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1. Introduction

Novel self-assembled metal-phenolic
nanoplatforms for triple-negative breast cancer
treatment: photothermal-chemotherapy/
ferroptosis synergy inducing immunogenic cell
death

Bohao Peng,{® Ruoyao Wang, ¥ Tian Li, Xiaoging Yu,? Zhiyu Wang,? Xiyang Zhang,®
Yuanfeng Tan,? Long Cheng*® and Lu Yang & *@

Triple-negative breast cancer (TNBC) poses a serious threat to women's health. Currently, chemotherapy
remains the first-line treatment in the clinic, and more comprehensive treatments are urgently needed
to improve the therapeutic efficacy of TNBC. Emerging studies have indicated that photothermal
therapy, ferroptosis and immunotherapy also play crucial roles in TNBC treatment. Iron based metal-
phenolic networks (MPNs), an emerging class of nanomaterials, are attracting great attention in tumor
related research due to their unique structural features. These features endow MPNs with outstanding
catalytic efficiency for the Fenton reaction and excellent metal-ligand conversion properties, offering
promising prospects for photothermal and photodynamic therapies as well as combined treatment
strategies for tumors. In this study, a novel iron-based metal-phenolic nanoplatform, namely MTO-
loaded TA/Fe nanocomposites (MFTA), was synthesized. Mitoxantrone (MTO), a commonly used
anthracycline, was employed along with ferric chloride (FeCls) and tannic acid (TA) in the synthesis
process. Firstly, TA and FeCls, two non-photosensitive substances, underwent a coordination reaction to
form a blue-black compound TAF, which exhibited ideal photosensitivity. Secondly, through -7
interactions, TAF and MTO partially quenched the autofluorescence of MTO, leading to a cascade
amplification of photothermal conversion in the self-assembled nanoplatforms. The myocardial-
protective effect of TA enhanced the safety of MTO-based chemotherapy. Additionally, FeCls was
partially reduced to ferrous ion (Fe?*) by TA, and the introduction of a large amount of Fe?* could trigger
ferroptosis in TNBC. Moreover, the induction of immunogenic cell death in TNBC cells, which was
stimulated by photothermal therapy, chemotherapy and ferroptosis, further enhanced the synergistic
effect. Finally, this nanoplatform may help improve real-time photoacoustic imaging and assist in
treatment monitoring. In summary, the developed nanoplatform offers a novel strategy for the
comprehensive treatment of TNBC, holding certain potential for clinical translation.

a high mortality rate.* The absence of effective therapeutic
targets and strategies is one of the primary factors contributing

Breast cancer is the most frequent neoplasm in women world-
wide, seriously threatening women's health.” Triple-negative
breast cancer (TNBC), the most aggressive molecular subtype,
is characterized by a high propensity for distant metastasis and
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to its poor prognosis.>® To date, chemotherapy remains the
mainstay of treatment for TNBC. Among chemotherapeutic
agents, anthracyclines are important first-line drugs. However,
their application is limited by cardiotoxicity and drug resistance
mediated by cancer stem cells, which poses a significant chal-
lenge to the treatment of patients with TNBC.”

To overcome the limitations of conventional chemotherapy,
novel therapeutic approaches including photothermal therapy
(PTT) have demonstrated remarkable potential.’® As a typical
anthracycline chemotherapeutic agent, mitoxantrone (MTO)
not only serves as an effective chemotherapeutic drug but also
exhibits exceptional photothermal conversion capabilities, with
studies reporting strong NIR absorption within the 600-700 nm

RSC Adv, 2025, 15, 28965-28983 | 28965


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03962b&domain=pdf&date_stamp=2025-08-15
http://orcid.org/0000-0001-7333-8756
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03962b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015035

Open Access Article. Published on 15 August 2025. Downloaded on 10/30/2025 8:26:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

wavelength range.""> PTT utilizes photothermal transduction
agents (PTAs) to convert NIR energy into thermal energy,
effectively eliminating tumor cells by leveraging their lower
thermal tolerance compared to normal tissues. However, MTO's
inherent autofluorescence characteristics may compromise its
photothermal conversion efficiency.”® Strategies aim at
quenching this fluorescence can significantly enhance both its
photothermal performance and the overall efficacy of PTT.** In
addition to PTT, emerging evidence suggests that TNBC,
particularly the luminal androgen receptor subtype, exhibits
heightened sensitivity to ferroptosis, an iron-dependent form of
programmed cell death that has recently gained substantial
attention as a crucial mechanism in TNBC treatment.'*
Therefore, the development of MTO-based nanomaterials,
through rational design and engineering, may provide a prom-
ising platform for integrating chemotherapy, photothermal
therapy, and ferroptosis induction, potentially achieving
synergistic therapeutic efficacy while minimizing systemic side
effects.

Iron based metal-phenolic networks (MPNs), as an emerging
class of nanomaterial systems, are receiving extensive attention
and in-depth exploration in the field of tumor related research
at present.””* Compared with other nanomaterials, iron-based
MPNs exhibit superior catalytic efficiency for the Fenton reac-
tion due to their unique structural characteristics.”® Moreover,
their excellent metal-ligand conversion properties significantly
enhance light absorption in the UV-Vis-NIR range under laser
irradiation, providing highly promising application prospects
for photothermal therapy, photodynamic therapy, and
combined tumor treatment strategies.”* In this study, we engi-
neered a novel multifunctional metal-phenolic nanoplatform,
namely MFTA, constructed using MTO, ferric chloride (FeCl,)
and tannic acid (TA) (Fig. 1A). First, TA can inhibit
anthracycline-induced cardiotoxicity by inhibiting oxidative
stress, inflammation and apoptotic damage,”® thereby
increasing the physical tolerance to MTO. This property of TA
makes it an ideal component for the design of a multifunctional
nanoplatform. Secondly, the colorless solution TA and FeCl;
react with each other to form a blue-black compound, TAF. The
coordination interaction between ferric ion (Fe**) and TA affects
the incompletely filled d orbital of Fe*" to induce d orbital
splitting, resulting in d-d electron transition and light absorp-
tion under NIR excitation.”*** Consequently, TAF exhibits pho-
tothermal conversion efficiency comparable to that of MTO.
Furthermore, the w-7 interaction between TAF and MTO
partially quenches MTO's intramolecular fluorescence under
NIR excitation, enhancing the photothermal effect of MFTA and
establishing a cascade photothermal enhancement mode
(Fig. 1B and C). Thirdly, the combination of FeCl; and TA
partially reduces Fe** to Fe*". Upon laser irradiation, the PTT of
MFTA can generate a substantial amount of reactive oxygen
species (ROS) in TNBC cells,? while the abundant Fe*" syner-
gistically promote ferroptosis. Additionally, photothermal
therapy, chemotherapy and ferroptosis can stimulate anti-
tumor immunity by inducing immunogenic cell death (ICD)
in TNBC cells,*** achieving a novel and synergistic strategy that
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integrates multiple treatment modalities for enhanced TNBC
therapy (Fig. 1D).

Currently, the most effective treatment modalities for TNBC
include chemotherapy, PTT, ferroptosis, and immunotherapy.
In this study, we present a novel self-assembled cascade-
enhanced photosensitive nanoplatform that integrates these
four mainstream treatment approaches. Moreover, the nano-
platform exhibits photoacoustic capabilities,
enabling its application in diagnosis through photoacoustic
imaging. Thus, this nanoplatform offers an novel strategy for
integrated diagnosis and treatment, providing a better solution
to the complex challenges in TNBC therapy.

conversion

2. Materials and methods
2.1 Materials

Ferric chloride (FeCls), tannic acid (TA), and mitoxantrone
(MTO) were sourced from MedChemExpress (MCE). The gluta-
thione (GSH)/oxidized glutathione disulfide (GSSG) assay Kkit,
the adenosine triphosphate (ATP) assay kit, the Annexin V-
fluorescein isothiocyanate (FITC)/propidium iodide (PI)
apoptosis assay kit, the cell counting kit-8 (CCK-8), 4',6-
diamidino-2-phenylindole (DAPI), 2,7-dichlorofluorescein di-
acetate (DCFH-DA) and C11-BODIPY fluorescent probes were
obtained from Beyotime Biotechnology Co., Ltd. The remaining
reagents were commercially accessible chemical reagents. Anti-
calreticulin (CRT), anti-high-mobility group protein 1 (HMGB-
1), and anti-CD8a. rabbit polyclonal antibodies were procured
from the Servicebio Technology. Regenerated cellulose dialysis
membranes with molecular weight cut-off (MWCO) values of
500 or 8000 Da were supplied by Shanghai Yuanye Biotech-
nology Co., Ltd (Shanghai, China). The PURIST UV ultrapure
water system (Riefel Bioscience Co., Ltd, Shanghai, China) was
used to purify the water used in all experiments, with a resis-
tivity greater than 18.2 MQ cm.

2.2 Synthesis of MFTA nanoplatforms

MTO-loaded TA/Fe*" nanocomposites (MFTA) were established
following previously described techniques.** MTO-2HCI
(5.17 mg, MR = 517.4) was dissolved in 100 pL of methanol and
neutralized with 3 pL of trimethylamine to obtain a hydro-
phobic MTO. Then, TA (17.01 mg, MR = 1701.2) was dissolved
in anhydrous ethanol (100 pL) and combined with MTO solu-
tion at a molar ratio of 1 : 1 while stirring. The FeCl;-6H,0 (MR
= 270.2) aqueous solution (1 mg mL ™", 27 mL) was added to the
mixture and agitated overnight to evaporate methanol and
anhydrous ethanol solvent. The mixture was then centrifuged at
13 000 rpm for 20 min at 4 °C to yield MFTA. Meanwhile, the
supernatant was collected to measure the unencapsulated
MTO.

The encapsulation efficiency (EE) and drug loading (LC) of
MTO were calculated using the following equations:

EE (%) = M/M, x 100%

LC (%) = MJM; x 100%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of MFTA fabrication and application. (A) Schematic of the synthesis route of MFTA. (B and C) The mechanism of
cascade-enhanced photothermal effect in MFTA (D) synergistic therapy by chemo-/photothermal/ferroptosis and immune reaction of TNBC.

where M,, M, and My, represent the mass of encapsulated MTO,
initial MTO and MTO-loaded nanocomposites, respectively.
TAF without MTO was synthesized under the same experi-
mental conditions without adding MTO for comparison.

2.3 Characterization of MFTA

Transmission electron microscopy (TEM) imaging was per-
formed using an FEI Tecnai F20 analytical electron microscope
(FEI, Hillsborough, Oregon) to examine the size and

© 2025 The Author(s). Published by the Royal Society of Chemistry

morphology of MFTA. Element mapping images and energy-
dispersive X-ray spectroscopy (EDS) data were also acquired by
TEM. A Lambda 25 ultraviolet-visible spectrophotometer was
used to capture the spectra.

All samples were distributed in water (0.5 mg mL ") before
testing. The zeta potential and hydrodynamic dimensions were
measured with a Malvern Zeta Potentiometer (ZEN3600, UK)
and a standard 633 nm laser. All samples were dispersed in
water (5 mg mL™") before determination. To investigate the
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stability of MFTA, the nanocomposites were dispersed in water,
phosphate-buffered saline (PBS) or cell culture medium (Ros-
well Park Memorial Institute (RPMI) 1640 medium, 10% fetal
bovine serum) at 37 °C for 7 days to determine their hydrody-
namic size and zeta potential. Given the weakly acidic tumor
environment, MFTA was additionally dispersed in PBS at pH
6.5, 7.4, and 8.5 under the same conditions to determine
hydrodynamic size and zeta potential.

The assembly process and characteristics of MFTA were
assessed using an X-ray Photoelectron Spectroscopy (XPS,
Thermo escalab 250 Xi, USA), a fluorescence spectrometer (RF-
5301 PC, Shimadzu, Japan) and Fourier transform infrared
spectroscopy (# 6700, Nicolai, USA). Images from a CLSM were
captured with an Olympus FV1000 system.

The apoptosis and endocytosis of MFTA by cells were
assessed by flow cytometry (FCM; BD LSRFortessa, Becton Di-
ckinson, USA). The effectiveness of PTT was assessed using
808 nm multimode pump laser irradiation (Shanghai Connet
Fiber, Shanghai, China). Photoacoustic images were captured
with the Vevo LAZR PA system (Visual Sonics, Canada).

2.4 In vitro release of MTO

The release of MTO from the MFTA complex was investigated
under various situations. First, the MTO release rate of MFTA
was investigated at various pH levels (6.5, 7.4 and 8.5). MFTA
(0.5 mg) was disseminated in 1 mL of phosphate buffer with
a pH of 6.5-8.5. Each dispersion was placed in a dialysis bag
(MWCO = 8000 Da) and submerged in an appropriate buffer
medium (9 mL). The entire system was kept in a 37 °C ther-
mostatic vibration shaker. About 1 mL of the external phase
buffer medium was extracted from various samples at each
predetermined time interval and measured at 605 nm using an
ultraviolet-visible spectrophotometer, before adding the same
volume of a corresponding buffer medium to the external
phase. The MTO release triggered by varying power laser irra-
diation was measured using the same method.

2.5 Analysis of the photothermal properties of MFTA

To investigate the photothermal conversion capability of MFTA
in vitro, different concentrations of MFTA solution (0.01, 0.05,
0.5 and 1 mg mL ") were irradiated with an 808 nm laser at 1 W
cm 2. Moreover, equivalent concentrations of the MFTA solu-
tion were irradiated with different strengths (0, 0.5, 1.0 and
1.5 W cm ™ ?). During the laser irradiation process, the infrared
thermal imager was employed to record the changes in
temperature of the solution. Finally, the time-temperature
curves of MFTA with varied concentrations and MFTA with
varying irradiation energies were displayed.

The photothermal stability of MFTA was characterized as
follows: MFTA (0.5 mg mL™") was irradiated with 1.5 W cm™>
808 nm laser and the increase in the temperature of MFTA was
continually monitored using an infrared thermal imager. After
10 min of irradiation, the laser was turned off, and the infrared
imager continued to monitor the temperature change. Once the
temperature of MFTA was reduced to room temperature, it is
irradiated again. The process was repeated six times.
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2.6 Cell culture and animal experiments

The 4T1 cells obtained from the Chongqing Key Laboratory of
Ultrasound Molecular Imaging and Therapy were cultured in
RPMI-1640 medium (containing 10% fetal bovine serum and
1% double antibiotics). The cells were cultured under the rec-
ommended conditions: 37 °C in a humidified atmosphere with
5% carbon dioxide. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Chongqing Medical University and approved by the
Institutional Animal Care and Use Committee (IACUC) of
Chongqing Medical University.

2.7 Cell uptake experiment

The 4T1 tumor cells were cultured on a 35 mm confocal Petri
dish and treated with MFTA nanoplatforms labeled with Dil
fluorescent dye for 0.5, 1, 2, 4 and 6 h. The nuclei were stained
with DAPI (500 pL, 10 min). The cells were washed three times
with PBS and observed using CLSM. For further treatment, the
4T1 tumor cells were cultured in 6-well plates for 24 h and co-
incubated with MFTA (0.5 mg mL™") with tumor cells for 0.5,
1, 2,4, and 6 h. The cells were then digested and resuspended in
PBS. The autofluorescence of intracellular MFTA was detected
by FCM.

2.8 Invitro and in vivo photoacoustic imaging and
fluorescence imaging

In vitro photoacoustic imaging of MFTA was performed using
a photoacoustic imaging system (Vevo LAZR, Canada) with
a photoacoustic gain of 40 dB and an excitation wavelength
range of 680-790 nm. Photoacoustic pictures and relative pho-
toacoustic signal values of MFTA at various doses (0.1, 0.25, 0.5,
1,2.5,5 mg mL ™) were recorded at the 700 nm wavelength. For
in vivo PA imaging, tumor-bearing mice (n = 3) were intrave-
nously injected with MFTA (5 mg mL ™, 0.1 mL) when the tumor
size grew to 160 mm?>. The PA signals arising from the tumor
site was recorded at various time-points post-injection.

2.9 Cytotoxicity test

Firstly, the cells were treated with MFTA at gradient concen-
trations to measure the ICs, value of MFTA. Then, a concentra-
tion slightly higher than the ICs, value was selected as the
therapeutic dose for the subsequent experiments. To confirm
the synergistic effect of photothermal-chemotherapy of nano-
platforms, the cytotoxicity of different treatment groups at the
same MTO concentration was quantified with the CCK8 assay.
The 4T1 cells were cultured in 96-well plates at a density of 1 x
10" cells per well. The cells were subsequently separated into six
groups: PBS, Laser only, MTO, MFTA, TAF + Laser, and MFTA +
Laser. At 24 h post-treatment, cell viability was examined using
the conventional CCK-8 assay.

2.10 Cell live-dead staining

The 4T1 tumor cells were seeded in a 35 mm confocal culture
dish (2 x 10° per dish) and treated in various treated as follows:
PBS, Laser only, MTO, MFTA, TAF + Laser, and MFTA + Laser.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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They were washed thrice with PBS, 15 pL of Calcein-AM and 10
uL of PI were added and incubated for 20 min. Finally, they were
washed three times with PBS and analyzed using the CLSM
system.

2.11 Transcriptome sequencing

RNA sequencing was performed by Qiantang Life Science and
Technology Co., Ltd (Suzhou, China). To ensure the reliability
and quality of data analysis, the Fastp software was used for
quality control of the sequencing data and genome maps.
Significant differences were determined according to the
thresholds: adjusted p - value < 0.05 and |log 2 (fold change)| >
1. The R software package Deseq2 was used for differential gene
expression analysis. The Python package Gseapy was used for
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis. GO terms or
KEGG pathways with p < 0.05 were considered significantly
enriched.

2.12 Assessment of apoptosis

The 4T1 cells were seeded in 6-well plates (2 x 10> cells per well)
and treated with different treatments as follows: PBS, Laser
only, MTO, MFTA, TAF + Laser, and MFTA + Laser. This was
followed by digestion with trypsin digestion (Beyotime
Biotechnology Co., Ltd), centrifugation at 1000 rpm for 5 min.
The precipitate was resuspended in PBS and tagged with
Annexin V-FITC and PI (co-incubated for 20 min) for FCM
analysis.

2.13 Detection of immunogenic cell death (ICD) in vitro

To verify the ICD effect of the nanocomposites on cancer cells,
we measured the ATP released. 4T1 cells were cultured on 6-well
plates at a density of 2 x 10> cells per well. The cells were then
divided into six groups and cultured for 24 h. In this experi-
ment, PBS-treated cells served as controls. The medium from
each well was collected used for detection of the ATP concen-
tration using an ATP detection kit following the manufacturer's
instructions.

Immunofluorescence labeling was employed to quantify the
expression of CRT on the surface of cancer cells. The 4T1 cells
were cultured on confocal culture dishes at a density of 2 x 10>
cells per dish. The cells were divided into 6 groups, in which
PBS-treated cells served as controls.

Following a 24-hour culture, the cells were washed three
times with PBS and fixed with 2.5% glutaraldehyde for 15 min.
This was followed by rinsing with PBS followed by incubation
with FITC-labeled secondary antibody for 60 min. Finally, the
cells were stained with DAPI for 15 min at 37 °C and examined
under the CLSM.

2.14 Detection of ferroptosis in vitro

A hydrogen peroxide detection kit was used to determine the
production of hydroxyl radicals (-OH) in each treatment group
by colorimetric method. The Fe*" group served as the positive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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control, and the absorbance values were read using a microplate
reader to complete the detection.

DCFH-DA staining was conducted to quantify the levels of
ROS. 4T1 cells were cultured on confocal culture dishes at
a density of 2 x 10° cells per dish. The participants were divided
into 6 groups: PBS, Laser only, MTO, MFTA, TAF + Laser and
MFTA + Laser. After 12 h incubation, they were stained with
fluorescent DCFH-DA for 20 min. They were then imaged using
the CLSM system and analyzed using FCM.

The GSH/GSSG detection kit was used to quantify the levels
of GSH in 4T1 cells after exposure to various treatments. The
4T1 cells were cultured in 6-well plates at a density of 2 x 10°
cells per well and incubated for 24 h. The cells were divided into
6 distinct groups and incubated for 12 h. They were digested,
collected and subjected to the various assays to measure the
intracellular GSH level following the instructions on the kit. The
intracellular GSH level in 4T1 cells treated with PBS was set to
100%. In addition, the content of GPX4 was detected using
ELISA.

The level of lipid peroxide (LPO) in 4T1 cells treated with
different treatments was measured using the C11-BODIPY
fluorescent probe. The 4T1 cells were cultured in a confocal
culture dish at a density of 2 x 10° cells per dish, and cultured
with 1 mL of culture media overnight. The cells were then
treated in six distinct groups and incubated for 6 h. Following
that, the cells were washed three times with PBS and stained
with C11-BODIPY for 20 min. The cells were then rinsed three
times with PBS, fixed with glutaraldehyde (2.5% for 15 min),
stained with DAPI at 37 °C for 15 min, and examined using
CLSM. In addition, FCM and ELISA assays were conducted to
detect the level of LPO.

2.15 Anti-tumor therapy in vivo

The 4T1 tumor-bearing mice were randomly assigned to 6
treatment groups (n = 5) as follows: PBS, Laser only, MTO,
MFTA, TAF + Laser, and MFTA + Laser. When the tumor volume
reached 100 mm?, anti-tumor treatments were administered.
On days 0 and 3, mice were injected with PBS, MTO, TAF or
MFTA (100 pL PBS, 5 mg mL ') via the tail vein. The laser
irradiation groups received photothermal therapy (1 W cm™2, 10
min) 24 h post-injection.

The tumor volume and body weight of each mouse were
measured every 2 days for 14 days. The tumor volume (V) was
calculated using the formula: V = L x W?/2, with L and W rep-
resenting the tumor's longest and shortest diameters, respec-
tively. The relative tumor volume and relative body weight were
calculated using the mice's tumor volume and body weight on
the first day.

2.16 Detection of anti-tumor immune response in vivo

After 14 days of treatment, the tumor-bearing mice were
euthanized, and their spleens and inguinal lymph nodes were
collected. Subsequently, the spleens and lymph node tissues
were homogenized to prepare single-cell suspensions. The
suspensions were stained with fluorescently labeled antibodies
(Anti-CD3-PE, Anti-CD4-APC, and Anti-CDS-FITC) to analyze
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splenic lymphocyte subsets via FCM, with a focus on deter-
mining the proportion of cytotoxic T lymphocytes (CTLs, CD8+
T cells). For dendritic cell (DC) activation analysis, the same cell
suspensions were stained with another set of fluorescently
labeled antibodies (Anti-CD11c-FITC, Anti-CD80-PE, and Anti-
CD86-APC), and FCM was used to assess the proportion of
activated DCs in both tumor and lymph node tissues.

2.17 Histology and blood examination in vivo

Tumor-bearing mice were euthanized 14 days after injection,
and key organs (heart, liver, spleen, lung and kidney) and tumor
tissues were excised, fixed overnight in 4% paraformaldehyde,
and embedded in paraffin. They were sliced for staining with
hematoxylin and eosin (H&E), terminal deoxynucleotidyl
transferase-mediated d-UTP nick end labeling (TUNEL) and
Ki67. TUNEL and Ki67 staining images were taken to examine
the apoptosis and proliferation rates of tumor cells. Tumor
tissue slices were stained with HMGB-1 and CD8 for immuno-
fluorescence analysis. In addition, critical organ sections were
stained with H&E to examine the histological alterations
induced by various treatment options.

To test the biosafety of the proposed treatment regimen,
mice in the three groups of healthy Balb/c mice (n = 3) were
injected with MFTA via tail vein. PBS-treated mice served as
controls. The animals were sacrificed on days 1, 7 and 14 after
the injections. Blood samples were collected into tubes con-
taining heparin anticoagulants for further biochemical anal-
ysis. Blood cells were counted using an automatic blood cell
counter (BC-2800 Vet analyzer, Mindray, Shenzhen, China). The
blood samples were spun at 2000 rpm for 3 min to obtain serum
which was subjected to the Servicebio Technology Co., Ltd to
analyze the serum biochemical indicators.

To test the myocardial protective effect of MFTA, 6 groups of
healthy Balb/c mice (n = 3) were assigned into anti-tumor
treatment groups and treated for 14 days each. Subsequently,
the mice were euthanized, and their hearts were harvested for
H&E staining to assess the myocardial pathological changes
induced by the different treatments. Blood was collected using
the Servicebio Technology Co., Ltd for serum myocardial
enzyme spectrum indicators assessment.

2.18 Data statistical analysis

Two-tailed ¢ test and one-way Anova analysis of various groups
were used for statistical significance test P < 0.05 was consid-
ered statistically significant. *: p < 0.05, **: p < 0.01, *** p <
0.001, ****; p < 0.0001.

3. Results and discussion

3.1 Preparation and characterization of MFTA
nanoplatforms

Based on the principle of molecular self-assembly and the
theory of coordination chemistry, the MTO, FeCl; and TA
complex MFTA was successfully synthesized by magnetic stir-
ring and natural evaporation. The MFTA aqueous solution
(0.5 mg mL™') was blueblack at room temperature.
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Transmission electron microscopy (TEM) images showed that
MFTA nanoplatforms exhibited an irregular network structure
(Fig. 2A and B), which is consistent with the morphology of
metal-phenolic networks characterized in previous studies.*® To
ensure the reliability of the morphological image presented in
Fig. 2A, further TEM observations were conducted on the
sample with a low concentration of MFTA (0.05 mg mL ",
Fig. S14). The results obtained are essentially consistent. This
distinct morphological trait was induced by chaotic stacking
during self-assembly. Such irregular anisotropic nanoplatforms
are more likely to generate enhanced permeability and reten-
tion (EPR) effects because they can roll through blood arteries
and penetrate tumor tissue from tumor vasculature with loose
endothelial cells.** The average particle size and zeta potential
of MFTA was 167.00 + 1.22 nm and —33.13 £+ 0.97 mV,
respectively. The average particle size and zeta potential of
MTO@TA was 123.90 + 3.02 nm and —18.80 £ 0.82 mV,
respectively. And the particle sizes and zeta potential of TAF was
273.40 £ 7.35 nm and —20.90 + 0.92 mV, respectively (Fig. 2C, D
and S13). It can be seen that the particle size of TAF is larger.
This is because the formation of hydrogen bonds between the
original carboxyl group and the phenolic hydroxyl group of TA
contributed to the stability in the aqueous solution. Fe**
occupies the position of the phenolic hydroxyl group in the
complex TAF formed after the introduction of Fe ions and
destroys some hydrogen bonds, resulting in aggregation
between TAF monomers and an increase in particle size.** -7
interaction between MTO and TAF prevented the aggregation of
TAF after the introduction of MTO, thereby reducing the
particle size of MFTA and enhancing the stability of the nano-
platform.**** It is worth noting that due to the irregular shape of
the MFTA monomers shown in the TEM images, there is
a certain discrepancy between the particle size results measured
by DLS and the intuitive results of the TEM images.* In
summary, during the preparation of MFTA, MTO first forms
a stable core complex with FeCl; through coordinate bonds.
Subsequently, this complex assembles into a networked TA
structure via -7 stacking interactions with TA, following
a logic similar to the preparation of core-shell structures,
thereby encapsulating MTO inside. Similar MPN structures
have also been reported in the literature.***” Meanwhile, the
self-assembly based on coordinate bonds and m-7 stacking
interactions enables MTO to be embedded into the irregular
nano-network structure of MFTA.

In addition, under the same experimental conditions, the
input ratio of MTO and Fe had a certain effect on the encap-
sulation efficiency and drug loading rate of the nanoplatforms
(Fig. S1, S2 and S17). This may be because too much MTO or too
much Fe tends to form more MTO@TA or TAF, which is not
conducive to the synthesis of MFTA. To ensure the best
encapsulation efficiency and drug loading rate, MTO : FeCl; at
a molar ratio of 1:1 was finally chosen for the subsequent
synthesis of nanoplatforms. The average particle size and zeta
potential of MFTA did not change significantly within 7 days
across various simulated physiological environments, indi-
cating that the nanoplatforms possessed good stability and di-
spersibility (Fig. S3, S4, S15 and S16).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential of MTO@TA,MFTA,and TAF (n = 3). (E) Element mapping of MFTA. (F) UV-vis absorbance spectra of MFTA, MTO and TAF. (G) The FTIR
spectrum of different samples including MFTA, MTO and TAF. (H) The XPS analysis of MFTA. (I) Cumulative MTO release from MFTA at pH 6.5, 7.4
or 8.5. (J) Cumulative MTO release from MFTA with or without laser irradiation. (K) Temperature elevation curves of MFTA with laser on/off. (L)
Temperature elevation curves of MFTA at various concentrations. (M) Photothermal conversion efficiency of MFTA, MTO, TAF, TA and FeClz (N)
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The distribution of nitrogen (N), oxygen and Fe in nano-
platforms was characterized by elemental energy spectrum
surface scanning (Fig. 2E). Notably, since the composition of TA
does not contain N, N can be used as the signal for the
loading of MTO. Ultraviolet-visible

successful

(UV-vis)

© 2025 The Author(s). Published by the Royal Society of Chemistry

absorption spectra showed that TAF had no special absorption
peak in the visible light band, MTO had absorption peaks at
about 605 and 655 nm and the absorption peaks of MFTA were
red-shifted to 625 and 680 nm (Fig. 2F). According to relevant
reports, -7 interaction can lead to an increase in electron
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delocalization, a decrease in transition energy and eventually
a significant red-shift.*® Therefore, UV-Vis spectroscopy
confirmed the successful loading of MTO and the existence of
T-T interaction in MFTA. In addition, the Fourier transform
infrared spectra of MTO, TAF and MFTA had similar charac-
teristic peaks of each substance, further confirming the
successful loading of each substance by MFTA (Fig. 2G). The
valence state of Fe in MFTA was determined by X-ray photo-
electron spectroscopy, and the results showed that the Fe in
MFTA existed in divalent and trivalent forms (Fig. 2H). The
production of divalent Fe is mainly due to the partial reduction
of Fe** to Fe** by reducing TA. Fe®" can react with endogenous
high concentrations of hydrogen peroxide (H,O,) to initiate
ferroptosis.*

The release of MTO in MFTA was determined using a dialysis
system. The MTO release efficiency of MFTA in different pH
environments was further determined based on previously re-
ported pH-responsive drug release characteristics of TA-Fe.*
MFTA exhibited a rapid drug release rate in a slightly acidic
environment (pH = 6.5) (Fig. 2I). Therefore, the effective
concentration of MTO can be increased in the acidic environ-
ment of the tumor. In addition, MTO was rapidly released
before 12 h under neutral conditions after 5 min of 808 nm laser
irradiation at 3 h of dialysis initiation, with less release amount
at 12-48 h (Fig. 2J), indicating that NIR can trigger MFTA drug
release.

3.2 Invitro photothermal properties of MFTA nanoparticles

Firstly, the photothermal stability of MFTA (0.5 mg mL ") was
determined using an 808 nm laser with 1.5 W cm ™2 energy for
six action cycles (on-off). The time-temperature curve showed
that the peak temperature of MFTA was 62 °C, and the heating
performance did not change significantly (Fig. 2K), indicating
that MFTA nanoplatforms had good photothermal stability.
Subsequently, the photothermal conversion performance of
MFTA was also evaluated. After MFTA (concentration 0.5 mg
mL ") was irradiated by different energy lasers (0.5, 1.0 and
1.5 W ecm %), the time-temperature curve of each group showed
that the rising temperature of MFTA was positively correlated
with the laser energy (Fig. S5). Besides, MFTA solutions with
different concentrations were irradiated by an 808 nm laser
(1 W em™?, 10 min). The time-temperature curve of each group
showed that the rising temperature of MFTA was positively
correlated with the concentration of MFTA, while the temper-
ature of the saline group did not change significantly (Fig. 2L).
The mechanism by which MFTA improves the photothermal
conversion efficiency was further investigated. The photo-
thermal conversion effect of different component solutions with
the same concentration (0.5 mg mL ") were tested. It was found
that under the same power density of 808 nm laser irradiation
for 10 min, the temperature of PBS solution did not change
significantly, the temperature increases of FeCl; and TA was
lower, MTO and TAF had higher photothermal conversion
efficiency and the photothermal effect of MFTA was stronger
than that of MTO and TAF (Fig. 2M). Meanwhile, the fluores-
cence intensity of each solution at 685 nm was measured,* and
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the results showed that the fluorescence intensity of MFTA was
significantly lower than that of MTO (Fig. 2N). This may be due
to the intramolecular fluorescence quenching caused by m-m
interaction of MFTA during laser irradiation.*>* It has been
reported that fluorescence quenching caused by intermolecular
coordination and m-7 interaction enhances the non-radiative
transition process of molecules, thus improving the photo-
thermal conversion efficiency in nanoplatforms or molecular
systems.*»** This is consistent with our observations, as the
photothermal properties of MFTA were enhanced after fluo-
rescence quenching.

3.3 Evaluation of targeting performance of MFTA

The endocytosis of MFTA in 4T1 cells was detected by a confocal
laser scanning microscope (CLSM). MFTA was labeled with Dil
(1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlo-
rate). After co-incubation for 0.5, 1, 2, 4 and 6 h, the red fluo-
rescence of MFTA-Dil gradually entered the cells, and the red
fluorescence intensity increased with an increase in the co-
incubation time (0.5-6 h) (Fig. 3A), indicating that 4T1 cells
had good endocytosis and time-dependent effect on MFTA. In
addition, the autofluorescence intensity of endocytic MTO in
4T1 cells was measured by FCM, which confirmed the results of
CLSM (Fig. 3B and C).

Due to the outstanding photothermal conversion perfor-
mance and structural characteristics of MFTA, photoacoustic
images were captured in vitro and in vivo using a Vevo LAZR
photoacoustic imaging system. As an ideal photoacoustic
imaging contrast agent, MFTA exhibited an excellent photo-
acoustic enhancement effect in vitro, with an optimum detec-
tion wavelength of 690-710 nm. Meanwhile, the in vitro
photoacoustic imaging (PAI) signal value increased linearly with
an increase in concentration (0.1-10 mg mL™") (Fig. 3F). After
intravenous injection, PAI reached the tumor site at 6 h, peaked
at 24 h and decreased after 24 h, and PAI signals were detected
even at 72 h (Fig. 3D). Quantitative analysis also confirmed this
result (Fig. 3E). In vivo PAI results showed that MFTA accumu-
lated at the tumor site through its passive targeting behavior
and had a suitable residence time of at least 12-24 h, which
would be beneficial for PTT, MTO release and real-time
observation.

3.4 Evaluation of the therapeutic and ICD effect of MFTA in
vitro

The conventional cell counting kit-8 (CCK-8) approach was used
to assess the in vitro therapeutic effect. 4T1 cells were divided
into six groups: PBS, Laser only, MTO, MFTA, TAF + Laser and
MFTA + Laser (all groups had concentrations of 0.5 mg mL™%).
All the laser irradiation groups mentioned had received pho-
tothermal therapy (1 W em ™2, 5 min). The therapy effects of
Laser only group and the control group were insufficient. TAF +
Laser and MFTA + Laser were significantly better than other
groups, even MTO, which indicated the dominant effect of PTT
in synergistic therapy. Moreover, MFTA + Laser was better than
TAF + Laser, exhibited the remarkable synergistic effect of
chemotherapy and PTT (Fig. 4A). The IC5, of MFTA was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determined to be 0.48 mg mL ™" by the CCK-8 method (Fig. 4B).
For subsequent experiments, a concentration slightly higher
than the ICs, (0.5 mg mL™*) was selected as the therapeutic
dosage of MFTA. Different laser intensities (0, 0.5, 1.0 and 1.5 W
cm™~?) and MFTA concentrations (0, 0.25, 0.5, 1, 2.5, 5 and 10 mg
mL ") were used to further examine the effect of combination
therapy. The cell survival rate dropped with an increase in MFTA
concentration and laser intensity. The cell survival rate was less
than 20% when the MFTA concentration and laser intensity
reached 1 mg mL ™" and 1.5 W cm ™2, respectively (Fig. S6).
4T1 cells in the six groups were treated as previously
described to further explore the potential therapeutic effect of
nanoplatforms in vitro. Propidium iodide (PI, red fluorescence)
was used to label dead cells, while Calcein-AM (green fluores-
cence) was used to stain live cells. According to CLSM obser-
vation, the MFTA + Laser group exhibited the greatest

© 2025 The Author(s). Published by the Royal Society of Chemistry

therapeutic effect, in line with the results of the CCK-8 experi-
ment, reinforcing the notion that 4T1 cells respond best to
synergistic treatment (Fig. 4D). Apoptosis was assessed in vitro
using FCM. The treated 4T1 cells were stained with PI and
Annexin V-fluorescein isothiocyanate (FITC) before FCM anal-
ysis. Apoptosis rate of MTO was higher than Control and Laser
only, induced by its chemotherapy effect. Compared with MTO,
TAF + Laser had a higher apoptosis rate (Fig. 4E), which further
verifies the dominant role of PTT in synergetic therapy. And
MFTA + Laser was even significantly higher than TAF + Laser,
which further demonstrated an ideal synergistic effect from
MFTA. Based on above results, synergistic therapy of MFTA +
Laser can effectively induce TNBC cells apoptosis, which is the
premise of inducing ICD, and the ICD effect was detected in
subsequent experiments.

RSC Adv, 2025, 15, 28965-28983 | 28973
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Further whole-transcriptome analysis was conducted to
comprehensively elucidate the effects of MFTA + Laser on 4T1
cells. Notably, sample correlation analysis was first performed
to ensure the reliability of the sequencing results, which showed

28974 | RSC Adv, 2025, 15, 28965-28983

high stability and data quality throughout the detection process
(Fig. S7A). The correlation coefficients between samples within
each group were =0.99, indicating good reproducibility. This
process ensured the reliable identification of differentially

© 2025 The Author(s). Published by the Royal Society of Chemistry
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expressed genes. Significantly differentially expressed genes
(DEGS) were selected according to the threshold conditions and
visualized using a volcano plot (Fig. 5A). Compared with the
control group, the expression levels of 3498 genes (2016 up -
regulated and 1482 down - regulated) in the MFTA + Laser
group changed significantly (Fig. 5B). GO functional classifica-
tion (Fig. S7B) further revealed that these DEGs were involved in

© 2025 The Author(s). Published by the Royal Society of Chemistry

various biological processes, such as “Intrinsic Apoptotic
Signaling Pathway”, “Regulation of Alpha-Beta T Cell Differ-
entiation”, “Positive Regulation of Natural Killer Cell Mediated
Immune Response to Tumor Cell”, and “Regulation of Innate
Immune Response”. KEGG analysis showed that MFTA + Laser
significantly activated apoptosis- and ferroptosis-related path-
ways and triggered immune signaling pathways, including the
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“T cell receptor signaling pathway” and the “B cell receptor
signaling pathway” (Fig. 5C and D). The heatmaps showed the
expression of ferroptosis and apoptosis-related genes in the
samples (Fig. 5E and F). These results indicate that MFTA +
Laser can induce apoptosis and ferroptosis processes in 4T1
cells and promote tumor-related immune responses to a certain
extent.

In summary, the MFTA + Laser group exhibited the most
significant therapeutic effect because it enhances photothermal
conversion through m-m interactions, and laser irradiation
promotes the release of MTO to achieve chemo-photothermal
synergy. TA reduces Fe*' to generate Fe”, triggering ferropto-
sis, while inducing ICD to activate immune responses. In
addition, the targeted accumulation and precise release of
MFTA further improve the therapeutic efficacy. The synergistic
effect of multiple mechanisms leads to the optimal therapeutic
outcome.

3.5 ICD effect of MFTA in vitro

Based on previous experimental data, we hypothesized that
synergistic therapy might induce immunogenic cell death
(ICD). Therefore, we investigated the specific markers of ICD in
4T1 cells after co-incubation with MFTA, including the release
of adenosine triphosphate (ATP), lactate dehydrogenase (LDH),
and HMGB-1, as well as the expression of calreticulin (CRT) on
the cell surface, to clarify the ICD effect generated by MFTA-
mediated apoptosis of triple-negative breast cancer (TNBC)
cells.

As previously described, we first evaluated the extracellular
ATP, LDH and HMGBI levels. Compared with the TAF + Laser
group and MTO group, the MFTA + Laser group significantly
promoted the release of ATP and HMGB1 (Fig. 4C and S20). In
addition, LDH, as a marker of cell membrane damage, showed
a trend basically consistent with that of cell apoptosis (Fig. S21).
We further verified the expression of CRT on the surface of 4T1
cells after various treatments through immunofluorescence
staining. Compared with the PBS group, the MTO group, MFTA
group, and TAF + Laser group all increased the expression level
of CRT on the cell surface to a certain extent. Moreover, the red
fluorescent signal of CRT was the strongest in the MFTA + Laser
group (Fig. 4F).

Results indicated the MFTA + Laser group had the strongest
ICD-inducing activity, co-mediated by MTO, ferroptosis, and
photothermal effect. Consistent with group comparisons and
literature,*® we speculate MTO contributes most to ICD induc-
tion. MTO's chemotherapeutic effect, together with Fe*'-trig-
gered ferroptosis and TAF's laser-induced photothermal effect,
collectively promoted the release of DAMPs and exposure of
CRT, ultimately activating ICD. Overall, these results indicated
that MFTA synergistic therapy can effectively induce ICD in
TNBC cells and initiate anti-tumor immune responses.

3.6 Evaluation of ferroptosis induction effect of MFTA in
vitro

The -OH production testing results showed that the -OH
production in iron-containing groups (MFTA, TAF + Laser,
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MFTA + Laser) was significantly higher than that in other
groups (Fig. $19), indicating that MFTA can effectively induce
the Fenton reaction. These results further support its
ferroptosis-inducing mechanism.

Subsequently, the mechanism by which MFTA synergistic
treatment induces ferroptosis in vitro was further investigated.
The intracellular glutathione (GSH) level was assessed using the
GSH/oxidized glutathione disulfide (GSSG) detection kit
following the incubation of various nanomaterials with 4T1
cells. Intracellular GSH can be oxidized by ROS to produce
GSSG, which causes the depletion of GSH. The intracellular
GSH level of 4T1 cells exposed to laser only was similar to that of
the PBS control group. It was observed that the ability to deplete
GSH was greatest in the MFTA + Laser group, owing to its most
potent photothermal effect (Fig. 6A). Likewise, ELISA results
supported the significant up regulation of LPO and down
regulation of GPX4 after MFTA + Laser treatment (Fig. 6B and
C).

ROS is also closely related to the ferroptosis process, and
FCM and CLSM were used to assess the ROS levels in 4T1 cells
following various treatments. The generation of intracellular
ROS was verified using the ROS-sensitive fluorescent probe 4’,6-
diamidino-2-phenylindole (DAPI) and 2,7-dichlorofluorescein
diacetate (DCFH-DA). Results showed that 4T1 cells treated with
laser only did not significantly alter their ROS levels compared
with the PBS control group. It was observed that the TAF + Laser
treatment led to an elevation in ROS levels within 4T1 cells.
Notably, the MFTA + Laser group generated the highest amount
of ROS among all groups, and this finding was in line with the
trend of GSH depletion (Fig. 6D and E). Taken together, these
findings imply that PTT is the primary contributor to the
generation of ROS.

ROS generation leads to the oxidation of GSH to GSSG,
reducing the cellular GSH pool. The decrease in GSH levels, in
turn, affects the activity of GPX4, which is unable to prevent the
accumulation of LPO, ultimately leading to ferroptosis. Since
GPX4 can prevent lipid peroxidation (LPO) from converting into
fatty alcohols, we examined LPO levels in 4T1 cells following
various treatments using CLSM imaging and FCM. A fluores-
cent probe, C11BODIPY, was employed to detect green fluo-
rescence in LPO-accumulating cells. It was observed that 4T1
cells subjected to MFTA + Laser treatment emitted the most
intense green fluorescence signal among all experimental
groups (Fig. 6F and S8). This outcome strongly implies that the
MFTA + Laser combination down - regulates the expression of
GPX4, thereby resulting in the accumulation of LPO. Notably,
this finding is in complete accordance with the results derived
from the ELISA assay. Furthermore, data obtained from CLSM
and FCM clearly demonstrated that the mitochondrial
membrane potential, as stained by JC-1, underwent a dramatic
decrease subsequent to MFTA + Laser treatment (Fig. 6F and
S9). This phenomenon can be attributed to the structural
impairment caused by MFTA + Laser, ultimately leading to
mitochondrial depolarization. Significantly, the mitochondrial
damage induced by ROS renders the cells far more susceptible
to ferroptosis.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03962b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 15 August 2025. Downloaded on 10/30/2025 8:26:59 PM.

(cc)

View Article Online

Paper RSC Advances
2
Aok
*AR |
= 150 154 8 K ns kK P
< ns * *xk % & I E L
s E S 6
= 1004 2 0 NS RkRK  RKKK * 2
= ° [ [ | — =
o 4 X
= [}
50+ 0.54
24
T T T T T T o T T T T T T T T T T T T
Control Laser MTO MFTA TAF+ MFTA+ Control Laser MTO MFTA TAF+ MFTA+ Control Laser MTO MFTA TAF+ MFTA+
Only Laser Laser Only Laser Laser Only Laser Laser
Control Laser Only MFTA TAF + Laser MFTA + Laser
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||\|||| i
v ! g
E Control Laser Only MTO MFTA TAF + Laser MFTA + Laser
- V1L(99.95%) V1R(0.05%) | V1L(84.50%) V1R(15.50%) V1L(64.40%) V1R(35.60%) V1L(47.80%) VIR(52.20%) < V1L(26.90%) V1R(73.10%) VIL(7.40%) V1R(92.60%)
2]
"] |
£ 1| ] f
3 <] }\ 1 .
S/ j | il " I
A I | w r | f '»‘\ A
i Mﬁ i ” | A |
WM l 4¢ W L W h‘ #w L M h
Y l, Ll Il ey M ) \, . .

DCFH-DA

Control ) Laser 0n|

JC-1

BODIPY-C11

104 10° 10° 102 10° 104 m’ 10° 102 108 104 108

10° 102 10 10* 10° 10° 102 10° 104 10° 10° 102 10° 104 10° 108

TAF + Laser __MFTA + Laser

Fig. 6 Ferroptosis induction effect of MFTA in vitro. The GSH (A), LPO (B), and GPX4 (C) contents in 4T1 cells after various treatments. CLSM (D)
and FCM (E) showing the distribution and level of ROS in 4T1 cells after various treatments. (F) JC-1 and BODIPY-C11 staining results observed by

CLSM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Collectively, these data imply that MFTA synergistic therapy
can induce ROS, which in turn causes mitochondrial damage.
This damage, along with the ability to deplete GSH, down-
regulate GPX4, and accumulate LPO in tumor cells, ultimately
leads to cell death via the ferroptosis pathway.

3.7 Evaluation of the therapeutic effect of MFTA in vivo

TNBC mice models were used to assess the effects of synergistic
photothermal therapy and chemotherapy in vivo. A subcutaneous
tumor-bearing animal model was established by injecting 4T1
cells into the fourth pair of mammary glands of Balb/c mice. Mice
were then randomly assigned to six groups: PBS, Laser only, MTO,
MFTA, TAF + Laser and MFTA + Laser. When the tumor expanded
to about 1 cm?®, mice received different treatments based on their
group. Mice in the Laser irradiation groups were exposed to an

© 2025 The Author(s). Published by the Royal Society of Chemistry

808 nm laser (1 W cm ™2, 5 min), and the irradiation was carried
out 24 h after intravenous injection (Fig. 7A).

Throughout the 14-days experimental period, the body
weights and the tumor volume of the mice in each group were
recorded every 2 days. The results demonstrated that,
throughout the experiment, the body weights of the mice in all
groups, with the exception of the MTO group, remained rela-
tively stable (Fig. 7B). It can be inferred that, as a chemotherapy
drug, MTO has a significant impact on the appetite of mice. In
contrast, MFTA exhibits minimal side effects. After treatments,
mice were sacrificed and tumors were weighed. The MFTA
group demonstrated a certain degree of efficacy attributable to
the spontaneous cracking of the nanoplatforms and subsequent
drug release. Conversely, the Laser-only group exerted negli-
gible effect since it lacked a PTA. The MFTA + Laser group

RSC Adv, 2025, 15, 28965-28983 | 28977
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Image J. ****p < 0.0001.
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exhibited the lowest tumor weight, clearly indicating the most
favorable therapeutic outcome (Fig. 7C). The trends of tumor
volume, both in vivo and in vitro, were in line with the tumor
weight data (Fig. 7D and E).

In addition, hematoxylin and eosin (H&E), terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL), and Ki-
67 staining were performed to assess the therapeutic efficacy. The
staining results confirmed that MFTA + Laser group showed the
highest tumor tissue apoptosis/necrosis rate (Fig. 7F) among all
groups. Altogether, these results indicate that synergistic therapy
has remarkable efficacy in suppressing TNBC tumors.

3.8 Evaluation of MFTA-induced specific anti-tumor
immunity

Following the confirmation of ICD at the cellular level, we
characterized the dynamics of systemic immune cell responses

© 2025 The Author(s). Published by the Royal Society of Chemistry

in vivo. To evaluate ICD-mediated activation of tumor-
infiltrating lymphocytes under the combined therapy of MFTA
+ Laser, immunofluorescence analysis was performed to quan-
tify the infiltration density of CD8+ T cells and the expression
levels of HMGB-1 within tumor tissues.

In the MFTA + Laser group, HMGB-1 expression was signif-
icantly upregulated (Fig. 7F and G), demonstrating the potent
capacity of this therapeutic regimen to induce ICD. Moreover,
this group exhibited the highest degree of CD8+ T cell infiltra-
tion into tumors (Fig. 7F and H), underscoring enhanced local
immune activation.

Given that tumor cell ICD primes anti-tumor immunity and
DC maturation serves as a critical downstream event in ICD-
mediated immune activation,” FCM was employed to assess
DC maturation in both tumor microenvironments and regional
inguinal lymph nodes (Fig. 8B and C). While the MTO

RSC Adv, 2025, 15, 28965-28983 | 28979
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monotherapy and TAF + Laser photothermal monotherapy each
showed modest DC maturation, the combined therapy of MFTA
+ Laser induced a statistically significant increase in DC matu-
ration compared to other groups, highlighting its superior
ability to promote immune activation (Fig. 8E and F).

Systemic anti-tumor immunity was further evaluated by
quantifying splenic CD8+ T lymphocyte counts via FCM
(Fig. 8A). The MFTA + Laser group showed a marked elevation in
splenic CD8+ T cell counts relative to other groups (Fig. 8D),
indicating activation of systemic cytotoxic T cell responses -
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a critical prerequisite for both effective tumor regression and
long-term recurrence prevention.***

3.9 Evaluation of MFTA biocompatibility and myocardial
protection effect

The in vivo biosafety of MFTA was investigated. MFTA was
injected into the healthy mice from tail veins, while the control
group received no treatment. Blood samples were collected for
biochemical detection (including liver and kidney function) and
regular blood analysis before injection as well as on days 1, 7
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H&E staining of the major organ tissues.
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and 14 after injection. Meanwhile, the vital organs (including
the lung, liver, kidney, and spleen) were dissected for patho-
logical evaluation. No significant differences in blood
biochemistry and blood routine indices were found between
MFTA and control group after 1, 7 and 14 days of treatment
(Fig. S10 and S11). Furthermore, with the normal breast
epithelial cell line HC11 as a control, the results showed that the
half-maximal inhibitory concentration (IC50) of tumor cells was
significantly lower than that of HC11 cells, indicating that
MFTA has low toxicity to normal cells (Fig. S18). These results
further confirm the safety of MFTA in therapeutic applications.

The removed vital organs were sectioned and stained with
H&E. The results showed alveolar epithelial cells, alveolar
structures, hepatic lobule structures, glomerular structures, and
splenic cords had no significant pathological changes after 1, 7
and 14 days of injection (Fig. 9E). The above hematological and
pathological examination results all suggested the good
biosafety of MFTA. Notably, previous reports demonstrated that
a large dose (75 mg per kg per mouse) of free Fe required for
effective ferroptosis may lead to fatal toxicity, especially typical
renal injury.**> The serum free iron was also detected after 1, 7
and 14 days of injection in this study, and the results were at
a low level (Fig. S12). Additionally, the renal histological and
functional detection were normal, indicating the good renal
safety.

Finally, the cardioprotective effect of MFTA was separately
evaluated in detail. Through H&E staining, myocardial injury
was observed in MTO group, manifested as disordered
arrangement and rupture of myocardial fibers. Conversely, no
significant cardiac pathological changes were found in the
MFTA and MFTA + Laser groups (Fig. 9D). This was further
confirmed by the results of myocardial enzymes (Fig. 9A-C).
These findings imply that MFTA antagonized the cardiotoxicity
of MTO through TA, thereby improving the safety of MTO in
vivo.

Collectively, these results indicate that MFTA has good in
vitro biocompatibility and in vivo biosafety and has the neces-
sary prerequisite for clinical transformation.

4. Conclusion

In conclusion, the multifunctional nanoplatform MFTA devel-
oped in this study demonstrates favorable photothermal
conversion efficiency and photoacoustic imaging capabilities,
enabling good diagnosis and treatment. By integrating PTT,
chemotherapy, and ferroptosis strategies, MFTA effectively
suppressed tumor growth through synergistic mechanisms.
Additionally, MFTA boosted the anti-tumor immune response
by inducing ICD, thereby activating the immune system.
Importantly, the incorporation of TA in MFTA alleviated MTO-
related cardiotoxicity by inhibiting oxidative stress and
apoptosis, enhancing its safety profile. Naturally, the design
and research of this nanoplatform do have certain limitations:
First, it lacks an active targeting mechanism designed for TNBC;
second, this study only involves preliminary exploration in
terms of ICD; and third, further in-depth investigation is still
required in subsequent studies regarding aspects such as long-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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term anti-tumor metastasis. Overall, MFTA provides a new
strategy for improving the therapeutic effect of TNBC and
demonstrates certain application potential.
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