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Background: Dihydroartemisinin (DHA) has emerged as a promising candidate for anticancer therapy. However, the application of
DHA in clinics has been hampered by several limitations including poor bioavailability, short circulation life, and low solubility,
significantly restricting its therapeutic efficacy and leading to notable side effects during the treatment.

Purpose: We present DHA-loaded zeolitic imidazolate framework-8 (D-ZIF) with controllable and targeted DHA release properties,
leading to enhanced antitumor effects while reducing potential side effects.

Methods: D-ZIF was prepared by one-pot synthesis method using methylimidazole (MIM), Zn(NOs),*6H,O and DHA. We
characterized the physical and chemical properties of D-ZIF by TEM, DLS, XRD, FT-IR, and TG. We measured the drug loading
efficiency and the cumulative release of DHA in different pH conditions. We evaluated the cytotoxicity of D-ZIF on renal cell
carcinoma (RCC786-0), glioma cells (U251), TAX-resistant human lung adenocarcinoma (A549-TAX) cells by CCK8 in vitro. We
explored the possible antitumor mechanism of D-ZIF by Western blot. We evaluated the biocompatibility and hemolysis of D-ZIF and
explored the in vivo antitumor efficiency in mice model by TUNEL testing and blood biomarker evaluations.

Results: D-ZIF showed rhombic dodecahedral morphology with size of 129+7.2 nm and possessed a noticeable DHA encapsulation efficiency
(72.9%). After 48 hours, D-ZIF released a cumulative 70.0% of the loaded DHA at pH 6.5, and only 42.1% at pH 7.4. The pH-triggered
programmed release behavior of D-ZIF could enhance anticancer effect of DHA while minimizing side effects under normal physiological
conditions. Compared with the free DHA group with 31.75% of A549-TAX cell apoptosis, the percentage of apoptotic cells was approximately
76.67% in the D-ZIF group. D-ZIF inhibited tumor growth by inducing tumor cell apoptosis through the mechanism of ROS production and
regulation of Nrf2/HO-1 and P38 MAPK signaling pathways. D-ZIF showed potent effects in treating tumors with high safety in vivo.
Conclusion: This pH-responsive release mechanism enhanced the targeting efficiency of DHA towards tumor cells, thereby increasing drug
concentration in tumor sites with negligible side effects. Herein, D-ZIF holds great promise for curing cancers with minimal adverse effects.
Keywords: MOF, drug delivery, controlled release, cancer therapy

Introduction
Cancers especially lung cancer pose a significant threat to human health.'™ For a considerable duration, patients facing
cancers had limited options for treatment, primarily relying on surgery, radiation therapy, and chemotherapy, either indivi-

dually or in combination.* A significant challenge associated with chemotherapy is the development of drug resistance.’
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Multi-drug resistance (MDR) in cancer cells, whether intrinsic or acquired, leads to reduced drug absorption and increased
drug efflux, representing a substantial obstacle to the therapeutic effectiveness of drugs. In tackling these challenges,
nanotechnology-based delivery systems have demonstrated the ability to provide controlled and targeted delivery,® thereby
enhancing the intracellular availability of drugs and exploring opportunities to overcome MDR.” Recently, the active
derivatives of traditional Chinese medicine have emerged as cancer therapy candidates.®'© Artemisinin, derived from the
plant Artemisia annua with a sesquiterpene lactone structure containing a peroxide group, is an antimalarial drug."" It was first
isolated by Youyou Tu in 1971 and has gained widespread recognition as an effective treatment for malaria.'*'? In addition to
antimalarial effects, artemisinin and its derivatives demonstrate notable anti-tumor effects, which encompass the inhibition of
angiogenesis, tumor cell invasion, and metastasis within the tumor microenvironment.'* Additionally, artemisinin hinders
various aspects of tumor progression by inducing ferroptosis in cancer cells and activating pathways associated with apoptosis
and autophagy.'” Dihydroartemisinin (DHA), one of the artemisinin derivatives, provides improved anti-tumor activity
in vitro and in vivo.'® However, the clinical application of DHA has been hindered by challenges such as low solubility,
poor bioavailability, resistance induction, and non-specific distribution, primarily due to glucopyranose rings in its chemical
structure. Thus, to improve the therapeutic efficiency of DHA, an appropriate drug delivery system is highly needed.

17-19 20-22 23-26 show

The previously reported delivery systems, such as liposomes, polymers, and inorganic nanomaterials,
great potential for delivering drugs. Liposomes represent an excellent approach for drug delivery, however, only 14 types of
liposomal products are currently available on the market.'® In our previous study, we introduced a novel liposome-based CRISPR/
Cas9 delivery system, showcasing significantly high efficiency in treating melanoma.'® However, these vehicles usually lack
active-targeting capability. The microenvironment at the target tumor site can be utilized to initiate drug release from the polymer
carrier. Various external or internal stimuli, including temperature, pH, light, electromagnetic fields, enzymes, and hypoxia, are
commonly explored as “on-off” switches for drug release. Researchers developed poly(B-aminoester) dendrimers, exhibiting both
pH and temperature responsiveness.>” The emergence of metal-organic frameworks (MOFs) provides a targeted drug delivery
system. The porous structure of MOFs significantly improves drug-loading capacity, and the versatility in selecting metal ions and
organic ligands allows the creation of MOFs with intrinsic antitumor activities.”* ! The versatility further enables the develop-
ment of MOF-drug synergistic systems, sustaining targeted and controlled drug release while reducing drug toxicity, which
renders MOFs ideal carriers for intelligent drug delivery.** Active-node MOFs can be utilized for chemodynamic therapy and
radiotherapy, contributing to the catalytic modulation of tumor microenvironments. Furthermore, MOFs incorporating photo-
sensitizers, chemotherapeutic drugs, and peptides as active linkers demonstrate significance in the treatment of various cancers,
particularly those affecting the bone, breast, and colon, which extend to photodynamic therapy, photothermal therapy, stem cell
therapy, and immunotherapy.®® The iron-based MOF has been investigated for the potential in delivering anticancer drugs due to
its high biocompatibility, biodegradability, and water stability. MIL-101(Fe) loaded with DHA exhibited significant uptake by
tumor-associated macrophages (TAM), effectively addressing the inefficiency of DHA at low concentrations.>* Fe-TCPP
[(4,4,4,4-(porphine-5,10,15,20-tetrayl) tetrakis(benzoic acid)] MOF, featuring a core-shell structure mineralized with CaCOs;,
prevented DHA leakage during bloodstream transport.’> Compared to iron-based MOF, zinc-based MOF, such as the zeolitic
imidazolate framework (ZIF), possess robust bonds between metal ions (or clusters), granting them unique properties that include
the capability to accommodate and safeguard a range of biomolecules, along with the controlled release of drug molecules,
ensuring satisfactory biocompatibility. ZIF-DHA nanoparticles exhibited superior anti-tumor therapeutic activity in several
ovarian cancer cells, coupled with the suppression of cellular reactive oxygen species production and the induction of apoptotic
cell death.*® Utilizing co-loaded DHA and indocyanine green, a drug delivery system based on ZIF was employed for synergistic
chemo-photothermal therapy for cancer cells based on pH/NIR-responsive drug release.”’ Specifically, ZIF-8 emerges as a highly
promising candidate for intracellular drug delivery due to its elevated hydrothermal stability, excellent monodispersity, and
optimal size conducive to cellular uptake.*® Our previous work indicated that ZIF-8 could efficiently encapsulate biomolecules,
surpassing the encapsulation percentages achieved through conventional methods.>* However, how to rationally design ZIFS-
based nanomaterials for improving tumor delivery efficiency for targeted cancer therapy remains a critical challenge.

Herein, we rationally designed pH-responsive DHA delivery system based on ZIF-8 (abbreviated as ZIF) to develop
highly efficient and targeted treatments for lung cancer by harnessing the integrating specific strategies (Figure 1). By loading
DHA (abbreviated as D) in the pH-sensitive ZIF, the resulting D-ZIF displays a synergistic cancer therapeutic effect with high
biosafety. The pH-responsive release mechanism enhances the targeting efficiency of DHA toward TA X-resistant human lung
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Figure | Schematic illustration of the preparation process and antitumor mechanism of D-ZIF as an antitumor agent.

adenocarcinoma (A549-TAX) cells, thereby increasing the drug concentration in tumor sites. This work highlights the
potential of utilizing D-ZIF to maximize therapeutic efficiency with negligible side effects in complicated tumor environments
and demonstrates a great potential to be utilized as a precise therapeutic strategy for treating lung cancer. In comparison to the
above delivery system, our approach is widely applicable and ensures heightened safety. With the enhanced stability, pH
responsiveness, and high drug loading capacity, we believe that our approach shows potential for addressing a wide array of
drug-resistant diseases, encompassing cancers, heritable diseases, and infectious diseases.

Materials and Methods

Materials

Zinc nitrate hexahydrate (Zn(NO3),*6H,0, 98%, Mw=297.49), dihydroartemisinin (98%, Mw=284.35) and 2-methyli-
midazole (MIM, 99%, Mw=82.11) were obtained from Aladdin (China). Fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium (DMEM), penicillin and streptomycin (PS) were obtained from Gibco (USA). Live/dead cell staining kit
was purchased from Abbkine (China). Dino-2-phenylindole (DAPI) was purchased from Solarbio (China). Acridine
orange-ethidium bromide (AO-EB) dual staining kit was purchased from Bestbio (China). The reactive oxygen species
(ROS) assay kit was purchased from Beyotime (China). Cell proliferation and cytotoxicity assay kit, Annexin V-FITC/PI
apoptosis detection kit and TUNEL BrightRed apoptosis detection kit were purchased from Vazyme (China).

Preparation of D-ZIF
We used the optimized synthesis method to prepare ZIF at room temperature according to our previous study.’' In brief, we
mixed the MIM (1000 ug/mL), Zn(NOs),*6H,0 (50 pg/mL) and DHA (20 pg/mL) in water with vigorous stirring (2000 rpm).
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After 15 min, DHA-loaded ZIF (D-ZIF) was separated from the dispersion by centrifugation (HeraeusMultifuge X1R,
Thermo Fisher Scientific, USA, 15,000 rpm) and rinsed with ultrapure water three times to remove the unreacted reagents
and unloaded DHA. We freeze-dried D-ZIF and stored it at —20 °C until further use. Under the same synthetic conditions, we
synthesized ZIF as the control group without adding DHA.

Characterization of D-ZIF

We characterized the morphologies and Zeta potential of D-ZIF by a transmission electron microscopy (TEM, Tecnai
F30, USA) and a Zetasizer Nano ZS (Malvern Company, England), respectively. We measured the crystal structure and
absorption spectra of D-ZIF by X-ray diffraction (XRD, Rigaku Smartlab, Japan) and UV-visible spectrophotometer
(UV-2600, Japan). We characterized the chemical compositions and weight-loss of the D-ZIF by a Fourier transform
infrared spectroscopy (FT-IR Spectrum One, USA) and Thermogravimeter (TG, TA Q5000IR, USA), respectively. We
characterized encapsulation efficiency and drug loading content of DHA through inhibition with NaOH (0.2%) at 50 °C
for 30 min and the detected wavelength at 290 nm by the UV-visible spectrophotometer.*” We detected the drug loading
efficiency (LE) using the following equation: Drug loading efficiency (%) = (Miotat drug-Miree drug)Miotal drug) X 100%.

Cell Viability Assay

A549 was obtained from the American Type Culture Collection (ATCC, USA). To develop paclitaxel resistance in the A549
cell line (A549-TAX), we subjected A549 cells to progressively higher concentrations of paclitaxel (NSC125973, Selleck,
Shanghai, China) ranging from 20 to 120 nM, employing an intermittent exposure method as described in a previous study.*!
We cultured cells in DMEM (10% FBS and 1% PS) at 37 °C with 5% CO,. Before experimenting, the cells were cultured in
medium without any drugs for a minimum of two weeks. For the cytotoxicity assessment, we seeded the A549-TAX cells
(5%10° cells/96-well plate) with different concentrations of free DHA, ZIF, and D-ZIF (1, 5, 10, 20, and 50 pg/mL for DHA
and corresponding concentrations for ZIF) for 24 h and added the cell counting kit-8 (CCK®8) reagent (10 pL) to each well.
After 1 h incubation, we measured the absorbance values using a microplate reader (Emax Precision, USA) at 450 nm to
calculate cytotoxicity. Cell viability (%) = (Ax-Ag)/(Ay-Ao) x 100%, where A, was the absorbance of the negative control
group, A, was the absorbance of the experimental group, Ay was the absorbance of the blank control group.

Reactive Oxygen Species (ROS) Detection

To investigate the generation of ROS, we seeded the A549-TAX cells (1x10° cells/well) and treated the cells with free
DHA, ZIF, and D-ZIF for 6 h in a cell culture plate, respectively. We diluted Dichlorodihydrofluorescein diacetate
(DCFH-DA) with the DMEM medium at a ratio of 1:1000 dilution. After washing the treated cells with PBS twice, we
added 10 pL of the diluted DCFH-DA to each well and incubated the cells for 20 min. After removing the any residual
DCFH-DA and rinsed cells twice, we measured the 2°,7’-dichlorofluorescein (DCF) fluorescence (excitation, 488 nm;
emission, 525 nm) using a fluorescence microscope (Olympus IX73, Japan).

Flow Cytometry and Cell Staining

For flow cytometry analysis, we treated A549-TAX, renal cell carcinoma (RCC786-0), and glioma cells (U251) (2x10°
cells/12-well plate) with free DHA, ZIF, and D-ZIF at a concentration of 5 ng/mL (for DHA), or D-ZIF at concentrations
of 1, 5, and 10 pg/mL (for DHA) for 24 h. U251 and RCC786-0O cell lines were purchased from Procell (Wuhan, China).
We measured the 2°,7’-dichlorofluorescein (DCF) fluorescence using flow cytometry to detect ROS. Apoptosis detection
was performed using flow cytometry (CytoFLEX) based on the instructions provided with the Annexin V-FITC/PI
Apoptosis Detection Kit. To observe morphological changes in cells, we cultured A549-TAX cells in a 24-well plate and
subsequently treated them with free DHA, ZIF, and D-ZIF at a concentration of 5 pg/mL (for DHA) for 12 h. After
rinsing the cells with PBS twice, we stained the treated cells by a mixture of acridine orange/ethidium bromide (AO-EB,
Bestbio, China) for 20 min at 4 °C. To examine the morphology of apoptotic cells, fluorescence microscopy (BX53,
Olympus, Japan) was employed.
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Western Blot

We lysed the treated A549-TAX cells by a lysis buffer (Solarbio, China) with a protease inhibitor. We collected the protein
samples in the supernatants after centrifugation (12,000 rpm 15 min). We loaded 10 pg protein samples on the 10-12%
polyacrylamide gels for electrophoresis and subsequently transferred them to PVDF membranes (EMD Millipore, Billerica,
MA, USA). We incubated the membranes with primary antibodies at 4 °C. The primary antibodies used in this study
included Nrf2, HO-1, caspase-3, p-ERK, ERK, p-P38, P38, and B-actin. These antibodies were diluted at a ratio of 1:1000.
Following the primary antibody incubation, we incubated membranes with secondary antibodies. We applied ECL Western
Blotting Detection Reagent to detect the bands. To quantify the band intensity, we used Image J software.

Toxicity Evaluation

To assess the cytotoxicity of the ZIF delivery system, we conducted in vitro tests on A549-TAX cells by testing the cell
viability. We treated the A549-TAX cells (5x10° cells/96-well plate) with ZIF at concentrations of 40, 80, 160, 320, and
640 pg/mL for 24 h. We added the —CCKS8 (10 pL) to each well and measured the optical density using a microplate
reader at 450 nm to calculate cytotoxicity. We also treated A549-TAX cells (2x10° cells/well) with ZIF (40, 80, and 160
pg/mL) to evaluate the morphological change of cells by a microscope (CKXS53, Olympus, Japan). Additionally, we
examined the biocompatibility of ZIF and D-ZIF using a hemolysis assay. We collected fresh rat red blood cells by
centrifuging them at 1500 rpm for 15 min. We washed the collected cells three times with PBS and added different
concentrations of ZIF (40, 80, 160, and 320 pg/mL), DHA and D-ZIF (5, 10, 20, and 50 pg/mL) in solution with a total
volume of 400 pL. After 3h incubation, the mixed solution was subjected to centrifugation at 1500 rpm for 5 min. The
optical density of the supernatant was then measured at a wavelength of 567 nm (ODs¢7,,,,) using a microplate reader. All
experiments were performed three times to ensure reliability and consistency.

Animal Model and Antitumor Activity Evaluation in vivo

For the animal study, BALB/c nude mice (6 weeks, female) were accommodated in the SPF-grade Animal Experimental
Center of the Second Hospital of Shandong University. The animal procedures were conducted following the ethical
standards approved by the Ethics Committee of the Second Hospital of Shandong University (Ethical Approval Number
KYLL-2022-365). We injected 1x107 A549-TAX cells into the mice flanks subcutaneously. The mice were randomly
divided into four groups: control, DHA (5.0 mg/kg), ZIF, and D-ZIF (equivalent to 5.0 mg/kg DHA). The calculation of
tumor volumes was performed using the formula: V = Width x Width x 1/2 x Length. When the tumor volume reached
approximately 100 mm?®, we administered different agents (DHA, ZIF, and D-ZIF) into the tumor every 2 days for 6
injections, setting PBS-treated group as a control. We recorded the body weight of the mice at two-day intervals. The
tumors were excised, weighed, and photographed at the 13" day for the following evaluation.

Antitumor Mechanism Evaluation in vivo

To detect apoptosis, we first fixed tumor sections by 4% paraformaldehyde and then rinsed the sliced specimens twice
with PBS. We used Triton X-100 (0.2%) for permeabilization. We treated the sections with 50 pL. TUNEL working
solution according to the TUNEL BrightRed Apoptosis Detection Kit. We detected red fluorescence at 620 nm under
a confocal laser scanning microscopy to analyze histological characteristics. We sectioned the tissues into 4 pm thickness
and stained them with hematoxylin and eosin. We scanned the sections with a NanoZoomer S60 digital pathology
scanner (NanoZoomer S60, Hamamatsu, Japan) to observe the pathological structure. To assess hepatic or renal toxicity,
we collected the mice blood samples and subsequently centrifuged the samples to collect serum. We detected the blood
parameters by a blood automatic biochemical analyzer (Seamaty, China).

Statistical Analysis

We performed the experiments at least three independent replicates. The data were presented as mean =+ standard
deviation (Mean + SD). One-way or two ways analysis of variance (ANOVA) was employed to evaluate significance
among multiple groups, with a P-value < 0.05 indicating statistical significance.
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Results and Discussion

Characterization of D-ZIF

We obtained ZIF8 NPs (abbreviated as ZIF) using the one-pot synthesis method to carry DHA. With the mixture of
methylimidazole (MIM) and DHA as precursor and zinc as the additive, DHA-loaded ZIF (D-ZIF) could be prepared by
coordination between Zn>* and MIM. The Zeta potential values for pure ZIF and D-ZIF was +29.8 and —9.3mV,
respectively (Supplementary Data, Figure S1A), indicating the successful establishment of the delivery system. Both ZIF
and D-ZIF showed rhombic dodecahedral morphology with size of 112+9.1 nm and 129+7.2 nm respectively under
transmission electron microscopy (Figure 2A). Also, ZIF and D-ZIF exhibited uniformity without detectable aggregation
under dynamic light scanning (DLS) (Figure 2B), demonstrating excellent dispersibility and stability. The loading of
DHA did not lead to a significant increase in the size of ZIF, indicating that the incorporation of DHA had no significant
impact on the structure of the delivery system. Fourier transform infrared (FTIR) spectroscopy showed that new
absorption peaks around 5001500 cm ' appeared in the sample of D-ZIF compared with ZIF, indicating the successful
load of DHA in the ZIF delivery system (Figure S1C). This is helpful for the protection of DHA and enabling its desired
biological effects in complex physiological environments. We characterized the crystallinity of ZIF and D-ZIF by X-ray
diffraction. The bare ZIF exhibited characteristic peaks at 7.3°, 10.3°, 12.7°, 14.8°, 16.4°, and 18.0°, revealing the (110),
(200), (211), (220), (310), and (222) of framework structure of Zn corresponding to JCPDS #04-0784, which confirms
structural integrity of ZIF-8 (Figure 2C). We characterized the load capability of D-ZIF. UV-vis absorption analysis
showed a high loading efficiency of 72.9% for DHA. We also quantified DHA loading content in D-ZIF by thermal
gravimetric analysis (TGA) under a nitrogen gas flow. The removal of DHA molecules from D-ZIF showed
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Figure 2 Characterization of ZIF and D-ZIF. (A) TEM images of ZIF and D-ZIF. Single NPs are highlighted in red frames. Scale bar, 100 nm. (B) The size distribution analysis
of ZIF and D-ZIF by DLS. (C) The crystallinity of ZIF and D-ZIF by XRD. (D) Cumulative release of DHA in different pH values at 48 h for D-ZIF.
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approximately 13.8 wt% of weight loss, which is consistent with the data in UV-vis analysis (Figure S1B). This system
effectively improves the bioavailability of DHA by incorporating it into ZIF.

A desirable characteristic of the delivery system should possess stability under normal physiological situations and
biodegradability in acidic tumor conditions. To investigate the release behavior of D-ZIF in response to pH change, we
incubated D-ZIF in PBS at pH values of 6.5 and 7.4, respectively. ZIF exhibited obvious structural collapse and partially
degraded at pH 6.5 after 24 h (Figure S2). The pH-triggered programmed release behavior of D-ZIF could enhance the
DHA anticancer effect. We calculated and plotted the released amount of DHA by measuring OD,ggn, at different time
points. DHA showed a faster release rate in pH 6.5 than in pH 7.4, owing to the disintegration of the metal-ligand bonds
within the ZIF frameworks.* After 4 h, 22.6% of the loaded DHA in D-ZIF was cumulatively released in pH 6.5, and the
cumulative release reached 59.3% and 70.0% after 12 h and 48 h, respectively (Figure 2D). By contrast, the DHA release
from the D-ZIF was 30.5% and 42.1% when immersed in pH 7.4 for 12 h and 48 h, respectively. This pH-responsive
release mechanism of D-ZIF can ensure drug release in tumor environments and enhance cytotoxicity toward tumor
tissues while minimizing side effects under normal physiological conditions. To ensure the therapeutic effectiveness of
D-ZIF, it is imperative to maintain their stability. D-ZIF maintained stability without significantly increasing hydro-
dynamic diameter and PDI in aqueous solution for 48 h (Figure S3).

Based on the above characterizations, D-ZIF demonstrated consistent size, efficient loading efficiency, and pH-
responsive drug release, establishing it as a robust drug delivery system for in vivo applications.

Tumor Cell Inhibition of D-ZIF

We performed cytotoxicity of D-ZIF on sensitive A549 and drug-resistant A549-TAX cells by CCKS8 to evaluate the
antitumor activity. Both free DHA and D-ZIF presented cytotoxicity on A549-TAX cells. By comparison, D-ZIF showed
obviously intensified cytotoxicity than free DHA at the equivalent DHA concentration (Figure 3A and Figure S4). D-ZIF
showed dose-dependent cytotoxicity ranging from 1 to 50 pg/mL, which may be ascribed to the enhanced endocytosis of
D-ZIF by the rapid cellular uptake and the sustained release of DHA. We hypothesize that the D-ZIF-caused tumor cell
cytotoxicity is related to apoptosis. To prove this, we analyzed the apoptosis rate of A549-TAX cells treated by various
materials through flow cytometry (FCM) assay. There was no obvious apoptosis in the control and ZIF group. However,
apoptotic cells significantly increased in the free DHA and D-ZIF groups. Compared with the free DHA group with 31.75%
of apoptosis, the percentage of apoptotic cells was approximately 76.67% in the D-ZIF group (Figure 3B and Figure S5A).
The apoptotic proportion gradually elevated (24.30%, 71.20%, and 82.57%) with the increase of the concentration of
loaded DHA (1, 5, and 10 pg/mL) (Figure 3C and Figure S5B). We observed a similar phenomenon in glioma and renal cell
carcinoma cell lines, confirming the versatility of our system in treating various types of cancers (Figure S6). Furthermore,
we stained the cells with acridine orange/ethidium bromide (AO-EB) to observe the morphological change by
a fluorescence microscope. In general, normal cells were stained by green fluorescence, while early apoptotic cells were
labeled with yellowish and late apoptotic cells exhibited orange-red fluorescence. There were no apoptotic cells in the
control and ZIF group, while early-stage apoptotic cells were observed in the DHA group, and the number of late-stage
apoptotic cells increased in the D-ZIF group (Figure 3D and Figure S7). Also, treatment with D-ZIF resulted in
a considerable decrease in the number of adhered cells, as evidenced by the Live/Dead assay analysis (Figure S8), which
is consistent with the AO-EB analysis. In contrast, free DHA caused a little portion of cell death, demonstrating the key role
of the ZIF as a carrier to facilitate drug delivery.

We explored whether the tumor cell apoptosis was caused by D-ZIF-induced ROS. We used an oxidation-sensitive
fluorescent probe (DCFH-DA) to measure the production of ROS in the D-ZIF-treated A549-TAX cells. DCF fluorescence
image demonstrated that D-ZIF produces a large amount of ROS, while free DHA only induced a slight elevation of ROS
level (Figure 3E). By contrast, the ZIF and control group showed no detectable DCFH-DA fluorescence, indicating that the
D-ZIF can significantly improve the antitumor efficacy of DHA. We also quantitatively analyzed the ROS level by flow
cytometry. The ROS production in the D-ZIF-treated A549-TAX cells was approximately more than 10 times in the DHA
group (Figure S9). We explored the possible antitumor mechanism of D-ZIF. The Nrf2/HO-1 pathway is crucial in
protecting A549-TAX cells against oxidative damage in response to ROS.** To clarify the effect of D-ZIF on the Nrf2/
HO-1 pathway, we used Western blot analysis to measure the expression of Nrf2 and HO-1 in various treatment groups.
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Figure 3 The biological processes induced by various formulations. (A) The viability of A549-TAX cells after incubation with different concentration of D-ZIF or free DHA
for 24 h. Statistical significance: *p < 0.05, and ***p < 0.001. (B) FCM analysis of A549-TAX cells treated with different formulations. (C) FCM analyzed data for apoptosis in
A549-TAX cells under the treatment of different concentrations of D-ZIF. (D) AO-EB dual staining of A549-TAX cells under the treatment of different formulations for 12
h under 20%. Scale bar, 200 pm. (E) The ROS levels of A549-TAX cells under the treatment of different formulations are measured by the fluorescent probe. Scale bar, 200
um. (F) A549-TAX cells under the treatment of different formulations to assess the expression on Nrf2/HO-| and P38 MAPK pathway relative proteins using Western blot.

Compared to the control and ZIF groups, the DHA group exhibited an increased Nrf2 and HO-1 expression, while the
D-ZIF group showed a decreased Nrf2 and HO-1 expression, suggesting that this delivery system optimized anti-tumor
efficacy of DHA by regulating the Nrf2/HO-1 pathway (Figure 3F and Figure S10). The effective release of DHA
modulated the expression level of Nrf2 and HO-1, leading to the maintenance of elevated levels of ROS, which
subsequently induced cell apoptosis. The intensively studied mitogen-activated protein kinase (MAPK) pathway is closely
associated with the progression of lung cancer progression and is commonly activated in response to stress stimulus. ERK
and P38 MAPK (P38) pathways are the main branches of the MAPK pathway, which are stimulated by ROS. As previously
reported, the pivotal role of p38 MAPK in ROS-triggered apoptosis of lung cancer cells has been well-established.** The
WB analysis revealed a sharp up-regulation of p-P38 in the D-ZIF group, whereas there was a little increase of p-P38 in the
DHA group compared to the control and ZIF groups (Figure 3F and Figure S11). Thus, D-ZIF can induce tumor cell
apoptosis by up-regulation of the P38 MAPK pathway. ROS have the capability to activate Nrf2, resulting in the

1.** However, an excessive and rapid generation of ROS

upregulation of downstream antioxidant enzymes such as HO-
can disrupt the redox balance, potentially leading to the deactivation of Nrf2.*> Moderate ROS induced by DHA triggered
Nrf2 activation, initiating the antioxidant mechanism to subsequently decrease ROS levels. Conversely, the excessive ROS
induced by D-ZIF hindered the redox mechanism mediated by previously activated Nrf2. Moreover, a more complex
generation of ROS could potentially play a role in inhibiting Nrf2, sustaining a detrimental cycle of increasing ROS

levels.* The increased accumulation of ROS in cancer cells initiated apoptosis by activating diverse apoptotic signaling
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pathways,*®*” with the activated P38MAPK pathway assuming a pivotal role in inducing cell apoptosis.*® In summary,
D-ZIF can effectively regulate the Nrf2/HO-1 expression and maintain a high level of ROS, thus continuously activate P38
MAPK signaling pathways, leading to favorable antitumor effects.

Biocompatibility Evaluation of ZIF Delivery System
We tested the toxicity of ZIF at the cellular level by incubating different concentrations of ZIF with A549-TAX cells.

Even at a relatively high concentration (640 pg/mL), ZIF did not exhibit any significant cytotoxicity, indicating its good
biocompatibility as a drug delivery carrier (Figure 4A). Additionally, the cells cultured with ZIF displayed spindle and
quadrangular shapes like the normal cells, and the cell count in the ZIF delivery system was comparable to that of the
control group, which further supports the notion that the ZIF delivery system has minimal negative impact on cell
viability (Figure 4B). To assess the biocompatibility of ZIF and D-ZIF in the bloodstream, we performed a hemolysis
test. Neither ZIF nor D-ZIF induced any observable hemolysis at high concentrations, even up to 320 ug/mL for ZIF and
50 pg/mL for D-ZIF (Figure 4C). Thus, ZIF and D-ZIF exhibited a wide range of safe concentrations suitable for blood-
contacting applications. Consequently, D-ZIF hold great potential for utilization in clinical antitumor application.

>

~ 100+

X

2

8

.S 50

Jo;

®)

0-

0 40 80 160 320 640
ZIF concentration (ug/mL)

C 0 40 80160 320 Triton 0 5 10 20 50 Triton 0 5 10 20 50 Triton

S S BN = ==

1004 1004 1004
a a °
2 2 > g
S 504 S 504 S h
e g g
Q Q (3]
T e 5 &
0- 0- 0- 1
0 40 80 160 320 Triton 0 5 10 20 50 Triton 0 5 10 20 50 Triton
ZIF concentration (ug/mL) DHA concentration (pg/mL) D-ZIF concentration (pug/mL)

Figure 4 Biocompatibility evaluation of the ZIF delivery system. (A) Cell viability of A549-TAX cells under the treatment of different concentrations of ZIF for 24h. (B)
Images show the states of A549-TAX cells incubated with ZIF. Scale bar, 10 um. (C) The biocompatibility of various concentrations of ZIF, DHA, and D-ZIF is evaluated using
rat erythrocytes lysis assay. Saline or triton is utilized as a negative or positive control, respectively. The extent of the cell lysis is quantified by measuring ODs¢7,m for the

samples.
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Figure 5 Antitumor activity and mechanism of D-ZIF in the subcutaneous tumor model. (A) Tumor growth is monitored and measured at different time points following the
different treatments. Statistical analysis revealed a significant difference (n = 6, ***P < 0.001) compared to the D-ZIF group. (B) Macroscopic images of the excised tumors in
different treatments. (C) TUNEL staining is performed on the excised tumor tissue sections to assess apoptotic cell death, Scale bar, 50 um. (D) HE staining of the excised
tumor tissue sections. Red circles indicated the tumor cell necrosis and blue line marked the tumor structure disintegrated. Scale bar, 100 um. (E) Western blot of the
excised tumors in different treatments. (F) The level of different biomarkers indicating liver and kidney function, and nutritional status after different treatments. Between-
group changes were assessed using ANOVA with a threshold P=0.05.
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Antitumor Activity and Mechanism in vivo

We further explored the in vivo antitumor efficiency and the related mechanism of D-ZIF. Mice were randomly assigned
to four groups (n=6), control group (saline), free DHA group, ZIF group, and D-ZIF group with the equivalent DHA
doses (100 pg per mice). The relative tumor volume in both the control and ZIF group evidently increased, indicating that
ZIF itself has no tumor inhibition effect, while the free DHA group presented a slight inhibition (Figure SA). On the
contrary, the tumor volume and weight of the D-ZIF-treated mice reduced by 76.3% and 79.1% compared to the control
group, displaying efficient antitumor efficiency (Figure SA and B, Figure S12). At the same dose of DHA, D-ZIF showed
superior DHA bioavailability for better therapeutic efficacy than the DHA group. In addition, the body weight is stable
during the observation period, implying negligible systemic toxicity of D-ZIF (Figure S13). Notably, the D-ZIF
remarkably inhibited resistant cells that caused tumor growth.

We further evaluated the antitumor mechanism of D-ZIF by TUNEL staining and Western blot. Compared with the
control group, both DHA and D-ZIF caused tumor cell apoptosis (Figure 5C). We excised the tumors for HE analysis
(Figure 5D). The tumor structure remained intact with large and hyperchromatic cell nuclei in the control and ZIF groups.
Meanwhile, DHA and D-ZIF treatments induced varying levels of cell necrosis and a loose cell arrangement (indicated
by red circles). By comparison, a large number of tumor cells died and tumor structure disintegrated in the D-ZIF group
(marked by the blue line), indicating the high antitumor efficacy of the delivery system (Figure 5D). D-ZIF treatment
simultaneously led to the up-regulation of the P38 MAPK pathway, which may also contribute to the apoptosis
(Figure S5E). Furthermore, the treatment with D-ZIF exhibited a significant enhancement in the cleavage of caspase-3,
a protein associated with apoptosis. In contrast, there is only a slight increase of p-P38 and cleaved caspase-3 in the DHA
group, and no change is observed in the control and ZIF groups (Figure SE). These results demonstrate that D-ZIF has
potent pro-apoptotic effects through the P38 MAPK pathway in vivo.

We also assessed the biocompatibility of the ZIF delivery system by measuring the levels of biochemical biomarkers.
The mice treated with D-ZIF maintained the levels of kidney function biomarkers (creatinine, CRE; blood urea nitrogen,
BUN and uric acid), liver function biomarkers (aspartate aminotransferase, AST; alanine aminotransferase, ALT and
alkaline phosphatase, ALP) and nutritional status (albumin, Alb) within the normal range, indicating the normal
functioning of key organs (Figure 5F). We also performed a significance analysis utilizing One-way analysis of variance
(ANOVA) with a threshold set at P=0.05 for comparisons between each group. There is no significant difference between
the control and experimental groups. Together, D-ZIF showed obvious effects in treating tumors with high safety.

Conclusion

In this study, we developed a highly effective drug delivery system using ZIF-8 to deliver DHA for cancer treatment.
D-ZIF possessed a noticeable DHA encapsulation efficiency (72.9%) and a smooth release profile triggered by acidic
microenvironments in the tumor. This pH-responsive release mechanism enhances the targeting efficiency of DHA
towards tumor cells, thereby increasing drug concentration in tumor sites. D-ZIF inhibited tumor growth by inducing
tumor cell apoptosis through the mechanism of ROS production and regulation of Nrf2/HO-1 and P38 MAPK signaling
pathways. Moreover, the D-ZIF nanoplatform demonstrated minimal side effects. Our study opens doors for further
exploration and investigation of safe and effective drug delivery systems for cancer therapy. In our future work, we
intend to investigate long-term biodistribution, biotransformation, and bioavailability of the D-ZIF delivery system
aiming to advance treatment approaches for various cancer types. Furthermore, it is imperative to evaluate the D-ZIF

delivery system in mitigating drug resistance, providing insights for the development of innovative delivery systems.

Abbreviations
DHA, Dihydroartemisinin; ZIF, zeolitic imidazolate framework; D-ZIF, DHA-loaded ZIF; A549-TAX, TAX-resistant
human lung adenocarcinoma; ROS, reactive oxygen species; HE, hematoxylin and eosin-stained.
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