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Purpose: The efficacy of systemic therapy for hepatocellular carcinoma (HCC) is limited mainly by the complex tumor defense
mechanism and the severe toxic side-effects of drugs. The efficacy of apatinib (Apa), a key liver cancer treatment, is unsatisfactory due
to inadequate targeting and is accompanied by notable side-effects. Leveraging nanomaterials to enhance its targeting represents
a crucial strategy for improving the effectiveness of liver cancer therapy.

Patients and Methods: A metal polyphenol network-coated apatinib-loaded metal-organic framework-based multifunctional drug-
delivery system (MIL-100@Apa@MPN) was prepared by using metal-organic frameworks (MOFs) as carriers. The nanoparticles
(NPs) were subsequently characterized using techniques such as X-ray diffraction (XRD), transmission electron microscopy (TEM),
zeta potential measurements, and particle size analysis. In vitro experiments were conducted to observe the drug release kinetics and
cytotoxic effects of MIL-100@Apa@MPN on HepG2 cells. The in vivo anti-tumor efficacy of MIL-100@Apa@MPN was evaluated
using the H22 tumor-bearing mouse model.

Results: The formulated MIL-100@Apa@MPN demonstrates remarkable thermal stability and possesses a uniform structure, with
measured drug-loading (DL) and encapsulation efficiency (EE) rates of 28.33% and 85.01%, respectively. In vitro studies demon-
strated that HepG2 cells efficiently uptake coumarin-6-loaded NPs, and a significant increase in cumulative drug release was observed
under lower pH conditions (pH 5.0), leading to the release of approximately 73.72% of Apa. In HepG2 cells, MIL-100@Apa@MPN
exhibited more significant antiproliferative activity compared to free Apa. In vivo, MIL-100@Apa@MPN significantly inhibited tumor
growth, attenuated side-effects, and enhanced therapeutic effects in H22 tumor-bearing mice compared to other groups.
Conclusion: We have successfully constructed a MOF delivery system with excellent safety, sustained-release capability, pH-
targeting, and improved anti-tumor efficacy, highlighting its potential as a therapeutic approach for the treatment of HCC.
Keywords: metal-organic frameworks nanoparticles, apatinib, drug-targeting delivery, ferroptosis therapy, hepatocellular carcinoma

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide.! Currently, targeted
therapy is the primary treatment modality for HCC, with apatinib (Apa) being the most representative drug.” Apa is
a highly specific inhibitor of the vascular endothelial growth factor receptor 2 (VEGFR2) tyrosine kinase complex,
demonstrating a strong anti-angiogenic effect.>> However, it lacks target specificity, leading to frequent severe adverse
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effects, such as hand-foot syndrome, hypertension, and proteinuria. When used as a monotherapy for targeting HCC, Apa
showed a modest improvement in median overall survival (OS), with an increase of just 1.9 months.® Its objective
remission rate (ORR) was only 15.73%.” Therefore, there is an urgent need to enhance the targeting capabilities of Apa.

Metal-organic frameworks (MOFs) have allured considerable attraction in light of their porous structure, which
renders them versatile for use in catalysis, drug encapsulation, and drug-delivery applications.*'" Iron-based MOF
(MIL-100) is receiving extensive attention due to its high porosity and effective drug-loading, promising potential for
applications in biomedicine as well as favorable in vitro/vivo toxicological profiles and biodegradability.'*'* MIL-100 is
degraded in the acidic microenvironment of HCC, thereby facilitating precise transportation of drug into the tumor and
enhancing its targeting efficiency, while minimizing undesirable side-effects. Additionally, MIL-100 can release Fe ions,
which induce ferroptosis.'>™'” The sensitivity of tumor cells to Apa can be enhanced by utilizing ferroptosis inducers.'®
Furthermore, Apa has the ability to trigger ferroptosis by inhibiting VEGFR2/Nrf2/Keap1 activation and its downstream
pathways.'” Thus, there is a reciprocal amplification mechanism between Apa and ferroptosis, resulting in a synergistic
enhancement of their effectiveness in promoting tumor suppression. Hence, the combination of ferroptosis inducers and
Apa holds promise as an innovative approach to cancer treatment. Given its exceptional bioinertness and in vivo
biodegradability, MIL-100 represents an excellent platform for the co-delivery of Fe** and Apa.

Within the scope of this study, we introduced a versatile drug-delivery system designed for synergistic therapy
targeting tumor-specific ferroptosis and Apa. MIL-100 was utilized as both the iron source for ferroptosis therapy and the
carrier for loading Apa. The nanostructures were coated with the polyphenol tannic acid (TA) to form a metal polyphenol
network (MPN) covering in combination with Fe>*. This study represents the first instance of employing metal cations in
MIL-100 for the direct formation of MPN with TA. The MPN demonstrated pH responsiveness and was shown to
effectively prevent drug leakage, making it an ideal component for the final nanogenerator (MIL100@Apa@MPN). The
pH-sensitive MPN underwent dissociation in an acidic pH environment with ferroptosis therapy described by the
following equations:*°

Fe*™ + GSH — Fe** + GSSG (1)

Fe’* 4+ H,0, — Fe**+(OH)—+ - OH ()

Therefore, the nanogenerator MIL100@Apa@MPN was found to show promising potential as a strategy to enhance
the synergistic efficacy of tumor-targeted ferroptosis and Apa therapy. Our research provides a platform for further
exploration of strategies for constructing a synergistic system that utilizes MOFs and Apa, thereby expanding the
biological applications of MOFs.

Materials and Methods

Materials

Iron (IIT) chloride hexahydrate (FeCl;-6H,0), benzene tricarboxylic acid (BTC), hydrogen nitrate (HNOj3), and potas-
sium fluoride (KF) were purchased from Shanghai Acmec Biochemical Technology Co., Ltd. (Shanghai, China), TA were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Apa was provided by
Southwest Medical University (Luzhou, China). Ferrostatin-1 was purchased from MedChemexpress (USA). GSH/
GSSG Ratio Detection Assay kit were purchased from Beyotime Biochemical Technology Co., Ltd. (Jiangsu, China).
Hydrogen peroxide (H,O,) test kit were purchased from Beijing Solarbio Science & Technology Co.,Ltd. (Beijing,
China). Vitamin E was purchased from Shanghai Macklin Biochemical Co., Ltd. Cell counting kit-8 (CCK-8) was
obtained from Bioground (Shanghai, China). All reagents were analytical grade and used as received without further
purification.

The human hepatoma cell line (HepG2) and murine hepatoma cell line (H22) were were purchased from Procell Life
Science and Technology Co. (Wuhan, China), Ltd. HepG2 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), and 1% penicillin—
streptomycin. H22 cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10% FBS and 1% penicillin
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—streptomycin. All cells were cultured at 37°C in a humidified atmosphere containing 5% CO,. The HepG2 cells and
H22 cells were verified by short tandem repeat (STR) profiling.

C57BL/6 mice (aged 4-6 weeks old, approximately 20 g) were housed under normal conditions (20-22 °C, 50%
relative humidity) with 12-h light/dark cycles and given free access to food and water. All mice exhibited a state of well-
being, with no instances of infections documented throughout the duration of the experiment. The use and handling of
mice adhered to ethical guidelines outlined in the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. All experimental protocols involving animal subjects received approval from the Institutional Animal Care and
Treatment Committee of Southwest Medical University (swmu20240009).

Synthesis of MIL-100 Nanoparticles (NPs)

MIL-100 was synthesized according to a previously reported method, with slight modifications.?' Briefly, FeCl;-6H,
O (811 mg, 3 mmol), BTC (420 mg, 2 mmol), HNO;s (3 mmol), KF (174 mg, 3 mmol), and water (20 mL) were
combined in a 50-mL Teflon-lined stainless-steel container and sealed. The mixture was heated at 120°C for 24 h to
obtain MIL-100. The product was then washed three times with 50 mL each of water and ethanol. The resulting yellow
powder was dispersed in ethanol and dried at 60°C.

Synthesis of MIL-100@Apa@MPN NPs
MIL-100 (2 mg) was combined with Apa (1 mg) in 5 mL water. The mixture was stirred for 24 h and the resulting
product, MIL-100@Apa, was washed with ethanol and dried at 60°C for 6 h.

TA (40 mg) in 10 mL of water was added to an aqueous suspension of MIL-100@Apa NPs (0.4 mg mL ™" MIL-
100@Apa and 4 mg mL™' TA). The suspension was vortexed vigorously for 15 min. The colloidal particles were then
subjected to three cycles of centrifugation (12,000 rpm, 5 min) and redispersion, using Milli-Q water, to eliminate any
excess TA and Fe’". The resulting MIL-100@Apa@MPN was re-dispersed in 1 mL of Milli-Q water and dried at 60°C
for 6 h.

Characterization of the MIL-100@Apa@MPN NPs

A D8 ADVANCE X-ray diffractometer (Bruker, Germany) was used for Powder X-ray diffraction (XRD) patterns.
A zeta potential and particle size analyzer (Zetasizer Nano ZS90, UK) was used for the nanoparticle size distribution and
zeta potential. Transmission electron microscopy (TEM) was utilized to acquire images for both transmission electron
microscopy and elemental mapping (FEI Talos F200X, Thermo Fisher Scientific, USA). The X-ray photoelectron
spectroscopy (XPS) was employed for the analysis of the valence state of elements by using ESCALAB 250XI
(Thermo Fisher Scientific, USA). N2 adsorption/desorption and pore-size distribution analyses were conducted using
the ASAP 2460 apparatus (ASAP 2460, USA). The Brunauer—Emmett—Teller (BET) method was used to evaluate the
surface area of the NPs. Ultraviolet-visible (UV-vis) spectra were recorded using a UV-vis spectrophotometer (UV-3600,
Japan). Fourier transform infrared (FT-IR) spectrophotometer (Nicolet 6700-Continupm, Thermo Fisher Scientific, USA)
was used for FT-IR spectra measure. Thermogravimetric analysis (TGA) was performed to evaluate the loading capacity
of the NPs (METTLER TG-DSC 3+, Switzerland).

Entrapment Efficiency (EE%) and Drug-Loading (DL%)

The MIL-100@Apa preparation was centrifuged (12,000 rpm, 5 min) and the supernatant collected for subsequent
quantitative analysis. Apa was quantified by photometer absorption spectroscopy using a standard curve established by
measuring varying concentrations of Apa and recording the highest absorption peak at 347 nm. The standard curve was
fitted according to the following equation: Y = 0.0062X+0.1516, R* = 0.9988. DL and EE were calculated using the
following equations:

weight of the drug

= 1009 3
weight of the nanoparticles x100% )
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Actual drug loading

EE x100% (4)

~ Theoretical drug loading

In vitro Cellular Uptake of NPs

To assess the cellular uptake of MIL-100@MPN NPs by HepG2 cells, coumarin-6 fluorescent-loaded MIL-100@MPN
NPs were synthesized using the aforementioned method. Coumarin-6 (C6) loaded MIL-100@MPN NPs were prepared
according to the same method employed for the synthesis of MIL-100@Apa@MPN NPs. The HepG?2 cells were seeded
into a 24-well plate (1x10° cells per well) and incubated for 24 h at 37°C. Subsequently, the cells were treated with
medium containing 500 pg/mL blank NPs, 100 pg/mL free C6, or MIL-100@C6@MPN (equivalent to 100 pg/mL free
C6), and further incubated for 2 h. Subsequently, the cells were examined using a fluorescence microscope (Olympus,
Tokyo, Japan).

In vitro Drug Release Behavior

The release of Apa release from MIL-100@Apa@MPN NPs at 37°C was assessed by dispersing the samples in 10 mL
phosphate-buffered saline (PBS) adjusted to pH 5.0 and 7.4 with gentle shaking. For each measurement, a 0.6 mL
solution was extracted by centrifugation (12,000 rpm, 5 min). The quantity of Apa released was quantified at 347nm
using an ultraviolet spectrophotometer (Hitachi Ltd., Hitachi, Japan).

In vitro Cytotoxicity Assay

For in vitro therapy, the viability of cells was assessed using the cell counting kit-8 (CCK-8) method. HepG?2 cells were
seeded in a 96-well plate (5x10° cells per well) and cultured in DMEM (Gibco) for 24 h at 37°C. Subsequently, the cells
were divided into five groups as follows: control, MIL-100@MPN, MIL-100@Apa, free Apa, and MIL-
100@Apa@MPN groups. In each group, BPs were added to the cells at concentrations ranging from 1 pg/mL to 100
pg/mL and incubated for 24 h. The cells were then washed three times with DMEM before the addition of a 10% CCK-8
solution (Bioground, China) and incubation for 2 h at 37°C under 5% CO,. The absorbance of each well was then
measured at 450 nm using a Thermo Scientific Microplate Reader.

For ferroptosis therapy, HepG2 cells were cultured in 96-well plates (5x10° cells per well) treated with MIL-
100@MPN (50 pg/mL) in the presence of various inhibitors of ferroptosis (100 umol/L Vitamin E and Ferrostatin-1)
for 24 h at 37°C under 5% CO,. The cells were washed three times with DMEM before the addition of a 10% CCK-8
solution. After incubation for 2 h at 37°C under 5% CO,, the absorbance at 450 nm was quantified using a Thermo
Scientific Microplate Reader.

In vivo Antitumor Activity

To establish H22-bearing mouse models, 100 pL H22 cell suspension (1 x 10’/mL) was injected subcutaneously into the
right thigh of C57BL/6 mice (aged 4-6 weeks, approximately 20 g). Once the solid tumors reached a volume of 150—
200 mm® by using a caliper, the mice were randomly assigned into four groups (n = 5 per group) as follows: (1) PBS (pH
7.4), (2) MIL-100@MPN, (3) free Apa (10 mg/kg), and (4) MIL-100@Apa@MPN (equivalent to 10 mg/kg free Apa).
Treatment was initiated on day 0. Subsequently, the mice received injections (0.1 mL) of the respective formulations
once a week three weeks. Mouse weight (measured using a precision balance) and tumor (measured using a digital
caliper) were assessed every 3 days over a 21-day period. Following the conclusion of the experiment, euthanasia of the
mice was conducted by administering a lethal dose of pentobarbital sodium (150mg/kg) through intraperitoneal injection,
the tumors were excised from the mice, photographed, and weighed. The tumor size was determined using the following
formula: V = (a x b%)/2, where a represents the length of the tumor and b represents the width of the tumor.

Histological and Immunohistochemical Analysis
The tumors and vital organ (heart, liver, spleens, lung, and kidney) tissue specimens were dissected and sectioned for
hematoxylin and eosin (H&E) staining, followed by examination and photography using optical microscopy. Tumors
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were also for immunohistochemical (IHC) staining, sections were then incubated with anti-mouse Ki-67, CD31, GPX4
and caspase-3 protein antibodies (GB111141, GB113151, GB114327, GB11009-1, Servicebio, China) for microscopic
observation. Apoptosis was detected in tumor tissues using a TdT-mediated dUTP nick-end labeling (TUNEL) apoptosis
detection kit according to the Bioground manufacturer’s instructions.

Statistical Analysis

Statistical analysis was conducted utilizing GraphPad Prism version 9.5.1 software using two-sided Student’s #-tests (GraphPad
Software, San Diego, CA, USA). All experiments were conducted with triplicate or greater number of specimens. Data were
presented as the mean standard deviation (SD). A P-value of < 0.05 was considered to indicate statistical significance.

Results

Characterization of MIL-100@Apa@MPN

MIL-100@Apa@MPN was formed based on the procedure depicted in Figure 1. The MIL-100 nanostructure was initially
produced using a simple one-pot method. PXRD analysis was conducted to validate the successful formation of the desired
MIL-100 structure (Figure 2A). TGA was conducted on MIL-100 under a nitrogen atmosphere. Demonstrated by Figure S1,
the TGA curve revealed that the MIL-100 structure remained intact when heated up to approximately 350 °C, indicating
a good thermal stability profile. The Apa-loaded MIL-100 nanostructure was covered with TA by jointly coordinating with the
Fe*" in MIL-100@Apa to form a MPN shell to generate MIL-100@Apa@MPN. TEM evaluation of the morphology of the
synthesized MIL-100 and MIL-100@Apa@MPN materials revealed that the MIL-100 nanostructure (Figure 2B) displayed
a distinct polyhedral configuration, while the MIL-100@Apa@MPN nanostructure (Figure 2C) exhibited a comparatively
homogeneous spherical morphology. Meanwhile, TEM characterization of MIL-100@Apa confirmed the successful loading
of Apa (Figure S3). High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images
(Figure 2D) demonstrated the uniform distribution of carbon (C), oxygen (O), and iron (Fe) elements, indicating the
homogeneous structure of the final product, MIL-100@Apa@MPN. Dynamic light scattering (DLS) data demonstrated
that the average hydrodynamic size of MIL-100 was approximately 175 nm (Figure 2E). MIL-100@Apa@MPN was then
synthesized and characterized by DLS size and zeta potential analyses (Figure 2F). The application of TA coating resulted in
an augmentation in particle dimensions and elevation of the negative surface charge. The DL and EE of the MIL-
100@Apa@MPN-NPs were 28.33% and 85.01%. Importantly, MIL-100 exhibited a substantial surface area of 732.9 m?

0 Q Q
° e, o . Apa J‘j °
] L Q Q
. >:... + 0 == g 10y === g e 2 ™
Y i o o ° O,
2 o é
Fe’* BTC MIL-100 MIL-100@Apa
, o
%7\\ Membrane

mediated
endocytosis

! pHoresponsive ¢,
; release 0 0 mp @202

W

Ferroptosis

LE
For | HETa

e

Fe**

. Fel+
® Apa
Fel+

© TA

Figure | Schematic illustration of the preparation of MIL-100@Apa@MPN and the collaborative therapy for cancer.
Abbreviations: BTC, benzene tricarboxylic acid; Apa, Apatinib; TA, tannic acid; MPN, metal polyphenol network; ROS, reactive oxygen species.
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Figure 2 Characterizations of the MIL-100@Apa@MPN NPs.

Notes: (A) The PXRD patterns of MIL-100 and patterns simulated from MIL-100 structure. (B) TEM images of MIL-100 nanostructures. (C) TEM images of MIL-
100@Apa@MPN nanostructures. (D) Element mapping of MIL-100@Apa@MPN. (E) Hydrodynamic sizes (F) Zeta potentials of MIL-100, MIL-100@Apa, and MIL-
100@Apa@MPN nanoparticles. (n= 3, data are presented as mean + SD). (G) N2 absorption-desorption isotherm of MIL-100. (H) FT-IR spectra of MIL-100 and MIL-
100@MPN. (I) XPS spectrum of Fe 2p in MIL-100 and MIL-100@MPN. (J) XPS survey spectrum of MIL-I00@MPN nanoparticles.

Abbreviations: PXRD, Powder X-ray diffraction; TEM, Powder X-ray diffraction; Apa, Apatinib; FT-IR, Fourier transform infrared.
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g ! (Figure 2G), thereby facilitating drug encapsulation. Apa was incorporated into the nanostructure of MIL-100 via co-
incubation, as evidenced by the presence of a characteristic peak at 347 nm in UV-vis spectroscopy (Figure S2).

The generation of MPN in the TA-covered MIL-100 was confirmed by FT-IR spectroscopy (Figure 2H). XPS analysis of
the surface chemistry of MIL-100@MPN (Figure 2J) revealed the presence of Fe, C, O, and other elements on the surfaces of
MIL-100@MPN. Following curve fitting, the Fe 2p1/2 and Fe 2p3/2 peaks for MIL-100 and MIL-100@MPN (Figure 2I) are

located at approximately 710.7, 712.6, 724.1, and 725.4 eV, respectively, indicating the presence of Fe*" species.”* **

In vitro Cellular Uptake of NPs

Efficient cellular uptake is pivotal for assessing the efficacy of drug formulations. Following a 2-h cultivation with blank NPs,
free C6, and MIL-100@C6@MPN, fluorescence microscopy was employed to capture images to assess cellular uptake
in vitro (Figure 3). There was an absence of fluorescence detected in the control (Figure 3) and blank NPs (Figure 3) groups. In
contrast, higher fluorescence intensity was detected in the group incubated with MIL-100@C6@MPN (Figure 3) compared to
free C6 (Figure 3). This observation indicated the efficient uptake of MIL-100@C6@MPN by HepG2 cells.

In vitro Drug Release Behavior

To evaluate the feasibility of achieving continuous drug release, we investigated The in vitro release pattern of free Apa and MIL-
100@Apa@MPN NPs. The drug-release profiles of MIL-100@Apa@MPN NPs incubated at 37°C in PBS buffers adjusted to
pH 7.4 and 5.0 are illustrated in Figure 4A. After 2 h, the cumulative drug release of NPs in neutral PBS (pH 7.4) was
approximately 15.9%, with the release of Apa remaining relatively constant during this period. After 72 h, the release of Apa
reached 42.31%. Conversely, a notable increase in cumulative drug release was observed under lower pH conditions (pH 5.0),
resulting in the release of 73.72% of Apa from the NPs. The findings suggest that the MPN coating effectively prevented the
release of Apa at pH 7.4, while facilitating its release under more acidic conditions. Thus, the MIL-100@Apa@MPN composite
demonstrated a pH-responsive drug-release capability. Due to the acidic nature of the tumor extracellular microenvironment, pH
serves as a potent internal stimulus for the initiation of drug release specifically targeted towards cancer cells.

In vitro Cytotoxicity Assay

The cytotoxic activity of various drugs was assessed in HepG2 cells using the CCK-8 method. After incubation with MIL-
100@MPN NPs at 100 pg/mL, 74.03% HepG2 cell viability indicated the significant cytotoxic effects of the NPs (Figure 4B).
This can be attributed to the natural occurrence of GSH and H,0,, which mediate monotherapy of ferroptosis. We utilized the
GSH/GSSG Ratio Detection Assay kit to measure the ratio of Glutathione (GSH) to oxidized glutathione (GSSG). The GSH/
GSSG values of the MIL-100@MPN and MIL-100@Apa@MPN groups exhibited a significant decrease compared to the PBS
and Apa groups (Figure 4C). The hydrogen peroxide (H,O,) test kit was used to determine the concentration of H,O,, and the
results showed a significant decrease in H,O, concentration in the MIL-100@MPN and MIL-100@Apa@MPN groups

PBS MIL-100@MPN Free C6 MIL-100@C6@MPN

Figure 3 Fluorescent images of HepG2 cells.

Notes: Fluorescent images of HepG2 cells treated with (a) control, (b) blank nanoparticles, (c) free coumarin-6, and (d) coumarin-6-loaded nanoparticles for 2 h. Scale bar,
100 um.

Abbreviations: C6, coumarin-6; MPN, metal polyphenol network.
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(Figure 4D). Furthermore, treatment with ferroptosis inhibitors attenuated the efficacy of ferroptosis and led to increased cell
viabilities, thus confirming the therapeutic modality of ferroptosis in MIL-100@MPN (Figure 4E). Similarly, the viability of cells
treated with various drug formulations demonstrated a dose-dependent response (Figure 4F). Cell proliferation was effectively
suppressed in a dose-dependent manner following treatment with various drug formulations. In particular, the synergistic therapy
group (MIL-100@Apa@MPN) exerted a more pronounced cytotoxic effect compared to free Apa. This effect reached the level
of statistical significance when the concentration of Apa exceeded 100 pg/mL (P < 0.05), highlighting the enhanced therapeutic
efficacy achieved by MIL-100@Apa@MPN therapy, which combines ferroptosis and targeted therapy modalities.

In vivo Antitumor Activity
We evaluated the in vivo anticancer activity of MIL-100@Apa@MPN in a tumor-bearing mouse model. As shown in
Figure 5A, the mice in the MIL-100@Apa@MPN group exhibited remarkable suppression of tumor proliferation, with
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Figure 5 In vivo anti-tumor efficacy of the MIL-100@Apa@MPN in H22 tumor-bearing mice.

Notes: (A) Relative tumor volume curves in each group (n = 5). (B) Photographs of excised tumors in each group. (C) Tumor weight of the different groups (n = 5). (D)
Body weight of mice in each group (n = 5). Data are presented as mean # standard deviation (* P < 0.05, ** P < 0.01, *** P < 0.001).

Abbreviations: Apa, Apatinib; MPN, metal polyphenol network.
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minimal augment in tumor volume observed over the experimental timeframe. Rapid tumor progression was detected in
the PBS group, whereas MIL-100@MPN monotherapy inhibited tumor growth. Figure 5B depicts gross images of the
excised tumors, further supporting the efficacy of MIL-100@Apa@MPN in inhibiting tumor growth. As shown in
Figure 5C, tumor weights in the MIL-100@Apa@MPN group were significantly reduction (P < 0.05), providing further
evidence of the favorable antitumor efficacy of the MIL-100@Apa@MPN.

Toxicology Investigation

The systemic adverse effects of the treatments was assessed by monitoring changes in body weight and conducting H&E
staining on tissue sections of the organs. The mice administered with free Apa demonstrated the minimal extent of body
weight augmentation (P < 0.05), whereas the weight trajectories of the MIL-100a@MPN group and MIL-
100@Apa@MPN group closely resembled those of the PBS-treated mice (Figure 5D). In the MIL-100@Apa@MPN
group, H&E of the vital organs exhibited no apparent indications of observation of hemorrhage, tissue edema
(Figure 6A). Conversely, the Apa group exhibited notable organ toxicity, including liver necrosis, lung congestion and
hemorrhage, and kidney edema (Figure 6A).

Histological and Immunohistochemical Analysis

H&E staining of tumor tissue samples obtained from various treatment groups showed the most pronounced level of
damage to the cancer cells in the MIL-100@Apa@MPN administration group (Figure 6B). Ki-67 and CD31 immuno-
histochemical staining was conducted to evaluate tumor cell proliferation and tumor angiogenesis, respectively
(Figure 7A). Furthermore, GPX4 and Caspase-3 immunostaining was conducted to assess ferroptosis and tumor cell
apoptosis, respectively (Figure 7A). Compared with the control, the proportion of Ki-67 positive cells was significantly
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Figure 6 Representative images of H&E staining.

Notes: (A) Representative images of H&E staining of heart, liver, spleen, lung, and kidney sections in the different group. (B) H&E-stained histological sections of tumors of
the different groups. Scale bar, 50 um.

Abbreviations: Apa, Apatinib; MPN, metal polyphenol network.
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Figure 7 Representative images of immunohistochemical analysis of each group.

Notes: (A) Immunohistochemical analysis of tumor slices collected from tumor-bearing mice after different treatments. (B) The quantitative analysis of Ki-67 expression in
each group. (C) The quantitative analysis of vascularization in each group. (D) The quantitative analysis of Caspase-3 expression in each group. (E) The quantitative analysis
of GPX4 expression in each group. (F) TUNEL analysis of tumor slices collected from tumor-bearing mice after different treatments. Scale bar; 50 um and 100um (*P < 0.05,
**P < 0.01, ¥¥P < 0.001, ¥ P < 0.0001).

Abbreviations: Apa, Apatinib; MPN, metal polyphenol network; GPX4, glutathione peroxidase 4; Caspase-3, cysteinyl aspartate specific proteinase 3; TUNEL, TdT-
mediated dUTP nick-end labeling.

reduced in the MIL-100@Apa@MPN group, suggesting that MIL-100@Apa@MPN effectively inhibited tumor prolif-
eration (Figure 7B). In addition, the microvessel density (MVD) positive for CD31 in group MIL-100@Apa@MPN was
markedly reduced (Figure 7C), indicating that group MIL-100@Apa@MPN effectively suppressed angiogenesis. The
average optical density (AOD) of caspase-3 staining in the MIL-100@Apa@MPN and free Apa groups was significantly
elevated (P < 0.05) (Figure 7D). Furthermore, the AOD in the MIL-100@Apa@MPN group was the highest. These
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findings indicate that MIL-100@Apa@MPN promotes apoptosis. In addition, the AOD of GPX4 staining in the MIL-
100@Apa@MPN and MIL-100@MPN groups was significantly reduced (Figure 7E). These results suggested that MIL-
100@Apa@MPN effectively promotes cellular ferroptosis. TUNEL assays also showed the most pronounced level of
apoptosis in the MIL-100@Apa@MPN group (Figure 7F).

Discussion
HCC, characterized by high morbidity and mortality rates, poses a significant global health threat.> Targeted therapy is
one of the principal strategies for the treatment of cancer. However, traditional targeted therapy often faces challenges
associated with non-specific distribution and uncontrolled drug release, resulting in substantial systemic toxicity.?
Approaches to the development of more advanced targeted drug delivery systems have been gaining increasing attention.
These systems are designed to deliver drugs directly to the target site, thereby improving specificity and therapeutic
efficacy while at the same time reducing systemic toxicity and side-effects and enhanced specificity compared to
systemic drug-delivery. Nanoparticle-based targeted drug delivery systems have gained recognition as an effective
approach that mitigates the high degree of systemic toxicity associated with chemotherapeutic agents. Furthermore,
investigations into the multifunctional NPs as drug-delivery platforms is expanding, introducing a novel approach to
tumor treatment. Multiple studies have provided increasing evidence that MOFs, known for their controlled and sustained
drug-release capabilities and reduced toxicity, hold promise for tumor therapy.’ >

Nonetheless, numerous hydrophobic antitumor agents, like Apa, exhibit poor water solubility and limited dispersi-
bility in aqueous environments. Consequently, our study involved the encapsulation of Apa within MOFs to enhance its
bioavailability and mitigate systemic toxicity. In this context, given the biologically non-toxic nature of MPN, we firstly
employed MPN-coated iron-based MOFs as a drug-delivery platform aimed at cancer targeting in the treatment of HCC.

The PXRD pattern was highly consistent with the simulated patterns derived from the single-crystal data of MIL-100,
confirming the adoption of the MIL-100 structure by the nanoparticle and the high purity of the prepared sample. The
substantial loading capacity of Apa can be attributed to the electrostatic interaction between Apa and MIL-100, along with the
mesoporous structure of MIL-100. The successful synthesis of MIL-100@Apa@MPN was verified through TEM images,
HRTEM images, DLS size measurements, and zeta potential values. The FT-IR spectroscopy analysis showed that some of the
carboxylic groups that were initially bound to Fe* were exposed as a result of the coordination bond formed between the
polyphenol groups of TA and Fe*" of MIL-100, leading to the emergence of a carboxylic stretching band at 1,710 cm ' .*>* In
the case of the MIL-100@MPN membrane, we observed a noticeable increase in peak intensity at 1,201 and 1,037 cmfl,
suggesting enhanced anchoring of TA molecules on the surface of the MIL-100 membrane via TA-Fe coordination cross-
linking.>> The emergence of new absorption bands at approximately 621 cm ' were attributed to Fe-O lattice vibrations,
further validating the interaction between TA and Fe®* >**7 XPS characterizations showing that the characteristic peaks of Fe’
" species at 716.6 and 729.6 eV further confirmed Fe®" as the predominant form of Fe in MIL-100 and MIL-100@MPN. The
additional peaks observed at 709.7 and 723.1 eV in MIL-100@MPN representative the presence of Fe?* species indicated that
ferrous Fe*" was generated as a result of the coordination reaction between gallate in TA and ferric Fe**.>®*° The presence of
Fe?" in the MPN structure imparts the NPs with reductive properties, which are advantageous for the peroxidase-like activity
of the NPs. This characteristic enhances the ability of the NPs to catalyze the Fenton reaction, which is widely acknowledged
as a mechanism that converts intracellular H,O, into hydroxyl radicals (-OH) and ROS.*'* These substances exert cytotoxic
effects on tumor cells.

The outcomes of the in vitro release study demonstrated the release of Apa was from MIL-100@MPN, with
a controlled release profile. At pH 7.4, the rate of Apa release was gradual, with 42.31% accumulated over 72 h. At
pH 5.0, the release of Apa was comparatively rapid, with an accumulated release of 73.72% in 72 h. This phenomenon
can be ascribed to the pH-responsive mechanism of the drug-delivery system. In an acidic milieu, decomposition of the
MPN shell facilitates the discharge of MIL-100@Apa and liberation of the drug-loaded MOF. Such pH-responsive
behavior and gradual liberation of Apa from MIL-100, coupled with the Fenton reaction of Fe*" generated through
catabolism, culminates in drug accumulation within the tumor microenvironment. This protracted presence contributes to
sustained tumor growth suppression, synergizing with ferroptosis to enhance therapeutic outcomes. The in vitro cyto-
toxicity evaluation revealed that MIL-100@MPN exhibited inherent antitumor properties, potentially associated with the
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induction of ferroptosis subsequent to the degradation of MPN and MIL-100. This inference was corroborated by the
enhanced cellular proliferation in the presence of ferroptosis inhibitors such as Vit-E, and Fer-1. At the same time, we
also detected the GSH and H,O, concentration of the MIL-100@MPN and MIL-100@Apa@MPN groups, confirming
the occurrence of the Fenton reaction. The MIL-100@Apa@MPN exhibited superior antitumor efficacy compared to the
free drug, which can potentially be ascribed to the enhanced cellular uptake efficiency of the encapsulated drug by
HepG2 cells and synergistic effect of ferroptosis. Moreover, in vivo investigations substantiated the potent therapeutic
efficacy of MIL-100@Apa@MPN, highlighting its ability to impede tumor progression and extend the survival of mice.
These findings could potentially related to the high drug-loading capacity of MIL-100@MPN and the synergistic effect
on the targeted drug release drug combined with ferroptosis. Interestingly, the MIL-100@MPN group demonstrates
substantial cytotoxicity within 24 hours. This observation may be attributed to the ferroptosis in the MIL-100@MPN
group, which inhibited tumor growth, demonstrating significant early-stage inhibition but no significant late-stage tumor
suppression.** In addition, THC analysis of tumor tissues dealt with MIL-100@Apa@MPN showed lower numbers of
both Ki-67 and CD31-positive MVDs, indicating significant inhibition of tumor proliferation and angiogenesis. The
underlying anticancer mechanism was revealed by GPX4, caspase-3 and TUNEL staining of dissected tumor tissues.
Tissues from mice treated with MIL-100@Apa@MPN showed higher caspase-3 expression, suggesting significant
induction of apoptosis, as compared to the other three groups. Since ferroptosis can suppress the phospholipid peroxidase
GPX4, leading to a fatal buildup of lipid peroxides, GPX4 was employed as a marker of this process.*> The MIL-
100@Apa@MPN group exhibited reduced GPX4 expression, signifying the occurrence of ferroptosis. Furthermore, the
TUNEL assay provided further evidence that MIL-100@Apa@MPN significantly enhances apoptosis.

The biocompatibility and non-toxic nature of drug-loaded delivery systems are crucial considerations for their clinical
utility. Compared to the Apa group, the important organs H&E staining of MIL-100@Apa@MPN show significant low
toxicity. Yu et al synthesized a comparable MPN-coated substance comprising a blend of MPN and the metal-organic
nanostructure for the treatment of gastric cancer.>’” Comprehensive in vivo investigations have illustrated that this drug-
delivery system exhibits favorable biocompatibility and minimal toxicity toward vital organs. In accordance with these
findings, our research revealed that MIL-100@Apa@MPN mitigated the adverse effects of Apa without inducing
substantial systemic toxicity, thereby positioning it as a hopeful localized therapy delivery system.

Analogous investigations on MOFs as drug-delivery platforms have been undertaken previously. Huang et al
developed a MOF-based drug-delivery system capable of effectively transporting chemotherapeutic agents to tumors.
Their results indicated that the MOF-based drug-delivery system initiated a Fenton reaction within the tumor micro-
environment, with effective tumor suppression and minimal side-effects.*® In a separate investigation, Wang et al
synthesized NPs comprising MIL-100 as the shell and carbon-coated iron oxide as the core to create a theranostic
platform for dual-modal imaging-guided cancer chemotherapy using the low-toxicity Chinese medicine DHA.*’
Similarly, a different study demonstrated a more conventional method for established a multifunctional synergistic MOF-
based therapeutic medical nanoplatform by employing PVP-modified PPy as a nucleation site within MIL-100.*® The
drug-delivery system based on Apa-loaded metal-organic framework established in this study is pH-responsive and can
be degraded in the acidic tumor microenvironment, which facilitates the slow release of the drug at this site. Furthermore,
the drug-delivery system is not only easy to employ, but also simple to produce and amenable to large-scale production,
thereby holding significant promise for clinical deployment. In addition, the MPN coating has the advantages of good
biodegradability, convenient encapsulation, and few side-effects, transforming it into a secure and efficient drug delivery
system. In addition, this drug-delivery system facilitates the release of Fe*" to induce ferroptosis and synergize with
chemotherapy, thereby enhancing the therapeutic effect on tumors. However, further studies are needed to examine the
intricate mechanisms in depth and to optimize the MOF preparation and nanoparticle DL.

Conclusion

In summary, the MIL-100@Apa@MPN drug-delivery system was developed to induce ferroptosis that acts synergisti-
cally with targeted therapy for the treatment of HCC. We prepared MIL-100 and conjugated it with Apa and combined it
with TA to generate MPN, constructing a metal-organic framework drug-delivery system with good safety, slow-release
properties, pH-responsivity, and enhanced therapeutic effects. Apa has the ability to bind specifically to VEGFR2. The
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high concentration of GSH within the tumor tissue facilitates the conversion of Fe*" present in MIL-100 to Fe?". This
reduction process leads to the generation of highly cytotoxic hydroxyl -OH through the Fenton reaction, which can be
utilized for effective ferroptosis therapy. Consequently, the attainment of synergistic cancer therapy, predominantly
encompassing targeted therapy and ferroptosis therapy, may be realized. Therefore, MIL-100@Apa@MPN is
a promising drug-delivery system with heightened level of biological safety and enhanced therapeutic effects. We
posit that this investigation holds the potential to lay the groundwork for the development of innovative nanoplatforms
capable of responding to pH. Such advancements are expected to yield improved therapeutic outcomes for HCC in
forthcoming times.
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