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A B S T R A C T

Rheumatoid arthritis (RA) is a common chronic inflammatory disease characterized by the proliferation of
fibroblast-like synoviocytes (FLS), pannus development, cartilage, and bone degradation, and, eventually, loss of
joint function. Fibroblast activating protein (FAP) is a particular product of activated FLS and is highly prevalent
in RA-derived fibroblast-like synoviocytes (RA-FLS). In this study, zinc ferrite nanoparticles (ZF-NPs) were
engineered to target FAPþ (FAP positive) FLS. ZF-NPswere discovered to better target FAPþ FLS due to the surface
alteration of FAP peptide and to enhance RA-FLS apoptosis by activating the endoplasmic reticulum stress (ERS)
system via the PERK-ATF4-CHOP, IRE1-XBP1 pathway, and mitochondrial damage of RA-FLS. Treatment with ZF-
NPs under the influence of an alternating magnetic field (AMF) can significantly amplify ERS and mitochondrial
damage via the magnetocaloric effect. It was also observed in adjuvant-induced arthritis (AIA) mice that FAP-
targeted ZF-NPs (FAP-ZF-NPs) could significantly suppress synovitis in vivo, inhibit synovial tissue angiogen-
esis, protect articular cartilage, and reduce M1 macrophage infiltration in synovium in AIA mice. Furthermore,
treatment of AIA mice with FAP-ZF-NPs was found to be more promising in the presence of an AMF. These
findings demonstrate the potential utility of FAP-ZF-NPs in the treatment of RA.
1. Introduction

Rheumatoid arthritis (RA) is a prevalent chronic autoimmune disease.
Its primary clinical manifestations include synovitis, pannus formation,
cartilage and bone injury, and, ultimately, joint deformity and function
loss [1,2]. Currently, nonsteroidal anti-inflammatory drugs, glucocorti-
coids, and anti-rheumatic drugs are used clinically to treat RA and
improve patients' conditions [3,4]. Although these drugs can improve
their quality of life by alleviating symptoms patients frequently
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experience adverse reactions after long-term use, including gastrointes-
tinal disorder [5], infections [6], and cardiovascular complications [7].
Despite an abundance of drugs and treatment methods for RA, there is a
dearth of effective therapies with minimal adverse effects. Therefore,
further research is required to develop new treatment strategies for RA.

In recent years, the rapid development of nanomaterials and nano-
medicine has enabled the introduction of novel therapeutic strategies for
the treatment of a variety of diseases. Many technologies have been in-
tegrated in this interdisciplinary field, including microfluidic [8–10],
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three-dimensional (3D) printing [11], pharmaceutical drugs [12,13],
medical diagnosis and treatment [14], regenerative medicine and
reproductive medicine [15,16] and so on. Due to their small size effect,
surface effect, quantum effect, and other factors, nanomaterials exhibit a
series of unique electromagnetic, optical, thermal, and mechanical
properties in comparison to conventional materials [17]. These proper-
ties not only facilitate the development of new nanomaterials but also
encourage future research and implementation of nanomaterial-based
therapies in the treatment of RA [18]. ZF-NPs belong to the class of
soft magnetic nanomaterials with excellent performance in biomedical
applications [19]. It is widely employed in biomedical fields such as
magnetic resonance imaging (MRI) [20], targeted drug delivery [21],
and magnetic hyperthermia [22,23] due to its strong chemical stability,
ease of manufacture, ease of modification, and enormous biological
activity.

In healthy individuals, fibroblast-like synoviocytes (FLS) regulate
normal leukocyte transport and joint homeostasis by nourishing the joint
environment [24,25]. However, FLS frequently exhibits an aggressive
and tumor-like character in RA [26]. The pathophysiological character-
istics of RA-FLS are believed to be similar to those of cancer-associated
fibroblasts (CAF), which contribute to tumor invasion and metastasis.
Fibroblast activating protein (FAP), one of the primary indicators of CAF,
is important in the pathophysiology of invasive tumors [24,27], and its
Scheme 1. Schematic illustration of the mechanism of action FAP-ZF-NPs in the
signaling pathways and promote ERS and mitochondrial damage in synovial FAP þ
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expression in RA has been reported in the literature [28]. Furthermore, it
was discovered that FAP overexpression in RA-FLS is associated with the
invasive phenotype of FLS. This is accompanied by FLS enhanced pro-
liferation and consequent RA cartilage degradation [29,30]. Therefore,
directly triggering the death of FAPþ FLS or limiting the interaction of
FAPþ FLS with other cells may be a promising strategy for RA treatment.

In this study, the FAP peptide was modified to achieve active tar-
geting of invasive FLS, and the therapeutic potential of ZF-NPs in the
context of RA was investigated. Following biochemical and biophysical
validation of nanomaterials, the targeting and therapeutic effects of FAP
peptide-modified ZF-NPs (FAP-ZF-NPs) under the action of AMF were
investigated in vitro and in vivo. FAP-ZF-NPs successfully activated the
PERK-ATF4-CHOP and IRE1-XBP1 signaling pathways in RA-FLS,
causing endoplasmic reticulum stress (ERS) and mitochondrial damage,
which caused apoptosis, reduced synovial angiogenesis, protected artic-
ular cartilage, and had a significant inhibitory effect on RA synovitis
(Scheme 1). Finally, FAP-ZF-NPs were administered intra-articularly and
tested in vivo for safety and potential therapeutic effects. This study
demonstrates for the first time that FAP-ZF-NPs have the potential to be
used to treat RA, revealing the untapped potential of nano drugs deliv-
ered using thermomagnetic for use in therapies that are efficient and
comparatively safe.
treatment of RA. FAP-ZF-NPs can activate PERK-ATF4-CHOP and IRE1-XBP1
cells under the influence of AMF, thereby inhibiting the process of synovitis.
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2. Materials and methods

2.1. Preparation of ZF-NPs

ZF-NPs were prepared according to the previously reported synthesis
method. Briefly, ferric nitrate and zinc nitrate solutions were mixed by
metering followed by the addition of NaOH (2 M) to completely pre-
cipitate the metal ions. After that, the pH of the mixture was adjusted to
11–12 and the reaction temperature was set to 180 �C and allowed to
incubate for 360 min. The resulting solution was then centrifuged and
dialyzed and the product was isolated, filtered, and dried to yield ZF- NPs
[23].

2.2. Preparation of ZF -NPs targeting FAP

After grafting ZF onto polyethyleneimine (PEI), 50 mg of ZF and 25
mg of PEI were completely dissolved in 50 mL of ultrapure water using
ultrasonic stirring. After stirring, the supernatant was removed and the
mixture was rinsed with ultrapure water. The PEI-ZF binding was pro-
duced by heating in an oven overnight. To prepare FAP-PEI-ZF, 30 mg
FAP polypeptide, 1-Ethyl-3-[3-dimethylaminopropyl]-carbodiimide hy-
drochloride (EDC) and N- hydroxysuccinimide NHS (molar mass ratio
with polypeptide is 1:1) were transferred into the 100mL ultrapure water
and stirred to activate carboxyl. After that, 20 mg PEI-ZF (mass ratio of
PEI-ZF: polypeptide of 5:1) was incorporated into the above reaction
mixture and incubated overnight in the dark at 4 �C. The resulting
mixture was centrifuged and the obtained pellet was resuspended with
ultrapure water.

2.3. Characterization of ZF nanoparticles

The morphology and size of nanoparticles were examined using high-
resolution transmission electron microscopy (HRTEM) (FEI(G2 F30),
USA) and dynamic light scattering (DLS)(USA, nanosizer 90). X-ray
diffraction (XRD) (Smartlab, Japan) was used to examine the crystal
structures of ZF-NPs and FAP-ZF-NPs. Changes in zeta potential (nano-
sizer 90, USA), Fourier Transform Infrared (FTIR) spectra (Horiba xlupa,
Japan), and Ultraviolet–Visible Absorption (Horiba xlupa, Japan) spectra
of ZF-NPs before and after FAP binding were examined using standard
procedures. FAP-ZF-NPs were dispersed ultrasonically in deionized water
(1 mg/mL) and transferred into a 1.5 mL plastic centrifuge tube. The
centrifuge tube was exposed to an AMF (1.7 mT) for 5 min, and a
forward-looking infrared (FLIR T420, USA) thermal imaging camera was
used to record the temperature change of the solution at different time
points in real-time and to draw a post hoc photothermal temperature rise
curve.

2.4. Human samples

Tissue samples were collected from 10 RA patients. The diagnostic
criteria for RA were revised in 1987 by the American College of Rheu-
matology. Patients with RA were included in the study, but those with
malignant tumors, metabolic diseases, mental and neurological prob-
lems, and other immune system diseases were excluded. Specifically,
samples from RA patients (n ¼ 5; 65.4 � 2.3 years of age; one male and
four females) and osteoarthritis patients (n ¼ 5; 68.3 � 5.2 years of age;
one male and four females) were included as controls in our dataset.
Human specimens were collected from Zhujiang Hospital, with the
approval of the Ethics Committee of Zhujiang Hospital, SouthernMedical
University, Guangzhou, China, (NO 2022-KY- 165-02). Each participant
submitted their informed consent.

2.5. Animal modeling and treatment

The project aims to develop an adjuvant-induced arthritis (AIA)
mouse model to simulate RA in the laboratory. Male C57/BL6 mice (8
3

weeks old, weight 20 � 1.3g) were purchased from the Guangdong
Experimental Animal Center (Guangzhou, Guangdong Province, P.R.
China). The mice were fixed in position using a mouse fixator after being
thoroughly sedated with isoflurane via inhalation. To elicit initial im-
munization, complete Freund's adjuvant was subcutaneously injected
into the flank and groin skin on day 0. To produce delayed hypersensi-
tivity, an incomplete Freund's adjuvant was injected into the knee joint
cavity on day 7. On day 21, mice in the RA and treatment groups received
an intra-articular injection of FAP-ZF-NPs (20 μg/mL, 5 μl) or were
subjected to treatment with AMF. Thermal images of the mice's joints
were obtained in separate treatment groups using an infrared thermal
imager (FLIR T420, USA). The animal study was carried out in accor-
dance with the Committee on Animal Care and Use guidelines (NO.
LAEC-2021-129) and was reviewed and approved by the Ethics Com-
mittee of the Zhujiang Hospital, Southern Medical University.

2.6. Treatment of AIA mice with FAP-ZF-NPs

The AIA mouse model was developed to evaluate the in vivo thera-
peutic effects of ZF-NPs on AIA. AIA mice were randomly divided into
four treatment groups (n ¼ 6 for each group) two weeks after model
establishment: (1) control group, (2) AMF group, (3) FAP-ZF-NPs group
(the concentration of nanomaterials was 20 μg/mL, 5 μl in total), (4) FAP-
ZF-NPs group þ AMF group (the nanomaterials were injected into the
articular cavity of mice, andmice were placed in the AMF setting the next
day). Injections were administered to the mice once a week. Mice in the
control group were injected with normal saline. Mice were sacrificed
after 4 weeks of treatment, and their serum, knee joint, and visceral
tissues were collected.

2.7. Biosafety evaluation of NPs on AIA mice

The purpose of this study is to examine the effects of various treat-
ments on the weight changes and various physiological indicators of
animals. Our specific objectives include weighing mice before and after
therapy, collecting mouse serum, and performing blood biochemical
testing. The hearts, spleen, lungs, liver, and kidneys of mice were also
collected for hematoxylin-eosin (H&E) staining. The observations are
expected to include the state of the outer membrane of the heart and
myocardial cells, the cellular status of liver cells and hepatic portal area
in liver tissue, the state of the splenic capsule and medullary area,
morphological changes of the airway epithelium and alveoli in lung tis-
sue, and cellular status of renal medulla and renal cortex. These obser-
vations will provide valuable insights into the effects of the various
treatments on the physiological functions of the animals.

2.8. Assessment of arthritis severity

Histological sections were graded from 0 to 3 for each of the following
five parameters: synovite (defined as synovial hypercellularity), exudate
of joint space (defined as leucocytes in joint space), soft tissue inflam-
mation (defined as leukocytes infiltration in the subpatellar adipose pads,
the joint capsule and the area adjacent to the periosteal sheath), cartilage
degradation (defined as loss of hematoxylin and eosin staining; 0 ¼
stained cartilage, 3 ¼ non stained cartilage) bone lesions (defined based
on the extent and depth of subchondrial bone lesions). The sum of each
observable characteristic (up to a maximum of 15) produced the total
histology result [31].

2.9. Tissue section staining

Sections with a thickness of 5 μm were formed after drying human
and animal tissue specimens and forming wax blocks. Deparaffinization
was performed in xylene, followed by rehydration through a gradient of
decreasing ethanol concentration. The sections were then stained with
toluidine blue (TB)(Solarbio, China) and H&E for histological
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investigation. Following staining, the samples were examined and pho-
tographed under a microscope, followed by statistical analysis.

2.10. Cell culture and treatments

Both normal FLS and RA-FLS were purchased from Cell Applications,
Inc (San Diego, CA, USA) and cultured in Dulbecco's Modified Eagle
Medium (DMEM) medium supplemented with 5% FBS and penicillin
(100 U/mL), and 100 mg/mL streptomycin sulfate (Life Technologies,
USA) at 37 �C with 5% CO2. The cells were then treated for 24 h with
varying amounts of FAP-ZF-NPs, ZF-NPs, or the endoplasmic reticulum
stress activator thapsigargin.

2.11. Cell migration

In a 24-well plate, 1.5 � 10^5 cells were added. After the cell fusion
rate reached 95% or higher, a pipette tip perpendicular to the cell surface
was used to scratch the cells. After that, the cells were washedwith sterile
PBS to remove any detached cells from the scratch line, then transferred
to the serum-free culture medium and subjected to incubation at 37 �C in
an incubator with 5% CO2. The cells were cultured for 24 h before being
removed from the plate and photographed under a microscope followed
by the determination of scratch density.

2.12. Transwell assay

FAP-ZF-NPs treated cells were suspended in a low serum (5% FBS)
medium and seeded into the upper chamber of the transwell with a filter.
The lower chamber was filled with complete medium (including 10%
FBS). Migrating cells on the bottom surface were stained with 0.5%
crystal violet after 12 h.

2.13. EdU labeling and staining

The treated cells were also subjected to formaldehyde fixation.
Following that, a 5-ethynyl-20-deoxyuridine (EdU) reaction mixture was
prepared and the cells were incubated in the dark for 30 min. The nuclei
were counterstained with Hoechst and photographed using amicroscope.

2.14. Lipid peroxidation and JC-1 detection

®Lipid Peroxidation Assay Kit (Invitrogen, USA) and Mitochondrial
Membrane Potential Assay Kit (Solarbio, China) were used to examine
the influence of ZF-NPs on lipid peroxidation and mitochondrial poten-
tial in cells.

2.15. Western blot

Lysis buffer was used to lyse treated cells. Samples with identical
levels of total protein were evaluated and then transferred after that,
analyzed with the imaging system after electrophoretic transfer. The
following antibodies were applied: anti-BIP (CST, C50B12), anti-CHOP
(CST, L63F7), anti-p-PERK CST, D11A8), anti-PERK (CST, 16F8), anti-
eIF2α (CST, D7D3), anti-p-eIF2α (CST, D9G8), anti-ATF4 (proteintech,
10835-1-AP), anti-Ero1-Lα(CST, 3264T), anti-Cyt C (proteintech, 10993-
1-AP), anti-JNK (CST, 9252T), anti-p-JNK (CST, 9251S), anti-XBP1s
(CST, E9V3E), anti-IRE1α (CST, 3294T), anti-p-IRE1α (Abcam,
ab124945).

2.16. Immunohistochemistry and immunofluorescence

Immunostaining was performed as directed by the manufacturer. The
following antibodies were utilized: anti-F4/80 (Abcam, ab6640), anti-
iNOS (proteintech, 80517- 1-RR), anti-CD31 (Santa Cruz, sc-376764),
anti-FAP (Bioss, bs-34078R), anti-COL II (Abcam, ab34712), anti-
4

VIMENTIN (Santa Cruz, sc-6260), anti-CD206 (Abcam, ab64693).
Alexa 594 or 488 dye-labeled secondary antibodies (Jackson Immu-
noResearch 383 Laboratories, Inc.) followed by overnight incubation at
4 �C.

2.17. Statistical analysis

All values were expressed as mean standard deviation (SD), and the
data were analyzed with GraphPad Prism using either the Student t-test
or an ANOVA. The Pearson correlation coefficient was used to calculate
the correlation variables between the two approaches, and statistical
significance was established at P < 0.05.

3. Results and discussion

3.1. FAP þ FLS are increased significantly during the synovitis process

In RA, FLS exhibit an altered and aggressive character, which is
important for disease progression, FLS recruitment to inflammatory sites,
and articular cartilage and bone degradation [32,33]. Because of the
similarity between RA-FLS and cancer cells, synovial tumor-like expan-
sion can occur, resulting in an expanded local vascular network of rapid
proliferation, apoptosis escape, and high production of growth and
angiogenic factors. To investigate the role of synovial invasive lesions in
RA, synovial hyperplasia and synovial angiogenesis were first studied in
the synovial tissue of patients with RA. Similar to previous studies, H&E
staining of the synovial tissue of RA patients revealed high levels of sy-
novial hyperplasia and angiogenesis as well as abundant cell infiltration.

Articular cartilage tissue from RA patients was mildly stained with TB
staining, indicating different degrees of erosion and degradation
(Fig. 1A). H&E examination of extracted samples revealed varying de-
grees of proliferation in the synovial tissue of the knee joint of AIA mice
six weeks after following the development of the AIA animal model.
Moreover, TB staining revealed the mild staining of articular cartilage
(Fig. 1F). The immunohistochemical staining of COL II (a cartilage
marker) revealed a low expression of this protein in the cartilage tissue of
RA patients (Fig. 1B) and AIA mice (Fig. 1G). Immunohistochemical
staining confirmed the higher number of CD31-positive cells in synovial
tissues of patients with RA (Fig. 1C) and AIA mice (Fig. 1H) upon com-
parison with controls, suggesting that patients with RA and AIA mice
have increased synovial angiogenesis. Furthermore, immunohistochem-
ical staining revealed that the positive staining of FAP was dramatically
enhanced in synovial tissues from RA patients (Fig. 1D) and AIA mice
(Fig. 1I). Double staining of FAP and VIMENTIN (synovial cell marker)
revealed that FAPþ FLS increased in the synovial tissue, confirming the
expression and localization of FAP in synovial tissues. Overall, these
findings demonstrated that FAP was activated in the FLS of both RA
patients (Fig. 1E) and AIA mice (Fig. 1J).

3.2. Characterization of FAP-targeted ZF-NPs

As previously described, FAPþ FLS were significantly increased dur-
ing the development of RA. Therefore, a therapeutic approach focused on
hindering FAPþ FLS pathways is critical for the treatment of RA. Previous
studies have reported that ZF-NPs can not only be used as a mediator of
magnetic hyperthermia, but they can also alter the cellular state.
Therefore, a specific binding target peptide was used in this study to
achieve a targeted strategy of ZF-NPs to FAPþ FLS. Initially, ZF-NPs were
synthesized based on previous research and experimental protocols.

ZF-NPs were selected as precursors in this study. The element distri-
bution of the surface of ZF-NPs was analyzed by element mapping and
the results demonstrated the uniform distribution of zinc, iron, and ox-
ygen on the surface of ZF-NPs as shown in Fig. 2A. TEM and DLS tech-
niques were utilized to detect FAP-ZF-NPs and evaluate their appearance
and size. The FAP peptide was found on the surface of the ZF-NPs. SEM



Fig. 1. FAPþ FLS are increased significantly during the synovitis process (A) Representative images of H&E and TB staining in the synovial tissues of normal and
RA patients (Scale bars, 100 μm or 500 μm). Immunohistochemistry based detection of the expression of COL II (B), CD31 (C), and FAP (D) in human synovial tissues
(Scale bars, 100 μm or 500 μm). (E) Representative immunofluorescence images and quantitative analysis of VIMENTIN in FAP þ cells in the synovial tissues of normal
and RA patients (Scale bars, 100 μm). (F) Representative images of H&E and TB staining in the synovial tissues of AIA mice and sham groups (Scale bars, 100 μm or
200 μm). (B) Expression of COL II (G), CD31 (H), and FAP (I) in mice synovial tissues detected via immunohistochemistry (Scale bars, 50 μm or 200 μm). (J)
Representative immunofluorescence staining images and quantitative analysis of VIMENTIN in FAP þ cells in the synovial tissues of AIA mice and sham groups (Scale
bars, 50 μm). The data is presented as mean � SD analyzed by one-way ANOVA. **P < 0.05, ***P < 0.01.
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images revealed the good dispensability of the synthesized ZF-NPs
(Fig. 2B). Following this, DLS was used to analyze the NP hydrate par-
ticle size of each sample of ZF-NPs in the solution (Fig. 2C). The average
hydrodynamic diameter of FAP-ZF-NPs (71.83 � 2.93 nm) was some-
what larger than that of ZF-NPs (31.32� 1.83 nm) due to the conjugation
of targeted peptides on the surface of FAP-ZF-NPs material, indicating
that the FAP was efficiently modified on the surface of ZF-NPs.
Furthermore, when compared to ZF-NPs (10.52 � 0.19 mV), the zeta
potential of FAP-ZF-NPs increased to 20.93 � 0.33 mV (Fig. 2D).
Simultaneously, the combination of FAP peptide and ZF-NPs was inves-
tigated by UV FTIR (Fig. 2E) and UV (Fig. 2F). The FAP-ZF-NPs X-ray
diffraction test data (Fig. 2G) was found to be similar to the ZF-NPs
characteristic peak (Fig. 2H), suggesting that the grafted nanomaterial
maintained its crystal structure and paving the way for magneto thermal
5

evaluation. Furthermore, the FAP peptide XRD test revealed that there
was no obvious characteristic peak, despite the presence of a unique
steamed bread peak structure that was consistent with the FAP peptide's
properties.
3.3. Magnetocaloric characterization of FAP-targeted ZF-NPs and
therapeutic model of AIA in mice

The FAP-ZF-NPs structure designed in this investigation consists of a
ZF-NPs core and FAP-peptide-modified surface. Consequently, FAP-ZF-
NPs should have the same magnetic and magnetothermal properties as
ZF-NPs. These findings reveal no statistically significant differences be-
tween ZF-NPs and FAP-ZF-NPs. The increase in temperature of ZF-NPs
and FAP-ZF-NPs over time was comparable, indicating that the



Fig. 2. Characterization of FAP-targeted ZF-NPs (A) TEM images and corresponding elemental mapping of ZF-NPs. (B) SEM images of ZF-NPs and FAP-ZF-NPs. (C)
DLS analysis of ZF-NPs and FAP- ZF-NPs. (D) ZETA of ZF-NPs and FAP-ZF-NPs. (E) FTIR spectra of ZF-NPs and FAP-ZF-NPs. (F) UV–vis absorption spectra of ZF-NPs
and FAP-ZF-NPs. (G) XRD patterns of ZF-NPs and FAP-ZF-NPs. (H) Characteristic peak of ZF-NPs and FAP-ZF-NPs.
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modification of the FAP peptide did not substantially alter the magne-
tocaloric properties of ZF-NPs (Fig. 3A). Therefore, FAP-ZF-NPs are
regarded as having a strong magnetocaloric effect.

The influence of magnetocaloric materials in vivowas further verified.
Mice were injected with FAP-ZF-NPs into their joint cavity for these
animal investigations and then placed in the AMF environment the next
day to induce a magnetocaloric effect (Fig. 3B). An infrared camera was
used to record temperature fluctuations in the knee joint. In comparison
to the control group, the FAP-ZF-NPs group demonstrated a good mag-
netocaloric effect in the joint cavity of mice under the influence of AMF
(Fig. 3C).

3.4. Effects of nanomaterials on synoviocytes

Previous research has shown that FAP expression levels in RA syno-
vial tissue can be elevated. After extracting FLS from both normal and RA
synovial tissue, it was discovered that FLS generated from RA synovial
tissue expressed much more FAP than FLS obtained from normal synovial
6

tissue (Fig. 4A). This phenomenon is consistent with previous research
and the design direction of this subject. The concentration of FAP-ZF-NPs
was determined by adding FAP-ZF-NPs and ZF-NPs to RA-FLS and FLS,
respectively. A CCK8 investigation confirmed the influence on cell
viability and the CCK8 tests were used to measure cell growth rates in
response to treatments. Various treatment concentrations (1, 2, 5, 10, 20,
40, 80, and 160 μg/ml) were initially administered to cell cultures. The
experimental nanomaterials concentration was determined by selecting
the lowest treatment concentration that resulted in a cell survival rate of
80% or higher. Finally, the treatment concentration ranges for FAP-ZF-
NPs were adjusted to four appropriate concentrations. FAP-ZF-NPs-NPs
(0, 10, 20, 40 μg/ml) were then delivered at the prescribed experi-
mental treatment concentrations. In RA-FLS, the results indicated that
FAP-ZF-NPs exhibited more inhibitory effect than ZF-NPs, and a con-
centration of 20 μg/ml was selected for the experiment. In FLS, ZF-NPs
appeared to be more effective than FAP-ZF-NPs above 40 μg/ml, so a
concentration of 20 μg/ml was selected for testing (Fig. 4B).

After that, the targeting effect of these nanoparticles on FLS and RA-



Fig. 3. Magnetocaloric characterization of FAP-targeted ZF-NPs and therapeutic model of AIA in mice (A) Infrared images representing the temperature of
nanomaterials heated by AMF. (B) Schematic illustration of the development of AIA mice model and treatment regimen. (C) Infrared images depicting mouse knee
temperature after treatment.
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FLS was evaluated by adding the fluorescent marker CYC5.5 to FAP-ZF-
NPs. It was observed that the RA-FLS had a better uptake of FAP-ZF-NPs
than FLS cells. RA-FLS were capable of adapting more FAP-ZF-NPs over
time (Fig. 4C). This could be related to the more obvious targeting of FAP
peptides. Fibroblast FAP is a membrane-bound protease that is currently
under investigation as a target across multiple cancer types. This is due to
its notably high levels in tumors juxtaposed with its limited expression in
normal tissues. In our study, we observed high expression of FAP in
pathogenic synovial cells, leading us to hypothesize that targeting FAP-
positive synovial cells may yield beneficial effects in the treatment of
synovitis. Positron Emission Tomography (PET) imaging that specifically
targets FAP on the surface of cancer-associated fibroblasts has shown
promising results in tumor diagnostics. FAP-2286, a FAP inhibitor, uti-
lizes cyclic peptides as FAP-binding motifs to optimize tumor retention,
demonstrating a superior performance compared to the small-molecule
7

FAP inhibitor series such as FAPI-04/46 [34,35].
Drawing from this body of research, we propose an innovative

approach that involves grafting FAP-targeting peptide sequences onto
nano zinc ferrite particles. The aim of this strategy is to imbue the
nanoparticles with FAP-targeting capabilities, thereby enhancing their
therapeutic impact on FAPþ FLS. We believe that this targeted approach
could offer a promising new avenue for the treatment of conditions
characterized by high FAP expression.

To test the efficacy of FAP-ZF-NPs in RA-FLS, ZF-NPs were used as a
control group. We added 20 μg/ml of FAP-ZF-NPs and ZF-NPs to RA-FLS,
respectively, and the effect on cell migration was confirmed using a
transwell assay. The inhibitory effect of FAP-ZF-NPs on the migration of
RA-FLS was found to be greater than that of ZF-NPs at the same con-
centration. EdU labeling revealed that FAP-ZF-NPs had a greater prolif-
eration of RA-FLS than the control group. FAP-ZF-NPs were discovered to



Fig. 4. The effects of nanomaterials on synoviocytes(A) The immunofluorescence images of FAP and VIMENTIN in FLS and RA-FLS. (B) The cell survival rate of the
FLS and RA-FLS after the treatment of FAP-ZF-NPs and ZF-NPs at 12 h. (C) Immunofluorescence imaging of the FLS and RA-FLS after CFAP-ZF-NPs treatment at 12 h
and 24 h. (D) Representative images of Transwell, EdU, and Wound-healing assay of RA-FLS after the treatment of FAP-ZF and ZF. (E) Representative images of
Transwell, EdU, and Wound-healing assay of FLS after the treatment of FAP-ZF and ZF. (F) The cell survival rate of the RA-FLS after TG treatment at 12 h. (G)Western
blotting analysis of endoplasmic reticulum stress pathway after TG treatment. (H) Representative images of Transwell, EdU, and Wound-healing assay of FLS after the
treatment of TG. *P < 0.05, **P < 0.01.
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have a more potent inhibitory effect on migration than ZF-NPs in the
migration experiment suggesting that FAP-ZF-NPs have stronger inhibi-
tory effects in RA-FLS compared with ZF-NPs (Fig. 4D). Simultaneously,
FAP-ZF-NPs and ZF-NPs on ordinary FLS were also investigated. At a
stimulation concentration of 20 μg/ml, transwell, EdU, and scratch ex-
periments were carried out. No significant difference was observed be-
tween FAP-ZF-NPs and ZF-NPs in FLS. This may be associated with the
fact that the FLS cells do not express FAP, hence exhibiting any signifi-
cant difference in the uptake of FAP-ZF-NP and ZF-NP by FLS (Fig. 4E).

Previous research has demonstrated that endoplasmic reticulum
8

stress is an essential intracellular process. Various studies have demon-
strated that ERS is a key mechanism of cell injury induced by both in-
ternal and external environmental factors [36–38]. Among these,
thapsigargin (TG) has been identified as an activator that promotes
endoplasmic reticulum stress. CCK8 was used to validate the concen-
tration of TG for usage in RA-FLS. After 24 h of stimulation, doses with a
survival rate exceeding 80% (0.1 μM, 0.5 μM, 1 μM) were selected as the
subsequent experimental concentrations (Fig. 4F). A Western blot
investigation revealed that TG can promote the RA-FLS endoplasmic
reticulum stress state (Fig. 4G). Transwell, EdU, and scratch studies
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revealed that TG could decrease RA-FLS migration and proliferation by
inducing endoplasmic reticulum stress. Therefore, endoplasmic reticu-
lum stress is thought to be one of the primary mechanisms for activating
or inhibiting synovitis (Fig. 4H).
3.5. FAP-ZF-NPs can induce ERS and mitochondrial damage

The concentration of FAP-ZF employed on RA-FLS validated by the
previous experiment section was selected as the succeeding experimental
concentration under the condition of 24 h simulation (10, 20, 40 μg/ml)
with a survival rate of more than 80%. After making FAPþ RA-FLS more
absorbable to FAP-ZF-NPs, the effect of FAP-ZF-NPs was verified on cell
migration in vitro through a transwell assay. The results revealed that
increasing FAP-ZF-NPs concentrations led to a significant decrease in the
migration of RA-FLS (Fig. 5A). EdU labeling revealed that the prolifera-
tion of RA-FLS with FAP-ZF-NPs was significantly suppressed compared
to the control group, whereas the suppression of RA-FLS proliferation
was more pronounced at higher concentrations (Fig. 5B). Concerning the
role of FAP-ZF-NPs in modulating RA-FLS migration, it was observed that
the wound healing potential of RA-FLS decreased as FAP- ZF-NP con-
centrations increased. These results suggest that FAP-ZF-NPs incubation
may influence the ability of RA-FLS to migrate in vitro (Fig. 5C).

In general, nanomaterials are found in the endoplasmic reticulum
Fig. 5. FAP-ZF-NPs can induce ERS and mitochondrial damage (A) Representa
blotting analysis of endoplasmic reticulum stress pathway. (E) Representative image
***P < 0.01.
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following endocytosis, where they may alter the milieu, interfering with
the folding of synthetic proteins and causing ERS and unfolded protein
response (UPR) [39]. Increased expression of these chaperones in the
endoplasmic reticulum represents an internal marker of ERS and
frequently indicates the presence of unfolded proteins in the endoplasmic
reticulum [40]. In contrast, the expression of the marker protein eIF2α of
the endoplasmic reticulum remained constant. Increased expression of
both the PERK protein and its phosphorylated version was observed,
indicating that FAP-ZF-NPs can activate the UPR's negative feedback
regulatory pathway PERK. Furthermore, by examining the expression of
proteins downstream of ERS induced by FAP-ZF-NPs in RA-FLS, it was
found that ATF-4 and cytochrome c (Cyt C) levels were elevated in these
cells. Among these, Cyt C is an intriguing marker because it is an essential
protein present between the mitochondrial internal and exterior mem-
branes. When cells are activated by apoptotic signals, mitochondria
release Cyt C into the cytoplasmic matrix, triggering the formation of an
apoptotic body and cellular apoptosis [41]. Interestingly, XBP1s, JNK,
IRE1α protein, and phosphorylation levels were increased in the
FAP-ZF-NPs group compared with the control group (Fig. 5D). This evi-
dence suggests that FAP-ZF-NPs can activate IRE1α in RA- FLS cells and
that FAP-ZF-NPs induce UPR via ERS, which leads to RA- FLS death.

Considering this information, Lipid Peroxidation Assay Kit was used
to detect whether incubation with FAP-ZF-NPs induced free radical-
tive images of transwell, (B) EdU, and (C) Wound-healing assay. (D) Western
s of lipid peroxidation and (F) mitochondrial membrane potential. **P < 0.05,
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mediated RA-FLS injury. FAP-ZF-NPs significantly accelerated the
oxidative degradation of RA-FLS compared with the control group
(Fig. 5E) suggesting that the FAP-ZF-NPs can significantly induce the
production of reactive oxygen species (ROS) in RA-FLS. Apoptosis is
characterized by a decrease in mitochondrial membrane potential, which
is caused by mitochondrial damage [42]. Because of the high polarity of
the potential of the mitochondrial membrane, normal cells can rapidly
ingest a JC- 1 probe into the mitochondria, forming clusters that exhibit
red fluorescence at 488 nm excitation wavelength. JC-I probes frequently
exist as monomers and produce green fluorescence after being excited at
543 nm, as a result of the reduced potential of the mitochondrial mem-
brane in apoptotic cells. Mitochondrial membrane potential in
FAP-ZF-NPs-treated cells was typically lower than in the control group. In
conjunction with the apoptosis detection results, this suggests that
FAP-ZF-NP induced decreased mitochondrial membrane potential and
promoted apoptosis in RA-FLS cells (Fig. 5F). Overall, it was hypothe-
sized that FAP-ZF-NPs can induce the PERK-ATF4-CHOP and IRE1-XBP1
pathways of ERS in RA-FLS cells, producing mitochondrial damage and
inhibiting normal function.
Fig. 6. Magnetothermal effect can potentiate ERS and mitochondrial damage
Wound-healing assay. (D) Western blotting analysis of endoplasmic reticulum stress p
(F) Representative images of lipid peroxidation and (G) mitochondrial membrane po
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3.6. Magnetothermal effect can potentiate ERS and mitochondrial damage
induced by FAP- ZF-NPs

As previously stated, FAP-ZF-NPs is a ferrous material with a unique
magnetocaloric effect. To further explore the magnetothermal effects of
FAP-ZF-NPs on ERS and mitochondrial damage in RA-FLS, a 20 μg/ml
concentration was selected as the experimental concentration to examine
the changes in the state of RA-FLS, ERS, andmitochondrial damage under
the influence of AMF.

Initially, cell morphology of migration (Fig. 6A), proliferation
(Fig. 6B), and migration (Fig. 6C) were investigated. Cells in the AMF
group were not inhibited as compared to the control group. Incubation
with FAP-ZF-NPs was observed to significantly reduce AMF-induced
migration, proliferation, and migration. The detection of ERS-related
proteins by Western blot enabled us to determine that incubation with
FAP-ZF-NPs causes an increase in BIP under AMF conditions, accompa-
nied by a distinct ERS response. FAP-ZF-NPs exhibited an upregulation of
UPR-related proteins PERK and eIF2α under the influence of AMF. In this
regard, both the protein and its phosphorylated form increased,
induced by FAP-ZF-NPs Representative images of transwell, (B) EdU, and (C)
athway. (E) The endoplasmic reticulum and mitochondria were detected by TEM.
tential. **P < 0.05, ***P < 0.01.
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indicating that the magnetocaloric effect can substantially enhance the
negative feedback regulatory pathway PERK pathway of FAP-ZF-NPs
activating UPR (Fig. 6D). Similarly, ATF-4 and Cyt C proteins were
significantly increased under AMF conditions. AMF significantly
increased the JNK, IRE1, and XBP1s protein and phosphorylated form
levels in the FAP-ZF-NPs group compared to the control group. These
findings indicate that the magnetocaloric effect can significantly increase
the apoptosis of RA- FLS induced by ERS and FAP-ZF-NPs.

An electron microscope was then used to examine the changes in cell
state caused by FAP-ZF-NPs. In the control group and the pure AMF
group, the structure of mitochondria was observed to be intact, with no
injury to themitochondrial membrane. Upon addition of FAP-ZF-NPs, the
mitochondrial structure of RA-FLS was partially altered, swollen, and
deformed; the arrangement of mitochondrial cristae was slightly dis-
rupted; some mitochondrial membranes were damaged; and the integrity
of the mitochondrial structure was compromised. Endoplasmic reticulum
and mitochondrial modifications were pronounced when FAP-ZF-NPs
were added following being exposed under the influence of AMF.
Indeed, numerous endoplasmic reticulum and mitochondrial structural
alterations were observed, with the endoplasmic reticulum being
enlarged and swollen, the mitochondrial cristae being disorderedly ar-
ranged, and the mitochondrial membrane being severely compromised
(Fig. 6E).

As previously discussed, the free radicals induced by FAP-ZF-NPs
under the influence of AMF were then detected. Comparatively, to the
control group, FAP-ZF-NPs significantly accelerated the oxidative dete-
rioration of RA-FLS cells under AMF conditions (Fig. 6F). It is proposed
that FAP-ZF-NPs can considerably increase ROS generation in RA-FLS
cells via a magnetocaloric impact. The detection of JC-I demonstrated
that the mitochondrial membrane potential of FAP-ZF-NPs was dramat-
ically reduced by the influence of AMF when compared to the control
group. In conjunction with the apoptosis detection results, these findings
suggest that FAP-ZF-NPs can substantially induce the decline of mito-
chondrial membrane potential and promote the apoptosis of RA-FLS
under AMF conditions (Fig. 6G).

In conclusion, it was believedthat FAP-ZF-NPs can dramatically
activate the PERK-ATF4-CHOP and IRE1-XBP1 pathways, as well as
enhance mitochondrial damage and ERS in RA-FLS cells in response to
AMF, hence promoting synoviocyte apoptosis.

3.7. Therapeutic effects of FAP-ZF-NPs on AIA mice in vivo

Inflammatory synovial hyperplasia and articular cartilage destruction
are considered the major pathological processes of RA. These nano-
particles were injected into the joint cavity of AIA mice to assess the
effects of FAP-ZF-NPs in the context of RA. Histological staining of mouse
joints was performed after 4 weeks of therapy. H&E staining confirmed
that synovial tissue was proliferating in the control group, whereas sy-
novial inflammation was observed in the FAP- ZF-NPs treatment group,
although to a lesser extent than in the control group.

After applying AMF to mice with AIA, it was discovered that the pure
AMF group did not affect synovial tissue and joint inflammation
continued to occur in AIA mice. In contrast, FAP-ZF-NPs were shown to
drastically reduce synovial tissue inflammation in the presence of AMF
(Fig. 7A). The observed findings further elaborated that the joint tissue of
AIA mice in the FAP-ZF-NPs þ AMF group was well protected with mild
synovitis. The cartilage erosion state was studied by TB staining and the
results revealed that the control and the pure AMF field group did not
exhibit stained cartilage confirming the severe damage of cartilage in
these groups. In contrast, the cartilage of AIA mice in the FAP-ZF-NPs
treatment group was better stained, and cartilage erosion was negli-
gible; this treatment effect was enhanced by the application of AMF.
Through immunohistochemical detection of COL II, it can also be
confirmed that FAP-ZF-NPs treatment delayed synovium-induced carti-
lage damage (Fig. 7B).

In addition, the immunostaining of CD31 showed the decreased
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formation of synovial vessels after the inhibition of synovium. The
observed findings revealed that FAP-ZF-NPs and FAP-ZF-NPs þ AMF
therapies may considerably decrease synovial tissue proliferation in AIA
mice, minimize synovial vessel development, and delay joint destruction
(Fig. 7C). Matrix metalloproteinase 3 (MMP3), a common matrix met-
alloproteinase in synovitis, is the most significant protease responsible
for cartilage destruction and an inflammatory marker [43]. It was
discovered that FAP-ZF-NPs and FAP-ZF-NPs þ AMF treatments could
considerably inhibit the production of MMP3 in AIA mice synovial tissue.
Therefore, these findings suggest that FAP-ZF-NPs and FAP-ZF-NPs þ
AMF treatments reduce the synovial invasion and inflammatory expres-
sion of cells from RA patients (Fig. 7D).

The effects of FAP-ZF-NPs and AMF on FAPþ cells were further
verified in AIA mice. The results demonstrated that the FAP-ZF-NPs
group could significantly inhibit the expression of FAPþ cells in AIA
mice under the influence of AMF. Fluorescence staining results revealed a
significant decrease in the number of positive FAP and VIMENTIN sy-
novial cells in both FAP-ZF- NPs and FAP-ZF-NPsþ AMF groups (Fig. 7E).
These findings suggest that FAP-ZF- NPs can drastically reduce FAPþ cells
in synovial tissue when induced by AMF, indicating a possible beneficial
therapeutic influence in reducing AIA mice synovitis.

Finally, the infiltration of synovial macrophages was also evaluated.
Previous research has demonstrated that macrophages can respond to
external stimuli and polarize into various forms. Some cytokines in sy-
novitis of joints can polarize macrophages in normal synovial tissue, and
polarized macrophages primarily include two subtypes: classically acti-
vated macrophages (CAMs or M1) and alternatively activated macro-
phages (AAMs or M2) [44]. M1 macrophages are responsible for the
inflammatory response in RA, whereas M2 macrophages play an
anti-inflammatory and protective function in promoting inflammation
regression. In the development of RA synovitis, RA-FLS interacts with
synovial macrophages [28,45]. Therefore; it was verified whether the
inhibition of FAPþ FLS had an impact on the polarization of macrophages
in the synovium. Fluorescence staining results showed that the number of
F4/80 and iNOS double positive cells decreased significantly in the
FAP-ZF-NPs and FAP-ZF-NPsþ AMF groups (Fig 7F), whereas CD206 did
not change considerably. The results demonstrated that the FAP-ZF-NPs
group could considerably reduce the infiltration of M1 macrophages in
the synovium of AIA mice under the action of AMF, but not synovial M2
macrophages. Therefore, FAP-ZF-NPs were believed to alleviate synovitis
by suppressing FAP þ cells in synovium, hence indirectly reducing in-
flammatory macrophage infiltration.

3.8. Treatment evaluation and biosafety assessment

The therapy intervention in this experiment was accomplished using
intra-articular injection. By analyzing its expression, it was observed that
FAP-ZF-NPs and FAP-ZF-NPs þ AMF treatments could significantly
reduce the diameter of swollen paws of AIA mice. These findings indicate
that FAP-ZF-NPs and FAP-ZF-NPs þ AMF treatments reduced systemic
inflammation. In addition, the FAP-ZF-NPs group could more signifi-
cantly inhibit the swollen paw diameter of AIA mice under the action of
AMF compared with the ZF-NPs group (Fig.8A) which was also
confirmed by clinical scores (Fig.8B). Simultaneously, the expression of
serum TNF-α was also investigated in mice of different treatment groups,
and the results demonstrated that FAP-ZF-NPs þ AMF can significantly
inhibit serum inflammation (Fig. 8C). The survival rate and weight
changes of AIA mice were monitored during treatment. Throughout the
entire treatment period, there were neither fatalities nor the appearance
of abnormal symptoms, such as anorexia and anxiety, in mice from any
intervention group. The weight in each intervention group increased
gradually, following the same patterns as the control group (Fig. 8D).
This demonstrates that the current treatment is safe and reliable and that
it has no effect on the metabolic biophysical parameters of mice. Histo-
logical staining revealed no evident histopathological abnormalities or
lesions in the internal organs of mice in either the treatment or control



Fig. 7. Therapeutic effects of FAP-ZF-NPs on AIA mice in vivo (A) Representative images of H&E and TB stainings in the synovium of AIA control mice and
treatment groups, with quantification of synovitis score (Scale bars, 100 μm or 200 μm). (B) Quantitative analysis of COL II positive cartilage in AIA control mice and
treatment groups (Scale bars, 200 μm). (C) Quantitative analysis of CD31 positive synovium in AIA control mice and treatment groups (Scale bars, 50 μm). (D)
Representative images of immunohistochemistry of MMP3 in the synovium of AIA control mice and treatment groups (Scale bars, 100 μm). (E) Representative images
and quantitative analysis of VIMENTIN in FAP þ cells in the synovium of AIA control mice and treatment groups (Scale bars, 50 μm). (F) Representative images and
immunofluorescence analysis of F4/80 and iNOS, immunohistochemistry of CD206 in the synovium of AIA control mice and treatment groups. (Scale bars, 50 μm).
The data are reported as a mean � SD and analyzed by one-way ANOVA. n ¼ 6. **P < 0.05, ***P < 0.01.
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Fig. 8. Treatment evaluation and biosafety assessment (A) Representative images of paws and (B) clinical index of mice after different treatments. (C) Elisa
detection of serum TNF-α levels in mice from various treatment groups. (D) Body weight of mice after various treatments. Histopathological analysis of heart (E),
liver(F), spleen(G), lung (H), and kidney(I) in mice after different treatments (Scale bars, 100 μm). (J) The blood biochemistry data of mice after different treatments.
Data are shown as mean � SD n ¼ 6. **P < 0.05, ***P < 0.01.
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groups. Visceral, heart (Fig. 8E), liver (Fig. 8F), spleen (Fig. 8G), lung
(Fig. 8H), and kidney (Fig. 8I) tissues exhibited normal physiological
structure and cell morphology. Furthermore, there was no aberrant
expression of biochemical indicators such as liver (ALP, AST), kidney
(BUN), and serum proteins (ALB) (Fig. 8J). A lateral reaction revealed
that there was no damage to the associated metabolic organs during the
therapy of intra-articular injection of FAP-ZF-NPs and AMF. According to
these findings, no abnormalities were observed in the organs of mice
during treatments, demonstrating the feasibility, non-toxicity, and safety
profiles of FAP-ZF-NPs injections in the joint cavity.
13
4. Conclusion

In conclusion, a FAP-targeted ZF-NPs system that can be used alone or
in conjunction with AMF to inhibit the progression of RA was developed.
This enhanced the protection of articular cartilage and efficiently
reduced the process of RA synovitis. This study employed a mechanistic
approach to demonstrate that FAP-targeted ZF-NPs exhibited an active
delivery function, enabling them to invade RA-FLS in RA synovial tissue
and accumulate in the main sites of synovitis. The ingestion of FAP-ZF-
NPs in cells was observed to activate the ERS pathway through the
PERK-ATF4-CHOP and IRE1-XBP1 pathways. This activation has been
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found to result in mitochondrial damage and the induction of apoptosis
in RA-FLS. The therapeutic efficacy was further enhanced under the ac-
tions of AMF. Furthermore, it was observed that FAP-ZF-NPs did not
induce any noteworthy long-term adverse effects in mice. Due to their
potent therapeutic action and magnetocaloric therapy, FAP-ZF-NPs have
been hypothesized to hold potential as a viable clinical treatment for RA
in the future.
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