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Objective: Ovarian cancer cells are prone to acquire tolerance to chemotherapeutic agents, which seriously affects clinical outcomes.
The development of novel strategies to enhance the targeting of chemotherapeutic agents to overcome drug resistance and minimize
side effects is significant for improving the clinical outcomes of ovarian cancer patients.

Methods: We employed folic acid (FA)-modified ZIF-90 nanomaterials (FA-ZIF-90) to deliver the chemotherapeutic drug, cisplatin
(DDP), via dual targeting to improve its targeting to circumvent cisplatin resistance in ovarian cancer cells, especially by targeting
mitochondria. FA-ZIF-90/DDP could rapidly release DDP in response to dual stimulation of acidity and ATP in tumor cells.
Results: FA-ZIF-90/DDP showed good blood compatibility. It was efficiently taken up by human ovarian cancer cisplatin-resistant
cells A2780/DDP and aggregated in the mitochondrial region. FA-ZIF-90/DDP significantly inhibited the mitochondrial activity and
metastatic ability of A2780/DDP cells. In addition, it effectively induced apoptosis in A2780/DDP cells and overcame cisplatin
resistance. In vivo experiments showed that FA-ZIF-90/DDP increased the accumulation of DDP in tumor tissues and significantly
inhibited tumor growth.

Conclusion: FA-modified ZIF-90 nanocarriers can improve the tumor targeting and anti-tumor effects of chemotherapeutic drugs,
reduce toxic side effects, and are expected to be a novel therapeutic strategy to reverse drug resistance in ovarian cancer.
Keywords: ovarian cancer, drug resistance, targeted therapy, folic acid, ZIF-90, nanomedicine, mitochondria, cell apoptosis

Introduction

Ovarian cancer (OC) is one of the most lethal classes of gynecologic malignancies.' Despite advances in diagnosis and
treatment, the susceptibility of ovarian cancer cells to acquire tolerance to first-line drugs remains a serious impediment
to clinical outcomes.* ® Studies have shown that tumor cells acquire drug resistance through compliant mechanisms, such
as enhanced DNA repair drug efflux, and attenuated apoptosis.” In particular, acquired resistance can lead to extensive
tolerance of tumor cells to platinum-based chemotherapeutic agents. Cisplatin resistance has become one of the major
obstacles affecting the clinical outcome of ovarian cancer.® Therefore, the development of novel therapeutic strategies
that can bypass tumor cell surface resistance and promote drug accumulation in resistant tumor cells to reverse the
resistance mechanism is significant for improving the therapeutic efficacy of ovarian cancer.

Recent studies have shown that directly targeting the internal targets of tumor cells can effectively circumvent surface
resistance.”'® In particular, mitochondria, as the central regulatory organs of tumor cell metabolism and apoptosis, have
become potential new targets for tumor therapy.”'"'* Back in 2013, Riganti et al'* modified DOX (NitDOX) using NO-
releasing moiety-containing modification to nitrate and inhibit mitochondria-associated ABC transporter proteins to
overcome DOX resistance in cancer therapy. Cisplatin (DDP)-loaded ZIF-90 can be used to inhibit the value-added of
DDP-resistant epithelial ovarian cancer cells due to its efficient pH- and ATP-responsive drug-releasing ability.'*
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Mitochondria-targeted drug delivery systems can bypass the resistance mechanisms on the cell surface and directly act on
mitochondrial targets, inducing apoptosis in drug-resistant tumor cells. Therefore, the development of drug carriers that
can target drug delivery to tumor cell mitochondria has become a potential new strategy to overcome multidrug
resistance in ovarian cancer.'’

In recent years, the application of metal-organic frameworks (MOFs) as a novel class of drug nanocarriers has
garnered widespread attention and discussion in academia.'®!” ZIF-90 is effective in drug loading without decreasing the
drug efficacy due to its biocompatibility, large porosity, and weak coordination network between its zinc ions and
imidazole ring, which gives it a certain degree of structural flexibility.'®'” More importantly, previous studies have
shown that ZIF-90 can be specifically taken up into tumor cells and localized to the mitochondrial region, suggesting its
potential as a mitochondrial-targeting carrier. Pan et al** proposed a mitochondrial ATP-triggering strategy for nanoscale
ZIF-90, whereby ZIF-90 is targeted to cancer cells through the interaction of mutual electrostatic interactions on their
surfaces as well as the competitive coordination between Zn mitochondria, and a strategy that utilizes mitochondrial
adenosine triphosphate (ATP) to break down ZIF-90 to release the drug. In addition, the presence of functional groups
such as aldehyde groups on the surface of ZIF-90 enables the modification of various targeting ligands through simple
covalent linkages, further enhancing its targeting of tumor cells, especially drug-resistant cells.?'"** Inspired by this idea,
we believe that folic acid (FA) can be coupled with ZIF-90 as a molecular targeting device, which can not only target the
folate receptors overexpressed on cancer cells but also facilitate the accumulation of the nanocarrier in the mitochondrial
region. This FA-coupled dual-targeting strategy is expected to bypass the resistance mechanisms and improve tumor
therapeutic efficacy by overcoming cisplatin resistance.

This study aims to construct an innovative FA-ZIF-90/DDP nanosystem using a one-pot preparation strategy to
achieve dual-targeted delivery to ovarian cancer cells and their mitochondria and overcome cisplatin (DDP) resistance.
The system combines the structural advantages of ZIF-90 nanocarrier with the biological targeting of folic acid (FA). The
Introduction of FA enhances the specific binding between the carrier and the folate receptor overexpressed on the surface
of tumor cells and promotes the enrichment of the carrier inside the cells, particularly in mitochondrial regions. This
study focuses on systematically comparing the differences in tumor targeting, cytotoxicity, and pharmacokinetics of ZIF-
90 nanocarriers before and after FA modification to verify the efficacy of the folic acid modification strategy in enhancing
the tumor targeting of the ZIF-90 system and to evaluate its biological safety. At the same time, this study will
demonstrate the potential of FA-ZIF-90/DDP in overcoming drug resistance, improving drug delivery efficiency, and
reducing side effects. In a word, this study systematically evaluated the effect of folic acid modification on enhancing the
tumor targeting of the ZIF-90 nanocarriers delivery system by the FA-ZIF-90/DDP nano platform. It provided a reference
for the design and optimization of ZIF nanodrugs, to achieve a breakthrough in the treatment of drug-resistant ovarian

cancer in the field of precision medicine.

Experimental Component
A2780/DDP Cell Culture

The cisplatin-resistant human ovarian cancer cell line A2780/DDP was obtained from Shanghai Aolu Co. Ltd.
(Shanghai, China). The cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin at 37°C in a humidified atmosphere containing 5% CO2. The cells were passaged
every 2-3 days, and the cells in the logarithmic growth phase were taken for subsequent experiments. To maintain
DDP resistance in A2780/DDP cells, 1 pg/mL DDP was added to the culture medium at each passaging to pretreat the
cells for 48 h, after which the medium was replaced with a drug-free medium to continue the culture. The stable
tolerance of A2780/DDP cells to DDP was periodically verified using CCK-8 cell viability assay. One day before each
cell experiment, A2780/DDP cells in the logarithmic growth phase were collected by digestion with 0.25% trypsin,
counted and recovered, resuspended in a complete medium at the desired density, and routinely cultured overnight for
subsequent experiments.>> All cell cultures were carried out in a sterile environment free of contamination with

penicillin.
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Synthesis of Nanomaterials
Preparation of ZIF-90@DDP and FA-ZIF-90@DDP: First, ZIF-90@DDP nanoparticles were synthesized. Typically, every
2 mL of Zn(NO53),—4H,0 (0.1 M) and 2 mL of 2-ICA (0.2 M) were mixed with 5 mg/mL DDP in DMF. Within 5 min of the start
of the reaction, 10 mL of DMF was added and stirred for 20 min. The mixture was washed with DMF and methanol by
centrifugation and then dried under vacuum for 12 h at room temperature and stored at 4°C protected from light. To synthesize
FA-functionalized ZIF-90@DDP (FA-ZIF-90@DDP), 20 mg of folic acid (FA) was dissolved in 25 mL of methanol in a 10 mL
round-bottom flask, followed by addition of 50 mg of ZIF-90@DDP. The mixture was allowed to react for 48 hours before
centrifugation at 10,000 rpm for 10 minutes. The resulting pellet was washed repeatedly with methanol to remove unreacted
reagents and ligands. Finally, the FA-conjugated product FA-ZIF-90@DDP was collected and dried under vacuum for 12 hours
at room temperature.

Preparation of ZIF-90/RhB and FA-ZIF-90/RhB: DDP was replaced with Rhodamine B (RhB), and the rest of the
steps were the same as above.

Characterization of FA-ZIF-90

The FA-ZIF-90 nanoparticles were collected characterized and analyzed by transmission electron microscopy (TEM),
powder X-ray diffractometer (XRD), dynamic light scattering (DLS), and infrared spectrometry (IR) to confirm the
physicochemical properties of synthesized FA-ZIF-90 nanoparticles, such as morphology, crystal structure, particle size
distribution, and surface modification.

In vitro Drug Release

1 mg of FA-ZIF-90@DDP and ZIF-90@DDP nanoparticles were taken and dispersed in 1 mL of PBS buffer at pH 7.4
and pH 5.5 respectively, and placed on a 37°C water bath shaker. 0.1 mL of the gradient buffer samples were removed at
preset time points (0, 0.5, 1, 2, 4, 8, 12 h), and the filtrate was obtained by centrifugation (MWCO 20 kDa) in an
ultrafiltration tube. The DDP content in the filtrate was detected using coupled plasma-optical emission spectrometry
(ICP-OES). The in vitro cumulative release curves of the two carriers at different pH conditions were plotted to compare
the differences in drug release behavior.

Drug release experiments were also designed to simulate the ascites environment in vitro: 1 mg of FA-ZIF-90@DDP
nanoparticles was taken and dispersed in 1 mL of PBS buffer (containing 10% fetal bovine serum) at pH 5.5 and
subjected to 37°C oscillation. The remaining steps were as above.

Evaluation of drug release behavior of FA-ZIF-90@DDP in acidic and high ATP environments that are easily activated
by tumor cells: 1 mg of FA-ZIF-90@DDP nanoparticles was dispersed in 1 mL of PBS buffer (containing 2 mM ATP) at pH
5.0, and subjected to shaking at 37°C. The remaining steps were as above. The remaining steps were as above.

Hemosolubility
Different concentrations of FA-ZIF-90 nanoparticle aqueous solutions (0.5, 1, 2, 4, 8 pg/mL) were taken in 100 pL each,
and added into 96-well plates, with three replicate wells in each group. Add 100 pL of fresh mouse erythrocyte
suspension to each group, and set up the positive control group (add deionized water) and negative control group (add
PBS buffer). The sample was gently shaken and incubated at 37°C for 8 h. After centrifugation at 3000 rpm for 5
minutes, the supernatant was collected and the optical density (OD) at 540 nm was measured to quantify the released
hemoglobin. The percentage hemolysis was calculated for each sample using the following equation:

Hemolysis rate = [(OD value of experimental group - OD value of negative control group)/ (OD value of positive
control group - OD value of negative control group)] x 100%

Plot the hemolysis curves of erythrocytes with different concentrations of FA-ZIF-90 nanoparticles. Derive the final
hemolysis rate data to evaluate the hemocompatibility of FA-ZIF-90 nanoparticles.
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Internalization of Nanoparticles

Detection of cell phagocytosis by flow cytometry: A2780/DDP cells in the logarithmic growth phase were taken and the
density was adjusted to 2x10° cells/mL. 1 mL of cell suspension was taken and mixed with 1 mL of FA-ZIF-90/RhB
suspension at a concentration of 100 pg/mL and 1 mL of ZIF-90/RhB suspension at a concentration of 100 pg/mL
respectively, and placed in an incubation incubator. 100 uL of each sample was taken into a flow-through tube at different
time points (Oh, 1h, 2h, 4h, 8h), resuspended with 1 mL of pre-cooled PBS, and incubated for 30 min at 4°C, protected
from light. 3000 rpm centrifugation was performed for 5 min to discard the supernatant, and the precipitate was
resuspended in 0.3 mL of PBS for the flow-through assay. The fluorescence intensity detected by the FITC channel
was recorded to plot the cellular phagocytosis of the two nanoparticles at different time points.

Intracellular and mitochondrial drug detection: A2780/DDP cells in the logarithmic growth phase were taken and
inoculated in 6-well plates at a density of 2x10° cells/mL and cultured until the cells were adherent to the wall. ZIF-
90@DDP suspension and FA-ZIF-90@DDP suspension at a concentration of 10 pg/mL were added at 2 mL/well
respectively, and cultured for 2 h and 8 h. After centrifugation, the supernatant was removed and the cell pellet was
resuspended and washed twice in phosphate buffered saline (PBS) to remove residual media and unattached nanopar-
ticles. Add lysis solution 300 pL/well, lysis on ice for 30 min, and collect the extracts. The extracts were subjected to
inductively ICP-OES analysis to determine the platinum content, which represents the intracellular DDP levels. The BCA
method was used to determine the protein content for normalization of DDP levels. Another portion of cells was taken
for mitochondrial extraction the mitochondrial extracts were similarly analyzed by ICP-OES to quantify the DDP levels
in mitochondria.

Confocal detection of mitochondrial targeting: A2780/DDP cells were spread on slides and left to attach to the wall.
Add FA-ZIF-90/RhB suspension and ZIF-90/RhB suspension at a concentration of 100 pg/mL each 0.5 mL/slice,
respectively, and incubate for 2 h and 8 h. Discard the supernatant and wash with PBS. Add diluted DAPI and Mito
Tracker Green 100 pL/slice each for labeling. The distribution of red fluorescence of RhB from different treatments was
observed and recorded under the fluorescence microscope.

Cellular Mitochondrial Interference and Cell Migration

Mitochondrial membrane potential was detected by flow cytometry: A2780/DDP cells in the logarithmic growth phase
were collected, the density was adjusted to inoculate in 6-well plates, 1x10° cells were added to each well, and cultured
overnight until the cells completely adhered to the wall. On the next day, the medium was aspirated and discarded, and
different treatments were gently added to each well, including: PBS 2 mL/well, DDP solution at a concentration of 1 pg/
mL with 2 mL/well, ZIF-90@DDP suspension at a concentration of 1 ug/mL DDP with 2 mL/well, and FA-ZIF
-90@DDP suspension at a concentration of 1 pg/mL DDP with 2 mL/well respectively. The well plates were placed
in an incubator to continue incubation for 24 h. After 24 h, the supernatant of each well was aspirated and washed twice
with PBS. Add 0.25% trypsin 200 pL/well to each well, incubate for 3 min to fully disperse the cells, and add medium
containing 10% fetal bovine serum to terminate the digestion. The cell suspension of each well was collected and
transferred to a flow-through tube, centrifuged at 1000 rpm for 5 min, and the supernatant was discarded. Add 100 uL of
JC-1 working solution to the precipitate, mix thoroughly, and incubate for 20 minutes away from light. Add 1 mL of flow
buffer and mix well. The fluorescence intensity of the samples in each tube was detected by flow cytometry. Finally, the
cellular mitochondrial membrane potential scatter plots were plotted and other analyses were performed.

Confocal detection of mitochondrial activity: A2780/DDP cells in the logarithmic growth phase were taken and
inoculated on slides at a density of 1x10° cells/mL, and placed in an incubator overnight to allow the cells to be
completely adhered to the wall. The following day, non-adherent cells were aspirated and discarded, and different
treatments were gently added, including: PBS 0.5 mL/slice, 1 pg/mL DDP solution at a concentration of 1 pg/mL DDP
with 0.5 mL/slice, 1 pg/mL ZIF-90@DDP suspension 0.5 mL/slice, and 1 pg/mL DDP of FA-ZIF-90@DDP suspension
0.5 mL/slice. The incubation was continued for 24 h and then each treatment was discarded and washed twice with PBS.
Then Mito Tracker Green solution at a concentration of 10 uM was added 100 pL/slice to each slice and incubated for 30
min away from light for mitochondrial activity labeling. After that, PBS was washed 3 times to remove unabsorbed
reagents. Finally, the fluorescence emission spectra in the range of 460—480 nm and 500-545 nm were detected under
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a preheated confocal laser scanning microscope with excitation at 405 nm and 488 nm, respectively. The fluorescence
intensities of normal and damaged mitochondria in different treatment groups were recorded to evaluate the effects of
different treatments.

Cell migration was evaluated by cell scratch assay: A2780/DDP cells in the logarithmic growth phase were taken and
inoculated in 6-well plates at a density of 2x10° cells/mL, and incubated overnight at 37°C in an incubator until the cells
were completely attached to the wall. Two straight lines were drawn parallel to the bottom of each well with an extracting
fat pen, with a uniform line and a line width of about 1 mm. PBS was washed to remove the detached cells produced
during the scratching. Then different treatments were added to each well respectively, including: PBS 2 mL/well, DDP
solution at a concentration of 1 pg/mL DDP with 2 mL/well, ZIF-90@DDP suspension at a concentration of 1 pg/mL
DDP with 2 mL/well, FA-ZIF-90@DDP suspension at a concentration of 1 pg/mL DDP with 2 mL/well. Then the cells
were continued to be incubated in the incubator for 24 h. Cell migration and wound healing were recorded by taking
pictures in the same field of view at the time points of Oh and 24h after scratching.

Counting the number of migrated cells: Using confocal microscopy, the number of migrated cells in each treatment
group was photographed and recorded under the same preset field of view. The relative number of migrated cells in each
treatment group was calculated using the number of migrated cells in the PBS-treated group as a standard. Finally, bar
graphs were drawn to evaluate the effects of different treatments on the migration ability of A2780/DDP cells.

Cytotoxicity
CCK-8 assay for cell viability: logarithmic growth phase A2780/DDP cells were collected and homogeneously inocu-
lated in 96-well plates after adjusting the cell density to 5x10* cells/mL by cell counting plate. Different concentrations
of FA-ZIF-90@DDP and ZIF-90@DDP were added respectively, where the concentrations of DDP for FA-ZIF-90@DDP
and ZIF-90@DDP were 0.1 to 2 pg/mL. A 24-hour treatment was performed. Set up a control group (medium containing
cells only). Add CCK-8 solution (5% 10 pL). Detect the OD value of each well using an enzyme marker. The cytotoxic
effects of the two nanomaterials on A2780/DDP cells were evaluated and compared by plotting cell viability curves.
Detection of apoptosis by flow cytometry: logarithmic growth phase A2780/DDP cells were collected and treated by
adding mL of PBS, DDP, ZIF-90@DDP and FA-ZIF-90@DDP (DDP: 1 pg/mL) for 24 h, respectively. The DDP
concentration of 1 pg/mL was chosen as it falls within the half-maximal inhibitory range based on the 24 h Cytotoxicity
assay, allowing for effective evaluation of cytotoxicity differences between formulations. Cell labeling was performed
using PI and Annexin V-FITC double staining. The apoptosis rate of cells in each group was detected by flow cytometry.
Fluorescence microscope observation of apoptosis: After 24 hours of treatment A2780/DDP cells were cultured on
slides and labeled with membrane-associated proteins and nuclear DNA, respectively. Membrane-associated protein
V-FITC (green) was used for labeling the cell membrane-associated proteins, and PI (red) was used for labeling the
nuclear DNA of apoptotic cells. The 24 h treatment duration and 1 ug/mL DDP concentration were chosen to maintain
consistency with other cytotoxicity experiments for better data correlation. Fluorescence localization was carried out to
observe apoptosis of the cells in each treatment group. By fluorescence microscopy, normal cells should show green
fluorescence and apoptotic cells show red fluorescence in different treatment groups. The changes in fluorescence
intensity of normal cells (green) and apoptotic cells (red) under different treatments were recorded and analyzed. In
the course of observation, images were captured for subsequent further analysis.

A2780/DDP Human Ovarian Cancer Tumor Xenograft Establishment

The experimental steps to establish the A2780/DDP human ovarian cancer tumor model followed the protocol approved
by the Beijing Institute of Technology (Permit No. SYXK Jing 2017-0031) and under the guide of Guide for the Care
and Use of Laboratory Animals (Washington (DC): National Academies Press (US); 2011). Four- to six-week-old Balb/C
nude mice, which were purchased from Sibeifu Biotechnology Co., Ltd (Beijing, China), were used as experimental
animals. First, the culture of A2780/DDP cells was performed to ensure their good growth status. Then, 1x107 cells were
suspended in 100 pL of appropriate medium and the cell suspension was injected into the back of each Balb/C nude
mouse by subcutaneous injection. Tumor growth was measured periodically and tumor volume was calculated. Tumor
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volume = a x b?/2 (a = tumor length, b = tumor width). At the end of the experiment, relevant data or tissue samples were
collected for subsequent analysis according to the experimental design.

Evaluation of in vivo Distribution

A2780/DDP bearing nude mice were randomly divided into 4 groups (n=5) and injected with different agents (PBS,
DDP, ZIF-90@DDP, FA-ZIF-90@DDP) via tail vein. After 4 weeks of continuous drug administration, peripheral blood
cytological indices were collected and tested using a hematology analyzer and an autoanalyze. The mice were executed,
and heart, liver, spleen, and kidney tissues were collected, and the Pt content in the tissues was detected by ICP-MS after
acid digestion to assess the distribution and accumulation of Pt in major organs.

In vivo Anti-Tumor Efficacy

A Tumorigenic A2780/DDP bearing nude mice model was used, and when the tumor volume reached 60-80 mm®, 4
groups (n=5) were randomly divided into 4 groups, and different preparations (PBS, DDP, ZIF-90@DDP, FA-ZIF
-90@DDP, A administered at a dose of 5 mg/kg) were injected via tail vein, respectively. The drugs were administered
continuously for 2 weeks, the tumor’s long and short diameters were measured every 2 days, and the volumes were
calculated to plot the growth curves. The relative tumor growth inhibition rate of each treatment group was finally
calculated. At the same time, the body weight was weighed every 2 days and the weight change curve was plotted. After
finishing the drug administration, the survival time and survival curve of mice were observed and recorded. Finally, the
mice were executed, and the tumor tissues and major organs were quickly collected for H&E staining, TUNEL apoptosis
detection, Ki67 detection, etc., and examined with an optical microscope (DMI3000, Leica, Germany).

In vivo Safety Evaluation

At the end of the in vivo anti-tumor experiments, the mice were executed, and the main organs such as the heart, liver,
spleen, and kidney were quickly collected. Paraffin sections were prepared according to the standards of histopathology
experiments, H&E stained, and the histopathological changes of each organ were observed under a light microscope
(DMI3000, Leica, Germany) (400x). The arrangement of cardiomyocytes, the structure of liver lobules, the distribution
of white versus red splenic medulla of the spleen, and the morphology of renal tubules and glomeruli in different
administration groups were recorded. The organ toxic effects of different nanoformulations were evaluated in comparison
with the PBS normal control group.

Statistical Analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by student testing using SPSS
18.0 software. All statistical differences were calculated using an unpaired two-tailed Student’s z-test with GraphPad
Prism 9.0 (GraphPad Software, Inc., CA, USA). Statistically significance was set ns (not significantDP), *p < 0.05
(significant), **p < 0.01 (moderately significant), and ***p < 0.001 (highly significant).

Results and Discussion
Characterization, Drug Release, and Blood Solubility of FA-ZIF-90

In the precursor experiments, we synthesized ZIF-90 by the room temperature colloidal chemical pathway and measured
the particle size of ZIF-90 to be 85 + 8 nm and the hydrated particle size to be 105.8 + 7.5 nm.'* FA-ZIF-90/DDP was
synthesized by room temperature coupling folic acid (FA) on the surface of ZIF-90/DDP obtained in a one-pot method.**
Transmission electron microscopy (TEM) revealed that the FA-functionalized ZIF-90/DDP nanoparticles (FA-ZIF-90/
DDP) were spherical in shape with an average diameter of 60 = 10 nm (Figure la). Dynamic light scattering (DLS)
measured the hydrodynamic size of FA-ZIF-90/DDP to be 110 + 10.6 nm (Figure 1b). The surface charge, quantified by
zeta potential, was determined to be —5.7 £ 0.7 mV. Powder X-ray diffraction (PXRD) analysis confirmed the successful
synthesis of crystalline FA-ZIF-90/DDP nanoparticles (Figure 1c), and the synthesized nanomedicine maintained the
similarity with the results of the previous ZIF-90 crystal structure study.”' The IR spectral characteristics of ZIF-90 and
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Figure | Preparation, material characterization, drug release, and hemolysis of FA-ZIF-90/DDP. (a) TEM image of FA-ZIF-90/DDP. (b) DLS analysis of FA-ZIF-90/DDP in
PBS. (c) XRD images of FA-ZIF-90/DDP. (d) IR spectra of ZIF-90 and FA-ZIF-90. (e) The in vitro cumulative release profiles of cisplatin (DDP) from the FA-conjugated ZIF-
90@DDP nanoparticles (FA-ZIF-90@DDP) were determined over 12 hours at 37°C in PBS at pH 7.4, 5.5, 5.5 with 10% fetal bovine serum (FBS), and 5.0 with 2 mM
adenosine triphosphate (ATP). (f) Hemosolubility in WATER, PBS, and samples of different concentrations (0.5, 1, 2, 4, and 8 pg/mL). Data represent the mean * SD (n=3).

FA-ZIF-90 were further investigated in comparison (Figure 1d). The results showed that a characteristic peak at 1600/
cm-1 wavelength was observed for FA-ZIF-90, which could be caused by the change of the functional groups of ZIF-90
after coupling FA, and confirmed the successful modification of FA on the surface of ZIF-90.>> To investigate whether
FA modification alters the in vivo drug release behavior of ZIF-90 as a drug carrier, we examined the cumulative drug
release studies of FA-ZIF-90 particles loaded with DDP under pH and ATP conditions that mimic different in vivo
environments (Figure le). FA-ZIF-90@DDP exhibited pH- and ATP-dependent drug release patterns under different pH
and ATP conditions. The overall results showed that the addition of ATP as a “pro-degradant” could enhance the drug
release from the particles under acidic conditions. Meanwhile, the acidic condition facilitated the drug release from FA-
ZIF-90@DDP, while the physiological pH 7.4 condition did not actively release the drug, which is similar to the drug
release pattern of ZIF-90 nanocarrier platforms reported previously.?'*® We further evaluated its biosafety as a carrier for
drug delivery, ie, we compared the hemolysis of erythrocytes with different concentrations of FA-ZIF-90 aqueous
solution and PBS buffer solution (Figure 1f). Among them, the pure water (positive control) group showed a high
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degree of hemolysis close to 100%. While all FA-ZIF-90 concentration groups showed a safety of less than 5%
hemolysis in PBS buffer. This result indicated that FA-ZIF-90 showed good biosafety and hemocompatibility under
physiological conditions compared with the positive control purified water group, and the hemolysis rate increased
slightly with increasing concentration but remained at an acceptable level. In conclusion, FA-ZIF-90@DDP synthesized
by ZIF-90@DDP coupled to FA can promote the rapid release of DDP in the acidic and high ATP environment of tumor
cells and does not cause significant damage to erythrocytes in the in vivo environment, which proves its good potential
for in vivo application.

Cellular Phagocytosis of FA-ZIF-90

Numerous studies have demonstrated overexpression of the folate receptor (FR) on the surface of ovarian cancer cells.
This receptor specifically binds to folic acid (FA) and mediates intracellular transport into the mitochondria.*” % To
verify the enhanced cellular targeting by FA modification, we compared the cellular endocytosis of two materials, FA-
ZIF-90/RhB, and ZIF-90/RhB, using the flow cytometry technique. Among them, the half-maximal inhibitory concen-
tration (IC50) values of DDP in A2780/DDP cells used in this experiment were 2.5-3.2-fold higher than those in the
parental cells of A2780, the former of which was confirmed to be a drug-resistant lineage cell.>° The FA-ZIF-90/RhB
nanoparticles with targeting moiety FA and ZIF-90/RhB nanoparticles without targeting moiety phagocytosis by human
ovarian cancer cisplatin-resistant cells (A2780/DDP) at different time points (Oh, 1h, 2h, 4h, and 8h) were shown
(Figure 2a and b). The results demonstrated a time-dependent increase in fluorescence intensity for both samples,
indicating gradual uptake of the nanoparticles by the cells over time. This suggests that cellular internalization of the
nanoparticles was increased with longer incubation periods. After 8 hours of incubation, the fluorescence intensity of the
FA-conjugated ZIF-90/RhB nanoparticles was over 10 times higher compared to the non-targeted ZIF-90/RhB group.
This significant enhancement verifies that functionalization with folic acid (FA) drastically improved the intracellular
uptake of the nanoparticles in the ovarian cancer cells. It has been demonstrated that the presence of multiple FA
transporter proteins in the cell membrane of ovarian cancer cells mediates the uptake of FA, which can bind non-
covalently to intracellular binding proteins after it enters the cell, protect folic acid from intracellular degradation, and
mediate its transportation to the mitochondria.*'* To further validate the effect of FA modification on the targeted
delivery of drug-carrying nanoparticles, we examined the changes in Pt concentration of FA-ZIF-90@DDP and ZIF-
90@DDP nanoparticles in A2780/DDP and mitochondria (Figure 2c). The results showed that compared with the ZIF-
90@DDP group, the platinum concentration in cells and mitochondria in the FA-ZIF-90@DDP group increased by 1.5
times and 1.7 times at 2h and 8h respectively. The trend of platinum concentration changes in mitochondria in both
groups was consistent with the overall intracellular changes. Based on the above results, we compared the intracellular
localization of different nanoparticles using confocal fluorescence microscopy (Figure 2d and ). RhB was co-loaded in
ZIF-90 and FA-ZIF-90, and nuclear fluorescence (DAPI, blue), mitochondrial fluorescence (Mito Tracker Green, green),
and RhB fluorescence (Rhodamine B, red) were used to visualize cellular uptake. The results showed that all four
fluorescence intensities gradually increased with time after co-incubation of FA-ZIF-90@RhB and ZIF-90@RhB with
A2780/DDP cells, respectively, indicating an increase in the amount of drug nanoparticles entering the cells and
mitochondria.FA-ZIF-90@RhB showed brighter red fluorescence as compared to ZIF-90@RhB, indicating that FA -
ZIF-90@RhB had a higher cellular uptake efficiency.

In summary, the above experiments accurately demonstrated the intracellular internalization pathways and specific
processes, which not only confirmed that drug-carrying FA-ZIF-90 could be efficiently uptaken by the nucleus and
mitochondria and that the precise release of the drug led to cell death, but also provided the basis for the experimental
results of intracellular transport of drug carriers.

Effect of FA-ZIF-90 on Cellular Mitochondrial Interference and Cell Migration

Mitochondria play a critical role in regulating metabolism and apoptosis in cancer cells. Prior evidence indicates that
folic acid-conjugated nanomaterials can selectively target mitochondria in tumor cells and disturb their energy metabo-
lism. By accumulating in mitochondria, the FA-modified nanoparticles can interfere with the metabolic pathways and
energy production.34736 To assess the effect of FA modification on cellular mitochondrial function in this study, we
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Figure 2 In vitro study of FA-ZIF-90 and ZIF-90 nanomaterials uptake by human ovarian cancer cisplatin-resistant cells (A2780/DDP). (a and b) Flow cytometry analysis of
internalization of ZIF-90/RhB and FA-ZIF-90/RhB nanoparticles by A2780/DDP cells over time. (c) Cytosolic and mitochondrial accumulation of ZIF-90/RhB and FA-ZIF-90/
RhB nano system corresponding to 2 h and 8 h of incubation in A2780/DDP cells respectively. (d) A2780/DDP cells over time uptake of ZIF-90/RhB confocal fluorescence
micrographs and (e) FA-ZIF-90/RhB confocal fluorescence micrographs (Scale bar = 50 pm). Data from ICP-OES represent the mean * SEM of three independent
experiments. Statistical significance among groups: *P < 0.05, **P < 0.01, ***P<0.001.
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analyzed the inhibitory effect of FA-ZIF-90 on cellular mitochondrial membrane potential by flow cytometry after JC-1
staining (Figure 3a). In the control group, cellular mitochondria were mainly distributed in the Q2 region of the normal
state (93.9%), whereas most of the mitochondria in the FA-ZIF-90@DDP-treated group were shifted to the Q3 region
(77%), suggesting a decrease in mitochondrial activity. Compared to the cisplatin group (6.53% in Q3) and the ZIF-
90@DDP group (53.3% in Q3), FA-ZIF-90@DDP caused more mitochondria to enter into the damaged state. This
suggests that FA-modified ZIF-90 can induce apoptosis by inhibiting mitochondrial activity more significantly through its
mitochondrial targeting effect compared with ZIF-90. To further visualize the effect of FA-ZIF-90 on mitochondrial
activity in A2780/DDP cells, confocal microscopy was used to compare the changes in intracellular fluorescence signals
after different nanoparticle treatments (Figure 3b). The control group showed strong green and weak red fluorescence,
indicating normal activity. With the change of treatment groups, the red fluorescence gradually enhanced while the green
fluorescence weakened, indicating a decrease in mitochondrial activity, with the most significant effect in the FA-ZIF
-90@DDP group. This confirms that the two nanocarriers can inhibit mitochondrial activity to different degrees, while
FA-modified ZIF-90 can achieve more effective mitochondrial inactivation through targeting. The mechanism may be
that FA modification can be targeted into mitochondria and release more DDP, directly inhibiting mitochondrial
respiratory chain activity.’’*® Based on the above results that FA-ZIF-90@DDP significantly inhibits mitochondrial
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Figure 3 FA-ZIF-90@DDP interfered with mitochondrial changes and cell migration studies in A2780/DDP cells. (a) Results of mitochondrial membrane potential test after
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and migration represent the mean + SEM of three independent experiments. Statistical significance among groups: Not significant (ns), *P < 0.05, **P < 0.01.
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activity, we designed a cell scratch assay to investigate whether this mitochondrial targeting also reduces the migration
ability of cancer cells. The in vitro scratch assay is an important indicator for assessing cancer cell migration, and A2780/
DDP cells are currently one of the most abundant cell types in the tissues of ovarian cancer patients, and their migratory
ability is closely related to the metastasis and spread of ovarian cancer.**** Cell migration was observed by scratching
A2780/DDP cells. As evident in Figure 3¢ and d, quantitative analysis of the scratch width over time revealed that FA-
ZIF-90@DDP nanoparticles significantly suppressed the migratory ability of ovarian cancer cells. Specifically, cells
treated with FA-ZIF-90@DDP exhibited a wider scratch with less gap closure compared to PBS-treated control cells after
the same duration. This demonstrates that FA-ZIF-90@DDP nanoparticles can effectively inhibit the motility and
invasiveness of ovarian cancer cells. Meanwhile, as shown in Figure 3¢ and f, under the fixed field of view, the average
number of migrated cells in the control, DDP, ZIF-90@DDP, and FA-ZIF-90@DDP groups were 295, 285, 130, and 70,
respectively. Compared with the control group, FA-ZIF-90@DDP had the greatest inhibitory effect on the migration of
A2780/DDP cells, followed by ZIF-90 @DDP and DDP. The results indicated that DDP encapsulated in FA-ZIF
-90@DDP at the same concentration had a better inhibitory effect than encapsulated in ZIF-90@DDP or alone. The
above results of inhibitory effect on A2780/DDP cell migration may be related to the overexpression of FA receptor in
invasive cancer cells and the targeted binding of FA-modified ZIF-90@DDP for precise delivery of DDP to inhibit cancer
cell metastasis.*>**

In this study, we initially verified that FA-ZIF-90@DDP nanomedicine could efficiently inhibit the mitochondrial
activity of A2780/DDP cells, and this inhibition was closely related to its FA-modified antitumor activity, which provided
a new idea for the development of highly targeted antitumor drug carriers. Follow-up work will be carried out to
investigate the effect of inducing cell death and apoptosis in A2780/DDP cells in vitro.

In vitro Cytotoxicity of FA-ZIF-90@DDP

Comparison of the effects of FA-ZIF-90@DDP and ZIF-90@DDP nanomedicines on A2780/DDP cell viability
(Figure 4a). It can be observed that both nanoparticles reduced cell survival and caused cell death with increasing
platinum concentration. However, the cell-killing effect of FA-ZIF-90@DDP was significantly better than that of
ZIF-90@DDP in the whole concentration range. The results showed that FA-ZIF-90@DDP was more effective in
inducing cell death. To confirm the apoptosis-inducing effect, flow cytometry analysis was performed after
treatment of A2780/DDP cells with different formulations. Compared to PBS and free DDP groups, nanoparticle-
loaded drugs led to markedly higher apoptosis rates, with FA-ZIF-90@DDP showing the highest pro-apoptotic
effect (Figure 4b). These quantitative results validate that nano-formulation, especially with FA-targeting, can
significantly potentiate the apoptosis-inducing activity of DDP in resistant ovarian cancer cells. The apoptosis
scatter plot also showed that the FA-ZIF-90@DDP group could distribute more cells in Q2 and Q3 apoptotic
phases, which accounted for about 69.6% (Figure 4c). The above results confirmed that nanomedicines, especially
FA-ZIF-90@DDP with mitochondria-targeting moiety, could significantly enhance the apoptosis-inducing effect on
A2780/DDP cells by targeting drug introduction. To visually confirm the pro-apoptotic effects, fluorescence
microscopy was utilized to examine the changes in apoptotic markers in A2780/DDP cells after treatment with
different formulations (Figure 4d). The results showed that the PBS and DDP groups mainly showed green
fluorescence, indicating that the cells had strong activity; the red fluorescence intensity of the FA-ZIF-90@DDP
group was significantly enhanced while the green fluorescence was weakened, confirming that it could effectively
induce apoptosis in A2780/DDP cells.

In summary, the two nanocarriers, especially FA-ZIF-90@DDP, could significantly induce tumor cell death or
apoptosis. This may be related to the improved cellular uptake and mitochondrial localization of platinum-based drugs
by the nanocarriers.*> *” In particular, FA-ZIF-90@DDP showed enhanced apoptosis-inducing activity and significant
clinical potential due to the high selectivity of its post-modified FA for tumors and their mitochondria, which allowed
more drugs to enter tumor cells and damage mitochondria.>****® In vitro, tests of relevant mechanisms and therapeutic
effects demonstrated FA-ZIF-90@DDP as a nanomedicine with the potential to be applied in vivo to inhibit drug
resistance in ovarian cancer.
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Figure 4 FA-ZIF-90@DDP induced cell death and apoptosis studies. (a) The viability of A2780/DDP cells was determined after 24 hours incubation with varying
concentrations of non-targeted ZIF-90@DDP nanoparticles or folate receptor-targeted FA-ZIF-90@DDP nanoparticles using cell viability assays. (b) The apoptosis rate of
A2780/DDP cells incubated with PBS, DDP, ZIF-90@DDP, and FA-ZIF-90@DDP for 24 h. (c) Flow cytometry analysis of apoptosis in A2780/DDP cells. Cells were treated
with PBS, DDP, ZIF-90@DDP, and FA-ZIF-90@DDP for 24 h. Cells were stained with membrane-bound protein V-FITC/PI. (d) Confocal microscopic observation of
apoptosis in A2780/DDP cells. Apoptosis of A2780/DDP cells incubated with PBS, DDP, ZIF-90@DDP, and FA-ZIF-90@DDP for 24 h (Scale bar = 50 pm). Data from cell
experiment represent the mean + SEM of three independent experiments. Statistical significance among groups: Not significant (ns), *P < 0.05.

In vivo Antitumor Effects of FA-ZIF-90

Encouraged by the above results, we further carried out tests on the in vivo anticancer effects of FA-ZIF-90/DDP. First,
we compared the distribution of Pt concentration of drug carrier ZIF-90@DDP and FA-ZIF-90@DDP in different organs
of mice (Figure 5a). This result showed that the highest accumulation of Pt was found in the liver, regardless of the DDP
vector type. While in the heart, spleen, and kidney, there was little difference in Pt concentration distribution between the
two carriers. However, in tumor tissues, FA-ZIF-90@DDP increased the Pt concentration by about 75% compared to the
ZIF-90@DDP group, which demonstrated that the introduction of FA moiety significantly enhanced the tumor targeting
of nanocarrier drugs. To assess the effect of FA-ZIF-90@DDP on tumor growth, we monitored the changes in tumor
volume over time in mice in each administration group (Figure 5b). The results showed that, unlike the rapid increase in
tumor volume in the PBS and DDP groups, both nano-loaded drugs significantly inhibited tumor proliferation, and in
particular, the FA-ZIF-90@DDP group showed the most significant tumor-suppressive effect. This is consistent with the
findings of high Pt concentration accumulation of FA-ZIF-90@DDP in tumor tissues in Figure 5a. Meanwhile, by
affecting the body weight and survival rate of mice, we found that both nano-loaded drugs reduced the weight loss and
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Figure 5 In vivo therapeutic effect study of FA-ZIF-90 @ DDP. (a) Biodistribution of mice with A2780/DDP human ovarian cancer tumors 24 h after intravesical injection of
ZIF-90@DDP and FA-ZIF-90 @ DDP. (b) Relative tumor volume and, (c) body weight and, (d) survival rate of mice with loaded tumors after intravesical injection of PBS,
DDP, ZIF-90@DDP, and ZIF-90@DDP. (e) H&E, ki67, and TUNEL staining of tumor sections after 24 h for a single treatment (Scale bar = 50 pm for H&E and Ki67, Scale
bar = 20 pm for TUNEL). Data represent the mean + SEM from five mice. Statistical significance among groups: Not significant (ns), *P < 0.05, **P < 0.01.
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Figure 6 Effects of FA-ZIF-90@DDP on major organs. H&E staining of major organs of A2780/DDP hormonal mice after 14 days of different treatments (Scale bar = 50 pm).

increased the survival rate compared with the PBS and DDP groups, with FA-ZIF-90@DDP having the best effect
(Figure 5c¢ and d). During the observation period, the body weight of mice in the FA-ZIF-90@DDP group steadily
increased to about 17 g, and the survival rate remained 100% at 50 days. The effects of different treatments on tumor
tissues were subsequently evaluated using multiple staining (Figure 5¢). H&E and TUNEL results showed that the two
nano-loaded drugs increased tumor necrosis and apoptosis compared to the PBS and DDP groups. Ki67 immunohis-
tochemistry results further confirmed that FA-ZIF-90@DDP significantly inhibited tumor cell proliferation. To assess the
safety of different treatments, we examined the pathological changes in major organs (Figure 6). The results showed no
significant differences between the groups, confirming that none of the different agents led to organ toxicity at the
therapeutic dose. In conclusion, compared with ZIF-90@DDP and conventional DDP chemotherapy, FA-modified
nanocarriers reduced toxic side effects, significantly prolonged mouse survival, presented excellent anti-tumor therapeu-

tic effects, and is expected to be a highly effective and low-toxic tumor treatment strategy.>®>>

Conclusion

In Conclusion, our study successfully established folate-conjugated ZIF-90 (FA-ZIF-90) as a sophisticated drug delivery
system specifically designed to overcome cisplatin resistance in ovarian cancer. By integrating dual targeting - both to
resistant cancer cells through folate receptor-mediated endocytosis and to mitochondria for direct intervention - FA-ZIF-90
effectively enhances tumour cell uptake, mitochondrial localisation of cisplatin and induces apoptosis, significantly
outperforming non-targeted ZIF-90. The system’s responsiveness to acidic pH and ATP within the tumour microenviron-
ment ensures controlled and efficient release of cisplatin, thereby enhancing its chemotherapeutic effects. Our results
highlight the potential of the FA-ZIF-90 platform to resensitise drug-resistant tumours to cisplatin therapy, offering
a promising strategy to address the therapeutic challenges of ovarian cancer. Further elucidation of the underlying
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molecular mechanisms and clinical translation studies are essential to fully realise the translational impact of this innovative
approach in reversing chemoresistance and improving patient outcomes.
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