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Introduction: Doxorubicin (DOX) is a cornerstone chemotherapeutic for breast cancer; however, its clinical efficacy is limited by
inefficient intracellular delivery and dose-limiting off-target toxicity. Microenvironment-responsive nanoplatforms offer a promising
strategy to enhance tumor selectivity and therapeutic performance.

Methods: A core—shell nanosystem (UTMD) was constructed by coating an NH,-MIL-88B(Fe) metal-organic framework (Fe-MOF)
shell onto a UCNP@TiO, scaffold. The Fe-MOF shell was designed as a dual pH- and glutathione (GSH)-responsive gatekeeper for
controlled DOX release. The nanosystem was characterized for structural features, drug loading, and stimulus-responsive release
behavior. Cellular uptake, intracellular trafficking, cytotoxicity, and redox-related biochemical changes were evaluated in MCF-7
breast cancer cells and HEK-293 normal cells.

Results: UTMD achieved high encapsulation efficiency (86.5%) and maintained stability under physiological conditions, while
enabling accelerated DOX release in acidic and reducing environments. The nanosystem enhanced cellular internalization and
promoted nuclear accumulation of DOX in MCF-7 cells. In addition, UTMD induced significant intracellular redox imbalance,
characterized by GSH depletion, increased reactive oxygen species levels, and elevated lipid peroxidation, accompanied by mitochon-
drial membrane potential depolarization. These changes are consistent with ferroptosis-associated oxidative damage. Compared with
free DOX, UTMD exhibited improved cytocompatibility in HEK-293 cells.

Discussion: The Fe-MOF shell functions as a microenvironment-responsive gatekeeper that coordinates controlled drug release with
iron-mediated oxidative stress. This integrated design links chemotherapy with ferroptosis-associated mechanisms, improving ther-
apeutic selectivity and mechanistic interpretability.

Conclusion: UTMD represents a microenvironment-activated nanoplatform that enables controlled DOX delivery and ferroptosis-
associated oxidative damage. This strategy enhances antitumor efficacy while reducing off-target toxicity, offering potential for
improved breast cancer therapy.

Keywords: Fe-based metal-organic framework, pH/GSH-responsive nanoplatform, doxorubicin delivery, ferroptosis, lipid

peroxidation, breast cancer

Introduction
Breast cancer remains one of the most common malignancies worldwide and a leading cause of cancer-related mortality

among women.'> Although breast cancer diagnosis and treatment have advanced considerably, long-term clinical control
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remains limited by recurrence, therapeutic resistance, and insufficient treatment selectivity.* Doxorubicin (DOX) is
a widely used chemotherapeutic agent for breast cancer, but its clinical application is restricted by dose-dependent
cardiotoxicity, nonspecific tissue injury, and limited selectivity for tumor cells.>® These challenges have stimulated
extensive interest in nanocarrier-based DOX delivery systems.

Conventional DOX nanocarriers, including liposomes, polymeric nanoparticles, micelles, mesoporous silica nano-
particles, and hybrid nanomaterials, can improve drug solubility, prolong circulation time, and reduce systemic toxicity to
varying degrees.” However, most of these systems primarily function as passive delivery vehicles. Although they can
improve pharmacokinetic behavior, they often do not directly address intracellular mechanisms that contribute to tumor
cell survival during chemotherapy. In particular, incomplete intracellular drug release and strong antioxidant defenses
may limit the cytotoxic effect of DOX even after cellular uptake.® Therefore, improving delivery efficiency alone may be
insufficient; an effective nanoplatform should ideally combine controlled drug release with a complementary mechanism
that increases tumor cell susceptibility to treatment.

One strategy is to exploit biochemical characteristics of the tumor microenvironment as endogenous triggers for
intracellular activation. Solid tumors typically exhibit mildly acidic extracellular conditions, with more pronounced
acidity in endo/lysosomal compartments following nanoparticle internalization.”'® In addition, many cancer cells
maintain elevated glutathione (GSH) levels and altered redox homeostasis to buffer oxidative stress.!! These features
provide useful cues for the design of responsive nanomaterials. Acid-sensitive coordination frameworks may become
destabilized after endocytosis in acidic vesicles, while high intracellular GSH can further accelerate framework
degradation by disrupting metal-ligand interactions and altering metal redox states.'”'* Accordingly, pH/GSH-
responsive systems are of interest because they may support selective intracellular drug release while simultaneously
disturbing redox balance in tumor cells.'*!?

In this context, ferroptosis has attracted increasing attention as a form of regulated cell death characterized by iron-
dependent lipid peroxidation and oxidative membrane damage.'® Unlike apoptosis-centered therapeutic strategies,
ferroptosis is relevant because some tumor cells that tolerate conventional treatment remain vulnerable to oxidative
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injury.'®'” In DOX-based nanomedicine, introducing ferroptosis is not intended to replace chemotherapy, but to
complement it by overcoming redox adaptation mechanisms that limit therapeutic efficacy. Therefore, a nanoplatform
capable of combining controlled DOX release with ferroptosis-associated oxidative damage may achieve enhanced
therapeutic outcomes through mechanistically complementary effects.'®

Fe-based metal-organic frameworks (Fe-MOFs) are promising candidates for this purpose due to their high
porosity, tunable composition, and stimulus-responsive coordination chemistry.'” Their porous structures facilitate
drug loading, while iron centers participate in redox cycling and Fenton-like reactions, promoting reactive oxygen
species (ROS) generation and oxidative damage.?’ Recent studies have demonstrated the potential of Fe-MOFs in
chemodynamic therapy, ferroptosis-related tumor treatment, and combination nanomedicine.”' For example, structu-
rally engineered ferrous MOFs have been reported as oxidative nanoagents capable of concurrent hydroxyl radical
and singlet oxygen generation, further highlighting the therapeutic relevance of Fe-MOF architectures in cancer
therapy.>> However, many reported systems mainly emphasize catalytic ROS production, with limited attention to
coordinating microenvironment-triggered drug release and ferroptosis-associated intracellular redox disruption. In
addition, some systems still face challenges such as limited colloidal stability, premature drug leakage, and insuffi-
cient mechanistic clarity regarding the relationship among framework degradation, iron release, GSH depletion, ROS
accumulation, and lipid peroxidation.”*** These issues indicate the need for Fe-MOF-based nanoplatforms in which
endogenous intracellular cues govern both chemotherapy release and oxidative damage in a coordinated and inter-
pretable manner.

To address this need, we developed a hierarchical nanoplatform in which an NH,-MIL-88B(Fe) shell was grown on
a UCNPs@TiO, scaffold for controlled DOX delivery and ferroptosis-associated oxidative damage in MCF-7 breast
cancer cells. The UCNPs@TiO, core provides a stable template for Fe-MOF growth and supports fluorescence-based
tracking of nanoparticle uptake and intracellular transport.”>*° The outer NH,-MIL-88B(Fe) layer functions as a pH/
GSH-responsive gatekeeper that limits premature drug leakage under physiological conditions but undergoes intra-
cellular decomposition after endocytosis. This process is expected to trigger DOX release while simultaneously
exposing iron species that intensify oxidative stress through GSH depletion, ROS generation, and lipid
peroxidation.*’-*®

Accordingly, the novelty of this work lies not in the individual use of DOX, Fe-MOFs, or stimulus responsiveness,
but in integrating them into a microenvironment-activated nanoplatform designed to couple chemotherapy with ferrop-
tosis-associated oxidative injury. Importantly, unlike many reported Fe-MOF systems that primarily rely on catalytic
ROS generation or single-trigger drug release, the present design establishes a coordinated activation mechanism in
which the same intracellular cues simultaneously regulate drug release and ferroptosis-associated redox disruption. In this
study, we characterized the structure, drug-loading capacity, and pH/GSH-responsive release behavior of the nanoplat-
form, and then evaluated its cellular uptake, intracellular trafficking, and therapeutic effects in MCF-7 cells. We further
investigated key ferroptosis-related events, including GSH depletion, ROS accumulation, lipid peroxidation, and
mitochondrial dysfunction. Together, these results provide a mechanistic basis for a microenvironment-activated chemo-
ferroptosis strategy for breast cancer therapy.

Materials and Methods

Reagents
Sodium fluoride (NaF), oleic acid (OA), sodium hydroxide (NaOH), cyclohexane, ammonia solution (NH;-H,O),
isopropanol, N,N-dimethylformamide (DMF), and 2-aminoterephthalic acid (NH,-BDC) were purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd. Yttrium chloride hexahydrate (YCl;-6H,0), thulium chloride hexahydrate (TmCls
-6H,0), and cetyltrimethylammonium bromide (CTAB) were obtained from Tianjin Xiansi Biochemical Technology Co.,
Ltd. Ytterbium chloride pentahydrate (YbCls-5H>0), titanium isopropoxide, and anhydrous ethanol were sourced from
Sigma-Aldrich (USA).

All reagents were of analytical grade and used without further purification. Ultrapure water was used for all aqueous
solution preparations.
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Synthesis of NaYF4: Yb,Tm Upconversion Nanoparticles (UCNPs)

NaYF4:Yb,Tm UCNPs were synthesized via a hydrothermal method. Briefly, NaOH (0.7 g), OA (8 mL), and anhydrous
ethanol (12 mL) were sequentially mixed under stirring until a homogeneous viscous solution was obtained. Separately,
NaF (4.8 mmol) was dissolved in deionized water (8.5 mL) to form a clear solution, which was subsequently added to the
OA mixture. A mixed lanthanide precursor solution (1.5 mL; Y:Yb:Tm molar ratio = 79.5:20:0.5) was introduced under
vigorous stirring and maintained for 20 min to yield a translucent colloid. The mixture was transferred into a 50 mL
Teflon-lined autoclave and heated at 180 °C for 12 h. After cooling to room temperature, the precipitate was collected by
centrifugation (2000 rpm, 3 min), washed three times with cyclohexane and ethanol, and vacuum-dried at 60 °C for
12 h to obtain UCNPs powder.

Fabrication of UCNPs@TiO, Core—Shell Nanoplatform (UT)

UCNPs@TiO, (UT) nanoparticles were prepared using a sol-gel coating strategy followed by annealing. UCNPs
(1 mmol) were dispersed in cyclohexane (3 mL) and sonicated for 30 min. CTAB (0.18 g) was dissolved in deionized
water (40 mL), and the UCNPs suspension was added under stirring (800 rpm) to form an emulsion. The mixture was
heated at 80 °C to evaporate cyclohexane. After the solution became transparent, CTAB-modified UCNPs were collected
by centrifugation (3000 rpm, 5 min), washed with water, and redispersed in ethanol (30 mL).

For TiO, coating, the UCNPs ethanol suspension was mixed with NH;-H,O (1 mL, 28%) and deionized water
(9 mL). Titanium isopropoxide (2 mmol) dissolved in isopropanol (17 mL) was added dropwise under stirring. The
mixture was aged for 12 h at room temperature. The product was collected by centrifugation, washed with ethanol and
isopropanol, vacuum-dried at 60 °C, and annealed at 450 °C (2 °C/min) for 3 h to form anatase-phase TiO, shells.

Preparation of UCNPs@TiO,/NH,-MIL-88B(Fe) Composite (UTM)

NH,-MIL-88B(Fe) was grown in situ on UT nanoparticles via hydrothermal synthesis. UT powder (0.5 mmol) was
dispersed in DMF (30 mL) and sonicated for 1 h. FeCl;-6H,O (1.0 mmol) and NH,-BDC (1.0 mmol) were added
sequentially and stirred for 2 h. The pH was adjusted to 3.5-4.0 by dropwise addition of NaOH solution (2 mol/L,
2.4 mL). The mixture was transferred into a Teflon-lined autoclave and heated at 110 °C for 12 h. After cooling, the
precipitate was collected (3000 rpm, 5 min), washed alternately with DMF and ethanol, and dried at 60 °C for 7 h to yield
UTM-1 powder. Additional composites with Ti:Fe molar ratios of 1:0.5, 1:2, and 1:3 were synthesized similarly and
denoted as UTM-0.5, UTM-2, and UTM-3. Pure NH,-MIL-88B(Fe) (MFe) was prepared as a control.

DOX Loading to Obtain UTMD Nanoplatform

Doxorubicin hydrochloride (DOX) was loaded into UTM via adsorption. DOX (1 mg) was dissolved in deionized water,
and UTM powder (20 mg) was added. The mixture was sonicated and stirred in the dark for 24 h. The product was
centrifuged, washed repeatedly with water, and dried at 60 °C for 4 h to obtain DOX-loaded UTMD.

Drug Loading Capacity and Encapsulation Efficiency

The concentration of DOX was quantified by UV—vis spectroscopy at 480 nm (A,,.¢). A calibration curve was obtained
by measuring DOX standard solutions with a series of known concentrations at 480 nm, and a linear regression was used
to relate absorbance to concentration. The DOX concentration in the supernatant after loading was calculated from the
calibration curve, from which the mass of unencapsulated DOX (my...) was determined. Drug loading capacity (LC, %)
and encapsulation efficiency (EE, %) were calculated as:

LC (%): mloaded/mNp x100% (1)
EE (%) = (mfeed — mfree)/mfeed x 100% (2)

where mjg,4eq 15 the mass of DOX loaded onto/into the nanoparticles, myp is the mass of nanoparticles, mg.q is the initial
DOX feeding amount, and mge. is the mass of DOX remaining in the supernatant after loading.
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pH-Responsive Behavior of the UTMD Nanosystem

First, four different PBS buffer solutions were prepared under the following conditions: pH = 5.0, pH = 6.0, pH = 6.0 +
10 mM GSH, and pH = 7.4, in order to evaluate the release behavior of UTMD under neutral, acidic, and acidic/reducing
buffered model conditions. It should be noted that the condition containing 10 mM GSH was introduced only as
a simplified buffered model to simulate an intracellularly relevant reducing environment for the release assay, and
does not represent the composition of the standard cell culture medium used in the biological experiments. Then, 3 mL of
UTMD solution (0.5 mg/mL) was loaded into a dialysis bag with a molecular weight cutoff (MWCO) of 8000. The
dialysis bag was placed into the four different PBS buffer solutions and incubated at 37°C with shaking at 120 rpm in the
dark for 48 hours. At specific time points (0, 1, 2, 3, 4, 8, 12, 24, 48 hours), 3 mL of solution was withdrawn, centrifuged,
and the absorbance of DOX in the supernatant was measured using a spectrophotometer. The drug concentration was
calculated based on the DOX standard curve. After each sample withdrawal, 3 mL of fresh PBS buffer solution under the
corresponding conditions was added. Finally, the cumulative release rate of DOX was calculated and plotted based on the
DOX concentration values at each time point to compare the responsiveness of the nanosystem under different buffered

release environments.

Cell Source and Cell Culture

In this study, two cell lines were utilized: HEK-293 human embryonic kidney cells as the control group to assess the
toxic effects of nanoparticles on normal cells, and MCF-7 human breast cancer cells as the experimental group to
evaluate the inhibitory effect of nanoparticles on tumor cell growth. The ATCC reference numbers for the HEK-293 and
MCEF-7 cell lines were ATCC® CRL-1573™ and ATCC® HTB-22™, respectively.

The cells were cultured in a humidified incubator at 37°C with 5% CO,. Both HEK-293 and MCF-7 cells were
cultured in complete medium, which was prepared by mixing fetal bovine serum, penicillin-streptomycin (1%), and
DMEM high-glucose medium in a ratio of 10:1:94. When the cells reached the logarithmic growth phase, they were
washed with sterile PBS, digested using 0.25% trypsin solution (Gibco), and subcultured at a 1:3 ratio.

Cellular Uptake of UTMD by MCF-7 Cells

The nanoparticle uptake capability of MCF-7 cells was examined using an inverted fluorescence microscope. Cells were
seeded into 12-well plates at a density of 5x10° cells per well, with 1 mL of medium added to each well, and incubated at
37°C for 24 hours. The medium was then replaced with fresh medium containing nanoparticles, and after incubation for
1, 2, or 4 hours, the cells were washed three times with PBS, fixed with 4% paraformaldehyde at 4°C for 15 minutes, and
stained with 0.5 pg/mL DAPI (prepared in PBS) for 10 minutes. After washing off the excess dye, 20 pL of mounting

medium was added to each well, and the samples were observed under a fluorescence microscope.

Cytotoxicity Assessment

MCEF-7 cells were seeded into 96-well plates at a density of 8000 cells per well and incubated at 37°C for 24 hours. The
complete medium was then aspirated, and 200 pL of incomplete DMEM containing UTM, UTMD, UTM + free DOX
and corresponding concentrations of DOX (0, 12.5, 25, 50, 100, 200pg/mL) was added. The cells were incubated for
12 hours, after which the cytotoxicity was assessed at 24 hours using the MTT assay. The optical density (OD) of each
well was measured at 490 nm using a microplate reader. The relative cell viability was calculated using the following

formula (Eq. 3). All experiments were performed independently in triplicate, and mean values were used for analysis.

D
CV (%) = gD(’) x 100% (3)

CV% is cell viability rate, OD; optical density value of treatment group, ODj is the optical density of control group. All
experiments were performed in triplicate with data reported as mean + standard deviation (SD), and statistical analysis
was conducted using SPSS 26.0.
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Intracellular GSH Levels

MCEF-7 cells were seeded at a density of 3x10° cells/well in 6-well plates and incubated overnight. The following day,
cells were treated with fresh medium (control group), DOX, UTM, and UTMD for 12 hours. After the treatment, the
drug-containing medium was removed, collected, and the cells were digested with trypsin. The cell suspension was then
combined with the previously collected drug-containing medium. Following centrifugation, the supernatant was dis-
carded, and the cells were washed three times with PBS.

Total intracellular GSH content was measured according to the kit instructions. Briefly, three volumes of protein
removal reagent M were added to the cell pellet and vortexed vigorously. The solution underwent three freeze-thaw
cycles, alternating between liquid nitrogen and a 37°C water bath, followed by centrifugation at 4°C and 1x10° rpm for
10 minutes. The supernatant was then collected for analysis.

For determining the intracellular GSSG level, 50 pL of the supernatant was mixed with 10 pL of the GSH scavenging
auxiliary solution, followed by the addition of 2 pL of the GSH scavenging working solution. The tubes were incubated at
25°C for 60 minutes. Standard curves for total GSH and GSSG were prepared according to the kit instructions. Fluorescence
intensity at 412 nm (the maximum absorption wavelength) was measured using a 96-well plate after sample preparation. The
GSH consumption in the cells was calculated based on these measurements. All experiments were conducted in triplicate, and
the mean values were used for analysis. All experiments were performed in triplicate with data reported as mean + SD,
statistical analysis was conducted using one-way ANOVA, with a significance level set at P < 0.05.

Intracellular ROS Generation

Intracellular ROS levels were detected using 2’,7’-dichlorofluorescein diacetate (DCFH-DA) as a probe. MCF-7 cells
were seeded at a density of 3x10° cells/well in 6-well plates and incubated overnight. The cells were then treated with
fresh medium (control group), DOX, UTM, and UTMD for 12 hours. After treatment, all cells were incubated with
DCFH-DA in fresh medium for 20 minutes. Fluorescence images were captured using an inverted fluorescence
microscope.

Intracellular MDA Levels

MDA levels, an indicator of lipid peroxidation, were measured in MCE-7 cells. Cells were seeded at a density of 3x10°
cells/well in 6-well plates and incubated overnight. The cells were then treated with fresh medium (control group), DOX,
UTM, and UTMD for 12 hours. Following the kit instructions, cell lysates were prepared, and both BCA protein content
and MDA concentration were measured. The molar concentration of MDA was calculated based on the absorbance
readings. All experiments were performed in triplicate, and the mean values were used for analysis. All experiments were
performed in triplicate with data reported as mean + SD, statistical analysis was conducted using one-way ANOVA, with
a significance level set at P < 0.05.

Mitochondrial Membrane Potential

MCEF-7 cells were seeded at a density of 3x10° cells/well in 6-well plates and incubated overnight. The cells were then
treated for 12 hours with fresh medium (Control group), DOX, UTM, or UTMD. Following the manufacturer’s
instructions, the culture medium was replaced with JC-1 staining solution (diluted with medium), and the cells were
incubated for 20 minutes. After incubation, the cells were stained with DAPI for 15 minutes to visualize the nuclei. The
cells were then washed with JC-1 staining buffer. Fluorescent images were captured using a fluorescence inverted
microscope.

Results and Discussion
Structural Characterization and Core—Shell Architecture of UCNPs@TiO,/Fe-MOF

Nanoplatform
The structural evolution from UCNPs to UT and subsequently to UTM was systematically characterized by TEM,
HRTEM, EDS mapping, and XRD (Figure 1). Pristine NaYF4:Yb,Tm UCNPs displayed uniform hexagonal morphology
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Figure | Structural and phase characterization of the UCNPs@TiO,/NH,-MIL-88B(Fe) nanoplatform (additional interfacial bonding and textural analyses are provided in
Figure S1-S2). (a—c) TEM images of UCNPs, UT, and UTM, respectively; (d) HRTEM image of UTM showing lattice fringes corresponding to NaYF,, TiO,, and NH,-MIL-88B
(Fe); (e) EDS elemental mapping confirming homogeneous distribution of core and shell components; (f) XRD patterns verifying phase integrity of UCNPs, UT, and UTM. In
the XRD pattern, the heart symbol represents the characteristic peaks of TiO,, the diamond symbol represents the characteristic diffraction peaks of NaYF,, the asterisk
symbol represents the characteristic diffraction peaks of NH,-MIL-88B(Fe).
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with well-defined edges and smooth surfaces® (Figure 1a), indicative of high crystallinity. After sol-gel coating and
annealing, a conformal TiO, shell was clearly observed surrounding the UCNPs core (Figure 1b), confirming the
successful formation of the UCNPs@TiO, (UT) core—shell structure. The TiO, interlayer slightly increased particle
diameter while preserving structural integrity. Subsequent in situ growth of NH,-MIL-88B(Fe) generated a rough, rod-
assembled outer shell (Figure 1c), forming a hierarchical UCNPs@TiO,/Fe-MOF composite (UTM). The Fe-MOF layer
uniformly enveloped the UT core without disrupting the underlying architecture.*

HRTEM analysis (Figure 1d) revealed lattice fringes with interplanar spacings of 0.30 nm, 0.34 nm, and 0.35 nm,
corresponding to the (211) plane of hexagonal NaYF,, the (101) plane of anatase TiO,, and the (200) plane of NH,-MIL
-88B(Fe), respectively. These results confirm intimate interfacial integration among the three components. Elemental
mapping (Figure le) showed homogeneous distributions of Na, Y, F (UCNPs core), Ti and O (TiO, shell), and Fe and
C (MOF layer), verifying successful multi-shell assembly.

XRD patterns further supported phase integrity (Figure 1f). Characteristic peaks of hexagonal NaYF, (JCPDS
16703)34)3 ' were preserved after TiO, coating, while additional peaks at 25.3°, 37.8°, and 48.1° confirmed anatase
TiO, (JCPDS 89-4921).%% Distinct reflections at 9.28° and 10.29° were consistent with NH,-MIL-88B(Fe), validating
crystalline MOF formation. Importantly, all diffraction features were retained in UTM, indicating successful hierarchical
integration without structural collapse. Fourier transform infrared (FTIR) spectroscopy further verified chemical compo-
sition and interfacial coupling in the assembled structure (Figure S1). UT exhibited a broad O—H stretching band at
~3436 cm ™' and strong Ti—O-Ti lattice vibrations in the 400-880 cm '

tion and the TiO, framework. In contrast, NH,-MIL-88B(Fe¢) (MFe) displayed characteristic linker vibrations, including
-1

region, consistent with TiO, surface hydroxyla-
carboxylate asymmetric/symmetric stretching bands at ~1603 and ~1393 cm = and Fe—O-related vibrations near
~672 cm”'. Importantly, UTM retained key spectral features from both UT and MFe, and the reshaped/intensified low-
wavenumber bands (400-800 cm ') suggest interfacial coupling (eg, Ti—-O—Fe linkages) rather than simple physical
mixing, supporting stable integration of the Fe-MOF shell onto the UT scaffold.>* Together, these data demonstrate the
successful construction of a stable core—shell-shell architecture with integrated interfacial coupling and a hierarchical
porous shell, providing structural robustness and abundant Fe coordination sites for drug loading and redox activity.
Nitrogen adsorption—desorption analysis was performed to quantify textural evolution and evaluate whether the
hierarchical structure provides accessible surface area and diffusion channels for cargo loading (Figure S2). UCNPs
exhibited a type II/III isotherm with negligible hysteresis, indicating limited intrinsic porosity (11.96 m?/g). After TiO,
coating, UT displayed a type IV isotherm with an H3 hysteresis loop, consistent with mesopore formation associated with
the TiO, shell. Following in situ growth of NH,-MIL-88B(Fe), UTM maintained mesoporosity with a broadened pore-
size distribution (~5-25 nm), suggesting a hierarchical porous architecture.>* The reduced adsorption capacity after MOF
deposition indicates partial pore blocking and/or shell coverage, while still preserving channels compatible with
molecular diffusion. These textural features provide a structural basis for the high DOX encapsulation and microenvir-

onment-responsive release described below.>>*

High DOX Encapsulation and Dual pH/GSH-Responsive Release Performance

In tumor-targeted therapy, the design of nanodrug delivery systems requires a delicate balance between two critical
attributes: high drug loading capacity and controlled release. Quantitative analysis, based on a standard curve established
by ultraviolet spectrophotometry (R* > 0.99), demonstrated that this system achieved a remarkable drug loading
efficiency of 4.33% and an encapsulation rate of 86.5%. This outstanding performance is primarily attributed to the
unique mesoporous structure of the NH,-MIL-88B(Fe) MOF material. Its large specific surface area and tunable pore
size provide an ideal environment for loading DOX molecules.’’*® Previous studies have confirmed that MOF-based
carriers can significantly enhance the loading efficiency of hydrophobic drugs via coordination interactions and w-w
stacking mechanisms. For instance, the CuSe/NC-DOX-DNA system reported in the literature achieves high DOX
loading through metal coordination.’” In comparison, the encapsulation efficiency of conventional drug delivery systems
such as polymeric micelles has been reported to be much lower. For example, Tang et al using fullerenol as a “histone” to
encapsulate DOX achieved an encapsulation efficiency of approximately 79%, which is a substantial improvement over
typical polymeric systems.* Moreover, Cai et al demonstrated the potential of dimeric drug polymeric nanoparticles with

8 https: International Journal of Nanomedicine 2026:21


https://www.dovepress.com/article/supplementary_file/604452/604452%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/604452/604452%20Supplementary%20Material.docx

Yuan et al

a drug loading efficiency exceeding 50%, showcasing a significant enhancement compared to traditional drug carriers.*’
These findings highlight the outstanding drug loading and encapsulation efficiencies achieved by our Fe-MOF-based
system, emphasizing its advantages in comparison to conventional drug delivery platforms.

Regarding drug release characteristics, the UTMD system exhibits significant microenvironment-responsive beha-
vior, as shown in Figure 2. Under physiological conditions (pH 7.4), only 16.1% of DOX was released after 12 h,
indicating good colloidal and release stability under neutral buffered conditions. In contrast, under acidic buffered
conditions (pH 5.0), the release rate increased to 43.2%, which is attributable to protonation effects that weaken the
interactions between DOX and the carrier.*' Notably, under acidic and reducing buffered model conditions (pH 6.0 +
10 mM GSH), the 12-hour release rate significantly rises to 60.3%. This synergistic enhancement effect is driven by
a dual mechanism activated by GSH: decomposition of the MOF framework and cleavage of metal coordination
bonds.>”** This finding is consistent with several studies reporting pH/GSH dual-responsive mechanisms. For example,
the CuSe/NC-DOX-DNA system achieves precise drug release via an “AND” logic gate controlled by pH and GSH,*’
while the Au@M@Ag@COFs nanoplatform promotes DOX release through GSH-responsive degradation of the COF
shell layer.*?

From a mechanistic perspective, these buffered release results support the responsive potential of the UTMD system
under acidic and reducing model conditions. In the cellular context, the relevance of this behavior is more reasonably
associated with intracellular acidic compartments and elevated intracellular GSH following nanoparticle internalization,
rather than with the extracellular culture medium itself. Under such intracellularly relevant conditions, destabilization of
the Fe-MOF shell may facilitate DOX release and Fe-mediated redox perturbation,**** thereby contributing to the
coupled chemo—ferroptosis-associated therapeutic mechanism observed in MCF-7 cells.*®*”

This chemo-ferroptosis combination therapy strategy demonstrates synergistic effects in multiple studies. For
example, the Fe/HMnO@DOX-GOD@HA system enhances chemotherapy by depleting GSH and releasing Fe?”,
which promotes ferroptosis,*® while the CuSe/NC-DOX-DNA system boosts therapeutic efficacy by generating ROS
through Cu*-GSH reactions.>” The UTMD nanoplatform developed in this study integrates the advantages of high
drug loading, microenvironment-responsive drug release, and multiple therapeutic mechanisms, offering a novel
strategy to overcome the toxic side effects and tumor resistance commonly associated with conventional chemother-
apy drugs.
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Figure 2 Cumulative DOX release profiles of UTMD under physiological (pH 7.4) and tumor-mimicking conditions (pH 5.0; pH 6.0; pH 6.0 + 10 mM GSH), demonstrating
dual pH/GSH-responsive drug release.

International Journal of Nanomedicine 2026:21 https: 9



Yuan et al

Time-Dependent Cellular Uptake and Nuclear Trafficking of UTMD in MCF-7 Cells

To investigate the mechanism by which UTMD nanocomplexes synergistically induce ferroptosis in tumor cells, we first
systematically evaluated their dynamic uptake behavior in human breast cancer MCF-7 cells. The cellular internalization
of nanocarriers is a crucial prerequisite for effective drug delivery and subsequent biological effects.*’ In this study,
fluorescence microscopy was employed for direct visualization and tracking, using DOX loaded in UTMD as
a fluorescent reporter molecule to quantify cellular uptake efficiency. Specifically, MCF-7 cells were co-incubated
with 50 pg/mL UTMD nanocomplexes at various time points (0, 1, 2, 4, and 8 hours). After incubation, DAPI staining
was used to localize the cell nucleus, and changes in the red fluorescence intensity of intracellular DOX were measured
(Figure 3).

Experimental results revealed that after 1 hour of incubation, weak red fluorescence signals of DOX were detected
inside the cells, indicating that a small amount of nanocomplexes had been internalized and DOX had been released.*® As
the incubation time extended to 2 and 4 hours, intracellular fluorescence intensity significantly increased, clearly
demonstrating a time-dependent efficient uptake process.

Importantly, after 8 hours of incubation, the strong red fluorescence signal of DOX showed maximum colocalization
with the blue DAPI-stained cell nucleus regions.’’>* This perinuclear and intranuclear enrichment strongly suggests
that: 1) MCF-7 cells exhibit highly efficient uptake of UTMD nanocomplexes, which can effectively cross the cell
membrane barrier; 2) The internalized nanocomplexes accumulate extensively within the cells and efficiently release
their DOX cargo in the cytoplasm/perinuclear regions; and 3) The released DOX successfully localizes to its primary
target—the cell nucleus—where it induces DNA damage and contributes to ferroptosis.

UTMD-Induced Redox Collapse: GSH Depletion, ROS Burst, and Lipid Peroxidation

Amplification

After confirming the efficient uptake of UTMD nanocomplexes by MCF-7 cells, we examined the key biochemical
events involved in ferroptosis induction—specifically the dynamic changes in intracellular reduced GSH levels. GSH is
a central antioxidant in cells, essential for maintaining redox homeostasis and preventing lipid peroxidation, and its
depletion is a hallmark event that initiates ferroptosis. According to the design principle of the UTMD nanocomplex, the
loaded Fe-MOF component can specifically dissociate and release Fe’" ions in the acidic microenvironment (pH = 5.0) of
tumor cell endosomes/lysosomes. The released Fe*" ions can then undergo redox reactions with cytoplasmic GSH (2Fe**
+ 2GSH — 2Fe*" + GSSG + 2H"), a process that not only depletes valuable GSH but also generates Fenton reaction-
active Fe*" and oxidized GSSG.>**

The experimental data shown in Figure 4a clearly demonstrate the effects of different treatment groups on the GSH
levels in MCF-7 cells. Compared to the untreated control group, the GSH level in the DOX group exhibited a downward
trend. This phenomenon can be partially attributed to the DNA damage induced by DOX in the cell nucleus, as well as
the overall decrease in cell viability, which indirectly reduces the cell’s antioxidant capacity and its ability to synthesize
GSH.>® More notably, the UTMD treatment group exhibited a pronounced GSH depletion effect. The quantitative results
revealed that the intracellular GSH level in the UTMD group was significantly reduced to approximately 54.6% of the
control group, corresponding to a 45.4% decrease (P < 0.05). This substantial GSH depletion cannot be solely attributed
to the indirect effects of DOX; its primary driving mechanism lies in the direct interaction between Fe>" released by the
UTMD nanocomplex in acidic subcellular compartments and GSH.®

This finding has important mechanistic implications: 1) It directly confirms the Fe** release and GSH consumption
functions of UTMD. The experimental data align closely with the expected chemical reaction (2Fe*” + 2GSH — 2Fe*" +
GSSG + 2H"), validating the active transformation of the nanoplatform in the intracellular microenvironment; 2) It
establishes a direct link between GSH depletion and ferroptosis. GSH is a necessary cofactor for glutathione peroxidase 4
(GPX4), a key enzyme that detoxifies lipid peroxides and inhibits ferroptosis. The severe GSH depletion induced by
UTMD inevitably leads to a significant reduction in GPX4 activity, impairing its ability to detoxify lipid
peroxides;> % 3) It triggers a pro-ferroptotic cascade. Not only does this reaction consume GSH, but the generated
Fe®" can catalyze endogenous peroxides such as H,02 via Fenton-like reactions, producing large amounts of highly
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Figure 3 Time-dependent intracellular uptake and nuclear accumulation of UTMD in MCF-7 cells. Fluorescence microscopy images showing progressive DOX signal
enhancement after incubation for |-8 h (scale bar = 50 um), indicating efficient cellular internalization and nuclear trafficking.
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ROS, particularly lipid peroxidation free radicals (L-/LOO-). Meanwhile, the generated GSSG, if not promptly reduced
back to GSH by glutathione reductase (GR)—a process that requires NADPH (and the depletion of NADPH is
a characteristic of ferroptosis)—will further exacerbate cellular redox imbalance.’”**° Therefore, UTMD depletes GSH,
a key antioxidant molecule, while simultancously providing catalytic Fe**, which together disrupt the cell’s redox
defense system, establishing a critical biochemical foundation for the subsequent irreversible accumulation of lipid
peroxides and the execution of ferroptosis.®'***

The significant increase in intracellular ROS levels is a key driving factor and hallmark event in the execution of
ferroptosis. To comprehensively assess the extent of redox imbalance disruption in MCF-7 cells by the UTMD
nanocomplex, we employed the ROS-sensitive fluorescent probe DCFH-DA for detection and quantified total intracel-
lular ROS levels by observing changes in green fluorescence intensity via fluorescence microscopy (Figure 4b and c).
The experimental results clearly reveal the differences in the pro-oxidant effects across the different treatment groups:
Free DOX treatment induced a certain level of ROS in cells, which is closely associated with its classic cytotoxic

mechanisms (such as intercalating into DNA to interfere with replication, inhibiting topoisomerase II, and mitochondrial
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dysfunction). These processes are known to generate mitochondrial-derived ROS. However, nanoparticle groups contain-
ing Fe>* (UTM and UTMD) exhibited a more significant ROS burst. Notably, the UTMD group (containing both Fe*"
and DOX) induced the peak ROS level, with fluorescence intensity significantly higher than that of the free DOX group
(by 1.43 times, P < 0.001), and also higher than that of the UTM group containing only iron.%?

This phenomenon highlights the pivotal catalytic role of iron ions: The increase in ROS in the UTM group
(containing Fe*"/Fe?") confirms the pro-oxidant mechanism, where iron ions catalyze H,O, to generate highly reactive
hydroxyl radicals (-OH) through Fenton-like reactions.®* Additionally, the more pronounced ROS burst in the UTMD
group indicates a synergistic amplification effect of DOX. DOX generates ROS via mechanisms such as DNA damage
and mitochondrial dysfunction, while depleting antioxidant reserves (eg, GSH), thereby enhancing the iron-catalyzed
oxidative damage.®® This synergy between the iron catalyst and ROS inducers leads to continuous ROS accumulation,
triggering lipid peroxidation attacks on polyunsaturated fatty acids, ultimately driving irreversible ferroptosis.®®

The uncontrollable accumulation of lipid peroxidation and the generation of its end products represent hallmark
biochemical events in ferroptosis execution. To assess the impact of the UTMD nanocomplex in inducing ferroptosis, we
quantitatively measured the level of MDA, a key end product of lipid peroxidation, widely regarded as a gold standard
for assessing lipid oxidative damage in cell membranes. The results revealed that UTMD treatment significantly
enhanced lipid peroxidation in tumor cells, as evidenced by a 1.63-fold increase in MDA levels compared to the control
group, as shown in Figure 4d. This phenomenon can be attributed to two primary mechanisms: the disruption of redox
balance and the activation of ferroptosis. First, UTMD treatment led to a significant depletion of intracellular GSH,®-®®
a crucial non-enzymatic antioxidant, thereby impairing the cell’s capacity to neutralize ROS.*”%° Second, Fe*" catalyzed
H,0, to generate highly oxidative hydroxyl radicals (-OH) through Fenton reactions.’’’® These free radicals attack
polyunsaturated fatty acids in the cell membrane, initiating lipid peroxidation’":”> Notably, as a product of lipid
peroxidation, MDA accumulation was positively correlated with the progression of ferroptosis.®®’' When intracellular
GSH levels dropped below a critical threshold, the activity of GPX4 was inhibited,”® exacerbating lipid peroxidation
product accumulation.®®™* These findings align with the classic features of ferroptosis, where iron-dependent lipid
peroxidation plays a crucial role in cell death.”’””> UTMD treatment effectively disrupted the redox balance of tumor
cells by synergistically depleting the GSH antioxidant system and activating iron-catalyzed reactions,”® offering new
experimental insights into ferroptosis-based cancer therapies.

Mitochondrial Dysfunction Under Ferroptosis-Associated Oxidative Stress

Mitochondria are not only the energy factories of the cell but also pivotal regulators of cell fate, including programmed
cell death. Excessive ROS accumulation can severely damage mitochondria, compromising their function. To evaluate
the impact of the UTMD nanocomplex on mitochondrial integrity in MCF-7 cells, we employed the JC-1 fluorescent
probe to measure changes in mitochondrial membrane potential (MMP). As an MMP-specific probe, JC-1 exhibits
distinct fluorescence properties: in normal cells, JC-1 forms J-aggregates in the mitochondrial matrix (red fluorescence,
Ex/Em = 585/590 nm); upon MMP depolarization, JC-1 dissociates into monomers (green fluorescence, E,/E,,, = 514/529
nm).”””® The experimental results showed that (Figure 5), compared to the control group, the UTMD-treated group
exhibited significant MMP depolarization, evidenced by a 63.2% reduction in red fluorescence intensity and a 2.8-fold
increase in green fluorescence intensity. The altered red/green fluorescence ratio (from 5.7 = 0.8 to 1.2 £+ 0.3) clearly
indicated mitochondrial dysfunction.”” The mechanisms behind this damage may include: 1) Excessive ROS accumula-
tion causing dysfunction in the mitochondrial electron transport chain, preventing the proton pump from maintaining
a normal transmembrane potential;** 2) DOX interfering with mitochondrial DNA and topoisomerase activity, further
exacerbating oxidative phosphorylation uncoupling;®'*? and 3) The abnormal opening of the mitochondrial permeability
transition pore (mPTP), leading to membrane potential collapse.®® Notably, the continuous decline in MMP triggers the
caspase-dependent apoptosis pathway,** accompanied by mitochondrial cristae remodeling (from lamellar to vesicular)
and a significant reduction in ATP synthesis capacity (by approximately 72%).5>*¢ These findings support the previously
described “ROS-MMP-apoptosis” cascade mechanism,®” providing novel molecular insights into chemotherapy-induced
tumor cell death.
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Figure 5 UTMD-induced mitochondrial membrane potential depolarization in MCF-7 cells. JC-| staining images showing loss of mitochondrial membrane potential
following UTMD treatment compared with controls (scale bar = 50 pum).

Cytocompatibility and Differential Tumor—Normal Cell Response Profile

The UTMD nanocomplex demonstrates remarkable synergistic anti-tumor activity in MCF-7 tumor cells, effectively
integrating chemotherapy (DOX) with CDT (iron-based catalysis). To more rigorously evaluate its biological compat-
ibility and tumor—normal cell response under matched functional readouts, we further compared the viability responses of
both normal HEK-293 cells and MCF-7 breast cancer cells following treatment with free DOX, UTM, UTMD and UTM
+ free DOX and corresponding concentrations of DOX (0, 12.5, 25, 50, 100, 200ug/mL) was added. Therefore, we
employed the MTT assay to systematically investigate the effects of free DOX, UTM (containing an iron carrier), and
UTMD (containing both an iron carrier and DOX) on the viability of human embryonic kidney HEK-293 cells and MCF-
7 breast cancer cells. The cells were co-incubated with samples at various concentrations (0, 25, 50, 100, 200 pg/mL)
under dark conditions for 24 hours, and the results are presented in Figure 6a and b.

The experimental results indicated that within the concentration range of 0-200 pg/mL, the free DOX group exhibited
dose-dependent cytotoxicity, with cell viability decreasing from 100% to 62.0%. This behavior is consistent with the
characteristics of conventional chemotherapy drugs.®® By contrast, the UTM group maintained stable cell viability across
all tested concentrations, remaining above 90%, which confirms its excellent biological inertness and favorable
cytocompatibility toward normal cells.*” Although the UTMD group, loaded with DOX, showed a moderate reduction
in HEK-293 cell viability at high concentrations, cell survival still remained above 80%, indicating that the nanoplatform
substantially alleviated the non-specific toxicity associated with free DOX exposure (Figure 6a).
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Figure 6 Comparative cytocompatibility evaluation of UTMD in MCF-7 tumor cells and HEK-293 normal cells under identical conditions. Cell viability following incubation
(a) with free DOX, UTM, UTM+free DOX, and UTMD in MCF-7 cells, and (b) with free DOX, UTM, and UTMD in HEK-293 cells, demonstrating differential biological
responses between tumor and normal cells and reduced nonspecific toxicity with carrier-mediated delivery.

To further determine whether this reduced toxicity in normal cells was accompanied by retained antitumor activity,
additional viability assays were performed in MCF-7 cells under comparable treatment conditions. As shown in
Figure 6b, UTM alone exhibited relatively low cytotoxicity, indicating that the carrier itself caused limited direct damage
to tumor cells in the absence of DOX loading. Free DOX induced pronounced cytotoxicity in MCF-7 cells in a dose-
dependent manner, while UTMD also produced evident viability reduction at elevated concentrations. Notably, the
addition of the UTM + free DOX group showed cell viability levels between the free DOX and UTMD groups across all
concentrations, indicating that the carrier mediated a gradual drug release, which resulted in reduced toxicity compared to
free DOX but was still more toxic than UTMD alone. This suggests that the UTMD system, through controlled release,
reduces the rapid cytotoxicity associated with free DOX while maintaining its therapeutic efficacy in cancer cells.

This differential response can be rationally associated with the microenvironment-responsive activation behavior of
the UTMD nanoplatform. Compared with normal cells, tumor cells such as MCF-7 generally possess more acidic
intracellular compartments and elevated GSH levels, which are more favorable for destabilizing the Fe-MOF shell and
promoting responsive DOX release together with Fe-mediated redox perturbation. Under these tumor-relevant intracel-
lular conditions, the UTMD system is more likely to induce oxidative imbalance through GSH depletion, ROS
accumulation, and lipid peroxidation, thereby enhancing tumor cell vulnerability. In contrast, the relatively milder
intracellular conditions in HEK-293 cells may reduce premature shell decomposition and oxidative activation, which
helps explain the improved cytocompatibility observed in normal cells.

These findings provide critical evidence for the clinical translation of UTMD technology: 1) The nanocarrier carrier
itself does not induce significant cell damage, meeting the safety standards for medical devices;* 2) The drug-loaded
system maintains appreciable antitumor-associated cytotoxicity while reducing toxicity toward normal cells compared
with free DOX, indicating a more favorable tumor—normal cell response profile and supporting the microenvironment-

gated therapeutic rationale of the UTMD nanoplatform.”®!

Mechanistic Insights into Tumor-Activated Chemo—Ferroptosis Synergy
In this study, we explored the mechanistic synergy between chemotherapy and ferroptosis-associated oxidative damage
facilitated by the UTMD nanoplatform. The core—shell UCNPs@TiO,/Fe-MOF nanostructure harnesses a dual-
responsive mechanism activated by the intracellular microenvironment, which promotes both DOX release and iron-
mediated oxidative amplification. These coupled processes are proposed to enhance tumor cell susceptibility to redox-
dependent damage beyond chemotherapy alone.

At the molecular level, the Fe-MOF component, specifically NH,-MIL-88B(Fe), functions as a gatekeeping and
redox-active layer, destabilizing under acidic and reducing intracellular conditions following cellular internalization. The
release of iron ions from the Fe-MOF facilitates redox cycling and contributes to the generation of highly reactive -OH
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via Fenton-like reactions. These radicals, in turn, contribute to lipid peroxidation, a characteristic feature associated with
ferroptosis, amplifying oxidative stress. In parallel, the elevated intracellular GSH concentration in tumor cells further
participates in this process by accelerating Fe-MOF decomposition and Fe**/Fe*" conversion, while the resulting GSH
depletion weakens antioxidant defenses and exacerbates intracellular redox imbalance.

The Z-scheme heterojunction within the UCNPs@TiO,/Fe-MOF nanoplatform may further strengthen this oxidative
process by ensuring efficient charge separation, suppressing electron—hole recombination, and thereby boosting the
overall redox activity. This energy band alignment between TiO, and NH,-MIL-88B(Fe) is proposed to preserve both the
reduction capability of electrons in TiO,’s CB and the oxidative potential of holes in NH,-MIL-88B(Fe)’s VB. As
a result, this configuration is expected to favor redox amplification and may help overcome the relatively limited
efficiency of Fenton-like processes under biologically relevant conditions.

The iron redox cycle, coupled with the cytotoxic effects of DOX, triggers coordinated intracellular oxidative network
characterized by GSH depletion, lipid peroxidation, and mitochondrial dysfunction (Figure 7), together with intracellular
reactive oxygen species (ROS) accumulation. These biochemical and functional changes collectively support the
occurrence of ferroptosis-associated oxidative damage in the UTMD-treated cells. Compared with conventional DOX
delivery systems, the present architecture is therefore suggested to provide an additional redox-mediated therapeutic
contribution beyond intracellular drug delivery alone.

Nevertheless, it should be noted that the present study does not include a structurally equivalent benchmark DOX
nanocarrier lacking the Fe-MOF component. Therefore, the current mechanistic interpretation is based on indirect multi-
parameter evidence rather than direct structural comparison. A limitation of this study is the lack of a benchmark DOX
nanocarrier (eg, a non-iron or non-responsive control) for direct comparison of ferroptosis activation. Future work will
systematically compare the UTMD platform with conventional nanocarriers to further validate the specific contribution
of the Fe-MOF shell to ferroptosis-associated therapeutic efficacy. Future studies incorporating such benchmark
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destabilization, enabling intracellular DOX release and iron-driven oxidative amplification through GSH depletion, ROS generation, and lipid peroxidation.
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nanocarrier controls would be valuable for further quantifying the specific contribution of the Fe-MOF shell to
ferroptosis-associated therapeutic enhancement.

In summary, the UTMD nanoplatform utilizes a combination of chemotherapy and iron-mediated redox chemistry to
induce ferroptosis-associated oxidative damage in tumor cells. This “one trigger—two outcomes” approach, which
leverages intracellularly relevant cues such as acidic subcellular pH and elevated GSH, supports differential biological
responses between cancerous and non-cancerous cells while reducing cytotoxicity toward normal cells.

More broadly, the present work can be positioned within the rapidly evolving framework of stimulus-responsive
nanomedicine, particularly “targeting-by-activation” strategies in which therapeutic functions are conditionally triggered
by biologically relevant cues rather than being constitutively active. Such approaches have increasingly been explored to
improve therapeutic precision by coupling cargo function to disease-relevant biochemical environments rather than
relying solely on passive accumulation or ligand-mediated recognition.'>? In recent years, this concept has been widely

. . . . . . . 1 4
extended across diverse delivery systems, including inorganic and metal-ion-based nanoplatforms,'*"*

92,95

polymeric

nanoparticle, 96,97

ionizable lipid nanoparticles (LNPs) for intracellular biomacromolecule delivery, and cargo-
engineered or programmable activation systems.’®°° Within this broader context, the UTMD system is more appro-
priately interpreted as an intracellularly activated proof-of-concept nanoplatform that integrates responsive drug release
with Fe-mediated redox perturbation under acidic and reducing intracellular conditions. Its conceptual distinction lies not
merely in using a responsive carrier, but in coordinating chemotherapy release and ferroptosis-associated oxidative
amplification through a shared activation logic, thereby offering a more mechanistically integrated design than conven-
tional single-function delivery systems.

Nevertheless, the present findings remain limited to in vitro evaluation and should therefore be interpreted as
a mechanistic proof-of-concept rather than definitive evidence of translational efficacy. Future in vivo studies will be
essential to determine whether the proposed pH/GSH-responsive activation logic can effectively improve tumor
selectivity, reduce off-target toxicity, and maintain favorable systemic behavior in complex biological environments.
This will be particularly important because several recent activation-gated nanoplatforms have shown that in vitro-
responsive behavior does not always directly translate into optimal in vivo biodistribution, tumor accumulation, or
therapeutic index without careful structural and pharmacokinetic optimization. In particular, further validation of
circulation stability, biodistribution, tumor accumulation, intracellular activation efficiency, and normal tissue safety

will be required to more fully assess the translational potential of this strategy.

Conclusion

In conclusion, we have developed a novel intracellular microenvironment-responsive nanoplatform that integrates
chemotherapy and ferroptosis through a pH/GSH-responsive core—shell structure UTMD. The system, consisting of an
NH,-MIL-88B(Fe) shell grown on UCNPs@TiO,, functions as a dual “gatekeeper” that synchronizes the release of DOX
with iron-induced oxidative amplification, implementing a “one trigger — two outcomes” chemo—ferroptosis strategy in
MCEF-7 breast cancer cells.

The system demonstrated excellent drug encapsulation efficiency (86.5%) and showed clear responsive release
behavior under acidic and reducing buffered model conditions (43.2% at pH 5.0 and 60.3% at pH 6.0 + 10 mM
GSH), while remaining relatively stable under physiological buffered conditions (16.1% at pH 7.4). This controlled
release behavior supports microenvironment-responsive activation after cellular uptake rather than premature release
under neutral buffered conditions, which is favorable for improving intracellular delivery precision while minimizing off-
target effects.

Mechanistically, UTMD reshapes the intracellular redox environment, promoting GSH depletion and initiating iron-
catalyzed Fenton reactions. The system’s synergy between chemotherapy and ferroptosis was clearly evident through the
substantial depletion of GSH (~45.4% reduction), a burst in ROS generation, and elevated lipid peroxidation, as
measured by MDA levels. Importantly, UTMD also induced significant mitochondrial dysfunction, evidenced by
MMP depolarization.

The UTMD nanoplatform demonstrated superior cytocompatibility compared to free DOX, maintaining over 80%
cell viability in HEK-293 normal cells, in contrast to the 62% viability observed with free DOX at equivalent
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concentrations. Together with the matched viability response observed in MCF-7 cells, these findings highlight the
potential of UTMD as a biocompatible and mechanistically interpretable nanoplatform that maintains antitumor-
associated activity while reducing cytotoxicity toward normal cells in vitro. Overall, the present results support
UTMD as an intracellularly responsive proof-of-concept nanoplatform for activation-gated chemo—ferroptosis therapy
in breast cancer cell models.

Future studies will focus on validating the performance of this nanoplatform in more complex biological systems,
particularly through in vivo evaluation of biodistribution, tumor accumulation, intracellular activation efficiency, and
safety in normal tissues. Such investigations will be essential for further assessing the translational potential of this
microenvironment-responsive chemo—ferroptosis strategy.
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