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Purpose: In this study, we report the design and evaluation of Anlo@MOF-Lipo (AML), a liposome coated, small sized MIL-101(Fe)
metal-organic framework (MOF) for targeted delivery of the multi target tyrosine kinase inhibitor anlotinib in lung cancer treatment.
Methods: In detail, the biomimetic liposome shell enhances nanoparticle biocompatibility, while the MIL-101(Fe) core enables pH
responsive release of Fe*" under acidic tumor conditions, triggering Fenton-like reactions and generating cytotoxic reactive oxygen
species. Anlotinib is encapsulated within the MOF pores for sustained, intratumoral release, suppressing the growth of tumors.
Results: Characterization confirmed uniform liposome coating and sustained anlotinib release of AML. In vitro, AML demonstrated
superior cellular uptake and cytotoxicity in lung cancer cells. In a murine subcutaneous tumor model, AML treatment achieved
a greater tumor volume reduction than free anlotinib, with no observable systemic toxicity. Furthermore, in the orthotopic lung cancer
model, AML achieved the most pronounced therapeutic efficacy among all treatment groups.

Conclusion: This dual mode therapeutic strategy-combining targeted chemotherapy with oxidative stress induction-highlights the
potential of AML as a promising nanomaterial for improving lung cancer treatment.
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Introduction
Lung cancer is a highly malignant neoplasm that typically originates in the bronchi or lung parenchyma.'* As one of the
leading causes of cancer-related mortality worldwide, it claims millions of lives each year.® Due to the absence of
typical early symptoms, over 70% of patients are diagnosed at advanced stages, resulting in low curability and poor
prognosis.” This not only imposes a significant psychological burden on patients but also leads to substantial social and
economic pressures. Currently, the treatment modalities for lung cancer primarily include surgical resection, radiation
therapy, chemotherapy, and targeted therapy.®* However, these modalities continue to face numerous challenges.'*"!
In recent years, targeted therapy has achieved substantial progress in lung cancer management.'>'* Anlotinib, an oral
multi-target tyrosine kinase inhibitor, has demonstrated clinical efficacy in treating advanced non-small cell lung cancer
(NSCLC), small cell lung cancer (SCLC), and several other malignancies.'*'® Despite these benefits, its therapeutic
potential remains limited by poor aqueous solubility, short plasma half-life and off-target toxicity.'*>' These pharma-
cokinetic and safety constraints highlights the urgent need for the development of an efficient delivery system to enhance

its clinical application.
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Figure | Schematic diagram. The diagram illustrating the AML administration via tail vein injection and its tumor-targeting mechanism through the EPR effect (upper) and the
anti-cancer mechanism of AML at the tumor site (lower). Specifically, AML is taken up by tumor cells, releasing anlotinib and Fe**. Anlotinib inhibits tumor cell proliferation,
while Fe** induces ROS generation via Fenton reaction, promoting tumor cell death.

At the same time, the development of nanodrug delivery systems has provided new strategies for improving the
efficacy of anti-cancer drugs and reducing side effects. Metal-organic frameworks (MOFs) as a new type of porous
materials, show great potential in drug delivery due to their high specific surface area, adjustable pore size and good
biocompatibility.”> ** However, traditional MOF materials (typically larger than 300 nm) face limitations in tumor
targeting and cell uptake efficiency.> To address these challenges, researchers are working to develop smaller-sized
MOF materials (approximately 100 nm) to optimize drug delivery performance.

In this study, we designed and synthesized a novel nanodrug delivery system based on the iron-based metal-organic
framework MIL-101(Fe) by solvothermal synthesis. Compared with conventional MOF materials, MIL-101(Fe) exhibits
a smaller size (~100 nm) and is surface-modified with a liposomal surface to improve its biocompatibility and stability.
This design not only enables efficient loading and delivery of anlotinib, but also leverages the ability of MIL-101(Fe) to
release Fe’+ in the tumor microenvironment, generating reactive oxygen species (ROS) through Fenton-like reactions to
augment tumor cell damage (Figure 1). Our results demonstrate that this novel Anlo@MOF-Lipo (AML) system,
integrating sustained anlotinib delivery with MOF-mediated oxidative stress—offers a promising strategy to enhance
antitumor efficacy while reducing systemic toxicity.

Materials and Methods

Reagents and Cells

Dimethyl sulfoxide (DMSO), ethyl alcohol, PBS, DPPC, FeCl;*6H,0, DSPE-PEG2000-NHS, benzene-1,4-dicarboxylic
acid (H2BDC), anlotinib, N,N-dimethylformamide (DMF) and NaHCOj; reagents were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) kits for
CRP, TNF-q, IL-6, IL-10, an iron ion test kit, an Annexin V-FITC apoptosis detection kit, a mitochondrial membrane
potential assay kit with JC-1, a reactive oxygen species (ROS) assay kit, a cell counting kit-8 (CCK-8), and DAPI for
nuclear staining were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). A c¢Tnl ELISA kit was
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purchased from Elabscience Biotechnology Co., Ltd. (Wuhan, China). All biochemical reagents were used without
further purification. Lewis lung carcinoma (LLC) cells were purchased from ATCC and cultured in DMEM supplemen-
ted with 10% fetal bovine serum, penicillin (100 IU/mL) and streptomycin (100 pg/mL). Other chemicals used were
purchased from Aladdin Biochemical Technology Co., Ltd.

Animals

Four-week-old female C57 mice were obtained from Slack Laboratory Animals Co., Ltd. (Shanghai, China) and housed
in specific-pathogen-free (SPF) conditions. All the experiments on live mice were approved by the Committee on
Animals of Guangxi University of Chinese Medicine.

Synthesis of MIL-101 (Fe)

In a typical procedure, 2.5 mmol of FeCl;*6H,0 and 3.75 mmol of H2BDC were dissolved in 30 mL of DMF. The
mixture was stirred for 15 min and then heated at 70 °C for 10 h. After reacting, the final products were centrifuged
(8000xg for 10 minutes) and washed with 2 mL ethanol three times and with 2 mL distilled water three times.*®

Synthesis of Anlo@MOF

To load anlotinib into the pores of MOFs, we dispersed synthetic MIL-101(Fe) (10 mg) into 2 mL of 1xPBS solution
containing 10 mg of anlotinib and the resulting mixture was then stirred for 24 h at 37 °C. The products (Anlo@MOF)
were centrifuged (8000%g for 10 minutes) and washed with distilled water three times to remove the free anlotinib.

Synthesis of Anlo@MOF-Lipo

10 mg Anlo@MOF was dispersed in 5 mL chloroform. After complete dispersion, 15 mg DPPC and 30 mg DSPE-
PEG2000-NHS were added and evenly dispersed in the Anlo@MOF solution in chloroform via sonication. After that, the
mixture was rotated and evaporated at 37 °C for 30 minutes using a rotary evaporator. The product (AML) was collected
via high-speed centrifugation at 8000xg for 10 min at room temperature. The centrifuged products were collected,
dispersed with 5 mL anhydrous ethanol and centrifuged at 8000xg for 10 min at room temperature. This step was
repeated three times. AML was incubated with amino-Cy5.5 or DiD dye under thorough mixing, followed by centrifuga-
tion. The pellet was washed with 5 mL of 1XPBS and centrifuged at 8000xg for 10 min at room temperature for three
times. The pellet was redispersed in 5 mL PBS and AML products were obtained through a hand-pushed micro-liposome
extruder (Hamilton, USA). Solid AML was then collected by centrifugation and dried.

Characterization

Transmission electron microscopy (TEM) images were captured using a Hitachi H-8100EM system (Tokyo, Japan) with
an accelerating voltage of 75 keV and a magnification of 100,000x. Scanning electron microscope (SEM) images were
obtained from a Hitachi S-4800 FE-SEM (Tokyo, Japan) system at a magnification of 50,000%. Size distribution and zeta
potential of the nanomaterials were measured by dynamic light scattering (DLS) using a ZEN 3600 system (Malvern
Instruments, Worcestershire, United Kingdom), with samples prepared at a concentration of 0.1 mg/mL, pH 7.0, and
measured at room temperature. UV/vis absorption spectra were obtained from a Cary 3500 spectrometer (Agilent Santa
Clara, California) with the baseline calibrated using distilled water and a wavelength range of 200—-800 nm.

Measurement of Ultraviolet Absorption Spectrum of Anlotinib

The ultraviolet (UV) absorption spectra of anlotinib solutions at different concentrations were measured using a UV—Vis
spectrophotometer to establish a standard calibration curve based on the characteristic absorption peak at 218 nm. Prior
to the experiment, a series of anlotinib standard solutions with concentrations of 0.8, 4, 20, 100, and 500 pg/mL were
prepared in phosphate-buffered saline (PBS) through stepwise dilution. All solutions were freshly prepared and used
immediately to prevent degradation. Quartz cuvettes were cleaned with pure PBS three times prior to measurement.
Baseline correction was performed using PBS as the blank. Standard solutions were sequentially loaded from low to high
concentration, and the outer surface of the cuvettes was wiped clean before insertion into the sample chamber. The
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absorption spectra were scanned over the wavelength range of 200-600 nm, with emphasis on the peak at 218 nm.
Absorbance values at 218 nm were recorded for each concentration, and each measurement was performed in triplicate to
minimize random error. A calibration curve was constructed by plotting the average absorbance at 218 nm versus
anlotinib concentration. Linear regression analysis was performed using the least-squares method, and the regression
equation and correlation coefficient (R?) were determined to evaluate the reliability of the linear relationship, providing
a basis for subsequent quantitative analyses.

Drug Release of Anlotinib in AML

Three AML samples (50 mg each) were dispersed in 1 mL of PBS buffer at pH 5.5, 6.5, and 7.4, respectively. The
dispersions were incubated at 37 °C with constant stirring at 60 rpm to maintain uniform suspension. Drug release was
monitored at predetermined time points (1, 2, 3, 4, 5, 6, 7, and 8 h). At each time point, stirring was briefly paused to
allow particle sedimentation, and a defined volume of the supernatant was collected using a micropipette.

The supernatants were analyzed using a preheated UV—Vis spectrophotometer, with PBS of the corresponding pH as
the blank. Absorbance at 218 nm was recorded using quartz cuvettes with a 1-cm path length. The concentration of
released anlotinib was calculated from the previously established standard curve. Cumulative release percentages were
determined and plotted as a function of time for each pH condition. Comparative analysis of the release profiles allowed
assessment of the influence of pH on the drug release behavior of AML formulations.

Electron Paramagnetic Resonance (EPR) Spectroscopy

The Fenton-like activity of Anlotinib-@MOF-Lipo (AML) under different pH conditions was assessed using electron
paramagnetic resonance (EPR) spectroscopy (Bruker EMX). Phosphate-buffered solutions at pH 5.5, 6.5, and 7.4 were
freshly prepared as reaction media. Hydrogen peroxide (H,O,) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin trap
solutions were prepared immediately prior to use to ensure reagent activity. For each pH condition, equal amounts of
AML were dispersed in the corresponding buffer. H,O, and DMPO were then added sequentially to initiate the Fenton-
like reaction. Following incubation at the predetermined temperature for a defined period, an aliquot of the reaction
mixture was transferred into a quartz EPR flat cell using a micropipette and immediately inserted into the pre-adjusted
resonant cavity of the Bruker EMX spectrometer. EPR measurements were performed at room temperature with the
following instrument settings: central magnetic field, 3480 G; sweep width, 100 G; microwave power, 20 mW;
modulation frequency, 100 kHz; and modulation amplitude, 1.0 G. Each pH condition was analyzed in triplicate to
ensure reproducibility. The characteristic DMPO-OH quartet signal was recorded, and hydroxyl radical generation was
quantified by analyzing the peak height or integrated peak area. This approach allowed systematic evaluation of the pH-
dependent Fenton-like activity of AML and provided insight into the influence of environmental pH on hydroxyl radical
generation.

AML Stability Verification

5 mg of AML was dispersed in 1.5 mL of DMEM, PBS, or ddH,O in separate centrifuge tubes. The dispersions were
visually observed and photographed at different time points. Size distribution and zeta potential of the nanomaterials
were measured at the same time points using DLS.

Cell Experiment

LLC Cell Uptake of AML

LLC cells in the logarithmic growth phase were seeded at an appropriate density in confocal culture dishes for

microscopic observation and simultaneously in parallel in standard culture plates for flow cytometry analysis. Prior to

the uptake experiment, AML nanoformulations were labeled with the lipophilic dye DiD by co-incubation to embed the

dye into the lipid layer, followed by centrifugation and purification to remove unbound dye, yielding DiD-labeled AML.
Cells were incubated with the respective formulations at 37 °C with 5% CO, for 1, 2, and 4 h. At each time point, the

culture medium was carefully removed, and cells were washed three times with pre-cooled PBS to eliminate residual

nanoparticles and extracellular dye. For confocal microscopy, cells were stained with DAPI-containing medium for

nuclear labeling for 10 min, followed by washing with PBS. Confocal imaging was performed immediately, with blue
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nuclear signals collected using the DAPI channel and red fluorescence from DiD captured in the corresponding channel.
High-resolution images were reconstructed to visualize the intracellular localization and distribution of DiD-AML. For
flow cytometry analysis, washed cells were detached with trypsin, resuspended in PBS, and immediately analyzed.
Voltage and compensation settings were calibrated using unstained cells and free DiD controls. Fluorescence signals from
at least 10,000 cells per sample were collected, and the proportion of DiD-positive cells and their mean fluorescence
intensity were quantified using FlowJo software to assess the cellular uptake efficiency of AML nanoformulations at the
designated time points.

Cell Proliferation Experiment

LLC cells in the logarithmic growth phase were seeded uniformly in 96-well plates at a density of 5 x 10> cells per well
and incubated at 37 °C with 5% CO, for 24 h to ensure full adhesion. After attachment, cells were treated with serial
dilutions of MOF, Anlo@MOF, or AML nanoformulations prepared in complete culture medium. The Control group
received fresh medium only. Each treatment was performed in at least five replicate wells per concentration. Following
incubation for the designated time points, 10 pL of CCK-8 solution was added to each well and incubated for
3 h. Absorbance at 450 nm was measured using a microplate reader, which correlates directly with the number of viable
cells. Cell proliferation inhibition rates were calculated by comparing the absorbance values of each treatment group to
those of the Control group.

ROS Detection

LLC cells in the logarithmic growth phase were seeded at an appropriate density in confocal microscopy dishes and
incubated at 37 °C with 5% CO, for 24 h to allow complete adhesion. Following adhesion, the culture medium was
aspirated and replaced with fresh medium containing MOF, Anlo@MOF, or AML nanoformulations. Different incuba-
tion time points were set for each group. Approximately 30 min prior to each predetermined time point, the medium was
gently removed, and cells were washed twice with serum-free medium to remove residual nanoparticles. The DCFH-DA
probe, diluted to the working concentration in serum-free medium, was added, and cells were incubated in the dark at 37
°C for 30 min. After incubation, cells were washed three times with serum-free medium to remove extracellular probe,
and a small volume of fresh medium was added for immediate confocal imaging. Confocal microscopy settings were as
follows: excitation at 488 nm (argon ion laser) and emission collection at 500-550 nm for oxidized DCF fluorescence;
nuclear staining (if performed) was excited at 405 nm, with emission collected at 410—480 nm. Imaging parameters were
kept identical across all groups. Fluorescence intensity per cell or per selected region was quantified using ImagelJ, with
at least three independent fields and over 30 cells analyzed per condition. Data were processed using GraphPad Prism and
expressed as mean+=SD. ROS levels in each treatment group at different time points were plotted as bar or line graphs to
visualize the dynamics and relative intensities of ROS production induced by the nanoformulations.

Annexin V-mCherry Cell Apoptosis Detection

LLC cells in the logarithmic growth phase were seeded in confocal microscopy dishes at an appropriate density and
incubated at 37 °C with 5% CO, for 24 h to achieve full adhesion. After adhesion, the culture medium was aspirated. The
control group received fresh complete medium, while experimental groups were treated with medium containing MOF,
Anlo@MOF, or AML nanoformulations and incubated for the designated time periods. At the end of each treatment,
culture supernatants were aspirated, and cells were washed twice with pre-cooled PBS. Annexin V-mCherry staining
solution was applied according to the manufacturer’s instructions, and cells were incubated in the dark at room
temperature for 30 min. Cells were then washed with Binding Buffer to remove unbound dye, and confocal imaging
was performed immediately. Imaging parameters were set as follows: Annexin V-mCherry was excited at 561 nm, with
red fluorescence collected at 570-620 nm; DAPI nuclear counterstaining was excited at 405 nm, with blue fluorescence
collected at 410-480 nm. All imaging settings were kept consistent across groups. Apoptosis was evaluated by assessing
the intensity and distribution of Annexin V-mCherry on the plasma membrane and its co-localization with nuclear
staining. Semi-quantitative analysis of red fluorescence intensity in defined fields of view was performed using ImageJ to
compare the relative apoptotic induction efficiency of the different nanoformulations.
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Mitochondrial Membrane Potential (MMP) Assay

LLC cells in the logarithmic growth phase were seeded at an appropriate density in confocal microscopy dishes and
incubated at 37°C with 5% CO, for 24 h to allow complete adhesion. After adhesion, the culture medium was aspirated
and replaced with fresh medium containing MOF, Anlo@MOF, or AML nanoformulations, and cells were incubated for
24 h. Following treatment, cells were washed once with pre-cooled PBS and incubated with the JC-1 probe, diluted to the
working concentration in serum-free medium, for 30 min at 37°C in the dark according to the manufacturer’s instruc-
tions. After incubation, cells were washed twice with pre-warmed serum-free medium, and a small volume of PBS was
added for immediate observation under a confocal microscope. The imaging parameters were set as follows: JC-1
aggregates (high mitochondrial membrane potential) were excited at 514 nm and emission was collected at 570—620 nm;
JC-1 monomers (low mitochondrial membrane potential) were excited at 488 nm and emission was collected at 510-550
nm; Hoechst 33342 (if nuclear staining was performed) was excited at 405 nm and emission collected at 410-480 nm.
All imaging conditions were kept consistent across groups. Red-to-green fluorescence intensity ratios were quantified
using ImagelJ, and at least three independent fields per sample were analyzed to semi-quantitatively assess mitochondrial
membrane potential changes induced by different nanoformulations.

Enzyme-Linked Immunosorbent Assay (ELISA)

Whole blood samples from mice were collected and allowed to clot at room temperature for 30 min. Samples were
centrifuged at 1000xg for 15 min at 4°C, and the serum was carefully collected to avoid hemolysis. Serum samples were
aliquoted and stored at -80°C until analysis, avoiding repeated freeze-thaw cycles. Prior to the assay, serum samples,
standards, and all kit components were equilibrated to room temperature for 1-2 h. The concentrated washing buffer was
diluted 20-fold with ultrapure water according to the instructions. A 96-well microplate pre-coated with capture
antibodies was loaded with gradient-diluted standards and appropriately diluted serum samples. Duplicate wells were
set for each sample and standard, and blank control wells were included. Plates were gently tapped to mix, covered with
a sealing film, and incubated at 37°C in the dark for 90 min. After incubation, wells were washed five times with washing
buffer. Biotinylated detection antibody working solution was added to each well, followed by incubation at 37 °C for
60 min, and subsequent washing. Horseradish peroxidase-labeled streptavidin solution was then added and incubated at
37 °C for 30 min in the dark, followed by five additional washes. TMB substrate solution was added and incubated at 37
°C for 15-20 min until the standard wells developed a clear blue color. Stop solution was added to terminate the reaction,
turning the solution yellow. Absorbance was measured at 450 nm, with 570 nm or 630 nm as reference wavelengths.
A standard curve was generated using a four-parameter logistic (4-PL) model, with standard concentration as the x-axis
and mean absorbance as the y-axis. Sample concentrations were calculated from the regression equation and adjusted by
the dilution factor to determine the serum levels of CRP, TNF-a, IL-6, and IL-10.

Inductively Coupled Plasma Emission Spectrometry (ICP) Method

Tumor samples were dried and placed in digestion tubes. 10 mL of concentrated nitric acid was added and heated at
200°C for digestion. After complete evaporation, the sample was transferred to a 10 mL volumetric flask and diluted with
1% nitric acid. Following microwave digestion process, the iron content was detected using an ICP emission spectro-
meter (Optima 3000, Perkin Elmer, Norwalk, CT) based on standard iron solution calibration. Iron content was expressed
as the proportion of the injected dose (tumor iron content/injected dose). Additionally, mouse blood was collected and the
blood iron concentration determined by ICP was used to reflect systemic drug levels.

Ki-67 Mouse Tumor Tissue Immunohistochemistry

Tumor tissues were immediately fixed in 4% paraformaldehyde at 4°C for 24 hours, dehydrated through a graded ethanol series,
cleared in xylene, and embedded in paraffin at 60°C for 2 hours. Paraffin-embedded blocks were sectioned at 4-5 pm thickness
and mounted on glass slides. Sections were baked at 60°C for 1-2 hours to enhance adhesion, deparaffinized in xylene, and
rehydrated through a descending ethanol series to deionized water. Antigen retrieval was performed using 0.01 M sodium citrate
buffer (pH 6.0) in a microwave. After cooling, sections were washed with PBS and incubated with 3% hydrogen peroxide to
block endogenous peroxidase activity, followed by serum blocking for 30 minutes. Sections were then incubated with Ki-67
primary antibody at 4°C overnight. After washing, HRP-conjugated secondary antibody was applied at room temperature for
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30-60 minutes. The colorimetric reaction was developed using freshly prepared DAB solution and stopped upon appearance of
a brown signal. Sections were counterstained with hematoxylin, differentiated, blued, dehydrated through graded ethanol,
cleared in xylene, and mounted with neutral resin. Microscopic observation was performed to evaluate Ki-67 expression.

ROS Staining of Mouse Tumor Tissue

The tumor tissue was rapidly frozen and then cut into 4 - 5 micrometer thick slices. Sections were incubated with the
ROS probe working solution at 37°C for 30 minutes in the dark, followed by PBS washing three times for 5 minutes
each. Sections were mounted with anti-fade mounting medium and sealed with cover glasses. ROS signals were observed
under CLSM.

H&E Staining of Mouse Tumor Tissue

Paraffin-embedded tumor sections (4-5 pum) were deparaffinized in xylene and rehydrated through a graded ethanol
series to deionized water. Sections were stained in hematoxylin for 5-10 minutes, rinsed thoroughly with running tap
water, and differentiated in 1% hydrochloric acid in 70% ethanol. Nuclei were blued in slightly alkaline water or PBS.
Subsequently, sections were stained with eosin for 1-2 minutes. After staining, sections were dehydrated through graded
ethanol, cleared in xylene, and mounted with neutral resin. Slides were examined under an optical microscope to assess
nuclear morphology, cytoplasmic characteristics, and overall tissue structure.

Animal Experiment

All animal procedures were approved by the Experimental Animal Ethics Committee of Guangxi University of Chinese
Medicine (DW20230528-104) and were performed in accordance with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH). Specifically, mice were euthanized by cervical dislocation
under anaesthesia, which was induced by intraperitoneal injection of 3% sodium pentobarbital at a dose of 30 mg/kg
body weight. After injection, no discomfort of mice was observed. Death was confirmed by cessation of heartbeat and
respiration. Tumor size was monitored daily and the maximum allowable tumor size was limited to 2000 mm?>. These
procedures were applied consistently across both mouse models used in this study.

Twenty 4-week-old female C57 mice were randomly divided into four groups. Mice were housed separately. To
establish the tumor model, LLC cells (1x10° cells/mL, 100 pL) were subcutaneously injected into the right thigh. Once
tumors reached ~100 mm®, drugs were administered via tail vein (performed blinded) every two days for 15 days.
CyS5.5-labeled liposomes were used for in vivo imaging to evaluate biodistribution and clearance of nanomaterials by
dissecting the heart, liver, spleen, lung and kidney and tumor. Tumor growth was monitored using a digital caliper, and
volume was calculated as V=0.5xLxW?2. All mice were sacrificed at day 17, and tumors were excised, weighed, and
processed for histopathology. Tumor tissue water content was determined by calculating the difference between the wet
and dry weights, divided by the wet weight of the excised tumor samples, after drying at 60 °C until a constant weight
was achieved. Blood cell analysis was performed using a blood cell analyzer (BC-5000Vet, Mindray).

Another twenty 4-week-old female C57 mice were used to establish an experimental lung metastasis model. LLC
cells (1 x 10° cells/mL, 100 pL) were injected via the tail vein to induce pulmonary tumor nodules. Drug administration,
imaging, and tissue analyses were conducted following the same protocol as in the subcutaneous model.

Statistical Analysis

All experiments were performed in triplicate using independent biological replicates. Data are presented as mean
+standard deviation (SD). Statistical comparisons between two groups were conducted using a two-tailed Student’s
t-test. Significance levels are indicated as follows: *P < 0.05, **P < 0.01, ***P < (0.001, and ****P < 0.0001.

Results
Synthesis and Characterization of AML

Figure 2a illustrates the synthesis scheme of AML. To characterize particle morphology and size, transmission electron
microscopy (TEM) was performed on MIL-101(Fe). As shown in Figure 2b, MIL-101(Fe) exhibited a uniform particle
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Figure 2 Synthesis and characterization of AML. (a) Schematic illustration of AML synthesis. (b) TEM image of MIL-101 (Fe). (c) TEM image of liposomes. (d) TEM image of
AML. (e) Particle size distributions of different materials by DLS. (f) Surface potentials of different materials by Zetasizer. (g) SEM image and EDS (Fe, O, F, N) of AML. Data
are presented as mean * SD (n = 3).
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size of approximately 60 nm. XRD, TGA, and Raman analyses of MIL-101(Fe) are presented in Figures S1-S3,
respectively. Liposomes, composed of natural or synthetic phospholipids, have been widely applied in anti-cancer
therapy owing to their ability to encapsulate drugs and deliver them to target sites via systemic circulation.”” *° Their
favorable biocompatibility, tunability, and sustained-release characteristics further enhance the efficacy and bioavail-
ability of anti-cancer drugs.>' >* TEM analysis of the liposomes and AML demonstrated that the synthesized liposomes
effectively encapsulated MIL-101(Fe), forming a stable composite structure that prevented premature leakage (Figure 2¢
and d). Next, particle sizes were measured by dynamic light scattering (DLS). The results indicated that the organome-
tallic framework ranged from 30-80 nm, and AML ranged from 50-110 nm (Figure 2¢), providing additional evidence
for the successful assembly of AML. In addition, zeta-potential measurements revealed a distinct surface charge shift
after AML formation (Figure 2f), confirming the modification of surface properties. Energy-dispersive spectroscopy
(EDS) confirmed the presence and distribution of Fe, O, F, and N elements within the nanocomposite, further validating
the successful synthesis of AML (Figure 2g).

Extracellular Experiment of AML

To validate the loading of anlotinib within AML, UV absorption spectra were measured at a series of anlotinib
concentrations (Figure 3a). The drug loading efficiency of anlotinib was 6.78% and the encapsulation efficiency was
69.65%. AML exhibited a sustained release profile in PBS at varying pH values, with accelerated release under acidic
conditions that mimic the tumor microenvironment. The cumulative drug release continued for up to 8 hours (Figure 3b).
Iron ion release was further assessed in corresponding buffer systems, showing a similarly accelerated release under
acidic conditions and a sustained release duration lasting up to 10 hours (Figure 3c). Furthermore, the EPR spectra of
AML at different pH values displayed a characteristic quartet signal, indicating the generation of hydroxyl radicals via
Fenton-like reactions (Figure 3d). Notably, the signal intensity at pH 5.5 was higher than at pH 6.5 and 7.4, suggesting
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Figure 3 pH-responsive release and stability profiles of AML. (a) Ultraviolet absorption spectra of different concentrations of anlotinib and standard curves between
anlotinib concentration and ultraviolet absorbance. (b) Time-dependent release curves of anlotinib from AML in buffers with different pH values. (c) Time-dependent release
curves of Fe** from AML in buffers with different pH values. (d) EPR spectrum of AML in buffers with different pH values. (e) Particle sizes of AML by DLS at different time
points. (f) Surface potentials of AML by Zetasizer at different time points. (g) Digital photographs of AML in DMEM, PBS, ddH20O at different time points. Data are presented
as mean = SD (n = 3).

that the acidic condition markedly promotes Fe’' release and subsequent ROS production from MIL-101(Fe). No
significant differences in size distribution or zeta potential were detected among 2, 4, or 8 hours (Figure 3e and f),
indicating good stability during incubation. AML was also dispersed in DMEM, PBS, and ddH,O to further validate
storage stability (Figure 3g). No visible aggregation or precipitation was observed in any medium over prolonged storage
to 8h. Collectively, these findings demonstrate the pH-responsive characteristics and excellent stability of the AML
system.

In vitro Experiment of AML

To improve the potential for biomedical application, the cytotoxicity of AML was assessed using the standard CCK-8
assay to evaluate biocompatibility and safety.’>* The results showed that cytotoxicity was dependent on AML
concentration, with the highest degree of cell death observed at 1000 pg/mL, suggesting a dose-dependent toxic effect
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Figure 4 Cellular uptake and cytotoxicity of AML. (a) Cytotoxicity of AML in LLC cells after 6 h of incubation at various concentrations. (b) Cytotoxicity of AML (100 g/
mL) in LLC cells at different time points. (c) Cytotoxicity of different treatments (100 pg/mL) in LLC cells after 12 h of incubation. (d) CLSM images of LLC cells incubated
with AML (100 pg/mL) at different time points. (e) Flow cytometry analysis of PerCP-Cy5.5-labeled AML internalization in LLC cells at different time points.(f) Quantification
of mean fluorescence intensity in LLC cells at different time points. Data are presented as mean * SD (n = 3). Statistical significance is indicated as follows: ** P < 0.0, ***
P<0.001.

(Figure 4a). After a prolonged incubation with AML at 100 pg/mL, a significant cytotoxic effect on LLC cells was still
observed (Figure 4b). Moreover, among all material groups at an equal concentration of 100 pg/mL, AML exhibited the
strongest cytotoxic effect (Figure 4c). These results suggest that AML has superior cytotoxic potency of AML compared
with other formulations.

In order to visualize AML uptake, LLC cells were incubated with AML (100 ng/mL) for different durations. The
results indicated that intracellular amount of AML (DiD, red) increased over time (Figure 4d), suggesting favorable
interaction between AML and the cell, possibly facilitated by liposomal surface of AML. Flow cytometry analysis
revealed a robust, time-dependent cellular uptake of the PerCP-Cy5.5 labeled AML, with the percentage of PerCP-Cy5.
S-positive cells increasing from 14.2% at 0.5 h to 79.7% at 4 h (Figure 4e and f). Correspondingly, the average
intracellular fluorescence intensity continuously rose over the monitored period, reaching its highest observed level
after 4h, confirming substantial nanoparticle accumulation within cells.

To assess intracellular ROS production, confocal laser scanning microscope (CLSM) imaging was conducted on LLC
cells treated with different material groups (100 pg/mL). Quantitive analysis showed pronounced ROS production in
MOF-containing groups (Figure 5a and b). This finding supports that Fe** released from AML in a mildly acidic
environment induces a Fenton-like reaction, thereby enhancing cytotoxicity. Further, time-dependent ROS generation
was evaluated in LLC cells incubated with AML (100 pg/mL). The results showed that intracellular ROS increased with
longer incubation times, further supporting ROS-inducing effect of AML (Figure 5¢ and d). In addition, apoptosis
imaging was conducted across treatment groups. Following 3 h of incubation at 100 pg/mL, AML group exhibited the
most pronounced apoptotic effect (Figure 5e and f). JC-1 staining revealed significant differences in mitochondrial
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membrane potential (MMP) among treatment groups (Figure 5g and h). Compared with MOF alone or anlotinib
monotherapy, AML induced a more pronounced decrease in MMP, as indicated by a lower red/green fluorescence
ratio. This suggests enhanced mitochondrial depolarization and apoptosis induction following AML treatment.

In vivo Experiment of AML

To investigate the anti-cancer efficacy of AML in vivo. LLC cells were implanted into the right thigh subcutaneously of
the C57 mice. Once tumors reached approximatelyl00 mm?®, PBS, MOF, anlotinib or AML (200 pg/mL, 200 pL each)
was administered via tail vein injection every two days (Figure 6a). Biodistribution was assessed following Cy5.5-labeled
AML administration. At 2 h post-injection, tumors in the AML group exhibited strong fluorescence, whereas no signal
was detected in control mice. Comparable fluorescence intensities were observed in the liver and kidney (Figure 6b and
c). These results suggest AML effectively accumulates at tumor sites via the enhanced permeability and retention (EPR)
effect, confirming its tumor-targeting ability. Direct examination of excised tumors further demonstrated the therapeutic
benefit of AML. Tumors from AML-treated mice were markedly smaller than those from other groups (Figure 6d).
Quantitative tumor weight analysis showed that the AML group exhibited the lowest tumor mass and the slowest tumor
growth rate (Figure 6¢ and f). The internal water content of tumor tissues significantly differed among treatment groups
AML-treated tumors showing the lowest water content, consistent with reduced tumor burden (Figure 6g).
Pharmacokinetic analysis revealed that the AML had the longest blood circulation half-life compared with either MOF
or anlotinib alone (Figure 6h). The survival curves of mice were analyzed, and the mice in the AML group achieved the
longest overall survival (Figure 6i). Body-weight monitoring further supported the therapeutic advantage of AML, as
treated mice maintained relatively stable body weight throughout the study (Figure 6j-1). Tumor volume analysis showed
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Figure 6 Biodistribution and anti-tumor efficacy of AML in subcutaneous models. (a) Treatment timeline for AML administration (200 pg/mL, 200 pL via tail vein injection).
(b) Fluorescence imaging at 2 h post-injection to assess biodistribution of AML. (c) Quantification of fluorescence intensity shown in (b). (d) Images of excised tumors in
each group. (e) Tumor weights in each group. (f) Changes in tumor weight in each group. (g) Water content of tumors in each group. (h) Blood concentrations and half-life
of MOF, anlotinib, and AML after administration. (i) Survival analysis of mice with different treatments. (j) Average body weight changes across all groups. (k) Average body
weight changes for each individual group. (I) Time-course changes in body weight in each group. (m) Average tumor volume changes across all groups. (n) Average tumor

volume changes for each individual group. (0) Time-course changes in tumor volume in each group. Data are presented as mean + SD (n = 5). Statistical significance is
indicated as follows: *** P <0.001.

rapid growth in the control group, whereas the AML group exhibited the smallest and slowest-growing tumors
(Figure 6m-o0). Iron content in tumor tissues was analyzed Tumors treated with MOF-containing materials showed
higher intratumoral iron accumulation, indicating that a greater proportion of MOFs successfully reached the tumor sites
(Figure 7a). Ki-67 staining showed AML exerted the most pronounced antiproliferative effect among all treatment groups
(Figure 7b). Furthermore, ROS imaging confirmed that AML induced a substantial amount of ROS in tumor tissues
(Figure 7c). To assess whether AML triggers hematotoxicity or immune response in vivo, blood cell counts and
inflammation markers were measured. Two hours after tail vein injection of each material (200 pL, 200 pg/mL),
blood samples were collected for analysis. No significant differences were observed in blood cell counts (Figure 7d-f),
hemoglobin concentrations (Figure 7g) or inflammation markers (Figure 7h-k) between control and treated groups,
suggesting AML does not cause hematotoxicity or induce acute inflammatory responses. Furthermore, hematoxylin and
eosin (H&E) staining of major organs indicated no detectable pathological changes in any of the treatment groups
(Figure 71), providing additional evidence for the systemic safety of AML.

We next evaluated the biodistribution and therapeutic efficacy of AML system in a lung tumor model (Figure 8a). At
2 h post-injection, Cy5.5-labeled fluorescence signals were detected in the lungs of AML-treated mice, whereas no
detectable signal was observed in the control group. (Figure 8b). Consistent with the subcutaneous tumor model, lung
tumor nodules in AML-treated mice were markedly smaller than those from other groups (Figure 8c). In addition, lung

weight and mouse body weight were recorded to evaluate the anti-cancer effects of AML (Figure 8d and e). Survival
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analysis demonstrated that mice treated with AML exhibited the longest survival duration among all groups (Figure 8f).
Given previous reports of anlotinib-induced cardiotoxicity, we monitored serum cTnl levels and performed H&E staining
of heart tissues up to 5 weeks post-treatment. No significant histopathological abnormalities or elevation in cardiac bio

markers were detected (Figure 8g and h).

International Journal of Nanomedicine 2026:21 hetps: 13



Fang et al

." "4"’»

%
%

%
N

C WX A A

9
LLLLI ) Cy5.5 Anlo@MOF-Lipo
LLC Tumor Once every 2 days 15 (days) — . -
24
14 —=— Control —~ 10
e - —WOF 2 —— Control 008
1.2 O) 22{—*—Anlo 1 —— MOF
- ] - —v— Anlo@MOF-Lipo ¥ g’ 08 Anlotinib — 0.04
S0 < ! T = —— Anlo@MOF-Lipo —E' I
- D 20 ® 0.6 =
£ 08 ° : -] D 0.03
= 3 1 ] £
® 06 > 18] o Q. 04 =
04 3 pet s i 00
a ) 2 02 )
- 1
02 ’7 16 { g 0.0
0.0 ; 1 @ 00 0.00
Control MOF Anlotinib Anlo@MOF-lipo 6 2 ‘; é 8 10 1'2 14 1'6 18 0 5 .;?me Z;a sz)o 25 30 1 -|-2 3 : 4
Time (days) Yy ime (weeks)

-

SRR

B “Sve
2 N
20um.a o St

= = ~
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Discussion

In this study, we developed a novel strategy, Anlo@MOF-Lipo (AML), to enhance the delivery and therapeutic efficacy
for lung cancer treatment. Compared with free anlotinib, the AML formulation significantly inhibited tumor growth and
demonstrated superior intratumoral accumulation in vivo, highlighting the advantages of integrating size-engineered
MOFs with liposomal surface modification.

The enhanced anti-tumor performance of AML can be largely attributed to the unique characteristics of small-sized
MOFs. Their reduced dimensions facilitate deeper tumor penetration and more efficient utilization of the enhanced
permeability and retention (EPR) effect, leading to improved biodistribution and intracellular uptake.***' Additionally,
the higher surface area-to-volume ratio enables increased drug loading and contributes to more controlled release
behavior. However, small-sized MOFs also present several challenges, including reduced in vivo stability that leads to
faster clearance and lower therapeutic efficacy.”*** Furthermore, excessively small MOFs may also introduce technical
issues in large-scale production and raise safety concerns. Specifically, particles that are too small are prone to
aggregation, exhibit poor drug-loading capacity, and are more readily cleared by the reticuloendothelial system. In
contrast, the liposomal coating further stabilizes the MOF structure, reduces premature degradation, and improves
systemic biocompatibility, collectively contributing to more sustained in vivo performance.

The sustained-release behavior of anlotinib observed in the AML system can be attributed to the combined structural
characteristics of MIL-101(Fe) framework and the outer liposomal coating. The coordinated metal-ligand network of the
MOF provides a confined structure that restricts molecular diffusion, while the liposomal layer further functions as

a semi-permeable barrier, collectively slowing drug exchange with the surrounding medium. In addition, the mildly
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acidic tumor-like environment promotes gradual MOF degradation, enabling stepwise release of both anlotinib and Fe®*
ions. These synergistic effects result in a release duration of approximately 8 hours, which falls within the expected
kinetic range reported for similar MOF-based or MOF-liposome hybrid formulations.**** Although the in vitro release
profile of AML shows a relatively short drug release period, this does not directly translate to its in vivo pharmacoki-
netics. In biological systems, drug biodistribution is influenced by tissue distribution, protein binding, endocytosis, and
nanoparticle retention, all of which substantially prolong effective drug exposure. The MOF—liposome hybrid structure
further facilitates EPR-mediated tumor accumulation and extended retention in tumor tissue, enabling sustained intra-
cellular release after blood concentrations begin to decline. In addition, the release of Fe** and subsequent Fenton-like
ROS generation provides a secondary, longer-lasting therapeutic effect that is not solely dependent on continuous
anlotinib release. Consistent with this mechanism, our pharmacokinetic data show a gradual decline in plasma concen-
tration with a relatively stable residual level maintained beyond 12 h, supporting the rationale for a 48 h dosing interval
despite the shorter in vitro release duration.

AML treatment induced significantly higher apoptosis rates. Furthermore, JC-1 staining revealed a pronounced
disruption of mitochondrial membrane potential following AML treatment compared to anlotinib monotherapy, indicat-
ing mitochondrial dysfunction. This mitochondrial impairment likely serves as a key mechanistic link explaining how
ROS potentiates the therapeutic effect of anlotinib in tumor cells.

However, this study has certain limitations that require further investigation. First, safety assessment was limited, as
known adverse effects of anlotinib, such as hypertension, were not specifically monitored in our animal experiments.
Nonetheless, during the 5-week treatment period, no signs of acute distress or mortality were observed in the AML-
treated group, indicating a favorable preclinical safety profile. Second, detailed pharmacokinetic profiling was not
performed, which is important for understanding the in vivo behavior and distribution of the MOF-based delivery
system. Third, although both subcutaneous and metastatic tumor models were employed, they were generated using the
same LLC cell line in C57BL/6 mice. As a result, the findings may not fully reflect the biological heterogeneity of human
tumors or account for inter-species differences in metabolism and immune responses. Finally, the study focused on
a specific MOF-based delivery system, and future investigations should explore combinations with other therapeutic
agents and cancer types to expand the applicability of this platform. Regarding clinical implications, the combination of
this delivery system with immunotherapy may further enhance antitumor efficacy. For potential clinical translation,
optimization of production processes, dosing strategies, and long-term safety evaluations will be essential. Overall, this
platform provides a promising strategy for targeted drug delivery, which may improve therapeutic efficacy while

minimizing systemic toxicity in lung cancer patients.

Conclusion

In summary, we developed a novel strategy for the delivery of anlotinib based on small-sized MOFs for lung cancer
therapy. The reduced particle size facilitated tumor penetration and cellular uptake, while biomimetic liposome mod-
ification improved biocompatibility and systemic stability. At the tumor site, the AML system enabled controlled
anlotinib release and ROS generation via Fe-mediated Fenton-like reactions, producing synergistic anti-tumor effects.
The AML system integrates ROS generation with targeted therapy, providing new insights for lung cancer treatment.
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