hardness of ISFI, ISFI + 1% BB, and ISFI + 1% α-T (plasticizers greatly 
impacted ISFI hardness and morphology). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. DSC thermograms and XRD plots, the endothermic peak direction is down. (a) The lyophilized powder of TA + BB@ISFI. (b, c, d) The DSC thermograms of 
pure PLGA (L/G 75/25, Mw15 kD), pure TA, pure DS, physical mixture of TA and PLGA (MIXTURE-TA), physical mixture of DS and PLGA (MIXTURE-DS), TA +
BB@ISFI (ISFI-TA). (e, f) X-ray diffraction of pure PLGA (L/G 75/25, Mw15 kD), pure TA, pure DS, physical mixture of TA and PLGA (MIXTURE-TA), TA + BB@ISFI 
(ISFI-TA), DS + BB@ISFI (ISFI-DS). 

Fig. 4. Degradation and drug release of ISFI. (a) The in vitro TA release profile from TA@ISFI and TA + BB@ISFI in 30 days. (b) The macroscopic picture of TA +
BB@ISFI after 0, 1, 15, 30 days degradation. (c) After 0, 1, 15, and 30 days of degradation, the SEM images of implants, scale bar: 10 μm. (d) Visualization of the DiR 
solution (1% CMC-Na) (I), TA@ISFI (II), and TA + BB@ISFI (III) using in vivo imaging system (IVIS) in knee joints of OA mice at 30 days post administration. (e) 
Biodistribution of fluorescence besides the injected joint (1% CMC-Na), TA@ISFI, and TA + BB@ISFI at 24 h post intraarticular administration. (f, g) The semi- 
quantification of fluorescence area and relative fluorescence intensity (% F0d = 100%). All the results are presented as mean ± SD, *: p < 0.05; **: p < 0.01; ***: 
p < 0.001. 
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region (LVR) was determined through amplitude strain sweeping, which 
ranged from 0.1% to 10% (γ) (Fig. 2(f)). Within this strain range, the 
yield stress (G”=G’) of polymer solutions was determined. The stress 
value (τ) ranged from approximately 1.9 × 10-4 ~ 3.28 × 10-4 [Pa] 
(Fig. 2(g)) (Fig. S4(a)(b)(c), Supplementary material). Since the value is 
relatively small, the yield stress has minimal impact on the injection of 
the polymer solution. Apart from the higher G“ in the frequency 
sweeping, the lower τ value was also a possible explanation for the better 
injectability of TA + BB@ISFI, although there is little difference in the 
viscosity among the three formulations (Fig. S4(a)(b)(c)(d), Supple-
mentary material). 

In conclusion, our findings indicated that the polymer solutions can 
be classified as Bingham fluids, but the small yield stress value does not 
significantly affect the flow and injection of the solution. However, 

caution should be exercised when moving the injected joints due to the 
pseudoplastic behavior exhibited by the implants. Among the three 
formulations, TA + BB@ISFI demonstrated better dispersibility and 
exhibited stable rheological properties compared to TA@ISFI and TA +
α-T@ISFI. 

3.3. Syringeability and hardness analysis 

When using a syringe with a 26G needle, the PLGA solutions with 
two different L/G ratios exhibited similar injection performance, 
requiring comparable injecting force (Fig. S5 (a), Supplementary ma-
terial). Moreover, the force required to expel the formulations was 
substantially increased by decreasing the inner needle diameter from 
26G to 29G. Importantly, the results demonstrated that the maximum 

Fig. 5. The therapeutic effect of the TA-loaded ISFI in LPS-induced OA mice. (a) Experimental outline: 21-day induction and 30-day treatment. (b) The Von Frey 
touch test was conducted consecutively during the last six days of the experiment to quantify the mechanical pain of mice. (c) The change of knee joint diameter in 
OA mice. (d) Motor ability was studied in a pet running wheel; the motor ratio was the number of cycles mice running on the 41st, 44th, and 47th days/ the number 
of cycles mice running on the 21st day. (e) The change of body weight of mice in 50 days. (f) The empty ISFI effect on mice body weight, % weight change=(W30d/ 
W0d) *100% (g) X-ray images by micro-CT scanning, the red circles marked the articular space. (h, i) Representative reconstructed knee joint images of OA mice by 
micro-CT, the red circles marked tibia intercondylar eminences. (j, k) Micro-CT quantitative analysis of knee joints of the arthritis mice. All the results presented as 
mean ± SD, *: p < 0.05; **: p < 0.01; ***: p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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force required to inject TA + BB@ISFI was significantly lower than that 
of TA@ISFI and TA + α-T@ISFI (Fig. 2(h)(i)). This can be attributed to 
the high L/G ratios and the addition of low-viscosity plasticizers in the 
TA + BB@ISFI formulation. 

The hardness of the different implants was thoroughly evaluated. It 
was observed that the implant formed by PLGA (50/50, 15 kD) exhibited 
greater hardness compared to the PLGA (75/25, 15 kD) counterpart, 
which accounted for the difference in drug release rate between them 
(Fig. S5(b), Supplementary material). Macroscopic images of the im-
plants depicted them as milky white, with a hard texture and resistance 
to deformation (Fig. 2(j)(k)). The hardness measurements of the three 
formulations showed slight differences (Fig. 2(j)(l)). Additionally, we 
discovered that the presence of plasticizers had a significant impact on 
the morphology of the implants (Fig. 2(k)(m)). The addition of plasti-
cizers, particularly α-T (Fig. 2(m)), can enhance the hardness of the ISFI 
implants and improve their resistance to deformation. This is particu-
larly important as it significantly reduces the brittleness of the plain ISFI 
(Fig. 2(k)(m)). The plasticizers, which have poor hydrophilicity, remain 
within the implants, helping to bond the structure of the implants. This 
ensures that the implants maintain their integral shape, thereby 
enhancing stable drug release in vivo. 

In conclusion, our findings indicated that the PLGA solution with a 
75/25 ratio exhibited superior injectability compared to the 50/50 
counterpart, and the addition of the plasticizer further enhanced this 
difference. Furthermore, the incorporation of plasticizers significantly 
improved the implants’ resistance to deformation, thereby reducing the 
potential risk of unstable drug release in vivo. 

3.4. The compatibility between drug and excipients 

As elaborated in 3.1, TA could be released from ISFI for weeks, even 
several months, whereas DS could be released for only several hours. To 
investigate the drug release kinetics difference between the two drug 
delivery systems, Hansen’s solubility parameters based on the group 
contribution method were used to investigate the compatibility between 

the drug and excipients (Greenhalgh et al., 1999). The literature review 
summarized the predictions of the δt values for drugs, PLGA, and sol-
vents, as presented in Table 1. The differences in total solubility (Δδt) 
between each drug and excipient were calculated. When Δδ value is 
relatively small, it indicates high miscibility between the drug and 
implant (Marsac et al., 2006). After the solvent exchange, the ISFI pri-
marily consists of the drug and PLGA. Therefore, the compatibility be-
tween drugs and PLGA determined the drug release in the long term. The 
calculation results showed that TA had a lower Δδt value compared to 
DS, suggesting that TA has higher compatibility with PLGA, particularly 
PLGA (75/25). Furthermore, the solubility of drugs in the solvent also 
influenced the drug release during phase inversion. When drugs have 
higher miscibility in the solvent, there is a greater likelihood of them 
being extracted from the system, leading to undesirable burst release. 
The differences in total solubility between TA and plasticizers (benzyl 
benzoate, α-tocopherol) were smaller than that of DS, indicating the 
addition of plasticizers increased miscibility between TA and NMP and 
declined the miscibility between DS and NMP. Consequently, as the 
concentration of plasticizers increased, there was an acceleration in the 
in vitro drug release for TA, as illustrated in 3.1 (Fig. S2(a)(b)(c)(d), 
Supplementary material). Therefore, plasticizers can be used to pre-
cisely adjust the drug release from ISFI, and it is recommended to use a 
moderate concentration of plasticizers to achieve the desired release 
kinetics. 

Meanwhile, differential scanning calorimetry (DSC) was used to 
verify the compatibility between TA and PLGA. The physical state and 
melting temperature of drugs, PLGA, physical mixture, and freeze-dried 
ISFI were evaluated, respectively. The drug-loaded implant was pre-
pared into white lyophilized powder for DSC measurement (Fig. 3(a)). 
Thermograms of pure PLGA, TA, and DS showed a broad endothermic 
peak at 320 ~ 365℃ (representing an endothermic melting peak) for 
PLGA (75/25), 285 ~ 310℃ for TA, and 280 ~ 290℃ for DS. In the 
thermograms for Mixture-DS (a physical mixture of DS and PLGA), two 
distinct melting endotherms were observed, corresponding to DS and 
PLGA respectively. This suggests that these two components had low 

Fig. 6. Histology and immunohistochemistry (IHC) evaluation in LPS-induced mice. (a) H&E staining (upper two panels, scale bar: 50 μm) and Safranin O-fast green 
staining (The final panel scale bar is 50 μm); green square: chondrocytes arrangement; blue triangle: cartilage matrix abrasion; yellow arrow: enlargement of the 
lining cell layer; black circle: increasing cell density. (b) IHC staining of TNF-α, MMP9, IL-1β (scale bar: 100 μm). (c) Krenn histology assessment for synovitis. (d) 
OARSI grades for cartilage evaluation. (e, f, g) Semi-quantitation of TNF-α, MMP9, and IL-1β by Image J software (MOD: mean optical density). TNF-α: tumor necrosis 
factor α; MMP9: matrix metalloproteinase-9; IL-1β: interlrukin-1β. All the results presented as mean ± SD, *: p < 0.05; **: p < 0.01; ***: p < 0.001; #: p < 0.05. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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miscibility (Mohammad et al., 2011). However, in the thermograms of 
ISFI-TA and Mixture-TA, the endothermic peak for TA disappeared, and 
a new endothermic peak (330 ~ 360℃) was observed, indicating that 
PLGA and TA exhibited high miscibility (Fig. 3(b)(c)). Additionally, the 
glass transition temperature (Tg), a specific parameter of PLGA, was 
examined in the temperature range of 20 ~ 100℃. The Tg value of PLGA 
(75/25) was approximately 44.94℃, while ISFI-TA and Mixture-TA 
exhibited Tg peaks at 44.47℃ and 44.48℃, respectively (Fig. 3(d)). 
The presence of TA further decreased the Tg due to its plasticizing effect 
(Park et al., 2020). 

The powder X-ray diffraction technique was applied to detect the 
crystallinity of the pure drugs, PLGA, drug-loaded ISFI, and a physical 
mixture (Fig. 3(e)(f)). Both pure TA and DS exhibited a series of sharp 
characteristic peaks, indicating their high crystallinity. On the other 
hand, the PLGA polymer displayed a single broad peak, indicating its 
amorphous nature (Oz et al., 2019). In the case of Mixture-TA, the 
characteristic peaks of TA were still present due to the simplicity of the 
manufacturing process. However, in the case of ISFI-TA, the intensity of 
TA peaks was either reduced or increased, and new peaks (cocrystals) 
emerged in the 2θ value range of 35 ~ 45◦, indicating enhanced mo-
lecular interaction between TA and PLGA. Due to the lack of miscibility 
between DS and PLGA, the crystalline DS transformed into an amor-
phous form, thereby accelerating drug release. 

In conclusion, the smaller Δδt value of TA and PLGA compared to DS 
and PLGA indicated that TA exhibited better compatibility with PLGA, 
leading to a slower drug release rate. The addition of plasticizers can 
alter the compatibility between the drug and solvent, resulting in either 
intensified or reduced burst release. This allows for the tunability of the 
drug release period. The changes observed in Tg, endothermic peaks, 
and diffracting peaks demonstrated the interaction between TA and 
PLGA, confirming the improved compatibility achieved through the 
formation of TA@ISFI. 

3.5. Degradation in vitro and release kinetics study 

Burst release refers to a high percentage of drug released within the 
first 24 h after implant injection (Benhabbour et al., 2019). The burst 
release of TA@ISFI and TA + BB@ISFI did not exceed 15%. Subse-
quently, the release rate gradually decreased, with a cumulative drug 
release of 30%~40% within a month. It is worth noting that TA +
BB@ISFI exhibited faster in vitro release kinetics (Fig. 4(a)). Four drug 
release models were used for the releasing mechanism study to match 
ISFI release curves (Fig.S6 (a) (b), Supplementary material). It was 
observed that the Higuchi and Ritger-Pappas models showed a strong 
correlation with the release curves of TA from ISFI (R2≈0.9). This sug-
gests that TA is primarily released from the implants through diffusion 
and erosion processes (Benhabbour et al., 2019; Guo et al., 2015). 

As shown in Fig. 4(b), the morphology and texture of ISFI underwent 
continuous changes during the 30-day in vitro release process. Initially, 
ISFI with a tough texture exhibited a smooth surface at 0 days. After 24 h 
of release, the surface of ISFI became faded and indistinct. On the 15th 
day, corrosion and stripping phenomena were observed in ISFI. Signif-
icant degradation of ISFI with a fragile texture continued until 30 days. 
SEM images captured the overall 3D network structure of the implants. 
After 15 days of drug release, the presence of nanoscale pores contrib-
uted to the release of TA (Guo et al., 2015). Over the course of 30 days, 
the network structure of brittle ISFI collapsed and became filled with 
pores. Subsequently, TA was released following an erosion pattern 
during this phase (Fig. 4(c)). 

In comparison to TA@ISFI, TA + BB@ISFI exhibited a faster release 
rate, ensuring an effective drug concentration for arthritic therapy. 
Additionally, we predicted and demonstrated the TA-loaded ISFI release 
mechanism that TA released from ISFI through diffusion and erosion. 

3.6. Retention in situ and degradation in vivo study 

The in vivo fluorescence imaging demonstrated that the DiR solution 
(1% CMC-Na) diffused rapidly upon injection into the joint. However, 
both TA@ISFI and TA + BB@ISFI exhibited a relatively small and 
concentrated fluorescence area at the joint site, indicating their 
enhanced local retention and significantly improved drug concentration 
(Fig. 4(d)). The fluorescence intensity of the DiR solution did not 
completely dissipate within 30 days in vivo due to the non-degradability 
of cellulose (Poletto et al., 2014). However, the biodistribution of fluo-
rescence outside the injected joint indicated that the DiR solution 
exhibited systemic distribution, likely due to its burst release within the 
first 24 h. In contrast, the DiR-labeled ISFI did not show any apparent 
systematic fluorescence distribution (Fig. 4(e)). This finding demon-
strates that the drug released from ISFI was significantly lower 
compared to the suspension at 24 h after administration. Semi- 
quantitative analysis of the fluorescence area and relative fluorescence 
intensity over 30 days demonstrated that, in contrast to the suspension, 
the ISFI achieved excellent retention and stable drug release (Fig. 4(f) 
(g)). 

In addition, the arthritis circumstances had little effect on the 
degradation of implants in vivo (Fig. S8 (a)(b)(c), Supplementary ma-
terial). However, animals injected with ISFI consisting of PLGA (75/25) 
showed a slightly rapid decay of fluorescence than the PLGA (50/50) 
counterpart. This indicates that TA + BB@ISFI has a faster drug release 
and degradation in vivo compared to TA@ISFI in the long term. 
Furthermore, several symptoms of arthritis were observed in the H&E 
and safranin O staining sections of arthritis mice induced by LPS (Fig. S7 
(a)(b), Supplementary material). Therefore, this arthritis induction 
method was adopted for the subsequent experiments. 

In conclusion, our findings demonstrated that DiR-labeled ISFI 
exhibited good retention in the joint, as indicated by semi-quantitative 
analysis of fluorescence intensity and area. The implants composed of 
PLGA with a ratio of 75/25 degraded slightly faster than the implants 
with a ratio of 50/50, suggesting that TA + BB@ISFI (composed of PLGA 
75/25) exhibited faster drug release compared to TA@ISFI (composed of 
PLGA 50/50) in vivo. Additionally, we observed that the severity of 
arthritis had a limited impact on the degradation of ISFIs, allowing them 
to maintain a stable shape throughout all stages of arthritis. 

3.7. Therapeutic efficacy in vivo in LPS-induced model 

LPS-induced arthritis was well-established in KM mice after three 
weeks of consecutive LPS (100 ng/mL) administration, resulting in 
symptoms such as lameness, joint redness and edema, and a decline in 
motor ability (Fig.S9(a), Supplementary material). Then, PBS, TA sus-
pension, TA@ISFI, and TA + BB@ISFI were injected into the left knees of 
arthritis mice. The joint diameter, body weight, hypersensitivity, and 
motor ability were monitored in the whole process (Fig. 5(a)). In in-
flammatory conditions, pain stimuli can cause neuronal hypersensitivity 
(hyperalgesia), such as touch can be perceived as painful stimuli, as an 
article described (Conaghan et al., 2019). Given the expected hyper-
algesia in arthritis mice, we employed the Von Frey touch test to assess 
mechanical hypersensitivity (Cokelaere et al., 2018). The results showed 
that TA + BB@ISFI could significantly reduce mechanical hypersensi-
tivity when compared to PBS-treated mice. However, the use of TA@ISFI 
exhibited limited effectiveness in alleviating hyperalgesia, and the 
treatment with TA suspension showed minimal therapeutic effects 
(Fig. 5(b)). Additionally, both TA@ISFI and TA + BB@ISFI treatments 
were found to reduce joint swelling over a period of 10 days, main-
taining a consistent joint diameter. On the other hand, the use of TA 
suspension inhibited joint swelling during the 10-day treatment, but 
subsequent edema recurrence was observed due to the rapid clearance of 
TA from the joint cavity (Fig. 5(c)). To assess motor coordination, the 
mice’s unconscious running behavior in a pet wheel was observed, and 
the number of circles run in one minute was counted to calculate motor 
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ratios. The results demonstrated that mice treated with TA + BB@ISFI 
exhibited improved motor coordination and ran significantly faster 
compared to those treated with PBS, TA suspension, and TA@ISFI (Fig. 5 
(d)). 

However, it was observed that the animals receiving TA@ISFI and 
TA + BB@ISFI treatments experienced a reduction in body weight 
throughout the entire treatment period (Fig. 5(e)). Similarly, the use of 
TA suspension led to a decrease in body weight for one week, but 
gradual recovery was observed thereafter due to the rapid clearance of 
TA. Conversely, the administration of blank ISFI had minimal impact on 
body weight, as demonstrated by the absence of inflammatory response 
or cartilage abnormalities after 30 days (Fig. 5(f)) (Fig.S9(b), Supple-
mentary material). Furthermore, the administration of NMP and BB had 
a slight effect on body weight without causing acute or chronic 
inflammation or histopathological changes, indicating the high 
biocompatibility of the solvent (Becci et al., 1983; Kılıç Süloğlu et al., 
2022; Malley et al., 1999). As a previous study reported (Zhao et al., 
2021), exposure to glucocorticoids promoted growth plate closure and 
inhibited the growth of mice, suggesting that TA exposure may influence 
the body weight of mice during adolescence. Therefore, monitoring 
body weight is crucial to prevent unhealthy underweight. 

The reasons behind the superior therapeutic effects of TA + BB@ISFI 
compared to TA@ISFI can be attributed to several factors. Firstly, TA +
BB@ISFI exhibits lower viscosity and better injectability in comparison 
to TA@ISFI. This characteristic reduces the risk of joint injury, infection, 
and unstable release. Moreover, the degradation rate of TA + BB@ISFI 
in vivo is slightly faster. This accelerated degradation promotes the 
faster release of TA, ensuring the supply of an effective concentration for 
the treatment of arthritis. Ultimately, benzyl benzoate as usually used as 

an agent for scabies with an immune deficiency in the clinic (Alberici 
et al., 2000). As a result, it acted not only as a plasticizer to reduce burst 
release, but was helpful to inhibit inflammation in the knee joints. 

The micro-CT analysis scanned and reconstructed the dissected knee 
joints 30 days post-treatment in LPS-induced mice. X-ray results showed 
that the articular space was remarkably narrow in mice treated with PBS 
or TA suspension. In contrast, the TA@ISFI group and TA + BB@ISFI 
group exhibited a wider joint space width (Fig. 5(g)). The tibia inter-
condylar eminence is considered an anchor point of anterior cruciate 
ligaments (ACL) and posterior cruciate ligament (PCL) in the clinic 
(Kassarjian and Rubin, 2021). With the cartilage lesion and arthritis 
developing consistently, the extreme traction between ACL and PCL 
results in tibia intercondylar eminence sharpness, which is related to a 
degenerative change in the knee joint. As seen in Fig. 5(h), compared to 
the normal mice, the PBS group and TA suspension group exhibited 
extremely sharp tibia intercondylar eminences, indicating the degener-
ative changes in the knee joint in the OA-like model. Treatment with 
TA@ISFI and TA + BB@ISFI notably improved the sharpness of the tibia 
intercondylar eminence, reversing the degenerative changes associated 
with OA. Additionally, the femoral metaphyseal bone quality was 
assessed through CT scanning. The results demonstrated that the spongy 
bone of the PBS group or TA suspension group was slightly thicker than 
that of the normal group, TA@ISFI group, and TA + BB@ISFI group 
(Fig. 5(i)). 

Quantitative assessment of bone mineral density (BMD) revealed 
that the treatment with PBS or TA suspension increased the BMD of the 
femoral metaphysis in mice. A statistically significant difference was 
observed between the TA suspension group and the normal group or the 
TA-loaded ISFI group (Fig. 5(j)). However, the trabecular thickness (Tb. 

Fig. 7. Therapeutic efficacy of TA + BB@ISFI in CFA-induced RA mice. (a) Experimental outline: 2-weeks induction and 4-weeks treatment, CFA: Complete Freund’s 
adjuvant (1 mg/ml heat-killed mycobacteria); i.a.: intraarticularly administration; s.c.: Subcutaneous injection (b) Photographs of four groups’ representative hind 
paws at the experiment’s endpoint. (c) The paw thickness of RA-like mice was recorded throughout the whole experiment. (d) The change of body weight of mice in 
44 days. (e) The force of Von Frey hairs stimulating mice yielding mechanical withdrawal responses was recorded at the endpoint of this experiment (3 mice from 
each group were selected randomly). (f) The 3D reconstructed images from four groups using micro-CT analysis. (g, h) Quantitative micro-CT analysis of bone 
mineral density (BMD) and trabecular bone thickness (Tb. Th). All the results are presented as mean ± SD, *: p < 0.05; ##: p < 0.01. 
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Th) decreased in mice treated with PBS and TA suspension. The TA +
BB@ISFI group exhibited a lower Tb. Th value compared to the TA@ISFI 
group, as the mice received higher long-term exposure to TA in TA +
BB@ISFI, contributing to bone erosion (Fig. 5(k)) (Buckley and Hum-
phrey, 2018). Tb. Th value directly reflects bone erosion, while BMD, a 
typical indicator of osteoporosis (OP), is influenced by various factors. In 
the clinic, there is believed to be an inverse relationship between oste-
oarthritis (OA) and OP, especially in knee OA patients. This explains the 
observed increase in BMD value in the OA-like model, in accordance 
with the epidemiology of OA (Dai, 1998; Sambrook and Naganathan, 
1997). Obesity, genetics, and osteophyte formation resulting from 
compensatory bone mechanisms may contribute to this negative rela-
tionship, although the underlying mechanism remains unclear (Sam-
brook and Naganathan, 1997; Dai, 1998; Rubinacci et al., 2012). 

H&E staining and safranin O-fast green staining were conducted for 
histological assessment of synovitis and OARSI grade. The Krenn score, 
established with three criteria including the lining cell layer, synovial 
stroma, and inflammatory infiltrate, was used to evaluate synovitis 
(Krenn et al., 2006). The OARSI assessment consists of six grades that 
reflect the depth of cartilage lesions (Pritzker et al., 2006). The H&E- 
stained tissue slice from the normal group exhibited a well-preserved 
synovium structure and intact cartilage with a smooth surface and 
organized chondrocytes. In contrast, the PBS group displayed evident 
synovitis characterized by severe enlargement of the lining cell layer and 
increased cell density. The inhibition of synovitis was limited in the TA 
suspension group. However, treatment with TA + BB@ISFI significantly 
improved synovitis, as observed in the H&E staining (Fig. 6 (a)(c)). 
Safranin O staining demonstrated that TA + BB@ISFI treatment resulted 
in a cartilage matrix with a standard architecture and minimal superfi-
cial fibrillation compared to the PBS group, which exhibited deep fis-
sures extending from the surface to the mid-zone and significant matrix 
loss. Although the TA suspension group showed some improvement in 
cartilage matrix abrasion, distinct local cracks and matrix discontinuity 
were still observed. Furthermore, the OARSI grades provided further 

evidence of the cartilage-protective advantage of TA + BB@ISFI (Fig. 6 
(d)). 

The immunohistochemical (IHC) staining images revealed a signifi-
cant increase in the levels of MMP9 and inflammatory cytokines such as 
TNF-α and IL-1β in the PBS group. In contrast, the expression of MMP9, 
TNF-α, and IL-1β was markedly downregulated in both the TA suspen-
sion group and TA + BB@ISFI group compared to the PBS group (Fig. 6 
(b)). It is worth noting that MMP9 expression was also observed in 
normal mice, as MMPs play a crucial role in various physiological pro-
cesses (Zítka et al., 2010). Furthermore, the semi-quantitative analysis 
demonstrated that TA + BB@ISFI treatment significantly restored the 
inflammatory microenvironment (Fig. 6(e)(f)(g)). 

In summary, TA + BB@ISFI alleviated swelling, pain, and motor 
discoordination in OA-like mice. However, it is worth noting that the 
administration of TA-loaded ISFI resulted in a reduction in body weight, 
which may be attributed to the long-term use of TA. To some extent, TA 
+ BB@ISFI improved articular space narrow and abnormally high BMD 
value. Therefore, when using TA over an extended period, it is important 
to be mindful of the potential impact on bone health and the develop-
ment of osteoporosis. Finally, TA + BB@ISFI could significantly improve 
synovitis, protect cartilage plate, and down-regulate inflammatory 
cytokines. 

3.8. Therapeutic efficacy in vivo in CFA-induced model 

As previously described, the arthritis model was induced by subcu-
taneous injection of CFA at the base of the mice’s tail (Courbon et al., 
2017). After a 2-week period to allow for auto-immunity, arthritis was 
induced again by intraarticular injection of CFA at the left ankle joints. 
The following day, the PBS, TA suspension, and TA + BB@ISFI were 
subcutaneously injected into the mice’s left ankle, and the treatment was 
run for 30 days (Fig. 7(a)). Mice treated with PBS or TA suspension 
exhibited symptoms including redness, swelling, allodynia, and weak-
ness at their ankle joints. In contrast, the TA + BB@ISFI treatment 

Fig. 8. Histology and immunohistochemistry (IHC) evaluation in CFA-induced RA mice. (a) H&E staining (scale bar: 50 μm), Safranin O-fast green staining (scale 
bar: 100 μm), and TRAP staining (scale bar: 100 μm); green arrow: enlargement of the lining cell layer; black circle: increasing cell density; yellow triangle: cartilage 
matrix abrasion; blue square: hyperplasia and activity of OC. (b) IHC staining of TNF-α, MMP3, IL-1β (scale bar: 100 μm). (c) Krenn histology assessment. (d) The 
cartilage area was semi-quantified by Image J software. (e, f, g) Semi-quantitation of TNF-α, MMP3, and IL-1β by Image J software. TNF-α: tumor necrosis factor α; 
MMP3: matrix metalloproteinase-3; IL-1β: interlrukin-1β. All the results are presented as mean ± SD, *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; #: p <
0.05; ##: p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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demonstrated an improvement in these symptoms (Fig. 7(b)). Both TA 
suspension and TA + BB@ISFI initially reduced paw thickness within 
the first seven days of treatment. However, the efficacy of TA suspension 
in decreasing paw thickness diminished thereafter. On the other hand, 
the TA + BB@ISFI group gradually exhibited a tendency towards 
restoring regular paw thickness by the end of the experiment (Fig. 7(c)). 

The reduction in body weight was observed in both the TA +
BB@ISFI and TA suspension groups, indicating the importance of 
monitoring body weight to prevent potential adverse effects during the 
treatment process (Fig. 7(d)). Following a 4-week treatment period, 
mice treated with PBS or TA suspension exhibited abnormal behaviors 
such as flinching, licking, or irritation in response to normal stimuli, as 
assessed using Von Frey hairs. TA + BB@ISFI treatment partially alle-
viated, rather than reversed, hypersensitivity to some extent. The force 
applied by the evaluators to elicit a response from the mice was recorded 
on the final day of treatment. TA + BB@ISFI demonstrated a greater 
reduction in hypersensitivity compared to TA suspension, although it 
may not precisely reflect the actual mechanical withdrawal response of 
each individual mouse (Fig. 7(e)). 

Furthermore, bone erosion and loss of bone mineral density (BMD) 
were assessed using CT scanning and reconstruction techniques. (Fig. 7 
(f)). Quantitative micro-CT analysis revealed that the TA suspension 
group had the lowest bone mineral density (BMD) and trabecular 
thickness (Tb. Th) values. These findings suggest that the short-acting 
TA preparation exacerbated bone loss in the mice with rheumatoid 
arthritis (RA) (Fig. 7(g)(h)). Clinical research has indicated that osteo-
porosis, characterized by low BMD, is recognized as an extraarticular 
complication in patients with rheumatoid arthritis (Haugeberg et al., 
2000; Redlich and Smolen, 2012; Roldán et al., 2006). The proliferation 
of osteoclasts (OC) mediated by the OPG-RANK-RANKL pathway 
(osteoprotegerin - Receptor Activator of Nuclear Factor-κ B - Receptor 
Activator of Nuclear Factor-κ B Ligand) activation may contribute to 
bone erosion and the resulting low BMD values in individuals with RA 
(Ono and Nakashima, 2018). 

In order to reflect the OCs activity, Osteoclasts were stained red 
through tartrate-resistant acid phosphatase (TRAP). A large red area was 
observed in the PBS group, while the rest of the three groups’ slices did 
not show this high OCs activation in TRAP staining (Fig. 8(a)). While the 
TA suspension showed limited improvement in synovitis, the TA +
BB@ISFI group demonstrated a significantly reduced synovial inflam-
mation, as evidenced by a lower Krenn score in H&E staining sections 
(Fig. 8(a)(c)). Additionally, safranin O-fast green staining, a commonly 
used method for cartilage evaluation, revealed that the TA + BB@ISFI 
group exhibited a larger positive (red) area compared to the PBS and TA 
suspension groups, indicating better preservation and protection of 
cartilage from depletion and degradation (Fig. 8(a)(d)). Furthermore, 
IHC staining was performed to examine the inflammatory microenvi-
ronment (Fig. 8(b)). We found that the PBS group had the highest 
expression levels of TNF-α and MMP3 in ankle joint sections (Fig. 8(b) 
(e)(f)(g)). Conversely, TA + BB@ISFI effectively reduced the secretion 
of TNF-α, IL-1β, and MMP3, indicating its anti-inflammatory properties 
(Fig. 8(b)(e)(f)(g)). MMP3 was expressed in each group, whereas IL-1β 
had little expression without significant statistical difference. 

TA + BB@ISFI exhibited the ability to alleviate pain and edema in 
mice with a rheumatoid arthritis (RA)-like symptom, while also 
demonstrating inhibitory effects on osteoporosis. Additionally, TA +
BB@ISFI successfully reversed histopathological changes associated 
with the disease. These findings collectively highlighted the efficacy of 
TA-loaded PLGA implants in effectively reducing inflammatory disor-
ders and preserving cartilage integrity in mice models of OA or RA. 

4. Conclusions 

We reported a tunable TA-loaded in situ forming implant, adminis-
tered intraarticularly to treat arthritis. In our research, we found that the 
drug release profile from the implant is significantly influenced by 

factors such as the polymer used (PLGA), drug properties, and solvent. 
Additionally, the addition of plasticizers, particularly benzyl benzoate, 
allowed for the tunability of the drug release rate and period. Moreover, 
plasticizers improved the rheology properties and injectability of the 
polymer solution, making it more stable compared to plain in situ 
forming implants. After phase inversion, the implant had a fixed shape 
with a high drug loading capacity, making them suitable for intra-
articular injection. Moreover, the high compatibility between TA and 
PLGA benefits a sustaining drug release from ISFI, giving rise to a single 
injection. Importantly, the TA-loaded ISFI had a better therapeutic ef-
ficiency on arthritis mice with lameness, hypersensitivity, and motor 
ability reduction compared to TA suspension. 

Summarily, this ISFI system possesses a high drug loading capacity, 
allowing for a reduction in formulation volume to accommodate intra- 
articular drug delivery. In comparison to microspheres, the in situ 
forming implant (ISFI) offers a simpler manufacturing process and 
eliminates the need for toxic organic solvents, making it a viable option 
for clinic transition. Additionally, the prolonged release and effective 
retention of TA achieved by the ISFI system contribute to improved 
therapeutic efficacy in arthritic treatment. Our study demonstrated 
promising therapeutic effects of the TA-loaded ISFI in two arthritis 
models. Therefore, TA-loaded ISFI, formed spontaneously after contact 
with the aqueous environment in joint cavity, will develop into an ideal 
arthritic treatment platform. Notably, according to references and our 
experiment results, taking excessive TA, one of the glucocorticoids, 
greatly affects body weight and bone formation in the long term. That 
reminds us to pay attention to body weight and bone parameters and to 
be cautious about systematic adverse reactions when we need to use this 
drug for a long time. 
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