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Development of ROS-Sensitive Sulfasalazine-Loaded
Ferrocene Nanoparticles and Evaluation of Their
Antirheumatic Effects in a 3D Synovial Hyperplasia Model

Dongwoo Kim, Chaehyun Kim, So Eun Lee, Sangwoo Kim, Sang-Il Lee, Min Hee Park,*
Mingyo Kim,* Daekyung Sung,* and Kangwon Lee*

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease
characterized by joint inflammation, synovial hyperplasia, and bone and
cartilage destruction, which significantly impairs physical function and quality
of life. Disease-modifying antirheumatic drugs, such as sulfasalazine (SSZ),
are crucial for altering the course and progression of RA; however, their
clinical use is hampered by poor water solubility and lack of specificity for the
reactive oxygen species (ROS)-rich environment typical of RA. To overcome
these challenges, ROS-sensitive SSZ-loaded ferrocene nanoparticles are
developed. The nanoparticles facilitate enhanced solubility and stability of
SSZ and particularly enable precision targeting through the distinctive redox
properties of ferrocene. Using a 3D synovial hyperplasia model with
fibroblast-like synoviocytes derive from RA patients and validate at both the
protein and gene levels, these nanoparticles significantly reduce lactate
dehydrogenase, ROS, and inflammatory cytokine levels. Further validation
using a collagen-induced arthritis model demonstrates therapeutic efficacy
and cytokine modulation in vivo. These findings highlight the potential of
ferrocene nanoparticles as a novel and effective therapeutic strategy for RA,
offering improved drug delivery and reduced systemic toxicity.

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory autoim-
mune disorder characterized by persistent joint inflammation,
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synovial hyperplasia, and destruction of
bone and cartilage. These conditions not
only impair physical function and quality
of life but also impose a significant so-
cioeconomic burden.[1,2] Despite advances
in understanding the pathophysiology of
RA, effective and safe therapeutic interven-
tions remain a pressing need in clinical
practice. Disease-modifying antirheumatic
drugs (DMARDs) are particularly note-
worthy as they aim to alter the disease
course, reduce or prevent joint damage,
and improve long-term outcomes.[3,4] Com-
monly used conventional DMARDs include
methotrexate, leflunomide, hydroxychloro-
quine, and sulfasalazine, each of which
employs a distinct mechanism to modu-
late the immune response and inhibit RA
progression.[5]

Among the DMARDs, sulfasalazine has
been widely used in the management of
RA because of its potent anti-inflammatory
and immunomodulatory properties.[6] This
drug is particularly effective in inhibit-
ing the proliferation and activation of

fibroblast-like synoviocytes (FLS) and immune cells such as
macrophages, T cells, and B cells, all of which are crucial in
the pathogenesis of RA. FLS plays a crucial role in sustaining
inflammation and contributing to tissue destruction within the
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joints.[7] They promote the production of inflammatory media-
tors and amplify inflammatory responses via interactions with
immune cells, thereby exacerbating joint damage.[8,9] FLS are
known to activate the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-𝜅B) signaling pathway, a key mediator of
inflammation, which perpetuates the disease and worsens tissue
damage.[10]

Sulfasalazine exerts its effects through multiple mechanisms,
including inhibiting the NF-𝜅B pathway, a key mediator of in-
flammation in FLS.[11] However, despite its clinical efficacy, sul-
fasalazine has several challenges that limit its utility as an opti-
mal antirheumatic agent. However, a major limitation is its poor
water solubility, which complicates its local delivery to inflamed
joints.[12,13] This solubility issue hinders efficient drug concen-
tration at target sites, reducing its therapeutic effectiveness. Ad-
ditionally, sulfasalazine lacks specificity for the reactive oxygen
species (ROS) prevalent in the inflamed synovium. This non-
specificity results in less targeted action within the rheumatoid
synovial tissue, potentially affecting healthy tissues and causing
off-target effects. Efforts to overcome these limitations have led to
strategies such as structural modification of the drug, combina-
tion therapy with other DMARDs or biologics, and the develop-
ment of novel delivery systems.[14,15] However, these approaches
have not fully addressed the safety and efficacy concerns associ-
ated with sulfasalazine, underscoring the need for innovative so-
lutions that enhance therapeutic specificity and reduce systemic
toxicity.

Polymeric nanoparticles can achieve target specificity through
passive targeting by focusing on macrophages that increase in
inflamed joints. These nanoparticles can be efficiently phago-
cytosed by macrophages without surface modification, leverag-
ing the fact that macrophages play a crucial role in rheuma-
toid arthritis. Nanoparticles are absorbed into the joints through
macrophages via leaky capillaries in inflamed tissues, a pro-
cess facilitated by the enhanced permeability and retention
effect.[16,17] Stimulus-sensitive polymeric nanoparticles offer a
promising solution for targeted drug delivery, particularly in en-
vironments with high ROS levels, such as inflamed tissues.[18]

These nanoparticles are designed to respond to ROS levels that
are ≈100 times higher (≈100 μm) in inflamed rheumatoid joints
compared to normal tissues, enabling precise drug release at
the target site.[19,20] Ferrocene, an organometallic compound
with unique reversible redox activity and aqueous stability, is
a key material for this purpose.[21] Upon oxidation, hydropho-
bic ferrocene (Fe2+) transforms into hydrophilic ferrocenium
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(Fe3+) without altering its molecular structure, thereby facilitat-
ing ROS-mediated drug release via a hydrophobic-to-hydrophilic
transition.[22] However, owing to its hydrophobicity, ferrocene
must be combined with hydrophilic blocks such as polyethy-
lene glycol (PEG) to form amphiphilic polymers that impart
colloidal stability, biocompatibility, and stealth properties to the
nanoparticles.[23,24] These amphiphilic polymers can then form
ROS-sensitive ferrocene nanoparticles in the shape of core–
shell micelles.[25] These nanoparticles encapsulate hydrophobic
drugs, such as sulfasalazine, in their core, enhancing solubil-
ity and bioavailability while reducing side effects.[26] Ferrocene-
containing polymeric nanoparticles are particularly effective in
the ROS-rich environment prevalent in the synovial tissues of pa-
tients with RA,[27] making them a versatile and effective compo-
nent in the development of potent anti-inflammatory therapies
for RA.

One significant hurdle in the development of effective an-
tirheumatic drugs is the inability to accurately mimic RA in
vitro. RA is particularly challenging in clinical settings be-
cause of the high heterogeneity among patients, which often
forces clinicians to rely on their experience in selecting ap-
propriate treatments.[28,29] This variability presents a signifi-
cant hurdle in preclinical testing because accurately mimick-
ing RA models is crucial for developing clinically applicable
antirheumatic drugs. Our research group has previously suc-
ceeded in constructing a 3D synovial hyperplasia model us-
ing biocompatible polycaprolactone-micropatterned nanofibrous
microwells based on FLS from five patients with RA.[30] In
this study, we developed an RA 3D spheroid model that mim-
ics the 3D environment of the human body, enabling high-
throughput assays by culturing patient-derived synovial cells on
a nanoscale-patterned polycaprolactone (PCL) scaffold. FLS from
RA patients and human umbilical vein endothelial cells (HU-
VECs) were co-cultured to simulate vascular delivery. The con-
structed 3D spheroids were validated at the protein and gene
levels and showed similarities to the synovial membranes of
patients. The drug responsiveness to five DMARDs, includ-
ing sulfasalazine, was evaluated by measuring changes in lac-
tate dehydrogenase (LDH), ROS, and inflammatory cytokine
levels.

In this study, we developed ROS-sensitive sulfasalazine-loaded
ferrocene nanoparticles (SSZ@FcNPs) and tested their efficacy
using a 3D synovial hyperplasia model constructed from FLS
of patients with RA. This advanced 3D model, validated at both
the protein and gene levels, closely mimicked the synovial en-
vironment found in patients with RA, providing a more accu-
rate platform for drug testing. Our results demonstrated that
SSZ@FcNPs effectively reduced LDH, ROS, and inflammatory
cytokine levels, indicating significant anti-inflammatory and im-
munomodulatory effects. Additionally, we employed a collagen-
induced arthritis (CIA) model to validate the therapeutic efficacy,
cytokine modulation, and immune response of the nanoparticles.
This study not only shows the potential of ferrocene polymers
to enhance the solubility, stability, and target specificity of sul-
fasalazine but also underscores the innovative approach of us-
ing ROS-sensitive nanoparticles for targeted drug delivery. The
successful application of these nanoparticles in both 3D syn-
ovial hyperplasia and CIA models underscores their potential as
a more effective and safer therapeutic strategy for rheumatoid
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arthritis, potentially overcoming the limitations of conventional
treatments and improving patient outcomes.

2. Results and Discussion

2.1. Synthesis and Characterization of ROS-Sensitive FcPs for
Targeted Drug Delivery

Ferrocene polymers represent a significant advancement in
biomedicine, particularly in the development of drug deliv-
ery systems.[31,32] These polymers possess unique redox prop-
erties that allow their electrochemical behavior to be altered
by changing their oxidation states through electron loss (oxi-
dation) or gain (reduction). This reversible control of the re-
dox processes makes ferrocene-containing copolymers highly
effective for drug delivery applications, offering new av-
enues for targeted and controlled therapeutic interventions[25,33]

(Figure 1).
We synthesized ROS-sensitive amphiphilic FcPs via straight-

forward radical polymerization using AIBN as the initiator. The
polymer consisted of an FMMA monomer with a hydrophobic
Fc moiety and MAA and PEGMA monomers with hydrophilic
COOH and PEG groups. Five FcPs with different monomer ra-
tios were synthesized via random radical copolymerization. The
synthesized polymer was dissolved in DMSO-d6 at 25 °C, and
proton chemical shifts were recorded in parts per million (ppm)
as follows: 𝛿 = h) 12.4 (br, 1H, COOH of MAA),[34] g) 4.8 (br,
2H, CO2─CH2 of FMMA), e,f) 4.4–4.1 (br, 9H of FMMA),[35]

d) 3.77–3.61 (br, ─OCH2CH2─, mPEGMA),[36] c) 3.38 (br, 3H,
O─CH3 of mPEGMA),[37] (solvent) 2.5 (DMSO-d6),[36] a,b) 2.0–
1.1 (br, ─CH3─, ─CH2─) (Figure 2A).[38]

To assess the purity of the synthesized FcPs, we analyzed the
typical peaks of methacrylate protons of the FMMA, MAA, and
PEGMA monomers, present between 5.38 and 6.21 ppm in the
1H NMR spectrum.[39] Results indicated that all FcPs had con-
version ratios above 99%, confirming a high polymer yield.[40]

After polymerization, monomeric precursor peaks disappeared,
replaced by broader peaks from polymeric alkyl chains (1.1–
2.0 ppm). Molecular weight (Mw) and dispersity (ÐM = Mw/Mn)
of ferrocene-incorporating polymers were analyzed by GPC, cal-
ibrated with polystyrene (PS) standards. FcPs consistently exhib-
ited PDI values below 2, indicating a relatively uniform molec-
ular weight distribution, affirming successful polymerization
(Table 1).

Critical micelle concentration (CMC) refers to the point at
which amphiphilic polymers assemble into polymeric micelles
when their concentration exceeds a specific threshold.[41] Deter-
mining the CMC value of amphiphilic polymers is critical for the
formation of polymeric micelles.[42] Aqueous solutions of FcPs
were analyzed across a concentration range from 5.05 × 10−8

to 4.04 × 10−6 mol L−1. The scattering intensities measured at
FcP concentrations below the CMC display a value that remains
nearly steady. At the CMC, the intensity starts to increase lin-
early with concentration as the number of micelles in the solution
grows. The CMC of FcPs was identified as 1.64 × 10−7 mol L−1

(Figure S1, Supporting Information).
FcNPs were easily prepared via nanoprecipitation of synthe-

sized FcPs. These polymers can spontaneously form stable,
self-assembled nanoaggregates in aqueous solutions with a hy-

drophobic ferrocene core and a hydrophilic shell comprising
carboxyl and PEG groups. Nanoparticle stability is crucial for
their biomedical applications.[43] To optimize them for further
study, we compared FcNP stability under various conditions us-
ing DLS analysis. The initial assessment involved measuring hy-
drodynamic diameter and PDI in DI water (25 °C) on the day
of fabrication. While the PDI of FcNP1 was <0.2, its hydro-
dynamic diameter showed some microscale aggregation. Ran-
dom copolymers of FMMA and MAA alone displayed insta-
bility; however, the addition of PEGMA significantly improved
the nanoparticle stability (Figure 2B).[44] Therefore, only FcNP2s
through FcNP5s were evaluated for long-term stability. All par-
ticles, except FcNP2s, which aggregated on day 7, remained sta-
ble in aqueous solution for 42 days, with minimal changes in
hydrodynamic diameter and PDI. This was likely due to slightly
lower PEG content reducing stabilization and causing precipita-
tion (Figure 2C).[45] Notably, FcNP3s, FcNP4s, and FcNP5s main-
tained stability even after lyophilization and redispersion without
cryoprotectants (Figure 2D). Lyophilization, which involves the
removal of water through sublimation, is typically recommended
to prevent physicochemical and microbiological issues.[46] This
finding highlights the exceptional stability of the FcNPs under
diverse conditions, making them promising candidates for drug
delivery platforms.

Micelles made from polymers with stealth properties, such as
PEG, extend the circulation time in blood.[47] Upon reaching dis-
eased areas with high local ROS concentrations, micelles disin-
tegrate and release the encapsulated drugs.[25] We assessed ROS
sensitivity by exposing FcNPs to 100 mm H2O2 and measuring
the changes in the hydrodynamic diameter. The increase in di-
ameter after exposure depended on the exposure duration, with
FcNP3s showing the quickest response, followed by FcNP4s and
FcNP5s (Figure 2E). This suggests that a higher PEG density on
micelle surfaces enhances particle stability,[48] reducing ROS sen-
sitivity of hydrophobic ferrocene domains and prolonging reac-
tion and degradation times. Zeta potential measurements con-
firmed the ROS sensitivity of FcNP3s through an increased sur-
face charge upon oxidation.[49] TEM images before and after ox-
idation validated the morphological changes, demonstrating the
potential of FcNP3s as smart ROS-sensitive carriers for efficient
drug delivery (Figure 2F).

2.2. Optimization and Characterization of FcNPs for Targeted
SSZ Delivery

Stimuli-sensitive polymers play a crucial role in biomedical ap-
plications where precise drug delivery is essential to avoid tox-
icity and ensure efficacy.[26] FcNPs have been engineered to re-
lease their therapeutic payload in response to ROS, facilitating
the targeted delivery of SSZ for sustained treatment of rheuma-
toid arthritis (RA) (Figure 3A).

Various amounts of SSZ were loaded into FcNP3s to cre-
ate SSZ@FcNPs, which were visualized in photographic im-
ages (Figure S2, Supporting Information). The encapsulation
of SSZ did not significantly alter the physicochemical proper-
ties (hydrodynamic diameter and PDI) of FcNP3s until the SSZ
content reached 20 wt.%. Zeta potential measurements indi-
cated that SSZ@FcNPs with 5 and 10 wt.% SSZ showed no
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Figure 1. Schematic illustration of the development of ROS-sensitive sulfasalazine loaded ferrocene nanoparticles and antirheumatic drug evaluation
in 3D synovial hyperplasia model.
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Figure 2. Synthesis and analysis of ferrocene polymers and nanoparticle properties. A) Synthetic pathway of ferrocene polymers formulated by varying
the molar ratios of the monomers. Proton nuclear magnetic resonance (1H NMR) spectra of ferrocene polymers in DMSO- d6 with chemical structure
and peak assignments. Hydrodynamic diameter and PDI of B) Initial FcNP1-5s, C) FcNP2-5s for 42 days. The symbol (▲) denotes partial aggregation
of the nanoparticles, and D) FcNP3-5s before lyophilization and after re-dispersed in DIW without any cryoprotectants (n = 3). E) The variations of
ROS-sensitive hydrodynamic diameter of FcNP3-5s (n = 3). F) Zeta potential (n = 3), and TEM images of FNP3s a) before (Scale bar: 200 nm) and b)
after (Scale bar: 1 μm) treatment of 100 mm H2O2 in DIW for 24 h.
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Table 1. Analysis of the synthesized ferrocene polymers along with the number-average molecular weight (Mn), the weight-average molecular weight
(Mw), and dispersity (ÐM) of the copolymers synthesized with different monomer contents (mol%).

Physicochemical analysis of the synthesized ferrocene polymers by NMR and GPC

Polymer Monomer feed [mol%] Polymer feed [mol%] Conversiona) [%] Mn
b) [g mol−1] Mw

b) [g mol−1] ÐM
b)

FMMA MAA PEGMA FMMA MAA PEGMA

FcP1 16.7 83.3 0 22.05 77.95 0 99.34 2985 5601 1.876

FcP2 16.7 62.5 20.8 21.33 57.76 20.9 99.78 6806 12928 1.899

FcP3 16.7 41.7 41.7 18.54 37.82 43.64 99.98 7048 12368 1.755

FcP4 16.7 20.8 62.5 17.65 20.3 62.06 99.96 7421 12803 1.725

FcP5 16.7 0.0 83.3 18.2 0 81.8 99.8 6822 12013 1.761

a)
Measured by 1H NMR spectroscopy;

b)
Measured by GPC via relative calibration curve with polystyrene standards.

significant change compared to SSZ@FcNPs without SSZ, sug-
gesting SSZ primarily localized in the core. However, at the con-
centration of 20 wt.%, the zeta potential was lower than that of
SSZ@FcNPs without SSZ, indicating that the nanoparticles had
reached saturation and became unstable. The negatively charged
sulfasalazine influenced the zeta potential of 20 wt.% particles,
resulting in a more negative charge compared to other particles
(Figure 3B).[50]

The HPLC analysis results at the 20 wt.% also support this sat-
uration state. The loading content (L.C.) and encapsulation effi-
ciency (E.E.) were determined using HPLC analysis for different
SSZ contents: 5 wt.% SSZ@FcNPs: L.C. = 4.86, E.E. = 97.29;
10 wt.% SSZ@FcNPs: L.C. = 9.76, E.E. = 97.62; 20 wt.%
SSZ@FcNPs: L.C. = 18.39, E.E. = 91.95. The E.E. at 20 wt.% is
≈6% lower than at 5 and 10 wt.%. This indicates a greater loss
due to saturation. Owing to this saturation, a slight increase in the
particle size was observed, and the precipitation of some unstable
polymer particles was observed on the third day after particle fab-
rication (Figure S3, Supporting Information). Therefore, 20 wt.%
concentration was completely excluded from the optimization
process.

The physicochemical properties (hydrodynamic diameter and
PDI) of SSZ@FcNPs (5 and 10 wt.%) were evaluated over 84 days
to demonstrate their long-term stability in aqueous solutions
(Figure 3C). The results confirmed high stability up to a con-
centration of 10 wt.%, leading to the selection of SSZ@FcNP
10 wt.% (0.1 mg ml−1) as the optimal formulation for further
studies.

To assess the ROS-sensitive properties of SSZ@FcNPs,
changes in hydrodynamic diameter and cumulative SSZ release
were monitored in the presence and absence of 100 μm H2O2 in
phosphate-buffered saline (PBS) (37 °C, 100 rpm).[51] Before ox-
idation, SSZ release from SSZ@FcNPs was minimal because of
the stability of the nanoparticles. In contrast, exposure to 100 μm
H2O2 induced rapid swelling of SSZ@FcNPs, resulting in burst
release of SSZ. This swelling was attributed to the electrostatic
repulsion between ferrocenium ions (Fe3+) generated in the oxi-
dized ferrocene core, leading to the rapid release of encapsulated
SSZ from the hydrophobic core (Figure 3D).[49,52,53]

The ROS sensitivity of SSZ@FcNPs was further confirmed us-
ing photographic and TEM images, illustrating the expansion of
FcNPs in response to ROS, which created larger diffusion spaces
(Figure 3D).

2.3. Stability Evaluation of Enriched SSZ@FcNPs for Enhanced
In Vivo SSZ Delivery

Previous in vivo studies in mouse models have utilized ferric ions
and SSZ-loaded nanoparticles for anti-inflammatory treatments
at high SSZ doses, typically ≈50 mg kg−1.[54] Given that DBA/1J
mice used in our current experiment have an average body weight
of ≈20 g,[55] the optimized SSZ@FcNPs (0.1 mg mL−1) prepared
earlier necessitate a high dosage. Hence, we developed enriched
SSZ@FcNPs.

Initially, we assessed the hydrodynamic diameters and PDI of
4× and 8× enriched FcNPs to determine the optimal enrichment
level, ensuring the stable formation of FcNPs. By Day 14 of FcNP
production, the hydrodynamic diameter, and PDI of 8× enriched
FcNPs had significantly increased (Figure S4, Supporting Infor-
mation). Consequently, 4× enriched FcNPs were loaded with a 4×
SSZ amount to prepare 4× enriched SSZ@FcNPs (0.4 mg mL−1).
Evaluation of hydrodynamic diameter and PDI changes in 4×
enriched FcNPs and SSZ@FcNPs under PBS conditions at
37 °C over 14 days revealed that 4× enriched SSZ@FcNPs
exhibited excellent stability (Figure S5, Supporting Informa-
tion). Furthermore, the particle morphology of the 4× enriched
SSZ@FcNPs was confirmed using TEM (Figure S6, Supporting
Information).

2.4. Effectiveness of SSZ@FcNPs on In Vitro 3D Synovial
Hyperplasia Model

Traditional 2D flask-based in vitro tests often fail to accu-
rately reflect complex cellular interactions and tissue environ-
ments encountered in clinical settings, particularly in diseases
such as RA.[56,57] To address these limitations, we developed a
3D in vitro synovial hyperplasia model that incorporates key
features of RA pathology,[30] such as neo-vascularization,[58]

cell-extracellular matrix interactions,[59] and an inflamma-
tory milieu[60] using HUVECs, PCL nanofibers, and TNF-𝛼
activation.

In this study, we evaluated the antirheumatic effects of
SSZ@FcNPs using our established 3D hyperplasia model. FLSs
and HUVECs were seeded into nanofibrous microwells and al-
lowed to reconstruct over four days. Following activation with
TNF-𝛼 to induce an inflammatory response in FLSs, drug treat-
ments were administered (Figure 4A). A quantitative assessment
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Figure 3. Fabrication, ROS-responsive properties, and stability analysis of Sulfasalazine-loaded ferrocene nanoparticles. A) Schematic illustration of
fabrication and ROS-sensitive properties of Sulfasalazine loaded ferrocene nanoparticles. B) Initial hydrodynamic diameters, PDI, and zeta potential of
SSZ@FcNPs with loading contents ranging from 0 to 20 wt.% (n = 3). C) Long-term stability analysis of SSZ@FcNPs (0, 5, and 10 wt.%) for 84 days in
DIW (n = 3). D) ROS-sensitive properties of SSZ@FcNPs. The variations of hydrodynamic diameter and cumulative SSZ release of SSZ@FcNPs after
treating 100 μm H2O2 in PBS (n = 3), and photograph and TEM images (Scale bar: 200 nm) of SSZ@FcNPs [a,b) Before oxidation in PBS, c,d) After
oxidation in PBS for 24 h].

of cell damage induced by drug treatments at various concentra-
tions was conducted using an LDH assay (Figure 4B). Notably,
the SSZ@FcNP group exhibited significantly enhanced cell dam-
age compared to free SSZ, suggesting that SSZ@FcNPs enhance
drug efficacy, likely due to the hydrophobic-to-hydrophilic transi-
tion of FcNPs upon oxidation,[32] enabling controlled and local-
ized SSZ release.

To further evaluate the efficacy of SSZ@FcNPs in mitigat-
ing oxidative stress, a DCFDA/H2DCFDA assay was performed
to measure ROS levels produced by FLSs (Figure 4C). The
significant reduction in ROS levels observed in the SSZ@FcNP
group compared to those in the free SSZ underscores the ef-
fectiveness of FcNPs in ROS-rich environments, consistent with
their known properties.[18]
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Figure 4. Evaluation of antirheumatic effects of SSZ@FcNPs in a 3D in vitro synovial hyperplasia model. A) Schematic illustration of the 3D in vitro
synovial hyperplasia model used to test the antirheumatic effect of SSZ@FcNPs. B) Changes in LDH levels after treatment with varying concentrations
of control (media only), SSZ, FcNPs, and SSZ@FcNPs (n = 3). C) Measurement of ROS levels following treatment with SSZ@FcNPs (n = 3). D) Gene
expression changes following treatment with SSZ@FcNPs. E) Fluorescent images showing cell migration and cell–cell adhesion expression following
treatment with SSZ@FcNPs in the 3D in vitro synovial hyperplasia model (Scale bar: 10 μm). Values are the mean ± SEM; ***p < 0.001 versus the
control group.
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Gene expression changes in inflammatory markers were as-
sessed using qRT-PCR before and after SSZ@FcNP treatment to
evaluate the drug-induced effects on FLSs and changes in ROS
levels (Figure 4D). Downregulation of key inflammatory mark-
ers such as CCL5[61] and TNFRSF1A[62] demonstrated that FcNPs
facilitated cellular uptake and sustained SSZ release, leading to
effective suppression of inflammatory factors at the molecular
level.

Qualitative assessment of the impact of SSZ@FcNPs on the
3D spheroid model included 𝛼-SMA staining for cell migration
and 4’,6-diamidino-2-phenylindole (DAPI) staining for cell aggre-
gation (Figure 4E). Treatment with SSZ@FcNPs resulted in re-
duced 𝛼-SMA expression and decreased cell aggregation, further
supporting the therapeutic benefits of SSZ@FcNPs in inhibiting
cell migration and synovial hyperplasia.[63]

In summary, the application of SSZ@FcNPs to our 3D syn-
ovial hyperplasia model derived from RA patient cells demon-
strated concentration-dependent cell damage, reduced ROS lev-
els, downregulation of inflammation-related genes, and de-
creased cell migration and aggregation. These findings high-
light the potential of NP-based drug delivery systems in en-
hancing drug efficacy, minimizing side effects, and providing
sustained therapeutic benefits in the treatment of rheumatoid
arthritis.

2.5. Enhanced Inhibition of NF-𝜿B Signaling Pathway in
Rheumatoid Arthritis through SSZ@FcNPs

SSZ is a well-known DMARD that inhibits the NF-𝜅B signaling
pathway, thereby reducing inflammatory cytokine levels and mit-
igating the severity of RA.[64,65] This study investigated the effec-
tiveness of SSZ@FcNPs, developed to enhance SSZ delivery and
efficacy via ferrocene nanoparticle encapsulation, in inhibiting
the NF-𝜅B pathway (Figure 5A).

First, a western blot assay was conducted to assess NF-𝜅B path-
way inhibition at the protein level (Figure 5B). Following TNF-𝛼
treatment to induce inflammation, the control group showed in-
creased expression of all proteins tested. Compared to free SSZ,
the SSZ@FcNPs exhibited a significant reduction in NF-I𝜅B,
NF-𝜅B p65, NF-𝜅B p105, and NF-𝜅B p50 levels, indicating su-
perior inhibition of the NF-𝜅B pathway. This enhanced efficacy
is attributed to the responsive nature of FcNPs, which undergo
a hydrophobic-to-hydrophilic transition upon oxidation in ROS-
rich synovial tissues.[66] This transformation facilitates targeted
and controlled SSZ release, ensuring higher drug concentrations
at inflamed sites and thereby more effectively inhibiting NF-𝜅B
signaling and subsequent inflammatory cytokine production.

Subsequently, a dot blot assay was employed to quantify the
inhibition of inflammatory cytokines downstream of NF-𝜅B in-
hibition (Figure 5C). Significant reductions were observed in
multiple inflammatory cytokines, notably IL-1𝛽, IL-3, IL-4, IL-
6sR, IL-12 p40, and p70,[67] further validating the potent anti-
inflammatory effects of SSZ@FcNPs. By broadly inhibiting cy-
tokines crucial to RA pathogenesis, SSZ@FcNPs not only target
primary inflammatory signals but also modulate downstream ef-
fects, providing comprehensive anti-inflammatory action.

To evaluate the impact of SSZ@FcNPs on macrophages, their
response was examined for M1 polarization, a marker of pro-

inflammatory activation. Immunofluorescence staining revealed
no induction of M1 polarization in macrophages treated with
SSZ@FcNPs, similar to controls, in contrast to the positive con-
trol lipopolysaccharide (LPS) (Figure 5D). This demonstrates the
specificity of SSZ@FcNPs in targeting FLSs without triggering
pro-inflammatory responses in macrophages, which is crucial for
avoiding additional inflammation and tissue damage.[68]

Furthermore, western blot analysis of IL-1𝛽 protein levels con-
firmed that SSZ@FcNPs did not induce inflammatory responses
in macrophages (Figure 5E), ensuring their biocompatibility and
safety profile. This finding indicated that SSZ@FcNPs selectively
target FLSs, reduce disease severity, and do not elicit inflamma-
tory or immune responses in other cell types, thereby positioning
them as a safe therapeutic option for RA treatment.[69]

In conclusion, SSZ@FcNPs effectively inhibit the NF-𝜅B sig-
naling pathway compared to free SSZ, leading to reduced inflam-
matory cytokine production. Their ability to suppress inflamma-
tion without inducing immune responses in macrophages high-
lights the dual benefits of enhanced efficacy and safety, making
SSZ@FcNPs a promising therapeutic approach for the treatment
of rheumatoid arthritis.

2.6. SSZ@FcNPs Effects in Collagen-Induced Arthritis (CIA)
Mouse Model

SSZ has shown efficacy in inhibiting the proliferation and acti-
vation of key cells involved in RA, such as FLS, macrophages, T
cells, and B cells, primarily through the NF-𝜅B pathway.[64,70,71]

However, its limitations include poor water solubility, hin-
dering its effective local delivery to inflamed joints, and a
lack of specificity for the ROS-rich environment typical of in-
flamed synovium.[12,13] To overcome these challenges, hydropho-
bic drugs like sulfasalazine were encapsulated in nanoparticles
to enhance solubility and bioavailability.[26] Our in vitro stud-
ies demonstrated that SSZ@FcNPs regulate the NF-𝜅B path-
way, leading to suppression of ROS generation and reduction in
inflammatory cytokine production, suggesting promising thera-
peutic benefits for RA.

To further investigate this potential, we evaluated the thera-
peutic efficacy of SSZ@FcNPs using a collagen-induced arthritis
(CIA) mouse model that mimics the key pathological features of
RA. Mice were immunized with bovine type II collagen/complete
Freund’s adjuvant (CII/CFA) on day 0 and boosted with bovine
type II collagen/incomplete Freund’s adjuvant (CII/IFA) on day
21 to induce CIA. Subsequently, mice were intravenously admin-
istered PBS, SSZ, FcNPs, or SSZ@FcNPs via the intra-orbital
sinus starting on day 1, with subsequent administrations twice
weekly (Figure 6A). Notably, none of the treatment groups exhib-
ited significant weight loss (Figure S7, Supporting Information).

Histopathological analysis of kidney, liver, and spleen tissues
using hematoxylin and eosin (H&E) staining showed no signs
of toxicity with FcNPs and SSZ@FcNPs compared to PBS and
SSZ, corroborated by serum levels of urea and creatinine (Figures
S8,S9, Supporting Information). These results confirmed the
safety of the nanoparticles developed in this study in terms of
systemic toxicity.

The assessment of arthritis severity using clinical scores re-
vealed that neither SSZ nor FcNP monotherapy significantly
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Figure 5. Inhibition of NF-𝜅B signaling and inflammatory response by SSZ@FcNPs in a patient cell-based 3D microenvironment. A) Schematic illus-
tration of the patient cell-based 3D microenvironment and the inhibitory effect of SSZ@FcNPs on the NF-𝜅B signaling pathway. B) Western blot image
showing the inhibitory effect of SSZ@FcNPs on the NF-𝜅B signaling pathway in the patient cell-based 3D microenvironment. C) Dot blot assay of in-
flammatory cytokines in response to FcNPs and SSZ@FcNPs. D) Fluorescent image of macrophage polarization induced by SSZ@FcNPs (Scale bar:
20 μm). E) Western blot of the inflammatory response to FcNPs and SSZ@FcNPs nanoparticles in RAW264.7 cells.
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Figure 6. Therapeutic efficacy of SSZ@FcNPs in CIA mice: clinical scores, histopathology, and severity of joint inflammation and damage. A) Timetable
of a therapeutic regimen with a CIA induction. Mice were immunized with bovine type II collagen on days 0 and 21. During the induction of CIA, the
mice were administered PBS (n = 4), SSZ (n = 4), FcNPs (n = 4), or SSZ@FcNPs (n = 5) twice a week starting from day 1 until the day of sacrifice (day
42). B) Changes in clinical score were observed during the 42 days after CIA induction. C) Representative histopathological images and scores of ankle
joints stained with H&E and safranin O. (original magnification × 20, 100). The severity scores of inflammations, bone erosions, and cartilage damage
in ankle joints are graded on a scale ranging from 0 (none) to 3 (severe). Scale bar: 200 μm Values are the mean ± SEM (n = 4–6 mice for each group);
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus PBS-treated CIA mice.
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Figure 7. Analysis of IFN-𝛾 and IL-17A production in CD4+ T cells from iLN of treated CIA mice by flow cytometry and ELISA. A) The frequency of IFN-
𝛾 and IL-17A-producing CD4+T cells in the iLN from PBS, SSZ, FcNPs, and SSZ@FcNPs-treated mice at 42 days after immunization were analyzed by
flow cytometry. B) iLN cells were collected from mice at 42 days after CIA induction, and 2 × 105 iLN cells stimulated with anti-CD3 and anti-CD28
antibodies for 48 h. Levels of IFN- 𝛾 and IL-17A in culture supernatants were measured by ELISA. Values are the mean ± SEM (n = 4– mice for each
group); *p < 0.05; **p < 0.01 versus PBS-treated CIA mice.

reduced arthritis severity in the CIA model. In contrast, mice
treated with SSZ@FcNPs showed significantly lower mean
arthritic clinical scores compared to PBS-, SSZ-, or FcNPs-treated
mice (Figure 6B).

Further evaluation through histopathological examination us-
ing H&E and safranin O staining demonstrated a marked re-
duction in joint inflammation, bone erosion, and cartilage dam-
age in SSZ@FcNPs-treated CIA mice compared to the con-
trols (Figure 6C). These findings underscore the efficacy of
SSZ@FcNPs in preventing arthritis development in the CIA
model, which is attributed to its targeted specificity for rheuma-
toid arthritis and ROS sensitivity.

In summary, SSZ@FcNPs effectively attenuated the severity of
arthritis in the CIA mouse model by targeting inflammation and
protecting joint integrity. This study highlights the potential of
SSZ@FcNPs as a promising therapeutic strategy for rheumatoid
arthritis, offering enhanced efficacy and safety profiles compared
to conventional SSZ treatment approaches.

2.7. Immune Modulation of SSZ@FcNPs during CIA
Development

Th17 cells play a crucial role in the pathogenesis of autoim-
mune arthritis,[72–74] particularly through the secretion of IL-
17A, a pro-inflammatory cytokine known to exacerbate arthritic
symptoms in CIA models.[75] To assess the immunological ef-
fects of SSZ@FcNPs, we conducted flow cytometry analysis on
inguinal lymph nodes isolated from CIA mice on day 42 post-
immunization.

Flow cytometry analysis revealed a significant reduction in the
percentage of Th17 cells (CD4+IL-17A+) in SSZ@FcNPs-treated
CIA mice compared to that in the PBS-, SSZ-, and FcNPs-treated
groups. Notably, there was no significant difference in the fre-
quency of Th1 cells (CD4+IFN-𝛾+) between SSZ@FcNPs-treated

mice and the control groups (Figure 7A). Consistent with the per-
centage results from flow cytometry, cell count analysis of the in-
guinal lymph nodes showed a significant decrease in Th17 cell
(CD4+IL-17A+) counts in SSZ@FcNPs-treated CIA mice com-
pared to the PBS-, SSZ-, and FcNPs-treated groups. A decreas-
ing trend in Th1 cell (CD4+IFN-𝛾+) counts was also observed in
SSZ@FcNPs-treated CIA mice compared to the control groups,
but this was not statistically significant. Additionally, no differ-
ences in the total cell counts were observed among the groups
(Figure S10, Supporting Information).

To further explore the impact of SSZ@FcNPs on T-cell cy-
tokine production, inguinal lymph node cells from CIA mice
were isolated and stimulated with anti-CD3/CD28 antibodies
for 48 h. Supernatants were collected and analyzed for cy-
tokine production using ELISA. Consistent with the flow cy-
tometry results, SSZ@FcNPs treatment significantly reduced IL-
17A production in response to CD3/CD28 stimulation compared
to PBS, SSZ, and FcNPs treatments. However, there was no
significant difference in IFN-𝛾 production among the groups
(Figure 7B).

The observation that SSZ@FcNPs treatment specifically sup-
pressed IL-17A production without affecting IFN-𝛾 suggests a
selective modulation of Th17 cells, key mediators in autoim-
mune arthritis. These findings support the hypothesis that
SSZ@FcNPs mitigate CIA pathology by targeting Th17 cells and
reducing IL-17A production, thereby contributing to the amelio-
ration of arthritis symptoms.

In conclusion, SSZ@FcNPs exhibit immunomodulatory ef-
fects in the CIA mouse model by specifically targeting Th17 cells
and suppressing IL-17A production. This selective modulation
highlights the potential therapeutic utility of SSZ@FcNPs in au-
toimmune arthritis, providing a targeted approach to alleviate
disease severity without affecting other immune responses such
as Th1 cell activity.
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3. Conclusion

In summary, we successfully demonstrated the synthesis, char-
acterization, and application of ROS-sensitive ferrocene nanopar-
ticles (FcNPs) for targeted drug delivery, specifically focusing on
sulfasalazine (SSZ) delivery. The unique redox properties of fer-
rocenes allowed for the alteration of polymer behaviors, enabling
effective controlled drug release mechanisms. In vitro studies uti-
lizing a 3D synovial hyperplasia model, which mimics rheuma-
toid arthritis (RA) conditions, demonstrated that SSZ@FcNPs
effectively reduced ROS levels, downregulated inflammation-
related genes, and mitigated cell migration and aggregation.
Moreover, in vivo studies using a CIA mouse model corrobo-
rated the therapeutic benefits of SSZ@FcNPs. Treatment with
SSZ@FcNPs significantly reduced arthritis severity, joint inflam-
mation, bone erosion, and cartilage damage compared to control
groups. Furthermore, immune modulation studies revealed a no-
table reduction in IL-17A production by Th17 cells, indicating
the immunomodulatory effects of SSZ@FcNPs. This study pro-
vides a solid foundation for further optimizing and developing
ferrocene-based drug delivery systems across a broad spectrum
of biomedical applications.

4. Experimental Section
Synthesis of Ferrocene Polymers (FcPs): Radical polymerization was em-

ployed to synthesize ferrocene polymers (Poly (FMMA-r-MAA-r-PEGMA)).
Before initiating the polymerization, MAA and PEGMA were passed over a
column containing an inhibitor removal system for 1 and 3 h, respectively.
To synthesize the copolymers, Ferrocenylmethyl methacrylate (FMMA,
95%), methacrylic acid (MAA, 99%), and poly (ethylene glycol) methyl
ether methacrylate (PEGMA, 99%; Mn = 500 g mol−1) were dissolved in
10 mL of tetrahydrofuran (THF, anhydrous, 99.9%). The inhibitor-removal
columns, FMMA, MAA, PEGMA, and THF, were obtained from Sigma-
Aldrich (St. Louis, MO, USA). The molarity of FMMA was set to 0.4 mmol,
and the ratios of MAA to PEGMA were adjusted from 2 to 0 mmol and
from 0 to 2 mmol, respectively, creating a library with different propor-
tions of five species. Next, 0.12 mmol of 2,2-Azobisisobutyronitrile (AIBN,
99%) (Daejung, Seoul, Korea) was added as a radical initiator. The mixture
of polymers and initiator was degassed with Ar gas for 4 min, followed
by sealing with Teflon tape. Polymerization was conducted at 70 °C for
24 h under vigorous stirring. After polymerization, a 10% concentration of
product polymers was obtained, cooled to 25 °C, and stored at 4 °C before
use. These ferrocene polymers (FcPs) were named FcP1, FcP2, FcP3, FcP4,
and FcP5 based on the molar ratio of the polymers (FMMA = 0.4, MAA:
PEGMA = 2:0, 1.5:0.5, 1:1, 0.5:1.5, and 0:2).

Characterization of FcPs: The chemical composition and purity of the
polymers were characterized by proton nuclear magnetic resonance (1H
NMR) spectroscopy (400 MHz, 25 °C, Dimethyl sulfoxide-d6 (DMSO
d6, 99.8%) (Merck, Darmstadt, Germany) as the deuterated solvent,
JEOL JNM-ECZ400S/L1, Tokyo, Japan). Additionally, the weight average
molecular weight (Mw; g mol−1), number average molecular weight (Mn;
g mol−1), and polydispersity index (PDI, ÐM = Mw/Mn) were measured
via gel-permeation chromatography (GPC, Agilent 1200S/miniDAWN
TREOS, Santa Clara, CA, USA) using relative calibration with polystyrene
(PS) standards and THF as the eluent at a flow rate of 1.0 mL min−1 at
35 °C.

Fabrication and Characterization of the Ferrocene Nanoparticles (FcNPs):
The CMC of the FcPs was measured using DLS (ZEN3600, Malvern In-
struments, Malvern, UK), as previously described.[41] Aqueous solutions
of FcPs were prepared in a concentration range from 5.05 × 10−8 to
4.04 × 10−6 mol L−1. Measurements were conducted in a polystyrene cell
at 25 °C. Detecting scattered light at a fixed angle of 173°, known as non-
invasive backscatter, provided high sensitivity and signal quality, particu-

larly when measuring the size of nanoparticles. FcNPs were fabricated us-
ing a nanoprecipitation method based on the self-assembly of amphiphilic
FcPs composed of hydrophobic FMMA, hydrophilic MAA, and PEGMA
polymers. First, 5 mg of FcPs diluted in 50 μL of THF (10% concentration)
were mixed with 950 μL of THF at 25 °C. This FcP-containing solution was
added dropwise to 5 mL of deionized water (DIW) (HyClone, Logan, UT,
USA) using a syringe pump (LEGATO100, KD Scientific, Holliston, MA,
USA) with magnetic stirring (530 rpm, 5 min). The FcNP-containing so-
lution was then vacuum-dried for 2 h to stabilize the FcNPs by removing
the THF solvent. The nanoparticles were named FcNPs (FcNP1s, FcNP2s,
FcNP3s, FcNP4s, and FcNP5s) according to the FcP species used for fabri-
cation. The hydrodynamic diameters and PDI of the FcNPs were analyzed
using dynamic light scattering (DLS) (Zetasizer, ELSZ-2000 series; Otsuka
Electronics Co., Ltd., Osaka, Japan). To assess the stability of the FcNPs,
their hydrodynamic diameter and PDI were observed over time (1, 4, 7, 14,
21, and 42 days) in DIW, and their variations before lyophilization (3 days)
and after redispersion were monitored using DLS analysis.

ROS-Sensitive Properties of the FcNPs: After monitoring the stability of
the FcNPs, their ROS sensitivity was assessed over time. H2O2 (100 mm)
30% (w/w) (Junsei Chemical Co., Tokyo, Japan) was added to the FcNPs
and kept them under 100 rpm at 37 °C. Variations in the hydrodynamic
diameters and surface charges induced by the oxidative agent, H2O2, were
observed at various time points using DLS analysis. The morphology of the
FcNPs before and after the addition of the oxidative agent was examined
using a transmission electron microscope (TEM, JEM-2100Plus HR; JEOL,
Tokyo, Japan) operated at an acceleration voltage of 200 kV.

Characterization of Sulfasalazine-Loaded Ferrocene Nanoparticles
(SSZ@FcNPs): SSZ (0, 0.25, 0.5, and 1 mg) was combined with 5 mg
of FcPs diluted in 50 μL of THF (10% concentration) and subjected to
rotary shaking at 25 °C for 2 h. The subsequent process for manufacturing
SSZ@FcNPs was identical to that described in Section 2.3. The hydro-
dynamic diameter and PDI of SSZ@FcNPs were measured in DIW over
time intervals of 1, 7, 14, 21, 42, and 84 days using DLS analysis. After
confirming the stability of SSZ@FcNPs, the loading content (L.C.) and
encapsulation efficiency (E.E.) of the drug-loaded FcNPs were measured
by analyzing the amount of unloaded SSZ using high-performance liquid
chromatography (HPLC, Waters 2695; Waters Corp., Milford, MA, USA).
Unloaded SSZ was purified by ultrafiltration using Amicon Ultra-15
centrifugal filters (molecular weight cut-off (MWCO) 100 kDa) for 10 min
at 1300 rpm. An RP-HPLC column (YMC − Triart C18, ø4.6 × 250 mm,
5 μm) was used to measure the quantity of unloaded SSZ in 20 μL of
filtrate using a mixture of methanol-aqueous acetic acid solution (pH
5) with gradient elution mode for 12 min. Methanol, acetic acid, and
water (all HPLC-grade) were purchased from Sigma-Aldrich. The HPLC
conditions are listed in Table S1 (Supporting Information). The L.C. and
E.E. of SSZ@FcNPs were calculated using the following equations:

Loading contents (l.c.,%)

=
weight of SSZ − weight of unloaded SSZ

weight of FcPs
× 100 (1)

Encapsulation efficiency (E.E,%)

=
weight of SSZ − weight of unloaded SSZ

weight of FcPs
× 100 (2)

ROS-Sensitive Drug Release of SSZ@FcNPs: The ROS-sensitive prop-
erties of SSZ@FcNPs were analyzed over time. The hydrodynamic
diameters of SSZ@FcNPs were measured at specific time points (0, 2,
4, 8, 18, 20, and 24 h) using DLS analysis. The samples were incubated in
1× PBS at pH 7.4 (HyClone, Logan, UT, USA) under conditions of 100 rpm
and 37 °C, following treatment with 100 μm H2O2 as an oxidative agent.

The cumulative ROS-sensitive release of SSZ from SSZ@FcNPs was
quantified using HPLC, as described in Section 2.5, by calculating the
amount of SSZ released. Initially, SSZ@FcNPs were placed in a Float A-
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Lyzer G2 dialysis device (MWCO= 100 kDa, Spectrapro/Pro dialysis mem-
brane; Repligen, MAA, USA). The device was incubated under two con-
ditions (PBS and PBS containing 100 μm H2O2) at 100 rpm and 37 °C.
The release buffer was collected at various time points (2, 4, 8, 18, and
24 h).

The morphology of SSZ@FcNPs was examined before and after the
addition of H2O2 using both photographic and TEM imaging. The TEM
was operated at an accelerating voltage of 200 kV. For analysis, the copper
grid was prepared by depositing 10 μL of SSZ@FcNPs and allowing it to
air dry over three days.

Fabrication and Characterization of Enriched FcNPs and SSZ@FcNPs:
To create a 4× enrichment of FcNPs, 20 mg of FcPs in 200 μL of THF
(10% concentration) were combined with 800 μL of THF. Similarly, a
4× enrichment of SSZ@FcNPs was produced by mixing 20 mg of FcPs
in 200 μL of THF (10% concentration) with 2 mg of SSZ in 800 μL of
THF. For an 8× enrichment of FcNPs, 40 mg of FcPs in 400 μL of THF
(10% concentration) were combined with 600 μL of THF. Likewise, an
8× enrichment of SSZ@FcNPs was created by mixing 40 mg of FcPs
in 400 μL of THF (10% concentration) with 4 mg of SSZ in 600 μL
of THF.

The fabrication process for enriched FcNPs and SSZ@FcNPs followed
the method described in Section 2.3. To evaluate the stability of the en-
riched FcNPs and SSZ@FcNPs, they were placed in DIW at 25 °C and
in PBS at 37 °C with 100 rpm. Their hydrodynamic diameters and PDI
were monitored using DLS analysis. The morphology of the optimized en-
riched SSZ@FcNPs was examined using TEM at an accelerating voltage
of 200 kV.

Isolation and Culture of Rheumatoid Patient Cells: Synovial fluid (SF)
samples were collected from patients with rheumatoid arthritis (RA).
Fibroblast-like synoviocyte cells were obtained following the protocols
described in previous studies.[76,77] The synovial fluid was mixed with
an equal volume of Hank’s Balanced Salt Solution and centrifuged at
2500 rpm for 20 min. The resulting cell pellets were resuspended in 10 mL
of MEM𝛼 supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin, then seeded into 100 mm cell culture dishes. Cul-
tures were maintained at 37 °C in a humidified atmosphere containing
5% CO2. Non-adherent cells were discarded, and adherent cells were cul-
tured in MEM𝛼 with 10% FBS and 1% penicillin/streptomycin. The cul-
ture medium was refreshed every 2–3 days. Upon reaching over 90% con-
fluence, the cells were harvested by trypsinization and passaged at a 1:5
ratio. Based on 15 mL of synovial fluid, 1–1.2 × 106 cells were obtained
from a single 100 mm cell dish after 7 days of culture. The purity of SF-
derived FLSs was confirmed using flow cytometry at passage 3. This study
was approved by and conducted in compliance with the guidelines of the
Gyeongsang National University Hospital Institutional Review Board (IRB)
(Approval No. 2019-10-021).

Fabrication Method of PCL-Micropatterned Nanofibrous Microwells:
Polycaprolactone (PCL)-micropatterned nanofibrous microwells were in-
tegrated into hydrogel micropatterns using photolithography, follow-
ing previously established procedures.[78] Initially, PCL fibers were pro-
duced via electrospinning. A solution of 20 wt.% PCL (Molecular Weight:
80 000 g mol−1, Sigma Aldrich) in 2,2,2-trifluoroethanol, containing 2-
hydroxy-2-methylpropiophenone (HOMPP) as a photoinitiator (2% v/v),
was extruded from a syringe pump through an 18G metal needle under a
positive voltage of 7.5 kV, at a flow rate of 0.8 mL h−1 for 1 h.

Subsequently, 200 μL of precursor solution was applied onto the elec-
trospun fibers. A photomask with square microarray patterns was placed
over the scaffold and exposed to UV light (365 nm, EFOS Ultracure 100
ss Plus, UV spot lamp, Mississauga, ON, Canada) for 1 s to crosslink the
hydrogels. After crosslinking, the unreacted precursor solution was rinsed
off with water.

For cell studies, the scaffolds were sterilized in 70% (v/v) ethanol so-
lution for 10 min, followed by two washes with PBS to remove residual
ethanol.

In Vitro Immune Response Test Using Macrophages: RAW264.7 cells
were seeded in a 24-well plate. Upon reaching 80% confluence, cells
were treated with LPS, phosphate-buffered saline (PBS), FcNPs, or
SSZ@FcNPs. After 24 h of incubation, immunofluorescence stain-

ing and western blotting were performed to evaluate the immune
response.

Immunofluorescence Staining: Protein expression markers in 3D-
cultured spheroids and patient tissues were assessed using immunoflu-
orescence staining. The 3D spheroids and patient tissues were fixed with
4% paraformaldehyde (Dana, Korea) for 1 hour and permeabilized with
Triton-X 100 at 23 °C for 2 h. Staining was conducted with primary anti-
bodies overnight at 4 °C, followed by secondary antibodies and DAPI for
15 min at 23 °C. Actin filaments were additionally stained with phalloidin-
iFluor 488 (1:400 dilution, catalog number ab176753, Abcam).

The primary antibodies used were CD68 (1:500 dilution, catalog
number ab213363, Abcam, UK), CD86 (1:250 dilution, catalog number
B273396, BioLegend, USA), and 𝛼-sma (1:500 dilution, catalog number
ab5694, Abcam, UK). Following incubation with primary antibodies, the
membranes were incubated with secondary antibodies: Goat Anti-Rabbit
IgG H&L (Alexa Fluor 488) (1:1000 dilution, catalog number ab150077,
Abcam, UK) and Goat Anti-Mouse IgG H&L (Alexa Fluor 647) (1:1000 di-
lution, catalog number ab150115, Abcam, UK).

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR): Gene
expression levels were quantified using real-time quantitative polymerase
chain reaction (RT-qPCR) on a Thermo Fisher QuantStudio 5 system (Ap-
plied Biosystems, USA). Cellular ribonucleic acid (RNA) was initially ex-
tracted using the TRIzol reagent, followed by purification with chloroform,
isopropyl alcohol, and ethanol. RNA concentration was determined us-
ing a NanoDrop spectrophotometer. Complementary DNA (cDNA) syn-
thesis was performed using the SuperScript VILO Master Mix (Invitrogen,
USA) with 1 μg of RNA. The cDNA synthesis process involved incubation
at 42 °C for 99 min, followed by termination at 85 °C for 5 min. The synthe-
sized cDNA was stored at −80 °C until further use. For the qPCR analysis,
an initial denaturation step was carried out at 95 °C for 10 min. Quantita-
tive PCR was performed using target-specific primers and the QuantiNova
SYBR Green PCR Kit (Qiagen, Netherlands).

Western Blot Assay: Proteins were extracted and lysed using the Cel-
Lytic lysis reagent (Sigma-Aldrich) for western blot analysis. Samples con-
taining 20 μg of protein were loaded onto a 10% SDS-PAGE gel and elec-
trophoresed at 60 V for 20 min followed by 120 V for 60 min to separate the
proteins. Separated proteins were then transferred onto a polyvinylidene
difluoride (PVDF) membrane (Millipore, Billerica, MA, USA) using the wet
transfer method with a Mini Trans–Blot module (Bio-Rad) at 300 mA for
90 min.

After transfer, the PVDF membrane was blocked with 5% nonfat dry
milk in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 1 h at
23 °C. Subsequently, the membrane was incubated overnight at 4 °C with
primary antibodies diluted in TBS-T containing 5% bovine serum albu-
min (BSA). The primary antibodies used were: Anti-IKB alpha (phospho
S36) antibody (1:10 000 dilution, catalog number ab133462, Abcam, UK),
Anti-I𝜅B alpha antibody (1:1000 dilution, catalog number ab32518, Ab-
cam, UK), Anti-NF-𝜅B p65 (phospho S536) antibody (1:1000 dilution, cat-
alog number ab76302, Abcam, UK), Anti-NF-𝜅B p65 antibody (1:1000 di-
lution, catalog number ab32536, Abcam, UK), Anti-NF𝜅B p105/p50 anti-
body (1:1000 dilution, catalog number ab32360, Abcam, UK).

Following primary antibody incubation, the membrane was washed
three times with TBS-T and then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:8000, Cell Signaling Technol-
ogy) for 1 h at 23 °C. Protein bands were visualized using ECL Select West-
ern Blotting Detection Reagent (Cytiva) and imaged using an LAS4000
mini imaging system (Fujifilm Corp.).

Lactate Dehydrogenase (LDH) Assay: FLSs within a co-cultured 3D
spheroid system on a 3D micro-patterned scaffold with HUVECs were
analyzed for lactate dehydrogenase (LDH) release following drug treat-
ment using an LDH Assay Kit (Dogenbio, Korea). A 10 μL sample of cell
supernatant was collected and combined with 100 μL of water-soluble
tetrazolium salt substrate mix. The mixture was incubated for 1 h at 37 °C
in a 5% CO2 atmosphere. Absorbance was measured at 450 nm using a
microplate reader (Synergy H1, BioTek, VT, USA).

ROS Quantitative Assay (DCFDA/H2DCFDA Assay): ROS levels in
FLSs within a co-cultured 3D spheroid system on a micro-patterned scaf-
fold with HUVECs were measured following treatment with FcNPs and
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SSZ@FcNPs using a DCFDA/H2DCFDA ROS assay (Abcam, UK). The
cells were washed twice with DPBS and incubated with DCFDA solution for
1 h. The fluorescence intensity was measured at excitation/emission wave-
lengths of 485/535 nm using a microplate reader (Synergy H1, BioTek, VT,
USA).

Fibroblast-Like Synoviocytes (FLS) Activation: To simulate the inflam-
matory environment and activate cells derived from patients with rheuma-
toid arthritis (RA), 1 × 105 cells were cultured on a 3D patterned scaffold
for 4 days. Subsequently, cells were incubated with 10 ng mL−1 TNF-𝛼
(R&D Systems, USA) at 37 °C and 5% CO2 for two days.

Drug Treatment on 3D Spheroid In Vitro Model: After co-culturing
fibroblast-like synoviocytes (FLSs) derived from rheumatoid arthri-
tis (RA) patients with HUVECs for 4 days, the cells were treated
with 10 ng mL−1 TNF-𝛼 for 2 days to induce activation. Subse-
quently, the cells were treated with SSZ, FcNPs, and SSZ@FcNPs for
an additional 2 days. Following treatments, subsequent assays were
performed.

Dot Blot Assay Using Human Inflammatory Cytokine Array: The hu-
man inflammatory cytokine array (catalog number ab134003, Abcam, UK)
was employed to detect multiple inflammatory cytokines released from
fibroblast-like synoviocytes (FLSs). Initially, FLSs and HUVECs were co-
cultured in a 3D environment for 4 days, followed by treatment with
10 ng mL−1 TNF-𝛼 for 2 days. Supernatants from both the treated and
untreated groups were centrifuged to remove debris. The human inflam-
matory cytokine array was then blocked with blocking solution for 30 min
at 23 °C, followed by incubation with centrifuged supernatants for 2 h at
23 °C. After washing with wash buffer, biotin-conjugated anti-cytokines
and HRP-conjugated streptavidin were sequentially applied and incubated
overnight at 4 °C. Chemiluminescence signals were detected using an LAS-
4000 imaging system (Fujifilm Life Science, USA).

Animals and Arthritis Induction: Six-week-old male DBA/1J mice were
purchased from the Central Lab. Animal, Inc. (Seoul, Korea). All exper-
imental procedures were conducted in accordance with the guidelines
of Gyeongsang National University (GNU) and approved by the Institu-
tional Animal Care and Use Committee (IACUC approval ID: GNU-240527-
M0108) of Korea. CIA was induced as described previously.[79,80] Briefly,
DBA/1 mice were intradermally immunized with bovine type II collagen
(CII; Chondrex, Redmond, WA, USA) emulsified in complete Freund’s ad-
juvant (CFA; Sigma-Aldrich) on day 0. Immunization was boosted with an
equal volume of CII-emulsified incomplete Freund’s adjuvant (IFA; Chon-
drex) on day 21. Beginning on day 1, mice were treated twice weekly via
intra-orbital sinus injection with PBS, Sulfasalazine (SSZ, 0.4 mg ml−1),
Ferrocene nanoparticles (FcNPs, 0.4 mg ml−1), or SSZ-loaded ferrocene
nanoparticles (SSZ@FcNPs, 0.4 mg ml−1).

Arthritis Scoring: Clinical arthritis scores were assessed on a scale
ranging from 0 to 4, representing the sum of the scores for each limb.
The scores were assigned as follows: 0 for no swelling, 1 for slight swelling
and erythema, 2 for moderate swelling and erythema, 3 for severe swelling
and erythema, and 4 for maximal inflammation with joint rigidity. The max-
imum possible score per mouse was 16.

Flow Cytometric Analysis: As described previously, immune cell ex-
traction and stimulation were conducted in the inguinal lymph nodes.[81]

That is, immune cells were extracted from inguinal lymph nodes via me-
chanical grinding and prepared as single-cell suspensions. The isolated
cells were stimulated with 50 ng ml−1 PMA (phorbol 12-myristate 13-
acetate, Sigma-Aldrich, MA, USA) and 500 ng ml−1 ionomycin (Sigma-
Aldrich) in the presence of a protein transport inhibitor (BD GolgiPlug,
BD Biosciences, NJ, USA) for 4 h at 37 °C. After stimulation, the cells
were harvested and stained with a fixable viability dye (Thermo Fisher Sci-
entific) and fluorochrome-conjugated antibodies against CD4. Following
surface antigen staining, cells were fixed, permeabilized, and stained with
fluorescein-labeled antibodies (all from eBioscience) against IFN-𝛾 and IL-
17A for 30 min at 23 °C. The stained cells were analyzed using a BD LSR
Fortessa X-20 flow cytometer (BD Biosciences, NJ, USA).

Enzyme-Linked Immunosorbent Assay (ELISA): Cytokine detection in
the culture supernatant was performed using sandwich ELISA as previ-
ously described.[82] Briefly, to quantify IFN-𝛾 and IL-17A levels in inguinal
lymph node cell culture supernatants, 96-well plates (Greiner Bio-One

GmbH, Frickenhausen, Germany) were coated with monoclonal antibod-
ies against IFN-𝛾 (eBioscience, San Diego, CA, USA) or IL-17A (eBio-
science) and blocked with BD OptEIA Assay diluent (BD Biosciences).
Samples were added to the wells and incubated overnight at 4 °C. Bi-
otinylated antibodies against IFN-𝛾 (eBioscience) or IL-17A (eBioscience)
were added, followed by AKP-conjugated streptavidin (BD Biosciences).
Color development was achieved by adding a 5 mm phosphatase substrate
(Sigma-Aldrich), and the absorbance was measured at 405 nm using a Ver-
saMax microplate reader (Molecular Devices, Wokingham, UK) with Soft-
Max Pro 6.5.1 software.

Histological Examination: The ankle joint tissues were fixed in 10% for-
malin, decalcified for 4 weeks in 10% EDTA, and subsequently embedded
in paraffin. Sections of 5 μm thickness were prepared and stained with
hematoxylin and eosin (H&E) or safranin O. Evaluation of synovial inflam-
mation, cartilage damage, and bone erosion were conducted as previously
described.[83]

Serum Test: Following treatment with SSZ, FcNPs, and SSZ@FcNPs
in vivo, the serum levels of urea and creatinine were quantitatively mea-
sured using colorimetric assay kits (Elabscience, USA). For creatinine mea-
surement, 12 μL of serum was mixed with 180 μL of enzyme solution A and
incubated at 37 °C for 5 min. Solution B was then added, and absorbance
was measured at 515 nm using a microplate reader (Synergy H1, BioTek,
VT). For urea measurement, 10 μL of serum was mixed with 125 μL of en-
zyme solution and incubated at 37 °C for 10 min. Subsequently, 1 mL of
chromogenic agent and alkaline NaClO mix were added, followed by incu-
bation at 37 °C for 10 min. Absorbance was measured at 580 nm using a
microplate reader.

Statistical Methods: Each experiment was performed in triplicate
(n = 3). Results were presented as mean ± standard deviation. Statisti-
cal differences between groups were assessed using Student’s t-test and
one-way analysis of variance (ANOVA). Statistical significance was defined
as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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