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Triple-negative breast cancer (TNBC), a highly refractory malignancy characterized by aggressive clinical
behavior, poses a significant therapeutic challenge due to its resistance to conventional treatments. While mi-
crowave thermal therapy (MWTT) emerges as a promising modality for TNBC treatment through deep-tissue
penetration and uniform energy delivery, its reliance on prolonged hyperthermia exposure risks collateral
damage to adjacent healthy tissues. Herein, we present a rationally engineered iron-doped zeolitic imidazolate
framework-8 nanoplatform (Fe@Zif-8). This study aimed to develop a theranostic agent for MRI-guided com-
bination therapy by pursuing the following objectives: (1) synthesizing and characterizing Fe-doped ZIF-8; (2)
evaluating the enhancement of microwave thermal conversion efficiency via iron doping; (3) validating the
nanoparticle’s Fenton catalytic activity for reactive oxygen species (ROS) generation and glutathione depletion
in the tumor microenvironment; and (4) demonstrating the synergistic antitumor efficacy of combined MWTT
and CDT both in vitro and in vivo. Accordingly, Fe@Zif-8 was synthesized via a one-pot solvothermal method and
systematically characterized. Its therapeutic performance was then rigorously assessed through a series of
physicochemical and biological experiments. The iron dopants substantially enhance microwave absorption and
dielectric loss effects in Zif-8 matrices, enabling Fe@Zif-8 to generate intensified hyperthermia under MW
irradiation. Concurrently, iron ions released from the nanoplatform react with endogenous hydrogen peroxide
(H20>) via Fenton catalysis to produce substantial ROS. The concerted action of MWTT and CDT achieves rapid
tumor ablation while significantly reducing therapeutic energy requirements. Furthermore, the platform served
as an effective T2 contrast agent for magnetic resonance imaging (MRI), enabling non-invasive monitoring. This
work provides a new approach for the preparation of nanomaterials with highly efficient anti-TNBC
performance.

1. Introduction

Breast cancer persists as the most common malignancy among
women, with triple-negative breast cancer (TNBC) constituting the most
aggressive subtype (Schade et al., 2024; Haggag et al., 2022). Epide-
miological data from 2022 indicate that TNBC represents approximately
15 % of newly diagnosed invasive breast cancer cases in the United
States (Siegel et al., 2022). Conventional TNBC treatments, including
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chemotherapy, targeted therapy, and immunotherapy, are constrained
by substantial limitations such as systemic toxicity, drug resistance, and
inadequate therapeutic outcomes, posing significant clinical challenges
(Bianchini et al., 2022; Canning et al., 2023; Lancet, 2017; Fu et al.,
2019). These shortcomings underscore the imperative to develop inno-
vative therapeutic strategies that transcend traditional modalities.
Recent advancements in tumor ablation techniques driven by exog-
enous energy sources (e.g., light, ultrasound, microwave) have attracted
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considerable attention (Zhu et al., 2023; Truong Hoang et al., 2023; Li
et al., 2024). However, combinatorial therapies utilizing light or ultra-
sound are frequently impeded by tumor microenvironmental hypoxia
and uneven heat generation (Kong et al., 2022). In contrast, microwave
thermal therapy (MWTT) demonstrates superior advantages in deep
tissue penetration, broad therapeutic coverage, and stable thermal
output (Li et al., 2022; Li et al., 2023). Metal-organic frameworks
(MOFs), constructed from metal ions and organic ligan, have emerged as
promising candidates due to their intrinsic characteristics: high specific
surface area, tunable porosity, structurally adaptable frameworks, and
excellent biocompatibility (Pan et al., 2018; Gong et al., 2022). More-
over, the abundant porous architecture of MOFs facilitates microwave
energy dissipation through internal collisions, thereby enhancing
MWTT efficiency (Cui et al., 2024). Nevertheless, achieving optimal
tumor eradication via MWTT alone typically requires prolonged high-
temperature exposure, which risks damaging adjacent healthy tissues
(Li et al., 2020). Consequently, a critical challenge remains: how to
selectively improve MW energy utilization in tumor regions while
minimizing off-target thermal injury.

Chemodynamic therapy (CDT), a tumor microenvironment (TME)-
activated therapeutic strategy, employs transition metal ions (e.g., Fe,
Cu, Mn) to catalyze Fenton or Fenton-like reactions with endogenous
hydrogen peroxide (H202), generating cytotoxic reactive oxygen species
(ROS, such as hydroxyl radicals, -OH) to induce tumor cell death
(Cheung and Vousden, 2022; Wang et al., 2020). This approach has
demonstrated potential across multiple cancer models, including breast
cancer, hepatocellular carcinoma, and glioblastoma (Zhao et al., 2023;
Lin et al., 2020; Yuan et al., 2024). The efficacy of CDT can be further
amplified by depleting glutathione (GSH), a key antioxidant that scav-
enges ROS in the tumor microenvironment. Beyond iron-based nano-
materials, various other nanoparticles have been engineered to disrupt
the redox balance by simultaneously generating ROS and converting
GSH to its oxidized form (GSSG). For instance, manganese- and copper-
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based nanosystems have demonstrated excellent Fenton-like activity
and GSH depletion capabilities, thereby synergistically enhancing
oxidative stress-induced apoptosis in cancer cells (Pallavi et al., 2024;
Thirumalai et al., 2023; Yang et al., 2024). Among metal catalysts, iron
ions exhibit unique merits: (1) broad pH adaptability and high catalytic
activity with inherent biocompatibility; (2) strong dielectric and mag-
netic loss capabilities enabling efficient microwave energy absorption
and localized heat generation (Wang et al., 2023; Laha et al., 2022). This
thermal effect not only directly ablates tumors but also accelerates iron
ion release, reduces TME pH, and stimulates H202 production, thereby
synergistically enhancing Fenton reaction kinetics. Additionally, iron
ions induce magnetic field perturbations and alter proton relaxation
times, enabling magnetic resonance imaging (MRI) for theranostic
integration (Laha et al., 2022).

Hence, we designed an iron ion-doped MOF platform (Fe@Zif-8) for
MRI-guided in situ TNBC therapy. The iron ion doping strategy achieves
dual functions: (1) real-time MRI monitoring of material distribution
within tumors and (2) enhanced microwave absorption capacity for
combined MWTT and CDT. Under microwave (MW) irradiation, Fe@Zif-
8 rapidly eliminates TNBC through microwave-triggered hyperthermia
and catalytic ROS generation. As depicted in Scheme 1, we systemati-
cally investigated the antitumor performance, mechanism, and thera-
nostic potential of Fe@Zif-8.

2. Materials and methods
2.1. Chemicals and materials

Zinc Nitrate Hexahydrate (ZnNOs-6H30), 2-Methylimidazole
(C4HgNy), ferric chloride (FeCls) and Glutathione (GSH) were ob-
tained from Shanghai Aladdin Biochemical Technology Co., Ltd.
(China). Hydrogen peroxide (H20»), 3,3,5,5-Tetramethylbenzidine
(TMB), 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and 5,5 Dithiobis (2-
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Scheme 1. Schematic illustration of Feq »@Zif-8 killing TNBC under MW irradiation.
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nitrobenzoic acid) (DTNB) was produced by Shanghai Macklin
Biochemical Co., Ltd. (China).

2.2. Materials preparation

2.2.1. Preparation of Zif-8

1.5 g of ZnNO3-6H,0 and 2.2 g of C4HgN, were dissolved in 70 mL of
methanol and stirred at room temperature for 24 h. The precipitate was
then collected by centrifugation, finally washed and dried to obtain Zif-8
crystals.

2.2.2. Preparation of Fep 1@Zif-8, Fep ,@Zif-8 and Fep 3@ Zif-8

In the preparation of Zif-8, 0.1 g,0.2 g and 0.3 g of FeCl3 were added.
The products obtained were named Feq ; @Zif-8, Feq 2@Zif-8 and Fey 3@
Zif-8 respectively.

2.3. Materials characterization

The morphology of all materials was determined by field emission
scanning electron microscopy (FESEM, JSM-7001F, JEOL) and trans-
mission electron microscopy (Talos, F200, Thermo Scientific). Phase
composition was analyzed by X-ray diffraction (XRD, Rigaku Ultima IV,
Cu Ka radiation, from 5°to 85°). The surface chemical compositions of
Zif-8 and Fep,@Zif-8 were determined by X-ray photoelectron spec-
troscopy (XPS, Ka, Thermo).

2.4. Microwave thermal effects of Zif-8 and Fep ,@Zif-8

5 mg of Zif-8 and Fe( »@Zif-8 were placed into 5 mL EP tubes, and 3
mL PBS was added to each EP tube. Each EP tube was irradiated with 5
W of MW for 15 min respectively. Meanwhile, in order to further
determine the thermal properties of MW for all the samples, the tem-
peratures of the solutions were recorded using a thermal imaging cam-
era every 5 min. In addition, the temperature of Fej »@Zif-8 at different
masses (1 mg, 2 mg, 5 mg and 10 mg) and different MW powers (1 W, 2
W, 5 W and 10 W) were also measured.

2.5. Electromagnetic measurements of Zif-8 and Fey »@Zif-8

The dielectric constant and magnetic permeability of Zif-8 and
Fep 2@Zif-8 were analyzed using a MW network analyzer and based on
the obtained dielectric constant and magnetic permeability the attenu-
ation constant (o), reflection loss (RL), dielectric loss (Tand¢) and
magnetic loss (tandu) were calculated. The equations are given below:

a= \/i %f\/(pueu _ u/e/) + \/(]JHSH _ u/81)2 + (].1’8” _ p,,s,)z (l)
Zin -1

RL:ZOIZmH| 2

tande = ¢’ /€ 3

tandy =y’ /y' 4

2.6. The measurement of ROS

The Zif-8 and Zif-8 doped with different levels of Fe were mixed with
100 pL of 1 mg/mL TMB solution, 100 pL of 1 % H302 and 2 mL of
acetate buffer. Meanwhile, the absorbance values of different concen-
trations of Fey »@Zif-8 (100, 200 and 500 pg/mL), different irradiation
times (5, 10, and 15 min) and different concentrations of HyO2 (1 %, 2
%, and 3 %) after the reaction were also measured.

The ROS was also measured by EPR using DMPO as a trapping agent.
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2.7. The release of Fe>*

The Zif-8 and Fe( ,@Zif-8 were dispersed in ultrapure water at a
concentration of 5 mg/mL, and the concentration of Fe®* in the super-
natant was measured after 10 min, 20 min, and 30 min of release.

2.8. The degradation of GSH

The different materials were mixed well with 1 mL of 1 x 1073 M
GSH bicarbonate buffer and 100 pL of 0.1 % H05 solution was added.
Then after irradiation with MW for 15 min, 200 pL of 20 pM DTNB and 2
mL of Tris-HCl solution with pH = 8 were added. The absorbance values
of the different solutions at 420 nm were measured.

2.9. In vitro toxicity test of Fep 2@Zif-8

The cytotoxicity of the fabricated nanoparticles towards 4 T1 cells
was assessed using a Cell Counting Kit-8 (CCK-8) assay. Initially, the
cells were seeded into 96-well plates at a density of 5 x 10> cells per well
and allowed to grow for 24 h under specified conditions. The culture
medium was subsequently substituted with media containing different
concentrations of Fey »@Zif-8. Post incubation, the CCK-8 solution was
introduced and the plates were incubated for an additional 2 h. The
absorbance at 450 nm was then quantified using a Synergy H1 Micro-
plate Reader. A complete medium served as the control. The biocom-
patibility of blank Zif-8 nanoparticles was also assessed using the CCK-8
assay for both 4 T1 cells and L929 cells, utilizing protocols parallel to the
cytotoxicity evaluations. For the above experiments, each group con-
sisted of three parallel samples and the cell viability was calculated as
follows:

Cell viability (%) = (ODtest-OD blank)/(OD control — OD blank) x 100%

2.10. Invitro antitumor experiment using combined treatments

A standard CCK-8 assay was used to examine the therapeutic effect of
Feg o@Zif-8 in inhibiting tumor cells under combined MWTT and CDT.
The cells were divided into control, HyO,, Feq »@Zif-8, and Feg »@Zif-8
-+ Hy0; groups. The added concentrations of reagents were 100 pg/mL
for Feg,@Zif-8 and 100 pM for HyO,. The control group volume was
made equal with Dulbecco’s modified Eagle’s medium (DMEM). After
incubation for 24 h, the cells were irradiated under 5 W of microwave
for 10 min. Then another incubation was performed for 2 h. Finally,
CCK-8 and microplate reader were used by the same process to obtain
the cell-viability.

2.11. Live/dead cell staining

Live/dead cell analysis of Feg@Zif-8 was performed with cell-
permeable dye propidium iodide (PI) and Calcein AM (Beyotime
Biotechnology, China) with or without MW irradiation. 4 T1 cells were
planted in 6-well plates with a density of 3 x 10* cells per well for 12 h
and then were co-incubated with Feg,@Zif-8 (100 mg/ mL) for 2 h.
After gently washing with PBS, the cells were re-cultured with fresh PBS.
The microwave ablation probe was then placed vertically under the
bottom of each well, and the cells were subjected to microwave irradi-
ation (2450 MHz, 5 W, 10 min or 0 min). Then the 4 T1 cells were
stained with PI (red) to visualize dead cells and with Calcein AM (green)
to visualize live cells.

2.12. Determination of ROS generation at the cellular level

Fep.2o@Zif-8 nanozyme at a concentration of 100 pg/mL was incu-
bated with 4 T1 cells in a 6-well plate for 12 h. Then, the cells were
irradiated with MW at 5 W for 10 min. Next, these cells were incubated
with DCFH-DA probes at a concentration of 10 pM per well. After 30
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min, the excess probes were washed with PBS and the fluorescence was
observed by fluorescent microscope. Additionally, the fluorescence in-
tensity was analyzed by flow cytometry, and other experimental oper-
ations were completely consistent with the above.

2.13. Invitro cell apoptosis test of Fep 2@Zif-8

Flow cytometry was used to examine the effect of Fep o @Zif-8
nanospheres on tumor cell apoptosis. The groupings were identical to
the live/dead cell staining experiment. The treated cells and the control
cells were collected in centrifuge tubes and resuspended in specific
buffer solution. To each sample, we simultaneously added fluorescein
isothiocyanate (FITC; 5 pL) and propidium iodide (PI) staining solution
(5 pL). The reaction was carried out for 15 min. Then, 500 pL of buffer
solution was added to the sample tubes. Cell apoptosis was measured
using a flow detector.

2.14. Animal studies

The animal experiments were approved by the Animal Ethics Com-
mittee of “Shanxi Medical University”. Female BALB/c nude mice aged
six weeks were utilized in all in vivo experiments. Subcutaneous inocu-
lation of 1 x 10° 4 T1 cells into the fourth mammary pad was used to
establish mouse mammary cancer models. Once the tumors in the tumor
- bearing mice reached a volume of 100 mm?, the mice were included in
the subsequent animal experiments. The mice were randomly divided
into three groups (Control, Zif-8, Fey 2@Zif-8, n = 5 for each group) and
injected each with 200 mL of normal saline, Zif-8, or Fey 2@Zif-8 (75
mg/kg), respectively. Then, 6 h post - injection, the Zif-8 and Fe( »@Zif-
8 groups were subjected to microwave irradiation (5 W, 10 min). During
irradiation, temperature changes were monitored using an IR thermal
imager (Hikvision, Hangzhou, China). Tumor volume was measured and
mouse weight was recorded every three days. On day 15, the mice were
sacrificed, and tumor samples were collected, weighed, and photo-
graphed. After being rinsed with PBS, the tumor tissues were fixed in 4 %
paraformaldehyde for 24 h. Then, the samples were embedded,
sectioned, and stained with H&E, TUNEL, and Ki-67 for immunohisto-
chemical analysis.

2.15. MR imaging

The transverse relaxation (r2) of Feg @Zif-8, which quantifies its
efficacy as a T2 contrast agent, was determined according to established
protocols (Thirumalai et al., 2024). Briefly, aqueous dispersions of
Feo 2@Zif-8 with varying Fe concentrations (0.2, 0.4, 0.8, 1.2, and 1.6
mM) were prepared. The T2 relaxation times of these dispersions were
measured using a 7.0 T MRI scanner with a multi-spin-echo sequence.
The r2 relaxation (in units of mM! s_l) was calculated as the slope of
the linear regression of the relaxation rate (R2 = 1/T2) versus the Fe
concentration.

MRI (7.0 T, Brucker, Germen) was used to observe changes in the
image signal and verify whether Fey2@Zif-8 could function in MRI in
vivo. Feg 2@Zif-8 solution (30 mg/ kg) was injected into the tail veins of
tumor-bearing mice of similar weight and tumor size. We performed
MRI sequence T2-FLASH imaging before injection and at 2, 4, 6, 8, and
10 h after injection. By comparing the changes in the signal in the tumor
tissues, we evaluated the MRI performance of Fey ;@Zif-8 in this mouse
model.

2.16. Statistical analysis

The outcomes were assessed in triplicate and depicted as means +
SD. Statistical analysis was conducted using GraphPad Prism 10
(GraphPad Software, San Diego, CA, USA). In terms of statistical sig-
nificance, * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p <
0.001.
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3. Results and discussion
3.1. Characterization of Feg ,@Zif-8

The morphology of Fey 2@Zif-8 is observed by TEM. As shown in
Fig. la and b, Feyo@Zif-8 also exhibits an irregular morphology
compared to pristine Zif-8 (Fig. S1), indicating that iron doping does not
alter the morphology of the material. From the elemental distribution
under HR-TEM(Fig. 1c), Fe, Zn, O and N are uniformly distributed on
Feg.o@Zif-8, which indicates that Fe is successfully doped into Zif-8. The
FTIR spectra of different samples are shown in Fig. 1d. The absorption
peaks of the C—=C bond and C=N of the imidazole ring are observed at
1631 cm ! and 1569 cm ™! for all samples (Dai et al., 2018). In addition
to this, the stretching vibration peaks of C—N bond Zn—N and are found
at 1149 ¢cm~! and 1000 em™! (Li et al., 2019). Therefore, it can be
illustrated that the main functional groups of Zif-8 are not destroyed,
and the material remains stable after doping with different contents of
Fe.

The XRD results of Zif-8 and Zif-8 doped with different levels of Fe
are shown in Fig. le. The diffraction peaks of Zif-8 at 7.28°, 10.36°,
12.66°, 14.7°, 16.42°, 18.12°, 22.12°, 24.5°, 26.56° and 29.32° corre-
spond to its (011), (002), (112), (022), (013), (222), (114), (233), (134)
and (044) crystal planes, respectively (Yang et al., 2021a). This is in
agreement with previous reports, indicating that Zif-8 is successfully
prepared. The XRD pattern of Fey ; @Zif-8 is basically the same as that of
Zif-8, therefore a small amount of Fe doping will not have any effect on
Zif-8. However, the XRD pattern of Fego@Zif-8 and Fe( 3@Zif-8 is
changed with the increase of doped Fe content, which indicates that the
crystallinity of Zif-8 is altered by the increase of Fe dopin (Wu et al.,
2020).

The surface chemical properties of Zif-8 and Fey,@Zif-8 are
analyzed by XPS. The presence of Zn, Fe, N and C elements on the sur-
face of Fego@Zif-8 is confirmed in Fig. 1f. Two characteristic peaks
belonging to Zn 2ps,; and Zn 2p;,, can be observed in both Zif-8 and
Feoo@Zif-8 (Fig. S2). As shown in Fig. 1g, the high-resolution Fe 2p XPS
spectrum of Fep@Zif-8 was deconvoluted to gain insight into the
chemical state of iron (Fig. 1g). The spectrum was fitted with charac-
teristic peaks for Fe>" species, following established fitting procedures
for iron-containing compounds (Gowtham et al., 2022). The peaks at
binding energies of approximately 724.7 eV and 711.2 eV are assigned
to Fe 2p; 2 and Fe 2p3 5 of Fe3t, respectively. In the C 1 s spectra of Zif-8
and Fey 2@Zif-8, C = C/C-C, C =N, and C—N are both found (Fig. 1h) (Li
etal., 2019). Unlike, only pyridine N and pyrrole N can be observed only
in the spectrum of N 1 s of Zif-8. In contrast, a Fe—N peak can be
observed in the spectrum of N 1 s of Fe( »@Zif-8 in addition to pyridine
N and pyrrole (Li et al., 2018), which proves that Fe element is suc-
cessfully doped into Zif-8 (Fig. 1i).

3.2. MW thermal Response of Fep ,@Zif-8

The energy of MW is mainly converted into heat. As shown in Fig. 2a,
the temperature of the control group is increased from 32.6 °Cto 61.2 °C
under 5 W of MW irradiation. In contrast, the temperatures of Zif-8 and
Fep.2@Zif-8 increased to 65.7 °C and 70.2 °C, respectively. This indicates
that the thermal effect of Fe o@Zif-8 is stronger than that of Zif-8 under
the same conditions. Meanwhile, the temperature rise curves are
measured for different masses of Feg ;@Zif-8 and different MW powers
(Fig. S3). Therefore, the Fey »@Zif-8 has a good thermal effect.

The MW thermal mechanism of Feg »@Zif-8 can be determined from
the reflection loss (RL) values. In general, a smaller RL value means that
more MW is absorbed and therefore has a better thermal effec (Jin et al.,
2022). At 2.45 GHz, the RL values of Zif-8 and Fe( ;@Zif-8 are —2.38 db
and — 2.53 db, respectively, indicating that more MW is absorbed by
Fep@Zif-8 (Fig. 2b and c). In addition, the 3D curves of Zif-8 and
Fego@Zif-8 also proved that Fey,@Zif-8 has better MW absorption
(Fig. 2d and e). Meanwhile, the o value of Fep 2@Zif-8 (17.45) at 2.45
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Fig. 1. (a) TEM image (scale bar 200 nm) and (b) HR-TEM image (scale bar 20 nm) of Fey »@Zif-8; (d) HR-TEM element mapping imagines of Fey ;@Zif-8 (scale bar
20 nm); (d) FTIR spectra and (e) XRD patterns of Zif-8, Fey 1 @Zif-8, Feo »@Zif-8 and Fe(, s @Zif-8; (f) XPS spectra of Zif-8 and Fe( »@Zif-8; High-resolution XPS spectra

of (g) Fe 3d, (h) C1s,and (i) N1s.

GHz is larger than that of Zif-8 (16.64). The higher o value proves that
more MW is converted into heat (Fig. 2f). Therefore, the Feg 2@Zif-8 has
a better thermal effect.

The dielectric constant (¢) and magnetic permeability (p) of
Fep.o@Zif-8 can be used to determine how the MW is converted into
heat. As shown in Fig. 2g and h, the values of the real part (¢’) of the
dielectric constants of Fey 2@Zif-8 is larger than that of Zif-8, while the
value of the imaginary part (¢*) of Zif-8 and Feg »@Zif-8 are basically the
same. This indicates that the dielectric loss capability of Fey »@Zif-8 is
stronger than Zif-8. Furthermore, the real part value (') of magnetic
permeability of Feg o@Zif-8 is slightly larger than that of Zif-8, while the
value of the imaginary part (p”) is similar, indicating that the magnetic
loss is not the main factor in converting MW into heat (Fig. 2j and k). In
addition, the dielectric constant tangent (tan 8¢ = &¢“/¢’) and magnetic
loss tangent (tan 8 = p”/p’) can also be utilized to evaluate the incident
MW dissipation capabilit (Lv et al., 2023). Among them, the tan &e of
Feo 2@Zif-8 is slightly smaller than that of Zif-8. On the contrary, the
values of tan 3y of the two samples are close to each other, which in-
dicates that the material has an average magnetic loss capability. In
summary, the Fey ;@Zif-8 converts the absorbed MW into heat through
dielectric loss.

3.3. ROS Production and GSH Oxidation

Large amounts of HyO5 are present in the microenvironment of tu-
mors. HyO» can undergo a Fenton reaction with Fe3* to produce -OH.
3,3'5,5'-tetramethylbenzidine (TMB) can be used to characterize the
results of the Fenton reaction (Jin et al., 2024), since -OH can oxidize

colorless TMB to blue oxidized TMB (Fig. 3a). The catalytic ability of Zif-
8 doped with different levels of Fe3* is first tested. As shown in Fig. S4,
the absorbance value of the solution at 650 nm is gradually increasing
with the increase of Fe3' content and Feo.o@Zif-8 has the largest
absorbance value. Therefore, the Feg @Zif-8 is selected for the next
experiments because Fey 2@Zif-8 has the best Fenton reaction rate.

As shown in Fig. 3b and c, the absorbance value in Fey,@Zif-8 is
much greater than the control and Zif-8 groups, because the release of
Fe?' from Feo.o@Zif-8 is capable of Fenton reaction. Meanwhile, the
absorbance value in the Fey 2@Zif-8 group is further increased after MW
irradiation, indicating that MW can promote the reaction between
Feg,@Zif-8 and Hy0,. The time of MW irradiation, concentration of
Feg o@Zif-8, and concentration of HO5 can also affect the rate of Fenton
reaction. The yield of -OH is gradually increased with the time of MW
irradiation (Fig. 3d and e). As shown in Fig. 3f and g, an increase in the
concentration of Fey ,@Zif-8 with or without MW irradiation also en-
hances the rate of the Fenton reaction. For the same duration of MW
irradiation, an increment of HyO, concentration also produces more -OH
(Fig. 3h and i).

Meanwhile, the EPR has also been used to measure the ROS produced
by different materials. As shown in Fig. 4a, no signal peaks of -OH is
observed in the control and Zif-8 groups. However, a clear 1:2:1 signal
peak of -OH is observed in the Fey o@Zif-8 groups. Therefore, Fe 2 @Zif-
8 produces more ROS.

The release curve of Fe>* from Feg ,@Zif-8 is shown in Fig. 4b. The
release of Fe>* from Feg »@Zif-8 is increasing with time. The GSH inside
the tumor protects the tumor cells from being damaged by ROS. The -OH
produced by the Fenton reaction can oxidize GSH to glutathione
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Fig. 2. (a) Heating curves of Control, Zif-8 and Fe »@Zif-8 under MW irradiation; (b, ¢) The reflection loss (RL) curves of Zif-8 and Fe ~ 0.2 ~ @Zif-8 at varying
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dependence of magnetic loss tangent of Zif-8 and Feq »@Zif-8.

disulphide (GSSG). The GSH-consuming capacity of Fep@Zif-8 has
been determined by using DTNB as a probe. As shown in Fig. 4c, after co-
incubating the different groups with H,O2 and GSH for 15 min. The GSH
consumption of Fey,@Zif-8 + Hy04 group reaches about 30 %. How-
ever, after MW irradiation, the GSH depletion of the Fe( 2 @Zif-8 + H204
group has reached 75 %. Therefore, the GSH depletion can be acceler-
ated by MW. Meanwhile, the GSH consumption is increased with the
reaction time and the concentration of Fey ;@Zif-8 (Fig. 4d and e). The
Fenton reaction and GSH depletion mechanism of Fe( »@Zif-8 are shown
in Fig. 4f.

3.4. In vitro tumor suppression efficiency

Biosafety evaluation constitutes a fundamental prerequisite for
advancing nanomaterial-based biomedical applications. To systemati-
cally assess the cytotoxic profile of Fep.@Zif-8, CCK-8 assays are

performed on both tumorigenic 4 T1 and normal fibroblast L929 cell
lines. As shown in Fig. S5, cellular viability exhibite a concentration-
dependent reduction in both cell types. In consideration of biological
safety, we select the material concentration of 100 pg/mL, which ensure
a normal cell survival rate exceeding 80 %, as the criterion for deter-
mining subsequent anti-tumor concentrations.

The therapeutic effects on tumor cells are verified through the CCK -
8 assay and live/dead staining assay. As shown in Fig. 5a, in the absence
of MW irradiation, the Fey,@Zif-8 + Hy05 group likely induce the
generation of ROS via a Fenton-like reaction, thereby killing a portion of
tumor cells. When expose solely to MW irradiation, no significant
cytotoxic effect is observed on the tumor cells. However, upon intro-
ducing Feg 2@Zif-8, hyperthermia-induced cytotoxicity led to the death
of some tumor cells. Conversely, with the subsequent addition of HyO,
the synergistic effect of MWTT and CDT result in the eradication of the
majority of tumor cells. Consistent with the CCK-8 results, only the
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Fig. 3. (a) Schematic diagram of the oxidation of TMB to ox-TMB by -OH; (b) UV-Vis spectra and (c) catalytic reaction rates of Zif-8 and Fe »@Zif-8; (d) UV-Vis
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rates of different concentrations of Fey »@Zif-8 after MW irradiation for the same time; (h) UV-Vis spectra and (i) catalytic reaction rates of the same concentration of

Feo ,@Zif-8 under different concentrations of H,O,.

Feg2@Zif-8 + Hy05 + MW group exhibit prominent red fluorescence
across a large area (Fig. 5b, Fig. S6), which suggest that the synergistic
effect of MWTT and CDT can efficiently induce cytotoxicity in breast
cancer cells.

The efficacy of CDT is measured by evaluating intracellular ROS
generation using DCFH-DA, which emits green fluorescence upon
oxidation by ROS. As shown in Fig. 5c, weak green fluorescence is
observed in the Fey 2@Zif-8 group compare with the control group. The
introduction of HoO, alone or MW alone can each promote ROS gen-
eration to some extent. However, when both are combined, the
Feo.2@Zif-8 + Ho05 + MW group exhibit extensive green fluorescence,
indicating a markedly enhance ROS production. The results of flow
cytometry (Fig. 5d) are consistent with those observed under fluores-
cence microscopy. The fluorescence intensity is the highest in the
Feg2@Zif-8 + HyO5 + MW group, which is 8.6 times higher than that in
the Feg o@Zif-8 + Hy02 group and 6.6 times higher than that in the
Fe 2 @Zif-8 + MW group (Fig. S8).

The apoptosis of cells in the samples under MW irradiation is
analyzed by flow cytometry. As shown in Fig. Se, there is little difference
among the control, Feg o@Zif-8, HoO», and Fe s@Zif-8 + Hy0, groups.
In contrast, a large number of cells enter the apoptosis process in the
Fep2@Zif-8 + MW and Fe@Zif-8 + H302 + MW groups, indicating

that microwave-induced hyperthermia can promote tumor cell
apoptosis. Meanwhile, more tumor cells in the Fep 2@Zif-8 + Hy02 +
MW group enter late apoptosis, suggesting that the combined effect of
ROS and hyperthermia can further promote the ultimate death of tumor
cells.

3.5. In vivo performance of tumor inhibition by Fey 2@Zif-8

Given that Fey 2@Zif-8 can effectively kill breast cancer cells in vitro,
we establish a breast cancer-bearing mouse model to evaluate its in vivo
effect. Fig. 6a show the temperature rise curves of the samples under
MW irradiation. The temperature of pure MW irradiation only rose to
about 35 °C, while that of Fey 2@Zif-8 rose to about 48 °C. Fig. 6B show
the volume changes of the tumors after 15 days of treatment. The tumor
volumes of the control and Zif-8 groups significantly increase after 15
days of treatment, while the tumor volume of the Fey@Zif-8 group
significantly decrease. To quantify the anti-breast cancer effect, the
relative tumor volume (V/VO0) is further calculated and the tumors were
weighed (Fig. 6C and D). The tumor tissue changes in the control and
Zif-8 groups are basically the same, with the relative tumor volume
increasing to over 6 and the weight being about 1.5 g. In contrast, the
relative tumor volume of the Fey o@Zif-8 group decrease to 0.156 and
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the weight is 0.267 g. H&E and TUNEL staining (Fig. 6E) show extensive
cell necrosis in the breast cancer tissue of the Feg 2@Zif-8 group. At the
same time, tumor tissue sections are stained with Ki-67 antibody to
observe the proliferation activity of tumor cells in different groups. The
effect of Fep 2@Zif-8 on the proliferation of breast cancer cells is negli-
gible, while the Ki-67 staining images of the control and Zif-8 groups
show obvious tumor cell proliferation, confirming the significant in vivo
therapeutic effect of Fey 2@Zif-8 under MW irradiation.

The MRI effect of Fepo@Zif-8 in tumor-bearing mice is further
evaluated (Fig. 6F). Compared with O h, the T2 signal in the tumor tissue
significantly increase 2 h after injection and then gradually decrease.
This indicated that Fey »@Zif-8 can effectively accumulate at the tumor
site and have excellent MRI capabilities, paving the way for MRI-guided
tumor treatment. To quantitatively evaluate the MRI capability of
Feo.2@Zif-8 and allow for direct comparison with commercial contrast
agents, we measured its transverse relaxation (r2). As shown in Fig. S10
A, the relaxation rate (R2) exhibited a strong linear dependence on the
Fe concentration. The r2 value of Fep,@Zif-8 was 23.81 mM ™! s7!
(Fig. S10 B). This high r2 value confirms Fe@Zif-8 as an effective T2
contrast agent. Furthermore, the signal-to-noise ratio (SNR) in the tumor
region decreased significantly post-injection, consistent with the effi-
cient accumulation and strong T2 contrast effect of the nanoplatform.

To comprehensively evaluate the systemic biosafety of Fe@Zif-8, the
blood samples and major organs were collected for analysis (Deepika
et al., 2025; Deepika et al., 2024). As shown in Table S1., the serum
levels of key liver function markers (ALT, AST) and kidney function
markers (BUN, CREA) in the Fe@Zif-8-treated groups showed no sta-
tistically significant differences compared to the PBS control group.
Furthermore, histopathological examination (H&E staining) of the liver,
kidney, and spleen (Fig. S11) revealed no obvious signs of inflammation,
necrosis, or tissue damage. These results collectively demonstrate that
Fe@Zif-8 does not induce significant systemic toxicity at the adminis-
tered doses, confirming its favorable biosafety profile for in vivo
applications.

The synergistic interplay between MWTT and Fenton-like reaction-

driven CDT establishes Fe ;@Zif-8 as a dual-modal anticancer platform
with optimized tumor-specific cytotoxicity. The tumor-selective potency
of this multimodal strategy originates from the inherent thermosensi-
tivity disparity between malignant and normal cells (Li et al., 2018).
Previous studies have established that cancer cells exhibit compromised
heat dissipation capacity due to their chaotic vasculature and hyper-
metabolic state, rendering them more vulnerable to hyperthermia-
induced protein denaturation and organelle dysfunction (Zhang et al.,
2022; Ma et al., 2020). This differential thermal tolerance aligns with
reports on heat-shock protein (HSP) dysregulation in tumors, which
exacerbates their susceptibility to thermal insults (Pan et al., 2021).

Microwave irradiation profoundly augments CDT efficacy through
spatiotemporal coordination of physicochemical processes. The dielec-
tric heating effect accelerates Fe?"/Fe3" redox kinetics - analogous to
thermally enhanced Fenton catalysis observed in other iron-based
nanosystems (Laha et al., 2022). Locally elevated temperatures lower
the activation energy for eOH production while increasing tumor
membrane fluidity to facilitate intracellular HyO, diffusion, a mecha-
nism reminiscent of photothermal-enhanced chemodynamic therapies
(Chang et al., 2024).

The lethal synergy between MWTT and CDT arises from their
orthogonal yet complementary attack on cellular defense mechanisms.
Hyperthermia acutely disrupts protein homeostasis by denaturing
chaperones like HSP70/90, thereby impairing tumor cells’ ability to
repair oxidative damage inflicted by ROS (Chen et al.,, 2023).
Conversely, the oxidative stress from CDT depletes antioxidant reserves
(e.g., GSH), sensitizing cells to subsequent thermal insults (Yang et al.,
2021b).

4. Conclusion

In summary, we have successfully engineered an iron-doped Zif-8
nanoplatform (Fe@Zif-8) that integrates MWTT and CDT for precise and
efficient treatment of TNBC. The incorporation of iron ions into the Zif-8
framework not only amplifies microwave absorption through enhanced
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Fig. 5. (a) Effects of Fey ,@Zif-8 concentration on the survival rates of normal cells (L929) and cancer cells (4 T1), as detected with CCK-8 assay; (b) Fluorescence
images of 4 T1 cells co-stained by Calcein-AM and PI after different treatments; (c) Fluorescence images of ROS generation in 4 T1 cells after different treatments; (d)
Flow cytometry results of ROS production at cellular level; (e) Flow cytometry results of 4 T1 cell apoptosis and the percentage of early and late apoptosis of

different treatments.

dielectric loss but also enables Fenton-like catalysis in the tumor TME,
generating cytotoxic ROS while depleting GSH. This dual-action mech-
anism achieves rapid tumor ablation under low-energy MW irradiation,
significantly reducing collateral damage to healthy tissues. Further-
more, the intrinsic magnetic properties of Fe@Zif-8 facilitate real-time
MRI-guided tumor localization and therapeutic monitoring, under-
scoring its theranostic potential. This work offers a promising strategy
for combating refractory malignancies like TNBC.
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