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Background: Chemodynamic therapy (CDT) is a promising antitumor strategy that damages tumor cells by generating reactive
oxygen species (ROS) to induce oxidative stress. However, antioxidant mechanisms in tumor cells greatly reduce CDT efficacy.
Methods: We propose using MOF-199 nanoparticles (NPs) with tumor microenvironment responsiveness as a carrier for miR-4521 to
construct miR-4521@MOF-199 for cancer treatment. Polyacrylamide gel electrophoresis evaluated MOF-199’s loading and protective
capacity for miR-4521. In vitro and in vivo experiments assessed the system’s antitumor effect and biosafety, with mechanisms
explored.

Results: The miR-4521@MOF-199 NPs effectively protected and delivered miR-4521 to tumor cells. Within high-glutathione (GSH)
tumor microenvironments, NP degradation released both miR-4521 and Cu®'. The increased intracellular Cu>" triggered tumor cell
apoptosis via ROS-mediated CDT while activating cuproptosis through proteotoxic stress. Concurrently, miR-4521 disrupts the
oxidative stress defense mechanisms of tumor cells by inhibiting FOXM1 expression, thereby enhancing the efficacy of CDT.
Furthermore, the silencing of FOXM1 can further impede tumor progression through gene regulatory mechanisms. Experimental
results demonstrate that miR-4521@MOF-199 exhibits potent antitumor efficacy and high biocompatibility via synergistic CDT, gene
therapy, and cuproptosis.

Conclusion: This multifunctional nanosystem exhibits potent antitumor effects and low toxicity, providing a promising research
direction for multimodal combinatorial cancer therapy based on CDT.

Keywords: chemodynamic therapy, microRNA, cuproptosis, gene therapy, nanoparticles, metal-organic frameworks

Introduction
Chemodynamic therapy (CDT) is an emerging tumor treatment strategy that harnesses metal ions (such as Fe**, Cu®" and
Mn*") to catalyze the conversion of overexpressed hydrogen peroxide (H,0,) within tumor cells into hydroxyl radicals
(-OH), thereby inducing oxidative stress and achieving the killing of tumor cells.' However, compared to normal cells,
tumor cells are characterized by a distinctive redox balance featuring elevated reactive oxygen species (ROS) levels
coupled with upregulated antioxidant defense mechanisms.* This adaptive homeostasis significantly compromises the
therapeutic efficacy of CDT.”>”” Therefore, the development of nanocomposite systems that combine the functions of
triggering CDT and inhibiting the antioxidant defense mechanism of tumor cells is expected to significantly enhance the
therapeutic efficacy of CDT.

MicroRNAs (miRNAs) are endogenous ~22-nucleotide non-coding RNAs that inhibit translation or degrade target
messenger RNAs (mRNAs) through sequence-specific binding, thereby critically regulating tumorigenesis and tumor
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development.®* " Given their remarkable advantages, including minimal side effects and sustained efficacy, miRNAs
have emerged as a cancer treatment strategy with promising prospects.'®'> MiR-4521 is a miRNA derived from transfer
RNA (tRNA). It specifically targets and inhibits the expression of FOXM1, thereby suppressing tumor progression and
metastasis.'*'® Furthermore, studies have demonstrated that FOXM1 plays a crucial role in the antioxidant defense
mechanisms of tumor cells, exerting a potent antioxidant function by inhibiting the activity of various antioxidant
enzymes.'”'? Therefore, increasing the expression level of miR-4521 in tumor cells can not only exert the therapeutic
effect of gene therapy but also significantly weaken the antioxidant defense mechanism of tumor cells and enhance the
efficacy of CDT. However, problems such as nuclease degradation and poor cellular uptake have greatly hindered the
clinical application of miRNAs.?**' To overcome this hindrance, researchers have developed viral vectors as well as
nonviral vectors such as liposomes, micelles, and polyethyleneimine for the delivery of miRNA.?*? Regrettably, the
immunogenicity triggered by viral vectors, along with their low loading capacity, poor RNA stability, and uncontrolled
release characteristics of liposomes, micelles, and polyethyleneimine, severely limits their clinical translational
potential.>*2® Therefore, there is an increasing need for miRNA delivery systems characterized by superior biocompat-
ibility, higher delivery efficiency, and controlled drug release.
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Copper-based nanomaterials demonstrate significant potential in antibacterial and antitumor therapeutic applications
owing to their high catalytic activity, distinctive electronic structures, and tailorable surface properties.>’*® Particularly,
copper-based metal-organic frameworks (MOFs)—coordination networks self-assembled from Cu®" and organic ligands
—exhibit exceptional biocompatibility combined with high drug-loading capacity and stimuli-responsive release profiles,
making them versatile platforms for drug delivery.”’ ' Studies have shown that MOFs can encapsulate nucleic acids
through electrostatic attraction and coordination interactions, thereby addressing critical challenges in nucleic acid
delivery, such as enzymatic degradation and off-target effects.’>>* In recent years, MOF-199 has attracted significant
interest in cancer drug delivery due to its glutathione (GSH)-responsive degradation, which enables tumor microenvir-
onment (TME)-triggered drug release specifically in GSH-rich conditions.> " This characteristic is conducive to the
targeted and controlled release of therapeutic drugs at the tumor site, thus elevating the precision of cancer treatment. In
addition, after MOF-199 is dissociated by GSH, large amounts of Cu”" are released.*® Elevated intracellular concentra-
tion of Cu®" can trigger a Fenton-like reaction to generate substantial amounts of toxic ROS for CDT.*° At the same time,
excess intracellular Cu®" were reduced to more toxic Cu” by ferredoxin 1 (FDX1), which inhibits the biosynthesis of
iron-sulfur cluster proteins.*® Moreover, Cu" interferes with the mitochondrial tricarboxylic acid (TCA) cycle, disrupting
normal metabolic pathways. This leads to the abnormal aggregation of dihydrolipoamide S-acetyltransferase (DLAT),
subsequently triggering proteotoxic stress and inducing cell cuproptosis.*'**

Herein, a TME-responsive nucleic acid delivery nanosystem (termed miR-4521@MOF-199) was constructed by
loading miR-4521 within the MOF-199 to enhance cancer therapy. miR-4521@MOF-199 nanoparticles (NPs) can

accumulate in tumor tissues via the enhanced permeability and retention (EPR) effect,****

while also protecting the
miR-4521 from nuclease degradation in the bloodstream. Upon uptake by tumor cells, the overexpressed GSH facilitates
the dissociation of miR-4521@MOF-199, leading to the release of miR-4521 and Cu?*. On the one hand, Cu®" is capable
of triggering a Fenton-like reaction, thereby generating a substantial quantity of ROS and resulting in the apoptosis of
tumor cells. On the other hand, Cu®" binds to lipoylated mitochondrial enzymes, inducing abnormal oligomerization of
DLAT. This triggers proteotoxic stress and ultimately leads to cuproptosis in tumor cells. Meanwhile, the increased miR-
4521 in tumor cells significantly inhibits the expression of FOXM1, thereby weakening the antioxidant capacity of tumor
cells and enhancing the therapeutic efficacy of CDT. In addition, the silencing of FOXM1 can also exert the effect of
gene therapy to suppress tumor progression. Collectively, this work innovatively demonstrates that delivering miRNA to
weaken tumor cells’ oxidative defense enables synergistic CDT, gene therapy, and cuproptosis for effective and safe

tumor suppression, providing a promising strategy for multimodal cancer combination therapy.

Materials and Methods

Materials

Trimesic acid (98%), copper nitrate trihydrate (99%), 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, 98%), neocuproine
(98%), methylene blue (MB, >70%), were procured from Aladdin (Shanghai, China). Total GSH colorimetric assay kit
and calcein/PI assay kit were obtained from Elabscience (Wuhan, China). The ROS assay kit, mitochondrial membrane
potential (MMP) assay kit with JC-1, Annexin V-FITC/PI apoptosis detection kit, Hoechst 33342, BCA protein assay kit
and DLAT antibody were purchased from Solarbio (Beijing, China). Forkhead box M1 (FOXM1), ferredoxin-1 (FDX1)
and beta-actin antibody were purchased from Proteintech (Wuhan China). miR-4521, FAM-labeled miR-4521 and Cy5-
labeled miR-4521 were procured from GenePharma (Shanghai China).

Fabrication of MOF-199 NPs

The MOF-199 was fabricated with slight adjustments in accordance with the procedures reported in the literature.***
Briefly, 289.9 mg of copper nitrate trihydrate and 252.2 mg of trimesic acid were separately added to 10 mL of a 1:1 (v/v)
ethanol-deionized water mixture. Next, 250 pL of triethylamine was added slowly, and the mixture was stirred vigorously
for 30 minutes at room temperature. The mixture was then washed twice with deionized water and three times with

ethanol to remove any unreacted substances. Finally, the purified products were kept in ethanol at room temperature.
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Fabrication of miR-4521 @MOF-199 NPs

miR-4521@MOF-199 NPs were synthesized by combining 100 uL. of MOF-199 (1 mg/mL) with 100 uL of miR-4521 at
different concentrations (0, 200, 400, 800, 1600, and 3200 nM) at 4 °C. The weight ratios of miR-4521 to MOF-199 NPs
were 0, 1/352, 1/176, 1/88, 1/44 or 1/22 (w/w)). After mixing, the remaining unloaded miR-4521 supernatant was
removed by centrifugation to obtain the final miR-4521@MOF-199 NPs.

Characterizations

X-ray diffractometer (Bruker, D8 DISCOVER, Germany) was used to collect the powder XRD data. Scanning electron
microscopy (SEM, ZEISS, Sigma 560, Germany), and transmission electron microscopy (TEM, JEM-F200, Japan) was
used to investigate the morphology. The zeta potential and particle size distribution were determined via dynamic light
scattering (DLS, Brookhaven, Omni, USA). Fourier-transform infrared spectroscopy (FT-IR) data were measured via an
FTIR spectrometer (Thermo Fisher, Nicolet iS50, USA).

Protective Evaluation of miR-4521 in miR-452 1 @MOF-199 NPs

The stability of miR-4521 in miR-4521@MOF-199 was evaluated via polyacrylamide gel electrophoresis (PAGE). 4 ul
of miR-4521 (10 pM) and miR-4521@MOF-199 NPs were incubated with 8 ul FBS for 0, 1, 2, or 4 h at 37 °C.
Subsequently, the samples were collected and incubated with the nucleic acid dye. Next, the RNA stability of the
different groups was analyzed by PAGE.

GSH Consumption Detection in vitro

MiR-4521@MOF-199 solutions (25, 50, 75, 100, and 200 pg/mL in PBS, pH 7.4) were individually mixed with 1 mM
GSH solution and incubated for 30 min. After centrifugation at 6000 rpm for 3 min, 200 uL of the supernatant was added
to 200 pL of DTNB solution (1 mM). Finally, the mixture absorbance at wavelengths ranging from 350 to 600 nm was
monitored via UV-vis spectroscopy.

MiR-4521 Released from miR-4521 @MOF-199 NPs

The release of FAM-labeled miR-4521 from miR-4521@MOF-199 NPs were analyzed under varying conditions (GSH,
pH 7.4 and pH 6.0). FAM-miR-4521@MOF-199 was incubated with PBS containing GSH or pH-adjusted PBS (7.4/6.0),
followed by centrifugation at designated time points to collect supernatants. Fluorescence intensity was quantified using
a microplate reader (Tecan Infinite 200 PRO, Switzerland), and cumulative release amounts were calculated to compare
effects of GSH and pH.

Detection of ROS Generation

The characteristic peak of MB at 665 nm decreases as the amount of ROS increases. Therefore, the ability to generate
ROS was studied via the MB assay. First, GSH (1 mM) was mixed with miR-4521@MOF-199 (1 mg/mL) and then H,O,
(10 mM) was added. Subsequently, MB (5 pg/mL) was added to the mixed solution and incubated for 3 h. Finally, the
absorbances of the different solutions were monitored via UV-vis spectrometry.

Cell Culture

Human gastric cancer cells (HGC-27 cells and AGS cells), human gastric mucosal epithelial cells (GES-1), and human
umbilical vein endothelial cells (HUVEC cells) were provided by Procell Life Science & Technology Co., Ltd. (Wuhan,
China). The cells were cultured in RPMI 1640 (Gibco) medium containing 10% fetal bovine serum (Gibco), 100 pg/mL
streptomycin and 100 U/mL penicillin. The cells were incubated in an incubator (37 °C, 5% CO.,).

Cellular Uptake Assay
HGC-27 cell were seeded into confocal cell culture dishes and were treated with FAM-miR-4521@MOF-199 for
different durations (0, 2, 4, and 8 h). After that, the cells were washed with PBS and fixed with 4% paraformaldehyde
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and stained with Hoechst 33342 for 15 min. Finally, CLSM (Leica, Germany) was used to analyze the uptake of FAM-
miR-4521@MOF-199 by HGC-27 cells. The experimental steps for observing the uptake of FAM-miR-4521@MOF-199
NPs by HGC-27 cells via flow cytometry were slightly different. HGC-27 cells were incubated with FAM-miR-4521 or
FAM-miR-4521@MOF-199 for 8 h, washed with PBS, and analyzed by flow cytometry (Challenbio Fongcyte C2060,
china) to quantify fluorescence intensity. In addition, after HGC-27 cells were treated with miR-4521@MOF-199 for
8 hours, they were washed with PBS, collected by centrifugation, and counted. Following digestion with nitric acid, the
intracellular copper content was quantitatively detected by ICP-MS (Agilent 8900, japan).

In vitro Cytotoxicity Assessment

The HGC-27 cells, AGS cells, GES-1 cells and HUVEC cells were cultured in 96-well plates and incubated overnight.
The cells were then treated with a series of various concentrations of miR-4521, MOF-199 and miR-4521@MOF-199 for
48 h. Subsequently, 10% CCK-8 solution was added to each well and incubated at 37°C for 2 h. Finally, after gently
shaking for 10 min, the absorbance of the solution at 450 nm was measured.

Cell Apoptosis Assay

HGC-27 cells (2x10°) were plated in 6-well plates and were treated differently for 48 h: (1) Control; (2) miR-4521; (3)
MOF-199; (4) miR-4521@MOF-199. Subsequently, 5 uL. of Annexin V - FITC and 5 pL of PI were added and incubated
for 5 minutes in the dark. Finally, flow cytometry was used to detect cell apoptosis.

Assessment of Intracellular ROS

HGC-27 cells were plated in 6-well plates and treated differently for 8 h: (1) Control; (2) miR-4521; (3) MOF-199; (4)
miR-4521@MOF-199. Subsequently, DCFH-DA (1 mL, 10 pM) was added to each well and placed in the incubator for
a total of 20 min. Finally, inverted fluorescence microscopy and flow cytometry were used to analyze ROS production.

Mitochondrial Membrane Potential (MMP) Assay

HGC-27 (5%10°) cells were plated in 6-well plates and treated differently for 8 h: (1) Control; (2) miR-4521; (3) MOF-
199; (4) miR-4521@MOF-199. JC-1 fluorescent dye was added to each of the different groups respectively and
incubated at 37 °C for 20 min. Finally, the flow cytometry was used to analyze the changes in the MMP of the cells
in the different groups.

RT-qPCR

HGC-27 and GES-1 cells (5x10°) were seeded into 6-well plates and incubated overnight. The cells were then treated
differently for 48 h: (1) Control; (2) miR-4521; (3) MOF-199; (4) miR-4521@MOF-199. After washing the cells with
PBS, the total RNA extraction kit was used to extract the total RNA from the cells. Reverse transcription was performed
following the instructions of the Evo M-Mlv RT mix kit (Accurate, Changsha, China). Subsequently, quantitative PCR
analysis was performed using the Premix Pro Taq HS qPCR Kit (SYBR Green). Amplification was monitored on
QuantStudio™ 5 (Thermo Fisher; USA). The internal reference gene used was B-Actin, and the list of primers used is
shown in Table S1.

Western Blotting

HGC-27 cells were plated in 6-well plates at a density of 5x10° and incubated overnight. The cells were then treated
differently for 48 h: (1) Control; (2) miR-4521; (3) MOF-199; (4) miR-4521@MOF-199. Upon extraction of the total
protein from the cells, the protein concentrations in various groups were determined via a BCA protein assay kit. After
being diluted to an identical concentration, the proteins were subsequently fractionated via SDS-PAGE and then
transferred onto a PVDF membrane. After being blocked, the PVDF membrane was incubated with primary antibodies
against B-actin (1:15,000, Proteintech), FOXM1 (1:3000, Proteintech), and FDX1 (1:2000, Proteintech) overnight at 4
°C. Finally, the membranes were incubated with secondary antibody and visualized on an automatic chemiluminescence
imaging system (BIO-RAD).
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Establishment of the Animal Model

All animal experiments received approval from the Institutional Animal Ethics Committee (IAEC) of Nanchang
University (NCULAE-20240801001), Nanchang, China. All experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Female BALB/c nude mice aged
4 weeks were procured from GemPharmatech Co., Ltd. After 1 week of rearing to adapt to the environment, 5 x 10°
HGC-27 cells were subcutaneously injected into each mouse to establish the HGC-27 tumor model.

Biosafety Evaluation

Twelve female BALB/c nude mice were allocated into four groups. The mice in each group were respectively injected
with saline, miR-4521, MOF-199, or miR-4521@MOF-199, and their body weights were monitored every 3 days. Upon
the experiment’s conclusion, blood samples were drawn from each mouse for routine blood examination and biochemical
analyses. The principal organs of the mice were then harvested for H&E staining.

Live Animal Imaging and Biodistribution

HGC-27 tumor-bearing mice were intravenously injected with Cy5-miR-4521@MOF-199 (15 mg/kg). In vivo fluores-
cent images were obtained via IVIS®Lumina Series III (PerkinElmer, USA) at 1, 6, 12 and 24 h postinjection to evaluate
the biodistribution of Cy5-miR-4521@MOF-199 in different organs. Subsequently, the mice were sacrificed, and organs
including the heart, liver, spleen, lungs, kidneys, and tumors were collected for ex vivo imaging.

In vivo Assessment of Antitumor Efficacy

The HGC-27 tumor-bearing mice were allocated into four groups. The mice in each group were respectively injected
with saline, miR-4521, MOF-199, and miR-4521@MOF-199. The dosage of MOF-199 was 10 mg/kg. The tumor
volume was monitored periodically and calculated as (Iength x width?)/2. After the experiment ended, the tumors of the
mice were collected for measurement and weighing, and then subjected to H&E staining.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, Inc). Comparisons between two
groups were conducted using Student’s -test, while one-way ANOVA was employed for multi-group comparisons.
Results were presented as mean + SEM, and P-values <0.05 were considered statistically significant.

Results and Discussion
Synthesis and Characterization of miR-4521 @MOF-199 NPs

The MOF-199 was fabricated with slight adjustments in accordance with the procedures reported in the literature. SEM
images revealed that MOF-199 exhibited a regular octahedral morphology, measuring approximately 100 nm in size,
rendering it suitable for biological applications (Figure S1). Subsequently, we loaded miR-4521 mimic into MOF-199 to
form miR-4521@MOF-199 NPs (Figure 1A). It is widely acknowledged that the amount of miRNA loaded plays
a crucial role in the therapeutic effect. Therefore, we mixed different amounts of miR-4521 with MOF-199 separately
and investigated the loading capacity of MOF-199 to load miR-4521 by PAGE. The intensity of the miR-4521 bands was
gradually enhanced with the incremental loading of miR-4521 on MOF-199 (Figure 1B), which confirmed that miR-4521
was successfully loaded on MOF-199. The loading capacity of miR-4521 within MOF-199 reached saturation when the
weight ratio of miR-4521 to MOF-199 reached 1:44 (w/w), and this loading efficiency was comparable to that reported
by Yang et al and Liu et al***® Consequently, a combination of 1 pg miR-4521 with 44 pg MOF-199 was fabricated to
form miR-4521@MOF-199 NPs, which were then utilized in the subsequent experiments. Subsequently, we character-
ized the synthesized miR-4521@MOF-199 NPs. The XRD patterns of both MOF-199 and miR-4521@MOF-199
exhibited identical characteristic peaks to those of the simulated MOF-199, suggesting that the process of miR-4521
loading had no impact on the crystalline structure of MOF-199 (Figure 1C). As shown in Figure 1D and E, TEM images
of MOF-199 and miR-4521@MOF-199 revealed a regular morphology and uniform size (~100 nm). DLS analysis
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revealed that the hydrodynamic diameter of MOF-199 slightly increased from 94.3 + 3.0 nm to 108.8 + 5.6 nm after the
loading of miRNA (Figure 1F). This is consistent with the TEM results, indicating that the synthesized miR-
4521@MOF-199 NPs are of appropriate size and can accumulate at the tumor site via the EPR effect. After miR-
4521 was loaded onto MOF-199, the zeta potential changed from —5.8 mV to —21.1 mV, indicating the existence of
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electrostatic attraction between MOF-199 and miR-4521 (Figure 1G). The FTIR spectrum revealed an additional peak
appears at 1619 cm™ ' for miR-4521@MOF-199, which was caused by the stretching and bending vibrations of the amino
N-H groups (Figure 1H). Moreover, the relative intensity of the N-H stretching vibration peak at 3433 cm ™' increases
significantly, which may be due to the increase in N-H content after miR-4521 loading. Furthermore, the energy
dispersive spectroscopy (EDS) mapping image exhibited that Cu (elements in MOF-199), N and P (originating from
miR-4521) were homogeneously dispersed within each NP. This observation provided additional evidence for confirming
the successful loading of miR-4521 onto MOF-199 (Figure 11). The stability of miRNAs in circulation is vital for
delivery efficiency and therapeutic efficacy. Therefore, the protective effect of miR-4521@MOF-199 on miR-4521 was
examined through PAGE. As shown in Figure 1J, the band corresponding to naked miR-4521 nearly disappeared after
4 hours of incubation with serum, indicating that naked miR-4521 is extremely susceptible to degradation by nucleases in
the serum. In contrast, the band of miR-4521 in miR-4521@MOF-199 remained clear, indicating that MOF-199 could
protect miR-4521 from the degradation of nucleases in serum.

GSH-Triggered Degradation of miR-4521 @MOF-199 NPs and Generation of ROS

According to literature reports, copper-based MOF undergo degradation in the microenvironment of tumor cells with
a high concentration of GSH, and this degradation process is a prerequisite for drug release.*”** Consequently, this study
first verified whether GSH could trigger the degradation of miR-4521@MOF-199 NPs. As shown in Figure 2A, with the
augmentation of miR-4521@MOF-199 concentration, the characteristic absorbance peak of DTNB at 412 nm declined
progressively, which suggests that miR-4521@MOF-199 is capable of consuming GSH. In addition, images of GSH-
induced miR-4521@MOF-199 degradation were also observed via TEM. As shown in Figure 2B, the framework of miR-
4521@MOF-199 NPs was completely degraded 24 h after the addition of GSH, and the color of the solution changed
from blue to white. While the framework of the miR-4521@MOF-199 NPs remained intact 24 h after the addition of
PBS. These findings further substantiate the GSH responsiveness of the miR-4521@MOF-199 NP. Subsequently, we

A B Oh 24h

— Control

— miR-4521@MOF-199 (25 pg/mL)
2.5 — miR-4521@MOF-199 (50 pg/mL)
— miR-4521@MOF-199 (75 pg /mL)

e
S

—— Control
—=— GSH

3
=3
L

— miR-4521@MOF-199 (100 pg/mL)
— miR-4521@MOF-199 (200 pg/mL)

s~'
]
Control

=)
S
1

. I l iy S0am
3 I I ‘ 0 5 ¥ y Y
350 400 450 500 550 600 0 5 10 15 20 25

Absorbance
5 &
-
—}

N
S

Cumulative release (%) @

GSH

=
>

Wavelength (nm) Time (h)

O
m
M

12 12
Vi ’”‘ i —— Free neocuproine — Control — GSH + H;0, Cu?* «OH
o '\ | \ ' \ r \ } — miR-4521@MOF-199 Lo | miR-4521@MOF-199 + H;0,
0l — GsH 7] mir-4521@MOF-199 + GSH
o —— miR-4521@MOF-199 + GSH| @ [~ miR-4521@MOF-199 + GSH + H,0; (pH 7.4)
g8 2 081 miR-4521@MOF-199 + GSH + Hy0; (pH 6.0)
= <
£ 06 206 GSH
=3 (=]
2 2
-4 .4
<’ <’
0.2 0.2
- Cu*
0.0 0.0
400 450 500 550 600 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm) GSH consumption and ROS generation

Figure 2 The GSH-responsive and ROS-generating properties of miR-4521 @MOF-199. (A) UV-vis spectra of GSH under different concentrations of miR-452 | @MOF-199.
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solutions. (F) Schematic representation of the mechanism of the Fenton-like reaction induced by miR-452 1 @MOF-199.
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explored the release behavior of miR-4521 from miR-4521@MOF-199 NPs in diverse solutions. The release rate of miR-
4521 after 24 h in the GSH solution was approximately 81%, which was much greater than that in the PBS solution
(Figure 2C). Furthermore, analyses of miR-4521 release under varying pH conditions demonstrated that pH 6.0
significantly enhanced the release efficiency (Figure S2), indicating that the TME can promote the degradation of
miR-4521@MOF-199 NPs. This TME-responsive release property of the miR-4521@MOF-199 NPs has the capacity to
attenuate the premature drug release in normal cells and augment drug release in the TME, which is substantially
favorable for the abatement of biotoxicity and the amelioration of tumor treatment effectiveness.

Next, we investigated the products after the reaction of miR-4521@MOF-199 with GSH. Upon addition of neocuproine
(Cu"-specific colorimetric indicator) to the mixture of miR-4521@MOF-199 and GSH, the solution exhibited a distinct
yellow coloration accompanied by a marked increase in the characteristic absorption peak at 457 nm (Figure 2D). This
phenomenon serves as evidence that the reduction product was Cu’.*® As a Fenton-like reaction reagent, Cu' can transform
H,0, in the TME into *OH for CDT.*’ Therefore, methylene blue (MB) was employed as an indicator for the detection of
ROS generation. As depicted in Figure 2E, after incubation of miR-4521@MOF-199 with GSH and H,0,, the absorbance
of MB at 664 nm was noticeably decreased in comparison to that of the other experimental groups. This indicates that in the
presence of GSH, miR-4521@MOF-199 could catalyze the production of *OH from H,O, in either neutral or slightly acidic
environments. The results demonstrate that under the elevated GSH levels characteristic of tumor cells, miR-4521@MOF-
199 undergoes degradation, releasing Cu>” and miR-4521. The Cu”" are reduced to Cu" by endogenous reductants (such as
GSH), triggering a Fenton-like reaction that converts tumor-overexpressed H,O, into -OH. This cascade synergistically
depletes GSH through redox cycling while generating substantial ROS. This disruptive function to the intracellular redox
balance of tumor cells plays a crucial role in the process of killing tumor cells (Figure 2F).

Cellular Uptake and Cytotoxicity of miR-4521 @MOF-199 NPs

Effective cellular uptake is a critical determinant of therapeutic efficacy for drug delivery systems. To evaluate the
intracellular uptake of miR-4521@MOF-199 NPs, FAM-labeled miR-4521 was employed as a fluorescent tracer. CLSM
revealed time-dependent enhancement of green fluorescence intensity in tumor cells (Figure 3A), paralleled by
a significant increase in intracellular copper levels following miR-4521@MOF-199 treatment (Figure S3). These results
indicate that miR-4521@MOF-199 NPs achieve effective accumulation within tumor cells after 8 h of incubation. We
subsequently analyzed the cell internalization efficiency of miR-4521@MOF-199 and naked miR-4521 by CLSM and
flow cytometry after 8 h of incubation with tumor cells. Free miR-4521 exhibits a small amount of uptake because it has
difficulty crossing the cell membrane (Figures 3B and &).50 However, miR-4521@MOF-199 is able to achieve a large
amount of uptake through the cellular endocytosis of NPs.>' These results strongly support that MOF-199 is an ideal
nanocarrier for the effective delivery of miR-4521 into cells.

Next, the cytotoxicity of miR-4521@MOF-199 was evaluated via a CCK-8 assay. As shown in Figure 3C and D, the
cytotoxicity of naked miR-4521 was low in HGC-27 and AGS cells even at high concentrations (192 nM), possibly
because naked miR-4521 is difficult to take up by cells and is easily degraded by nucleases. In contrast, miR-
4521@MOF-199 exhibited significant cytotoxicity at lower concentrations (60 pg/mL) and was significantly more
cytotoxic than naked miR-4521 and MOF-199 at the same dose, suggesting that miR-4521@MOF-199 synergistically
exerts the therapeutic effects of MOF-199 and miR-4521 on tumors. Notably, GES-1 and HUVEC cells retained high
viability even after treatment with a high concentration (120 pg/mL) of miR-4521@MOF-199 (Figures 3E and S5),
demonstrating its excellent biocompatibility. Subsequently, a live/dead staining assay was used to investigate the
antitumor efficacy of miR-4521@MOF-199. As shown in Figure 3F and G, the outcomes demonstrated that the tumor
cells which had been treated with miR-4521@MOF-199 presented the greatest quantity of dead cells (red). Flow
cytometry analysis revealed that miR-4521@MOF-199 treatment induced apoptosis in 58.87% of HGC-27 cells, a rate
significantly higher than other treatment groups (Figure 3H and I). Similar results were observed in AGS cells (Figure
S6A and B). Microscopic examination further showed that cell density significantly decreased and morphological
alterations occurred after treatment with miR-4521@MOF-199 (Figure S7A). SEM imaging further confirmed the
above findings: control cells showed intact membrane structures, while drug-treated cells exhibited characteristics of
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Figure 3 Tumor cell uptake and toxicity analysis of miR-4521@MOF-199. (A) Confocal fluorescence images of the uptake of FAM-miR-4521 by HGC-27 cells after
incubation with miR-4521 @MOF-199 for different times (0 h, 2 h, 4 h, 8 h). (B) Flow cytometry analysis of cellular uptake after incubation of miR-4521 @MOF-199 with
HGC-27 cells for 8 h. (C and D) Cell viability of HGC-27 and AGS cells after treatment with different drugs. (E) Cell viability of GES-1 cells after treatment with different
concentrations of miR-4521 @MOF-199. (F and G) Fluorescence images of live/dead assays of HGC-27 cells and statistical analysis (n = 3). (H and I) Apoptosis detection
and statistical analysis of HGC-27 cells treated with PBS, miR-4521, MOF-199, or miR-4521 @MOF-199 respectively. (J and K) Analysis and statistics of the migration ability
of HGC-27 cells after different treatments. (**p < 0.01, ***p < 0.001).
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pore-like structures (Figure S7B). Additionally, miR-4521@MOF-199 significantly inhibited the migration of HGC-27
cells (Figure 3J and K). These experimental results collectively confirm its potent antitumor function.

Mechanism of miR-4521 @MOF-199 NPs Antitumor

Motivated by the outstanding in vitro antitumor performance of miR-4521@MOF-199, we explored its antitumor
mechanism. After miR-4521@MOF-199 enters tumor cells, it is degraded by the high concentration of GSH, which is
a critical step for miR-4521@MOF-199 to achieve its antitumor efficacy. Therefore, we used a GSH assay kit to detect
the intracellular GSH content after treatment with miR-4521@MOF-199. Firstly, a standard curve was constructed
following the provided instructions (Figure S8). The variations in the intracellular GSH content after treatment with
different concentrations of miR-4521@MOF-199 were subsequently calculated on the basis of this standard curve. As
shown in Figure 4A, the amount of intracellular GSH decreased as the concentration of miR-4521@MOF-199 increased,
which further demonstrated that miR-4521@MOF-199 was GSH-responsive. Moreover, GSH can reduce Cu®" to Cu*
with stronger Fenton activity, so we detected the intracellular ROS content via a ROS indicator (DCFH-DA). HGC-27
and AGS cells treated with naked miR-4521 presented negligible fluorescence intensity, whereas those treated with
MOF-199 presented observable green fluorescence, suggesting that MOF-199 can generate ROS in tumor cells
(Figures 4B and S9). Notably, the most intense green fluorescence was detected within the cells that had been subjected
to treatment with the miR-4521@MOF-199 NPs. Moreover, the results of the quantitative flow cytometry analysis
revealed that the ROS level in the miR-4521@MOF-199 group was 1.35 times greater than that in the MOF-199 group
(Figures 4C and S10), suggesting that increased levels of miR-4521 in cells can promote the generation of ROS. Previous
literature indicates that FOXMI, the target mRNA of miR-4521, is highly expressed in tumor cells.’>>* FOXMI plays
a crucial role in inhibiting the production of ROS and enhancing the antioxidant capacity of tumor cells, thereby
protecting them from oxidative stress.””'” Therefore, an elevation in the level of miR-4521 will lead to an increase in
ROS levels by inhibiting the expression of FOXM1. We further verified the above experimental conclusions via RT-
gPCR and WB experiments. As depicted in Figure 4D and F, miR-4521@MOF-199 treatment significantly suppressed
both FOXM1 mRNA and protein expression levels in tumor cells compared to other treatment groups. These results
demonstrate that miR-4521@MOF-199 efficiently delivers miR-4521 into tumor cells, silencing FOXM1 expression to
compromise oxidative defense mechanisms and mediate antitumor activity. Notably, although FOXM1 downregulation
was observed in GES-1 cells post-treatment, no significant cytotoxicity occurred (Figures 3E and S11), likely attributable
to the fact that reduced FOXM1 expression does not affect the physiological functions of normal cells.

Excess intracellular Cu®" leads to the downregulation of FDX1 and abnormal aggregation of DLAT, which induces
proteotoxic stress and leads to cuproptosis. Our WB experiments revealed that both MOF-199 and miR-4521@MOF-199
significantly downregulated FDX1 protein expression (Figures 4E and S12). Furthermore, distinct DLAT foci were
observed in HGC-27 cells upon coincubation with MOF-199 and miR-452@MOF-199, as detected by CLSM, indicating
that DLAT underwent oligomerization (Figure 4G). Notably, in terms of the FDX1 protein expression and DLAT
oligomerization, no pronounced disparity was detected between the MOF-199 treated group and the miR-4521@MOF-
199 treated group. This implies that cuproptosis represents a mode of cell death that is triggered by an overload of
intracellular Cu®" and remains uninfluenced by miR-4521. Both ROS-induced severe oxidative stress and cuproptosis can
lead to mitochondrial dysfunction. Therefore, JC-1 dye was employed to assess the alterations in the MMP within tumor
cells. As the MMP within tumor cells declines, a shift in the fluorescence of JC-1 from red to green takes place. As
shown in Figure 4H and I, the lowest red fluorescence (48.5%) and the highest green fluorescence (51.5%) were detected
within tumor cells after treatment with miR-4521@MOF-199, which indicates that miR-4521@MOF-199 can induce the
strongest mitochondrial disruption in tumor cells. In summary, miR-4521@MOF-199 NPs can synergize with CDT, gene
therapy, and cuproptosis to induce the death of tumor cells, demonstrating powerful antitumor efficacy.

Biosafety Evaluation of miR-452 1 @MOF-199 NPs

Biosafety is a key indicator for further in vivo application of nanomedicines. Therefore, we evaluated the hemocompatibility
and biosafety of miR-4521@MOF-199. Different concentrations of miR-4521@MOF-199 were incubated with erythrocytes.
UV-vis spectroscopy was subsequently used to measure the supernatant’s absorbance at 540 nm. As shown in Figure 5A, red
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Figure 4 Research on the antitumor mechanism of miR-4521@MOF-199. (A) The amount of intracellular GSH in HGC-27 cells subjected to treatments with varying
concentrations of miR-4521@MOF-199 (n = 3). (B) Fluorescence images of ROS production in HGC-27 cells after various treatments. (C) Flow cytometric quantitative
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8686

https:

International Journal of Nanomedicine 2025:20



Tu et al

>

120

80

60

40

Hemolysis(%)

20

G & 50 100 200 300
Concentration (pg/mL)

O
2

8 8 &

ALT (U/L)

—-
>

>

()
s

g

BUN (mg/dL)
8

(.

MOF-199 miR-4521 Control

miR-4521@
MOF-199

28
~—o— Control
—u— miR-4521
24, ——MOF-19
~ —v— miR-4521@MOF-199
-
i)
S 20
=
gls-
124l . . . .
0 5 10 15 20 25
E Time (Days)
300
250 L |
-~ 200 |
S
2 150
=
210
50
0 &é
> N W&
LR
¢ &I
<+

CK (UIL)

=
E

Relative organ weight (g) o
=) -
: % 5

[ Control

[ miR-4521

I MOF-199

[ miR-4521@MOF-199

Heart  Liver Spleen Lung Kidney

Figure 5 Biosafety of miR-4521 @MOF-199. (A) Hemolysis analysis of miR-4521 @MOF-199 NPs (n = 3). (B) Weight changes in healthy Balb/c nude mice after different
treatments (n = 3). (C) Organ weights of healthy Balb/c nude mice after different treatments (n = 3). (D-l) Biochemical assay of serum from healthy mice subjected to
various treatments (n = 3). (J) H&E staining of vital organs in healthy mice with various treatments. (ns, not significant).

International Journal of Nanomedicine 2025:20

https://doi.org/10.2147/1)N.S523766

8687



Tu et al

blood cells burst and hemolysis occurred after the addition of deionized water. In contrast, the hemolysis rate of erythrocytes
treated with miR-4521@MOF-199 remained considerably beneath the clinical safety threshold of 5%, even within the
concentration span from 50 to 300 pg/mL. This indicates the favorable hemocompatibility exhibited by miR-4521@MOF-
199. Next, PBS, miR-4521, MOF-199, and miR-4521@MOF-199 were administered to healthy mice via the caudal vein.
Upon completion of the treatment phase, the blood and organs of the mice were harvested for subsequent examination. The
results showed that no pronounced disparity was observed in the body weight and organ weight of the mice subsequent to the
treatment with diverse medications (Figure 5B and C). This indicate that miR-4521@MOF-199 has no obvious systemic
toxicity. Moreover, the findings regarding the physiological and biochemical parameters of the mouse blood samples indicated
that the concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN),
creatinine (Crea), creatine kinase (CK) and lactate dehydrogenase (LDH) in the mice after treatment with miR-4521@MOF-
199 were no significantly different from those in the control group (Figure 5D-I). Ultimately, the toxicity of miR-
4521@MOF-199 toward the principal organs of healthy mice was further evaluated through H&E staining. The results
revealed that no obvious pathological morphological changes such as cell necrosis or inflammation were observed in the mice
of each group (Figure 5J). The above results suggest that miR-4521@MOF-199 possesses excellent biocompatibility and is
suitable for further in vivo treatment.

In vivo Biodistribution of miR-4521@MOF-199 NPs

After confirming that miR-4521@MOF-199 has excellent antitumor efficacy and biocompatibility, miR-4521@MOF-199
loaded with Cy5-labeled miR-4521 was injected into HGC-27 tumor-bearing mice to further evaluate the biodistribution
of miR-4521@MOF-199. As illustrated in Figures 6A and S13A, the fluorescence signal within the tumor region
progressively intensified over time. Remarkably, 12 h after injection, a distinct fluorescence signal was detected at the
tumor site, whereas the fluorescence at other sites was weak. This indicates that miR-4521@MOF-199 NPs can passively
target the tumors via the EPR effect. The fluorescence signal at the tumor site was enhanced at 24 h after injection than at
12 h, indicating that the accumulation of miR-4521@MOF-199 at the tumor site was further enhanced and could be
retained at the tumor site. Subsequently, the mice were sacrificed and the tumors along with the principal organs were
harvested for the purpose of ex vivo imaging. The results revealed that the fluorescence intensity of the tumor site was
greater than that of the other organs (Figures 6B and S13B). Based on these experimental results, we concluded that miR-
4521@MOF-199 could be efficiently enriched in tumors through the EPR effect, which is beneficial for in vivo tumor
therapy applications.

In vivo Antitumor Efficacy of miR-4521 @MOF-199 NPs

Encouraged by the promising in vitro antitumor effects of miR-4521@MOF-199 and its enrichment effect at the tumor
site, we further investigated its antitumor efficacy in HGC-27 tumor-bearing mice. Saline, miR-4521, MOF-199, and
miR-4521@MOF-199 were injected into HGC-27 tumor-bearing mice via the tail vein every 3 days, and the tumor size
was monitored (Figure 6C). As depicted in Figure 6D and E, no marked disparity in tumor volume was noted between
the control and miR-4521 groups. This may be because naked miR-4521 has difficulty reaching the tumor site and is
easily degraded by nucleases. However, benefiting from the Fenton-like reaction and cuproptosis induced by excessive
Cu?*, the tumors in the mice treated with MOF-199 exhibited a degree of shrinkage. Notably, miR-4521@MOF-199
exhibited significant tumor suppression. Photographs of ex vivo tumors showed the same results (Figure 6F).
Subsequently, the tumor weight after miR-4521@MOF-199 treatment was only 0.11 g, which was 12.8% of that in
the group treated with naked miR-4521 and 25.0% of that in the group treated with MOF-199 (Figure 6G). Furthermore,
significant downregulation of FOXM1 mRNA expression was observed in the tumor tissue after treatment with miR-
4521@MOF-199 (Figure 6H). These results indicate that miR-4521@MOF-199 can effectively deliver miR-4521 to the
tumor site. It then inhibits the expression of FOXM1 mRNA through gene regulation. While exerting a gene therapy
effect, it also enhances the toxicity of ROS to tumor cells, thus showing an extremely significant tumor-suppressive
effect. Finally, the H&E staining results of the tumors provided clear evidence of profound damage to the tumor tissue
subsequent to the treatment with miR-4521@MOF-199 (Figure 6I). This further highlight the remarkable antitumor
efficacy of miR-4521@MOF-199. The clinical application of conventional chemotherapeutic agents (such as
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doxorubicin) is significantly constrained by off-target toxicity and drug resistance stemming from monotherapeutic
antitumor mechanisms. The miR-4521@MOF-199 NPs enable tumor-specific targeting via the EPR effect, followed by
TME-triggered decomposition to release miR-4521. Through synergistic CDT, gene therapy, and cuproptosis, this system
demonstrates robust antitumor efficacy and good biosafety.

Conclusion

In summary, we constructed miR-4521@MOF-199 NPs as a TME-responsive miRNA delivery platform for cancer
therapy. This multifunctional nanosystem effectively protects and delivers miR-4521 to tumor cells, where elevated GSH
levels trigger its degradation, subsequently releasing miR-4521 and Cu®". The released miR-4521 enhances Cu®'-
mediated CDT via gene regulation, while Cu®" induces cuproptosis through proteotoxic stress. In vitro and in vivo
experimental results demonstrated that miR-4521@MOF-199 NPs significantly suppress tumor growth while exhibiting
high biosafety through the synergistic effects of CDT, gene therapy, and cuproptosis. Considering the complexity and
diversity of tumor pathogenesis, this multimodal therapeutic system may provide a promising strategy for cancer
treatment.
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