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Purpose: To address the therapeutic challenges associated with triple-negative breast cancer (TNBC), we developed a folic acid-
polyethylene glycol-modified ZIF8-based nanotheranostic platform (FA-PEG@ZIF8@CIP) designed to integrate synergistic sonody-
namic therapy, chemotherapy, and immune activation for enhanced antitumor treatment.

Methods: FA-PEG@ZIF8@CIP was constructed as a folic acid-polyethylene glycol-functionalized ZIF8 nanoplatform for the
delivery of ciprofloxacin. In this system, ciprofloxacin acted as both a sonosensitizer and a chemotherapeutic agent, while the ZIF8
carrier provided pH-responsive release behavior in the acidic tumor microenvironment. The platform was further evaluated for its
physicochemical properties, cellular uptake, antitumor efficacy, immune activation, and ultrasound imaging performance through
a series of in vitro and in vivo experiments.

Results: FA-PEG@ZIF8@CIP exhibited favorable tumor-targeting capability and potent antitumor activity. Under ultrasound
irradiation, the platform markedly enhanced reactive oxygen species (ROS) generation, leading to effective tumor cell killing. In
addition, it induced immunogenic cell death (ICD), as evidenced by enhanced calreticulin exposure, HMGBI1 translocation, and
extracellular ATP release. These effects further promoted dendritic cell maturation and increased cytotoxic T-lymphocyte infiltration
within tumor tissues, indicating activation of antitumor immune responses. The proportions of CD8" T cells in tumor tissues and
spleen increased to 18.7% and 14.6%, respectively, corresponding to approximately 3.0-fold and 2.9-fold increases over the PBS
group. The antitumor efficacy of FA-PEG@ZIF8@CIP+US was 4.21-fold higher than that of PBS. Moreover, the platform demon-
strated effective ultrasound imaging capability, supporting its application for imaging-guided therapy. Collectively, these findings
suggest that FA-PEG@ZIF8@CIP exerts therapeutic effects through the coordinated actions of sonodynamic therapy, chemotherapy,
and immune modulation.

Conclusion: This multifunctional nanosystem enables the integration of diagnosis and therapy and represents a promising strategy for
TNBC treatment. By combining targeted delivery, pH-responsive drug release, ultrasound imaging, and synergistic therapeutic effects
within a single platform, FA-PEG@ZIF8@CIP may offer a valuable approach for improving theranostic outcomes in TNBC.
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Introduction

Breast cancer (BC) remains one of the most common and lethal malignancies among women worldwide.! Among its
molecular subtypes, triple-negative breast cancer (TNBC) is particularly aggressive and is associated with poor prognosis
because of the lack of effective therapeutic targets.”* These limitations significantly restrict current treatment options
and underscore the urgent need for more effective therapeutic strategies.

Sonodynamic therapy (SDT) has recently attracted increasing attention as a non-invasive anticancer modality because
of its deep tissue penetration, high spatial controllability, and favorable biosafety profile.” Under ultrasound irradiation,
sonosensitizers accumulated in tumor tissues can generate reactive oxygen species (ROS), leading to direct tumor cell
destruction.®” In addition, SDT can induce immunogenic cell death (ICD), thereby triggering antitumor immune
responses.® These features make SDT a promising strategy for breast cancer treatment. However, its therapeutic efficacy
is still limited by the intrinsic shortcomings of conventional sonosensitizers, including poor bioavailability, insufficient
tumor targeting, inadequate ROS generation, and unsatisfactory stability.” Therefore, the development of safe and
efficient sonosensitizing platforms is essential for improving SDT efficacy and facilitating its translational application
in oncology.'®"'! In parallel, sustained ROS generation by AIE-based organic nanomedicines has been shown to enhance
ICD, repolarize macrophages, and activate durable antitumor immunity, highlighting the value of coupling oxidative
stress with immune remodeling in cancer therapy.'?

Recent advances in nanotechnology have greatly expanded the potential of SDT.'" Among various nanomaterials,
metal-organic frameworks (MOFs) have emerged as versatile platforms for biomedical applications. In particular, zeolitic
imidazolate framework-8 (ZIF-8), a representative MOF, has attracted considerable interest because of its tunable pore
structure, high specific surface area, and good loading capacity for therapeutic agents and biomolecules.'>** In addition,
ZIF-8 exhibits pH-responsive degradation under weakly acidic conditions, allowing controlled drug release within the
tumor microenvironment.'*'*?° This feature is especially relevant because the aberrant metabolism and rapid prolifera-
tion of tumor cells are typically accompanied by extracellular acidification. Beyond its function as a carrier, the
degradation of ZIF-8 releases Zn”*, which has been reported to exert antitumor effects. More importantly, recent studies
have suggested that ZIF-8 may also participate directly in SDT: unsaturated Zn—N sites on its surface can facilitate
electron transfer under ultrasound stimulation, promoting ROS generation, while its cavitation-related behavior may
further enhance sonodynamic performance.”*'** Owing to these properties, ZIF-8 represents a promising multifunctional
platform for imaging-guided cancer therapy. This imaging-guided concept is also clinically relevant because recent
machine-learning analysis has suggested that incorporating breast sonography can improve the prediction of pathological
complete response after neoadjuvant therapy in breast cancer.®®

To further improve therapeutic efficacy, we introduced ciprofloxacin (CIP) into the ZIF-8 system. CIP is
a fluoroquinolone antibiotic with favorable bioavailability and safety, and accumulating evidence suggests that it can
be repurposed for anticancer applications.>*** Previous studies have shown that CIP inhibits topoisomerase II, thereby
suppressing tumor cell proliferation, migration, and metastasis, and it has also been reported to possess sonosensitizing
activity.”>?” In the present study, CIP was incorporated into ZIF-8 through physical adsorption, electrostatic interactions,
and coordination, enabling combined chemo-sonodynamic effects.”® Upon exposure to the acidic tumor microenviron-
ment, ZIF-8 degrades and releases both CIP and Zn**. CIP contributes directly to tumor cell killing and can enhance ROS
accumulation during SDT, whereas released Zn>* may further strengthen the antitumor effect.'*”**>% In addition, CIP
has been associated with ICD-related immune activation, suggesting its potential to amplify antitumor immunity when
combined with SDT.*!-*2

Despite these advantages, the tumor-targeting efficiency of ZIF-8 and CIP remains limited, which may reduce
intratumoral drug accumulation and compromise treatment efficacy. To address this issue, we further functionalized
ZIF8@CIP with folic acid-polyethylene glycol (FA-PEG). Folic acid is a widely used targeting ligand because folate
receptor a (FRa) is overexpressed in a variety of tumor cells, allowing receptor-mediated endocytosis and selective
intracellular delivery.®>*>® Surface modification with FA-PEG can therefore improve the stability, biocompatibility, and
tumor-targeting capability of the nanoplatform.*”** Similarly, recent biomimetic work has shown that improved tumor
targeting and prolonged circulation can substantially enhance therapeutic efficacy against breast cancer metastasis and
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rechallenge.’® After cellular internalization, the acidic intracellular environment promotes ZIF-8 degradation and con-
trolled CIP release, thereby improving therapeutic selectivity and efficacy.*’

Based on this rationale, we developed an FA-PEG-functionalized, CIP-loaded ZIF-8 nanoplatform for TNBC
treatment. This system was designed to integrate targeted delivery, pH-responsive drug release, sonodynamic therapy,
chemotherapy, immune activation, and ultrasound imaging into a single platform. By combining these functions, the
proposed nanoplatform aims to overcome the limitations of conventional monotherapies and provide an effective
theranostic strategy for TNBC.

Materials and Methods

Materials

Xi’an Tianmao Chemical Co., Ltd. 2-Methylimidazole was provided by Shanghai Macklin Biochemical Co., Ltd. CIP
was obtained from APEXBIO (USA). FA-PEG was sourced from Shanghai Yuanye Biotechnology Co., Ltd. ATP assay
kit, Hoechst 33342, 2°,7’-dichlorofluorescin diacetate (DCFH-DA), Calcein-AM, and propidium iodide (PI) were all
purchased from Beijing Solarbio Science & Technology Co., Ltd. The Cell Counting Kit-8 (CCK-8) for cell proliferation
and cytotoxicity assay kit was acquired from Dongren Chemical Technology Co., Ltd.

Cells and Animals

The 4T1 cell and the MDA-MB-231 lines were obtained from the National Experimental Cell Resource Sharing Platform
(Beijing, China). All cell lines were maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin at 37°C in a humidified atmosphere containing 5% CO,. Healthy 6-8-week-old BALB/c mice
were purchased from the Experimental Animal Center of Zhengzhou University. The animals were housed under
controlled conditions at 17-25°C, 45-80% humidity, with a 12-hour light/dark cycle. For humane euthanasia of the
experimental BALB/c mice, the cervical dislocation method was performed by well-trained individuals. The specific
operation was as follows: the operator placed the thumb and index finger on either side of the mouse’s neck at the base of
the skull, then grasped the base of the tail with the other hand and pulled quickly to separate the cervical vertebrae from
the skull. Death was confirmed by the absence of corneal reflex and spontaneous respiration. All experimental procedures
were approved by the Institutional Animal Care and Use Committee of Zhengzhou University (Approval No. ZZU-
LAC20241227[07]). All the animal experiments were conducted in accordance with the American Veterinary Medical
Association.

Synthesis of FA-PEG@ZIF8@CIP

Preparation of ZIF8

ZIF-8 nanoparticles were prepared by a simple aqueous self-assembly method. Briefly, 2-methylimidazole (2-MIM, 28 g)
and zinc acetate dihydrate (6 g) were separately dissolved in 100 g of deionized water. Subsequently, 5.12 g of the
2-MIM solution was placed in a glass vial, and 5.3 g of the zinc acetate dihydrate solution was added dropwise at
a constant rate to minimize excessive disturbance during mixing. The mixture was gently stirred with a glass rod for
approximately 30s, after which a milky white suspension was formed, indicating the generation of ZIF-8 nanoparticles.
The reaction mixture was then sealed and allowed to stand at room temperature for 2 h. After incubation, the precipitate
was collected by centrifugation at 9,000 rpm for 15 min and washed once with deionized water, followed by
centrifugation at 9,000 rpm for 10 min. The obtained pellet was finally redispersed in deionized water and dried
overnight in an oven at 105 °C.

Preparation of ZIFS@CIP

To prepare ZIF-8@CIP, 100 mg of activated ZIF-8 was dispersed in 10 mL of an aqueous ciprofloxacin solution (10 mg/
mL). The mixture was magnetically stirred under sealed conditions at room temperature for 48 h to allow sufficient drug
loading. After incubation, the resulting ZIF-8@CIP composite was collected and washed three times with methanol by
filtration to remove unbound ciprofloxacin. The final product was then dried under vacuum at 60 °C for 12 h to obtain
a white powdered solid.
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Preparation of FA-PEG@ZIF8@CIP

FA-PEG@ZIF-8@CIP was prepared by surface modification of ZIF-8@CIP with FA-PEG. Briefly, 25 mg of FA-PEG
was dissolved in 5 mL of deionized water, followed by the addition of 50 mg of ZIF-8@CIP. The mixture was
continuously stirred at room temperature for 48 h under light-protected conditions. After the reaction was completed,
the precipitate was collected by centrifugation at 11,000 rpm and washed three times with deionized water to remove
unbound FA-PEG. The final product was dried under vacuum to obtain the FA-PEG-modified ZIF-8@CIP composite.

Characterization of Nanoparticles

The morphology and microstructure of the synthesized nanoparticles were characterized by transmission electron
microscopy (TEM, JEM-2100, JEOL, Japan) and scanning electron microscopy (SEM, Sigma 300, ZEISS, Germany).
The hydrodynamic diameter and zeta potential of ZIF-8, ZIF-8@CIP, and FA-PEG@ZIF-8@CIP were determined using
a Mastersizer 3000 instrument, and all measurements were performed in triplicate. The crystal structures of the
nanoparticles were analyzed by X-ray diffraction (XRD) using a D8 Advance diffractometer. Ultraviolet-visible (UV-
Vis) absorption spectra were recorded with a UV-2550 spectrophotometer to evaluate the optical properties and confirm
drug loading. Fourier transform infrared (FTIR) spectra were collected using a Nicolet 6700 spectrometer to identify the
characteristic functional groups and verify the successful incorporation of CIP and FA-PEG.

Drug Loading Capacity Determination

The drug loading efficiency (DLE%) of CIP and the entrapment efficiency (EE%) of FA-PEG was measured by UV
spectrophotometer at 278 nm and 280nm absorption wavelength, respectively. The solution was established in the
concentration range of 5-10 ug/mL. The DLE% and EE% were calculated using the following equations:

Mass of encapsulated CIP in FA — PEGQZIF8QCIP

DLE% —
° Total mass of FA — PEGQZIFSQCIP

x 100%

Mass of FA — PEG in FA — PEGQZIF8QCIP
EE% = 100
° Total mass of FA — PEG x %

Hemolysis Assay

The hemocompatibility of FA-PEG@ZIF-8@CIP was evaluated by a hemolysis assay. Briefly, FA-PEG@ZIF-8@CIP
dispersions at different concentrations (0, 50, 100, 150, and 200 pg/mL) were incubated with a 2% suspension of freshly
collected erythrocytes under physiological conditions (37 °C) for 2 h. After incubation, the samples were centrifuged and
the supernatant was collected. The absorbance at 540 nm was measured using a microplate reader (BioTek, USA) to
quantify hemoglobin release.

Tumor Targeting Ability of FA-PEG@ZIF8@CIP

The tumor-targeting ability of FA-PEG-modified nanoparticles was evaluated using 4T1 breast cancer cells. Concisely,
4T1 cells were seeded in 6-well plates at a density of 1x10° cells per well and cultured in DMEM supplemented with
10% fetal bovine serum and 1% penicillin—streptomycin at 37 °C.

Because the nanoparticles themselves were non-fluorescent, the lipophilic fluorescent dye Dil (10 pM) was used for
labeling. After 24 h of cell attachment, the cells were incubated with three different nanoparticle formulations: (A) Dil-
labeled ZIF-8@CIP dispersed in folate-deficient DMEM; (B) Dil-labeled FA-PEG@ZIF-8@CIP dispersed in FA-
containing DMEM; (C) Dil-labeled FA-PEG@ZIF-8@CIP dispersed in FA-deficient DMEM. Cells were incubated
with the nanoparticles for 45 min, followed by washing three times with PBS to remove unbound nanoparticles. The
cells were then fixed with 4% paraformaldehyde, and nuclei were stained with Hoechst dye. Fluorescence images were
acquired using an inverted fluorescence microscope (Olympus, Japan). Dil and Hoechst signals were detected using
separate filter sets corresponding to their respective excitation and emission wavelengths.
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Cellular Uptake of FA-PEG@ZIF8@CIP

The cellular uptake behavior of the nanoparticles was further investigated using indocyanine green (ICG) as a fluorescent
probe. Briefly, 4T1 cells were seeded in 6-well plates at a density of 1x10° cells per well and cultured for 24 h at 37 °C in
DMEM supplemented with 10% fetal bovine serum and 1% penicillin—streptomycin.

Cells were then incubated with different drug formulations containing ICG for 1 h or 4 h under dark conditions. After
incubation, the cells were washed twice with PBS and stained with Hoechst 33342 for 30 min. The samples were
subsequently observed using an inverted fluorescence microscope (Olympus, Japan) to evaluate intracellular fluorescence
distribution.

Cytotoxicity Assay Using CCK-8

The cytotoxicity of different formulations was evaluated using the CCK-8 assay. Concisely, 4T1 cells were seeded in 96-
well plates and allowed to adhere overnight. The cells were then treated with PBS, PBS + US, ZIF-8@CIP, ZIF-8@CIP +
US, FA-PEG@ZIF-8@CIP, or FA-PEG@ZIF-8@CIP + US at various concentrations.

For ultrasound treatment, cells in the US groups were exposed to ultrasound irradiation (1.0 MHz, 1.5 W/em?, 50%
duty cycle, 1 min) after 12 h of incubation with the nanoparticles. Following ultrasound exposure, the cells were further
incubated for an additional 12 h. Cell viability was then determined using a CCK-8 kit according to the manufacturer’s
instructions, and the absorbance was measured using a microplate reader.

Live/Dead Cell Staining Assay

A Live/Dead staining assay was performed to visually assess cell viability after different treatments. Collectively, 4T1
cells were seeded in 6-well plates and treated with the corresponding formulations. Cells in the ultrasound groups
received ultrasound irradiation (1.0 MHz, 1.5 W/cmz, 50% duty cycle, 1 min).

After treatment, the cells were incubated for an additional 12 h (for ultrasound groups) or 24 h (for non-ultrasound
groups). Subsequently, the cells were collected by centrifugation and washed twice with PBS. The cells were then stained
with Calcein AM (1 pL) and propidium iodide (0.5 pL) according to the manufacturer’s instructions. Fluorescence
images were captured using an inverted fluorescence microscope (Olympus, Japan).

ROS Generation Assay
Intracellular ROS generation was evaluated using the fluorescent probe DCFH-DA. Briefly, 4T1 cells were seeded in
6-well plates and cultured for 18-24 h. The cells were then incubated with PBS, ZIF-8@CIP, or FA-PEG@ZIF-8@CIP
for 6 h.

For ultrasound treatment, cells in the designated groups were exposed to ultrasound irradiation (1.0 MHz, 1.5 W/cm?,
50% duty cycle, 1 min). After ultrasound treatment, the cells were further incubated for 4 h and then stained with DCFH-
DA. The intracellular fluorescence signals were observed using an inverted fluorescence microscope (Olympus, Japan).

ICD Expression Detection Experiment

To evaluate immunogenic cell death (ICD), the expression of calreticulin (CRT), high mobility group box 1 (HMGB1),
and ATP release was analyzed.4T1 cells were cultured and divided into different treatment groups. Cells in the ultrasound
groups were exposed to ultrasound irradiation (1.0 MHz, 1.5 W/em?, 50% duty cycle, 1 min) after drug treatment.

For CRT detection, treated cells were fixed with 4% paraformaldehyde for 30 min and incubated with a primary
antibody against CRT overnight at 4 °C. After washing with PBS, the cells were incubated with FITC-conjugated
secondary antibodies for 1 h. The nuclei were counterstained with Hoechst 33342 for 30 min. Fluorescence images were
obtained using an inverted fluorescence microscope, and fluorescence intensity was quantified using ImageJ software.For
HMGBI detection, cells were fixed and permeabilized with 0.5% Triton X-100 for 10 min before incubation with an anti-
HMGBI primary antibody. The subsequent staining procedures were the same as those described for CRT detection. ATP
release after different treatments was quantified using an ATP detection kit (Solarbio) according to the manufacturer’s
protocol.
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Ultrasound Imaging Experiments

In Vitro Contrast-Enhanced Ultrasound Imaging

For in vitro contrast-enhanced ultrasound imaging, the samples were divided into five groups: PBS, SonoVue (SV), ZIF-
8, ZIF-8@CIP and FA-PEG@ZIF-8@CIP. Each sample was prepared as a suspension at different concentrations. The
suspensions were transferred into plastic Pasteur pipettes and immersed in ultrapure water for ultrasound imaging. In
vitro ultrasound imaging was performed using a color Doppler ultrasound diagnostic system (GE Logiq E9) in both
B-mode and contrast-enhanced mode. The contrast-enhancement performance of each sample was evaluated under
different mechanical index (MI) settings (0.10, 0.20, 0.30, 0.40, and 0.50). Regions of interest (ROIs) were selected

from the contrast-enhanced images for quantitative analysis of ultrasound signal intensity.

In Vivo Contrast-Enhanced Ultrasound Imaging

For in vivo contrast-enhanced ultrasound imaging, female BALB/c mice were randomly divided into five groups: PBS,
SV, ZIF-8, ZIF-8@CIP and FA-PEG@ZIF-8@CIP. The mice were anesthetized by intraperitoneal injection of sodium
pentobarbital (10 mg/mL, 20 mL/kg), and the tumor area was depilated before imaging. In vivo ultrasound imaging was
carried out using a GE Logiq E9 ultrasound diagnostic system equipped with an L12-5 linear array transducer (5—12
MHz). Consistent with the in vitro setting, a MI ranging from 0.1 to 0.5 was selected for contrast-enhanced imaging of
the tumor region. Mice in the PBS, SV, ZIF-8, ZIF-8@CIP and FA-PEG@ZIF-8@CIP groups were intravenously
injected via the tail vein with 200 pL of PBS, 200 uL of SV (5 mg/mL), 200 uL of ZIF-8 (0.75 mg/mL), 200 pL of
ZIF-8@CIP (0.75 mg/mL) and 200 pL of FA-PEG@ZIF-8@CIP (0.75 mg/mL), respectively. Contrast-enhanced ultra-
sound images of the tumor regions were then acquired, and ROIs were selected for quantitative analysis of ultrasound
signal intensity.

In Vivo Animal Fluorescence Imaging

To evaluate the in vivo biodistribution and tumor-targeting ability of the nanoparticles, tumor-bearing mice were
randomly divided into two groups (n = 3 per group). Fluorescence imaging was performed using an IVIS imaging
system at predetermined time points following intravenous administration of the formulations. At the end of the
experiment, the mice were euthanized, and major organs (heart, liver, spleen, lung, and kidney) as well as tumor tissues

were excised for ex vivo fluorescence imaging.

In Vivo Antitumor Activity
A subcutaneous 4T1 tumor model was established in female BALB/c mice. Briefly, 4T1 cells (1 x 10°) were injected
subcutaneously into the flank of the mice. When the tumor volume reached approximately 100 mm® (about 7 days after
inoculation), the mice were randomly divided into four groups, with 5 mice in each group (G1: PBS, G2: PBS+US, G3:
ZIF8@CIP, G4: ZIF8@CIP+US, G5: FA-PEG@ZIF8@CIP, and G6: FA-PEG@ZIF8@CIP+US).

For the ultrasound (US) groups, ultrasound irradiation (1.0 MHz, 2.5 W/cm?, 50% duty cycle, 5 min) was applied
6 h after drug administration. Tumor volume and body weight were recorded every two days during the treatment period.
Tumor volume was calculated using the following formula:

length x width?

Tumor volume = >

At the end of the treatment period, mice were sacrificed, and tumor tissues and major organs (heart, liver, spleen,
lung, and kidney) were harvested for histological analysis. Hematoxylin and eosin (H&E) staining, Ki67 immunohisto-
chemical staining, and TUNEL assays were performed to evaluate tumor proliferation and apoptosis. In addition, blood
samples were collected via retro-orbital bleeding for biochemical analysis.
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In Vivo Antitumor Immune Response Assessment

To evaluate immune responses induced by the treatments, lymph nodes, spleens, and tumor tissues were collected from
treated mice and processed into single-cell suspensions by mechanical dissociation and filtration through a 40 pm cell
strainer.

The immune cell populations were analyzed using a flow cytometer (BD Accuri C6 Plus). Dendritic cell (DC)
maturation in lymph nodes was evaluated by detecting CD11¢"CD80°CD86" cells. In tumor tissues, multiple immune
cell populations were analyzed, including CD4" T cells, CD8" T cells, CD8 Granzyme B" cytotoxic T cells, and
regulatory T cells (Tregs, defined as CD4 Foxp3" cells). Additionally, splenic lymphocytes were stained with antibodies
against CD3, CD4, CD8, and IFN-y to evaluate the infiltration of CD4" and CD8" T cells and the expression of IFN-y.

In Vivo Therapy Effect of the Lung Metastasis Model
To evaluate the therapeutic efficacy of the nanoparticles in a lung metastasis model, a subcutaneous 4T1 tumor model
was first established in female BALB/c mice. The mice were randomly assigned to four groups, with 5 mice in each
group (G1: PBS, G2: ZIF8@CIP, G3: FA-PEG@ZIF8@CIP, and G4: FA-PEG@ZIF8@CIP+US). For the ultrasound
groups, ultrasound irradiation (1.0 MHz, 2.5 W/em?, 50% duty cycle, 5 min) was applied 6 h after administration.
After the final treatment, lung metastasis was induced by intravenous injection of 4T1 cells (3 x 10°) through the tail
vein. On day 22, the mice were euthanized, and lung tissues were collected and photographed to record metastatic
nodules. The lungs were then fixed in 4% paraformaldehyde and subjected to hematoxylin and eosin (H&E) staining for
histological examination.

In Vivo Biosafety Assessment
To evaluate the in vivo biosafety of the nanoparticles, body weight changes of the mice were monitored throughout the
treatment period. At the end of the experiment, major organs (heart, liver, spleen, lung, and kidney) were collected for
histological examination using H&E staining.

Additionally, blood samples were collected from the mice for serum biochemical analysis to assess potential systemic
toxicity.

Statistical Analysis

Statistical evaluations were carried out employing an unpaired Student’s #-test or one-way ANOVA. The assessment of
significance was performed using GraphPad Prism (10.0). Data are presented as the mean+ standard deviation (S.D.) ns:
no significance, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results and Discussion

Synthesis and Characterization of FA-PEG@ZIF8@CIP

Scheme 1 illustrates the synthetic route for the FA-PEG@ZIF-8@CIP nanoplatform and its proposed application in
cancer theranostics. Briefly, ZIF-8 was first synthesized through the coordination of 2-methylimidazole with Zn>".
Ciprofloxacin (CIP) was then loaded into the ZIF-8 framework through multiple interactions, including electrostatic
attraction, hydrogen bonding, and n—r stacking. Finally, FA-PEG was introduced onto the nanoparticle surface to obtain
FA-PEG@ZIF-8@CIP (Figure 1A).

The morphology and microstructure of the nanoparticles were examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Figure 1B and C, both ZIF-8 and FA-PEG@ZIF-8@CIP
exhibited well-defined three-dimensional structures. Compared with the typical rhombic dodecahedral morphology of
ZIF-8, FA-PEG@ZIF-8@CIP displayed a less regular shape with relatively blurred edges, suggesting successful surface
modification after FA-PEG coating. Additionally, hydrodynamic size analysis revealed that both ZIF-8 and FA-PEG
@ZIF-8@CIP exhibited relatively uniform particle size distributions (Figure 1D and E), with polydispersity index (PDI)
values of 0.218 and 0.239, respectively, indicating their favorable dispersion stability.
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Scheme | The synthetic route for the FA-PEG@ZIF-8@CIP nanoplatform and its proposed application in cancer theranostics.

The crystalline structures of ZIF-8, CIP, ZIF-8@CIP, FA-PEG, and FA-PEG@ZIF-8@CIP were further characterized
by X-ray diffraction (XRD) (Figure 1F). The diffraction pattern of ZIF-8 was consistent with previously reported data,*!
confirming the successful synthesis of the ZIF-8 framework. Importantly, the characteristic diffraction peaks of ZIF-8
were retained after CIP loading, indicating that the crystalline framework remained intact during the drug-loading
process. In addition, the XRD pattern of FA-PEG@ZIF-8@CIP preserved the major diffraction features of ZIF-8,
while changes in peak intensity, particularly in the low-angle region, were observed after FA-PEG modification. This
finding suggests that surface functionalization with FA-PEG affected the diffraction behavior of the nanoparticles without
disrupting the overall ZIF-8 structure.

The surface charge properties of the nanoparticles were assessed by zeta potential measurements. As shown in
Figure 1G, the zeta potentials of ZIF-8, ZIF-8@CIP, and FA-PEG@ZIF-8@CIP were +19.24 mV, —15.81 mV, and
—10.96 mV, respectively. The positive charge of ZIF-8 is attributable to the presence of Zn>" and imidazole groups on its
surface. After CIP loading, the surface potential shifted from positive to negative, which may be associated with the
negatively charged carboxyl groups of CIP as well as their interactions with the ZIF-8 framework. Following FA-PEG
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modification, the nanoparticles remained negatively charged, further supporting successful surface functionalization.

These stepwise changes in zeta potential are consistent with the sequential loading of CIP and coating with FA-PEG.
UV-Vis spectroscopy further confirmed drug incorporation. As shown in Figure 1H, both ZIF-8@CIP and FA-PEG

@ZIF-8@CIP exhibited a characteristic absorption peak at 278 nm, consistent with the absorption profile of CIP,
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indicating successful encapsulation of CIP in the nanoparticles. Fourier transform infrared (FT-IR) spectra provided
additional evidence for nanoparticle assembly and surface modification (Figure 1I). Compared with free CIP, the
characteristic peak of CIP at 1250 cm ' showed a red shift after incorporation into the ZIF-8 system, suggesting
coordination interactions between the carbonyl groups of CIP and Zn®" within the framework. Moreover, characteristic
absorption bands attributed to FA-PEG, including those at 2880-2798 c¢cm ' and 1100 cm', were detected in the
spectrum of FA-PEG@ZIF-8@CIP, further confirming successful FA-PEG modification.

Based on the standard calibration curve and UV—Vis quantification of CIP and FA-PEG, the DLE of CIP in FA-PEG
@ZIF-8@CIP was 57.84% and the EE% of FA-PEG was 50.69%.

Assessment of the in Vitro Antitumor Efficacy of FA-PEG@ZIF8@CIP

As shown in Figure 2A, intracellular red fluorescence was already detectable in the FA-PEG@ZIF-8@CIP group after
1 h of incubation, indicating that the nanoparticles had begun to be internalized by 4T1 cells. After 4 h, the fluorescence
intensity was further increased, suggesting enhanced intracellular accumulation over time. To further validate this
observation, fluorescence intensity was quantitatively analyzed using Imagel], and the results are presented in
Figure 2B. Quantitative analysis showed that the fluorescence intensity in the FA-PEG@ZIF-8@CIP group was the
highest at both 1 h and 4 h among all groups, indicating efficient cellular uptake of FA-PEG@ZIF-8@CIP. In contrast, in
MDA-MB-231 cells (which have low folate receptor expression), both the fluorescence signal and the quantified intensity
of FA-PEG@ZIF8@CIP remained relatively unchanged between 1 h and 4 h (Figure S1A and B). The markedly lower
uptake in these cells, compared to 4T1 cells, confirms that the efficient internalization in high-expressing cells is
attributable to the specific binding of FA-PEG to the folate receptor.

We next evaluated the targeting capability of FA-PEG@ZIF-8@CIP. Fluorescence microscopy images of Dil-labeled
nanoparticles are shown in Figure S2, in which the nuclei of 4T1 cells were stained with Hoechst (blue) and
nanoparticles were labeled with Dil (red). After 50 min of co-incubation, unbound nanoparticles were removed by
washing. In the non-targeted ZIF-8@CIP group, only weak red fluorescence was observed around the nuclei (Figure
S2A), indicating limited cellular association in the absence of FA-mediated targeting. In contrast, cells treated with FA-
PEG@ZIF-8@CIP exhibited markedly stronger red fluorescence surrounding the nuclei (Figure S2B and C), suggesting
enhanced binding and/or internalization of the nanoparticles. The strongest fluorescence signal was observed in the FA-
free DMEM group (Figure S2C), which may be attributed to reduced competition from free folate and more efficient
folate receptor-mediated uptake.

Subsequently, the cytotoxicity of different treatments was evaluated by the CCK-8 assay at 100 pg/mL, as shown in
Figure 2C. After 24 h of incubation, the PBS group showed negligible cytotoxicity, whereas the PBS + US group
exhibited only slight growth inhibition, which may be attributable to the effect of ultrasound alone. In contrast, both ZIF-
8@CIP + US and FA-PEG@ZIF-8@CIP + US induced marked cytotoxicity, reducing 4T1 cell viability to 48.0% and
23.3%, respectively, which was significantly lower than that of their corresponding non-ultrasound groups. This
enhanced cytotoxicity is likely associated with ultrasound-triggered ROS generation, which promoted tumor cell
death. In addition, FA-PEG@ZIF-8@CIP exhibited stronger cytotoxicity than ZIF-8@CIP under the same conditions,
suggesting that FA-PEG modification improved cellular uptake and thereby enhanced therapeutic efficacy. We further
evaluated the effects of different concentrations of ZIF-8@CIP, ZIF-8@CIP + US, FA-PEG@ZIF-8@CIP, and FA-PEG
@ZIF-8@CIP + US on 4T1 cells (Figure S3). The results demonstrated a concentration-dependent inhibitory effect, with
increasing concentrations resulting in progressively lower cell viability. Moreover, ultrasound further enhanced the
cytotoxic effect of both nanoparticle formulations. Taken together, these findings indicate that FA-PEG@ZIF-8@CIP
combined with ultrasound exerts the strongest inhibitory effect on 4T1 cell viability.

These results were further supported by live/dead staining (Figure 2D). Compared with the other groups, the FA-PEG
@ZIF-8@CIP + US group showed markedly increased red fluorescence and reduced green fluorescence, indicating
extensive cell death after treatment. In contrast, the FA-PEG@ZIF-8@CIP group without ultrasound treatment displayed
predominantly green fluorescence, suggesting limited cytotoxicity in the absence of ultrasound activation. These
observations further confirm the pronounced in vitro antitumor effect of FA-PEG@ZIF-8@CIP under ultrasound
irradiation.
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We next investigated intracellular ROS generation using the ROS-sensitive fluorescent probe DCFH-DA. As shown
in Figure 2E, all ultrasound-treated groups exhibited stronger green fluorescence than their corresponding non-ultrasound
groups, confirming that ultrasound irradiation enhanced ROS production by the sonosensitizing components, including
CIP and ZIF-8. Quantitative analysis of ROS fluorescence intensity was performed using Image] and is shown in
Figure 2F. Among all treatment groups, the FA-PEG@ZIF-8@CIP + US group exhibited the highest ROS signal,
indicating the strongest oxidative stress response. This may be attributed to the improved tumor cell targeting conferred
by FA-PEG, which promoted greater nanoparticle accumulation and thereby enhanced ROS generation under ultrasound
irradiation.

To further determine whether FA-PEG@ZIF-8@CIP induced immunogenic cell death (ICD), we examined the
expression of high-mobility group box 1 (HMGBI1), calreticulin (CRT), and extracellular ATP release in treated tumor
cells. As shown in Figure 2G, the FA-PEG@ZIF-8@CIP + US group displayed decreased nuclear HMGBI1 fluorescence
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together with enhanced extranuclear fluorescence, indicating HMGBI translocation. In contrast, HMGBI1 fluorescence in
the PBS group remained mainly confined to the nucleus. Quantitative analysis in Figure 2H further showed that the
fluorescence intensity in the FA-PEG@ZIF-8@CIP + US group was significantly higher than that in the other groups.
Similarly, CRT fluorescence images (Figure 21) and mean fluorescence intensity analysis (Figure 2J) showed that the FA-
PEG@ZIF-8@CIP + US group exhibited the strongest CRT exposure among all groups. In addition, extracellular ATP
levels were markedly increased in this group (Figure 2K), further supporting the occurrence of ICD. Collectively, these
results demonstrate that FA-PEG@ZIF-8@CIP, upon ultrasound irradiation, effectively induces ICD in 4T1 cells. As
illustrated in Figure 2L, the core cytotoxic mechanism of sonodynamic therapy is closely associated with ROS generation
and subsequent ICD induction.

Analysis of Nanoparticle Contrast Imaging in Vitro and in Vivo

In Vitro Contrast Imaging Performance

To evaluate the in vitro ultrasound imaging performance of the nanoparticles, suspensions of FA-PEG@ZIF-8@CIP, ZIF-
8@CIP and ZIF-8 at defined concentrations were prepared, with PBS and SonoVue (SV) serving as controls. As shown
in Figure 3A and B, under contrast-enhanced ultrasound mode, the PBS group showed almost no change in signal
intensity as the mechanical index (MI) increased, indicating the absence of contrast-enhancing capability. In contrast, the
SV group exhibited a gradual increase in signal intensity when the MI increased from 0.1 to 0.3, followed by a decline at
higher MI values, suggesting limited stability under these conditions.

By comparison, both the FA-PEG@ZIF-8@CIP, ZIF-8@CIP and ZIF-8 groups showed progressively enhanced
ultrasound signals with increasing MI. Notably, the imaging performance of the ZIF-8 and FA-PEG@ZIF-8@CIP groups
was comparable, which is likely attributable to their similar ZIF-8 content. These findings indicate that the ultrasound
contrast effect mainly originated from the ZIF-8 component. This behavior may be associated with the porous structure,
high specific surface area, and favorable gas adsorption capacity of ZIF-8, which could reduce the cavitation threshold
and facilitate acoustic cavitation under ultrasound irradiation.**** As a result, stronger acoustic scattering was generated,
leading to increased signal intensity in the contrast-enhanced ultrasound images.

In Vivo Contrast Imaging Performance

Given the favorable in vitro imaging performance, we next evaluated the in vivo contrast-enhanced ultrasound imaging
capability of the nanoparticles in 4T1 tumor-bearing mice. As shown in Figure 3C, the tumor regions are outlined by
green dotted circles. Before injection, no obvious contrast-enhanced signal was observed in the tumor area. After
intravenous administration of the formulations, enhanced signals became detectable within the tumor region under
contrast-enhanced ultrasound mode. Moreover, the signal intensity gradually increased with increasing MI.

Compared with the PBS and SV groups, both the FA-PEG@ZIF-8@CIP, ZIF-8@CIP and ZIF-8 groups exhibited
stronger contrast signals in the tumor region. Quantitative analysis (Figure 3D) further confirmed that the ultrasound
contrast intensity increased progressively with MI. Importantly, the FA-PEG@ZIF-8@CIP group showed slightly
stronger contrast enhancement than the ZIF-8 group in vivo. This difference may be attributed to FA-PEG-mediated
active targeting, which promoted greater nanoparticle accumulation within the tumor tissue and thereby enhanced the
local imaging effect. Collectively, these results demonstrate that FA-PEG@ZIF-8@CIP possesses effective contrast-
enhanced ultrasound imaging capability both in vitro and in vivo, supporting its potential application in imaging-guided
tumor theranostics.

Analysis of the in Vivo Antitumor Efficacy of FA-PEG@ZIF8@CIP

Encouraged by the pronounced in vitro antitumor activity of FA-PEG@ZIF8@CIP, we next investigated its biodistribu-
tion and therapeutic performance in vivo. Prior to systemic administration, a hemolysis assay confirmed the favorable
hemocompatibility of FA-PEG@ZIF8@CIP, indicating its suitability for intravenous delivery (Figure S4).

To assess in vivo antitumor efficacy, 4T1 tumor-bearing mice were randomly assigned to six groups: PBS, PBS+US,
ZIF8@CIP, ZIF§@CIP+US, FA-PEG@ZIF8@CIP, and FA-PEG@ZIF8@CIP+US. Treatments were administered every
other day, followed by ultrasound irradiation (1.0 MHz, 2.5 W cm 2%, 50% duty cycle, 5 min) at 6 h post-injection
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(Figure 4A). To further examine in vivo distribution, mice were intravenously injected with free ICG or FA-PEG
@ZIF8@CIP/ICG, and fluorescence imaging was performed at different time points. As shown in Figure 4B, fluores-
cence signals were detectable at the tumor site as early as 1 h after administration of FA-PEG@ZIF8@CIP/ICG. Notably,
fluorescence remained clearly visible in the tumor region at 24 h, whereas the signal in the free ICG group declined
markedly. At 48 h post-injection, ex vivo imaging of tumors and major organs revealed substantially stronger fluores-
cence accumulation in tumors from the FA-PEG@ZIF8@CIP group than in the control group (Figure 4C). Consistently,
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quantitative analysis of ex vivo fluorescence intensity further confirmed that the tumor fluorescence signal was highest in
the FA-PEG@ZIF8@CIP group (Figure 4D). These findings indicate that FA-PEG functionalization improves tumor
accumulation and retention of the nanoplatform in vivo.

No significant body weight loss was observed in any group during the treatment period, suggesting acceptable
systemic tolerance (Figure 4E). At the experimental endpoint, the FA-PEG@ZIF8@CIP+US group exhibited the lowest
mean tumor weight among all groups, indicating the strongest tumor suppression efficacy (Figure 4F). Consistently,
mean tumor growth curves (Figure 4G) and individual tumor growth profiles (Figure 4H) both showed that FA-PEG
@ZIF8@CIP+US treatment most effectively inhibited tumor progression throughout the observation period.
Representative photographs of excised tumors further supported this result, with the smallest tumor size observed in
the FA-PEG@ZIF8@CIP+US group (Figure 4I). To eliminate interference from other factors, the treatment duration,
drug dosage (100 pg/mL) throughout the study, and treatment frequency were kept consistent across all mouse groups. In
addition, ultrasound monitoring demonstrated an obvious reduction in tumor volume after treatment in the FA-PEG
@ZIF8@CIP+US group (Figure 4J), further supporting its robust therapeutic efficacy in vivo.

Histological analyses provided further evidence of the enhanced antitumor effect. H&E staining revealed more
extensive tumor cell destruction in the FA-PEG@ZIF8@CIP+US group than in the other groups (Figure 4K). Ki67
staining showed the lowest proliferative activity in this group (Figure 4L), while TUNEL staining displayed the strongest
apoptotic signal, indicating the highest level of tumor cell apoptosis (Figure 4M). Importantly, no obvious pathological
abnormalities were observed in major organs by H&E staining at the endpoint (Figure S5), and serum biochemical and
immunological parameters remained comparable among the groups (Figure S6), supporting the in vivo biosafety of the
treatment.

Taken together, these results demonstrate that FA-PEG@ZIF8@CIP combined with ultrasound achieves the most
effective tumor suppression in vivo. This enhanced therapeutic performance is likely associated with improved tumor
accumulation mediated by FA-PEG modification, together with ultrasound-triggered amplification of therapeutic activity.
Therefore, FA-PEG@ZIF8@CIP represents a promising theranostic nanoplatform for safe and effective TNBC treatment.

Evaluation of the in Vivo Antitumor Immune Response Induced by Nanoparticles

To investigate the in vivo immune response triggered by FA-PEG@ZIF8@CIP, immune cell populations in lymph nodes,
tumors, and spleens were analyzed by flow cytometry. Because effective T-cell priming depends on antigen presentation
by dendritic cells (DCs), we first quantified DC maturation in tumor-draining lymph nodes. As shown in Figure 5A, the
FA-PEG@ZIF8@CIP+US group markedly increased the proportion of mature DCs to 28.6%, corresponding to a 2.7-fold
increase relative to the PBS group. This result indicates that the combined treatment effectively promoted antigen-
presenting cell activation in vivo.

We next examined immune cell infiltration within the tumor microenvironment. Compared with the PBS group, the
proportions of tumor-infiltrating CD8" T cells and CD4" T cells in the FA-PEG@ZIF8@CIP+US group increased by
2.9-fold and 2.6-fold, respectively (Figure 5B and C), indicating enhanced recruitment of effector T cells into tumor
tissue. Consistently, immunofluorescence staining further confirmed increased infiltration of CD8" T cells (green) and
CD4" T cells (red) in tumors following FA-PEG@ZIF8@CIP+US treatment (Figure S7).

In addition to increased T-cell infiltration, the cytotoxic activity of intratumoral T cells was also enhanced. As shown
in Figure 5D, the proportion of Granzyme B* CD8" T cells, a marker of cytotoxic effector function, was elevated by
2.8-fold in the FA-PEG@ZIF8@CIP+US group compared with the PBS group. In parallel, the proportion of immuno-
suppressive regulatory T cells (Tregs) was significantly reduced (Figure 5E), suggesting partial reversal of the immuno-
suppressive tumor microenvironment.

A similar trend was observed in the spleen, where the proportions of CD8" and CD4" T cells (Figure S8) or CD3" and
CD4" T cells (Figure S9) were also increased after FA-PEG@ZIF8@CIP+US treatment. Moreover, the percentage of
IFN-y"CDS8" T cells increased by 4.8-fold relative to the control group (Figure 5F), further supporting enhanced systemic
activation of antitumor cytotoxic T-cell responses.

Taken together, these results demonstrate that FA-PEG@ZIF8@CIP, when combined with ultrasound, not only
suppresses primary tumor growth but also elicits a robust antitumor immune response. This immune activation is
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characterized by enhanced DC maturation, increased infiltration of effector T cells, elevated cytotoxic function, and

reduced immunosuppressive Treg accumulation, collectively supporting the immunomodulatory potential of this nano-
platform in vivo.

Analysis of the Therapeutic Efficacy in a Nanoparticle Lung Metastasis Model in Vivo
Encouraged by the pronounced antitumor efficacy of FA-PEG@ZIF8@CIP, we further evaluated its antimetastatic
activity in a 4T1 lung metastasis model (Figure 6A). As shown in Figure 6B, numerous metastatic nodules were
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Abbreviation: ns, not significant.

observed in the PBS, ZIF8@CIP and FA-PEG@ZIF8@CIP groups, whereas only a few metastatic lesions were detected
in the FA-PEG@ZIF8@CIP+US group. Quantitative analysis further confirmed that FA-PEG@ZIF8@CIP+US signifi-
cantly reduced the number of pulmonary metastatic nodules compared with the control groups (Figure 6C). Consistently,
the lung weight in the FA-PEG@ZIF8@CIP+US group was also lower than that in the other groups (Figure 6D), which
is likely associated with the markedly reduced metastatic burden.
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Figure 5 In vivo immune activation induced by FA-PEG@ZIF-8@CIP treatment. (A) Flow cytometry analysis and quantification of mature dendritic cells (DCs, CDI Ic
*CD80"CD86%) in lymph nodes (n = 3, mean % SD). B-E) Flow cytometry analysis and quantification of CD3*CD8" T cells, CD3"CD4" T cells, CD8" Granzyme B* T cells,
and CD4"Foxp3™ T cells in tumor tissues (n = 3, mean * SD). (F) Flow cytometry analysis and quantification of CD8"IFN-y" T cells in spleens (n = 3, mean * SD).
Ultrasound parameters: 1.0 MHz, 1.5 Wicm?, 50% duty cycle, 5 min. **p < 0.01, ¥p < 0,001, **p < 0.0001.

Abbreviation: ns, not significant.

Histological examination of lung tissues provided further evidence for the antimetastatic effect. As shown in
Figure 6E, lung sections from the PBS group displayed extensive metastatic infiltration, with multiple well-defined

tumor lesions distributed throughout the pulmonary parenchyma. Higher-magnification images revealed dense tumor cell
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Figure 6 Therapeutic effect of FA-PEG@ZIF-8@CIP in the lung metastasis model. (A) Schematic illustration of the establishment of the lung metastasis model and the treatment
regimen. (B) Representative photographs of lungs harvested from each group at the experimental endpoint (n = 5). Black dotted circles indicate metastatic tumor nodules in the
lungs. (C) Number of lung metastatic nodules in each group at the experimental endpoint (n = 5, mean + SD). (D) Lung weight of each group at the experimental endpoint (n =5,
mean * SD). (E) Representative H&E-stained lung sections from each group at the endpoint. The black dashed squares indicate the regions of interest, and the black dashed lines
indicate the magnified areas. (F) Mean body weight of mice in each group at the experimental endpoint (n = 5, mean * SD). *p < 0.05, **¥p < 0.0001.

Abbreviation: ns, not significant.

clusters that largely disrupted the normal alveolar architecture and compressed the surrounding lung tissue. In contrast,
lung tissues from the FA-PEG@ZIF8@CIP+US group largely retained intact alveolar structures with a typical honey-
comb-like morphology, and metastatic lesions were markedly reduced. These histopathological findings are consistent

with the gross observations and quantitative analyses described above.
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Importantly, no significant body weight loss was observed in any treatment group during the experimental period
(Figure 6F), indicating acceptable systemic tolerance of the treatment. Taken together, these results demonstrate that FA-
PEG@ZIF8@CIP, when combined with ultrasound irradiation, effectively suppresses lung metastasis in vivo while
maintaining a favorable safety profile.

Conclusion

We developed an FA-PEG-functionalized, ciprofloxacin-loaded ZIF-8 nanoplatform (FA-PEG@ZIF-8@CIP) as
a theranostic strategy for triple-negative breast cancer (TNBC). ZIF-8 served not only as a drug carrier but also exhibited
intrinsic sonosensitizer properties. Its degradation releases Zn>*, which induces tumor cell apoptosis and enhances
reactive oxygen species generation under ultrasound irradiation. Ciprofloxacin, repurposed as an anticancer agent,
directly inhibits tumor cells and synergistically enhances sonodynamic therapy through Zn?* chelation. FA-PEG
modification improved tumor-targeting efficiency via folate receptor-mediated uptake and enabled pH-responsive drug
release in the acidic tumor microenvironment. This system also integrates ultrasound imaging for early tumor detection,
enhancing its diagnostic and therapeutic capabilities. In vivo, the FA-PEG@ZIF-8@CIP + US group exhibited a tumor
inhibition rate of 75.75%, 4.21-fold higher than the PBS group. Additionally, this treatment enhanced antitumor
immunity, as indicated by increased GranB" expression (32.2%) and reduced Treg cell infiltration (9.09%) in tumor
tissues. Overall, our findings demonstrate that this nanoplatform induces immunogenic cell death and activates robust
antitumor immunity, offering a multi-mechanistic synergy combining sonodynamic therapy, chemotherapy, and immu-
nomodulation. This strategy significantly enhances TNBC treatment efficacy and shows strong potential for clinical
translation.
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