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Purpose: This study aimed to develop a nanocatalytic-microbial therapeutic platform for colorectal cancer (CRC) that simultaneously
eliminates the tumor-associated pathobiont Fusobacterium nucleatum (F. nucleatum) and enhances catalytic tumor therapy.
Methods: An iron-based metal-organic framework (NH,-MIL-88B(Fe) composed of Fe*" clusters and 2-aminoterephthalic acid,
BDC-NH,) loaded with silver nanoparticles (NH,-MIL-88B(Fe)@Ag, denoted as MA) was constructed to integrate antibacterial
activity with reactive oxygen species (ROS)-mediated tumor killing. The physicochemical properties, catalytic activity, and anti-
bacterial performance of MA were characterized. Extracellular and intracellular ROS generation, cellular uptake, and cytotoxicity were
evaluated in CRC cells. In vivo antitumor efficacy and biosafety were further assessed in a CT26 mouse colon cancer cells (CT26)
subcutaneous tumor model with or without F. nucleatum inoculation.

Results: MA exhibited enhanced Fenton-like catalytic activity and generated more hydroxyl radicals than MOF alone in the presence
of H,O,, indicating that Ag nanoparticles amplified ROS production. MA also showed potent antibacterial activity against
F. nucleatum, enabling concurrent disruption of intratumoral bacteria and tumor cells. In vitro, MA induced pronounced ROS
accumulation and significantly reduced CRC cell viability. In vivo, MA markedly suppressed tumor growth, with superior therapeutic
efficacy in F. nucleatum-colonized tumors, demonstrating that bacterial elimination contributed substantially to tumor inhibition. No
evident systemic toxicity was observed during treatment.

Conclusion: MA is a promising nanocatalytic platform for CRC therapy that combines direct antibacterial action against F. nucleatum
with amplified ROS-mediated tumor cell killing. This dual-target strategy offers an effective and biocompatible approach for CRC
treatment by integrating microbiota intervention with nanocatalytic therapy.
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Introduction

Colorectal cancer (CRC) is a severe global health challenge. It is the second leading cause of cancer-related mortality and
ranks third in incidence worldwide."* The complex connection between CRC pathogenesis and gut microbiome has
garnered substantial scientific interest, revealing how microbial dysbiosis critically influences disease progression.®®
Among the various microbiota components, the gram-negative anaerobe, F. nucleatum, has emerged as a significant
oncogenic pathogen. Notably enriched in the fecal samples of CRC patients, F. nucleatum correlates strongly with

aggressive tumor phenotypes and unfavorable clinical outcomes.’ !
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The mechanistic underpinnings of F. nucleatum pathogenicity involve multiple molecular pathways. Through its
unique FadA adhesin, F. nucleatum binds to E-cadherin on host cells, upregulates membrane-associated protein Al
expression, and initiates pro-tumorigenic signaling cascades. Additional mechanisms include adhesion via the RadD
protein to CD147 receptors on CRC;'? stimulation of intestinal epithelial nuclear factor kappa B (NF-kB) signaling
mediated by Toll-like receptor 4 (TLR4);'* and suppression of antitumor immunity, thereby diminishing the efficacy of
immune checkpoint blockade therapy,'? to their direct bacterial action, F nucleatum metabolites significantly influence
CRC biology. Butyrate shows promise in enhancing anti-PD-1 responses in colorectal cancer that is microsatellite-
stable,'> whereas succinic acid enhances tumor resistance to T cell-mediated killing by inhibiting the cGAS pathway,
which is reversible with antibiotic treatment.'® Collectively, these findings indicated that F. nucleatum is a promising
therapeutic target for CRC management.

Existing antimicrobial strategies, particularly conventional antibiotics, have substantial limitations, including lack of
specificity and potential for microbial resistance.'’ 2 Consequently, innovative approaches for targeted bacterial
eradication are urgently needed. Recent advances in nanotechnology offer compelling alternatives. We have developed
antibacterial dendritic mesoporous silica and protein-based nanoparticles to eliminate intratumoral F. nucleatum and
enhance CRC treatment efficacy.”’ Similarly, Chen et al engineered a nanomimetic system that selectively targeted
tumor-colonizing bacteria, thereby overcoming immunosuppression and improving therapeutic outcomes.*? These studies
validated the feasibility and effectiveness of targeting F. nucleatum to augment CRC therapy.”>

Nanocatalytic treatment has become a viable approach for transforming endogenous substrates into highly reactive
species for targeted cancer ablation and antibacterial interventions.?®*° Specifically, Fenton reactions that transform
excess hydrogen peroxide (H,O,) in the tumor microenvironment into deadly hydroxyl radicals (*OH) can be triggered
by iron-based nanocatalytic materials, thereby achieving confined oxidative damage to cancer cells with limited off-target
effects.’* 3% Metal-organic frameworks (MOFs) are made up of organic linkers and metal ions and have attracted
substantial attention as ideal nanocatalytic platforms owing to their high surface area, tunable porosity, and structural
flexibility, which allows precise modulation of catalytic performance and multifunctional integration.>>>* Beyond tumor
therapy, MOF-based nanozymes have demonstrated potent antibacterial activity via redox-mediated bacterial membrane
disruption and oxidative stress induction.***> However, despite these advances, the interplay between intratumoral
microorganisms and catalytic nanotherapy remains largely unknown. In colorectal cancer, where the microbial ecosys-
tem, particularly F. nucleatum, plays a decisive role in tumor progression and therapeutic resistance, integrating microbial
eradication with catalytic tumor therapy may unlock synergistic therapeutic benefits.

In this study, we designed a novel nanomedicine platform that integrates intratumoral F. nucleatum eradication with
enhanced catalytic tumor therapy. We synthesized an iron-based MOF as a carrier and loaded silver nanoparticles onto its
surface via a redox reaction to form a composite MA. This design leverages the Fenton reactivity of the MOF component
to generate *OH from the tumor microenvironment H,O,, whereas the silver nanoparticles (Ag NPs) provide dual
functionalities: direct antibacterial action against F. nucleatum and amplification of the Fenton reaction. Upon uptake by
F. nucleatum-colonized colorectal cancer cells, MA simultaneously targets bacterial populations and tumor cells through
the generation of synergistic ROS. This study established a practical and innovative strategy for improving CRC
treatment by concurrently addressing oncogenic bacteria and enhancing catalytic tumor ablation (Scheme 1).

Methods

Materials and Reagents

Ferric (III) chloride hexahydrate, 2-aminoterephthalic acid and fluorescein isothiocyanate (FITC) were purchased form
Aladdin. N,N-dimethylformamide (DMF) and acetic acid were purchased form macklin. Sodium borohydride was
obtained from Yunnan Jingrui Technology Co., Ltd. Silver nitrate was obtained from China National Pharmaceutical
Group Chemical Reagent Co., Ltd. Dulbecco’s modified Eagle’s medium (DMEM), Fetal bovine serum (FBS), penicillin
—streptomycin and trypsin—EDTA (0.25%) were provided by Gibco. 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI), Reactive Oxygen Species (ROS) Assay Kit, Calcein AM/PI Live/Dead Viability/Cytotoxicity Assay Kit and
Annexin V-FITC Apoptosis Detection Kit were purchased from Beyotime. LIVE/DEAD Bacterial Staining Kit was
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Scheme | Diagrammatic illustration of the MA synthesis process and its TME-activated cancer nanocatalytic therapy mechanism. The Fenton-like reaction of MA catalyzes
H,O; to produce *OH and inhibits tumor growth. Under the dual action of *OH and Ag, F. nucleatum-mediated tumor ROS resistance is weakened, and tumor cell apoptosis
is expanded.

obtained from share-bio. Columbia Blood Agar Ready to Use Plate was purchased from BeNa Culture Collection. All the
mice were maintained under specific pathogen free (SPF) conditions after purchasing from Sibeifu (Suzhou)
Biotechnology Co., Ltd.

Synthesis of MOF

The synthesis of the NH,-MIL-88B(Fe) (MOF) nanoparticles was based on a previous study. Briefly, 0.792 mL of acetic
acid was added dropwise to the mixture after 0.504 g of 2-aminoterephthalic acid and 0.748 g of FeCl;-6H,O were
combined in 60 mL of DMF and stirred until they were fully dissolved. The system was then placed in an oil bath at 120
°C and stirred for four hours. Once the mixture cooled to room temperature, it was washed once with DMF and twice
with anhydrous ethanol to remove contaminants.

Synthesis of MA

A 4:1 mass ratio of the AgNO; solution was added to the MOF and stirred at 700 rpm for half an hour. Subsequently,
sodium borohydride was added to ultrapure water, which was pre-cooled to 4 °C and continuously stirred for half
an hour. After centrifugation, the MA was washed thrice with ultrapure water.

Characterization of MOF and MA

TEM was used to observe the morphologies of the MOF and MA. A Zetasizer Nanoseries (Malvern, UK) was used to
assess DLS and Zeta potential. K-Alpha (Thermal Scientific) was used for XPS analysis. UV-2700i (Shimadzu, Japan)
was used to record the UV—vis spectra of the nanoparticles. Inductively coupled plasma optical emission spectroscopy
(ICP-OES, Agilent Technologies) was used to measure the concentration of iron ions in the MOF and MA
nanoparticles.

Determination of Extracellular ROS Generation
To assess the capacity of NPs to produce ROS in vitro, we co-incubated MB with nanoparticles and observed the
degradation of methylene blue to be degraded. Briefly, MB was incubated with different concentrations of MOF and MA
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(50, 100, 200, 300, 400, and 500 pg/mL) for 10 min, with or without H,O,. The final concentrations of H,O, and MB
were 100 and 10 pg/mL, respectively. Subsequently, the changes in the absorbance of methylene blue at wavelengths of
400-800 nm using a UV spectrometer. Subsequently, DMPO was used to detect *OH radicals. Typically, DMPO is added
to an MES buffer solution containing MOF and MA, followed by the addition or absence of H,O,. An electron
paramagnetic resonance spectrometer was used to detect the *OH signal.

Cell Culture

CT26 cells purchased from the Chinese Academy of Sciences Shanghai Cell Bank were cultured in DMEM supple-
mented with 10% FBS and 1% streptomycin/penicillin at 37°C and 5% CO,.

Cellular Uptake of MA

To prepare fluorescently labeled MA nanoparticles for cellular uptake studies, fluorescein isothiocyanate (FITC,
Meilunbio) was conjugated to the amino groups of MOF within the MA nanocomposite. Briefly, 10 mg of MA
nanoparticles were dispersed in 5 mL of anhydrous ethanol by sonication for 10 min. FITC (1 mg) was dissolved in
1 mL of dimethyl sulfoxide (DMSO) to obtain a 1 mg/mL solution. The FITC solution was then added dropwise to the
MA dispersion under gentle stirring. The mixture was stirred at room temperature in the dark for 12 h to allow the
reaction. The FITC-labeled MA nanoparticles (denoted as MA-FITC) were collected by centrifugation (11,000 rpm,
10 min) and washed three times with anhydrous ethanol followed by three times with deionized water to remove
unreacted FITC. The final product was lyophilized and stored at 4 °C in the dark until further use.

CT26 cells were evenly spread on 12 well plates containing slides and incubated for 24 h. Next, MA nanoparticles
grafted with Fluorescein Isothiocyanate (FITC) were diluted in DMEM and added to a 12 well plate. Slides were
removed after incubation at different time points (0, 2, 4, 6, and 8 h). Observation of endocytosis of nanoparticles by cells
using CLSM.

In vitro Cytotoxicity Assay

CT26 cells were seeded in 96-well plates for 24 h. This was followed by a 24-hour incubation period with different doses
of MOF and MA (0, 5, 12.5, 25, 50, and 100 pg/mL). The cells were incubated for 40 min in DMEM containing 10%
CCK-8 without serum. Absorbance was measured at 450 nm using a SpectraMax M3 microplate reader.

Determination of Intracellular ROS Generation

For 24 h, CT26 cells were seeded in a 96-well plate. The cells were then exposed to several formulations (PBS, MOF,
and MA) at a concentration of 50 pg/mL for 24 h, with or without H,O,. Following a 25-minute dark incubation period at
37 °C with diluted DCFH-DA (Beyotime), intracellular ROS levels were measured using CLSM and flow cytometry.

Live/Dead Cell Staining Assay

For 24 h, the CT26 cells were seeded in a 12-well plate. The cells were treated with several formulations (PBS, MOF,
and MA) with or without H,O, for 24 h. The cells were incubated half-hour incubation with diluted Calcein AM/PI
(Beyotime Biotechnology). After three PBS washes, cells were examined under a fluorescence microscope to check for
cell death.

Cellular Apoptosis Detection

In a 12-well plate, CT26 cells were planted for 24 hours. The cells were then treated with several formulations (PBS,
MOF, and MA) with or without HO, for 24 h. The cells were incubated for 30 min with diluted Calcein AM/PI
(Beyotime Biotechnology). The cells were then washed thrice with PBS and examined under a fluorescence microscope
to check for cell death.
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Bacterial Culture
F. nucleatum was revived in a —80 °C freezer and added to brain heart infusion broth (BHI) medium before being
transferred to an anaerobic chamber at 37 °C for cultivation.

In vivo Antibacterial Study

F. nucleatum 10° CFU/mL (1 mL) was incubated with different materials (PBS, H,0,, MOF, MOF + H,0,, MA, and MA
+ H,0,) for 24 h, followed by a continuous dilution of 103 times. The bacterial solution (100 uL) was coated on a blood
agarose plate. After 24 h of cultivation in an anaerobic chamber at 37 °C, the antibacterial effect was evaluated using the
plate-counting method. In addition, the survival status of the bacteria was determined using the NucGreen and EthD-III
bacterial staining kits (Share-Bio). The two dyes were added under the above operating conditions and stained for 25 min
before observation using CLSM.

In vivo Antitumor Study

Balb/c mice (female, 6 weeks, 2025 g) were subcutaneously injected with CT26 cells (2 x 10°) on the back of their right
hind leg and randomly divided into five groups (n = 5): PBS (i.v)., 2) MOF (i.v)., 3) Fn (i.t). + MOF (i.v)., 4) MA (i.v).,
and 5) Fn (i.t). + MA (i.v)., when the tumor size was between 50 and 100 mm®, F. nucleatum was i.t. injected into tumor
with the dose of 1x10” CFU.** Subsequently, treatment was administered via tail vein injection of nanomedicine on days
1, 3, and 5. Among them, i.t. represents intratumoral injection, and i.v. represents intravenous injection in mouse. The
final administration concentration is based on the iron content, with an iron concentration of 31.8 pg/mL.*® The
nanoparticles in this study were measured by ICP, and the Fe content in MOF was 10%, while in MA it was 6.6%.
Every two days, the body weight and tumor size of the mice were recorded. Tumor volume was calculated as 1/2 x
((tumor length) x (tumor width)?). The tumor was removed on the fourteenth day. Paraformaldehyde and —80 °C were
used to preserve the tumor tissue for staining.

Statistical Analysis

All experimental data are presented as mean + standard deviation (SD). One-way analysis of variance (ANOVA) was
used to analyze statistical significance. Statistical significance was indicated by * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001. Data were analyzed using GraphPad software.

Results
Characterization of MOF and MA

To construct a platform capable of simultaneous antibacterial activity and catalytic tumor therapy, we developed
a nanocomposite, denoted MA nanozyme, by embedding silver nanoparticles (Ag NPs) within an iron-based metal-
organic framework (MOF). The successful synthesis and structural integration of the components were confirmed by
transmission electron microscopy (TEM). As shown in Figure 1A. The MOF exhibits an irregular octahedral structure
with a smooth surface. Following in situ reduction and loading of Ag, the resulting MA nanozyme (MA) composite
maintained its structural integrity (Figure 1B). Crucially, the TEM images revealed the presence of small, dark-contrast
points uniformly distributed throughout the MOF matrix, indicative of embedded Ag NPs. Elemental mapping analysis
further confirmed the composition of the composite, clearly illustrating the spatial distributions of iron (Fe) from the
MOF framework, nitrogen (N) and oxygen (O) originating from the organic linkers, and silver (Ag) (Figure 1C). We
further characterized the optical properties, hydrodynamic size, and surface charge of the nanoparticles. The UV—-Vis
absorption spectroscopy (UV—Vis) absorption spectra showed distinct profiles for MOF and MA (Figure 1D). Dynamic
light scattering (DLS) measurements indicated that the incorporation of Ag NPs resulted in a slight increase in the
hydrodynamic diameter from 180.5 + 2.1 nm for MOF to 191.6 + 8.3 nm for MA (Figure 1E). The zeta potential also
shifted from —7.14 + 0.87 mV for MOF to —13.47 £+ 0.45 mV for MA (Figure 1F), suggesting altered surface properties
after Ag incorporation. X-ray photoelectron spectroscopy (XPS) was employed to analyze the elemental composition and
chemical states of the materials (Figure S1). The high-resolution Fe 2p spectra of both the MOF and MA revealed that
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Figure | Characterization of MA nanozyme. TEM of (A) MOF and (B) MA. Scale bar: 100 nm. (C) Element mapping of MA. Scale bar: 50 nm. (D) UV-vis absorption spectra
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the proportion of Fe*" increased from 23.26% in MOF to 25.45% in MA (Figure 1G and H). This enhancement in Fe**
content is favorable for promoting the Fenton reaction. Additionally, the Ag 3d fine XPS spectrum confirmed that Ag
existed predominantly in the metallic state (Figure 11).

Extracellular ROS Generation by MOF and MA

To evaluate the *OH generation capability of MA in the presence of H,O,, electron paramagnetic resonance (EPR)
spectroscopy was performed using 5,5-dimethylpyrroline-1-oxide (DMPO) as the spin-trapping agent. As shown in
Figure 1J, both MOF and MA produced a characteristic 1:2:2:1 quartet signal corresponding to *OH after the addition of
H,0,.*” Notably, at the same mass concentration, the EPR signal intensity of MA was significantly stronger than that of
MOF, indicating superior catalytic activity. Concentration-dependent EPR studies further demonstrated that *OH gen-
eration increased with nanoparticle concentration, confirming dose-response behavior (Figure S2). The *OH production
was further corroborated using methylene blue (MB) as a reporter molecule, which decolorizes upon oxidation by *OH.**
In the absence of H,0,, only a minor decrease in MB absorption was observed for both the MOF and MA (Figure S3).
However, upon addition of H,O,, the MOF group showed a noticeable decrease in the MB absorption peak, and an even
more drastic decrease, indicative of extensive *OH generation, was observed in the MA group (Figure 1K and L). Both
EPR and MB decolorization assays consistently demonstrated that MA exhibited significantly enhanced catalytic
efficiency compared to MOF alone, an effect likely attributable to the incorporation of Ag NPs.*’

Cellular Uptake of MA by CT26 Cells

First, the cellular uptake of MA by the tumor cells was assessed. FITC-labeled MA was used to incubate CT26 mouse
colon cancer cells, which were then examined by confocal laser scanning microscopy (CLSM) at different intervals. The
results indicated the time-dependent cellular internalization of MA, supporting its potential for subsequent antitumor

applications (Figure S4).

In vitro Cytotoxicity of MOF and MA Toward CT26 Cells

The cytotoxicity of the nanoparticles and their inhibitory effects on CT26 cells were assessed using a Cell Counting Kit-8
(CCK-8) assay. After incubation with varying concentrations of MOF or MA, the MOF group exhibited high biocompat-
ibility with minimal cytotoxicity even at 100 pg/mL. MA, on the other hand, had somewhat higher cytotoxicity, which
may be attributed to its higher catalytic activity (Figure S5). Given that the concentration of H,O, in the tumor
microenvironment was approximately 100 uM, we further evaluated the antitumor effect of the nanoparticles under
these conditions. In the presence of 100 uM H,0,, MA induced significantly stronger tumor cell suppression than MOF,
which is consistent with its enhanced *OH generation capability, as established in previous experiments (Figure S6).

Intracellular ROS Generation in CT26 Cells

To assess intracellular reactive oxygen species (ROS) generation, CT26 cells were treated with the different formulations
and stained with 2,7-dichlorofluorescein diacetate (DCFH-DA). CLSM imaging revealed intense green fluorescence in
the MA + H,0, group, indicating substantial ROS production (Figure 2A). This result shows a pronounced rightward
shift in the fluorescence intensity of MA in the presence of H,O, (Figure 2B). Quantitative analysis of fluorescence
intensity using FlowJo software further confirmed that MA induced significantly higher ROS levels than the control and
MOF + H,0, groups (Figure S7).

Live/Dead Cell Staining and Apoptosis Analysis of CT26 Cells

Using a live/dead cell labeling experiment, in which viable and dead cells were stained with calcein-AM and propidium iodide
(PI), respectively, in vitro antitumor efficacy was further assessed. Fluorescence microscopy images showed weak green
fluorescence and extensive red fluorescence in the MA + H,O, group, indicating potent tumor cell death via the Fenton reaction
(Figure 2E). Finally, Annexin V-FITC/PI labeling and flow cytometry were used to analyze apoptosis. The MA + H,O, group
exhibited markedly higher rates of both early and late apoptosis than the control and MOF + H,0, groups (Figure 2C).
Quantitative analysis further confirmed the enhanced proapoptotic effect of MA under H,O,-rich conditions (Figure 2D).
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In vitro Antibacterial Activity of MA Against F nucleatum

Given the crucial role of Fusobacterium nucleatum in promoting colorectal carcinogenesis, its elimination is a promising
strategy for augmenting cancer therapies. Therefore, we evaluated the antibacterial activity of the nanoparticles against
F. nucleatum. First, the bacteria were co-cultured with the various formulations for 24 h. The resulting bacterial solutions
were collected, diluted, and plated on Columbia Blood Agar. Following a 24-hour anaerobic incubation at 37 °C, the
bacterial colonies were enumerated. As shown in Figure 3A, whereas the PBS control group exhibited dense bacterial
growth, treatment with MA alone led to a considerable reduction in colony-forming units (CFUs), emphasizing the
intrinsic antibacterial ability of the (Ag NPs). The addition of H,O, significantly increased the antibacterial activity. The
MA + H,O, group demonstrated the most effective clearance, with a substantial decrease in colony count compared with
the other groups. This enhanced efficacy was attributed to the synergistic action of the Ag NPs and *OH generated via the
Fenton reaction, leading to severe bacterial damage.

To further corroborate these findings, we assessed bacterial viability using a live/dead staining assay. Consistent with
the colony counting results, CLSM images revealed that the MA-alone group showed a noticeable increase in dead
bacteria compared to the control, MOF, and H,0O,-only groups (Figure 3B). The MA + H,0, group exhibited the most
intense red fluorescence (dead bacteria) and the highest ratio of dead bacteria to live bacteria. Collectively, the results
from both the quantitative plating and qualitative staining assays unequivocally demonstrate that MA, especially in
combination with H,O,, possesses superior bactericidal activity against F. nucleatum. The effective eradication of a key
oncogenic bacterium lays a solid foundation for exploiting this nanoplatform to promote tumor treatment.

In vivo Antitumor Efficacy and Biocompatibility of MA

Motivated by its strong antibacterial activity in vitro, we used a mouse model of colorectal cancer to assess MA’s
therapeutic potential of MA in vivo. First, F. nucleatum-associated colorectal cancer tumor models were randomly
divided into five groups: 1) PBS (i.v)., 2) MOF (i.v)., 3) Fn (i.t). + MOF (i.v)., 4) MA (i.v)., and 5) Fn (i.t). + MA (i.v).
Treatments were initiated the following day and administered intravenously every two days for a total of three doses

A Control H,0, MOF MOF+H,0, MA MA+H,0,
B Control H,0, MOF+H,0, MA+H,0,
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Figure 3 In vitro bactericidal performance assessment of MOF and MA against F. nucleatum. (A) Representative images of bacterial colonies on agar plates and the
corresponding quantitative analysis of F. nucleatum treated with PBS, H,O,, MOF, MOF + H,0,, MA, and MA + H,0,. (B) Viability assessment of F. nucleatum treated with
PBS, H,0,, MOF, MOF + H,0,, MA, and MA + H,0, using Nucgreen and EthD-lIl staining. Scale bar: 50 pm.
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(Figure 4A). Tumor volume and body weight were monitored throughout the study. Compared to the Fn + MOF group,
the Fn + MA group had the strongest therapeutic impact, with the highest reduction in tumor growth resulting from the
combination of MA’s inherent anticancer action of MA and its capacity to target intratumoral F. nucleatum. This was
evidenced by the smallest final tumor size (Figure 4B), most suppressed tumor growth curves (Figure 4C and F), and
lowest excised tumor weights (Figure 4E). We postulate that this superior efficacy stems from a dual mechanism: MA not
only directly kills tumor cells but also eliminates intratumoral F. nucleatum, thereby reversing F. nucleatum-mediated
apoptosis resistance and alleviating its associated immunosuppression, while the released bacterial components from the
killed F. nucleatum may potentially further stimulate an immune response. No discernible decrease in body weight was
observed in any of the groups, suggesting that the therapies caused no systemic harm (Figure 4D). Hematoxylin and
eosin (H&E) staining, immunohistochemistry, and fluorescence in situ hybridization (FISH) were used to gather and
examine the tumor tissues (Figure 4G). H&E staining of the Fn + MA group revealed prominent features of cell death,
including nuclear condensation and fragmentation. Immunohistochemical analysis for Ki67, a marker of cell prolifera-
tion, showed the weakest positive signal in the Fn + MA group, indicating effective suppression of tumor cell
proliferation. Conversely, the TdT-mediated dUTP nick end labeling (TUNEL) assay, which detects DNA fragmentation
during apoptosis, displayed the strongest signal in the Fn + MA group, confirming the induction of extensive apoptotic
cell death. Furthermore, FISH using a universal bacterial probe confirmed the presence of F. nucleatum (red) in the
inoculated groups and suggested its reduction following MA treatment, consistent with the designed antibacterial
function. A semi-quantitative analysis was conducted on FISH images, and the results showed that the relative level
of F. nucleatum in the MA group was lower, strongly indicating effective bacterial clearance (Figure S8). Besides,
previous studies have established that FadA adhesin, a virulence factor secreted by F. nucleatum, binds to E-cadherin and
activates the B-catenin signaling pathway. This activation further promotes the occurrence of tumors.’® The results
indicate that, the red fluorescence of the Fn + MOF group infected with F. nucleatum was significantly higher than that of
the control group, attributed to the promotion of B-catenin expression by the presence of F. nucleatum (Figure S9). It is
crucial that the treatment of the Fn + MA group reversed this change and significantly downregulated 3-catenin. Overall,
these findings suggest that MA nanoenzymes alleviate CRC cell proliferation and tumor progression by inhibiting the
activation, clearance, and targeted blockade of key virulence interactions induced by F. nucleatum in the B-catenin
pathway. In addition, the potential systemic toxicity of MA was further investigated by H&E staining of the major organs
(heart, liver, spleen, lungs, and kidneys) collected from the treated mice. No significant histological abnormalities or
inflammatory lesions were observed in any of the groups (Figure S10), confirming the biocompatibility of the MA
nanozyme. These in vivo results demonstrated that MA possesses powerful antitumor efficacy, which is significantly
enhanced in F. nucleatum-infected tamor microenvironments.

Discussion

The present study demonstrates that the rational integration of Ag nanoparticles into an iron-based MOF successfully
generated a multifunctional nanozyme platform with both antibacterial and antitumor potential. In the characterization
studies, TEM, elemental mapping, UV—vis spectroscopy, DLS, zeta potential, and XPS collectively confirmed the
successful construction of MA while preserving the overall morphology of the parent MOF. Importantly, the increased
Fe" proportion observed by XPS suggests that Ag incorporation not only introduced antibacterial functionality but may
also modulate the redox environment of the MOF, thereby favoring Fenton or Fenton-like catalytic reactions. This
structural basis is consistent with the enhanced catalytic behavior observed in subsequent assays.

In agreement with the extracellular ROS generation results, both EPR and MB degradation experiments confirmed
that MA exhibited stronger -OH generation capability than MOF in the presence of H,O,. This finding indicates that the
incorporation of Ag improved the catalytic efficiency of the system, which may be attributed to altered electron transfer
behavior and the increased availability of catalytically active Fe*' sites. Since the tumor microenvironment contains
endogenous H,0,, this enhanced ROS-generating capacity is particularly relevant for catalytic tumor therapy. At the
same time, the stronger oxidative activity of MA also provides a mechanistic basis for its antibacterial action against
F. nucleatum.
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The cellular uptake experiment further showed that MA could be effectively internalized by CT26 cells in a time-
dependent manner, which is an essential prerequisite for intracellular catalytic therapy. Efficient uptake likely facilitated
the subsequent intracellular ROS generation and cytotoxic responses. Consistent with this, the in vitro cytotoxicity assays
showed that MOF alone had relatively low toxicity, whereas MA exhibited stronger inhibitory effects on CT26 cells,
especially in the presence of H,O,. This result suggests that the therapeutic activity of MA is not merely due to material
exposure itself, but is closely associated with its catalytic activity under oxidative conditions.

The findings from intracellular ROS generation, live/dead staining, and apoptosis analysis further support this
mechanism. MA, particularly when combined with H,O,, induced the highest ROS level in CT26 cells, which was
accompanied by increased cell death and apoptosis. These results indicate that MA can effectively amplify oxidative
stress in tumor cells and thereby trigger apoptotic pathways. The consistency among ROS, viability, and apoptosis data
strengthens the conclusion that the antitumor effect of MA is largely driven by ROS-mediated catalytic therapy.

In the in vitro antibacterial study, MA showed clear bactericidal activity against F. nucleatum, and this effect was
further enhanced in the presence of H,O,. Considering the established role of F nucleatum in colorectal cancer
progression, chemoresistance, and immune modulation, its elimination may provide benefits beyond simple antibacterial
treatment. The strong antibacterial performance of MA is likely due to the combined effects of Ag-mediated bactericidal
activity and ROS-induced oxidative damage. Therefore, MA may act not only as a tumor catalytic therapeutic agent but
also as a regulator of the tumor-associated microbial microenvironment.

The in vivo antitumor study further demonstrated that MA achieved superior therapeutic efficacy in the F. nucleatum-
associated tumor model, as evidenced by reduced tumor volume, lower tumor weight, decreased Ki67 staining, and
increased TUNEL positivity. These findings suggest that the therapeutic advantage of MA may arise from a dual-action
mechanism: direct oxidative killing of tumor cells and simultaneous elimination of tumor-promoting bacteria. This dual
functionality is particularly meaningful in the context of colorectal cancer, where intratumoral bacteria can actively
contribute to tumor progression and treatment resistance. In addition, the absence of obvious body weight loss or
histological damage in major organs indicates favorable biocompatibility, supporting the translational promise of this
nanozyme system.

Overall, this study highlights the value of integrating nanocatalytic therapy with antibacterial intervention for
colorectal cancer treatment. By targeting both tumor cells and F. nucleatum, MA provides a synergistic strategy for
remodeling the tumor microenvironment and enhancing therapeutic outcomes. Nevertheless, several limitations should
be acknowledged. First, the precise molecular mechanisms by which MA modulates the interaction between bacterial
clearance and tumor suppression require further investigation. Second, although the current in vivo results are encoura-
ging, more comprehensive biosafety, pharmacokinetic, and biodistribution studies are still needed before clinical
translation. Despite these limitations, the present work provides a promising foundation for the development of multi-
functional nanozymes for microbiota-associated cancer therapy.

Conclusion

In conclusion, we developed a multifunctional Ag-integrated iron-based MOF nanozyme (MA) featuring both ROS-
generating catalytic activity and antibacterial capability, which was specifically designed to target colorectal cancer
together with its associated pathogenic microbiota. The key innovation of this work lies in the incorporation of Ag
nanoparticles, which not only directly eliminate F. nucleatum but also enhance the catalytic performance of the Fe-based
MOF, enabling a synergistic nanocatalytic-microbial therapeutic strategy. Experimentally, MA showed enhanced ROS
generation, efficient cellular internalization, increased cytotoxicity and apoptosis in CT26 cells, and strong antibacterial
activity against F. nucleatum. In vivo, MA exhibited superior antitumor efficacy in the CT26 colorectal cancer model,
particularly in F. nucleatum-associated tumors, while showing no evident systemic toxicity. These findings demonstrate
that simultaneous modulation of tumor cells and tumor-associated bacteria is an effective therapeutic approach and
highlight the potential of this MOF-based platform for targeted treatment of microbiota-associated colorectal cancer.

Data Sharing Statement

Data supporting the findings of this study are available from the corresponding authors upon reasonable request.
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