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Purpose: Irinotecan (CPT-11), a semisynthetic camptothecin derivative and topoisomerase I inhibitor, is globally used for treating
cancers such as colorectal cancer. However, its clinical application is limited by severe adverse effects, including diarrhea and
myelosuppression. Biomimetic nano-drug delivery is widely used and can improve chemotherapeutic activity and decrease side
effects.

Methods: In this study, we developed a cancer cell membrane-functionalized metal-organic frameworks for irinotecan/curcumin
(named MZCC) for colorectal cancer treatment. In this study, by combining irinotecan, curcumin, MOFs and functionalized cancer cell
membrane, a pH-sensitive drug delivery system of MZCC was developed for colorectal cancer treatment with enhanced chemother-
apeutic efficacy while reducing side effects. The characteristics and stability of MZCC were carefully examined, and its anti-cancer
efficiency was studied in vitro and in vivo. In vivo experiments in a murine colorectal cancer mouse model given intratumorally
MZCC injection every 4 days were used to assess antitumor efficacy and systemic toxicity.

Results: The MZCC system improved treatment antitumor efficacy by 2.3-fold compared with free CPT-11 through synergistic
chemotherapy. MZCC-treated groups exhibited a significant reduction in inflammatory cytokine levels within colon tissues; inflam-
mation levels decreased by 55% compared with free CPT-11, and colon length was restored to 79% of normal.

Conclusion: Our strategy effectively alleviates CPT-11-induced intestinal toxicity and mitigates adverse reactions. This approach may
provide a novel method for enhancing chemotherapeutic efficacy while reducing gastrointestinal toxicity.

Keywords: colorectal cancer, irinotecan, curcumin, metal-organic frameworks, cell membrane

Introduction

Colorectal cancer (CRC), the third most common cancer globally and the second leading cause of cancer-related deaths,’
is commonly treated with surgery, radiotherapy, and chemotherapy.” ® However, since surgery and radiotherapy are often
not viable options for most patients with advanced CRC, chemotherapy becomes essential for controlling disease
progression and improving quality of life. Key chemotherapeutic agents include irinotecan (CPT-11) and its active
metabolite 7-ethyl-10-hydroxy-camptothecin.”® Unfortunately, these drugs also induce cytotoxic effects in epithelial
cells, hematopoietic cells, and commensal bacteria, leading to significant toxic side effects such as gastrointestinal
toxicity (nausea, vomiting, and diarrhea).'® '? In addition, they also may cause inflammatory responses and chemokine

upregulation, leading to treatment resistance and tumor recurrence, thus limiting their effectiveness. These adverse
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effects frequently necessitate reducing the dosage or frequency of CPT-11 administration, severely limiting its use to
a minority of CRC patients with good performance status. Consequently, strategies to mitigate CPT-11 toxicity are
urgently needed to enhance its utility as a first-line therapy for CRC.

Natural products are a major focus in antitumor drug discovery because of their well-documented efficacy and vast
resource potential.'*>'* They are often perceived as safer with fewer side effects, and possess beneficial properties such as
immune enhancement and chemo-sensitization. Synergistic combination therapy incorporating natural chemosensitizers
is a promising emerging strategy to overcome multidrug resistance and mitigate the side effects of conventional
chemotherapeutics. Curcumin, a polyphenolic compound derived from turmeric (a traditional Chinese medicine), exhibits
diverse beneficial effects, including antitumor, antioxidant, antiviral, and antimutagenic activities.!>™!7 Therefore,
exploring the combination of curcumin with the commonly used chemotherapeutic agent CPT-11 for CRC treatment
merits carefully investigation.

In recent years, significant attention has been drawn to nanocarrier-mediated drug delivery platforms—including
polymeric micelles, liposomes, and hybrid organic-inorganic nanoparticles—due to their distinct physicochemical
characteristics in cancer treatment.'®° Metal-organic frameworks (MOFs) have gained recognition as highly promising
drug carriers, facilitating therapeutic loading via either physical encapsulation or chemical conjugation strategies.”' >
Because of their large porosity and hydrophobic voids, MOFs have a higher drug loading capacity than traditional
carriers.”*® Their controlled host-guest interactions and biodegradability further enhance their appeal for drug delivery
applications.”’ >° Additionally, surface functionalization is a well-established strategy for improving MOFs biocompat-
ibility and targeting.*' >* Biomimetic nano-drug delivery systems typically comprise a drug-loaded core nanostructure
and an outer biomimetic membrane with biological activity.>*>’ A novel approach utilizing coatings derived from
biomimetic materials has revolutionized nanocarriers functionalization, involving transferring plasma membranes from
native cells onto synthetic nanocarriers.”® ** The resulting biomimetic material-coated nanocarriers retain the complex
surface characteristics of their source cells and acquire cell-mimicking functionalities. Extensive research has been
conducted on diverse biomimetic nanoparticle-coated formulations, demonstrating their significant promise for thera-
peutic delivery applications.

The mannose receptor (MR) which is highly expressed on macrophages and CRC cell lines are promising therapeutic
targets for cancer treatment via mediating receptor-specific endocytosis to enhance tumor accumulation.***** Building on
this finding, we engineered mannosylation cancer cell membrane (MCM)-coated zeolitic imidazole frameworks (ZIF-8)45
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Figure | Schematic diagram of the preparation of MZCC and MZCC-induced antitumor and anti-inflammatory activity.

co-loading CPT-11 and curcumin (CCM) to prepare MZCC for CRC treatment to enhance the therapeutic efficacy of
CPT-11 and reduce its systemic toxicity (Figure 1). This integrated nanoplatform concurrently addresses three critical
objectives: immune evasion through biomimetic membrane camouflage, active targeting through mannose-receptor
interactions, and controlled dual-drug release triggered by acidic tumor microenvironment. These advances represent
a significant step toward next-generation drug delivery systems that maximize therapeutic efficacy while minimizing
systemic toxicity.

Materials and Methods

Materials

Irinotecan was purchased from Aladdin Scientific Co., Ltd. (Shanghai, China). Curcumin was purchased from Macklin
reagent Co., Ltd. (Shanghai, China). 2-methylimidazole, zinc nitrate hexahydrate and Rhodamine B were purchased from
Sinopharm Chemical Co., Ltd (Shanghai, China). DMEM medium, PBS buffer, cell apoptosis kit, 0.25% trypsin and
McCoy’s medium was purchased from Servicebio Technology Co., Ltd (Wuhan, China). TNF-a ELISA kit, IL-6 ELISA
kit and IL-1p ELISA kit were purchased from Enzyme-linked Biotechnology Co., Ltd (Shanghai, China). Commercial
reagents including thiazolyl blue tetrazolium bromide (MTT) and an Annexin V-FITC/PI apoptosis detection kit were
obtained from Sangon Biotech (Shanghai, China). For animal studies, female BALB/c mice were acquired from SPF
Biotechnology (Beijing, China).

Methods

Characterization

Microstructural characterization was conducted using a JEM-2100 field emission TEM (JEOL, Japan) at an accelerating
voltage of 200 kV. Particle size distribution and surface charge measurements were obtained with a Malvern Zeta-sizer
Nano ZS90 instrument (England). The Hitachi U3900H system (Japan) was utilized for ultraviolet-visible absorption
measurements. Fluorescence spectral analysis was conducted on a Hitachi F-7100 platform (Japan), with Fourier-
transform infrared spectroscopy performed on Bruker’s Tensor 27 instrument (Germany). Fluorescence imaging was
performed on a Leica TCS SP8 laser scanning confocal microscope (Germany). The MTT-based cytotoxicity results were
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quantified by a Spark® multimode plate reader from Tecan (Switzerland). Flow cytometry analysis was obtained via
a Flow Cytometer (Beckman, USA). In vivo fluorescence images were obtained on an IVIS® Spectrum in vivo imaging
system (PerkinElmer, USA).

Synthesis of ZIC

The synthesis of CPT-11@ZIF-8 (ZIC) followed a previously reported method. Initially, 20 mg of CPT-11 was dissolved
in 400 uL of an aqueous solution containing 33.6 mg of 2-methylimidazole (2-Melm). Next, 33.6 mg of zinc nitrate
hexahydrate (Zn(NO3), -6H,0) dissolved in 40 pL of water was added to the CPT-11/2-Melm solution under vigorous
stirring for 5 minutes. This reaction yielded a white ZIC precipitate. The product was isolated by centrifugation at
8000 rpm for 10 minutes and washed three times with water. For comparison, ZIF-8 without CPT-11 was also
synthesized according to the similar method.

Synthesis of ZICC

CCM was conjugated to ZIC to prepare ZICC using the following procedure. First, 0.25 mg of CCM was dissolved in
1 mL of 95% ethanol and stirred for 2 hours to ensure complete dissolution. Subsequently, 10 mg of ZIC was added to
the CCM solution. To facilitate CCM-ZIC conjugation, the solution was continuously agitated at 25°C for a 24-hour
period. The resulting yellow precipitate (ZICC) was collected by centrifugation at 8500 rpm for 10 minutes.

In vitro Drug Release Studies

Experiments investigating pH-sensitive drug release for MZCC were performed under both physiological pH and acidic
conditions (pH = 5.5, pH = 6.4, pH = 7.4) to mimic the acidic environment in tumor cells. At predetermined intervals,
1 mL samples were withdrawn and replaced with an equal volume of fresh PBS. The samples were then centrifuged, and
the clear supernatant was analyzed using UV—vis spectroscopy to quantify CPT-11 or CCM.

In vitro Anticancer Study

Cell lines used in this work were provided by National Collection of Authenticated Cell Cultures (Shanghai, China). We cultured
CT26 cells in DMEM enriched with 10% fetal bovine serum to investigate MZCC’s in vitro antitumor effects, maintaining
optimal growth conditions at 37°C with 5% CO, and high humidity. For the viability assay, CT26 cells were plated in a 96-well
plate. After 48 hours of incubation, the medium was replaced with serially diluted solutions of the test compounds (ZIF-8, CPT-
11, CCM, ZIC, ZICC, MZCC). Following an additional 24-hour incubation, cell viability was assessed using an MTT assay.
Following addition of MTT reagent to all wells and subsequent 4-hour incubation, DMSO was used to solubilize the formed
formazan crystals. Optical density measurements were then conducted at 540 nm with a microplate reader. Cell viability was
determined from the absorbance values, and the percentage growth inhibition was calculated relative to untreated controls.

Apoptosis Assay

For the cell apoptosis assay, CT26 cells (3 x 10° cells per well) were incubated for 24 hours with PBS (control), CPT-11
(16 pg/mL), CCM (5.2 pg/mL), ZIC (16 pg/mL), ZICC (16 pg/mL), or MZCC (16 pg/mL). Following three PBS washes,
cellular digestion was performed using trypsin. The collected cells were then suspended in 200 uL of 1x binding buffer
and incubated for 15 minutes in darkness after adding 5 pL. Annexin V-FITC and 10 pL propidium iodide. Apoptosis was
then analyzed by flow cytometry.

Preparation of Rh B-Labeled MZCC

Rh B-labeled MZCC was prepared by direct mixing of Rh B labeled MCM and ZICC. Here, the Rh B labeled MCM was
obtained by mixing Rh B and cell membrane directly and the combination between them was via physical absorption.
The mixture was reacted at room temperature in the dark for 24 hours. Unreacted Rh B was removed by repeated
washing with water via centrifugation until no detectable fluorescence signal remained in the supernatant. Finally, the Rh
B-labeled MZCC was vacuum-dried to remove residual water.

Cellular Uptake of MZCC
Confocal laser scanning microscopy (CLSM) and flow cytometric analysis were employed to evaluate the intracellular
accumulation of ZICC and MZCC in both CT26 and HT29 cell lines. For confocal imaging, cells were seeded in confocal
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dishes at a density of 1 x 10° cells/well and incubated in McCoy’s 5A medium (HT29 cells) or DMEM (CT26 cells), both
supplemented with 10% FBS. Following cell attachment, the medium was aspirated and cells were washed with PBS. Following
a 4-hour incubation at 37°C in serum-free medium containing either ZICC or MZCC (15 pg/mL), the cells underwent PBS
washing to eliminate unbound compounds. Subsequently, cells were washed with PBS to remove unbound material, stained with
DAPI to label nuclei, and given a final PBS wash. Fluorescent images were acquired using a confocal microscope.

Flow cytometry samples were prepared by plating cells at 10° cells/well in 24-well plates, with HT29 cells grown in
McCoy’s 5A and CT26 cells in DMEM, each medium containing 10% FBS. Following cell attachment, the medium was
aspirated and cells were washed with PBS. Cells were then treated with ZICC/MZCC (15 pg/mL) in serum-free medium
and incubated for 4 h at 37°C under 5% CO,. Following incubation, cold PBS washes were conducted prior to cell
detachment using 0.25% trypsin and isolation via centrifugation. The resulting cellular pellets were then prepared in
suspension for analysis by flow cytometry.

Hemolytic Assay

A hemolysis assay was conducted on ZIF-8 to evaluate the biocompatibility and safety of the material. Anticoagulated
blood was collected from experimental mice, and erythrocytes were isolated by centrifugation (5000 rpm, 5 min). The
erythrocyte pellet underwent triple-washing with PBS (pH 7.4) and was subsequently reconstituted at 4% (v/v) in
working solution. Subsequently, 1 mL of the diluted erythrocyte suspension was mixed with 1 mL of sample solutions at
concentrations of 10, 50, 100, 200, and 250 pg/mL. PBS (1 mL) served as the negative control, and deionized water
(1 mL) served as the positive control. Shaking samples at 150 rpm for 1 h (37°C) allowed for complete reaction. The
resulting supernatant was then analyzed spectrophotometrically at 540 nm. Each group was analyzed in triplicate, the
average absorbance was calculated, and the hemolysis rate was determined using the following formula:

HR (%) = (OD sample—OD negative control)/ (OD positive control-OD negative control) x 100%

In vivo Biodistribution Study

6—8 weeks old female athymic BALB/c mice were inoculated subcutaneously with 100 uL of PBS containing CT-26 cells
(1x10°) to construct colon tumor xenograft models. All procedures involving animals received ethical approval from the
Henan Province Laboratory Animal Center and were conducted in strict accordance with international and national
regulations on animal welfare (Guidelines for Ethical Review of Animal Welfare in Experiments GB/T 35892-2018),
which were approved by the Institutional Animal Care and Use Committee of Zhengzhou University.

To evaluate the in vivo tumor targeting ability and biodistribution of ZICC and MZCC, fluorescence imaging was
performed. Intravenous administration of RhB-labeled ZICC or MZCC was performed through the tail vein. Using an
IVIS imaging system, in vivo fluorescence was monitored at scheduled intervals for 48 h. At 24 h post-injection, mice
were sacrificed, and major organs (heart, liver, spleen, lung, kidney, intestine) along with tumors were excised for ex vivo
imaging to examine the biodistribution of the RhB-loaded nanoparticles.

In vivo Antitumor Efficacy Studies

For studying the anticancer efficacy of MZCC in vivo, mice bearing tumors were received the following treatment every 4 days
via i.v. injection (n = 5): (1) PBS; (2) CPT-11; (3) CPT-11+CCM; (4) ZIC; (5) ZICC; (6) MZCC (35 mg/kg body weight
corresponding to CPT-11concentration). Over the 21-day observation period, tumor size progression and weight variations were
systematically documented. Final analyses included colon length measurements and H&E-stained sections of both tumor and
colon tissues across all experimental groups. Tumor volumetric calculations employed the standard formula: (width? x length)/2.

Results and Discussion

Preparation and ldentification of Biomimetic MZCC

To prepare MZCC, the first step involved a single reaction in an aqueous solution containing CPT-11, 2-methylimidazole
and zinc nitrate hexahydrate to prepare CPT-11@ZIF-8 (named ZIC). A key advantage of this method is that both
nanocarrier formation and drug loading occur within the same reaction system, resulting in an ultra-high drug-loading
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capacity, these properties stem from the abundant binding sites on the ZIC nanocarriers. In the subsequent step, CCM
was incorporated through physical adsorption, yielding CPT-11@CCM@ZIF-8 (named ZICC).

UV-vis spectroscopy, FT-IR, and XRD analyses collectively demonstrated the formation of ZICC. The appearance of
distinct absorbance maxima around 220 and 390 nm in the UV-vis spectrum (Figure 2A) confirmed the successful
synthesis. The FT-IR of ZICC revealed several characteristic bands of CPT-11 and CCM within the 1800—1200 cm ™'
region, also confirming its incorporation into the ZIF-8 (Figure 2B). The XRD patterns of ZIC and ZICC exhibited
identical characteristic peaks to those of ZIF-8, indicating that CPT-11 encapsulation and CCM loading did not
substantially modify its crystalline architecture (Figure 2C). This strongly suggests that CPT-11 and CCM were
efficiently incorporated into the ZIF-8 matrix without disrupting its structural integrity.

MR is a highly efficient endocytic receptor that mediates the cellular internalization and trafficking of mannose-
terminated molecules or nanoparticles.*® Given the overexpression of MR on CRC cells, mannosylation represents an
effective targeting strategy for designing CRC-specific nanomedicine. Therefore, to improve the immune escape and
homologous binding ability of the drug delivery system, the extracted CM was first functionalized by DSPE-PEG2000-
MAN. To form the functionalized membrane (MCM), the synthesis involved combining an organic phase containing
DSPE-PEG2000-MAN with an aqueous phase of buffer mixed with CM. The successfully preparation MCM was
investigated by CLSM employing fluorophore Rhodamine B (Rh B) labeled DSPE-PEG2000-MAN and 3,
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3-dioctadecyloxacarbocyanine perchlorate (Dio, Cell membrane staining agent) stained CM. As presented in Figure S1,
the high degree of overlap between the signal of Rh B and Dio suggested the successful functionalization of CM. The
obtained MCM was then extruded and sequentially coated onto the ZICC.

Microstructural characterization by TEM revealed significant differences between the nanoparticles. The MZCC
formulation demonstrated a well-defined core-shell configuration with consistent lipid bilayer coverage (Figure 2D), in
contrast to ZICC, confirming achievement of cancer cell membrane coating. Moreover, dynamic light scattering analysis
confirmed the average particles size, yielding results consistent with TEM measurements (Figure 2E). Additionally, the
zeta potential of MZCC decreased from —3.98 to —26.83 mV following MCM coating (Figure 2F). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis confirmed effective retention of the majority of
associated membrane proteins within MZCC, whereas no protein signals were detected in ZICC, strongly indicating
successful MCM coating of ZIC (Figure 2G). Additionally, the XRD pattern of MZCC also displayed the characteristic
diffraction peaks of ZIF-8, with no discernible alterations. This consistency in XRD profiles demonstrates that the
addition of MCM had no detrimental effect on the inherent crystallinity of ZIF-8 (Figure 2C).

Drug Loading and Release

The loading capacities of CPT-11 and CCM into the MZCC systems were evaluated via measuring the absorbance at 370 nm
and 420 nm for CPT-11 and CCM, respectively. According to their standard curves (Figures S2 and S3), drug loading rates of
40.1% for CPT-11 and 13.2% for CCM were calculated. These results demonstrate that the prepared ZIF-8 possesses a high
drug-loading capacity, making it a promising carrier for drug delivery. The cumulative release profiles of CPT-11 and CCM
from the nanocarriers were investigated at different pH values (5.5, 6.4, and 7.4). According to their standard curves under
different pH values (Figures S4-S9), the cumulative release at pH 7.4 was 21.2% for CPT-11 and 39.0% for CCM. More
importantly, release significantly increased under acidic conditions (pH 5.5), reaching 65.3% for CPT-11 and 86.1% for CCM
(Figures S10 and 11). This pH-responsive behavior indicates enhanced drug release in acidic environments. The pH-
responsive properties of this nanocarrier system indicate its promising application for tumor-targeted drug delivery, where
acidic microenvironment-triggered release of chemotherapeutic agents could minimize off-target toxicity in healthy tissues.
The long-term stability of different formulations was also assessed in phosphate buffer saline and Dulbecco’s Modified
Eagle’s medium. The result showed that MZCC was stable in both types of media for at least 7 days (Figure S12).

In vitro Targeting of MZCC

To verify our hypothesis that the MCM coating would confer MR-mediated targeting, we assessed the targeting ability of
MZCC using laser confocal scanning microscopy (LCSM). MZCC nanoparticles were prepared for HT29 and CT26 cell
lines (HT29 MCM@ZICC and CT26 MCM@ZICC, respectively) and incubated with their corresponding target cells.
Rhodamine B (Rh B)-labeled MZCC exhibited red fluorescence, and nuclei were stained with DAPI (blue). As presented
in Figure S13, limited MZCC uptake and minimal drug release were observed within the initial 2-hour incubation, as
indicated by weak fluorescence. However, the red fluorescence intensity increased significantly by 4 hours, indicating
efficient cellular uptake of MZCC. Moreover, LCSM images demonstrate that the red fluorescence intensity in both
HT29 and CT26 cells incubated with MZCC was significantly higher than in cells incubated with uncoated ZICC
(Figure 3A and B), indicating that MZCC is highly specifically targeted toward these cancer cells. Flow cytometry was
used to quantitatively assess the differential cellular uptake of MZCC versus ZICC in CT26 cells, showing stronger
fluorescence intensity in tumor cells treated with MZCC compared with ZICC (Figure 3C and D); this further validated
the enhanced tumor-targeting ability of the MCM-coated nanoparticles.

Cytotoxicity of MZCC

Following confirmation of effective nanoparticle internalization and targeting, we evaluated the cytotoxic effects and
apoptosis-inducing potential of various formulations using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)cell proliferation assay. Before studying the cytotoxicity of MZCC, we first assessed the cytotoxicity
of ZIF-8 against human liver (7721), breast (MCF-7), and lung cancer cells (A549) using MTT assay. Incubation of 7721,
A549, and MCF-7 cells with ZIF-8 (0-80 pug/mL) for 24 hours had negligible effects on cell viability (Figures S14-S16).
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Hemolysis tests have also been carried out to verify the biocompatibility biosecurity of ZIF-8. No hemolysis occurred
even when the concentration of ZIF-8 was as high as 250 pg/mL (Figure S17). These results demonstrated the
biocompatibility of ZIF-8 nanoparticles, supporting their suitability for constructing drug delivery systems.

The cytotoxicity of free CPT-11, free CCM, ZICC and MZCC was assessed in CT26 colon cancer cells (Figure 3E). At
16 ng/mL, free CPT-11 solution showed moderate inhibitory activity (76.0% + 3.1% cell viability), while both ZICC and
MZCC nanoparticles demonstrated significantly enhanced cytotoxicity. At 32 pg/mL, cell viabilities further decreased to
41.1% for ZICC and 32.8% for MZCC. Apoptosis induction was further analyzed by flow cytometry using Annexin V/PI
double staining, with quadrants representing different populations as follows: Q1 (necrotic), Q2 (late apoptotic), Q3 (early
apoptotic), and Q4 (viable) cells. The total apoptotic rate (Q2 + Q3) was significantly higher for MZCC (31.7%) compared
with CPT-11 (15.7%), CCM (5.9%), ZIC (20.3%), and ZICC (28.7%) (Figure 3F and G). Consistent with MTT results, the
MZCC group exhibited the highest apoptosis rate and lowest viable cell population (Q4), demonstrating superior antitumor
efficacy. The enhanced therapeutic performance of MZCC can be attributed to homotypic targeting and immune evasion
conferred by the biomimetic nano-delivery system, promoting efficient drug internalization, as well as synergistic anticancer
activity mediated by CCM, which potentiates overall therapeutic outcomes.

In vivo Tumor Targeting Ability

CT26 tumor-bearing mouse models were established by subcutancous injection of CT26 cells into the right flank. Mice
were intravenously administered ZICC and MZCC nanoparticles (0.3 mg/mL in 200 pL), and biodistribution was
monitored using real-time in vivo fluorescence imaging. At the tumor location, intense red fluorescence was detected
immediately post-injection, showing a time-dependent enhancement in signal strength (Figure 4A and B). The signal
peaked at approximately 12 h and demonstrated prolonged tumor retention; fluorescence intensity gradually decreased
after 24 h but persisted beyond 48 h. This sustained retention may be facilitated by the MCM coating, which enhances
immune evasion and targeting specificity. This prolonged circulation and tumor accumulation are expected to
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Figure 4 The targeting ability of MZCC in vivo. (A) Fluorescence imaging of the tumor site in mice at different time periods after injection of MZCC. (B) Statistics of
fluorescence signal intensity of (A). (C) Ex vivo fluorescence images of main organs and tumors. (D) Statistics of fluorescence signal intensity of (C).
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significantly improve therapeutic efficacy. Additionally, ex vivo imaging of harvested organs and tumors confirmed the
preferential tumor accumulation of MZCC nanoparticles (Figure 4C and D).

Therapeutic Efficacy of MZCC in CT26 Mouse Model

Building upon promising tumor-targeting results, we evaluated the in vivo antitumor efficacy of various formulations in
CT26 tumor-bearing BALB/c mice (Figure 5A). Female BALB/c mice bearing subcutaneous CT26 tumors, established by
injecting 1 x 10° cells into the right flank, were randomly assigned to six groups (n = 5): PBS (control), CPT-11 (35 mg/kg),
CPT-11+CCM, ZIC, ZICC, and MZCC. Treatments were administered intravenously every 4 day for 21 days, with tumor
volumes monitored throughout. Tumors in the PBS group exhibited rapid growth, indicating limited therapeutic efficacy; in
contrast, the MZCC group demonstrated the most potent tumor suppression, improving treatment antitumor efficacy by
2.3-fold compared with free irinotecan. While moderate inhibition was observed with ZICC and ZIC treatments (Figure 5B
and C). Histological analysis corroborated these findings: H&E staining revealed the most extensive tumor necrosis in the
MZCC group (Figure 5D), while TUNEL staining indicated the highest level of apoptosis (Figure SE). These results
collectively demonstrate that the MZCC formulation achieved enhanced antitumor efficacy through synergistic mechanisms.

Major Toxicity Reduction in the Gastrointestinal Tract with MZCC

Treatment

Significantly reduced gastrointestinal side effects were observed in nanoparticle-treated mice. Histopathological analysis
(Figure 6A) revealed that CPT-11 monotherapy induced substantial apoptosis of colonic crypt cells, while the CCM
combination group maintained mucosal structural integrity through anti-inflammatory effects. CPT-11-induced intestinal
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Figure 5 Anticancer activity in vivo. (A) Construction and treatment of BALB/c tumor-bearing CT26 mouse model. (B) Digital photographs of excised tumors after 2| days
of treatment (n=5). (C) Relative tumor volume for each group. (D) H&E staining of tumor slices after 2| days of treatment. (E) TUNEL immunofluorescence images (blue,
nucleus; green, apoptosis). Scale bar: 50 um.

13866 ‘= International Journal of Nanomedicine 2025:20



Jin etal

.—&——w CPT-11

e CPT-11+CCM
e~ ZC

" zcC
._..“.. MzccC

(@]
m

< PBS
+ PBS zic PBS zic 3
7 ¢ CPT-11 + zicc 24 + CPT-11 + zIcC Q_ + CPT-11 |
3 _—"ﬁ CPT-114CCM + MZCC —_ CPT-114CCM & MZCC z CPT-114CCM
o K o , zic
~ - c + zIicc
£6 =2 2 ';2 . Mz
(=)} — - .
3 + 7| 2 oz i
2 S =
c5 > —— 81 .
i P 920 @
O, = o - b .
00y —
18 (=)
s PBS
64 + PBS 304 + PBS 30 + " * CPTA1
% crrni % CPT-11 CPT-114CCM
s . CPT-11+CCM CPT-114CCM - % zIc
7 . zic —_ zic -
= ¢ Zicc - + ZICC 'm . + ZIcC
£ fe)) + Mmzcc
: 4 + mzcc £ 20+ + Mzcc € 20+
[ Ind . -
2 > g =2
S o
? 34 e A =3 . —;E' <+ Z 0 ==
Z € 10- < 10
[ 29, = - —4=
14 E‘ =
0 0

Figure 6 Gastrointestinal toxicity in vivo. (A) H&E staining of colon tissues after 2| days of treatment. (B) Images of excised colons after 2| days of treatment. (C) Statistics
of colon length of (C). (D) Body weight of each group after 21 days of treatment. (E) Disease Activity Index of each group after 2| days of treatment. (F) The TNF-a
expression level in colon tissues after 21 days of treatment. (G) The IL-6 expression level in colon tissues after 21 days of treatment. (H) The IL-1 expression level in colon
tissues after 21 days of treatment.

damage was further evidenced by significant colon shortening. Examination of excised colons on day 21 confirmed that
MZCC provided the best protection against colon shortening and histopathological damage with the colon length restored
to 79% to normal (Figure 6B and C). This superior protection can be attributed to the lesion-targeting capability of
MZCC'’s functionalized MCM membrane. CPT-11 and CCM combination therapy significantly recovered body weight
(Figure 6D) and an improved Disease Activity Index (Figure 6E). Consistent with this, MZCC-treated groups exhibited
a significant reduction in inflammatory cytokine levels within colon tissues; inflammation levels decreased by 55%
compared with free CPT-11 (Figure 6F—H), indicating alleviated inflammation. Moreover, as shown in Figure S18, blood
biochemical profiles showed no significant deviation from the control group, demonstrating the excellent biocompat-
ibility of MZCC.

Conclusion

The present study successfully developed a pH-responsive drug delivery system based on MCM-coated ZIF-8 nanopar-
ticles co-loaded with CPT-11 and CCM (MZCC) for targeted cancer therapy. Synthesis and characterization of MZCC
confirm its potential as a sophisticated drug carrier, exhibiting high loading capacity, stability, and controlled release
properties. In vitro release studies demonstrated that encapsulation within ZIF-8 significantly enhanced the pH-dependent
release of both CPT-11 and CCM under acidic conditions, consistent with the tumor microenvironment. MTT assays
revealed the potent anticancer efficacy of MZCC against CT26 cells, significantly reducing cell viability with observable
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cytotoxic effects. This pH-responsive system holds promise for improving targeted drug delivery while minimizing off-
target effects, representing a significant advancement in nanomedicine for cancer treatment. Crucially, in a CT26 mouse
model, this delivery system demonstrated enhanced therapeutic efficacy and reduced toxicity through synergistic CPT-11
and CCM chemotherapy. Compared with other reported CPT-11 delivery systems, the proposed MZCC possessed
obvious performance across three key parameters: drug loading, stability, and therapeutic index.*”*® These biomimetic
nanocarriers provide a valuable reference for developing tumor-targeted drug delivery systems and establish a theoretical
foundation for novel cancer treatment strategies.
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