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Polypyrrole-ferric phosphate-methotrexate
nanoparticles enhance apoptosis/ferroptosis
of M1 macrophages via autophagy blockage
for rheumatoid arthritis treatment
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Abstract

Rheumatoid arthritis (RA) is an inflammatory disease that progresses from synovial inflammation to cartilage

and bone destruction. Eliminating pro-inflammatory M1 macrophages is a promising strategy for RA treatment,
but is impeded by cytoprotective autophagy. Herein, we report an effective autophagy blockage-promoted
apoptosis/ferroptosis strategy using multifunctional ferric phosphate-decorated, methotrexate-loaded polypyrrole
nanoparticles (PPy-FePi-MTX NPs) to achieve enhanced RA treatment effects. When injected into the knee joints of
a collagen-induced DBA/1J mouse model of RA, the payloads on PPy NPs are released under the stimulation of an
inflammatory microenvironment. The released MTX can directly induce M1 macrophage apoptosis. Upon near-
infrared laser irradiation, the photothermal effect of PPy NPs further promotes cellular apoptosis. In addition, Fe**
reacts with intracellular over-expressed glutathione to form Fe?*, which can convert hydrogen peroxide into toxic
hydroxyl radicals. This redox process could deplete glutathione, inactivate glutathione peroxidase 4, and cause lipid
peroxidation accumulation, resulting in ferroptosis of inflammatory M1 macrophages. Furthermore, PO,>~ disrupts
the normal function of lysosomes by pH disturbance, disabling the cytoprotective autophagy of M1 macrophages
for enhanced anti-RA effects. This work develops multifunctional PPy NPs for RA treatment through effective
elimination of pro-inflammatory M1 macrophage.

Keywords Autophagy blockage, Apoptosis, Ferroptosis, Rneumatoid arthritis, Photothermal therapy

*Correspondence: ’Guangdong Provincial Key Laboratory of Bone and Joint Degeneration
Jianying Pan Diseases, Guangzhou 510630, PR China

storm0132002@163.com 3Key Laboratory of Luminescence Analysis and Molecular Sensing

Dong Guo (Southwest University), Ministry of Education, School of Materials and
19927472465@163.com Energy, Southwest University, Chongqing 400715, PR China

Zhong Alan Li “Department of Orthopaedics, The First Affiliated Hospital of Chongging
Alanli@cuhk.edu.hk Medical University, Chongging 400016, PR China

Denghui Xie °Department of Biomedical Engineering, The Chinese University of Hong
smuspine@163.com Kong, Hong Kong, NT, PR China

'Department of Orthopedic Surgery, Center for Orthopedic Surgery, The SState Key Laboratory of Molecular Engineering of Polymers, Fudan
Third Affiliated Hospital, Southern Medical University, Guangzhou University, Shanghai 201199, PR China

510630, PR China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12951-025-03501-z
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03501-z&domain=pdf&date_stamp=2025-6-6

Liu et al. Journal of Nanobiotechnology (2025) 23:428

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory
autoimmune disorder that impacts approximately 1% of
the global population, which are characterized by syno-
vial hyperplasia and inflammation, pannus formation,
cartilage damage, and bone erosion [1, 2]. The progres-
sive inflammation and persistent synovitis in RA lead to
structural and functional destruction of bone and car-
tilage [3]. Various inflammatory cells, particularly M1
macrophages, secrete pro-inflammatory cytokines and
cause pannus formation in RA joints, mediating tissue
damage and erosion in the late stage [4—6]. Therefore,
eliminating M1 macrophages using effective therapeutic
strategies represents a promising approach to realizing
desirable RA treatment.

Apoptosis and ferroptosis pathways have been well
studied for disease treatment [7—10]. Apoptosis is a kind
of caspase-dependent programmed cell death that can
be initiated by chemical drugs, photothermal agents
under near-infrared (NIR) light irradiation, and reac-
tive oxygen species (ROS) [11-16]. Ferroptosis features
iron overload-mediated lipid peroxidation (LPO) accu-
mulation [17]. During this process, ferrous ions convert
hydrogen peroxide (H,0O,) into toxic hydroxyl radicals
(-OH) to destroy intracellular redox balance to cause cell
death [18, 19]. As ferroptosis is featured by high intracel-
lular oxidative stress, the outcome of ferroptosis is influ-
enced by the levels of H,0, and reducing substances in
cells [20]. The combination of apoptosis and ferroptosis
has been proven to show superiority in disease therapies
to apoptosis or ferroptosis alone [21, 22]. However, the
therapeutic efficacy of combined apoptosis and ferropto-
sis strategies has always been compromised by cytopro-
tective resistance.

Autophagy is a typical cytoprotective process, in which
cells eliminate the damaged biomacromolecules and
organelles through the lysosome-mediated digestion
process [23, 24]. This process could maintain cell sur-
vival under internal and external stimuli-caused detri-
mental conditions [25]. The cellular damages generated
in treatments can activate the autophagy mechanism to
compromise therapeutic efficacy and enhance the cellular
resistance to death [26-28]. Thus, to effectively manage
RA pathogenesis and progression, it is crucial to regu-
late the survival rate of immune cells. Autophagy process
is considered a protective mechanism of synovial cells,
inhibiting which could promote synovial cell death with
high efficiency [29, 30]. Therefore, strategies for cytopro-
tective autophagy blockage are expected to enhance anti-
RA therapeutic efficacy.

The design and development of multifunctional nano-
materials that integrate therapeutic functions and
autophagy blockage capacity using facile methods are
promising strategies for effective RA treatment. Herein,
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we report an effective autophagy blockage-promoted
apoptosis/ferroptosis strategy, realized by using multi-
functional ferric phosphate-decorated and methotrexate-
loaded polypyrrole nanoparticles (PPy-FePi-MTX NPs),
for enhanced RA treatment. When located in inflam-
mation regions, the payloads on PPy NPs are released
under the stimulation of an inflammatory microenvi-
ronment. PPy NPs can serve as photothermal agents,
generating hyperthermia upon NIR laser irradiation to
promote M1 macrophage apoptosis [31, 32]. As a kind
of first-line antirheumatic drug, the released MTX can
inhibit the recruitment and proliferation of M1 macro-
phages, inducing direct damage [33, 34]. Fe*" reacts with
intracellular over-expressed glutathione (GSH, a kind of
important intracellular antioxidant [35, 36]) to form Fe?*,
which could convert H,O, into toxic -OH, causing apop-
tosis and ferroptosis simultaneously [37, 38]. This redox
process could deplete GSH, inactivate glutathione perox-
idase 4 (GPX4), and cause lipid peroxidation (LPO) accu-
mulation, resulting in ferroptosis of inflammatory M1
macrophages. Notably, PO,*~ disrupts the normal func-
tion of lysosomes by pH disturbance, disabling the cyto-
protective autophagy of M1 macrophages for enhanced
anti-RA efficacy [39]. This work not only develops an
effective strategy for anti-RA treatment, but also under-
scores the key role of autophagy blockage in enhancing
the therapeutic outcome.

Materials and methods

Preparation of PPy-FePi-MTX NPs

First, polyvinyl alcohol (PVA, 12 mg/mL, 15 mL) aque-
ous solution was mixed with FeCl; (0.83 g) under agita-
tion in an ice bath. After 1 h, pyrrole (100 puL) was added
to the mixture. This reaction was carried out for 5 h, and
then this mixture was purified by centrifugation to obtain
PPy-Fe NPs. For drug loading, MTX (1 mg/mL, 18 mL) in
PBS was mixed with an aqueous solution of PPy-Fe NPs
(2 mg/mL, 36 mL) on a shaker (100 rpm, at room tem-
perature) for 12 h and centrifuged to obtain PPy-FePi-
MTX NPs. For comparison, MTX in ammonia solution
was also mixed with PPy-Fe NPs using a similar method
to form PPy-Fe-MTX NPs.

Photothermal performance evaluation

The photothermal stability of PPy-FePi-MTX NPs
(400 ppm) was tested by 4 repeated laser-on/off cycles
(1064 nm, 1.0 W/cm?, 5 min on, 15 min off). A series of
aqueous solutions of PPy-FePi-MTX NPs in a concentra-
tion gradient (0, 25, 50, 100, 200, and 400 ppm) were irra-
diated with the same laser (5 min, 1.0 W/cm?) to record
the temperature values. Moreover, aqueous solutions
of PPy-FePi-MTX NPs at 400 ppm were irradiated with
the same laser (10 min, 1.0 W/cm?) and cooled down
for 20 min to collect the temperature curve. Then, the
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photothermal conversion efficiency of PPy-FePi-MTX
NPs was calculated.

Collagen-induced arthritis (CIA) model and
biocompatibility assessment

Male DBA/1] mice (7-8 weeks old, 20+2 g) were
obtained from GemPharmatech (Nanjing, China) and
maintained in a sterile environment with free access to
food and water. The animal experiments were approved
by the Animal Experimental Committee of Daoke Phar-
maceutical Technology (Guangdong) Co., Ltd (Approval
IACUC-DK-2024-01-01-01) and complied with the
National Law on Experimental Animal Utilization (Peo-
ple’s Republic of China).

The CIA mouse model was established by emulsify-
ing 2 mg/mL bovine type II collagen with Complete
Freund’s Adjuvant to form mixture A and with Incom-
plete Freund’s Adjuvant to form mixture B. These mix-
tures were stirred overnight in a cold water bath. On day
0, DBA/1] mice were subcutaneously injected with 0.1
mL of mixture A via the tail, followed by a booster injec-
tion of mixture B on day 21. Arthritis progression was
assessed every three days. Following the establishment of
the CIA model, the mice were divided into seven groups:
sham, PBS plus laser, MTX, PPy-Fe plus laser, PPy-Fe-
MTX plus laser, PPy-FePi-MTX plus laser, and PPy-FePi-
MTX (n=8 per group). The mice in the treatment groups
received weekly intra-articular injections (10 pL, 200
ppm) for 6 weeks and subsequently exposed to 1.0 W/
cm? 1064 nm laser for 5 min. Sixty days after the initial
immunization, the mice were euthanized, and their knee
joints were collected for micro-CT scanning and histo-
logical analysis.

To evaluate the biocompatibility of various NPs, serum
samples were collected from mice post-treatment. The
concentrations of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), blood urea nitrogen
(BUN), and creatinine (Cre) were measured utilizing
standard assay kits, following the protocols specified by
the manufacturer.

Detection of intracellular reactive oxygen species (ROS)
and apoptosis

For ROS detection, RAW 264.7 cells were cultured in
24-well plates overnight. Subsequently, the cells were
subjected to treatments with PPy-Fe NPs, PPy-Fe-MTX
NPs, or PPy-FePi-MTX NPs for 6 h, followed by expo-
sure to laser irradiation at a wavelength of 1064 nm and a
power density of 1.0 W/cm? for a duration of 5 min. The
control group underwent treatment with phosphate-buff-
ered saline (PBS). Following this, 10 pM of ROS probe
DCFH-DA was introduced into each group. Following
a 30-min incubation period, the cells were rinsed thrice
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with PBS. The images were captured by using an inverted
Olympus microscope.

For apoptosis detection, RAW 264.7 cells were cultured
in 6-well plates overnight. Following the aforementioned
cellular treatments, apoptosis analysis was conducted
through flow cytometry, utilizing Annexin V-fluorescein
isothiocyanate (AV-FITC) and propidium iodide (PI)
double-staining.

Detection of intracellular glutathione (GSH)

For glutathione detection, LPS-treated RAW 264.7 cells
were collected, washed twice with PBS, resuspended
in 0.3-0.5 mL isotonic PBS (0.1 M, pH 7.4), and dis-
rupted by sonication. Subsequently, 0.1 mL homogenate
was combined with 0.1 mL reagent I, then centrifuged
at 3500 rpm for 10 min. The supernatant was used
directly for the GSH assay, using the kits purchased from
Jiancheng (Nanjing, China).

Detection of intracellular lipid peroxidation (LPO)
LPS-treated RAW 264.7 cells were harvested by scrap-
ing in isotonic PBS or by trypsinization, then washed at
1000 rpm for 10 min. The cell pellet was resuspended
in 0.2-0.3 mL of 0.1 M (pH 7-7.4) phosphate buffer or
normal saline and disrupted via ultrasonication (300 W,
3-5 s each, repeated 3-5 times on ice) or manual homog-
enization. Alternatively, cells were lysed with 1-2% Tri-
ton X-100 for 30—40 min. The resulting homogenate or
lysate was used directly for the LPO assay, using the kits
purchased from Jiancheng (Nanjing, China).

Live/dead staining

For live/dead staining, RAW 264.7 cells were cultured
in 24-well plates overnight. Following a 24-h treatment
with PPy-Fe NPs, PPy-Fe-MTX NPs, or PPy-FePi-MTX
NPs, the cells were rinsed thrice with PBS. The cells were
subsequently stained with a Live/Dead Cell Staining Kit
(Beyotime Biotechnology) following the manufacturer’s
instructions. Calcein-AM was utilized to label viable
cells, leading to the production of green fluorescence,
whereas PI was used to label non-viable cells, result-
ing in the emission of red fluorescence. The labeled cells
were visualized and captured by an inverted Olympus
microscope.

Cell viability test

RAW 264.7 was incubated with various concentrations of
MTX, PPy-Fe NPs, PPy-Fe-MTX NPs, or PPy-FePi-MTX
NPs (0, 50, 100, 200, 400 ppm) for 24 h in the presence
or absence of lipopolysaccharide (LPS). Following this,
the Cell Counting Kit-8 (CCK-8, Beyotime Biotechnol-
ogy) assay was used to test cell viability according to the
manufacturer’s protocol.
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Western blot analysis and quantitative reverse
transcription polymerase chain reaction (qQRT-PCR)

For Western blotting, protein levels were quantified using
a bicinchoninic acid (BCA) assay kit (Thermo Fisher Sci-
entific). A total of 40 pg of protein was resolved by SDS-
PAGE, transferred onto a PVDF membrane, and blocked.
These membranes were then incubated with primary
antibodies targeting p53 (1:1500, Proteintech), Beclin-1
(1:1000, Proteintech), p62 (1:1000, Proteintech), Caspase
3 (1:1000, Proteintech), BAX (1:1000, Proteintech), GPX4
(1:1000, Proteintech), and p-actin (1:10000, Fudebio,
Hangzhou, China). Following this, HRP-conjugated sec-
ondary antibodies (Fudebio, Hangzhou, China) were
applied. Detection of the protein bands was achieved
using an ECL Kit (Fudebio, Hangzhou, China) and visual-
ized with a gel imaging system (Tanon-5200CE).

Total RNA and protein samples were isolated from
RAW 264.7 cells post-treatment using RNAiso Plus
(TAKARA) and cell lysis buffer (Cell Signaling Technol-
ogy), respectively, adhering to the protocols provided
by the manufacturers. RNA (1000 ng) was reverse tran-
scribed into cDNA with the First Strand cDNA Synthe-
sis Kit (Thermo Fisher Scientific). Quantitative RT-PCR
was then carried out using SYBR Green PCR Master Mix
(Thermo Fisher Scientific) on a CFX96 Connect Real-
Time PCR Detection System (BIO-RAD).

Histopathological examination

Mouse knee joints were collected, preserved in 4% para-
formaldehyde, and decalcified with 15% tetrasodium eth-
ylenediaminetetraacetic acid for 1 month. Section (3 pm
thick) were prepared by paraffin embedding and stained
with hematoxylin-eosin (H&E), Safranin-O Fast-Green,
and tartrate-resistant acid phosphatase (TRAP). The
images were visualized and captured by an Olympus
microscope.

Immunohistochemical (IHC) staining

Section (3 pum thick) of mou knee joints were subjected
to IHC staining with primary antibodies against Nos2,
Cd86, GPX4, and p62 (1:100, Proteintech) following
standard protocols, and visualized using an Olympus
microscope. Quantitative analysis of stained sections was
performed using Image] software.

Micro-computed tomography (Micro-CT) imaging

The preserved mouse joint samples were scanned with
a micro-CT (Inveon Micro-CT, Siemens, Germany) at
a resolution of 19 um using 80-KV voltage, 500-pA cur-
rent, and 300-ms exposure time. Micro-CT images were
examined with Materialise Mimics software (V21.0,
Materialise Belgium).
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Statistical analysis

Quantitative data were expressed as mean *standard
deviation. Statistical comparisons between two groups
were conducted using a Student’s two-sided t-test, while
multiple group comparisons were performed using one-
way analysis of variance (ANOVA). Statistical signifi-
cance was set at a P-value <0.05.

Results and discussion

Preparation and characterization of PPy-FePi-MTX NPs

The PPy-FePi-MTX NPs were fabricated through a facile
process without organic solvents or harsh reaction tem-
perature (Scheme 1). The transmission electron micros-
copy (TEM) images (Fig. 1a) show that these particles
were well dispersed. Then, the presence of FePi on PPy-
FePi-MTX NPs was detected in high-angle annular dark
field (HAADF) image (Fig. 1b). As shown in Fig. 1c-e,
the hydrodynamic dimensions of the prepared PPy-Fe
NPs, PPy-Fe-MTX NPs, and PPy-FePi-MTX NPs were
153.0 nm, 165.3 nm and 177.0 nm, respectively. The zeta
potential of PPy-FePi-MTX NPs was —1.2 mV (Fig. 1f).
Compared to the UV-Vis spectra of PPy-Fe, PPy-FePi-
MTX showed the characteristic absorption peak of
MTX at 300 nm, which confirmed the successful load-
ing of MTX (Fig. 1g). The loading contents of MTX and
Fe were calculated to be 9.98% by UV-Vis measurement
and 0.51% by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) measurement, respectively.
The amorphous structure of PPy-FePi-MTX NPs was
revealed by X-ray diffraction (XRD) analysis (Fig. 1h).
The coexistence of Fe, P, and O was demonstrated by
X-ray photoelectron spectroscopy (XPS) analysis (Fig.
S1). As shown in the high-resolution XPS spectra of Fe,
the peaks located at 709.9 and 723.4 eV corresponded to
the Fe 2p 3/2 (Fe?*) and Fe 2p 1/2 (Fe®*) signals, respec-
tively, proving the multivalence of iron ions in PPy-FePi-
MTX NPs (Fig. 1i).

Under NIR laser irradiation, the photothermal stabil-
ity of PPy-FePi-MTX NPs was investigated. During four
heating-cooling cycles, the temperature curve displayed
good reproducibility, proving the desirable photother-
mal stability of PPy-FePi-MTX NPs (Fig. 2a). The solu-
tion temperature of PPy-FePi-MTX NPs was found to
show positive correlation with laser irradiation time
and NP concentration (Fig. 2b-c). Based on a previ-
ously reported well-established method [40], the pho-
tothermal conversion efficiency of PPy-FePi-MTX NPs
was calculated to be 28.7% (Fig. 2d-e). Subsequently,
the release behavior of MTX from PPy-FePi-MTX NPs
was explored under different temperature conditions
(Fig. 2f). It can be seen that the released amount of MTX
increased with time and temperature. The photothermal
effect of PPy was expected to accelerate the release of
MTX under laser irradiation, showing synergistic effect.
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Scheme 1 Schematic illustration of the synthesis process and therapeutic mechanism of PPy-FePi-MTX NPs for RA treatment. The final PPy-FePi-MTX NPs
were prepared through the polymerization of pyrrole monomer, the formation of FePi NPs, and the loading MTX. The NPs are designed to release their
payloads in response to the inflammatory microenvironment. MTX and PPy under NIR irradiation synergistically induce apoptosis in M1 macrophages.
Simultaneously, Fe* react with GSH to produce Fe**, which catalyze the conversion of H,0, into cytotoxic -OH. This process leads to the depletion of GSH,
inactivation of GPX4, and initiation of lipid peroxidation-driven ferroptosis. Additionally, PO, further disrupt lysosomal pH, thereby inhibiting cytoprotec-

tive autophagy and enhancing the therapeutic efficacy against RA.

The GSH depletion capacity of PPy-FePi-MTX NPs was
investigated using DTNB as the probe (Fig. 2g). The data
showed that GSH level decreased with the increasing
concentration of PPy-FePi-MTX NPs, proving good GSH
consumption ability and indicating the generation of Fe?*

after this reaction. Then, the production of -OH through
Fe?*-mediated Fenton reaction was detected using MB as
the probe. As shown in Fig. 2h, the MB peak gradually
decreases with the increase of nanoparticle concentra-
tion, indicating the production of -OH.
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Fig. 1 Characterization of the formed PPy-FePi-MTX NPs. (@) TEM image and (b) HAADF image of PPy-FePi-MTX NPs. Hydrodynamic size distribution of (c)
PPy-Fe NPs, (d) PPy-Fe-MTX NPs, and (e) PPy-FePi-MTX NPs. (f) Zeta potential data of PPy-Fe NPs, PPy-Fe-MTX NPs, and PPy-FePi-MTX NPs in an aqueous
solution. (g) UV-Vis absorption spectra of PPy-Fe NPs, MTX, PPy-Fe-MTX NPs, and PPy-FePi-MTX NPs. (h) XRD pattern of PPy-FePi-MTX NPs. (i) The high-

resolution XPS spectrum of Fe 2p for PPy-FePi-MTX NPs

In vitro cellular uptake and cytotoxicity assay

Subsequently, the internalization of PPy-FePi-MTX NPs
by murine RAW 264.7 cells was investigated through a
confocal laser scanning microscope (CLSM). These NPs
were fluorescently labeled with 5-FAM for tracking their
intracellular localization within cells, and DAPI was used
to visualize the nuclei. RAW 264.7 cells were exposed
to PPy-FePi-MTX NPs for varying durations of 0, 2, 4,
and 6 h. CLSM images demonstrated significant cellular
uptake of PPy-FePi-MTX NPs by macrophages, with the
extent of internalization dependent on both the duration
of exposure and the concentration of nanoparticles (Fig.
S2). With increased incubation time, there was a corre-
sponding elevation in the uptake of PPy-FePi-MTX NPs,
leading to enhanced intracellular green fluorescence,

which is primarily localized within the cytoplasm, with
the absence of green fluorescence in the nucleus. The
green fluorescence emitted by PPy-FePi-MTX NPs pre-
dominantly co-localized with endosomes/lysosomes after
2 h of culture. Upon extending the culture time to 4 and
6 h, the PPy-FePi-MTX NPs were exclusively localized
within cytoplasm, as evidenced by a distinct segregation
of the green and red fluorescence signals (Fig. 3a). This
revealed that PPy-FePi-MTX NPs internalized by RAW
264.7 cells underwent a gradual translocation from endo-
somes/lysosomes to the cytoplasm, suggesting a process
of endosomal escape. Moreover, high-magnification
CLSM images provided evidence of this translocation
and confirmed the endosomal escape of PPy-FePi-MTX
NPs, as indicated in Fig. S3. The fluorescence intensity
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Fig. 2 Performance evaluation of the formed PPy-FePi-MTX NPs. (a) Temperature curve of PPy-FePi-MTX NPs during four heating-cooling cycles under
laser irradiation (1064 nm, 1.0 W/cm?). (b) Temperature curves and (c) thermal images of PPy-FePi-MTX NPs with different concentrations under the same
laser irradiation. (d) Heating-cooling curve and (e) time constant fitting curve of PPy-FePi-MTX NPs under laser irradiation for 10 min and cool down for
20 min. (f) MTX release curves from PPy-FePi-MTX NPs at different temperatures. (g) UV-Vis spectra for GSH detection using DTNB as the probe when
incubated with PPy-FePi-MTX NPs. (h) UV-Vis spectra for -OH detection using MB as the probe when incubated with PPy-FePi-MTX NPs

analysis indicated the stability of lysosomal labeling and
the increasing uptake of NPs with longer incubation
durations (Fig. 3b).

The cytotoxic effects of different NPs on RAW 264.7
cells were assessed by CCK-8 assay. Following 24 h incu-
bation, these various NPs did not exhibit obvious cyto-
toxic effects at concentrations up to 200 ppm. When
incubation with 400 ppm PPy-Fe NPs, PPy-Fe-MTX
NPs, or PPy-FePi-MTX NPs, the viability of RAW 264.7
cells reduced to 88.69%, 83.15%, and 80.15%, respec-
tively (Fig. 3c). The results of Calcein-AM and propidium
iodide (AM/PI) staining also showed that 50, 100, or 200
ppm PPy-FePi-MTX NPs did not demonstrate cytotoxic
effects after 24 h of incubation, with mild cytotoxic-
ity observed at a concentration of 400 ppm (Fig. 3d-e).

These findings indicated the desirable cytocompatibility
of these NPs with normal macrophages at concentra-
tions below 200 ppm. Following exposure to lipopolysac-
charide (LPS) at a concentration of 200 ppm in various
treatments, the survival rate of pro-inflammatory M1
macrophages in the MTX group was 76.69%. This rate
was 80.64%, 60.48%, and 35.16% in the PPy-Fe, PPy-Fe-
MTX, and PPy-FePi-MTX groups, respectively (Fig. 3f).
These results indicated that the therapeutic efficacy of
PPy-FePi-MTX NPs exhibited specificity towards inflam-
matory macrophages, potentially due to variations in the
intracellular microenvironment between normal and
inflammatory macrophages [41]. The observed selectivity
supported the good biosafety of PPy-FePi-MTX NPs.
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Fig. 3 Analysis of cellular uptake, cell viability, and cytotoxicity. (a, b) CLSM images (a) and quantitative analysis (b) of cells incubated with 5-FAM-labelled
PPy-FePi-MTX NPs. The lysosomes, PPy-FePi-MTX NPs, and nuclei were marked in red, green, and blue, respectively. Scale bar: 10 um. (c) Cell viability as-
sessed with different concentrations of MTX, PPy-Fe, PPy-Fe-MTX, and PPy-FePi-MTX NPs without LPS. (d, e) Live/dead staining images and quantification
after treatment with different concentrations of PPy-FePi-MTX NPs without LPS. Calcein-AM (green) indicated live cells, and Pl (red) indicated dead cells.
Scale bar: 100 pm. (f) Cell viability assessed with different concentrations of MTX, PPy-Fe, PPy-Fe-MTX, and PPy-FePi-MTX with LPS. # indicate significant

differences in comparison to PBS group. " **p <0.01

Apoptosis and ferroptosis mechanism analysis

With good cytocompatibility, the PPy-FePi-MTX NPs
were further evaluated with an in-depth investigation
into the therapeutic mechanisms associated with the
apoptosis and ferroptosis of inflammatory macrophages
at a concentration of 200 ppm. As illustrated in Scheme
1, the degradation of PPy-FePi-MTX NPs occurred
upon uptaken by inflammatory macrophages, resulting
in the release of Fe>* and MTX. The liberated MTX was
capable of inducing apoptosis and inhibiting prolifera-
tion directly. Furthermore, Fe®>" can be converted to Fe**
through a redox reaction with GSH. The resultant Fe**
then catalyzed the conversion of H,O, to -OH, leading to
intracellular oxidative stress. As a consequence of GSH
depletion, GPX4 became inactivated, compromising the
oxidative defense mechanism of inflammatory cells. Con-
sequently, the combined effects of apoptosis and ferrop-
tosis induced by PPy-FePi-MTX NPs contributed to the
elimination of inflammatory cells.

To evaluate the apoptosis-inducing capacity of PPy-
FePi-MTX NPs, LPS-treated RAW 264.7 cells were
divided into 5 groups with or without 1064 nm irradia-
tion: (1) PBS, (2) MTX, (3) PPy-Fe NPs, (4) PPy-Fe-MTX
NPs, and (5) PPy-FePi-MTX NPs. The findings from the
AM/PI staining and CCK-8 assay revealed that treatment
with MTX or PPy-Fe NPs, in the absence of irradiation,
led to decreased cell viability in comparison to the PBS
group. The PPy-Fe-MTX NPs groups without irradiation
exhibited a higher cytotoxic effect when compared to
equivalent concentrations of MTX or PPy-Fe NPs with-
out irradiation (Fig. S4). Following irradiation treatment,
the efficacy of PPy-Fe NPs, PPy-Fe-MTX NPs, and PPy-
FePi-MTX NPs to kill LPS-treated RAW 264.7 cells was
significantly enhanced (Table S2). Notably, a pronounced
reduction of the cell viability was observed in the PPy-
FePi-MTX group compared to the PPy-Fe-MTX group,
indicating PO,>"-mediated autophagy blockage could
effectively enhance the inflammatory cell-eliminating
capacity of PPy-Fe-MTX NPs (Fig. 4a-c). These results
suggested the combined therapeutic effects generated by
PPy-FePi-MTX NPs was more effective in causing mac-
rophage damage.

To further demonstrate the combined effects of photo-
thermal therapy and MTX release from PPy-FePi-MTX
NPs, after staining LPS-treated RAW 264.7 cells with
Annexin V-FITC and PI, apoptosis levels were quanti-
fied by flow cytometry (Fig. 4d). The results showed that

the apoptosis rate of cells in the PPy-FePi-MTX NPs
group was 91.2%, significantly surpassing that of the
other groups. Additionally, results from immunoblot
analysis and qRT-PCR identified a striking upregulation
in the expression of cleaved Caspase 3 and BAX in the
PPy-FePi-MTX NPs group compared to the other groups
(Fig. 4e and S5). These results collectively revealed the
effectiveness of combined therapeutic strategy.

Subsequently, the capacity of PPy-FePi-MTX NPs to
induce ferroptosis was examined. Firstly, the produc-
tion of ROS was investigated under different conditions
using 2;7’-dichlorofluorescein diacetate as the probe.
The results depicted in Fig. S6a-b demonstrated that
the intensity of green fluorescence heightened with pro-
longed exposure to irradiation, indicating a gradual esca-
lation in ROS production, reaching its maximum level at
5 min. Compared to the PBS group, obviously increased
green fluorescent signals were observed in the other
groups, with particularly enhanced brightness noted
in the PPy-FePi-MTX group (Fig. S6¢-d). These images
showed the elevated levels of ROS after PPy-FePi-MTX
NPs treatment. Furthermore, 3’-(p-aminophenyl) fluores-
cein (APF) was utilized to confirm the generation of -OH
[11, 42]. The results from APF analysis indicated that the
production of -OH increased as the duration of laser irra-
diation was extended (Fig. S7a). Similarly, the PPy-FePi-
MTX group exhibited a higher production level of -OH
compared to the other groups when subjected to laser
irradiation, supporting the elevated generation of -OH in
the PPy-FePi-MTX group (Fig. S7b).

The reduction of GSH by Fe®" was evaluated in LPS-
treated RAW 264.7 cells (Fig. 4f). Following co-incuba-
tion with PPy-FePi-MTX NPs, a significant decrease in
intracellular GSH levels was observed, indicating GSH
depletion and subsequent disruption of intracellular pro-
cesses as confirmed by immunoblotting assay (Fig. 4e and
g). The striking downregulation of GPX4 expression in
the PPy-FePi-MTX NPs group suggested effective GSH
depletion leading to GPX4 inactivation. Furthermore,
the LPO level within cells was found to be crucial to this
process [21]. The PPy-FePi-MTX NPs group exhibited
an obvious increase in the LPO content, indicating the
induction of ferroptosis (Fig. 4h). Collectively, these find-
ings revealed that the synthesized PPy-FePi-MTX NPs
effectively triggered apoptosis and ferroptosis in inflam-
matory macrophages.
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Autophagy blockage analysis

Autophagy serves as a cytoprotective mechanism by
facilitating the digestion of toxic proteins and damaged
organelles through lysosomes (Scheme 1) [23, 43]. Addi-
tionally, the nutrients obtained from autophagic degrada-
tion, such as amino acids and pyruvate, play a crucial role
in supporting mitochondrial metabolism and the biosyn-
thesis of inflammatory macrophages, thereby enhancing
their viability. Consequently, the inhibition of autophagy
process is essential for the suppression of inflammation.
During the degradation process of PPy-FePi-MTX NPs, a
significant amount of PO,>~ was released within inflam-
matory macrophages. The accumulation of PO,*" in the
lysosome led to hydrolase inactivation due to the disrup-
tion of optimal reaction pH [44, 45], thereby impeding
the metabolism of damaged components and ultimately
resulting in the death of inflammatory macrophages.

We systematically investigated the ability of PPy-FePi-
MTX NPs to inhibit autophagy. The effects of MTX,
PPy-Fe NPs, PPy-Fe-MTX NPs, and PPy-FePi-MTX NPs
on autophagic flux were examined to understand the
relationship between cellular self-repair and autophagy.
The autophagy-related protein LC3B was utilized as a
marker. LPS-treated RAW 264.7 cells were transfected
with LC3B pcDNA tagged with green fluorescent protein
(GFP) and subsequently treated with MTX, PPy-Fe NPs,
PPy-Fe-MTX NPs, or PPy-FePi-MTX NPs. Conspicuous
green fluorescence emitted by GFP-LC3B was observed
in the PPy-FePi-MTX group, indicating the formation of
autophagosomes (Fig. 5a-c). These data could be attrib-
uted to the activation of effective autophagy or the inhi-
bition of lysosomal degradation.

Additional molecular evidence was necessary to eluci-
date this phenomenon. Immunoblotting and qRT-PCR
analyses were conducted on LPS-treated RAW 264.7
cells to assess the expression of autophagy-related genes
(Fig. 5d-g). The protein and mRNA expression of p53,
functioning as a transcriptional sensor of ROS [46], were
progressively increased in the MTX, PPy-Fe, PPy-Fe-
MTX, and PPy-FePi-MTX groups. This suggested that
the cellular redox state played a significant role in modu-
lating downstream autophagic responses. The gradually
upregulated protein and mRNA expression of Beclin-1,
an important regulator of the initial stages of autophagy
and the formation of phagophores [47], was observed
in the MTX, PPy-Fe, PPy-Fe-MTX, and PPy-FePi-MTX
groups. This observation indicated that the therapeutic
interventions induced a protective autophagy aimed at
mitigating cellular damage. Importantly, the accumula-
tion of p62, a specific substrate targeted to the autopha-
gosomal membrane for degradation in autolysosomes
[48], was observed in the PPy-FePi-MTX group, indicat-
ing inhibition of lysosomal degradation. Conversely, a
significant downregulation of p62 in the MTX, PPy-Fe,
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and PPy-Fe-MTX groups further demonstrated that
these treatments effectively induced protective autoph-
agy. These findings offered robust supporting evidence
for distinguishing positive and negative regulation of
autophagy. The PPy-FePi-MTX NPs exhibited dual
effects by inducing damage to enhance autolysosome
processing and inhibiting autolysosome degradation to
accumulate autophagy substrates. Our data on apoptosis
and ferroptosis collectively indicated that the phosphate-
triggered blockade of autophagy hindered the self-repair
capability of inflammatory macrophages during the
process of apoptosis/ferroptosis-induced destruction,
thereby enhancing anti-inflammatory therapeutic effi-
cacy [49, 50].

Therapeutic efficacy detection in vivo

In order to investigate the photothermal capability of
PPy-FePi-MTX NPs to treat RA, a CIA-induced mouse
RA mouse model was subjected to the therapeutic pro-
cedure as illustrated in Fig. 6a. The mice were immunized
on Day 0, and CIA was established by Day 21. From Day
21 onwards, the RA mice were treated with different
therapeutics every 7 d. The evaluation was performed
every 3 days, and the mice were sacrificed for tissue
collection on Day 60. It was found that under 1064 nm
laser irradiation, the sham and vehicle groups exhibited
the weakest photothermal effects due to the absence of
a photothermal agent. In contrast, the PPy-Fe, PPy-
FeMTX, and PPy-Fe-MTX groups demonstrated similar
photothermal effects, reaching temperatures of approxi-
mately 48 °C under laser irradiation. No photothermal
effect was observed in PPy-FePi-MTX groups without
laser irradiation (Fig. 6b).

To evaluate the anti-RA effect of PPy-FePi-MTX NPs,
MTX, a frequently used small-molecule disease-mod-
ifying antirheumatic drug [51], was utilized as the posi-
tive control group. Using a clinical rating system [52],
arthritis severity, paw thickness, and joint diameter were
assessed. Compared to the vehicle plus laser group, a
mild improvement of arthritis index was found in the
PPy-Fe NPs plus laser group, which was less effective
than the MTX group. In contrast, the PPy-FePi-MTX
plus laser group significantly improved arthritis index
compared to other groups, showing the lowest arthritis
index (Fig. 7a). Meanwhile, PPy-FePi-MTX NPs-treated
mice under laser irradiation showed an obvious decrease
in paw thickness and joint swelling (Fig. 7b-d). Compared
to previously reported methods [53-55], our findings
indicated the high effectiveness of this anti-RA treat-
ment strategy through autophagy blockage-enhanced
apoptosis/ferroptosis.

To assess the degree of joint inflammation more com-
prehensively, a histological analysis of joint slides from
mice was conducted. Examination of H&E-stained
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Fig.4 Cytotoxic effects and apoptosis/ferroptosis analysis in LPS-treated RAW 264.7 cells with different treatments under laser irradiation. (a, b) CLSM im-
ages (a) and quantitative analysis (b) of live/dead cell staining images. Scale bar: 100 um. (c) Quantification of cell viability. (d) Flow cytometry analysis of
cellular apoptosis. (e) Western blot analysis of Caspase 3, BAX, and GPX4 proteins expression. (f, h) Measurement of intracellular (f) GSH and (h) LPO levels.
(g) RT-gPCR analysis of GPX4 mRNA expression. # indicate significant differences in comparison to PBS group. * *p < 0.05, **p < 0.01
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sections in PBS-treated CIA mice revealed the pres-
ence of significant inflammatory cell infiltration and
pronounced synovial hyperplasia. In comparison to
the PBS plus laser group, the MTX, PPy-Fe plus laser,
PPy-Fe-MTX plus laser, and PPy-FePi-MTX without
laser group demonstrated limited efficacy in mitigating

these symptoms. Conversely, the PPy-FePi-MTX plus
laser group showed the optimal effect in reducing syno-
vial hyperplasia and inflammation, as well as a signifi-
cantly decreased synovitis score (Fig. 8a and e). The in
vivo serum levels of proinflammatory cytokines (TNE-
a, IL-1B, and IL-6) were also assessed following various
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Fig. 6 Evaluation of photothermal effects in a CIA mouse model treated with different NPs or vehicle. (a

) Schematic representation of the experimental

timeline. This figure was created using Figdraw (www.figdraw.com). (b) Infrared thermal imaging of mice with various treatments under laser irradiation

(+laser) at various time points

treatments as an additional critical parameter for evalu-
ating therapeutic efficacy. Notably, significantly reduced
levels of TNF-a, IL-1f, and IL-6 were observed in groups
3-7, with group 7 demonstrating the most pronounced
effect in suppressing proinflammatory cytokines (Fig.
S9). These data demonstrated the superiority of com-
bined treatment. Moreover, results from immunohisto-
chemistry (IHC) staining indicated a marked increase
in M1 marker, such as Cd86 and Nos2 [56], within the
synovium of CIA mice in comparison to the sham group.

In contrast, the expression of Cd86 and Nos2 in synovial
tissue was substantially reduced in the MTX, PPy-Fe plus
laser, PPy-Fe-MTX plus laser, PPy-FePi-MTX plus laser,
and PPy-FePi-MTX without laser group. Among these
groups, the lowest expression of Cd86 (Fig. 9a and e) and
Nos2 (Fig. 9b and f) were observed in the PPy-FePi-MTX
plus laser group, which suggested PPy-FePi-MTX NPs
effectively eliminated M1-polarized macrophages to alle-
viate synovial inflammation.
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In order to further validate the therapeutic mechanism,
IHC was performed to assess the expression of GPX4
(Fig. 9c and g) and p62 (Fig. 9d and h) in synovial tis-
sues. The vehicle plus laser exhibited mildly decreased
GPX4 expression, whereas the expression of GPX4
was obviously reduced in the MTX, PPy-Fe plus laser,
PPy-Fe-MTX plus laser, PPy-FePi-MTX plus laser, and
PPy-FePi-MTX without laser groups. These findings
suggested that MTX, PPy-Fe NPs, PPy-Fe-MTX NPs,
and PPy-FePi-MTX NPs had the potential to induce fer-
roptosis effectively for RA treatment. The downregula-
tion of p62 expression in the inflamed synovium from
the MTX, PPy-Fe plus laser, and PPy-Fe-MTX plus laser
groups, as compared to that of the PBS plus laser group,
suggested a potential mechanism by which inflammatory
cells might exhibit resistance to treatment and promote
self-repair through autophagy. In contrast, the upregu-
lation of p62 expression in the PPy-FePi-MTX with or
without laser groups, demonstrated the effective inhibi-
tion of autophagy by phosphate. Collectively, these find-
ings illustrated that intracellular intrinsic autophagy can

enhance the treatment resistance of inflammatory cells,
thereby diminishing therapeutic effectiveness [57]. The
suppression of autophagy significantly attenuates this
self-protective mechanism, thus enhancing the potential
efficacy of nanomedicine.

Chronic synovitis frequently results in cartilage degra-
dation and bone destruction [58]. Histological examina-
tion and micro-CT analysis were conducted to evaluate
the potential of PPy-FePi-MTX NPs in alleviating inflam-
matory cartilage and bone degeneration. Safranin-O/
Fast-Green staining revealed an obvious destruction of
cartilage tissues within the joints of the PBS group. A
slight mitigation of cartilage damage was noted in the
MTX, PPy-Fe plus laser, PPy-Fe-MTX plus laser, and
PPy-FePi-MTX without laser groups. In marked con-
trast, the joints treated with PPy-FePi-MTX NPs under
laser irradiation exhibited intact cartilage (stained red
by Safranin O), suggesting the effective protection of
articular cartilage (Fig. 8b and f). In micro-CT analysis,
various degrees of evident bone damage were observed
in the MTX, PPy-Fe plus laser, PPy-Fe-MTX plus laser,



Liu et al. Journal of Nanobiotechnology (2025) 23:428

Group 2

p
=T

(b)

Safranin O staining H&E staining

()

micro-CT

(d)

TRAP staining

Group 4
e DRy

Page 15 of 18

Group 5

Group 5: PPy-Fe-MTX + laser

=1 Group 1: Sham E3 Group 2: Vehicle + laser

=1 Group 6: PPy-FePi-MTX B3 Group 7: PPy-FePi-MTX + laser

Group 3: MTX Group 4: PPy-Fe + laser

~
a
~

®

(

g) (h)

L

L id
»

-
<

Mankin score
@
¥
¥

Synovitis score
»

o
S

w
<

8

-

N
g

.

¥

Bone erosion (%)

3

[

TRAP* cells/mm?

-
e

[]

"

H

1

<
<

1=

°

Fig. 8 Histological and micro-CT evaluation of CIA mice after different treatments. (a) H&E staining, (b) Safranin O staining, (c) micro-CT reconstruction
images, and (d) TRAP staining of joint tissues from various treatment groups. Scale bar: 50 um and 100 pum. (e) Synovitis score based on H&E staining. (f)
Mankin score based on Safranin O staining. (g) Quantification of bone erosion percentage based on micro-CT images. (h) Quantification of TRAP-positive

cells. # indicate significant differences in comparison to group 2. *p<0.05, #**p <0.01

and PPy-FePi-MTX without laser groups. Treatment
with PPy-FePi-MTX plus laser exhibited a significant
reduction in bone erosion compared to the aforemen-
tioned groups (Fig. 8c and g). Increased osteoclasts are
known to significantly contribute to bone erosion dur-
ing the progression of RA [59]. Following this, we con-
ducted an assessment of the effect of PPy-FePi-MTX NPs

on osteoclast quantity through tartrate-resistant acid
phosphatase (TRAP) staining. Multinuclear cells express-
ing TRAP and possessing more than three nuclei were
characterized as osteoclasts [60]. An obvious increase in
osteoclasts was noted in the subchondral bone of the PBS
group, while PPy-FePi-MTX NPs under laser treatment
led to a marked reduction in the number of osteoclasts
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compared to other treatments (Fig. 8d and h). The data  (AST) post-treatment (Fig. S9a and S9b). Nephrotoxicity
presented above indicated that PPy-FePi-MTX NPs had  was evaluated by determining blood urea nitrogen (BUN)
the potential to effectively reduce the development of RA  and creatinine (Cre) levels (Fig. S9¢ and S9d). The find-
by diminishing synovial inflammation, cartilage degrada-  ings revealed no significant alterations in these param-
tion, and bone erosion in CIA mice. eters among groups 2, 3, 4, 5, 6, and 7, as compared to
To evaluate biocompatibility, we assessed hepatotoxic-  group 1, indicating minimal hepatic and renal toxicity.

ity by measuring serum levels of the liver enzymes ala-

nine transaminase (ALT) and aspartate aminotransferase
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Conclusions

In summary, a multifunctional PPy-FePi-MTX NP was
prepared for effective RA treatment through an autoph-
agy blockage-enhanced apoptosis/ferroptosis strat-
egy. The payloads on PPy NPs were released under the
stimulation of an inflammatory microenvironment. The
released MTX, as well as the photothermal effect of PPy
under NIR laser irradiation, directly induced M1 mac-
rophage apoptosis. Fe>* reacted with GSH to form Fe?*,
which converted H,O, into cytotoxic -OH. This redox
process depleted glutathione, inactivated glutathione
peroxidase 4, and caused lipid peroxidation accumula-
tion, thereby resulting in ferroptosis of inflammatory M1
macrophages. Notably, PO,*" disrupted the normal func-
tion of lysosomes by pH disturbance, disabling the cyto-
protective autophagy of M1 macrophages for augmented
anti-RA efficacy. When injected intraarticularly into
a mouse model of RA, these PPy-FePi-MTX NPs dis-
played significant anti-RA therapeutic effects. Therefore,
the PPy-FePi-MTX NPs reported herein hold promising
potential in the clinical management of RA.
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