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Abstract
The characteristic features of the rheumatoid arthritis (RA) microenvironment are synovial inflammation and 
hyperplasia. Therefore, there is a growing interest in developing a suitable therapeutic strategy for RA that targets 
the synovial macrophages and fibroblast-like synoviocytes (FLSs). In this study, we used graphene oxide quantum 
dots (GOQDs) for loading anti-arthritic sinomenine hydrochloride (SIN). By combining with hyaluronic acid (HA)-
inserted hybrid membrane (RFM), we successfully constructed a new nanodrug system named HA@RFM@GP@
SIN NPs for target therapy of inflammatory articular lesions. Mechanistic studies showed that this nanomedicine 
system was effective against RA by facilitating the transition of M1 to M2 macrophages and inhibiting the 
abnormal proliferation of FLSs in vitro. In vivo therapeutic potential investigation demonstrated its effects on 
macrophage polarization and synovial hyperplasia, ultimately preventing cartilage destruction and bone erosion in 
the preclinical models of adjuvant-induced arthritis and collagen-induced arthritis in rats. Metabolomics indicated 
that the anti-arthritic effects of HA@RFM@GP@SIN NPs were mainly associated with the regulation of steroid 
hormone biosynthesis, ovarian steroidogenesis, tryptophan metabolism, and tyrosine metabolism. More notably, 
transcriptomic analyses revealed that HA@RFM@GP@SIN NPs suppressed the cell cycle pathway while inducing 
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Introduction
Rheumatoid arthritis (RA) is an intricate immune-medi-
ated disease characterized by synovial inflammation and 
hyperplasia, leading to progressive joint destruction [1, 
2]. In RA, the interactions between fibroblast-like syn-
oviocytes (FLSs) with macrophages have emerged as 
crucial contributors to joint damage [3, 4]. FLSs in RA 
can attract macrophages from the vasculature to the 
synovium through the secretion of chemotactic factors. 
These macrophages are the primary sources of critical 
pro-inflammatory cytokines, which further promote the 

rapid proliferation and division of FLSs, thus exacerbat-
ing RA [5, 6]. Consequently, a promising strategy for 
the treatment of RA involves simultaneous regulation of 
macrophage repolarization to alleviate inflammation and 
the inhibition of abnormal FLS proliferation.

Sinomenine, an active compound derived from the 
traditional Chinese medicinal plant Sinomenium acu-
tum, part of the Menispermaceae family, showed strong 
anti-rheumatic property [7]. Presently, sinomenine 
hydrochloride (SIN) formulations, marketed under 
the name Zhengqing Fengtong Ning, are employed in 

the cell apoptosis pathway. Furthermore, protein validation revealed that HA@RFM@GP@SIN NPs disrupted the 
excessive growth of RAFLS by interfering with the PI3K/Akt/SGK/FoxO signaling cascade, resulting in a decline in 
cyclin B1 expression and the arrest of the G2 phase. Additionally, considering the favorable biocompatibility and 
biosafety, these multifunctional nanoparticles offer a promising therapeutic approach for patients with RA.
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treating RA and similar rheumatic diseases. These for-
mulations are designed to curb the growth, invasive 
activity, and movement of FLSs [8, 9]. Nonetheless, 
SIN’s rapid metabolism and brief half-life might pro-
voke adverse reactions with high-dose and long-term 
use [10]. Consequently, there’s a pressing demand for 
new approaches to enhance SIN’s efficacy while reduc-
ing potential side effects [11].

Recently, many advanced nanosystems have been 
adopted to enhance drug concentration at the site of 
lesion and minimize side effects in the treatment of RA 
[12, 13]. Among them, metal-organic frameworks [14] 
and synthetic polymers [15] have been developed for 
delivering SIN. Despite the potential benefits of these 
designs, practical implementation is hindered by sev-
eral persistent issues, such as the lack of a multifunc-
tional collaborative approach, suboptimal therapeutic 
effects, and concerns regarding the biosafety. As a new 
2-deminsional nanomaterial, graphene oxide quantum 
dots (GOQDs) have gained attention for drug deliv-
ery due to their non-toxic nature, versatile bioactivity, 
and biodegradability [16, 17]. Moreover, GOQDs have 
demonstrated the anti-inflammation ability to promote 
the repolarization of pro-inflammatory macrophages 
(M1) into anti-inflammatory macrophages (M2), which 
is extremely beneficial for the treatment of autoim-
mune disorders [18]. Thus, GOQDs not only function 
as carriers but also facilitate the transformation of 
macrophages from the M1 to M2 phenotype to exert 
antioxidant and anti-inflammatory effects, enabling 
collaborative therapy. This motivates us to employ 
GOQDs as drug and a safe carrier to deliver SIN, spe-
cifically targeting macrophages and FLSs, to achieve 
synergistic treatment for RA.

Here, utilizing the small particle size of GOQD-NH2-
PEG2000-NH2 nanoparticles (GP NPs) and high drug 
loading capacity and biosafety, we developed a multi-
functional nanodrug delivery system of GP@SIN NPs. 
These NPs were designed for the polarization of inflam-
matory macrophages and the inhibition of FLS prolif-
eration. Additionally, we fabricated a hybrid membrane 
(RFM) coating composed of red blood cell membranes 
(RBCM) and RAFLS membranes (RAFLSM) to con-
fer biomimetic properties to GP@SIN, enhancing 
immune evasion and homologous targeting capabili-
ties [19]. Furthermore, hyaluronic acid (HA) modifica-
tion was implemented to improve the uptake efficiency 
of HA@RFM@GP@SIN NPs by FLSs and activated 
macrophages at the arthritic sites [20]. This nanodrug 
delivery system demonstrated precise targeting of the 
synovial lesion site in arthritis, synergistic regulation 
of macrophage polarization and synovial hyperplasia, 
and efficient prevention of cartilage erosion and bone 
destruction.

Materials and methods
Cell
Mycoplasma-free cell lines, including human FLS 
(HFLS), RAFLS, human liver cells (HL7702), RAW264.7 
cells (mouse macrophages), human umbilical vein endo-
thelial cells (HUVEC), rat myocardial cells (H9C2), vas-
cular smooth muscle cells (VSMC), and human kidney-2 
(HK2), were procured from the Cell Bank of the Chinese 
Academy of Sciences (Beijing, China). These cell types 
were maintained in Dulbecco’s Modified Eagle Medium 
(Thermo Fisher Scientific), enriched with 10% fetal 
bovine serum (FBS) and 1% penicillin and streptomycin 
(Solarbio Life Sciences, Beijing, China), and cultivated at 
37℃ in a 5% CO2 atmosphere.

Animals
Sprague-Dawley (SD) rats (Certificate of Quality nos. 
ZS-202,206,140,002, ZS-202,203,150,022) were obtained 
from Guangzhou Vital River Laboratory Animal Technol-
ogy Company (Guangzhou, China). This study involved 
4-week-old male rats weighing 90–110 g and 5-week-old 
female rats weighing 130–150 g. These rats were accom-
modated at the Laboratory Animal Center affiliated with 
the Hunan University of Chinese Medicine (HNUCM) 
(License No. SYXK [Hunan] 2019-0009), ensuring con-
tinuous access to feed and water. The HNUCM’s Insti-
tutional Animal Care and Use Committee sanctioned 
all experimental designs and animal maintenance proto-
cols, ensuring they aligned with the National Institute of 
Health’s guidelines for the humane care and handling of 
laboratory animals.

Preparation of GP@SIN NPs
GP NPs were prepared following a previously estab-
lished procedure [21]. In brief, GOQDs (Nanjing 
XENANO Materials Tech Co., Ltd, Nanjing, China), 
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide 
(EDC) (Sigma-Aldrich Corp., St. Louis, MO, USA), and 
N-hydroxy-succinimide (NHS) (Sigma-Aldrich) were 
combined at 1:40:10 and stirred magnetically for 30 min. 
Next, NH2-PEG2000-NH2 (Ponsure Inc., Shanghai, China) 
was supplemented and magnetically stirred for 24  h. 
Dialysis was performed to eliminate any unencapsulated 
NH2-PEG2000-NH2. Subsequently, the purified GP NPs 
were lyophilized and preserved at -80 °C for future use.

GP@SIN NPs: GP NPs were loaded with SIN (Hunan 
Zhengqing Pharmaceutical Group Co. LTD, Huaihua, 
Hunan, China) through electrostatic adsorption interac-
tions. To achieve this, SIN and GP NPs were dissolved 
together in water at a mass ratio of 3:1 (w/w) and stirred 
magnetically for 24  h. Dialysis was then performed to 
remove any unencapsulated SIN from the solution. 
Finally, the purified GP@SIN NPs were lyophilized and 
preserved at -80 °C for future use.
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The quantification of SIN in GP@SIN NPs was com-
pleted utilizing the ultraviolet-visible (UV-vis) absorption 
spectrum (Beckman Coulter, Brea, CA, USA). To accom-
plish this, the GP@SIN solution was placed in a dialysis 
bag (WMCO = 3500 D) and submerged in water. The 
concentration of unencapsulated SIN in the solution out-
side the dialysis bag was determined at a wavelength of 
262 nm. The drug entrapment efficiency (DEE) and drug 
loading efficiency (DLE) of SIN were calculated utilizing 
the subsequent equations.

	
DEE (%) =

(Ms - Mu)
Ms

× 100%� (1)

	
DLE (% ) =

(Ms - Mu)
Mg

×100%� (2)

Where Ms, Mu, and Mg denote the masses of added SIN, 
unencapsulated SIN, and GP, respectively.

RBCM and RAFLSM preparation
The RBCM and RAFLSM were extracted according to 
the previous report [22]. Briefly, whole blood samples 
were harvested from the abdominal aorta of normal adult 
SD rats, followed by centrifugation at 3500 rpm and 4℃ 
for 10 min. The resulting precipitate consisted of erythro-
cytes. These erythrocytes were then rinsed with 1×phos-
phate buffered saline (PBS). To hemolyze the red blood 
cells (RBCs), a hypotonic solution (0.25×PBS) was uti-
lized. Purified RBCM was obtained by repeatedly clean-
ing the hemolysates with 0.25×PBS.

The rat RAFLS cells were prepared using Membrane 
Protein Reagent A (Beyotime Biotechnology Co., Ltd., 
Shanghai, China), with added phenylmethylsulfonyl fluo-
ride, and incubated on ice for 1 h. The mixture was first 
centrifuged at 800  rpm for 10  min at 4  °C to separate 
the supernatant, which was then further centrifuged at 
12,500 rpm for 30 min at the same temperature to isolate 
the pure membrane fraction. Protein concentrations of 
both RBCM and RAFLSM were determined utilizing the 
BCA Protein Assay Kit (Solarbio).

Preparation of HA-DSPE-PEG2000-NH2
HA-DSPE-PEG2000-NH2 was prepared following a pre-
viously established procedure [23]. Briefly, HA (Mei-
lune Biotechnology Co., Ltd, Dalian, China), EDC, and 
NHS were combined in PBS at a weight ratio of 1:5:10 
and subjected to magnetic stirring for 30  min. After-
ward, DSPE-PEG2000-NH2 (Ponsure Inc., Shanghai, 
China) was incorporated into the mixture, with stirring 
extended for an additional 24  h. Dialysis was employed 
to remove any unbound DSPE-PEG2000-NH2 from the 
HA-DSPE-PEG2000-NH2 formulation. The purified 

HA-DSPE-PEG2000-NH2 was then lyophilized and pre-
served at 4 °C for subsequent use.

Synthesis of HA@RFM@GP@SIN NPs
The RFM hybrid, combining RAFLSM and RBCM in 
equal volumes at a concentration of 1 mg/mL, was syn-
thesized. This was followed by blending 1 mL of RFM 
with 1.25  mg of GP@SIN NPs, and the concoction 
was agitated at 37  °C for 2  h. The solution containing 
RFM and GP@SIN NPs was squeezed at least 10 times 
through the micro-extruder before centrifugation at 
3000 rpm for 30 min. After discarding the precipitation 
(uncoated membrane), the supernatant was centrifuged 
at 13,000 rpm for 10 min to obtain RFM@GP@SIN (pre-
cipitation). Subsequently, the mixture was enhanced by 
adding 0.625 mg of HA-DSPE-PEG2000-NH2 dissolved in 
PBS, and continuous stirring was maintained for 1 h. This 
procedure yielded the HA@RFM@GP@SIN NPs, achiev-
ing concentrations of 1.11 mg/mL for either GP NPs or 
SIN.

Membrane hybridization study
RBCM and RAFLSM were respectively stained with DiI 
and DiO dyes, utilizing kits provided by Yeasen Bio-
technologies Co., Ltd (Shanghai, China). Subsequently, 
the hybridized RFM was generated by combining equal 
volumes of labeled RBCM and RAFLSM at a concentra-
tion of 1 mg/mL. The hybridization of RAFLSM-RBCM 
within RFM was then examined and imaged via a confo-
cal laser scanning microscope (CLSM) (Olympus, Tokyo, 
Japan).

Characterization of membrane proteins
Membrane protein specimens were fractionated employ-
ing 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) until bromophenol blue 
reached the bottom. Post-separation, these proteins were 
transferred onto a polyvinylidene fluoride membrane. 
To obtain the total protein map, the gel was stained with 
Coomassie bright blue. The membrane was subsequently 
utilized for the characterization of specific surface mark-
ers of RAFLSM and RBCM, such as CD44 and CD47. 
Additionally, a UV-vis spectrophotometer was utilized 
for identifying unique absorbance peaks of RBCM, 
RAFLSM, and RFM in the protein samples within the 
200–600 nm range.

Specific targeting of RFM
GP NPs were labeled with rhodamine (Rho). HFLS and 
RAFLS cells (7 × 104 cells/well) were seeded in 12-well 
plates for 24  h. Cells were then incubated in fresh 
medium containing RBCM@GPRho NPs, RAFLSM@
GPRho NPs, or RFM@GPRho NPs (40  µg/mL GP NPs) 
for 4 h to investigate the specific targeting of RFM. The 
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nuclei of the cells were then stained utilizing Hoechst 
33,342 (Yeasen Biotechnologies Co., Ltd., Shanghai, 
China). Imaging was performed employing a CLSM.

Characterization of HA@RFM@GP@SIN NPs
The morphology of HA@RFM@GP@SIN NPs was exam-
ined utilizing transmission electron microscopy (TEM) 
(Japan Electron Optics Laboratory, Tokyo, Japan). Mea-
surements of the NP sizes and their zeta potential were 
implemented utilizing a Zetasizer Nano ZSP (Malvern, 
UK). The presence of functional groups in HA@RFM@
GP@SIN NPs was identified utilizing a Fourier-transform 
infrared spectrometer (FT-IR).

HA@RFM@GP@SIN NPs uptake assay in vitro
HFLS, RAFLS, RAW264.7, and lipopolysaccharide (LPS)-
stimulated RAW264.7 cells were employed to assess their 
capacity for cellular uptake. These cells (7 × 104 cells/well) 
were seeded into 12-well plates and allowed to adhere 
for 24  h. GP NPs were labeled with Rho. Subsequently, 
these were administered with either RFM@GP@SIN NPs 
or HA@RFM@GP@SIN NPs (40 µg/mL, GP) for 4 h. For 
nanoparticle targeting evaluation, cells underwent pre-
treatment with 500  µg/mL of HA for 1  h, followed by 
exposure to HA@RFM@GP@SIN NPs for an additional 
4 h. Hoechst 33,342 dye was utilized for nuclear staining 
of the cells, which were subsequently analyzed utilizing a 
CLSM.

In vitro cellular uptake mechanism
The mechanism of uptake for HA@RFM@GP@SIN 
NPs was investigated by performing preincubation of 
RAFLS with specific uptake inhibitors, followed by 
incubation with the nanomaterials [14]. The nano-
materials were labeled with Rho. In brief, RAFLS was 
incubated for 1  h with specific inhibitors - methyl-β-
cyclodextrin (M-β-CD, caveolae-mediated endocytosis 
inhibitor) (Solarbio), chlorpromazine (Chlor, clathrin-
dependent endocytosis inhibitor) (Sigma-Aldrich), and 
colchicine (Colch, micropinocytosis inhibitor) (Solar-
bio). After that, the culture medium was removed, and 
HA@RFM@GP@SIN NPs (40  µg/mL, GP) were added 
and incubated for 4 h. Hoechst 33,342 dye was utilized 
to stain the cell nucleus. The cells were then observed 
using CLSM.

Subcellular localization of HA@RFM@GP@SIN NPs
To detect the subcellular localization of HA@RFM@GP@
SIN NPs, the nanomaterial was labeled with Rho. RAFLS 
cells were cultivated at a density of 7 × 104 cells per well 
for 24  h. Subsequently, the cells underwent incubation 
with HA@RFM@GP@SIN NPs (40 µg/mL, GP) for vary-
ing durations of 0, 2, 4, 6, and 8 h. After rinsing with PBS, 
the organelles were stained with 1 µM Lysosome Tracker 

Red DND-99 (lysosomes) (Yeasen Biotechnologies Co., 
Ltd., Shanghai, China) for 30 min. Nuclei of the cells were 
marked using Hoechst 33,342 dye. Ultimately, the cells 
were examined with a CLSM.

Regulating the M1 to M2 phenotypic transition of 
macrophages in vitro
RAW264.7 cells (2 × 105 cells/well) were cultured in 
24-well plates, with some groups exposed to 500 ng/
mL LPS for 24  h. Subsequently, cells were treated 
with PBS, SIN (100 µM), GP NPs (40 µg/mL), or HA@
RFM@GP@SIN NPs (100 µM SIN and 40  µg/mL GP) 
for 48 h. Post-incubation, cells were fixed with 4% para-
formaldehyde, permeabilized with 0.3% Triton X-100, 
and blocked with 5% BSA to reduce non-specific 
binding. They were then incubated with anti-CD80 
or anti-CD206 antibodies overnight at 4  °C. Second-
ary antibody staining was executed with Dylight-594 
or Dylight-488 labeled antibodies (Proteintech Group 
Inc., Rosemont, IL, USA) for 2  h at ambient temper-
ature. Nuclei were then stained utilizing DAPI for 
10  min before microscopic examination employing a 
Nikon fluorescence microscope. The ImageJ software 
was used to assess the mean fluorescence intensity 
(MFI) of images.

In parallel, RAW264.7 cells (1 × 106 cells/well) were 
cultured in 6-well plates under similar conditions. Post-
LPS and NP treatments for 48 h, cells were stained with 
BD Horizon™ Fixable Viability Stain, followed by surface 
marker blocking with BD Fc Block and staining with PE-
conjugated CD80 antibody (Biolegend Inc., USA) for 
30 min at 4 °C. Following the surface staining, cells were 
fixed, permeabilized utilizing the BD Pharmingen™ Tran-
scription Factor Buffer Set, and stained intracellularly 
with APC-conjugated CD206 antibody (Biolegend Inc., 
USA) for 30 min at 4 °C. Analysis was performed employ-
ing a BD LSRFortessa flow cytometer, with FlowJo Soft-
ware for data interpretation.

RAW264.7 cells were cultured for 24  h in a 6-well 
plate, then treated with PBS, SIN, GP NPs, or HA@
RFM@GP@SIN NPs for 2  h, followed by incubation 
with 500 ng/mL LPS for 4  h. Cells were then stained 
with 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-
DA, Yeasen Biotech, Shanghai, China) and analyzed 
utilizing flow cytometry.

RAW264.7 cells in 24-well plates were incubated with 
PBS, SIN, GP NPs, or HA@RFM@GP@SIN NPs for 
2 h and then co-incubated with 100 ng/mL LPS for an 
additional 48 h. After that, the culture media were col-
lected, and the levels of tumor necrosis factor-α (TNF-
α), interleukin-6 (IL-6), and interleukin-10 (IL-10) 
were measured utilizing an Enzyme-Linked Immuno-
sorbent Assay (ELISA, Neobioscience Biotechnology, 
Shenzhen, China) kit.
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Targeting RAFLS growth arrest of HA@RFM@GP@SIN NPs 
in vitro
The impact of nanodrugs on the viability of RAFLS 
was assessed by performing an MTT assay (Solarbio). 
RAFLS cells were plated at a concentration of 7 × 103 
cells per well in 96-well plates and incubated for 24 h. 
Subsequently, fresh media containing either PBS, SIN 
(100 µM), GP NPs (40 µg/mL), or HA@RFM@GP@SIN 
NPs (100 µM SIN and 40  µg/mL GP) was added, and 
the cells were cultured for an additional 48 h. The cyto-
toxicity of the nanodrugs was evaluated utilizing the 
MTT assay.

Additionally, RAFLS cells were plated in 12-well plates 
(7 × 104 cells/well) for a 24h of incubation. Following the 
above treatment, the cells were treated with calcein-AM 
solution at 37  °C for 30 min (dark condition). The fluo-
rescence of the RAFLS cells was subsequently captured 
and evaluated employing a CLSM. For cell proliferation 
assessment, 5-Ethynyl-2’-deoxyuridine (EdU) was incor-
porated into the culture 4 h before concluding the experi-
ment. The cells were then stained utilizing an EdU assay 
kit (Beyotime), and the proliferation rate was assessed 
utilizing a CLSM.

RAFLS cells were plated in 96-well plates (7 × 103 cells/
well) for 24  h of incubation. Following the same treat-
ment as above for 0, 1, 2, 3, 4, 5, 6, and 7 days, RAFLS cell 
viability was tested utilizing the MTT assay. The rate of 
cell growth was determined by applying the formula:

Cell growth rate = OD490 nm (0, 1, 2, 3, 4, 5, 6 or 7 
days)/ OD490 nm at Day 0).

To profile the cell cycle, RAFLS cells were seeded in 
6-well plates (1.5 × 105 cells/well). Following the same 
treatment as above for 24 h, the cells were harvested and 
processed using a Cell Cycle Detection Kit (Solarbio). 
Cell cycle analysis was completed with the help of a flow 
cytometer (Beckman Coulter, Brea, CA, USA).

Western blotting (WB) was implemented to evalu-
ate protein expression in cells. In summary, RAFLS cells 
were seeded in 6-well plates (1.5 × 105 cells/well) and sub-
jected to treatment with either PBS, SIN (100 µM), GP 
NPs (40  µg/mL), or HA@RFM@GP@SIN NPs (100 µM 
SIN and 40  µg/mL GP). After 48  h of incubation, cells 
were lysed with RIPA buffer for total protein extraction. 
The expression of cyclin B1 and p53 (Proteintech) was 
then determined utilizing WB.

RAFLS cells (1.5 × 105 cells/well) were seeded into 
6-well plates and incubated at 37  °C with 5% CO2 for 
24 h. Following the same treatment as above for 48 h, cell 
staining was implemented utilizing the Annexin V-FITC/
PI Apoptosis Detection Kit (Yeasen Biotechnologies Co., 
Ltd., Shanghai, China). Subsequent analysis was con-
ducted utilizing flow cytometry.

In vivo pharmacokinetic study and targeting of HA@RFM@
GP@SIN NPs
On day 36 after injection of Complete Freund’s adjuvant 
(CFA), rats with adjuvant-induced arthritis (AIA) were 
intravenously administered Chlorin e6 (Ce6), GPCe6 NPs, 
or HA@RFM@GP@SINCe6 NPs at a dose of 5 mg/kg Ce6. 
Subsequent to administration, blood samples of 0.3 mL 
were extracted from the jugular veins at various time 
intervals: immediately (0), 0.5, 1.5, 3, 6, 12, 24, and 48 h 
post-injection. The plasma pharmacokinetics of HA@
RFM@GP@SIN NPs were then evaluated utilizing an 
IVIS Kinetics optical system (PerkinElmer, USA). The 
paw distribution of the drug was evaluated at 0.5, 3, 6, 
12, 24, and 48 h using the same system. After 48 h, tissue 
samples from the heart, lung, spleen, liver, kidney, and 
paw were imaged and analyzed for drug biodistribution.

Therapeutic efficacy of HA@RFM@GP@SIN NPs in AIA rats
The AIA rat model was employed to assess the signifi-
cance of HA@RFM@GP@SIN NPs on RA. Initially, a 
subcutaneous injection of 0.1 mL of CFA was adminis-
tered to male SD rats to induce AIA. Starting from day 0, 
rats were intravenously injected with PBS, SIN (6 mg/kg), 
GP NPs (6 mg/kg), or HA@RFM@GP@SIN NPs (6 mg/kg 
SIN and 6 mg/kg GP) every three days into the tail until 
day 36. The normal rats received PBS injections. In the 
positive control group, AIA rats were orally administered 
methotrexate (MTX, 1 mg/kg) on days 0, 3, 7, 14, 21, 28, 
and 35 following CFA injection. Evaluations included the 
severity of arthritis, bi-hind paw volume measurements, 
and body weight tracking, conducted tri-weekly follow-
ing the onset of arthritis.

Bone erosion in rats was assessed based on radio-
graphs, with each paw being scored on a 0–4 scale [14, 
22]. A score of 0 represented good correspondence 
between the interphalangeal joint and metatarsopha-
langeal joint, normal articular cavity, and no marginal 
osteophytes with a smooth articular surface. A score of 
1 indicated a slightly narrowed articular cavity, less mar-
ginal osteophytes, and slight roughness in the articular 
surface. A score of 2 denoted low-to-moderate narrow-
ing of the articular cavity, low-to-moderate presence 
of marginal osteophytes, and low-to-moderate rough-
ness in the articular surface. A score of 3 represented 
a narrowed articular cavity, pronounced presence of 
marginal osteophytes, and pronounced roughness in 
the articular surface. A score of 4 indicated extremely 
poor or no correspondence between the interphalan-
geal joint and metatarsophalangeal joint, significant 
presence of marginal osteophytes, and severe roughness 
in the articular surface. Following the experiment, the 
rats were euthanized through isoflurane asphyxiation. 
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Hind paws and blood samples were collected. The hind 
paws were fixed in 4% paraformaldehyde (Solarbio) 
and decalcified using ethylenediaminetetraacetic acid 
(EDTA) decalcifying solution (Solarbio) before paraffin 
embedding, followed by hematoxylin and eosin (H&E) 
and Safranin O staining. Histopathological synovial 
scores (HSS) were then evaluated by two independent 
observers using H&E-stained sections of the ankle 
joints. The scoring was done on a semiquantitative 
four-point scale ranging from 0 to 4, with 0 represent-
ing normal, and 1, 2, 3, and 4 denoting mild, moderate, 
severe, and extremely severe changes, respectively. Saf-
ranin O staining sections of the ankle joint were used 
for the Mankin scores assessment [24], which evaluated 
the cartilage structure, chondrocytes, cartilage matrix, 
and the integrity of the tidal line. The tissue immuno-
fluorescence staining was performed to evaluate the M1 
to M2 phenotypic transition of macrophages. To exam-
ine synovium inflammation, ankle synovium sections 
were stained with anti-IL-10, anti-TNF-α (Proteintech), 
and anti-IL-6 antibodies (Boster Biological Technol-
ogy, Ltd., Wuhan, China). The immunohistochemical 
staining results were visualized utilizing an Olympus 
FV1200 microscope (Olympus, Tokyo, Japan). Quan-
titative analysis was performed using ImageJ software. 
Serum levels of IL-10, TNF-α, and IL-6 cytokines were 
tested employing ELISA kits (Neobioscience Biotech-
nology, Shenzhen, China).

Anti-arthritic effects and metabolomics analysis of HA@
RFM@GP@SIN NPs in collagen-induced arthritis (CIA) rats
CIA was initiated in female SD rats employing an emul-
sion of Bovine Type-II Collagen and Incomplete Freund’s 
Adjuvant (Chondrex, Inc., Woodinville, WA, USA). The 
rats were first injected subcutaneously with 0.2 mL of 
this emulsion and received a booster shot after seven 
days. From day 0, the CIA rats were treated intravenously 
every three days with either PBS or HA@RFM@GP@SIN 
NPs (6  mg/kg each of SIN and GP) until day 36, while 
normal control rats received PBS. The positive control 
group was given oral MTX (1 mg/kg) on days 0, 3, 7, 14, 
21, 28, and 35. Paw volume and arthritis scores were eval-
uated every three days, and all rats were euthanized on 
day 36. Plasma samples from different groups were ana-
lyzed using LC-MS by Novogene, Beijing.

RNA-seq analysis and WB verification
The RAFLS cells were treated with PBS or HA@RFM@
GP@SIN NPs for 48  h. RNA samples were harvested 
from both the control and HA@RFM@GP@SIN groups 
(n = 3) for RNA-seq analysis, which was conducted by 
BioMarker (Beijing, China).

RAFLS cells (1.5 × 105 cells/well) were seeded into 
6-well plates and treated with PBS or HA@RFM@GP@

SIN NPs (100 µM SIN and 40 µg/mL GP). After 48 h of 
culture, cells were harvested and lysed using RIPA buf-
fer. Primary antibodies targeting PI3K (1:1000), p-PI3K 
(1:1000), Akt (1:4000), p-Akt (1:1000), SGK2 (1:1000), 
FoxO4 (1:1000), Cyclin B1 (1:5000), and β-actin (1:20000) 
(Cell Signaling Technology, Inc. and Proteintech) were 
used. Protein levels were measured using chemilumines-
cence after incubation with secondary antibodies, and 
images were captured with ChemiDocTM XRS+ (Bio-
Rad, USA).

Safety evaluation in vitro and vivo
A hemolysis assay was conducted by acquiring pure 
RBCs from SD rats. Subsequently, a 5% RBC suspen-
sion (volume/volume, v/v) was prepared by mixing SIN, 
GP NPs, or HA@RFM@GP@SIN NPs (12.5, 25, 50, 100, 
and 200  µg/mL GP) with PBS. Mixture incubation was 
implemented at 37 °C for 4 h, followed by centrifugation 
at 3000 rpm for 5 min. The supernatants were collected 
and analyzed using a microplate detector (Epire, USA) 
at 540  nm. The hemolysis rate was calculated utilizing 
Eq. (3):

	
Hemolysis rate (%) =

h
h0

×100%� (3)

where h denotes the absorbance value of supernatant in a 
drug group, and h0 signifies the absorbance value of RBC 
in water.

RBC forms were observed with the help of a phase con-
trast microscope (Olympus, Tokyo, Japan).

A coagulation assay was performed by collecting plate-
let-rich plasma from SD rats using whole blood. Next, 
200 µg/mL of SIN, GP NPs, or HA@RFM@GP@SIN NPs 
were added to the platelet-rich plasma and incubated at 
37 °C for 1 h. The absorbance at 650 nm was tested, and 
the coagulation rate was calculated.

Cell cytotoxicity assay was conducted using H9C2, 
HL7702, HK2, VSMC, HUVEC, RAW264.7, and HFLS 
cells. The cells were incubated in 10% FBS for 24 h, then 
treated with 1% FBS containing GP NPs or HA@RFM@
GP@SIN NPs (20, 40, 80, and 160 µg/mL GP) for further 
24 h. Cell viability was tested employing the MTT assay 
and calculated with the help of Eq. (4).

	
Cell viability =

OD490 nm(sample)
OD490 nm(control)

×100%� (4)

Evaluation of immune escape was performed by culturing 
RAW264.7 cells (1.5 × 105 cells/well) in 10% FBS for 24 h. 
Subsequently, Rho-labeled GP NPs and HA@RFM@GP 
NPs (40, 80, 160 µg/mL GP) were added to the plate and 
incubated for 4  h. The resulting images were observed 
using CLSM.
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Animal safety and toxicity testing involved sacrific-
ing the animals on day 36 after the CFA injection. Blood 
samples were harvested from the abdominal aorta of 
the AIA rats. Among these samples, whole blood was 
selected for blood routine analysis, while plasma was 
subjected to liver and kidney function detection using a 
biochemical analyzer. The heart, liver, spleen, lungs, and 
kidneys were fixed with 4% paraformaldehyde, paraffin-
embedded, sectioned, and stained with H&E.

Statistical analysis
Results were reported as the average ± standard error of 
the mean (SEM) based on individual experiments. For 
the statistical evaluations, comparisons between two sets 
were implemented utilizing Student’s two-sided t-test 
or one-way analysis of variance (ANOVA) as applicable, 
followed by a post hoc examination applying the least 
significant difference (LSD) method for multiple group 
analyses. P < 0.05 was deemed as statistical significance. 

All the statistical procedures were executed utiliz-
ing GraphPad Prism version 8.0 software (La Jolla, CA, 
USA).

Results and discussion
Fabrication and characterization of RFM and HA@RFM@
GP@SIN NPs
At first, we prepared hybrid membrane for NPs coat-
ing. A membrane fusion assay was conducted to inves-
tigate the hybridization efficiency of DiI-labeled RBCM 
(red) and DiO-labeled RAFLSM membranes (green). As 
depicted in Fig.  1A, the colocalization of green and red 
dots resulted in the formation of yellow dots, which was 
frequently observed for RFM. The UV-vis spectra pre-
sented in Fig.  1B confirmed the characteristic peaks of 
RAFLSM and RBCM within RFM, located at wavelengths 
260  nm and 412  nm, respectively. Subsequently, RFM 
properties were thoroughly characterized. SDS-PAGE 
analysis in Fig.  1C demonstrated that RFM retained all 

Fig. 1  Fabrication and characterization of RFM and HA@RFM@GP@SIN NPs. (A) Confocal fluorescence microscopic images of the RFM (Green = RAFLSM, 
Red = RBCM; scale bar = 20 μm). (B) The UV-vis spectra of RBCM, RAFLSM, and RFM. (C) SDS-PAGE protein analysis of membrane protein. (D) WB analysis 
of characteristic RAFLSM marker CD44 and RBCM marker CD47. (E) The representative images and (F) quantitative data of RBCM@GP NPs, RAFLSM@GP 
NPs, and RFM@GP NPs uptake by HFLS and RAFLS, respectively. Scale bar = 50 μm. Data are the means ± SEM, n = 3 per treatment, **P < 0.01. (G) Fourier 
transform infrared spectroscopy of GOQD, GP NPs, SIN, and GP@SIN NPs. (H) The surface zeta potentials and (I) size distribution of GOQD, GP NPs, GP@SIN 
NPs, HA@RFM@GP@SIN NPs. (J) TEM images of GOQD, GP NPs, and HA@RFM@GP@SIN NPs
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membrane proteins from RBCM and RAFLSM. Fur-
thermore, WB analysis revealed the presence of CD44 (a 
RAFLSM marker) and CD47 (an RBC marker) in RFM, 
while RBCM only expressed CD47 and RAFLSM pre-
dominantly expressed CD44 (Fig.  1D). Importantly, the 
uptake efficiency of RFM-coated GP NPs was investi-
gated by HFLS and RAFLS. As shown in Fig.  1E and F, 
the RAFLSM@GP NP and RFM@GP NP groups exhib-
ited strong red fluorescence in RAFLS, while minimal 
fluorescence was observed in RBCM@GP NP-treated 
RAFLS. Additionally, weak fluorescence was witnessed 
in the HFLS among these three groups, highlighting the 
preferential internalization of RFM@GP NPs by RAFLS. 
Collectively, these findings confirm the successful 
hybridization of RBCM and RAFLSM to produce RFM, 
which possesses the characteristics of both RBCM and 
RAFLSM.

Subsequently, the loading and encapsulation efficacy 
of SIN in GP NPs were investigated. The results indi-
cated that a mass ratio of GP to SIN of 1:3 achieved opti-
mal load capacity (103.10%) and encapsulation capacity 
(28.96%), indicating that approximately 1 mg of GP could 
be loaded with 1 mg of SIN (Fig. S1). The FT-IR spectrum 
of GP@SIN NPs exhibited characteristic peaks of GP 
(1547, 1452, and 1100 cm− 1) and SIN (3294, 2880, 1643, 
and 1287 cm− 1), confirming the successful loading of SIN 
in the GP NPs (Fig.  1G). Surface zeta potential analysis 
revealed that GOQD, GP NPs, GP@SIN NPs, and HA@
RFM@GP@SIN NPs had zeta potentials of -15.40 ± 0.14 
mV, -12.37 ± 0.61 mV, -10.38 ± 1.38 mV, and − 9.23 ± 0.23 
mV, respectively (Fig. 1H). The increased potential from 
GP NPs to HA@RFM@GP@SIN NPs can be attributed 
to the positive charges of SIN [14] and DSPE-PEG2000-
NH2 [25]. Particle size analysis demonstrated that the 
average diameters of GOQD, GP NPs, GP@SIN NPs, 
and HA@RFM@GP@SIN NPs were 4.36 ± 0.46  nm 
(Polydispersity index (PDI): 0.44 ± 0.10), 21.19 ± 1.14  nm 
(PDI: 0.36 ± 0.03), 37.04 ± 1.48  nm (PDI: 0.47 ± 0.05), and 
115.00 ± 3.86 nm (PDI: 0.37 ± 0.05), respectively (Fig. 1I). 
TEM images in Fig. 1J revealed that the HA@RFM coat-
ings encapsulated numerous GP NPs, resulting in an 
approximately 5.5-fold increase in particle size from GP 
NPs to HA@RFM@GP@SIN NPs, consistent with the 
above size assay.

Cellular uptake of HA@RFM@GP@SIN NPs in vitro
The efficacy of nanodrug delivery systems depends on 
their ability to efficiently enter cells [26]. To assess the 
cellular uptake efficiency of HA@RFM@GP@SIN NPs, 
HFLS, RAFLS, RAW264.7, and LPS-activated RAW264.7 
cells were employed. The findings indicated that a signifi-
cant number of HA@RFM@GP@SIN NPs were absorbed 
by RAFLS, as evidenced by the intense red fluorescence 
signals. Conversely, HFLS exhibited limited uptake of 

HA@RFM@GP@SIN NPs, resulting in weak fluores-
cence (Fig.  2A and B). Furthermore, when RAFLS and 
HFLS were co-incubated with RFM@GP@SIN NPs or a 
receptor-blocker, negligible fluorescence was observed. 
Notably, macrophages also displayed red fluorescence 
signals, following a similar trend as RAFLS (Fig. 2C and 
D). These outcomes indicate that RAFLS and activated 
macrophages exhibit high efficiency in the uptake of 
HA@RFM@GP@SIN NPs.

Understanding the mechanisms of uptake and localiza-
tion of NPs within cells is crucial for their safe and effi-
cient application [27]. Hence, in this study, we employed 
small-molecule inhibitors to delineate the uptake mech-
anism of HA@RFM@GP@SIN NPs into RAFLS. As 
depicted in Fig. S2A and B, the presence of inhibitors 
such as M-β-CD, and colch, resulted in a reduction of 
HA@RFM@GP@SIN NP uptake to 70.93 ± 6.16% and 
46.58 ± 3.70%, respectively. This finding is consistent 
with a prior report that membrane-coated GP is mainly 
internalized through caveolae endocytosis [28]. In the 
absence of inhibitors, HA@RFM@GP@SIN NPs (labeled 
with Rho) were found to localize in the lysosomes after 
2, 4, 6, and 8 h of exposure (Fig. S3). At 2 h, colocaliza-
tion between HA@RFM@GP@SIN NPs and lysosomes 
occurred and reached the plateau at 6  h (indicated by 
yellow fluorescence). Subsequently, at 8  h, partial red 
fluorescence appeared in the cytoplasm, suggesting the 
successful escape of HA@RFM@GP@SIN NPs from the 
lysosomes at 6  h. This is of significant importance in 
reducing drug degradation within the acidic lysosomal 
environment and thus enhancing the therapeutic efficacy 
[23].

M1 to M2 reporlariztion of macrophages caused by HA@
RFM@GP@SIN NPs in vitro
Macrophages, being the most abundant immune cells 
in inflamed joint, exhibit two distinct phenotypes: M1 
macrophages, which serve as the primary source of 
pro-inflammatory cytokines, and M2 macrophages, 
which secrete anti-inflammatory cytokines to alleviate 
inflammation [29]. Therefore, the strategic modulation 
of macrophage polarization from M1 to M2 phenotype 
represents an efficient approach for treating RA [30, 31]. 
To probe into the regulatory effect of HA@RFM@GP@
SIN NPs on macrophage polarization, the expression of 
macrophage surface markers, CD80 (M1 phenotype) 
and CD206 (M2 phenotype) was analyzed via immu-
nofluorescence staining and flow cytometry. As shown 
in Fig.  3A, when macrophages were polarized towards 
the M1 phenotype using LPS, robust upregulation in 
the green fluorescence intensity of CD80 was observed. 
Conversely, following treatment with HA@RFM@GP@
SIN NPs, the CD80 signal decreased while the expression 
of CD206 (red fluorescence) became more prominent, 
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indicating the effective repolarization of macrophages 
from M1 to M2 phenotype (Fig.  3B). Flow cytometry 
analysis obtained consistent results (Fig.  3C and D). As 
anticipated, upon LPS-induced polarization, the propor-
tion of M1 macrophages significantly increased to 88.7% 
relative to the control. However, upon intervention with 
HA@RFM@GP@SIN NPs, the proportion of M1 mac-
rophages dramatically decreased to 42.5% within 48  h, 
while the proportion of M2 macrophages rose from 3.4 
to 25.7%.

Furthermore, the underlying mechanism of HA@
RFM@GP@SIN NPs on anti-inflammatory is still under 
research. DCFH-DA probe was employed to detect the 
effect of different NPs on reactive oxygen species (ROS) 
levels in inflammatory macrophages. As we expected, 
activated macrophages showed high-level ROS, which 
was reflected by the strong fluorescence of cells emit-
ted from of DCFH-DA. Strikingly, the phenomenon was 
reversed by treatment with GP NPs or HA@RFM@GP@
SIN NPs. Notably, the ROS scavenging effect of HA@
RFM@GP@SIN NPs was greater than GP NPs (Fig.  3E 
and F). Additionally, the anti-inflammatory character-
ization of HA@RFM@GP@SIN NPs in macrophages, 
including IL-6, TNF-α (M1 markers), and IL-10 (M2 

marker), was quantified by ELISA. The results showed 
that HA@RFM@GP@SIN NPs notably reduced the lev-
els of IL-6 (Fig. 3G) and TNF-α (Fig. 3H) while enhancing 
the expression of IL-10 (Fig.  3I). These findings suggest 
that NPs can modulate the transition of macrophages 
from the M1 to the M2 phenotype, thereby exerting anti-
oxidant and anti-inflammatory effects.

HA@RFM@GP@SIN NPs inhibited RAFLS proliferation in 
vitro
Then, the viability of RAFLS treated with HA@RFM@
GP@SIN NPs was assessed to investigate the impact of 
these NPs on the cell proliferation. As anticipated, the 
number of viable cells in the HA@RFM@GP@SIN group 
significantly decreased, as observed through staining of 
viable cells (Fig. 4A). The MTT assay further confirmed 
that HA@RFM@GP@SIN NPs treatment considerably 
reduced the viability of RAFLS, compared to the PBS 
group. Notably, HA@RFM@GP@SIN NPs (containing 
100 µM SIN) at the same dose exhibited a stronger sup-
pressive effect on RAFLS viability than SIN alone (100 
µM) (Fig.  4B). Additionally, the EdU proliferation assay 
was employed to assess individual cell proliferation. Both 
the fluorescence image (Fig.  4C) and the quantitative 

Fig. 2  Cellular uptake of HA@RFM@GP@SIN NPs in vitro. (A) Representative images of CLSM and (B) quantification analysis of HFLS or RAFLS incubated 
with RFM@GP@SIN NPs and HA@RFM@GP@SIN NPs. (C) Representative images of CLSM and (D) quantification analysis of RAW264.7 or LPS-activated 
RAW264.7 incubated with RFM@GP@SIN NPs and HA@RFM@GP@SIN NPs. Data are the means ± SEM, n = 3 per treatment, *P < 0.05, **P < 0.01, ****P < 0.0001
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analysis (Fig.  4D) revealed a significant decline in the 
number of proliferating cells after with HA@RFM@
GP@SIN NPs treatment. Furthermore, the cell growth 
curve illustrated an initial lag phase of 0–2 days, a loga-
rithmic phase of 2–6 days, and a stationary phase of 6–7 
days for RAFLS growth. Notably, during the logarith-
mic growth period of 2–6 days, the growth rates gradu-
ally declined in the PBS, SIN, and HA@RFM@GP@SIN 
groups, respectively (Fig.  4E). In comparison to day 0, 
the growth rate on day 7 was 22.00 ± 0.27 times for the 
PBS group, whereas for the SIN and HA@RFM@GP@
SIN groups, it was only 13.60 ± 0.18 times and 8.91 ± 0.41 

times, respectively. Subsequently, potential reasons for 
the inhibition of RAFLS proliferation in the HA@RFM@
GP@SIN group were evaluated. Flow cytometry assays 
were employed to explain the cell cycle stage of RAFLS 
(Fig. S4), and the cell cycle of the HA@RFM@GP@SIN-
treated group was arrested into G2 phase (Fig. 4F). WB 
was conducted to measure the protein expression of 
G2 phase markers, cyclin B1 and p53. The HA@RFM@
GP@SIN group exhibited increased levels of p53 pro-
tein expression and decreased levels of cyclin B1 protein 
expression compared to the PBS and SIN groups (Fig. 4G 
and H). Moreover, flow cytometry analysis demonstrated 

Fig. 3  M1 to M2 reporlariztion of macrophages caused by HA@RFM@GP@SIN NPs in vitro. (A) Immunofluorescence staining and (B) MFI values of CD80 
(green), CD206 (red), and nuclei (blue) on macrophages incubated with PBS, SIN, GP NPs, or HA@RFM@GP@SIN NPs after 48 h. (C) Percentages of CD80- 
or CD206-positive macrophages were analyzed by flow cytometry and (D) quantified. (E) ROS detection and (F) quantification in macrophages were 
performed by flow cytometry. Quantitative analysis of (G) IL-6, (H) TNF-α, and (I) IL-10 levels in macrophages by ELISA. Data are the means ± SEM, n = 3 per 
treatment, *P < 0.05, **P < 0.01, ***P < 0.001

 



Page 12 of 22Lin et al. Journal of Nanobiotechnology          (2024) 22:383 

that HA@RFM@GP@SIN NPs also heightened the pro-
portion of RAFLS in early (Q3) and late (Q2) apoptosis 
(Fig.  4I and J). These experiments conclusively demon-
strated that HA@RFM@GP@SIN NPs hindered prolif-
eration in the G2 phase of the cell cycle and promoted 
apoptosis of RAFLS.

Pharmacokinetics and biodistribution of HA@RFM@GP@
SIN NPs in AIA rats
The pharmacokinetics of HA@RFM@GP@SIN NPs 
in rats with AIA were investigated using the Ce6 fluo-
rescence labeling method [32]. Compared to GPCe6 
NPs (5.82 h vs. 3.80 h) and free Ce6 (5.82 h vs. 1.81 h), 
the circulation half-life (t1/2) of HA@RFM@GP@
SINCe6 NPs in AIA rats increased by 1.53- and 3.22-
fold, respectively (Fig.  5A and B). This result demon-
strates the prolonged half-life of GP NPs after being 
coated with RFM. Based on these promising results, 

the targeting ability of GPCe6 NPs or HA@RFM@GP@
SINCe6 NPs for arthritic hind paws was evaluated pre-
cisely. Only weak fluorescence was detected in arthritic 
paws due to the rapid metabolism and non-specific tar-
geting of GPCe6 NPs. However, HA@RFM@GP@SINCe6 
NPs administration resulted in strong fluorescent 
signals emitted from the arthritic paws (Fig.  5C). An 
increase in fluorescence intensity was seen in arthritic 
paws treated with HA@RFM@GP@SINCe6 NPs com-
pared to those treated with GPCe6 NPs at different time 
points (Fig.  5D). These results indicate the highly spe-
cific accumulation of HA@RFM@GP@SINCe6 NPs at 
the arthritic sites. Additionally, ex vivo fluorescence 
images showed partial accumulation of HA@RFM@
GP@SINCe6 NPs in the lung (Fig.  5E and F), which 
aligns with a previous report that HA@RFM@GP@
SINCe6 NPs with a small particle size can be taken up by 
the endothelial cells of the lung [33].

Fig. 4  HA@RFM@GP@SIN NPs inhibited RAFLS proliferation in vitro. (A) Fluorescence imaging of live RAFLS cells incubated with PBS, SIN, GP NPs, or HA@
RFM@GP@SIN NPs after 48 h. (B) MTT proliferation assay of RAFLS incubated with various formulations after 48 h. (C) Fluorescence image and (D) quan-
titative analysis of EdU proliferation assay of RAFLS treated with PBS, SIN, GP NPs, and HA@RFM@GP@SIN NPs. (E) Cell growth curves of RAFLS in different 
treatment groups. (F) Cell cycle distribution of RAFLS after incubation with various formulations. (G) WB and (H) quantitative analyses of cyclin B1 or p53 
in RAFLS after treatment with PBS, SIN, GP NPs, and HA@RFM@GP@SIN NPs. (I) Flow cytometry and (J) quantitative analyses of apoptosis in RAFLS. Data 
are the means ± SEM, n = 3 per treatment, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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HA@RFM@GP@SIN NPs inhibited synovial hyperplasia, 
facilitated the transition of M1 to M2 macrophages, and 
prevented cartilage erosion and bone destruction in AIA 
rats
Then AIA rat models were utilized to assess the ther-
apeutic potential of HA@RFM@GP@SIN NPs [22]. 
MTX was used as a positive control to validate the suc-
cess of the AIA model in our study, it is the most com-
monly used disease-modifying antirheumatic drug for 
therapy of RA [34]. However, long-term use of MTX is 
impeded by its frequent adverse reactions and poten-
tial toxic effects (e.g., hepatotoxicity, nephrotoxic-
ity, or even malignant diseases) [35, 36]. As depicted 
in Fig. 6A and B, the tail vein administration of SIN at 
6  mg/kg alone failed to significantly alleviate arthritic 
symptoms in the AIA rats. However, after loading SIN 
into the developed NPs, the caudal intravenous admin-
istration of HA@RFM@GP@SIN NPs (containing 6 mg/
kg SIN) every three days from days 0 to 36 significantly 
reduced hind paw volume and decreased the arthritic 
score, which is comparable to that of MTX. This 

observation was further supported by H&E staining, 
immunohistochemical analysis, and TUNEL staining, 
which confirmed that HA@RFM@GP@SIN NPs inhib-
ited the abnormal proliferation of RAFLS (Fig.  6C). 
H&E staining illustrated severe synovial hyperplasia in 
the joint cavity of the AIA group, with the synovium 
completely occluding the joint cavity. In contrast, this 
phenomenon was ameliorated in the HA@RFM@GP@
SIN group (Fig.  6D). Immunohistochemical detection 
of BrdU in ankle synovial tissue, as a marker of individ-
ual cell proliferation, revealed reduced BrdU expression 
in the HA@RFM@GP@SIN group compared to the AIA 
and SIN groups (Fig. 6E). Additionally, the inhibition of 
cyclin B1 expression was found in the synovium of the 
HA@RFM@GP@SIN group (Fig.  6F). TUNEL staining 
indicated that HA@RFM@GP@SIN induced synovial 
cell apoptosis, the rate of which is higher than that of 
SIN (Fig. 6G). Thus, the findings indicated a significant 
reduction in proliferating synovial cells in the HA@
RFM@GP@SIN group compared to both the AIA and 
SIN groups.

Fig. 5  Pharmacokinetics and biodistribution of HA@RFM@GP@SIN NPs in AIA rats. (A) The fluorescence images and (B) pharmacokinetic curves of plasma 
samples collected from AIA rats after intravenous administration of Ce6, GPCe6 NPs, and HA@RFM@GP@SINCe6 NPs at different time points. (C) Fluorescent 
distribution and (D) quantitation of NPs at various time points in the arthritis site. (E) Fluorescent distribution and (F) quantification of NPs in major organs 
at 48 h post-injection. Data are the means ± SEM, n = 3 per treatment, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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In RA joints, macrophages predominantly exhibit the 
M1 phenotype, which contributes to the progression 
of RA through the secretion of various inflammatory 
cytokines [37]. As a result, we evaluated the phenotypic 
transition of synovial macrophages by conducting immu-
nofluorescent staining for M1 (CD80) and M2 (CD206) 
markers. The level of CD80 (green) signal in inflamed 
joints significantly increased compared to that in the 
normal group. However, intravenous administration of 
HA@RFM@GP@SIN NPs effectively reduced the level 
of CD80 while simultaneously increasing the presence of 
CD206 (red), indicating successful repolarization of mac-
rophages from the M1 to M2 phenotype (Fig. 7A and C). 
Accordingly, immunohistochemistry in Fig.  7B demon-
strated that the synovium levels of IL-6 and TNF-α were 
notably higher in the AIA group relative to the normal 

group. However, treatment with HA@RFM@GP@SIN 
NPs reduced the expression of these markers (Fig.  7D). 
Notably, the synovium levels of IL-10 increased in the 
HA@RFM@GP@SIN group. Additionally, ELISA assay 
(Fig.  7E) highlighted the same trend as the observed 
therapeutic efficacy, further confirming that HA@RFM@
GP@SIN NPs exert anti-inflammatory activity by modu-
lating macrophage polarization and subsequently regu-
lating the expression of inflammatory cytokines.

The destruction of bone and cartilage in RA joints 
is primarily driven by synovial fibroblasts and macro-
phages, which can influence osteoclastogenesis by releas-
ing matrix-degrading enzymes and pro-inflammatory 
factors [38]. By utilizing safranin O staining and micro-
CT imaging to illustrate the efficacy of HA@RFM@GP@
SIN NPs on cartilage and bone damage in inflamed ankle 

Fig. 6  HA@RFM@GP@SIN NPs inhibited synovial hyperplasia in AIA rats. (A) Hind paw swelling volume and (B) arthritis scores in AIA rats treated with PBS, 
MTX, SIN, GP NPs, or HA@RFM@GP@SIN NPs. (C) Representative images of the H&E, BrdU, cyclin B1, and TUNEL staining. (D) The quantitative analysis of 
HSS, (E) BrdU, (F) cyclin B1, and (G) TUNEL in ankle synovium. Data are presented as the means ± SEM (n = 5 per formulation), ns stands for no significance, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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joints, we found revealed significant destruction of the 
cartilage structure, notable reduction in chondrocyte 
count, and loss of the cartilage matrix in the AIA group 
(Fig.  8A). However, AIA rats treated with HA@RFM@
GP@SIN NPs displayed marginally lower severity of 
these symptoms, resulting in reduced synovial inflam-
mation and cartilage loss (Fig.  8B). Micro-CT images 
(Fig.  8C) and bone destruction scores (Fig.  8D) further 
substantiated the findings, which was reflected by rough 
joint surfaces, prominent marginal osteophytes, nar-
rowed joint cavities, and impaired interphalangeal and 
metatarsal joint correspondence in the AIA group. These 
observations exhibited greater improvement in the HA@
RFM@GP@SIN group compared to both the SIN and GP 

groups. In summary, these results ascertained the effec-
tiveness of HA@RFM@GP@SIN NPs in preventing car-
tilage erosion and bone destruction in the AIA rat model.

Anti-arthritic effects and metabolomics analysis of HA@
RFM@GP@SIN NPs in CIA rats
The pathogenesis of RA is complex and not fully under-
stood [39]. Similar to many other autoimmune diseases, 
RA affects women two to three times more frequently 
than men, with the risk increasing with age [40]. There-
fore, employing suitable RA models is essential for 
understanding the disease’s pathology, investigating 
drug actions, and advancing new treatments. CIA mod-
els, reflecting similar immunological and pathological 

Fig. 7  HA@RFM@GP@SIN NPs facilitated the transition of M1 to M2 macrophages in AIA rats. (A) Immunofluorescence and (C) quantitative analysis of 
M1 (CD80, green) and M2 (CD206, red) macrophage markers in the joint after treatment. (B) Immunohistochemical images and (D) quantitative analysis 
of IL-6, TNF-α, and IL-10 in ankle synovium. (E) Quantitative analysis of IL-6, TNF-α, and IL-10 levels in serum of AIA rats after various treatments. Data are 
presented as the means ± SEM (n = 3 per formulation), *P < 0.05, **P < 0.01, ***P < 0.001
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features as human RA, are widely used for studying auto-
immune mechanisms [41]. To bridge the gap between 
laboratory findings and clinical applications, female rats 
were selected as research subjects in this study to estab-
lish a CIA model, thus enabling the examination of the 
potential therapeutic mechanisms of HA@RFM@GP@
SIN NPs. As depicted in Fig.  9A and B, paw volumes 
increased three-fold, and the arthritic score exhibited a 
difference of more than five points in the CIA group rela-
tive to the normal group. In contrast, both paw swelling 
and the arthritic score were declined in the group treated 
with HA@RFM@GP@SIN NPs, demonstrating a similar 
trend to the results obtained in the AIA model and fur-
ther confirming the therapeutic efficacy of HA@RFM@
GP@SIN NPs.

Metabolomic analysis was implemented to test the 
effect of HA@RFM@GP@SIN NPs on RA, specifically 
focusing on serum metabolites. Plasma samples were col-
lected from three groups: normal (normal group), CIA, 
and HA@RFM@GP@SIN-treated (HMGS group) CIA 
rats. Partial least squares discriminant analysis (PLS-DA) 
was performed for all three groups, revealing significant 
differences between them in both positive and nega-
tive ion modes (Fig. S5A and 5B). The volcano diagram 
displayed the distribution of differential metabolites 
between the CIA and normal groups, as well as between 
the HA@RFM@GP@SIN and CIA groups, under both 
ion modes (Fig. 9C and D). In the diagram, upregulated 
metabolites were denoted in red, while downregulated 

metabolites were shown in green. The positive ion mode 
analysis revealed 38 shared differential metabolites 
among the three groups (Fig. 9E), while the negative ion 
mode analysis indicated 42 common differential metabo-
lites (Fig. 9F). Additionally, Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analysis, 
based on the shared differential metabolism, demon-
strated the involvement of steroid hormone biosynthe-
sis, tyrosine metabolism, and ovarian steroidogenesis 
in RA treated with HA@RFM@GP@SIN NPs (Fig.  9G 
and H). Notably, in the ovarian steroidogenesis path-
way, HA@RFM@GP@SIN NPs restored progesterone 
and estriol levels to normal in the CIA group (Fig. 9I and 
J). Progesterone, as a novel anti-inflammatory hormone 
component, exhibits both non-specific and specific anti-
inflammatory effects. The non-specific anti-inflammatory 
effect of progesterone involves the inhibition of NF-κB 
and cyclooxygenase, as well as a reduction in prostaglan-
din biosynthesis. Its specific anti-inflammatory mecha-
nism is associated with the regulation of T-cell activation 
and the inhibition of proliferation pathways [42]. Estriol, 
the primary form of estrogen during pregnancy, has 
been found to stimulate IL-10 and suppress the secre-
tion of TNF-α, thereby inducing a Th2 cell phenotype in 
T cells [43]. Studies have demonstrated that an elevated 
level of melatonin (1 mg/kg) in mice with CIA stimulates 
the immune system and increase the levels of IL-12 and 
nitric oxide, thus exacerbating RA. Accordingly, reduc-
ing melatonin levels has been considered as an effective 

Fig. 8  HA@RFM@GP@SIN NPs prevented cartilage erosion and bone destruction in AIA rats. (A) Representative images of the Safranin O staining and (B) 
the Mankin score of paws of AIA rats with treatment. (C) Micro-CT radiology score of paws and (D) bone destruction scores in AIA with various treatments. 
Data are presented as the means ± SEM (n = 3 per formulation), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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treatment [44]. As indicated in Fig. 9K, melatonin expres-
sion was elevated in the CIA group, but reduced in both 
the normal and HA@RFM@GP@SIN groups. Hydroqui-
none, found in the tyrosine metabolic pathway, aggra-
vates RA by activating the aryl hydrocarbon receptor and 
interleukin-17 pathways [45]. The hydroquinone content 
in the CIA group was heightened relative to the normal 
group; however, after treatment with HA@RFM@GP@
SIN NPs, the hydroquinone content returned to nor-
mal levels (Fig.  9L). In conclusion, the treatment of RA 
with HA@RFM@GP@SIN NPs involves an increase in 

progesterone and estriol in the ovarian steroidogenesis 
pathway, the inhibition of melatonin in the tryptophan 
metabolism pathway, and the suppression of hydroqui-
none in the tyrosine metabolism pathway.

Mechanisms underlying the efficacy of HA@RFM@GP@SIN 
NPs in arresting abnormal proliferation of RAFLS
Transcriptome analysis is a valuable tool for exploring 
the RNA expression levels of an organism in different 
states and uncovering the therapeutic mechanisms of 
drugs [46]. In our study, we investigated the mechanism 

Fig. 9  Anti-arthritic effects and metabolomic analysis of HA@RFM@GP@SIN NPs in CIA rats. (A) Hind paw swelling volume and (B) arthritis scores in CIA 
rats treated with PBS, MTX, or HA@RFM@GP@SIN NPs. (C) Volcano plot analysis of metabolites between the CIA and normal groups, as well as between the 
CIA and HA@RFM@GP@SIN NPs (HMGS) groups under positive and (D) negative ion modes. (E) Venn diagram of differential metabolites among normal, 
CIA, and HMGS groups under positive and (F) negative ion modes. (G) KEGG pathway analysis of differential metabolites among normal, CIA, and HMGS 
groups under positive and (H) negative ion modes. (I) Expression of progesterone, (J) estriol, (K) melatonin, and (L) hydroquinone in different groups. Data 
are presented as the means ± SEM (n = 6 per formulation), *P < 0.05, **P < 0.01, ***P < 0.001
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by which HA@RFM@GP@SIN NPs inhibited the prolif-
eration of RAFLS. Total RNA was collected from both 
the control and HA@RFM@GP@SIN groups, and sub-
sequent analysis revealed 2061 differentially expressed 
genes between the two groups. Among these, upregula-
tion of 988 genes while downregulation of 1073 genes, 
indicated significant differences in RNA expression 
levels between the HA@RFM@GP@SIN NPs and con-
trol groups. This is depicted in the volcano diagram 
(Fig.  10A), where upregulated genes are marked in red 
and downregulated genes in blue (fold change > 2 and P 
< 0.05). To gain a more comprehensive understanding 
of the overall changes in functional pathways and target 
key gene sets, we conducted gene set enrichment analysis 

(GSEA) [47]. The GSEA revealed the suppression of cell 
cycle pathway (Fig. 10B), while the induction of cell apop-
tosis pathway in the HA@RFM@GP@SIN NPs treatment 
group (Fig. 10C). These findings aligned with the earlier 
results obtained from cell cycle and apoptosis analyses 
(Fig.  4F and I). The KEGG pathway analysis uncovered 
that the differentially expressed genes were involved in 
various pathways that regulate cell proliferation, includ-
ing the PI3K/Akt, MAPK, Wnt, p53, and FoxO pathways 
(Fig.  10D). Notably, the PI3K/Akt/SGK/FoxO pathway 
regulates the metabolic activity and inflammatory acti-
vation of RAFLS [48]. Heat map analysis indicated that 
HA@RFM@GP@SIN NPs reduced the expression of 
PI3K/Akt and SGK while increased the transcriptional 

Fig. 10  The molecular mechanisms of HA@RFM@GP@SIN NPs on RAFLS. (A) Volcano plot showing differential gene expression regulation from RNA-
sequence analysis between the HA@RFM@GP@SIN and control groups. Red and green colors indicate upregulated and downregulated genes, respec-
tively. (B) GSEA analysis of the cell cycle and (C) apoptosis after treatment with HA@RFM@GP@SIN NPs. (D) KEGG pathway analysis of differential genes 
between the HA@RFM@GP@SIN and control groups. (E) Heat map analysis of genes differentially expressed in RAFLS between the HA@RFM@GP@SIN 
and control groups. The color and intensity in each box represent changes in gene expression. Red represents up-regulated genes, and green represents 
downregulated genes. (F) WB assay of p-PI3K/PI3K, p-Akt/Akt, SGK2, FoxO4, Cyclin B1, and β-actin in RAFLS. (G) Mechanism diagram of HA@RFM@GP@SIN 
NPs to regulate cyclin B1 expression and arrest the cell cycle in the G2 phase by inhibiting the PI3K/Akt/SGK/FoxO pathway
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activity of FoxO, leading to the inhibition of cyclin B1 
(Fig. 10E). The results of western blot showed that HA@
RFM@GP@SIN NPs suppressed the protein expression 
levels of p-PI3K/PI3K, p-Akt/Akt, SGK2, and cyclin B1, 
while upregulating FoxO4 in the RAFLS (Fig.  10F and 
Fig. S6). These findings demonstrated that HA@RFM@
GP@SIN NPs hindered the proliferation of RAFLS by 
modulating the PI3K/Akt/SGK/FoxO pathway, resulting 
in reduced cyclin B1 expression and cell cycle arrest in 
the G2 phase (Fig. 10G).

Safety evaluation of HA@RFM@GP@SIN NPs in vitro and in 
vivo
Biocompatibility evaluation of HA@RFM@GP@SIN NPs in 
vitro
The safety of nanomaterials is crucial for their clinical 
applications. Firstly, the compatibility of HA@RFM@

GP@SIN NPs was assessed by conducting hemolysis 
and platelet aggregation assays. Incubation of GP NPs or 
HA@RFM@GP@SIN NPs with different concentrations 
did not result in significant hemolysis (less than 5%) or 
morphological changes in rat erythrocytes (Fig.  11A-
C). Moreover, a high dose of HA@RFM@GP@SIN NPs 
(200 µg/mL) exhibited minimal impact on platelet aggre-
gation, indicating an extremely low risk of thrombosis 
(Fig.  11D). Additionally, the immune-escape ability of 
HA@RFM@GP@SIN NPs was examined in the mononu-
clear phagocyte system. When Rho-labeled nanomateri-
als were incubated with RAW264.7 cells for 4 h, GP NPs 
were progressively phagocytosed by RAW264.7 cells with 
increasing concentrations. However, HA@RFM@GP@
SIN NPs were not engulfed by RAW264.7 cells under 
the same conditions (Fig. 11E and F). This result suggests 
that the RFM coating dampens macrophage-mediated 

Fig. 11  Biocompatibility evaluation of HA@RFM@GP@SIN NPs in vitro. (A) Images of hemolysis. (B) Quantitation of hemolysis rates. (C) Morphological 
images of erythrocytes incubated in water, PBS, SIN, GP NPs, or HA@RFM@GP@SIN NPs for 4 h. (D) Aggregation of platelets incubated with PBS, SIN, GP 
NPs, or HA@RFM@GP@SIN NPs for 4 h. (E) Fluorescence images and (F) quantitation of the immune evading ability of GP NPs or HA@RFM@GP NPs at 4 h. 
(G) The cell viability of H9C2, HL7702, HK2, VSMC, HUVEC, HFLS, and RAW264.7 cells treated with 0, 20, 40, 80, 160 µg/mL of GP NPs or HA@RFM@GP@SIN 
NPs for 24 h. Data are the means ± SEM, n = 3 per treatment, ****P < 0.0001
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phagocytosis due to the properties of the original cell 
membrane proteins. Several related cell lines were uti-
lized to assess the cytotoxicity of HA@RFM@GP@SIN 
NPs (Fig. 11G). Both GP NPs and HA@RFM@GP@SIN 
NPs exhibited low cytotoxicity (over 80% activity) in 
H9C2 (heart), HL7702 (liver), HK2 (kidney), HFLS, and 
RAW264.7 cells. Additionally, GP NPs at concentrations 
of 80 and 160  µg/mL reduced VSMC and HUVEC cell 
viability, while HA@RFM@GP@SIN NPs did not affect 
their viability under the same conditions, demonstrat-
ing a protective effect on blood vessels. These findings 
indicate that HA@RFM@GP@SIN NPs are non-toxic to 
major organs such as the heart, liver, and kidney.

HA@RFM@GP@SIN NPs showed high safety in vivo
The in vivo relative toxicity of HA@RFM@GP@SIN NPs 
was further assessed by monitoring different parameters. 
Change in body weight serves as an important param-
eter for biosafety evaluation. As depicted in Fig.  12A, 
both the AIA and SIN groups of rats displayed signifi-
cantly slower weight gain relative to the normal group. 
In contrast, the group treated with HA@RFM@GP@
SIN NPs showed a greater elevation in body weight than 
those treated with SIN or GP NPs. H&E staining revealed 

hepatic lobular vein hyperplasia and blockage in the AIA 
and SIN groups. The spleen sections of the AIA group 
exhibited an indistinct boundary between the white and 
red pulp, with a significantly reduced proportion of red 
pulp. Alveolar epithelial cell edema, wall thickening, and 
cavity enlargement were observed in both the AIA and 
SIN groups. Furthermore, the renal tubules were dilated 
in the AIA and SIN groups, with irregularly shaped glom-
eruli in the AIA group. However, the HA@RFM@GP@
SIN NPs groups displayed intact hepatic lobular venous 
lumen, well-defined and evenly distributed white and 
red pulp, slight alveolar wall thickening, and normal 
renal tubules and glomeruli (Fig.  12B). Moreover, rou-
tine blood tests exhibited a noteworthy elevation in white 
blood cell (WBC) and neutrophil granulocyte (NEU) 
levels within the AIA group in comparison to the nor-
mal group. Conversely, the HA@RFM@GP@SIN group 
exhibited decreased WBC and NEU levels (Fig.  12C). 
Hemoglobin (HGB) and platelet (PLT) levels in AIA rats 
were restored to normal following treatment with HA@
RFM@GP@SIN NPs. Additionally, potential hepato-
toxicity was evaluated by measuring liver enzymes such 
as alanine transaminase (ALT) and aspartate amino-
transferase (AST), while potential nephrotoxicity was 

Fig. 12  HA@RFM@GP@SIN NPs showed high safety in vivo. (A) The body weights of the rats in the normal, AIA, MTX, SIN, GP, and HA@RFM@GP@SIN 
groups. (B) H&E stained sections of heart, liver, spleen, lung, and kidney tissues from normal and AIA rats of different treatment groups. (C) Complete 
blood panel analysis of WBC, NEU, HGB, and PLT levels. Evaluation of hepatotoxicity and nephrotoxicity by measuring plasma levels of ALT, AST, BUN, and 
CREA. Data are the means ± SEM, n = 5 per treatment, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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assessed using blood creatinine (CREA) and blood urea 
nitrogen (BUN) in rats. As illustrated in Fig. 12C, no sig-
nificant disparities in ALT, BUN, and CREA levels were 
observed between the HA@RFM@GP@SIN NPs and 
normal groups. Furthermore, HA@RFM@GP@SIN NPs 
diminished AST levels in the AIA groups. These findings 
indicate that HA@RFM@GP@SIN NPs pose no hepato-
toxic or nephrotoxic effects and might even enhance liver 
functionality. In conclusion, these outcomes provide evi-
dence for the safety of HA@RFM@GP@SIN NPs in the 
treatment of RA.

Conclusion
In this work, a biomimetic nanomedicine system named 
HA@RFM@GP@SIN NPs was successfully developed 
for the synergistic treatment of RA. In this nanomedi-
cine system, GOQDs not only function as SIN carriers 
but also facilitate the transformation of macrophages 
from the M1 to M2 phenotype to exert anti-oxidant and 
anti-inflammatory effects, enabling collaborative ther-
apy. Furthermore, this biomimetic nanomedicine system 
demonstrated precise targeting of the synovial lesion site 
in arthritis, collaborative regulation of synovial inflam-
mation and hyperplasia, and efficient prevention of car-
tilage erosion and bone destruction. More notably, HA@
RFM@GP@SIN NPs were demonstrated to exert anti-
arthritic effects by intervening the PI3K/Akt/SGK/FoxO 
pathway, steroid hormone biosynthesis, ovarian steroido-
genesis, tryptophan metabolism, and tyrosine metabo-
lism. Additionally, both in vitro and in vivo assessments 
demonstrated favorable biocompatibility and biosafety 
of HA@RFM@GP@SIN NPs. In conclusion, this biomi-
metic nanomedicine system showcases the synergistic 
interplay between anti-proliferative and anti-inflamma-
tory actions, emphasizing the significance of a collabora-
tive therapeutic strategy for effective RA treatment.
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