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A B S T R A C T

Macrophages are key effector cells in the pathogenesis of rheumatoid arthritis (RA), and the pro-inflammatory 
M1 phenotype accelerates the release of cytokines and exacerbates joint inflammation. In this study, a modi-
fied Fe-based metal-organic framework (Fe-MOF) was designed for RA treatment by co-delivering emodin (EM) 
and small interfering RNA of Kelch-like ECH-associated protein 1 (siKEAP1). To target inflammatory lesions, 
hyaluronic acid (HA) was encapsulated on the surface of nanoparticles, thereby specifically binding to CD44 
receptor overexpressed on M1 macrophage membranes. From the characterization, the synthesized EM/ 
siKEAP1@Fe-MOF@HA exhibited a stable physicochemical profile and pH-responsive property. As expected, 
EM/siKEAP1@Fe-MOF@HA could effectively target macrophages and promote internalization through clathrin- 
mediated endocytosis. Both in vitro and in vivo experiments confirmed that the internalized nanoparticles reduced 
the levels of inflammatory factors and reactive oxygen species and promoted M2 macrophage polarization by 
releasing EM and downregulating KEAP1. EM/siKEAP1@Fe-MOF@HA can also alleviate the pathological fea-
tures of RA mice. More importantly, EM/siKEAP1@Fe-MOF@HA maintained an optimistic biosafety profile, 
avoiding liver and kidney toxicity and damage to major organs. Overall, this nano-delivery system reduced the 
pathological and inflammatory responses of RA by targeting macrophages and mediating their polarization, and 
thus could serve as a safe and effective strategy in the treatment of RA.

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease of uncertain 
etiology characterized by chronic joint inflammation and cartilage 
damage, which may involve systemic organs and cause progressive 
disability [1,2]. The global prevalence of RA is approximately 1 %, with 
affected patients exhibiting a two-fold increased risk of malignancy and 
cardiovascular disease development compared to healthy controls [3,4]. 
In the pathogenesis of RA, macrophages are key effector cells that are 
heavily enriched in synovium to produce pro-inflammatory cytokines 
[5]. During this process, macrophage polarization is blocked, leading to 

the predominance of the pro-inflammatory M1 phenotype, which may 
further exacerbate the joint inflammation [6,7]. Therefore, maintaining 
M1/M2 macrophage balance as well as immune homeostasis are 
important strategies to ameliorate inflammation in RA.

Although the development of the pharmaceutical industry has pro-
vided more options for the treatment of RA, the long-term safety of 
commonly used medications to maintain joint function, as well as non- 
steroidal anti-inflammatory drugs and glucocorticoids in the manage-
ment of RA remains controversial [8,9]. Therefore, the exploration for 
effective and low-toxicity drugs is urgently needed. Emodin (EM) is an 
anthraquinone derivative found in a variety of natural herbs [10,11]. 
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This active ingredient has pharmacological significance and exerts 
antioxidant and anti-inflammatory effects [12]. EM has been found to 
alleviate RA by reducing the immune infiltration and the release of 
pro-inflammatory cytokines [13]. Systemic introduction of EM also 
synergistically modulates multiple cytokines, thereby inhibiting im-
mune cell infiltration in RA and promoting the repair of joint function 
[14]. In addition to natural active compound, the introduction of gene 
drugs is also of great significance in improving the therapeutic strategies 
of RA. A previous study has shown that Kelch-like ECH-associated pro-
tein 1 (KEAP1) is highly expressed in RA fibroblast-like synoviocytes 
[15]. The overexpression of KEAP1 in RA was also accompanied by the 
increased levels of oxidative stress [16]. Thus, small interfering (siRNA) 
of KEAP1 (siKEAP1) may possess therapeutic potential for RA, but how 
to co-deliver EM and siRNA to maintain the stability of their physico-
chemical properties and improve their bioavailability has become an 
urgent issue.

With the advantages of abundant voids, large specific surface area, 
and stable structure, metal-organic framework (MOF) nanomaterials are 
widely used in drug delivery systems [17,18]. However, the toxicity of 
metal ions and organic ligands has raised concerns, thus prompting the 
production of Fe-based MOF (Fe-MOF) [19]. Fe-MOF has received spe-
cial attentions due to its low toxicity and good biocompatibility, and has 
expanded the biomedical applications of conventional MOFs [20,21]. 
Hyaluronic acid (HA) can specifically target various receptors that are 
overexpressed on the cell membrane of M1-polarized macrophages, 
which provides a feasible solution for the inability of nanoparticles to 
target lesions [22]. As a natural linear polysaccharide, HA is not only 
non-toxic and biodegradable, but also has anti-inflammatory and anti-
oxidant bioactivities that can be used for RA therapy [23,24].

Based on the above theoretical background, our team designed the 
Fe-MOF-based nanoparticles that can co-deliver EM and siKEAP1 while 
anchoring HA for its purpose of targeting macrophages. Theoretically, 
the nanosystem can ensure biosafety, target macrophages, and inhibit 
the inflammatory response in RA by promoting the macrophage polar-
ization towards M2 phenotype (Fig. 1). To confirm the above conjecture, 
the nanomaterials were characterized in this study and their anti-RA 
potential was confirmed by in vitro and in vivo experiments. We expect 
that this drug delivery system will provide a safer and more effective 
strategy for the treatment of RA.

2. Methods

2.1. Chemicals and materials

The Fe-MOF (MIL-100), HA, and EM were purchased from Sigma 
(catalog number: LEYH9ACF8736; purity: 98 %), Xi’an Ruixi Biological 
Technology (catalog number: R-Y065), and Macklin Biochemical Tech-
nology Co., Ltd. (catalog number: E808871; purity: 98 %), respectively. 
Lipopolysaccharide (LPS, L8880), agarose (A8190), Triton X-100 
(T8200), fetal bovine serum (FBS, S9030), trypsin (T1300), and DCFH- 
DA (D6470) were supplied by Beijing Solarbio Science & Technology 
Co.,Ltd. Fluorescein isothiocyanate (FITC, ST2065), Tris-HCl (pH6.8, 
ST768; pH8.8, ST789), nucleic acid dye ethidium bromide (EB, D0128), 
polyformaldehyde (P0099), 4′,6-diamidino-2-phenylindole (DAPI, 
C1005), and antifade mounting medium (p0126) were purchased from 
Shanghai Beyotime Biotechnology. Chlorpromazine (CPZ, HY-12708), 
Nystatin (HY-17409), incomplete Freund’s adjuvant (HY-153808A), 
and Colchicine (HY-16569) were obtained from MedChemExpress LLC. 
Primary antibodies of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH, ab181602) and KEAP1 (ab227828), as well as second anti-
bodies (IgG H&L [HRP], ab6721; IgG H&L [Alexa Fluor® 647], 
ab150079; IgG H&L [Alexa Fluor® 488], ab150077) were purchased 
from Abcam. Besides, anti-iNOS (22226-1-AP) and anti-CD206 (18704- 
1-AP) antibodies were obtained from Proteintech Group, Inc. The anti- 
Nrf2 antibody (AF5298) was obtained from the Affinity Biosciences. 
The sequences of siKEAP1 were designed in the Designer of Small 
Interfering RNA website as following: SS Sequence GGUCAAGUACGA-
CUGCGAACA; and AS Sequence UUCGCAGUCGUACUUGACCCA.

2.2. Synthesis of nanoparticles

Fe-MOF@HA: The Fe-MOF material was prepared into a homoge-
neous suspension with a final concentration of 2 mg/mL by ultrasonic 
treatment, mixed with HA (2 mg/mL) for 30 min under ultrasound, and 
washed with deionized water for three times to obtain Fe-MOF@HA.

EM@Fe-MOF: Fe-MOF was dispersed in ethanol solution by soni-
cation, followed by the addition of 1.5 mg EM dissolving in ethanol. The 
solution was stirred at 200 rpm for 24 h, and then centrifuged at 8000 
rpm for 5 min. The final product EM@Fe-MOF was obtained by washing 

Fig. 1. Schematic illustration of EM/siKEAP1@Fe-MOF@HA synthesis and its in vivo application for RA therapy.
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several times with ethanol to remove the excess EM. The eluate was also 
collected to calculate the loading efficiency of EM.

EM/siKEAP1@Fe-MOF: The synthesized EM@Fe-MOF was incu-
bated with siKEAP1 at various N/P ratios (0:1, 1:1, 5:1, 10:1, 15:1, 20:1) 
and stirred for 12 h to facilitate adsorption. The resulting mixture was 
then centrifuged at 10,000 rpm for 10 min, followed by three washes to 
obtain the EM/siKEAP1@Fe-MOF complexes. The eluate was also 
collected to evaluate the loading efficiency of siRNA.

EM/siKEAP1@Fe-MOF@HA: 4 mg of HA was dissolved in 2 mL of 
ultrapure water and added dropwise to the EM/siKEAP1@Fe-MOF so-
lution under continuous stirring for 30 min. The obtained solution was 
filtered (0.22 μm) and lyophilized to yield the EM/siKEAP1@Fe- 
MOF@HA nanocomposites, which was stored for further use.

2.3. Physicochemical properties evaluation of nanoparticles

To characterize nanomaterials, Fourier transform infrared spectros-
copy (FTIR, TENSOR-37, Bruker) was used to detect the molecular 
structure. For this, lyophilized powder of samples from Fe-MOF, EM, 
EM@Fe-MOF, and EM@Fe-MOF@HA groups was weighed with 2 mg 
each. After compression, the characteristic peaks of each group were 
detected using FTIR. The micromorphology and particle size of these 
samples were determined by transmission electron microscopy (TEM, 
HT-7700, Hitachi) and laser particle size analyzer (Nano ZS90, Mal-
vern), respectively. Leveraging the nitrogen adsorption property of the 
nanocomplexes, the Brunauer-Emmett-Teller (BET) method was 
employed to detect the specific surface area and pore diameter of Fe- 
MOF, Fe-MOF@HA, and EM/siKEAP1@Fe-MOF@HA. These samples 
were also assayed for zeta potential using zeta potentiometer (Nano 
ZS90, Malvern). To evaluate the stability of EM/siKEAP1@Fe- 
MOF@HA, its lyophilized powder was placed in the phosphate buff-
ered saline (PBS) or 10 % FBS, and the nanoparticles were assayed for 
their particle size and polydispersity index (PDI) every 12 h of consec-
utive 144 h.

2.4. Loading efficiency of EM and siRNA

To examine the loading efficiency of EM and siKEAP1, we initially 
prepared their respective standard working solutions and established 
calibration curves for quantitative analysis. Then, the eluent from the 
preparation process was collected to detect for its absorption value at 
330 nm. The free content of EM and siRNA was calculated according to 
the standard curve and the loading efficiency was calculated according 
to the following equation: Loading Efficiency (%) = (Winitial-Wfree)/ 
Wfinal, where Winitial represents the total amount of EM/siKEAP1 initially 
added, Wfree indicates the free EM/siKEAP1 in the supernatant, and 
Wfinal denotes the mass of final obtained EM/siKEAP1@Fe-MOF@HA 
nanoparticles.

2.5. Agarose gel electrophoresis

The 1 g of agarose was placed into a conical flask, where 50 mL of 1 
× TBE buffer was subsequently added. The conical flask was then heated 
until the agarose was completely dissolved, followed by the addition of 
2 μL of EB. Behind this step, the agarose was cooled and solidified in the 
mold and placed in the electrophoresis tank. After loading the samples, 
electrophoresis was performed at 120V. Finally, the gel was photo-
graphed under UV light to observe the migration blocking of siRNAs at 
different N/P ratios.

2.6. In vitro release of EM and siKEAP1

The EM/siKEAP1@Fe-MOF@HA nanoparticles were dispersed in 
dialysis bags (intercepted molecular weight: 2 kDa) containing 2 mL PBS 
under different pH (5.4 or 7.4). The sealed dialysis bags were immersed 
in the bottle containing PBS (20 mL) at 37 ◦C in the dark. At certain time 

intervals (0, 8, 12, 24, 36, 48 h), samples were removed to measure the 
absorbance of the supernatant. The rate of drug release was calculated 
according to the concentration of drug in PBS/initial concentration of 
drug loaded in nanoparticles.

Prior to detecting the release of siKEAP1, standard solutions of 
siKEAP1 were prepared (6.25, 12.5, 25, 50, and 100 nM). Afterwards, 
EM/siKEAP1@Fe-MOF@HA with a final concentration of 100 nM 
siKEAP1 was loaded into a dialysis bag and dispersed in 5 mL of PBS at 
100 rpm at 37 ◦C. At 0, 8, 12, 24, 36, and 48 h, 1 mL of dialysate was 
collected to determine the concentration of siKEAP1 and replenished 
with an equal amount of fresh PBS. Finally, the release rate of siKEAP1 
was calculated based on the manner described above.

2.7. Cell culture

Macrophages RAW264.7 (mouse, CL-0190) and THP-1 (human, CL- 
0233) were purchased from Wuhan Pricella Biotechnology Co., Ltd. 
and maintained in RPMI-1640 medium (C11875500BT, Gibco) con-
taining Penicillin-Streptomycin (SV30010, Hyclone) and FBS under 
conventional conditions. After adhesion, cells were successively stimu-
lated with LPS (10 μg/mL) for 48 h to induce activation and then treated 
with FITC-labelled nanomaterials with a concentration of 10 μg/mL.

2.8. Quantitative real-time polymerase chain reaction (qPCR)

Cells and tissues were lysed with Trizol (15596018, Invitrogen) to 
release total RNAs, followed by a reverse transcription reaction to syn-
thesize cDNA. After mixing cDNA templates and primers, the samples 
were subjected to PCR amplification on a Bio-rad instrument 
(CFX96Touch) for PCR reaction. The reaction conditions were set as 
follows: 40 cycles consisting of 95 ◦C for 3 min, 95 ◦C for 12 s, and 62 ◦C 
for 40 s. Detailed primer sequences are shown in Table 1. The mRNA 
expression of the target gene relative to GAPDH was calculated using the 
2− ΔΔCT method.

2.9. Cellular uptake

Logarithmically growing cells were inoculated into a six-well plate at 
a density of 5 × 105/well, activated by LPS, and then treated with FITC- 
labelled nanomaterials at a concentration of 10 μg/mL for 2 h. The 
medium containing nanomaterials was removed and washed thrice with 
PBS. After digestion with trypsin, the cells were resuspended in PBS and 
analyzed for the fluorescence intensity using a flow cytometer (Cyto-
FLEX S, Beckman).

The cells were inoculated and activated using the same method, 
followed by the addition of 10 μg/mL of FITC-labelled EM/ 
siKEAP1@Fe-MOF@HA for continuous culture of 2, 4, 8, and 12 h to 
observe the time-dependence of cellular uptake. At the end of the in-
cubation, the drug-containing medium was removed and washed thrice 
with PBS. Subsequently, the cells were fixed and stained by DAPI for 10 
min. After sealing with antifade mounting medium, the uptake of fluo-
rescence was observed using a confocal laser scanning microscope 
(CLSM, TCS SP8, Leica).

To further determine the detailed uptake mechanism, the same 
method was adopted to activate cells for 48 h. Subsequently, the cells 
were treated with CPZ (10 μg/mL), Nystatin (15 μg/mL), and Colchicine 
(5 μg/mL), respectively, for 1 h. After the treatment with FITC-labelled 
EM/siKEAP1@Fe-MOF@HA at a concentration of 10 μg/mL for 4 h, the 
fluorescence intensity of each group was analyzed by the flow 
cytometry.

2.10. Cell counting-8 (CCK-8)

Cell suspensions were inoculated in 96-well plates until complete 
adherence. Afterwards, cells were treated with (10 μg/mL) for 48 h, 
followed by the co-culture with different concentrations of EM/ 
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siKEAP1@Fe-MOF@HA (0, 2.5, 5, 10, 20, 40, 80 μg/mL) for one day. 
Following the standard procedure of the CCK-8 kit (C0037, Beyotime), 
10 μL of CCK-8 reaction solution was added to each well. After incu-
bation for 2 h, the absorbance of each well at 450 nm was measured by a 
microplate reader (DR-3518G, Wuxi Hiwell Diatek).

2.11. Immunofluorescence

The activated cells were treated with each group of nanomaterials 
(10 μg/mL) for 24 h. Then, cells were clambered, immobilized, and 
perforated with 1 % Triton-X 100 for 5–10 min. After washing with PBS, 
an appropriate amount of blocking solution was added to each sample 
for 30 min’s incubation at room temperature. Following this, diluted 
anti-iNOS (1:150) and anti-CD206 (1:200) antibodies were added for 
incubation overnight. The next day, samples were maintained with 
diluted mixture of IgG H&L and DAPI at 1:500 for 30–60 min away from 
light. After washing and sealing, the samples were scanned and photo-
graphed by a CLSM (TCS SP8, Leica). For ROS detection, cells were 
mixed with DCFH-DA (diluted at 1:1000) to fluorescently label ROS and 
then incubated in the dark for 30 min. After removing the unincorpo-
rated dye, the cells were observed under a CLSM, followed by the 
quantification of fluorescence intensity using ImageJ.

For ankle tissues, we followed conventional methods for the prepa-
ration of tissue slices, including fixation, dehydration, transparency, 
wax dipping, embedding, and sectioning. After dewaxing and hydrating, 
slices were heated for antigen repair. Method of antibody incubation and 
result records are the same as described above.

2.12. Detection of NO

To investigate the changes in the pro-inflammatory capacity of 
macrophages, we sonicated the cells (300 w for 3 s, interval 7 s for 3 
min) in accordance with the kit instructions (ml076493, Mlbio). The 
ratio of the number of cells (10,000) to the volume of extraction solution 
(mL) was maintained between 500:1 and 1000:1. After centrifugation at 
10000g, 4 ◦C for 15 min, the absorbance of each sample was examined at 
550 nm.

2.13. Enzyme linked immunosorbent assay (ELISA)

The levels of IL-6 and TNF-α in the samples were evaluated by ELISA 
assay kits (human IL-6: ml028583, Mlbio; human TNF-α: ml064303, 
Mlbio; mouse IL-6: ml063159, Mlbio; mouse TNF-α: ml002095, Mlbio). 
Briefly, 50 μL of samples were added to the plate, followed by the 
addition of 50 μL of the working solution. After incubation at 37 ◦C for 
30 min, cells were washed repeatedly for 4 times. Then, 50 μL of 
Colorant A and 50 μL of Colorant B were added to each well for the 
reaction of 15 min. Finally, the reaction was terminated by adding 50 μL 
of termination solution. Finally, the absorbance value of each well was 
measured at 450 nm.

2.14. Western blotting

Total proteins in cells and tissues were extracted by lysate for 
quantification. Subsequently, proteins were separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis. The proteins were 
then transferred to a polyvinylidene fluoride membrane for the incu-
bation with anti-KEAP1 (1:2000), anti-Nrf2 (1:500) and anti-GAPDH 
(1:10,000) antibodies overnight. On the second day, the membrane 
was cleaned and incubated with the secondary antibody working solu-
tion for 60 min. Finally, the film was developed with enhanced chem-
iluminescence (P1000, ApplyGen), scanned, and archived. The gray 
values of protein bands were captured using ImageJ, while the relative 
protein expression of KEAP1 or Nrf2 was calculated using GAPDH as an 
internal reference.

2.15. Animals

Thirty 8-week-old male DBA/1J mice weighting at 18–20 g were 
procured from the Experimental Animal Center of Yangzhou University 
for the construction of a collagen-induced RA model. For the first im-
munization, mice were injected subcutaneously with an emulsion of 
100 μg of bovine type II collagen (20022, Chondrex) and complete 
Freund’s adjuvant. To enhance immunization, mice were then injected 3 
weeks later with an emulsion of equal amounts of bovine type II collagen 
and incomplete Freund’s adjuvant. Another week later, the successful 
construction of the model was confirmed. Then, the mice in the treat-
ment group were administered EM@Fe-MOF@HA, siKEAP1@Fe- 
MOF@HA, and EM/siKEAP1@Fe-MOF@HA (1.5 mg/kg) via tail vein 
injection, respectively. The control and model groups received an 
equivalent volume of normal saline. The treatment was processed once 
every 3 days for a total of 5 times. After each treatment, the body weight, 
paw thickness, and clinical score of arthritic inflammation of mice were 
recorded. The clinical scoring criteria for the degree of arthritis 
inflammation were 0: normal; 1: mild redness and swelling of ankle and 
wrist joints; 2: moderate redness and swelling of ankle or wrist joints; 3: 
severe redness and swelling of the paws, including the fingertips; 4: 
severe inflammation of the limbs including multiple joints. The final 
score of each mouse, ranging from 0 to 16, was calculated as the sum of 
the scores from all four paws. Three days after the final administration, 
the paw morphology of mice was photographed. Subsequently, the mice 
were euthanized to collect serum, ankles, and major organs. Animal 
experiments were permitted by the Experimental Animal Ethics Com-
mittee of Yangzhou University (No.202408037).

2.16. In vivo biodistribution

Another six DBA/1J mice were purchased to observe the bio-
distribution of nanomaterials in vivo. The same method was used to 
construct a collagen-induced RA model. Subsequently, FITC-labelled 
siRNA and EM/siKEAP1@Fe-MOF@HA (1.5 mg/kg) were injected via 

Table 1 
Sequences of primers used in qPCR.

Gene Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′)

TNF-α (human) CACGCTCTTETGGCTGCT GCTFCFCACTCGGGGTTC
IL-1β (human) CCAGCTACGAATCTCCGACC TATCCTGTCCCTGGAGGTGG
IL-6 (human) ACCCCCAGGAGAAGATTCCA CAGCTCTGGCTTGTTCCTCA
Arg-1 (human) CGCCAAGTCCAGAACCATAG TCCCCATAATCCTTCACATCAC
KEAP1 (human) GTGGAGACAGAGACCTGGACTTT TGTCAACCCGGTCACTTCACTCA
GAPDH (human) GAAGGTCGGAGTCAACGGAT CTTCCCGTTCTCAGCCATGT
TNF-α (mouse) CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTTCAGTAG
IL-1β (mouse) TGTGACGTTCCC ATTAGACAG TGTGACGTTCCCATTAGACAG
IL-6 (mouse) AGTTCCTCTCTGCAAGAGACTTC CTGCAACTGCATCATCCTTCT
Arg-1 (mouse) TGTCCCTATGACAGCTCCTT GCATCCACCCAATGACACAT
KEAP1 (mouse) AGCGTGGAGAGATATGAGCC ATCATCCCCCACTCATTCCT
GAPDH (mouse) TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

qPCR, quantitative real-time polymerase chain reaction.
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the tail vein. At 1, 8, and 24 h of injection, the fluorescence distribution 
was observed and recorded using a in vivo optical imaging system (IVIS 
Lumina III, PerkinElmer). Meanwhile, one mouse in each group was 
executed at 1, 8, and 24 h, respectively, to observe the fluorescence 
distribution in the major organs.

2.17. Hematoxylin & eosin (H&E) staining

The prepared ankle tissue sections were routinely dewaxed and hy-
drated, and stained according to the H&E staining kit (C0105S, Beyo-
time) instructions. Specifically, hematoxylin was first dropped into the 
sections for 5 min of staining. After rinsing with running water, slices 
were then dehydrated in alcohol and stained with eosin for 1–2 min. 
After washing and dehydrating again, the sections were sealed for image 
acquisition using the microscopy.

2.18. Safranin O staining

The infiltration of immune cells was observed using a Safranin O 
staining kit (G1371, Solarbio). The tissue sections were pretreated and 
subsequently stained by fresh Weigert’s staining solution for 3–5 min. 
After washing, the sections were impregnated with solid green staining 
solution for 5 min. Following, these sections were washed with a weak 
acid solution and treated by the saffron staining solution for 5 min. After 
dehydration and sealing, the sections were imaged using a microscope.

2.19. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick- 
end labelling (TUNEL)

TUNEL Assay Kit (C1086, Beyotime) was used to detect the apoptosis 
in ankle tissues. Briefly, 50 μL of prepared proteinase K working solution 
was added dropwise to the dewaxed and hydrated tissue sections for a 
30-min digestion. After rinsing, configured TUNEL working solution was 
added to sections and incubated for 1 h away from light, followed by the 
DAPI staining for 10 min. Ultimately, washed sections were blocked 
with an anti-fluorescence quenching sealing solution and placed under a 
microscope for observation.

2.20. In vivo biosafety assessment

To assess the biosafety of nanoparticles, fresh blood was collected 
from each group of mice. Blood coagulation was allowed for 30 min at 
room temperature, and centrifuged at 2000×g for 10 min. Serum 
appeared in the upper layer of yellow clarified liquid was assayed for the 
levels of liver function (aspartate transaminase [AST] and alanine 
transaminase [ALT]) and kidney function (creatinine [Cre] and blood 
urea nitrogen [BUN]) indexes using an automatic biochemical analyzer 
(Indiko, Thermo Scientific). Meanwhile, heart, liver, spleen, lung, and 
kidney tissues were also collected from each group of mice and evalu-
ated for their pathological features by H&E staining as described 
previously.

2.21. Statistical analysis

All data were presented as mean ± standard deviation and processed 
for statistical analysis in GraphPad 10.1.2. Differences between two 
groups were compared using unpaired t tests. The One-way analysis of 
variance (ANOVA) and Tukey’s post hoc test were implemented for 
comparison between groups. Comparisons between multiple groups at 
consecutive times were analyzed by two-way repeated measure ANOVA. 
Results achieving P < 0.05 were defined as statistical significance.

3. Results

3.1. Synthesis and physicochemical properties evaluation of nanoparticles

In this study, EM and siKEAP1 were loaded into the Fe-MOF voids by 
free diffusion and electrostatic adsorption, respectively. To avoid drug 
degradation during delivery and to ensure the targeting of nanoparticles 
to macrophages, EM/siKEAP1@Fe-MOF was further encapsulated by 
HA. The nanomaterial synthesis and preparation process are shown in 
Fig. 2A. Subsequently, nanoparticles were characterized to confirm their 
successful preparations. Results of FTIR indicated that the characteristic 
peaks of Fe-MOF group at 3421 cm− 1 are the stretching vibration peaks 
of N-H in the amino group and O-H in the carboxyl group. Meanwhile, 
the absorption peaks appearing at 1627, 1382, 710, and 461 cm− 1 

correspond to the characteristics of C=O, C-O, aryl-ring C-H, and Fe-O 
functional groups in Fe-MOF, respectively. The characteristic peaks 
observed at 1623, 1481, 133, and 1270 cm− 1 in the EM group are 
attributed to the carbonyl C=O stretching vibration, C-C aromatic 
stretching vibration, -OH bending vibration, and C-O stretching vibra-
tion, respectively. EM@Fe-MOF not only retained the basic character-
istic peak of Fe-MOF frame (characteristic peak at 461 cm− 1 for Fe-O), 
but also displayed the absorption peak of EM in the range of 
1000–1500 cm− 1, indicating that EM was successfully encapsulated in 
the framework of Fe-MOF. In addition, EM@Fe-MOF@HA experienced 
an anti-symmetric surface exocyclic stretching vibration of sugar at 
1038 cm− 1, demonstrating the successful wrapping of HA (Fig. 2B). 
Under TEM, EM/siKEAP1@Fe-MOF@HA showed the polyhedral 
morphology with larger particle size and blurring edges compared with 
Fe-MOF and Fe-MOF@HA (Fig. 2C). The N2 absorption results suggested 
a progressive decrease in N2 uptake of Fe-MOF@HA and EM/ 
siKEAP1@Fe-MOF@HA compared to Fe-MOF (Fig. 2D), suggesting 
that the loading of EM and siKEAP1 resulted in the reduction of material 
voids to prevent the entry of N2. During the preparation process, the 
positive charge carried by Fe-MOF and EM conferred the possibility for 
siKEAP1 and HA to be electrostatically adsorbed onto the surface of 
nanoparticles and leaded to a decrease in the zeta potential of EM/ 
siKEAP1@Fe-MOF@HA (Fig. 2E). EM/siKEAP1@Fe-MOF@HA also 
showed increased particle size from 161.9 nm of Fe-MOF and 190.6 nm 
of Fe-MOF@HA to finally 207.5 nm (Fig. 2F).

In EM/siKEAP1@Fe-MOF@HA, the loading efficiency of EM and 
siKEAP1 reached 23.85 % and 9.85 %, respectively. Meanwhile, the 
complexation ability of EM@Fe-MOF to siKEAP1 under different N/P 
ratios was tested using AGE. The results demonstrated that with the 
increase of N/P ratio, the fluorescence intensity of siRNA bands gradu-
ally decreased but completely disappeared at 20:1, suggesting a com-
plete migration of siRNA and full adsorption between EM@Fe-MOF and 
siKEAP1 at N/P = 20:1 (Fig. 2G). When EM/siKEAP1@Fe-MOF@HA 
was dispersed in PBS or FBS, its particle size and PDI showed no sig-
nificant changes within 144 h, suggesting the stability of nanoparticles 
in vitro (Fig. 2H). Meanwhile, the release of EM and siKEAP1 from EM/ 
siKEAP1@Fe-MOF@HA at pH 5.4 was significantly higher than that at 
pH 7.4, and gradually remained stable after reaching about 60 % at 36 h 
(Fig. 2I). The above results suggested that the EM/siKEAP1@Fe- 
MOF@HA co-delivery system was successfully constructed and charac-
terized by stable physicochemical and pH-responsive properties.

3.2. In vitro intracellular uptake

The degradable and biocompatible HA can bind CD44 receptors on 
macrophage membranes, thus endowing nanoparticles with targeting 
properties [25,26]. To confirm the targeting of 
EM/siKEAP1@Fe-MOF@HA to macrophages, activated RAW264.7 and 
THP-1 cells were treated with nanoparticles. qPCR results suggested a 
remarkable elevation of TNF-α, IL-1β, and IL-6 levels, but the addition of 
EM/siKEAP1@Fe-MOF@ HA significantly reversed the upregulation of 
these inflammatory cytokines (Fig. 3A). Using flow cytometry, we 

M. Qin et al.                                                                                                                                                                                                                                     Materials Today Bio 33 (2025) 102074 

5 



observed that the uptake of EM/siKEAP1@Fe-MOF@HA by activated 
macrophages was significantly higher than that by inactivated ones 
(Fig. 3B). More importantly, intracellular uptake of 
EM/siKEAP1@Fe-MOF@HA demonstrated a significant time-dependent 
increase (Fig. 3C). These findings revealed that 
EM/siKEAP1@Fe-MOF@HA can target activated macrophages to pro-
mote its intracellular uptake.

To explore the detailed uptake mechanism, we pretreated the cells 
with nystatin, CPZ, and colchicine, which inhibited the endocytosis 
mediated by caveolin, clathrin and micropinocytosis, respectively [27,
28]. The results suggested that these inhibitors could reduce the cellular 
uptake of EM/siKEAP1@Fe-MOF@HA, with CPZ demonstrating the 
most pronounced inhibitory effect (Fig. 3D). Therefore, 
EM/siKEAP1@Fe-MOF@HA may be internalized by macrophages 

through clathrin-mediated endocytosis.

3.3. Pro-polarization in macrophages and anti-inflammation effects of 
nanoparticles in vitro

To further probe into effects of EM/siKEAP1@Fe-MOF@HA on 
macrophage function, a series in vitro experiments were conducted. The 
treatment with EM/siKEAP1@Fe-MOF@HA did not induce significant 
differences in proliferation between activated and inactivated macro-
phages. However, it was observed that 10 μg/mL of EM/siKEAP1@Fe- 
MOF@HA exhibited the most pronounced inhibitory effect on macro-
phage proliferation, and therefore was selected as the optimal dose for 
subsequent experiments (Fig. 4A). More importantly, nanoparticles 
loaded with EM and siKEAP1 significantly inhibited the expression of 

Fig. 2. Characterization of nanoparticles. 
(A) Schematic illustration of the construction of nanoparticles. (B) FTIR reveals structurally characterized peaks of each group of nanoparticles. (C) TEM for the 
observation of micromorphology of Fe-MOF, Fe-MOF@HA, and EM/siKEAP1@Fe-MOF@HA. Scale bar = 200 nm. (D) N2 uptake of Fe-MOF, Fe-MOF@HA, and EM/ 
siKEAP1@Fe-MOF@HA. (E–F) Zeta potential (E) and particle size (F) of nanoparticles. (G) Migration block of siKEAP1 under different N/P ratios. (H) Changes in 
particle size and PDI of EM/siKEAP1@Fe-MOF@HA dispersed in PBS and 10 %FBS within 144 h. (I) The release difference of EM and siKEAP1 between pH5.4 and 
7.4. All experimental data were derived from three independent replicates.
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polarization markers of M1 macrophage (iNOS and IL-1β), while pro-
moting M2 phenotype markers (Arg-1 and CD206) expression to a 
greater extent than free EM, free KEAP1, and EM- or siKEAP1-loaded Fe- 
MOF@HA (Fig. 4B and C). Furthermore, EM/siKEAP1@Fe-MOF@HA 
could significantly reduce the levels of pro-inflammatory product NO 
and pro-inflammatory factor IL-6 and TNF-α (Fig. 5A and B), inhibit the 
mRNA and protein expression of KEAP1 (Fig. 5C and D), enhance the 
protein level of downstream Nrf2 (Fig. 5D), and block the generation of 
intracellular ROS (Fig. 5E), with superior efficacy compared to the other 

treatment groups. Therefore, EM/siKEAP1@Fe-MOF@HA exerts anti- 
inflammatory and antioxidant effects by mediating KEAP1/Nrf2 axis 
and promoting macrophage polarization in vitro.

3.4. In vivo biodistribution and anti-RA effects of nanoparticles

To clarify the therapeutic efficacy of EM/siKEAP1@Fe-MOF@HA on 
RA, a collagen-induced RA model was constructed in this study. The 
schedule for animal experiments is detailed in Fig. 6A. By labelling with 

Fig. 3. Intracellular uptake of EM/siKEAP1@Fe-MOF@HA and its mechanism. 
(A) Levels of TNF-α, IL-1β, and IL-6 in macrophages treated with LPS and/or EM/siKEAP1@Fe-MOF@HA. (B) Differences in uptake of EM/siKEAP1@Fe-MOF@HA 
before and after the activation of macrophages. (C) CLSM revealed the difference of EM/siKEAP1@Fe-MOF@HA uptake by activated macrophages at different times. 
Scale bar = 50 μm. (D) Uptake difference of EM/siKEAP1@Fe-MOF@HA by macrophages treated with different inhibitors. All experimental data were derived from 
three independent replicates for statistical analysis. *P < 0.05; **P < 0.01.
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FITC, the biodistribution of nanoparticles was observed using the in vivo 
imaging. It was found that EM/siKEAP1@Fe-MOF@HA was more 
distributed in the inflammation lesions of mice compared with free 
siKEAP1, and its fluorescence intensity reached the maximum at 8 h 
(Fig. 6B). In ex vivo tissue analysis, fluorescence was predominantly 
localized in the liver and kidneys, indicating a preferential accumulation 
of the administered agent in these organs. In contrast, no detectable 
fluorescence was observed in the heart, spleen, or lungs (Fig. 6C). EM/ 
siKEAP1@Fe-MOF@HA also significantly reduced the expression of 
KEAP1 mRNA and protein levels in the ankle tissues of mice with the 
prolongation of time (Fig. 6D and E). Thus, the modification of siKEAP1 
with nanoparticles can promote its internalization in macrophages, thus 
achieving the downregulation of KEAP1. In terms of therapeutic effect, 

the treatment with EM/siKEAP1@Fe-MOF@HA could significantly 
reduce paw thickness and clinical score of RA mice, compared with 
EM@Fe-MOF@HA and siKEAP1@Fe-MOF@HA treatment groups 
(Fig. 6F). To further observe the histopathologic morphology, immune 
cell infiltration, and articular cartilage structure in ankle joint, H&E and 
Safranin O staining were carried out in this study. The results suggested 
that the ankle joint of mice in the model group showed severe bone 
erosion and inflammation, with reduced articular cartilage. After EM/ 
siKEAP1@Fe-MOF@HA treatment, the joints of mice showed a com-
plete smooth surface and increased articular cartilage content, without 
obvious bone erosion and inflammatory cell infiltration (Fig. 6G). 
Furthermore, the significantly elevated ankle apoptotic rate in the 
model group was markedly reversed after undergoing treatment with 

Fig. 4. Internalization of EM/siKEAP1@Fe-MOF@HA affected macrophage polarization. 
(A) Effects of EM/siKEAP1@Fe-MOF@HA on macrophage proliferation under different concentrations (n = 4). (B) The mRNA expression levels of M1 phenotypic 
marker IL-1β and M2 phenotypic marker Arg-1 under nanoparticle treatment (n = 3). (C) The protein expression levels of M1 phenotypic marker iNOS and M2 
phenotypic marker CD206 under nanoparticle treatment (n = 3). Scale bar = 50 μm *P < 0.05; **P < 0.01.
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EM/siKEAP1@Fe-MOF@HA, whose inhibition efficiency was superior 
to that of the EM@Fe-MOF@HA and siKEAP1@Fe-MOF@HA groups 
(Fig. 6H).

3.5. Macrophage-mediated protective effects of nanoparticles on the 
inflammatory in vivo

This study further evaluated effects of the nanoparticle internaliza-
tion on inflammatory factors and polarization markers in macrophages. 

Fig. 5. EM/siKEAP1@Fe-MOF@HA exerted anti-inflammatory and antioxidant effects in macrophages. 
(A–E) Effects of nanoparticle internalization on the levels of pro-inflammatory product NO (A), the secretion of inflammatory factors (B), the mRNA level of KEAP1 
(C), the protein expression of KEAP1 and its downstream target Nrf2 (D), and the generation of intracellular ROS (E) in macrophages. Scale bar = 20 μm. All 
experimental data were derived from three independent replicates for statistical analysis. *P < 0.05; **P < 0.01.
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Fig. 6. Efficacy evaluation of nanomaterials for RA therapy in vivo. 
(A) The overall schedule for therapeutic efficacy evaluation of nanoparticles. (B) In vivo biodistribution of nanoparticles (n = 3). (C) Fluorescence distribution in 
major organs (heart, liver, spleen, lung, and kidney) (n = 3). (D–E) The KEAP1 mRNA (D) and protein (E) expression levels in mice ankle tissues with the treatment of 
nanoparticles (n = 3). (F) Effect nanomaterials on paw thickness and clinical score in mice (n = 6). (G) H&E and Safranin O staining showed the effects of drug co- 
delivery nanosystem on the tissue morphology and cartilage content of ankle joint in mice, respectively (n = 3). Scale bar = 100 μm. (H) Effect of nanomaterials on 
apoptosis of ankle joint tissue in mice (n = 3). Scale bar = 100 μm *P < 0.05; **P < 0.01.

M. Qin et al.                                                                                                                                                                                                                                     Materials Today Bio 33 (2025) 102074 

10 



The treatment with EM/siKEAP1@Fe-MOF@HA significantly down-
regulated the mRNA and protein levels of KEAP1 but increased the 
protein expression of its downstream target Nrf2 in the ankle tissues of 
RA mice, compared with EM@Fe-MOF@HA and siKEAP1@Fe- 
MOF@HA (Fig. 7A and B). Furthermore, EM/siKEAP1@Fe-MOF@HA 
also significantly suppressed the levels of inflammatory factors (IL-6 
and TNF-α) and expression of macrophage M1 phenotypic markers (IL- 

1β and iNOS) in ankle tissues of RA mice, while promoting the expres-
sion of M2 phenotypic markers (Arg-1 and CD206) compared with other 
treatment groups (Fig. 7C and D). The above findings illustrated that 
EM/siKEAP1@Fe-MOF@HA ameliorated the inflammatory response 
and promoted macrophage polarization in the ankle tissues of RA mice.

Fig. 7. Effects of nanoparticle internalization on inflammatory factors and polarization markers in macrophages. 
(A–B) Alterations in the mRNA level of KEAP1, and the protein expression of KEAP1 and Nrf2 (B) in ankle tissues of RA mice under different treatment groups. (C–D) 
Differences in expression levels of inflammatory factor (C) and macrophage polarization markers (D) among ankle tissues of RA mice treated with different groups of 
nanoparticles. Scale bar = 100 μm. All experimental data were derived from three independent replicates for statistical analysis. *P < 0.05; **P < 0.01.
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3.6. Assessment of biosafety in vivo

The biosafety of nanoparticles in vivo was evaluated by histologic 
observations of major organs and tests of liver and kidney functions. The 
body weight of mice in the treatment group exhibited a stable and 
consistent increase over the experimental period (Fig. 8A), suggesting a 
controlled cytotoxicity of nanoparticles. Subsequently, H&E staining 
was carried out to observe the morphology of major organs and showed 
no obvious immune cell infiltration and structure differences in heart, 
liver, spleen, lung and kidney tissues between groups (Fig. 8B). Detec-
tion for serum levels of ALT, AST, BUN, and Cre also indicated no sig-
nificant differences in liver and kidney functions among the groups 
(Fig. 8C). Therefore, it can be concluded that the nanoparticles possess 
an optimistic biosafety in vivo.

4. Discussion

This study successfully loaded EM and siKEAP1 in Fe-MOF by free 
diffusion and electrostatic adsorption, and the drug loading efficiency of 
EM and siKEAP1 could reach 23.85 % and 9.85 %, respectively. After 
further encapsulation of HA, the nanoparticles not only had stable 
physicochemical properties, but also responded to pH and accelerated 
the release of drugs under acidic conditions. In RA pathology, oxidative 
stress is involved in disease progression through DNA damage and lipid 
metabolism, a process that is accompanied by lactate production and pH 
reduction [29]. In acidic environments, both HA and Fe-MOF can 
effectively decompose and release inclusions to function as drug de-
livery carriers [19,30]. In addition, the specific binding of HA to CD44 
receptor confers the ability of nanoparticles to target macrophages. It 
has been demonstrated that the modification with HA enhances the 
binding of ligand to CD44 receptor, a surface receptor on M1 

macrophages, thereby improving the targeting of nanoparticles to 
macrophages in the inflammatory lesions of RA [31,32]. As expected, 
this study confirmed the inflammatory targeting of 
EM/siKEAP1@Fe-MOF@HA and its specific uptake in macrophages by 
cell- and animal-based experiments. Furthermore, we also found that 
EM/siKEAP1@Fe-MOF@HA may be internalized by macrophages 
mainly by clathrin-mediated endocytosis, which was in agreement with 
other therapeutic nanoparticles for alleviating RA inflammation by 
targeting macrophages [33]. Therefore, EM/siKEAP1@Fe-MOF@HA 
exerted its anti-RA effects by targeting macrophages. These findings 
also provide a foundation for elucidating the mechanisms underlying 
macrophage polarization.

In this study, after co-delivery of EM and siKEAP1, the nanomaterial 
observably reduced the levels of inflammatory cytokines, pro- 
inflammatory product NO, and intracellular ROS, and promoted the 
polarization of macrophages both in vitro and in vivo. Among them, TNF- 
α and IL-6 are secreted by macrophage pro-inflammatory M1 phenotype 
for maintaining inflammation in RA [6,34]. The significant reduction in 
NO levels in macrophages may be attributed to the elimination of RONS 
precursors, which serve as a hallmark of M1-polarized macrophages and 
trigger the inflammation responses in RA [35]. Consistent with findings 
of the present study, Zhu et al. proposed that EM may inhibit 
LPS-induced inflammation through the inactivation of PPARγ-depend-
ent NF-κB pathway [36]. During the treatment of RA, EM may also 
suppress the production and delivery of inflammatory factors by 
affecting macrophage subpopulation aggregation and exosome secretion 
[37]. However, as mentioned previously, the balance of M1/M2 
macrophage phenotype is crucial for alleviating RA joint inflammation 
[38,39]. Our findings suggested that the treatment with EM significantly 
promoted macrophage polarization, as evidenced by the down-
regulation of M1 phenotypic markers and upregulation of M2 

Fig. 8. Biosafety evaluation of nanoparticles in vivo. 
(A) Body weight of mice in model and treatment groups at different time points (n = 6). (B) HE staining showed the morphology of heart, liver, spleen, lung, and 
kidney tissues of each group of mice (n = 3). Scale bar = 100 μm. (C) Serum levels of liver function (ALT and AST) and renal function (BUN and Cre) indexes in model 
and treatment groups (n = 6).
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phenotypic markers. Mechanistically, EM may promote the proportion 
of anti-inflammatory M2 macrophage through inhibition of p65-NF-κB 
complex [40]. EM may also inhibit chronic inflammation in obese mice 
in vivo by promoting M2 macrophage polarization via TREM2 [41]. The 
EM-mediated cAMP/PKA pathway contributes to macrophage polari-
zation regulation and inflammatory resistance in acute lung injury [42]. 
Although the involvement of these pathways has not been elucidated in 
this study, above findings support a potential molecular mechanism of 
macrophage polarization during EM treatment against RA and provide 
clues for subsequent studies.

Similar to EM, siKEAP1 also demonstrated pro-macrophage polari-
zation and anti-inflammatory potentials in the present study. More 
importantly, EM was able to down-regulate KEAP1 expression and 
alleviate acute kidney injury by activating the Nrf2 pathway [43]. 
KEAP1-mediated Nrf2/ARE pathway is also involved in the mechanism 
by which DANCR promotes inflammation and oxidative stress in RA 
[44]. The Nrf2/KEAP1 pathway is a conserved intracellular defense 
mechanism that responds to inflammatory stimulators and corrects for 
deviations from endogenous homeostasis [45]. The cytoprotective 
Nrf2/KEAP1 signaling pathway has been found to involve in the pro-
tection against inflammatory responses, oxidative stress, and migration 
of fibroblast-like synoviocytes in RA [46,47]. Specifically, KEAP1 is a 
negative regulator of Nrf2, whose activation suppresses autoimmune 
arthritis in mice by inhibiting the expression of pro-inflammatory cy-
tokines and inducing the expression of antioxidant enzymes [48]. The 
regulation of KEAP1 on macrophage polarization is also dependent on 
Nrf2. It was found that the destruction of KEAP1-specific sites can 
reduce the binding of KEAP1 to Nrf2, thereby allowing the migration of 
Nrf2 to the nucleus and inhibiting the polarization towards M1 macro-
phages [49]. Consistent with these findings, our results demonstrated 
that the synthesized nanoparticles effectively suppressed KEAP1 
expression while upregulating the protein level of Nrf2. We therefore 
speculated that the internalization of siKEAP1 in macrophages may 
activate Nrf2-mediated cytoprotective mechanisms and reinforce 
anti-inflammatory effects in RA therapy.

However, high doses and prolonged EM use may induce reproductive 
toxicity, which was not discussed in this study. Furthermore, the 
extensive production of glucuronidation by EM may reduce its oral 
bioavailability in rats [50]. Therefore, pharmacokinetic testing of 
EM/SiKEAP1@Fe-MOF@HA is still required to determine its reproduc-
tive toxicity and specific route of administration before the clinical 
application.

5. Conclusion

In this study, HA-coated EM/siKEAP1@Fe-MOF not only had stable 
physicochemical properties, but also specifically targeted macrophages 
to enhance its internalization. This nanosystem co-delivering EM and 
siKEAP1 ensured biosafety in vivo, while effectively suppressing the in-
flammatory response and ameliorating the RA pathology by inducing 
the macrophage polarization towards M2 phenotype. Therefore, EM/ 
siKEAP1@Fe-MOF@HA is expected to become a new approach for RA 
treatment and be applied in the biomedical field.
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