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A B S T R A C T   

Breast cancer is the most diagnosed malignancy in women globally, and drug resistance is among the major 
obstacles to effective breast cancer treatment. Emerging evidence indicates that photothermal therapy and fer
roptosis are both promising therapeutic techniques for the treatment of drug-resistant breast tumors. In this 
study, we proposed a thermal/ferroptosis/magnetic resonance imaging (MRI) triple functional nanoparticle 
(I@P-ss-FRT) in which ferritin, an iron storage material with excellent cellular uptake capacity, was attached via 
disulfide bonds onto polydopamine coated iron oxide nanoparticle (I@P) as photothermal transduction agent 
and MRI probe. I@P-ss-FRT converted the near-infrared light (NIR) into localized heat which accelerated the 
release of ferrous ions from ferritin accomplished by glutathione reduction and subsequently induced ferroptosis. 
The drug-resistant cancer cell lines exhibited a more significant uptake of I@P-ss-FRT and sensitivity to PTT/ 
ferroptosis compared with normal cancer cell lines. In vivo, I@P-ss-FRT plus NIR displayed the best tumor-killing 
potential with inhibitory rate of 83.46 %, along with a decline in GSH/GPX-4 content and an increase in lipid 
peroxides generation at tumor sites. Therefore, I@P-ss-FRT can be applied to combat drug-resistant breast 
cancer.   

1. Introduction 

Globally, female breast cancer has surpassed lung carcinoma as the 
primary cause of cancer incidences, accounting for 31 % of all new 
cancer cases [1,2]. Clinically, chemotherapy is the main therapeutic 
option for triple-negative breast cancer or early-stage breast cancer [3, 
4]. However, chemotherapy is associated with drug resistance [5–7]. 
Therefore, there is an urgent need for innovative therapeutics for 
drug-resistant breast cancer. 

Drug-resistant breast cancer cells exhibit mesenchymal phenotype 
and stemness properties [8–12]. Notably, high-mesenchymal state cells 
with high expressions of zinc-finger E-box binding homeobox 1 (ZEB1) 
are sensitive to the lipid peroxidase pathway [13]. Further, the prefer
ential uptake of iron and ferritin by cancer stem-like cells (CSC) has been 
reported by Rich et al. [14]. Therefore, we postulated that ferroptosis is 
a potential therapeutic approach for drug-resistant breast cancer. 

Ferroptosis, first proposed in 2012 by Dixon SJ, is a new death mode 

of cells that is initiated by toxic lipid peroxidation (LPO), with a sub
stantial iron dependence [15,16]. A common approach for inducing 
ferroptosis is to interfere with iron metabolism by leveraging the 
degradation property of iron oxide nanoparticles (IONPs), that is, 
degradation to iron ions after IONPs enter the acidic lysosomal com
partments and catalyzation with H2O2 to produce hydroxyl radicals via 
the Fenton reaction [17–19]. The inefficiency of ferroptosis is largely 
attributed to slow degradation of IONPs, unfavorable catalytic condi
tions in the tumor microenvironment (TME) away from the ideal pH 
(2.5–3.5) for Fenton reactions, and the presence of glutathione 
(GSH)/glutathione peroxidase 4 (GPX-4) pathway, which is responsible 
for detoxifying LPO to nontoxic lipid alcohols [20–23]. 

Ferritin, which is made up of an iron mineral core that can store up to 
4500 atoms of iron and a protein shell on which the 3-fold hydrophilic 
channels for Fe2+ transport are located, is an essential protein for 
intracellular iron storage and iron homeostasis [24,25]. Reducing 
agents, such as GSH, can release soluble Fe2+ from the ferritin mineral 
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core by crossing the ferritin shell and entering the ferritin interior or by 
using a particular electron transfer pathway, which is accompanied by 
consumption of reducing agents [26–30]. Interestingly, hyperthermia 
can widen ferritin channels or slightly separate ferritin subunits, thereby 
enhancing the entry of reducing agents into the interior of ferritin 
[31–33]. The thermal-responsive property of ferritin enlightens us to 
take advantage of photothermal therapy (PTT), as the increased tem
perature brought by PTT results in opening of ferritin channels, sup
pression of GSH, and increased release of ferrous ions, all of which 
potentiate the effects of ferroptosis. Horse spleen ferritin, which is rich 
in L chains, can specifically recognize and bind scavenger receptor class 
A member 5 (SCARA5) that is upregulated in breast tumors, promoting 
the cellular uptake of ferritin-decorated nanoparticles [34–37]. There
fore, ferritin functions as an excellent link between PTT and ferroptosis 
for improved drug-resistant cancer therapy. 

We designed a biomimetic nanoparticle (I@P-ss-FRT) based on GSH- 
triggered and PTT-enlarged ferroptosis for synergistic therapy of drug- 
resistant cancer. In this study, IONP was chosen as its slow and sus
tained release of ionic iron in acidic environments, photothermal con
version and magnetic resonance imaging (MRI) contrast. The 
polydopamine (PDA) coating reinforced photothermal effects synergis
tically with IONP, and offered a favorable reaction platform for further 
ferritin modification due to its active catechol hydroxyl groups [38–40]. 
As shown in Fig. 1, due to ferritin-mediated endocytosis, drug-resistant 
tumor cells exhibited effective uptake of nanoparticles, facilitating 
intracellular functions, compared with non-resistant cells. Apart from 
directly suppressing tumor growth, the NIR-mediated hyperthermia 
triggered ferritin’s Fe2+ release in GSH rich TME. The rapid and massive 
iron release from ferritin played co-operative and complementary roles 
with the slow but continuous iron release from IONP core, maximizing 

the benefits of Fe2+ in ferroptosis. Activation of ferroptosis with 
enlarged efficiency was accomplished by suppression of intracellular 
GSH levels and increased ferrous ions accumulation. The mutually 
beneficial relationship between PTT and ferroptosis, in which photo
thermal heating of I@P-ss-FRT sparked ferroptosis and ferroptosis that 
in turn made up for the incomplete ablation by PTT due to heteroge
neous heat distribution, presented a strong and synergistic efficacy for 
inhibiting drug-resistant tumor. 

2. Materials and methods 

2.1. Materials 

Dimercaptosuccinic acid (DMSA)-IONP, black magnetite Fe3O4 
nanoparticle, was purchased from Nanjing NanoEast Biotech Co., Ltd 
(Nanjing, China). Horse spleen ferritin was provided by Sigma-Aldrich 
(St. Louis, USA). Doxorubicin HCl, Tris-HCl buffer (10 mmol/l (mM), 
pH 8.5), fluorescein isothiocyanate (FITC), phosphate-buffered saline 
(PBS), human recombinant insulin, recombinant human epidermal 
growth factor (rh-EGF), recombinant human basic fibroblast growth 
factor (rh-bFGF), agarose, and cell counting kit-8 (CCK-8) assay were 
obtained from Dalian Meilun Biotechnology Co., Ltd (Dalian, China). 
GSH assay kit and MDA assay kit came from Jiancheng Bioengineering 
Institute (Nanjing, China). Cell lysis buffer, phenyl
methanesulfonylfluoride (PMSF), SDS-PAGE sample loading buffer, 
nonfat powdered milk, HRP-labeled goat anti-mouse IgG (H + L), HRP- 
labeled goat anti-rabbit IgG (H + L), BeyoECL Plus, BCA protein assay 
kit, Calcein/PI cell viability/cytotoxicity assay kit, reactive oxygen 
species (ROS) assay kit, mannose receptor C-type 1 (MRC1) rabbit 
polyclonal antibody and β-actin mouse monoclonal antibody were 

Fig. 1. Schematic illustration of the structure of I@P-ss-FRT, ferritin functions, and mechanisms of PTT-enhanced ferroptosis.  
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bought from Beyotime Biotechnology Co., Ltd (Shanghai, China). 
Ammonia water (28–30 %) and acetone were obtained from Sinopharm 
Chemical Reagent Co., Ltd (Shanghai, China). GSH, 1,10-Phenanthro
line, and dopamine hydrochloride were supplied by Aladdin Biochem
ical Technology Co., Ltd (Shanghai, China). Deferoxamine methane 
sulfonate (DFOM) was obtained from J&K Scientific (Beijing, China). Z- 
VAD-fmk was obtained from Bidepharm (shanghai, China). Pyridyl di
sulfide cysteamine⋅HCl was bought from Shanghai Acmec Biochemical 
Co., Ltd (Shanghai, China). FerroOrange probe was purchased from 
DOJINDO Laboratories (Japan). B-27™ Supplement (50 × ), BODIPY™ 
581/591 C11, and CD206 monoclonal antibody (MR6F3) were obtained 
from Thermo Fisher Scientific Inc (MA, USA). Hematoxylin-eosin (H&E) 
staining kit and 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylimidacarbocya
nine (JC-1) assay kit were bought from Beijing Solarbio Science & 
Technology Co., Ltd. (Beijing, China). Murine interferon-γ (IFN-γ) and 
lipopolysaccharide (LPS) were purchased from PeproTech Inc (NJ, 
USA). Anti-ferritin light chain antibody (EPR5260) and GPX-4 antibody 
(EPNCIR144) were bought from Abcam (Cambridge, UK). 

2.2. Cell lines 

MCF-7 (a human breast cancer cell line), RAW 264.7 (murine mac
rophages), L929 (a mouse fibroblast cell line), and 4T1 (mouse mam
mary carcinoma cells) were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). A doxorubicin (DOX)-resistant 
subline of the MCF-7 cells (i.e., MCF-7/ADR) was obtained from MEIX
UAN Biological Science and Technology Ltd (Shanghai, China). Dul
becco’s Modified Eagle’s Medium (DMEM/high glucose) cell culture 
medium, Roswell Park Memorial Institute (RPMI-1640), fetal bovine 
serum (FBS), 0.25 % trypsin-EDTA and penicillin/streptomycin stock 
solutions were all supplied by Invitrogen Co., Ltd (Carlsbad, USA). MCF- 
7 cells, RAW 264.7 cells, L929 cells, and 4T1 cells were cultured in 
DMEM/high glucose with 10 % (v/v) FBS, 100 U/mL penicillin and 0.1 
mg/mL streptomycin. MCF-7/ADR cells were treated with RPMI-1640 
containing 0.5 μg/mL DOX, 10 % FBS, 100 U/mL penicillin and 0.1 
mg/mL streptomycin. All cells were incubated in a humidified incubator 
with 5 % CO2 in the air at 37 ◦C. 

2.3. Preparation of polydopamine-coated IONPs (I@P) 

As reported previously, PDA coating was deposited on the surface of 
IONPs by self-polymerization of dopamine in a weak alkaline environ
ment [39,41]. More specifically, 40 mL of pH 8.5 Tris buffer was used to 
dissolve 1 mg DMSA-IONP and 20 mg of dopamine. This process took 
place at room temperature for 12 h with mechanical stirring. The I@P 
was collected by centrifugation and then redispersed in water for future 
usage. 

2.4. Conjugation of ferritin to I@P via disulfide bonds 

The obtained I@P was resuspended in Tris buffer containing 25 mg 
pyridyl disulfide cysteamine⋅HCl. The solution reacted for 12 h at room 
temperature with mechanical stirring to produce pyridyl disulfide-I@P 
via Michael-Type addition, followed by centrifugation to obtain the 
modified I@P. 

Commercial ferritin was further purified for buffer exchange into 
PBS using a Sephadex G-25S desalting column (HiTrap Desalting 5 mL, 
Sephadex G-25S, GE Healthcare, USA). After desalting, an excess of 
ferritin was mixed with a solution of pyridyl disulfide-I@P that had been 
diluted with the conjugation buffer (0.1 M PBS, pH 7.8). After a 
continuous 24 h mechanical stir in an ice bath and subsequent centri
fugation, the ferritin was linked to the I@P surface (I@P-ss-FRT) via a 
disulfide bond through a disulfide exchange reaction. 

2.5. Synthesis of PDA nanoparticle 

PDA nanoparticles were synthesized according to the previously re
ported method with minor modifications [42]. In brief, 9 mL of deion
ized water was mixed with 0.4 mL of ammonia water, 4 mL of ethanol, 
and held at 30 ◦C with magnetic stirring for 0.5 h. Afterward, 40 mg 
dopamine hydrochloride dissolving in 1 mL deionized water was 
speedily injected into the above-mentioned solution, and the reaction 
was allowed to run its course overnight. The resultant solution was 
precipitated using three times the volume of acetone and centrifuged 
(800 g, 8 min) to obtain PDA nanoparticles (about 50 nm particle size). 

2.6. Characterization of as-synthesized I@P and I@P-ss-FRT 

The particle size distribution and zeta-potential were analyzed by the 
dynamic light scattering (DLS) performed on the Zetasizer Nano ZS 
device. Transmission electron microscopy (TEM) was operated on JEM- 
2100F (JEOL Ltd, Japan) equipped with the energy dispersive spec
troscopy (EDS) analyzer (Oxford INCA energy) to observe the mor
phologies and elemental composition of different nanoparticles. Fourier- 
transform infrared spectroscopy (FTIR, Nicolet™ iS5, Thermo Fisher 
Scientific Inc, MA, USA) was employed to determine the functional 
groups of nanoparticles, and the ultraviolet–visible (UV–vis) spectra 
were recorded on a UV–vis spectrophotometer (Shimadzu, Tokyo, 
Japan). 

Western blot analysis was carried out to check that the ferritin was 
attached to the surface. Untreated commercial ferritin, I@P, and I@P-ss- 
FRT were lysed using cell lysis buffer and then heated to 95 ◦C for 5 min 
in SDS loading buffer. After that, 20 μL samples underwent electro
phoresis using 15 % SDS-PAGE gel at 120 V until the bromophenol blue 
nearly reached the bottom of the gel. Afterward, the gel was transferred 
to a nitrocellulose membrane (Millipore, USA) at 250 mA for 1 h. After 
blocking by 5 % non-fat milk for 1 h, the blot was incubated with a 
primary antibody of ferritin light chain (1:10000) at 4 ◦C overnight and 
a secondary antibody for 1 h at room temperature, followed by deter
mination using enhanced chemiluminescence assay. At last, the blot was 
developed using the FluorChem M imaging system. 

The MR imaging capability of I@P and I@P-ss-FRT were analyzed 
using a 11.7T Bruker BioSpin MRI animal instrument (Institute of Sci
ence and Technology for Brain-Inspired Intelligence, Fudan University, 
Shanghai, China). T2-weighted images of I@P and I@P-ss-FRT at 
different Fe concentrations were recorded for T2 relaxation rate (r2) 
assessment. 

The Fe2+ concentration of different nanoparticles was measured by a 
colorimetric assay based on 1,10-phenanthroline-ferrous ion complexes 
as a well-established method [43]. 

To assess the photothermal performance of different nanoparticles, 
200 μL nanoparticle water solution was placed in a 0.5 mL tube under 
continuous exposure of an 808 nm laser (1.25 W/cm2, Changchun New 
Industries Optoelectronics Technology Co., China) for 7 min. During this 
procedure, the change of temperature was monitored by a digital ther
mometer (TM-902C, Lutron Electronic Enterprise Co., Ltd, China) and 
photographed with an infrared thermographic camera (CEM Thermal 
Imager DT-980, Shenzhen Everbest Machinery Industry Co., Ltd, China). 

2.7. In vitro Fe2+ release profile 

In vitro Fe2+ release profile was quantified by 1,10-phenanthroline 
assay. In detail, different nanoparticle solutions were injected into the 
medium under various conditions to a final concentration of 50 μg Fe/ 
mL and the photothermally treated groups were illuminated by an op
tical fiber-coupled 808 nm (laser power: 1.25 W/cm2) for 5 min. The 
experiment was conducted on a shaker at a speed of 120 revolutions per 
minute (rpm) at a temperature of 37 ◦C. At preset time points, the 
sample was centrifuged at 20000 rpm for 5 min. 100 μL of the super
natant was collected for quantitative detection, and the same volume of 
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the fresh medium under different conditions was supplemented. The 
withdrawn supernatant was mixed with 500 μL of ammonium acetate 
buffer (0.1 M, pH 5.0) containing 1 % 1,10-phenanthroline (by weight). 
After a 15-min reaction, the absorbance reading at 510 nm was 
measured on a microplate reader (Synergy H1 Hybrid Multi-Mode 
Reader, BioTek Instruments, USA) and the iron concentration was 
calculated from a standard curve. 

2.8. Extracellular GSH consumption 

I@P or I@P-ss-FRT aqueous solutions were re-dispersed in 10 mM 
GSH solution and either exposed or not exposed to1.25 W/cm2, 5 min of 
808 nm laser irradiation. After being incubated for 12 h, the supernatant 
was spun-collected for 5 min at a speed of 20,000 rpm and then reacted 
with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB). Then the absorbance 
of the solution at 405 nm was read using a microplate reader. 

2.9. Cellular uptake and tumor spheroid penetration study 

After being grown on confocal dishes overnight, MCF-7 and MCF-7/ 
ADR cells were treated with I@P-FITC and I@P-ss-FRT-FITC in FBS-free 
RPMI-1640 for 4 h. Following a gentle three-time washing with pre
cooling PBS, the cells were observed under confocal laser scanning mi
croscopy (CLSM, Carl Zeiss LSM710, Zeiss, Germany). 

A previously-validated liquid overlay method was used to create 
MCF-7/ADR tumor spheroids [44]. Briefly stated, single-cell suspension 
(4 × 104 cells/mL) was seeded in 2 % agarose-coated 96-well plates with 
FBS-free RPMI-1640 supplemented with 5 μg/mL insulin, 20 ng/mL 
rh-EGF, 20 ng/mL rh-bFGF, 1 × B-27, and the cultivation process 
continued until the tumor spheroids with diameters of approximately 
400 μm were formed. Then the tumor spheroids were co-cultured with 
I@P-FITC and I@P-ss-FRT-FITC for a further 4 h while being protected 
from light. At last, the tumor spheroids were washed with prechilled PBS 
and transferred to glass-bottom confocal dishes for Z-stack confocal 
imaging. 

2.10. Assessment of in vitro cytotoxicity and synergic therapeutic efficacy 

L929, MCF-7, and MCF-7/ADR cells were seeded in 96-well plates at 
a density of 8 × 103 cells/well. The initial culture media was aspirated 
from the wells after an overnight incubation period, and a fresh medium 
containing I@P or I@P-ss-FRT with different Fe concentrations was 
added. The wells were then co-incubated for an additional 24 h. Cell 
viabilities were estimated by CCK-8 according to the manufacturer’s 
protocol. 

MCF-7 and MCF-7/ADR cells were cultivated in 96-well plates for 
one night and subjected to the following treatments to test the efficiency 
of synergistic therapy: fresh media (as a control group), I@P, I@P/ 
DFOM, I@P/Z-VAD-fmk, I@P-ss-FRT, I@P-ss-FRT/DFOM, and I@P-ss- 
FRT/Z-VAD-fmk (the concentrations of I@P and I@P-ss-FRT were 50 
μg Fe/mL, DFOM was 50 μM, and Z-VAD-fmk was 50 μM), and cells in 
PTT groups were subjected to an 808 nm laser irradiation at 1.25 W/cm2 

for 5 min after 4 h of culture. The CCK-8 assay was run after 24 h to 
evaluate cell proliferation inhibition. 

By distinguishing between live and dead cells, the Calcein AM/PI cell 
viability/cytotoxicity assay was applied to directly visualize the syner
gistic antitumor impact. MCF-7 and MCF-7/ADR cells were cultured in 
confocal dishes following the same incubation and PTT procedures as 
previously mentioned. Afterward, 1 mL testing buffer of Calcein AM/PI 
was added and stained for 30 min at 37 ◦C in the dark. Lastly, fluores
cence images were captured using CLSM. 

2.11. Determination of intracellular GSH level 

The MCF-7/ADR cells were treated by I@P and I@P-ss-FRT with or 
without 808 nm laser illumination. After incubation overnight, the cells 

were harvested, and several cycles of freezing and thawing were used to 
prepare cell lysates. The GSH was then analyzed with GSH detection kit. 

2.12. Determination of intracellular iron release 

FerroOrange, an intracellular Fe2+ probe, was utilized to assess the 
ability of nanoparticles to release ferrous ions within cells. To be more 
precise, 24 μg of FerroOrange was dissolved in 35 μL of DMSO to create a 
1 mM FerroOrange solution, and with further dilution a final concen
tration of 1 μM with the serum-free medium. MCF-7/ADR cells cultured 
in confocal dishes overnight were incubated with blank complete me
dium, I@P, and I@P-ss-FRT (50 μg Fe/mL). After a 4-h incubation with 
iron-based nanoparticles and subsequent washing with PBS, a NIR laser 
of 808 nm at a density of 1.25 W/cm2 was induced to PTT groups for 5 
min. About 4 h after the laser irradiation, the cells were rinsed with free 
RPMI-1640 three times and stained with 1 μM FerroOrange, followed by 
an additional 30 min of dark-incubation at 37 ◦C. Finally, the cells were 
observed and imaged under CLSM. 

2.13. Determination of GPX-4 activity 

MCF-7/ADR cells were seeded at a cell density of 1 × 105 cells/well 
in 12-well plates. 24 h after seeding, I@P and I@P-ss-FRT in RPMI-1640 
(50 μg Fe/mL) were added, and after another 4 h, cells were irradiated 
by an 808 nm laser beam (1.25 W/cm2, 5 min). Cells were harvested 
using cell scrapers after being grown for the night before being lysed 
with cell lysis buffer supplemented with PMSF and an enzyme inhibitor. 
Total protein concentration was then determined using a BCA kit. The 
western blot assay protocols used to measure the GPX-4 level were the 
same as those described in Section 2.6. with the following exceptions. 
Transfer membrane: 250 mA, 1 h. Primary antibodies: anti-GPX-4 
antibody (1:1000), β-actin mouse monoclonal antibody (1:1000). 

2.14. Cellular ROS and LPO measurement 

The amount of generated ROS due to PTT treatment and the Fenton- 
like reaction of iron-based nanoparticles was determined by measuring 
the fluorescence of DCF oxidized from DCFH-DA by ROS. The MCF-7/ 
ADR cells were plated in confocal dishes 24 h before the assay. After 
4 h of preincubation with I@P, I@P/DFOM, I@P-ss-FRT, and I@P-ss- 
FRT/DFOM (the concentrations of iron-based nanoparticles were 50 
μg Fe/mL, and DFOM was 50 μM), cells were loaded with DCFH-DA at 
working concentrations for 0.5 h in the dark after which cells were 
rinsed with free RPMI-1640 to remove unreacted fluorescent probes and 
the PTT groups exposed to an 808 nm laser (1.25 W/cm2, 5 min). Then, 
CLSM was used to observe the fluorescence signals. 

The FCM assay was also performed to quantify ROS levels. The day 
before the assay, MCF-7/ADR cells were inoculated in 12-well plates and 
cultured to 70–80 % confluence before being treated as mentioned 
above. Then, cells were separated into single-cell suspensions by tryp
sinization and detected by FCM under the FITC channel. 

Blank complete RPMI-1640, I@P, I@P + laser, I@P/DFOM + laser, 
I@P-ss-FRT, I@P-ss-FRT + laser, and I@P-ss-FRT/DFOM + laser, each at 
a concentration of 50 μg Fe/mL for iron-based nanoparticles, 50 μM for 
DFOM, and a laser power of 1.25 W/cm2 for 5 min, were applied to the 
MCF-7/ADR cells overnight. Then, cells were washed with PBS and fixed 
in a stationary liquid. Subsequently, a 10 μM BODIPY lipid probe was 
used to stain cells for 30 min away from light, followed by staining with 
Hoechst for 10 min. Finally, cells that had been loaded with LPO probes 
were either observed under CLSM or harvested for FCM detection. 

2.15. Determination of mitochondrial membrane potential (ΔΨm) 

The ΔΨm was determined using a JC-1 assay kit. After treated by 
I@P and I@P-ss-FRT with or without 808 nm laser illumination, MCF-7/ 
ADR cells were stained with JC-1 for 30min followed by CLSM 
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observation and FCM detection. 

2.16. Determination of intracellular malondialdehyde (MDA) level 

The MCF-7/ADR cells were treated by I@P and I@P-ss-FRT with or 
without 808 nm laser illumination. After incubation overnight, the cells 
were lysed with cell lysis buffer supplemented with PMSF and an 
enzyme inhibitor. The MDA concentration was then analyzed using the 
MDA detection kit. 

2.17. Animal models 

Female Balb/c nude mice (weight: 16–18 g) were provided by the 
Laboratory Animal Center of Fudan University (Shanghai, China) and 
raised in specific pathogen-free conditions. Mice were acclimatized for a 
week. All animal assays were in accordance with the Guidelines for the 
Care and Use of Laboratory Animals of Fudan University. This study was 
approved by the Institutional Animal Care and Use Committee of the 
School of Pharmacy, Fudan University. To establish MCF-7/ADR xeno
graft models, 5 × 106/100 μL MCF-7/ADR cells were subcutaneously 
implanted into flanks of each mouse, and the tumor volumes monitored 
and calculated as V = 0.5 × (tumor length) × (tumor width)2. When 
tumor volumes were ~100 mm3 ten days after inoculation, treatments 
were started. 

2.18. In vivo tumor penetration study and MRI experiment 

To investigate tumor tissue penetration, I@P-Cy5 and I@P-ss-FRT- 
Cy5 were peritumorally injected into mice, and the tumor sites subse
quently irradiated with an 808 nm laser. 12 h after the different treat
ments, the tumors were dissected and frozen at optimal cutting 
temperatures (OCT) for cryosection. Then, slices were stained with DAPI 
and imaged under CLSM. 

The in vivo MR experiment was performed on a 11.7T Bruker BioSpin 
MRI system. MR images were acquired before and after the injection of 
I@P or I@P-ss-FRT. 

2.19. In vivo antitumor evaluation 

The MCF-7/ADR tumor-bearing mice were randomized into 6 groups 
(n = 5), and peritumorally injected with PBS (G1, 80 μL), I@P (G2 and 
G4, 0.8 mg Fe/mL, 80 μL), I@P-ss-FRT (G3, G5, and G6, 0.8 mg Fe/mL, 
80 μL). Shortly after I@P-ss-FRT injection, DFOM (120 mg/kg) was 
intraperitoneally administered to G6. Mice in G1, G4, G5, and G6 were 
illuminated by a fiber-coupled 808 nm with the laser spot adjusted to 
cover the whole tumor surface. Power density was kept at 1.25 W/cm2 

for 7 min, while the increase in tumor temperature was recorded by a 
thermography instrument. Body weights and tumor volumes were 
measured every two days. Mice were grown and monitored up until the 
tumor volume exceeded 1500 mm3 on day 17. At the end of the 
experiment, mice were humanely euthanized after which the tumors and 
the main organs (heart, liver, kidney, lung, and spleen) were excised. 
The tumors were weighed while the excised organs were fixed, 
embedded, and sectioned for H&E staining. 

2.20. Histochemical analysis 

The same therapies outlined in Section 2.19. were applied to the 
nude mice carrying the MCF-7/ADR tumor. On the 2nd post-treatment 
day, mice were sacrificed via cervical dislocation and the tumors har
vested. Partial tumors were prepared as tissue homogenates to measure 
GSH levels. The remaining tumors were fixed in 4 % paraformaldehyde 
and embedded in paraffin for GPX-4, BODIPY lipid probe, CD86, and 
CD206 immunofluorescence labeling. The last partial tumors were flash- 
frozen in liquid nitrogen and prepared as frozen sections for ROS 
assessment using Dihydroethidium (DHE) assay kit. 

2.21. In vitro tumor-associated macrophage (TAM) polarization 

The RAW 264.7 cells were cultured with 50 % 4T1 supernatants to 
generate M2 phenotype macrophages and with 20 ng/mL IFN-γ + 100 
ng/mL LPS to induce M1 polarization. The RAW 264.7 cells that had not 
been treated were used as controls. The M2 macrophages were grown in 
experimental medium (DMEM containing I@P and I@P-ss-FRT, 50 μg 
Fe/mL), and after 4 h of co-incubation, cells in photothermally treated 
groups were irradiated by a continuous laser at 808 nm (1.25 W/cm2, 5 
min). Then, cells were incubated overnight, washed with PBS, detached 
using a cell scraper for FCM (stained with rat anti-mouse CD86 and 
CD206 monoclonal antibodies, respectively, according to manufacturer- 
recommended concentrations and procedures), and for western blotting 
(specific western blotting procedures were in line with those in Section 
2.6. with the exception that the concentration of the separation gel was 
8 %, the condition of membrane transfer was 100 V for 1.5 h, and the 
antibodies were MRC1 rabbit polyclonal antibody (1:1000) and β-actin 
mouse monoclonal antibody (1:1000)). 

2.22. Statistical analysis 

Data are presented as mean ± standard deviation (SD) for at least n 
= 3. Comparisons of means between and among groups were performed 
by the student’s t-test and ANOVA respectively. n. s. is denoted as not 
significant (P ≥ 0.05), while P < 0.05 (*), P < 0.01 (**), and P < 0.001 
(***) were considered significant, very significant and highly signifi
cant, respectively. 

3. Results and discussion 

3.1. Fabrication and characterization 

As shown in the flow chart of I@P-ss-FRT (Fig. S1), formation of the 
PDA coating was accomplished via Michael-Type addition, and conju
gation of ferritin was the result of disulfide exchange reactions with 
pyridyl disulfide-I@P [38,45]. Various techniques were used to confirm 
successful preparation of I@P and I@P-ss-FRT. A typical TEM image for 
IONP (Fig. 2A) exhibited a spherical appearance in a monodisperse state 
with a size of 11.89 ± 2.73 nm (randomly selected 10 nanoparticles). 
Under alkaline condition, dopamine monomers which contained amine 
groups reacted with the carboxyl groups of DMSA-IONP to form a PDA 
coating shell. As revealed by TEM analysis (Fig. 2A), the obtained I@P 
exhibited a black IONP core and a gray PDA shell with a thickness of 
about 3 nm, as calculated by Image J. The DLS results (Fig. S2) revealed 
that hydrodynamic sizes of nanoparticles slightly increased from 14.10 
± 1.02 nm for IONP to 48.58 ± 4.821 nm for I@P. The comparatively 
bigger sizes revealed by DLS compared to those revealed by TEM anal
ysis were attributed to hydration of the PDA layer. The zeta-potentials 
(Table S1) also changed with PDA coating, from − 36.3 ± 0.282 mV to 
− 22.2 ± 0.737 mV, which was due to deprotonation of catechol groups 
in the PDA shell. After further reactions with pyridyl disulfide cys
teamine⋅HCl, the UV–vis absorbance spectra for the nanoparticles 
(Fig. S3) revealed characteristic pyridine group peaks at 232 nm and 
282 nm, implying successful introduction of pyridyl disulfide groups. 
After ferritin decoration, DLS analysis (Fig. S2) revealed a considerable 
increase in particle sizes (~25 nm), which was roughly twice the 
diameter of ferritin, while the zeta-potential of I@P-ss-FRT was − 19.6 
± 0.495 mV (Table S1). Due to the lower contrast compared to the I@P, 
ferritin conjugated in I@P-ss-FRT was rarely visible and only a slight 
increase in thickness of gray shells could be observed in the TEM image 
(Fig. 2A). However, after negative staining with uranyl acetate, they 
retained the typical hollow cage-like morphology with black nucleus 
and surrounded the periphery of the spheroid which distinguished them 
from the negatively-stained I@P (Fig. 2A) and the monodisperse state of 
commercially untreated ferritin [46]. Further evidence that ferritin had 
been conjugated to nanoparticles was provided by the appearance of 
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phosphorous and the increasing fraction of sulfur in EDS patterns 
(Fig. S4) [47,48]. Western blotting (Fig. S5) revealed that a clear band in 
I@P-ss-FRT after lysis, which was identical to that of the purified ferritin 
as the control group, while there were no obvious protein signals in I@P, 
suggesting the incorporation of ferritin. To further characterize PDA and 
ferritin in nanoparticles, FTIR was carried out to identify the chemical 

signatures and vibrational modes of IONP, I@P, and I@P-ss-FRT 
(Fig. S6). The band presented in all iron-based nanoparticles at 590 
cm− 1 was attributed to Fe–O vibration. Compared with IONP, the ab
sorption related to aromatic rings (1626 cm− 1 and 1507 cm− 1 for ben
zene skeleton vibration, 803 cm− 1 for C–H out-of-plane bending 
vibration) and the band assigned to primary amine (1263 cm− 1 for 

Fig. 2. Characterization of I@P-ss-FRT formulations. (A) TEM images of IONP, I@P, and I@P-ss-FRT; Scale bars: 50 nm. The insets show the negatively-stained 
samples; Scale bars: 20 nm. (B) T2 relaxation rates (r2) of I@P and I@P-ss-FRT at a series of Fe concentrations (left) and the T2-weighted maps for I@P (upper 
right) and I@P-ss-FRT (lower right). (C) Heating profile of IONP (50 μg Fe/mL), PDA (120 μg/mL in terms of nanoparticle concentration), I@P (50 μg Fe/mL, 
corresponding to 120 μg/mL in terms of nanoparticle concentration), and I@P-ss-FRT (50 μg Fe/mL) in water suspension under non-stop 808 nm irradiation for 420 s 
(n = 3). (D) The photothermal performance of I@P and I@P-ss-FRT at different Fe concentrations under the irradiation of an 808 nm laser with a power density of 
1.25 W/cm2 (n = 3). (E) Representative infrared thermal images of water, IONP, I@P, and I@P-ss-FRT (50 μg Fe/mL) with NIR illumination (808 nm, 1.25 W/cm2, 
420 s). (F) An illustration of reductive mobilization of ferrous ions from ferritin through GSH depletion and ROS level elevation. Colorimetric observation (G) and 
quantitative results (H) of Fe2+ released from ferritin under GSH and hyperthermal environments (n = 3). (I) Quantitative results of I@P and I@P-ss-FRT after 12 h 
incubation with different conditions (n = 3). (J) Colorimetric observation of Fe2+ released from nanoparticles in solutions with pH 7.4 following GSH addition and 
laser treatment. (K) GSH consumption in the solution after treatment with I@P and I@P-ss-FRT in the presence or absence of NIR irradiation, inset: optical photo of 
the DTNB color after different treatments (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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primary amine vibration, 1055 cm− 1 for N–H in-plane bending vibra
tion) proved the deposition of PDA shell. Meanwhile, two protein ab
sorption peaks, at 1652 cm− 1 and 1543 cm− 1, which was contributed to 
the C––O stretching vibration, N–H bending and C–N stretching vibra
tion respectively, appeared in the spectra of I@P-ss-FRT, confirming that 
ferritin had been conjugated into the surface of I@P. 

The as-synthesized I@P and I@P-ss-FRT retained stable and fine- 
dispersion conditions in both water and complete cell culture medium 
(10 % FBS-contained RPMI 1640) over 7 days at 4 ◦C under storage 
conditions. Moreover, at both pH 6.0 and pH 7.4 at 37 ◦C, I@P-ss-FRT 
maintained stable within 24 h, indicating the satisfactory durability of 
I@P-ss-FRT during cell culture and peritumoral injection (Fig. S7). 

3.2. Multifunctional performance of I@P-ss-FRT 

Prior to further cell and animal studies, various assays were per
formed to assess the MR imaging and photo-thermal energy conversion 
abilities of I@P and I@P-ss-FRT. Fig. 2B shows the obvious darkening 
effect of I@P and I@P-ss-FRT as the Fe concentration increased. 
Calculated through the curve fitting of 1/T2 as a function of Fe con
centrations, I@P and I@P-ss-FRT had similar r2 value (404.52 mM− 1S− 1 

and 399.16 mM− 1S− 1, respectively), suggesting the ferritin modification 
did not compromise the MR imaging functionality. 

The different nanoparticles were continuously illuminated with an 
808 nm laser (1.25 W/cm2) for 420 s while the temperature in real time 
was recorded by a digital thermometer and a NIR thermal imager 
(Fig. 2C and E). In Fig. 2C, it is shown that irradiating I@P and I@P-ss- 
FRT increased their temperatures by ~22 ◦C, which was higher than 
those of IONP and PDA nanoparticles of the same size (~7 ◦C and 
~14 ◦C, respectively), whereas the temperature of pure water, used as 
the negative control, showed minor elevations. Fig. S8 indicates that 
ferritin at different concentrations failed to raise their temperatures 
upon NIR irradiation. These findings imply that the photothermal effects 
could be amplified by the PDA shell but were not influenced by ferritin. 
Fig. 2D and S9 show that the photothermal conversion abilities of I@P 
and I@P-ss-FRT exhibited concentration and laser power dependence. 
According to the irradiation heating and cooling period and UV–vis 
absorption at 808 nm (Figs. S10 and S11), the photothermal conversion 
efficiency (Text S1) of I@P and I@P-ss-FRT were calculated to be 13.13 
% and 13.24 %, respectively, similar as previously reported [39,49]. 
These results suggest I@P-ss-FRT could be effectively applied as MRI 
probe and photothermal agent. 

As an endogenous antioxidant, GSH has the potential to directly 
scavenge for reactive oxygen species and act as a cofactor of various 
enzymes, including GPX-4, which is crucial in repairing lipids by 
breaking down LPO into harmless forms [50–52]. Therefore, relatively 
high GSH levels in tumor cells (up to 10 mM) inhibit ferroptotic cell 
death. Based on primary findings on iron release properties of ferritin, 
I@P-ss-FRT suppressed GSH levels via two pathways (Fig. 2F). First, 
disulfide ligands suppressed GSH levels via thiol-disulfide exchange 
reaction [53,54]. As shown in Fig. S12, under centrifugation, I@P in the 
GSH solution and I@P-ss-FRT in water were precipitated as a black and 
compact pellet at the bottom of the centrifuge tube, whereas I@P-ss-FRT 
in the GSH solution exhibited a different morphology, with a brown and 
uneven precipitation adhering to the tube wall, indicating the 
GSH-responsive feature of I@P-ss-FRT and the presence of disulfide 
bonds. 

Second, under heat activation, reductant-dependent release of Fe2+

from ferritin contributes to substantial Fe2+ generation and GSH 
depletion. First, we verified whether Fe2+ release characteristics of 
ferritin might be influenced by the redox and hyperthermia environment 
by phenanthroline (Phen) assay, which is a Fe2+ chelator with the ability 
to form an orange-colored complex. In Fig. 2G, upon Phen addition, 
ferritin under 37 ◦C and 45 ◦C preserved its mild yellow hue after Phen 
addition, proving that there were no identifiable ferrous ions in solu
tions. The solution colored orange and 12.86 % Fe2+ was liberated when 

GSH was added to reduce the ferritin mineral towards soluble Fe2+

(Fig. 2H). The color became darker and a 2.19-fold enhancement (12.86 
%–28.22 %) in Fe2+ release was observed in the GSH solution at 45 ◦C, 
compared to that at 37 ◦C. As illustrated in Fig. S13, rapid Fe2+ release 
occurred once at hyperthermic temperature. When the temperature is 
lowered, the rapid Fe2+ release was continued for another 20 min and 
became slow. These results confirm the significance of hyperthermia on 
promotion of iron release from ferritin in presence of GSH. 

Then, we monitored the ferrous iron release profile of I@P and I@P- 
ss-FRT at different conditions (pH 7.4, 10 mM GSH to simulate the 
reductive state of tumor cells; pH 5.5, 2 mM GSH to mimic the reductive 
condition in lysosomes) with or without NIR illumination [55]. The 
results (Fig. 2I and J, and S14) show that the release rate of I@P was pH- 
and GSH-dependent, and the laser irradiation slightly elevated iron 
release, which may be attributed to acidic degradation of IONPs, ther
mal stability and acid sensitivity of the PDA layer [56–58]. Under 
identical conditions, nearly two-fold as many extra ferrous ions were 
detected in the I@P-ss-FRT solution as in the I@P, revealing the effects 
of ferritin conjugation. The most intriguing outcome is that when 
exposed to laser irradiation, the Fe2+ release rate of I@P-ss-FRT was 
greatly enhanced, increasing from (20.03 ± 1.58) % to (39.46 ±
3.35) % at pH 7.4 with 10 mM GSH and from (17.32 ± 2.66) % to (30.31 
± 4.48) % at pH 5.5 with 2 mM GSH. This may be because hyperthermia 
enhanced the opening of channels on the ferritin shell and thereafter 
facilitated the entry of reducing agent (GSH) into the ferritin core to 
release iron according to literature [26,27,31–33,35]. The I@P-ss-FRT 
exhibited a biphasic Fe2+ release behavior in which the fast release in 
the first 4 h was most likely attributed to contribution of ferritin as its 
transient burst release under 10 min thermal incubation. The continuous 
sustained release afterward was mainly due to the slow release of ionic 
iron from IONPs core in acidic environments. Ferrous iron release 
dual-platforms with differing and complementary properties ensured 
the powerful and persistent effects in ferroptosis. 

The GSH consumption rate was measured by the DTNB assay. In 
Fig. 2K, a slight but significant drop (11.64 % ± 2.27 %) in GSH levels 
was noted after adding I@P-ss-FRT, whereas GSH levels negligibly 
changed after the addition of I@P, regardless of whether NIR illumi
nation was present or not (0.38 % ± 0.32 % and 2.58 % ± 0.43 %, 
respectively). Upon laser treatment, the GSH depletion rate in I@P-ss- 
FRT was significantly accelerated by NIR-mediated hyperthermia ef
fects (38.02 % ± 1.24 % drop), consistent with results of iron release 
profiles. The combination of photothermal effects and ferritin for acti
vating ferroptosis via the release of ferrous ions and GSH depletion were 
revealed by these findings. 

3.3. In vitro cellular uptake and cytotoxicity study 

Taking advantage of the reaction between FITC and uncyclized 
amine groups on PDA and ferritin, I@P and I@P-ss-FRT were equiva
lently modified with FITC to construct I@P-FITC and I@P-ss-FRT-FITC 
for cellular uptake assessment [59]. In Fig. 3A, the green fluorescence 
signals of I@P-ss-FRT from internalized FITC were noticeably brighter 
than those of I@P, regardless of cell lines, in tandem with earlier find
ings that breast cancers have high expression levels of SCARA5 with 
intrinsic binding to light-chain ferritin [37,60]. We also noted that the 
uptake of I@P-ss-FRT was about 2.65 times greater in MCF-7/ADR cells 
than in MCF-7 cells. To elucidate the possible mechanism for the dif
ferential cellular uptake of I@P-ss-FRT, the expression of SCARA5 in 
MCF-7 and MCF-7/ADR cells were further characterized by western blot 
assay. Fig. S15 shows that the SCARA5 were largely upregulated in 
MCF-7/ADR cells than that of MCF-7 cells. Thus, it is rational to spec
ulate that the I@P-ss-FRT were preferentially internalized by 
MCF-7/ADR cells via ferritin-SCARA5 mediation. 

Compared to the two-dimensional (2D) cell culture system, the three- 
dimensional (3D) model of tumor spheroids better reflects tumor path
ophysiological conditions. Thus, the MCF-7/ADR tumor spheroids were 
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built to assess the penetrative abilities of I@P and I@P-ss-FRT. Brighter 
fluorescent intensities were noted in the maximum-intensity projected 
image of tumor spheroid treated with I@P-ss-FRT than those of I@P 
(Fig. S16). The I@P penetrated tumor spheroids to a depth of 60.26 μm 
(~8 cell layers), while I@P-ss-FRT exhibited an average penetration 
depth of 88.08 μm (~10 cell layers). In summary, the enhanced drug- 
resistant cellular uptake and penetrative abilities of I@P-ss-FRT 

exhibited marked inhibitory effects on drug-resistant tumors. 
Prior to in vitro antitumor efficacy evaluation, intrinsic cytotoxicities 

of I@P and I@P-ss-FRT to L929 cells, MCF-7/ADR cells, and MCF-7 cells 
were determined (Fig. S17). These results reveal that when the con
centration of nanoparticles varied from 25 to 100 μg Fe/mL, neither I@P 
nor I@P-ss-FRT exhibited discernible cytotoxic effects to normal or 
tumor cells, and tumor cell viabilities were over 85 %. Based on 

Fig. 3. The in vitro cellular evaluation of I@P-ss-FRT formulations. (A) CLSM images of MCF-7 and MCF-7/ADR cells after incubation with I@P-FITC and I@P-ss-FRT- 
FITC and the corresponding quantification of fluorescence FITC intensity inside cells; Scale bar = 50 μm (n = 3). (B) The viability of MCF-7 and (C) MCF-7/ADR cells 
after treatment with I@P and I@P-ss-FRT at 50 μg/mL Fe concentration or without nanoparticles under different NIR laser power densities (n = 5). (D) The viability 
of MCF-7 and (E) MCF-7/ADR cells after incubation with I@P, I@P-ss-FRT, I@P + DFOM, I@P + Z-VAD-fmk, I@P-ss-FRT + DFOM, and I@P-ss-FRT + Z-VAD-fmk 
(the concentrations of I@P and I@P-ss-FRT were 50 μg Fe/mL, DFOM was 50 μM, and Z-VAD-fmk was 50 μM) with NIR irradiation (808 nm, 1.25 W/cm2, 5 min) (n 
= 5). (F) CLSM images of MCF-7/ADR cells stained with Calcein-AM and PI after different treatments. The ratio of Calcein-AM: PI fluorescence (live: dead cells) for 4 
different views was determined using Image J; Scale bar = 50 μm. 
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temperature elevation assay and other studies, a concentration of 50 μg 
Fe/mL was selected for follow-up assays [61]. 

To assess the photothermal cytotoxicities of I@P and I@P-ss-FRT to 
non-resistant tumor cells (MCF-7 as a model cell line) and drug-resistant 
tumor cells (MCF-7/ADR cells as a model cell line), two tumor cell types 
were incubated with I@P or I@P-ss-FRT for 4 h and exposed to different 
808 nm laser irradiation regimens. In Fig. 3B and C, both I@P and I@P- 
ss-FRT exhibited laser-power-intensity-dependent photothermal cyto
toxicities to MCF-7 cells and MCF-7/ADR cells, mapping against the 
power-intensity-dependent photothermal ability. Additionally, two 

interesting outcomes were revealed. First, compared to I@P, I@P-ss-FRT 
showed robust cell-killing effects on MCF-7 and MCF-7/ADR cells. Since 
the comparable photothermal performance of I@P and I@P-ss-FRT, it 
could be considered that I@P-ss-FRT + NIR and I@P + NIR maintained 
identical thermal cell-killing efficacies and that improvements in cyto
toxicity were attributed to the I@P-ss-FRT-mediated ferroptosis induced 
by photothermal effects. Second, compared to non-resistant tumor cells, 
these therapeutic approaches were more cytotoxic to drug-resistant 
tumor cells. For instance, after 5 min of laser irradiation at 1.25 W/ 
cm2, only 63.42 % and 43.05 % of MCF-7 cells survived, while cell 

Fig. 4. The mechanisms underlying occurrence of ferroptosis. (A) A schematic illustration of GSH-triggered and PTT-enhanced ferroptosis. (B) GSH contents 
normalized to the total protein concentration in MCF-7/ADR cells after different treatments (n = 5). (C) Cellular protein expression of GPX-4 in MCF-7/ADR cells 
after treatments with I@P and I@P-ss-FRT (50 μg Fe/mL) with or without 808 nm laser exposure (1.25 W/cm2, 5 min) and (D) the relative level of GPX-4/β-actin (n 
= 3). (E) CLSM images of MCF-7/ADR cells after incubation with I@P and I@P-ss-FRT showing intracellular Fe2+ ions levels using fluorescent probe FerroOrange and 
(F) the quantification of fluorescence intensity inside cells; Scale bar = 50 μm (n = 3). (G) CLSM images, (H) mean fluorescent intensity of the cells determined from 
the CLSM images, and (I) FCM analysis of ROS production in MCF-7/ADR cells after different treatments; Scale bar = 50 μm (n = 3). 
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viabilities of MCF-7/ADR dropped to about 44.31 % and 21.07 % when 
treated with I@P and I@P-ss-FRT, respectively. These differences were 
possibly attributed to the relatively high uptake of nanoparticles and 
stronger sensitivity of drug-resistant tumor cells to ferroptosis. Thus, the 
MCF-7/ADR cells were more susceptible to PTT of I@P-ss-FRT and its 
subsequent other tumor-fighting mechanisms. 

Then, the ferroptosis inhibitor (DFOM as an iron-chelating com
pound) and apoptosis inhibitor (Z-VAD-fmk) were used to rescue cell 
death. Comparable findings were noted in both cell lines (Fig. 3D and E). 
Both DFOM and Z-VAD-fmk could block cell death in I@P-ss-FRT + NIR 
group, revealing the involvement of ferroptosis and apoptosis in anti
tumor effects of I@P-ss-FRT + NIR and the ferroptotic cell death was 
more pronounced than the apoptotic pathway. The absence of signifi
cant changes in cell viabilities between the I@P + NIR and I@P + NIR +
DFOM groups suggested that the minimal GSH depletion and iron 
release by I@P alone were inadequate to result in ferroptotic cell death. 
In the meantime, cell ablation effects of I@P and I@P-ss-FRT were 
further determined by Calcein-AM/PI staining to visually reflect the 
percentage of live/dead cells (Fig. 3F and S18). The number of red- 
colored (dead) cells was higher in MCF-7/ADR cells than in MCF-7 
cells that had received the same treatments. The red fluorescence was 
maximum in MCF-7/ADR cells treated with I@P-ss-FRT + NIR, which 
was alleviated after DFOM addition. In conclusion, I@P-ss-FRT’ PTT 
activated ferroptosis, which promoted cell death. Thus, I@P-ss-FRT is a 
promising multifunctional photothermal agent for drug-resistant tumor 
therapy. 

3.4. In vitro mechanism of ferroptosis 

After establishing that the photothermal effects of I@P-ss-FRT 
induced ferroptosis, we assessed the mechanisms of ferroptosis. The 
proposed mechanisms underlying I@P-ss-FRT-induced PTT and ferrop
tosis are shown in Fig. 4A. The nanoparticle-mediated PTT acts together 
with GSH to trigger the release of ferrous ions and accelerates the ki
netics of Fenton reaction. Meanwhile, GSH depletion coincides with 
GPX-4 inactivation, which makes LPO impossible to transform into non- 
poisonous forms, thereby inducing membrane rupture and ferroptosis. 
First, we investigated the ability of I@P-ss-FRT in intracellular GSH 
depletion. Fig. 4B shows that GSH levels in MCF-7/ADR cells incubated 
with I@P or I@P-ss-FRT slightly decreased but not significantly when 
compared with the control group, and decreased by ~26 % in the I@P 
group with 808 nm laser irradiation, in line with an earlier report that 
PDA exerted mild effects on GSH consumption [62]. I@P-ss-FRT with 
laser irradiation resulted in the most significant drop in cellular GSH 
levels (down to 56.76 %). Then, protein expressions of GPX-4, which is 
critical in the lipid repair process, was determined by the western 
blotting assay. In Fig. 4C and D, it is shown that despite their effects on 
GSH, treatment with I@P with or without NIR exposure, and 
co-incubation with I@P-ss-FRT did not markedly alter GPX-4 expres
sions. These results reveal that the presence of a lag between influences 
on GSH and changes in GPX-4 in tandem with findings from a previous 
study [63]. In contrast, I@P-ss-FRT plus NIR illumination significantly 
suppressed GPX-4 expressions in MCF-7/ADR cells, with expressions of 
0.53 ± 0.01 (relative to β-actin). In Fig. S19, the loss of GPX-4 function 
induced by I@P-ss-FRT + NIR was more pronounced in MCF-7/ADR 
cells than that in MCF-7 cells, resulted in selective cell ferroptosis 
owing to the toxic effects of lipid peroxidation. These results indicate 
that the reduction of ferritin was concomitant with GSH depletion, 
which led to inactivation of GPX-4 and destruction of antioxidative 
defense mechanisms in drug-resistant cancer cells. 

Then, we performed intracellular Fe2+ detection in MCF-7/ADR cells 
after different treatments using the FerroOrange fluorescent probe, 
which irreversibly reacted with Fe2+ to form orange fluorescent prod
ucts. In Fig. 4E and F, after 4 h of co-incubation with I@P and I@P-ss- 
FRT, the MCF-7/ADR cells exhibited faint orange fluorescence when 
compared to the untreated group. Interestingly, the fluorescence 

intensity became brighter after NIR laser exposure and the cells in the 
I@P-ss-FRT + NIR group emitted the brightest fluorescence, implying 
that enlargement effects of the NIR laser on cellular Fe2+ release were 
more pronounced in I@P-ss-FRT. These results support the finding from 
in vitro Fe2+ release and further verify the release-promoting effects of 
TME and PTT. 

Since the Fe2+ released from iron-based nanoparticles would react 
with the relatively high levels of H2O2 in tumor cells to produce ROS, the 
MCF-7/ADR cells with different treatments were dyed with an intra
cellular ROS probe (DCFH-DA) and processed by CLSM and FCM. In 
Fig. 4G-I, there were no visible green fluorescence in I@P-only and I@P- 
ss-FRT-only groups, due to the small number of Fe2+ after these two 
treatments. The ROS formation exhibited a minor increase after the laser 
was introduced to the I@P-incubated cells, which may be explained by 
the acceleration effect of high temperature due to PTT on the Fenton 
reaction speed [64–66]. The strongest green fluorescence in CLSM 
image and an obvious right shift in FCM result were seen in 
I@P-ss-FRT-incubated cells with laser exposure, which was attributed to 
co-actions of numerous Fe2+ released from ferritin in I@P-ss-FRT and 
PTT’s acceleration on Fenton reaction. These outcomes were markedly 
suppressed when DFOM was added. Based on findings from 
semi-quantitative assessment, the mean fluorescence intensities of ROS 
in I@P-ss-FRT + NIR-treated cells were 18.98 times greater than those in 
the dark and 4.80 times greater than those in I@P + NIR-treated cells. 
Excessive ROS production can cause the dysfunction of mitochondria, 
manifested in ΔΨm reduction, which is a common warning of ferrop
tosis. As displayed in Fig. 5A and B, I@P and I@P-ss-FRT had negligible 
influence on the ΔΨm. The mitochondria were depolarized with 
I@P-ss-FRT + NIR as indicated by the noticeable increase of the JC-1 
monomers. Flow cytometric measurement in the ratio of the green to 
red fluorescence also confirmed that the I@P-ss-FRT + NIR group 
significantly caused ΔΨm reduction (Fig. 5C). 

After suppression of GPX-4 activity and elevation of ROS, we assayed 
the LPO levels, the most important marker of ferroptosis, using the C11 
BODIPY581/591 dye, whose maximum emission shifted from 590 nm 
(red) to 510 nm (green) upon LPO oxidization [67]. In Fig. 5D and E and 
S20, the CLSM and FCM results of LPO agree with ROS trends. The 
I@P-ss-FRT-treated cells irradiated with laser resulted in highest LPO 
generation with a 3.19-fold stronger green fluorescent signal than that of 
cells in control group and 2.09-fold to the I@P + NIR group. Specifically, 
when cells were treated with DFOM, the green fluorescence dimmed 
while the red fluorescent signal began to brighten. These phenomena 
confirm the hypothesis that ferroptosis is involved in I@P-ss-FRT +
NIR-induced cytotoxicity, and was increased by PTT. Finally, as the final 
product of LPO, MDA levels were detected by MDA kit to verify the 
ability of I@P-ss-FRT + NIR to induce ferroptosis. As shown in Fig. 5F, 
the trend of the MDA content was similar to that of LPO. I@P-ss-FRT +
NIR exposure remarkably increased the level of MDA in MCF-7/ADR 
cells. In summary, the cytotoxic effects of I@P-ss-FRT under NIR expo
sure were associated with ferroptosis via inhibition of GSH/GPX-4 and 
buildup of Fe2+. 

3.5. In vivo antitumor study 

Given the findings from in vitro studies, I@P-ss-FRT was assessed in 
vivo. First, the penetrative abilities of the Cy5-labeled I@P and I@P-ss- 
FRT were investigated by cryosection of tumor tissues. In Fig. S21, 
only a limited amount of I@P with a weak fluorescent signal was 
concentrated in the tumor edge, while I@P-ss-FRT were able to deeply 
penetrate the periphery but also into the core areas of tumors. Mean
while, PTT improved I@P and I@P-ss-FRT distributions, which were 
attributed to local damage of the extracellular matrix by PTT [68,69]. 
Thus, more I@P-ss-FRT infiltrated the tumor interior to potently exert 
antitumor effects. Moreover, the multifunctional I@P-ss-FRT could be 
applied as MRI probe utilizing the high transverse relaxivity of Fe3O4. 
Fig. S22 shows that significant T2 darkening effect, from the tumor 
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edges toward the center, were observed for both mice after iron-based 
nanoparticles injection, implying the imaging capabilities of I@P and 
I@P-ss-FRT. 

To establish the in vivo combined antitumor efficacies, MCF-7/ADR 
tumor-bearing nude mice were randomized into 6 groups and treated 

as: PBS + NIR (as a control group, G1), I@P (G2), I@P-ss-FRT (G3), I@P 
+ NIR (G4), I@P-ss-FRT + NIR (G5), and I@P-ss-FRT + DFOM + NIR 
(G6) (Fig. 6A). Given that after intravenous injection, the marked uptake 
of I@P-ss-FRT by macrophages is detrimental to circulation time 
(Fig. S23), we selected peritumoral injection as a route for I@P and I@P- 

Fig. 5. The in vitro analysis of ferroptosis. (A) CLSM images of MCF-7/ADR cells after different treatments tested using JC-1 fluorescent probes, Scale bar = 20 μm. 
(B) Relative green/red fluorescence ratio of the cells determined from the CLSM images of JC-1 staining. (C) FCM analysis of JC-1 staining in MCF-7/ADR cells after 
different treatments (n = 3). (D) Determination of LPO generation in MCF-7/ADR cells after different treatments based on CLSM images; Scale bar = 50 μm (n = 3). 
(E) FCM results showing the LPO production in MCF-7/ADR cells after different treatments (n = 3). (F) MDA contents normalized to the total protein concentration in 
MCF-7/ADR cells after different treatments (n = 5). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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ss-FRT (80 μL, 0.8 mg Fe/mL) administration, thereby bypassing sys
temic circulation and facilitating TAM polarization. At 4 h after injec
tion, all G1, G4, G5, and G6 mice received identical 808 nm laser 
treatments, and the temperature rise in tumors were imaged by a ther
mal camera (Fig. 6B). The absence of temperature elevation in G1 
indicated that low NIR absorption by tumor tissues did not produce 
enough heat. Meanwhile, due to similar photothermal performance and 
equivalent doses of I@P and I@P-ss-FRT, temperature increase profiles 
were comparable among the other groups, implying that the groups 
maintained identical thermal tumor-ablation efficacies and that im
provements in overall antineoplastic effects were associated with un
derlying antitumor mechanisms. Fig. 6C shows the tumor growth 
tendencies every 2 d since the start of treatment. Both nanoparticle- 

treated alone groups (I@P and I@P-ss-FRT) failed to inhibit tumor 
growth and the tumor volume remained equivalent to that in the control 
group, whereas I@P + NIR exerted antitumor effects but was still 
inadequate to attain a decent suppression outcome. Among all groups, 
tumors in the I@P-ss-FRT + NIR significantly shrank, and these ampli
fied antitumor effects could be blocked by the iron chelator (DFOM), 
which shows the contribution of ferroptosis. At the trial, tumors in each 
group of mice were excised, imaged, and weighed (Fig. 6D). The weights 
of tumors from G1-G6 were 1.40 g ± 0.29 g, 1.35 g ± 0.19 g, 1.32 g ±
0.26 g, 0.52 g ± 0.18 g, 0.23 g ± 0.03 g, and 0.57 g ± 0.16 g, respec
tively. Moreover, tumor-suppression abilities of I@P-ss-FRT + NIR were 
the most superior, with an inhibitory rate of 83.46 %. Tumor sizes in the 
I@P + NIR and I@P-ss-FRT + DFOM + NIR groups were comparable. 

Fig. 6. The in vivo anti-tumor therapeutic effects of I@P-ss-FRT formulations. (A) Schematic illustration of the treatment schedules in MCF-7/ADR breast cancer 
model. (B) Representative infrared thermal images of MCF-7/ADR tumor-bearing mice exposed to 808 nm laser irradiation for 7 min after different treatments. (C) 
The tumor volume curves of MCF-7/ADR breast tumor-bearing mice after different treatments (n = 5). (D) Photo (left) and weight (right) of dissected tumors from 
mice from each group in the end of experimentation (n = 5). (E) GSH levels normalized to total protein concentration of MCF-7/ADR tumor tissues (n = 5). 
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These results are in good conformity with the tumor growth curve. None 
of the groups exhibited obvious body weight losses (Fig. S24) and either 
was any serious damage observed in H&E slices of major organs 
(Fig. S25), which shows the in vivo safety of iron-based nanoparticles. 

Finally, histochemical analyses supported the occurrence of NIR- 
mediated ferroptosis. In Fig. 6E, GSH levels in harvested tumors were 
moderately downregulated by 26.14 % in I@P + NIR group and mark
edly suppressed by 69.04 % in the I@P-ss-FRT + NIR group. Moreover, 
GPX-4 expressions were substantially reduced to 20.62 % when mice 
were treated with I@P-ss-FRT + NIR (Fig. 7A and B). After treatment of 
tumor-bearing mice with I@P-ss-FRT + NIR, ROS and LPO levels 
markedly increased by 57.30- and 339.47-fold, respectively, compared 
to the control groups. The elevations were neutralized by additional 
supplementation of DFOM (Fig. 7C-F). In contrast, compared to the 
control group, there were negligible changes in ROS and LPO levels in 
mice that had been treated with I@P or I@P-ss-FRT alone, while a slight 

increase was noted in the I@P + NIR group. Fe2+, ROS, and PTT are 
functional in remodeling TAMs from the M2 phenotype to the M1 
phenotype [19,70–72]. With regards to preferential uptake of 
I@P-ss-FRT by macrophages, we investigated whether treatment with 
I@P-ss-FRT + NIR affects TAM polarization. In Fig. 7G and H, it is shown 
that I@P-ss-FRT + NIR treatment activated macrophage polarization 
towards the M1 phenotype and markedly reduced the percentage of the 
green fluorescence area, which represents M2 type macrophages. We 
also verified the TAM polarization abilities of nanoparticles at the 
cellular level by western blotting (Fig. S26) and FCM (Fig. S27). The 
results were consistent with those obtained in vivo. In summary, the 
photothermal effects of I@P-ss-FRT provoke ferroptosis and alter TAM 
maturation, thereby suppressing the growth of drug-resistant tumors in 
vitro and in vivo. 

Fig. 7. Histochemical evaluation. (A) Immunofluorescence staining with antibodies against GPX-4 (red) and (B) the corresponding fluorescent intensity; Scale bar =
50 μm. (C) CLSM of ROS in tumor tissue stained with DAPI (blue color) and DHE (ROS fluorescent probe, red color) from each group and (D) CLSM-based mean 
fluorescent intensity of; Scale bar = 50 μm. (E) Immunofluorescence analysis with C11-BODIPY581/591 probe (BODIPY(Ox), LPO, green; BODIPY, LP, red) and (F) the 
ratio of BODIPY(Ox)/BODIPY of 4 different views was calculated with Image J; Scale bar = 100 μm. (G) Representative images of tumor tissue stained by DAPI (blue 
color) and TAM (CD86, M1 maker, red color; CD206, M2 maker, green color) and (H) CLSM-based ratio of CD86/CD206; Scale bar = 100 μm. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Conclusion 

In conclusion, we successfully represented a multifunctional nano
particle (I@P-ss-FRT) to accomplish the combination of PTT and fer
roptosis in drug-resistant breast cancer treatment. The I@P-ss-FRT had a 
diameter of approximately 70 nm with a PDA shell to improve the 
photothermal effect and a ferritin cloak as an iron storage material. The 
I@P-ss-FRT nanoparticle had localized photothermal cell-killing effect 
and excellent MR imaging ability. Taking advantage of the photothermal 
effect to accelerate Fe2+ release from ferritin in reductive TME accom
panied by GSH depletion, significant photothermal-ferroptosis thera
peutic outcome was observed in MCF-7/ADR cells than in MCF-7 cells, 
which was reversed by the ferroptosis inhibitor (DFOM), implicating the 
involvement of ferroptosis. In vitro assays showed that the I@P-ss-FRT 
nanoparticles improved cellular uptake, deep tumor spheroid penetra
tion, substantive ROS and LPO generation, a notable downregulation of 
GPX-4 activity, and evident TAM polarization. As expected, Fe2+ accu
mulation and GSH consumption amplified the PTT-mediated ferroptosis 
and induced potent tumor-killing effects. Furthermore, I@P-ss-FRT plus 
NIR treatments exhibited marked anti-tumor outcomes in MCF-7/ADR 
xenograft-bearing mice. In this mutually beneficial treatment, PTT 
serves as a catalyst and an amplifier for ferroptosis, and ferroptosis, in 
turn, complements the anti-tumor effects of PTT, thereby achieving 
synergistic therapeutic effects in drug-resistant cancer. Therefore, this 
nanoparticle is promising for treatment of drug-resistant breast cancer. 
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