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Purpose: Hepatocellular carcinoma (HCC) is one of the most common fatal cancers, with 
no curative therapy available. The concept of ferroptosis is attracting increasing attention in 
cancer research. Herein, we describe the use of a nanodevice as an effective strategy for 
inducing ferroptosis to manage HCC.
Methods: To improve ferroptosis-induced treatment of HCC, we constructed sorafenib 
(sor)-loaded MIL-101(Fe) nanoparticles (NPs) [MIL-101(Fe)@sor] and evaluated the effi-
cacy of ferroptosis-based HCC therapy after co-administration with the iRGD peptide both 
in vitro and in vivo.
Results: The prepared MIL-101(Fe) NPs have several promising characteristics including 
drug-loading, controllable release, peroxidase activity, biocompatibility, and T2 magnetic 
resonance imaging ability. MIL-101(Fe)@sor NPs significantly induced ferroptosis in 
HepG2 cells, increased the levels of lipid peroxidation and malondialdehyde, and reduced 
those of glutathione and glutathione peroxidase 4 (GPX-4). The in vivo results showed that 
the MIL-101(Fe)@sor NPs significantly inhibited tumor progression and decreased GPX-4 
expression levels, with negligible long-term toxicity. Meanwhile, co-administration of MIL- 
101(Fe)@sor NPs with iRGD significantly accelerated ferroptosis.
Conclusion: Our findings suggest that MIL-101(Fe)@sor NPs co-administered with iRGD 
are a promising strategy for inducing HCC ferroptosis.
Keywords: iron-based metal-organic framework, iRGD, sorafenib, ferroptosis, HCC, 
nanoparticles

Introduction
Hepatocellular carcinoma (HCC) is a leading cause of cancer worldwide and 
accounts for about 782,000 deaths annually.1 Since early HCC is typically asymp-
tomatic, more than 75% of patients are diagnosed at advanced stages. Current 
potential therapies include surgical resection, interventional therapy, radiotherapy, 
chemotherapy, targeted therapy, and immunotherapy. However, the treatment 
effects remain unsatisfactory,2,3 and novel therapies are urgently needed to improve 
patient outcomes.

Ferroptosis is a novel mechanism of regulated cell death (RCD) that was first 
proposed by Stockwell.4,5 It is distinct from apoptosis, necrosis, and autophagy at 
morphological, biochemical, and genetic levels.6 For example, cells that undergo 
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ferroptotic cell death have normal nucleus size, reduced 
mitochondrial volume, increased mitochondrial membrane 
density, and reduced (or disappeared) mitochondrial 
cristae.7 Ferroptosis is mediated by the accumulation of 
fatal lipid peroxidation (LPO) in the presence of iron ions; 
massive LPO rupture cell membranes to induce ferroptotic 
cell death.8 This iron-dependent form of cell death is 
triggered by decreasing expression of glutathione perox-
idase 4 (GPX-4), an LPO scavenger, which contributes to 
glutathione (GSH) depletion while reducing LPO.9 

Evidence suggests that targeting ferroptosis is an effective 
strategy in the management of various types of cancer, 
especially HCC.10–12

Several small molecules, drugs, experimental com-
pounds, and genes have been found to induce ferroptotic 
cell death in cancer.13 However, the efficacies of existing 
ferroptotic compounds are not sufficient. Nanotechnology 
has been used in the development of new ferroptosis 
inducers for cancer treatment, and satisfactory therapeutic 
effects have been reported in recent years.14,15 Among 
them, iron-based nanomaterials serve as a platform for 
directly loading ferroptosis inducers and can also release 
iron ions that participate in Fenton reactions and accelerate 
ferroptosis. Therefore, multifunctional theranostic nano-
platforms can be fabricated using iron-based nanomaterials 
for cancer ferroptosis management.16

In this study, an Fe-metal organic framework [MIL-101 
(Fe)] was designed to effectively induce tumor ferroptosis. 
Owing to its high drug-loading capacity, sorafenib (a fer-
roptosis inducer used to treat advanced HCC)17,18 was 
chosen and loaded onto MIL-101(Fe) nanoparticles (NPs) 
to synthesize MIL-101(Fe)@sor. Relying solely on passive 
transport does not achieve maximum nanomedicine accu-
mulation or the maximum anti-tumor effect. To enhance 
the nanodrug tumor targeting and penetration abilities, an 
iRGD peptide (amino acid sequence: CRGDK/RGPD/EC) 
was introduced containing a tumor-homing motif (RGD) 
and a tissue-penetrating motif (CendR). The iRGD peptide 
can specifically bind to the neuropilin-1 (NRP-1) receptor, 
which is primarily located in tumor and vascular tissues, 
where it activates an endocytic transport pathway and 
promotes drug penetration into tumor tissues. Previous 
studies described favorable outcomes of iRGD treatment 
in liver cancer.19,20 Moreover, iRGD peptide co- 
administration can effectively augment drug efficacy.21,22

We prepared sorafenib-loaded MIL-101(Fe) NPs (MIL- 
101(Fe)@sor) and co-administered iRGD to induce liver 
cancer ferroptosis as a novel treatment strategy. When 

MIL-101(Fe)@sor is internalized by cancer cells, the 
released iron ions and sorafenib synergistically increase 
lipid peroxidation (LPO). Magnetic resonance (MR) was 
used to visualize NPs in the tumor sites, and the iRGD 
peptide was found to enhance NP delivery into the tumor 
parenchyma and accelerate ferroptosis induction.

Materials and Methods
Materials
FeCl3·6H2O, H2BDC, H2BDC-NH2, and N, 
N-dimethylformamide (DMF) were obtained from Aladdin 
Biochemical Co., Ltd. (Shanghai, China). Sorafenib, 
4ʹ,6-diamidino-2-phenylindole (DAPI), and 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide (MTT) were purchased from Dalian Meilun 
Biochemical Co., Ltd (Dalian, China). iRGD peptide was 
purchased from Shanghai Apeptide Co., Ltd (Shanghai, 
China). Ferrostain-1 (Fer-1) and deferoxamine mesylate 
(DFOM) were obtained from Macklin Biochemical Co., 
Ltd. (Shanghai, China). GSH assays, reactive oxygen spe-
cies (ROS) and malondialdehyde (MDA) assays, sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) preparations, and enhanced chemiluminescence 
(ECL) detection kits were obtained from Beyotime 
Biotechnology Co., Ltd (Shanghai, China). Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal bovine serum (FBS), 
and trypsin were purchased from HyClone Biochemical Co., 
Ltd (Shanghai, China). BODIPY581/591-C11 was obtained 
from Thermo Fisher Scientific (Waltham, MA, USA). Anti- 
glutathione peroxidase 4 (anti-GPX-4) and goat anti-rabbit 
IgG H&L (fluorescein isothiocyanate) were purchased from 
Abcam (Cambridge, UK).

MIL-101(Fe) NP Preparation
The synthesis method of MIL-101(Fe) NPs referred to our 
previous work.23 First, H2BDC (0.011 g), H2BDC-NH2 

(0.012 g), and FeCl3·6H2O (0.058 g) were dissolved in 
120 mL DMF. After stirring for 20 min, the mixture was 
then transferred to a Teflon-lined, stainless steel autoclave 
and incubated at 120°C for 10 h. After natural cooling, the 
remaining solution was centrifuged for 30 min at 
10,000 rpm and washed three times with ethanol. Finally, 
the precipitate was quantified and dispersed in alcohol.

NP Characterization
NP morphology was assessed with scanning electron 
microscopy (SEM; SU3500; Tokyo; Japan) and 
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transmission electron microscopy (TEM; H-7650; Tokyo; 
Japan), and NP size was measured from the SEM images. 
NP elemental composition was analyzed using SEM map-
ping and SEM energy dispersive X-ray spectroscopy 
(EDS). For in vitro MRI examination, the T2*-weighted 
MR images of MIL-101(Fe) NPs at various concentrations 
(1.875, 3.75, 7.5, and 15 mg/mL) were scanned using an 
MR scanner (3.0 T, GE Healthcare, Chicago, IL, USA). 
Then, the reconstructed MR images were generated using 
a GE AW 4.6 Advantage Workstation.

Drug Loading
Initially, 5 mg of sorafenib was dissolved in 1 mL DMSO. 
Then, 10 mg of MIL-101(Fe) NPs were mixed with the 
sorafenib solution under vigorous stirring for 36 h. The 
precipitation was obtained after centrifuging at 10,000 rpm 
for 15 min and washed three times with ultrapure water to 
remove unloaded sorafenib. The supernatant solution 
obtained by centrifugation was collected to calculate the 
drug loading rate (DL%) and drug encapsulation rate (EE 
%) using a Multiskan Sky microplate reader (Thermo 
Fisher Scientific) at 265 nm. The EE% and DL% were 
calculated as follows: EE% = content of sor loaded in 
MIL-101(Fe)/initial sor content × 100%; DL% = content 
of sor loaded in MIL-101(Fe)/content of sor loaded in 
MIL-101(Fe) + weight of MIL-101(Fe) × 100%.

Drug Release Behavior
To investigate the effect of pH on sorafenib release, MIL- 
101(Fe)@sor NPs were dissolved in phosphate-buffered 
saline (PBS) containing 1% Tween 80 with different pH 
values (pH 5.5 and 7.4) with gentle shaking (200 rpm/min) 
at 37°C. The supernatant was collected after centrifugation 
(10,000 rpm, 15 mins) at different time points and added to 
an equal volume of fresh PBS. All collected supernatants 
were extracted using methanol and measured using 
a Multiskan Sky microplate reader at 265 nm to determine 
the amount of released sorafenib based on a standard curve.

Cell Culture
Human hepatoma HepG2 cells were obtained from the 
Chinese Academy of Sciences (CAS, Shanghai, China). 
Cell culture medium was DMEM supplemented with 10% 
(v/v) FBS, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin. Cells were cultured in a 37°C humidified incubator 
in an atmosphere of 5% CO2.

In vitro Cellular Toxicity
Briefly, HepG2 cells (5 × 103 cells/well) were uniformly 
seeded into 96-well plates and cultured in an atmosphere 
of 37°C and 5% CO2 overnight. Then, HepG2 cells were 
incubated with fresh culture medium containing different 
concentrations of MIL-101(Fe) NPs (1.5625, 3.125, 6.25, 
12.5, 50, 100, and 200 μg/mL). After 24 h, 20 μL of MTT 
(5 mg/mL) reagent was added into the wells and incubated 
for another 4 h. Nest, 100 μL DMSO was added into each 
well. Finally, a Multiskan Sky microplate reader was used 
to measure absorbance at 490 nm.

Cellular Uptake Analysis
HepG2 cells were treated with MIL-101(Fe)@sor NPs and 
prepared in accordance with the experimental procedure 
for TEM imaging. Next, the HepG2 cells were incubated 
with DMEM, MIL-101(Fe)@sor NPs, and MIL-101(Fe) 
@sor NPs + iRGD for 6 h (using 10 μM Sor and 30 μmol/ 
L iRGD).24 Then the cells were collected, washed with 
PBS three times, centrifuged, and uniformly dispersed in 
agarose gel. Finally, the cells were scanned with 3.0 
T MR, and the T2* mapping image signals were recon-
structed using a GE AW 4.6 Advantage Workstation.

Peroxidase (POD) Activity
H2O2 can undergo cleavage by MIL-100(Fe) to produce 
hydroxyl radicals (·OH) that belong to the ROS family; 
3,3ʹ,5,5ʹ-tetramethylbenzidine (TMB) can be used as an 
indicator to detect ·OH.25,26 Therefore, TMB, TMB + 
H2O2, and TMB + H2O2 + MIL-101(Fe) were prepared. 
All samples were imaged and then measured using 
a microplate reader following a 30-min reaction. In addi-
tion, ·OH can be detected using the green fluorescence 
produced by the oxidation of DCFH-DA (2,7-dichloro-
fluorescein diacetate) by intracellular ROS.27 HepG2 
cells were seeded into 6-well plates and allowed to adhere 
and grow. Then cells were treated with DMEM, H2O2, 
MIL-101(Fe), or MIL-101(Fe)+H2O2 and incubated for 
an additional 4 h. Fresh DMEM containing 10 μM DCFH- 
DA was added, and the incubation was continued for 
another 30 min. Finally, ·OH generation was observed 
using fluorescence microscopy.

In vitro Anti-Tumor Activity Evaluation
HepG2 cells were seeded into 96-well plates and incubated 
for 24 h before adding fresh culture medium containing 
100 μM H2O2 and different concentrations of MIL-101 
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(Fe) NPs (12.5, 50, 100, and 200 μg/mL) for another 24 
h. Next, the cells were co-incubated for 24 h with culture 
medium containing sorafenib, MIL-101(Fe)@sor, or MIL- 
101(Fe)@sor + iRGD, with an equivalent dosage of 1.25, 
2.5, 5, 10, or 20 μM sorafenib and 30 μM iRGD. The MTT 
method was used to quantitatively analyze in vitro anti- 
tumor activity. HepG2 cell morphological changes were 
observed using microscopy before and after MIL-101(Fe) 
@sor NP treatment.

Effect of Ferroptosis Inhibitors on Cell 
Viability
HepG2 cells were seeded into 96-well plates and incubated 
until attachment. Then the medium was replaced with 
fresh culture medium containing 200 μM DFOM (an iron- 
chelating agent),28 ferrostatin-1 (Fer-1, an inhibitor of 
ferroptosis; 1 μM),28 and DMEM and incubated for 1 
h. Next, the cell culture medium was replaced with 
DMEM, MIL-101(Fe), sorafenib, MIL-101(Fe)@sor, or 
MIL-101(Fe)@sor/iRGD) for 24 h at an equivalent dosage 
of 10 μM sorafenib and 30 μmol/L iRGD. Finally, cell 
viability was quantitatively analyzed using MTT assays.

Intracellular Malondialdehyde (MDA) 
Assay
Intracellular MDA, a product of lipid peroxidation, was 
measured using an MDA assay kit.29 Briefly, HepG2 cells 
were seeded into 6-well plates for attachment. Then, 
DMEM, MIL-101(Fe), sorafenib, MIL-101(Fe)@sor, or 
MIL-101(Fe)@sor + iRGD was added, and cells were 
cultured for an additional 6 h (at an equivalent dosage of 
10 μM sorafenib or 30 μmol/L iRGD). Subsequently, the 
relative MDA concentration in cell lysates was measured 
as indicated in the manufacturer’s instructions. Lastly, 
the percent content of MDA was determined relative to 
MDA content in the DMEM group, which was set 
at 100%.

Intracellular Glutathione (GSH) Assay
HepG2 cells were seeded into 6-well plates and cultured at 
37°C overnight. Then, DMEM, MIL-101(Fe), sorafenib, 
MIL-101(Fe)@sor, or MIL-101(Fe)@sor + iRGD were 
added and cultured for an additional 6 h (at an equivalent 
dosage of 10 μM sorafenib or 30 μmol/L iRGD). 
Intracellular GSH levels were measured using 
a commercial GSH kit with a microplate reader at 412 
nm. The percent content of GSH was determined relative 

to GSH content in the DMEM group, which was set 
at 100%.

Intracellular Lipid Peroxide (LPO) Assay
The fluorescent probe C11-BODIPY581/591 was used to 
determine intracellular LPO levels.30 HepG2 cells were 
seeded in 24-well plates until attachment. The medium 
was then replaced with fresh culture medium supplemen-
ted with DMEM, MIL-101(Fe), sorafenib, MIL-101(Fe) 
@sor, and MIL-101(Fe)@sor + iRGD (at an equivalent 
dosage of 10 μM sorafenib, 30 μmol/L iRGD) and incu-
bated for an additional 4 h. Next, the cells were incubated 
in fresh DMEM containing 2 μM C11BODIPY581/591 and 
cultured for another 30 min. Finally, the cells were stained 
with DAPI to visualize nuclei, washed with PBS, and then 
imaged using fluorescence microscopy.

Western Blot (WB)
HepG2 cells were seeded in 6-well plates and grown in 
a cell incubator overnight. DMEM, MIL-101(Fe), sorafe-
nib, MIL-101(Fe)@sor, or MIL-101(Fe)@sor + iRGD was 
added and cultured at an equivalent dosage of 10 μM sor 
or 30 μmol/L iRGD for an additional 24 h. Proteins were 
subjected to SDS-PAGE and later transferred to polyviny-
lidene fluoride membranes. After, the membranes were 
blocked with 5% BSA, they were incubated with anti- 
GPX4 antibody at 4°C overnight, followed by the second-
ary antibody for 1.5 h at room temperature. Anti-β-actin 
was used as an internal loading control. Membranes were 
visualized using an enhanced ultrasensitive ECL instru-
ment. ImageJ software was used to quantify relative 
expression normalized to β-actin.

Animals and Tumor Models
The study was conducted according to the “Guide for the 
Care and Use of Laboratory Animals,” 8th edition 
(International Publication No: 978-0-309-15400-0), and 
the protocol was approved by the Institutional Animal 
Care and Use Committee of the China Medical 
University (CMU).

Five-week-old Kun Ming (KM) mice (approximate 
weight: 25 g) were purchased from Changsheng 
Organisms Co. Ltd. (Changchun, China). Mouse H22 
hepatoma cells were prepared at a density of 5 × 106/mL 
in PBS. The liver cancer model was successfully estab-
lished by subcutaneous injection of 200 μL H22 cells into 
the right hind leg of each mouse. At the end of the 
experiments, the mice were sacrificed under deep 
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anesthesia with intraperitoneal administration of pentobar-
bital sodium (150 mg/kg body weight).

Hemolysis
This test was performed as previously described.24,31 

Briefly, 5-mL blood samples were collected from New 
Zealand rabbits. Blood fibrinogen was removed by vigor-
ous stirring, followed by three washes with approximately 
10 times the volume of normal saline (NS). Next, a 2% 
erythrocyte suspension was made in NS, then the 2.5-mL 
erythrocyte suspension was mixed with MIL-101(Fe)@sor 
NPs into tubes 2–6 where the final concentrations of 
sorafenib were 6, 12, 18, 24 and 30 μg/mL, while deio-
nized water (tube 7) and NS (tube 1) were used as the 
positive and negative controls, respectively. All tubes were 
reacted for 3 h at 37°C.

In vivo Tumor Permeability Assay
A total of 12 male KM mice were randomly divided into 4 
groups. The liver cancer model was established, and the 
tumor volumes reached approximately 160 mm3. Next, 
200 μL PBS, 4 mg/kg iRGD, 50 mg/kg Evans Blue, or 
50 mg/kg Evans Blue + 4 mg/kg iRGD were injected into 
the tail vein of tumor-bearing mice.32 After 30 min, the left 
ventricle was cannulated, and the mouse hearts were per-
fused with 1% bovine serum albumin in PBS. After eutha-
nasia, the primary organs (lung, liver, spleen, heart, 
kidney) were collected. Evans Blue was extracted from 
tissues after DMF was added at 10 μL/10 mg tissue and 
then incubated at 37°C for 20 h. Finally, the samples were 
centrifuged, and the amounts of Evans Blue were quanti-
fied using a Multiskan Sky microplate reader at 600 nm.

Toxicity Studies
An acute toxicity study was conducted prior to conducting 
animal experiments. A total of 20 male KM mice were 
randomly divided into 4 groups. MIL-101(Fe) NPs were 
dispersed in PBS and injected through the tail vein at 
doses of 0, 25, 50, and 100 mg/kg for groups 1–4, respec-
tively. Mouse growth was evaluated daily, and body 
weight was recorded every 3 days. On day 15, blood 
samples were collected from the ophthalmic venous plexus 
for routine blood analysis and liver and kidney function 
tests. Specifically, we measured the biomarkers white 
blood cell (WBC), red blood cell (RBC), platelet (PLT), 
hemoglobin (HGB), alanine aminotransferase (ALT), glu-
tamic oxaloacetic transaminase (AST), blood urea nitrogen 
(BUN), and creatinine (CR). After euthanasia, the primary 

organs (liver, heart, lungs, spleen, and kidneys) were 
removed, fixed in 4% neutral formaldehyde, and used for 
subsequent hematoxylin and eosin (H&E) staining.

In vivo Tumor Inhibition
After the H22 tumor-bearing liver cancer model was suc-
cessfully established and the tumor volumes reached 
~100 mm3, the mice were randomly divided into 5 groups 
(n = 6 per group). Mice were intravenously injected once 
every 3 days, for a total of 21 days (7 injections) with either 
PBS, MIL-101(Fe), sorafenib, MIL-101(Fe)@sor, or MIL- 
101(Fe)@sor + iRGD at an equivalent dosage of 5 mg/kg 
sorafenib.24 Body weight and tumor sizes were recorded 
every 3 days. The tumor volume was calculated according 
to the following formula: V = (A × B2)/2, where “A” 
represents the longest tumor diameter and “B” represents 
the shortest tumor diameter perpendicular to “A.” When the 
experiment was finished, liver and kidney function tests and 
routine blood tests were performed on samples collected 
from the ophthalmic venous plexus. After euthanasia, the 
major organs (spleen, lungs, heart, liver, and kidneys) and 
tumors were harvested, weighed, photographed, and fixed 
with 4% neutral formaldehyde prior to H&E and immuno-
histochemistry (IHC) staining. The samples were embedded 
in tissue-freezing medium at −80°C before immunofluores-
cence (IF) staining. During treatment, the mice were 
scanned using an MR scanner (GE, 3.0 T) at different 
time points (0, 1, 6, and 12 h) after intravenous injection. 
The MR signal intensities of tumor sites were quantified 
using the GE AW 4.6 Advantage Workstation.

Statistical Analysis
Results are presented as mean ± standard deviation (SD). 
Differences among groups were compared with one-way ana-
lysis of variance followed by LSD t-tests. SPSS version 22.0 
software (IBM, Armonk, NY, USA) was used for all analyses, 
and p < 0.05 was considered statistically significant.

Results
NP Synthesis and Characterization
The synthesis of MIL-101(Fe)@sor is depicted in Figure 1. 
SEM and TEM results showed that the MIL-101(Fe) NPs had 
good dispersibility, uniform size, and smooth surfaces 
(Figure 2A and B). The EDS and elemental mapping results 
obtained by SEM indicated that the primary elements included 
Fe, Cl, O, and C (Figure 2C and D). MIL-101(Fe) NPs were 
~200 nm as measured on SEM and TEM images (Figure 2E). 
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Figure 2F shows that MIL-101(Fe) NPs had a good T2- 
weighted MRI properties. The bright T2 MRI signal was 
attenuated with increasing concentration of MIL-101(Fe) 
NPs, and the T2 relaxation rate at different concentrations 
was 8.3348. The DL% and EE% were 12.1% and 27.8%, 
respectively; the equation for the sorafenib curve was 
y = 0.1162x + 0.068, R2 = 0.999. As shown in Figure 2G, 
sorafenib release from MIL-101(Fe)@sor NPs occurred in 
a time- and pH-dependent manner. Sorafenib was gradually 
released from MIL-101(Fe)@sor NPs without an obvious 
burst-release effect. Drug release reached approximately 35% 
at pH 5.5 and only 10% at pH 7.4 after 60 h.

POD Activity Assay
Upon combining MIL-101(Fe), H2O2, and TMB, the color 
changed from clear to navy blue and had an absorption peak 
at 652 nm that increased with time (Figure S1 A and 1B). 
When using DCFH-DA to evaluate ·OH generation, almost 
no green fluorescence was detected in HepG2 cells following 
treatment with DMEM, H2O2, and MIL-101(Fe) NPs. 
However, significant green fluorescence was observed after 
MIL-101(Fe) NPs were treated with H2O2 (Figure S1 C).

MIL-101(Fe) NP Toxicity and 
Biocompatibility
The in vitro cytotoxicity of MIL-101(Fe) NPs in HepG2 
cells was assessed using MTT assays. Cells treated with 

MIL-101(Fe) NPs showed >85% viability at concentra-
tions ranging from 1.56–200 μg/mL (Figure 3A). To 
further determine hemocompatibility, we performed 
in vitro hemolysis assays. As shown in Figure 3B, all red 
cells were precipitated in tubes 1–6, and the supernatant 
was colorless and transparent, indicating that the MIL-101 
(Fe)@sor NPs did not induce hemolysis; tube 7 was red, 
confirming that hemolysis occurred in the positive control 
sample.

We then conducted in vivo acute toxicity experiments 
where different concentrations of MIL-101(Fe) NPs, were 
injected into mice. No variation in body weight was 
observed among the groups (Figure 3C). H&E staining 
did not reveal any obvious pathologic damage in the 
major organs (heart, liver, spleen, lung, and kidney) 
(Figure S2). Blood biochemical tests for WBC, RBC, 
PLT, HGB, ALT, AST, BUN, and CR were in the normal 
range for all groups (Figure S3).

Cellular Uptake and Tumor Targeting of 
iRGD
MIL-101(Fe) NP uptake and cellular distribution were 
detected by TEM. MIL-101(Fe) NPs were successfully 
absorbed by cells, accumulated in the cytoplasm, and did 
not enter the nuclei (Figure 3D). MR was conducted to 
evaluate the cellular uptake of MIL-101(Fe) NPs and 
targeting of iRGD. As shown in the reconstructed MR 

Figure 1 Schematic illustration of the synthesis and application of MIL-101(Fe)@sor NPs.
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images in Figure 3E, HepG2 cells treated with NPs 
showed a lower signal intensity than the control group. 
Furthermore, the signal intensity of HepG2 cells treated 
with MIL-101(Fe)@sor + iRGD was significantly lower 
than that of the MIL-101(Fe)@sor group after quantitative 
analysis (Figure 3F, p < 0.05). To assess the in vivo tumor- 
penetration capacity of the iRGD peptide, we used Evans 
Blue dye33 and MR. The blue intensity indicates the quan-
tity of accumulated Evans Blue. The tumor color in Evans 
Blue + iRGD group was the darkest among all the groups, 
while the other organs were clear (Figure S4 A). The 
Evans Blue content was highest in tumors from the 
Evans Blue + iRGD group (p < 0.001) compared with 
other groups (Figure S4 B). As shown in Figure 3G, 
after MIL-101(Fe)@sor + iRGD injection, a significant 
decrease in MRI was noted compared with MIL-101(Fe) 
@sor injection, as shown by a darkening of the tumor. The 
quantified MR signal intensity for the MIL-101(Fe)@sor + 

iRGD-injected group showed a significant decrease com-
pared to the MIL-101(Fe)@sor-injected group 
(Figure 3H).

Mechanism of MIL-101(Fe)@sor-Induced 
Ferroptotic Cell Death
When 100 μM H2O2 was added to HepG2 cells, cell 
viability decreased with higher MIL-101(Fe) NPs concen-
tration (Figure 4A). Nest, the anti-cancer effects of free 
sorafenib, MIL-101(Fe)@sor, and MIL-101(Fe)@sor + 
iRGD were evaluated in HepG2 cells; all treatment groups 
showed dose-dependent cytotoxicity with increased sora-
fenib concentration (Figure 4B). The MIL-101(Fe)@sor + 
iRGD group showed a stronger increase in cytotoxicity 
than the MIL-101(Fe)@sor group at an equivalent concen-
tration range (1.25 μM to 20 μM). Compared with 
untreated cells, MIL-101(Fe)@sor NP-treated HepG2 
cells showed cytopathic changes such as cellular volume 

Figure 2 Characterization of MIL-101(Fe) NPs. (A) SEM and (B) TEM images of MIL-101(Fe) NPs (scale bar: 100 nm). (C) EDS spectrum and (D) element mappings of MIL- 
101(Fe)NPs. (E) Particle size distribution of MIL-101(Fe) NPs. (F) A plot of relaxation rate 1/T2 versus concentration of MIL-101(Fe) NPs using a MRI scanner; T2 MRI of 
diverse MIL-101(Fe) NPs concentrations in vitro (inset). (G) Sorafenib release profiles of MIL-101(Fe)@sor NPs at different pH values (5.5 and 7.4).
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Figure 3 Toxicity and absorption of MIL-101(Fe) NPs in vitro and in vivo. (A) Viability of HepG2 cells treated with various concentrations of MIL-101(Fe) NPs for 24 h. (B) 
Photograph of hemolysis samples for MIL-101(Fe)@sor. Tube 1: negative control (NS), Tubes 2–6: five different concentrations MIL-101(Fe)@sor from low to high, Tube 7: 
positive control. (C) Change in body weights of mice injected with various concentrations of MIL-101(Fe) NPs for 15 days. (D) TEM images of HepG2 cells treated with MIL- 
101(Fe)@sor. (E) MR images and (F) quantized MR signal intensity of HepG2 cells treated with DMEM, MIL-101(Fe) @sor, or MIL-101(Fe)@sor + iRGD. (G) MR images and 
(H) quantized MR signal intensity of H22 liver tumors injected with MIL-101(Fe) NPs or MIL-101(Fe) NPs + iRGD. The red circle indicates the tumor.

Figure 4 Mechanism of MIL-101(Fe)@sor-induced ferroptotic cell death. (A and B) MTT viability assays of HepG2 cells with different treatments. (C) MTT viability assays 
of HepG2 cells with different treatments and ferroptosis inhibitors. (D and E) MDA and GSH levels in HepG2 cells after different treatments. (F) WB analysis of GPX4 
expression in HepG2 cells after different treatments. 1–5: control, MIL-101(Fe), sorafenib, MIL-101(Fe)@sor, and MIL-101(Fe)@sor + iRGD groups, respectively. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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swelling and nuclear pyknosis, followed by cell detach-
ment compared (Figure S5).17

To determine the mechanism by which MIL-101(Fe) 
@sor induces cell death, HepG2 cells were pre-treated 
with ferroptosis inhibitors (Fer-1 and DFOM) prior to 
in vitro cytotoxicity assays. In the presence of either Fer- 
1 or DFOM, the toxicities of free sorafenib, MIL-101(Fe) 
@sor, and MIL-101(Fe)@sor + iRGD were significantly 
alleviated (p < 0.05, Figure 4C). In comparison, MIL-101 
(Fe) NPs induced negligible toxicity; therefore, the addi-
tion of Fer-1 and DFOM had an insignificant effect.

MDA is a product of LPO formed through free radical 
reactions mediated by hydroxyl ions and is a prominent 
cytotoxic product of the iron-catalyzed Fenton-like 
reaction.29 The MIL-101(Fe)@sor + iRGD group produced 
the highest MDA levels among the groups (Figure 4D), and 
the difference was statistically significant (p < 0.05). 
Furthermore, sorafenib, MIL-101(Fe)@sor, and MIL-101 
(Fe)@sor + iRGD depleted intracellular levels of GSH, 
which is an indicator of ferroptosis34 (Figure 4E). In contrast, 
GSH levels were significantly lower in HepG2 cells treated 
with MIL-101(Fe)@sor + iRGD compared to the other four 
groups (p < 0.05). Expression of GPX-4, another ferroptosis 
biomarker,9 was consistent with the change trend of GSH 
level, with the MIL-101(Fe)@sor + iRGD group having the 
strongest inhibitory effect (p < 0.05) as evidenced by WB 
(Figure 4F). These results indicate that MIL-101(Fe)@sor 
induces cell death through the ferroptotic pathway.

Intracellular LPO Generation
Intracellular LPO plays an important role in ferroptosis.8 

Thus, we used the lipid peroxidation indicator C11- 
BODIPY581/591 to assess LPO levels. As shown in 
Figure 5, the nuclei and LPO signals were blue and 
green, respectively. MIL-101(Fe)@sor + iRGD-treated 
HepG2 cells had the strongest fluorescence signal among 
the groups, whereas the cells in the control and MMIL-101 
(Fe) groups showed very weak fluorescence.

In vivo Tumor Suppression Evaluation
The in vivo tumor suppressive effect of the prepared NPs 
was evaluated using the H22 tumor-bearing mouse model. 
H22 tumors grew extremely rapidly in the control and 
MIL-101(Fe) NP groups, whereas they grew slowly in 
the other groups (Figure 6A). As shown in Figure 6B, 
harvested tumors were smallest in the MIL-101(Fe)@sor 
+ iRGD group. MIL-101(Fe)@sor + iRGD-treated mice 
had the highest degree of tumor inhibition (p < 0.05) with 

significantly decreased tumor weights (p < 0.05) compared 
with other groups (Figure 6C). There was no significant 
decrease in body weight in the MIL-101(Fe)@sor + iRGD 
group during treatment (Figure 6D).

T2* mapping images of H22 tumor-bearing KM mice 
in Figure 6E demonstrate significant contrast between the 
MR images of the liver and tumor. Following MR image 
reconstruction and quantization, the signal intensity 
showed a dynamic change in the tumor site, while the 
signal intensity of H22 liver cancer peaked at 6 
h following MIL-101(Fe)@sor NP injection (Figure 6F).

The tumor slices were then stained and imaged. The 
MIL-101(Fe)@sor + iRGD group had the largest necrotic 
area in tumor tissues and the lowest number of GPX- 
4-positive cells compared with other groups, as evidenced 
by H&E and IHC (Figure 7). IF for GPX-4 in different 
tumor tissues demonstrated that MIL-101(Fe)@sor + 
iRGD significantly inhibited GPX-4 expression in tumor 
tissues, showing the strongest inhibitory effect compared 
with the other groups (Figure S6).

Systemic Toxicity Evaluation
There was no significant decrease in the body weights of 
mice treated with MIL-101(Fe)@sor + iRGD during treat-
ment. Although obvious lung inflammation and liver 
damage were observed in the sorafenib group (Figure 8), 
the organs of the remaining groups showed relatively 
normal tissue structure and morphology. In addition, 
blood test results revealed that the sorafenib group exhib-
ited high AST levels compared with the control group, 
indicating liver damage (Figure S7). All other blood test 
results of the experimental groups were in the normal 
ranges.

Discussion
In this study, we introduced a novel therapeutic strategy that 
relies on ferroptosis and prepared MIL-101(Fe) as a carrier 
for loading the ferroptotic agent sorafenib. To increase active 
MIL-101(Fe)@sor delivery into tumors, the tumor- 
penetrating peptide iRGD was given with the nanodrugs. 
We found that MIL-101(Fe)@sor co-administration with 
iRGD significantly induced ferroptosis in liver cancer.

The enhanced permeability and retention (EPR) effect 
provided the theoretical basis for passive tumor targeting 
of nanoparticles in recent decades. However, because of 
unique tumor characteristics like heterogeneity, high inter-
stitial fluid pressure, and dense tumor stroma, the thera-
peutic efficacy of anti-cancer nanomedicines remained 
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Figure 5 Representative image of LPO in HepG2 cells after different treatments.

Figure 6 In vivo anti-tumor efficacy evaluation. (A) Tumor growth curves of different groups of tumor-bearing mice after various treatments indicated for 21 days (n=6). (B) 
Pictures of the harvested tumors (n=6). (C) Tumor weight of different groups (1–5: control, MIL-101(Fe), sorafenib, MIL-101(Fe)@sor, and MIL-101(Fe)@sor + iRGD 
groups, respectively). (D) Body weights of mice after different treatments. (E) MR images of mice at 0, 1, 6, and 12 h after treatment. The red circle indicates the tumor. (F) 
MR signal intensity of the tumors at the indicated time points. *p < 0.05, ***p < 0.001.
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limited to the EPR effect.35 The iRGD peptide can sig-
nificantly promote drug penetration into tumor tissues by 
actively opening specific drug transport channels.20 

Previous studies have demonstrated that iRGD co- 

administration improves the therapeutic effects of 
nanodrugs.21,22 In agreement with this, our results showed 
that iRGD significantly increased tumor drug accumula-
tion in vitro and in vivo.

Figure 7 H&E and IHC staining of GPX4 in tumor sections collected from differently treated groups of mice (scale bar: 50 μm).

Figure 8 H&E staining of major organs from differently treated groups at day 21 (scale bar: 100 μm).
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Most nanomaterials that can be used effectively to 
induce ferroptosis are iron-based, such as iron oxide nano-
particles (IONPs),36 iron-based up-conversion 
nanomaterials,37 iron-doped nanomaterials,38 iron-based 
metal-organic frameworks (MOF),39 iron-based metal- 
organic networks (MON),40 iron-based polymer micelles,41 

and iron nanometallic glasses.42 MOFs have received con-
siderable attention owing to their ultrahigh pore volume, 
enormous surface area, and biodegradability.43 We prepared 
MIL-101(Fe), which has a high drug-loading capacity, con-
trollable release profile, excellent POD catalytic activity, and 
good biocompatibility; it can also be used as a MR contrast 
agent. Encapsulating sorafenib into MIL-101(Fe) resulted in 
satisfactory EE% and DL%, which improved its solubility 
and stability. The prepared MIL-101(Fe)@sor exhibited pH- 
responsive drug-controlled release properties that benefit 
from MIL-101(Fe) NP degradability.23 Through the Fenton 
reaction, POD converted H2O2 into ·OH, further contribut-
ing to ferroptotic cell death. Moreover, in vitro MRI exam-
ination of MIL-101(Fe) NPs proved that they were a good 
candidate for T2-weighted MRI. The MRI signal intensity 
decreased with increased cellular uptake of MIL-101(Fe) 
NPs. Indeed, their intracellular uptake could be quantified 
using MR image processing software. Additionally, we 
demonstrated that MIL-101(Fe) had negligible cytotoxicity, 
as evidenced by MTT assays, biochemical tests, and H&E 
staining. Inducing ferroptosis is a novel and promising ther-
apeutic strategy against cancer; and developing ferroptosis- 
inducing nanodrugs for HCC therapy is essential. The 
mechanisms underlying ferroptosis are mostly associated 
with LPO accumulation and iron metabolism.7 To exploit 
the key mechanism of ferroptosis, we combined MIL-101 
(Fe) (iron-based nanomaterials) with the ferroptosis- 
inducing agent sorafenib. In HepG2 liver cancer cells, 
MIL-101(Fe)@sor NP-induced ferroptosis was character-
ized by increased levels of LPO, MDA, and GPX-4 protein, 
as well as reduced levels of GSH. The morphological 
changes of HepG2 cells observed following MIL-101(Fe) 
@sor NP treatment were consistent with the characteristics 
of ferroptosis.10 Moreover, the cytotoxicity induced by MIL- 
101(Fe)@sor NPs could be significantly alleviated using an 
iron-chelating agent (DFOM) and a ferroptosis inhibitor 
(Fer-1). Collectively, these results demonstrate that MIL- 
101(Fe)@sor NPs can significantly induce ferroptosis in 
liver cancer cells. Co-administration of iRGD increased 
MIL-101(Fe)@sor NP delivery and accelerated ferroptosis, 
thereby enhancing their efficacy.

The therapeutic effect was further investigated in vivo 
using an liver cancer xenograft mouse model. Encapsulation 
of MIL-101(Fe) NPs with sorafenib and co-administration 
with iRGD achieved the strongest suppressive effect on 
tumor growth in our study. GPX-4 plays an important role 
in inhibiting ferroptosis and suppressing LPO generation.9 

Our IHC and IF results for GPX-4 demonstrated that MIL- 
101(Fe)@sor + iRGD had the strongest inhibitory effect on 
GPX-4 expression levels in all tumor tissues. These results 
demonstrate that when sorafenib, MIL-101(Fe) NPs, and 
iRGD peptide were combined, they successfully induced 
ferroptotic death in liver cancer cells. Moreover, the MR 
properties of MIL-101(Fe) NPs could help us monitor the 
process of ferroptosis in real time. Most importantly, MIL- 
101(Fe)@sor + iRGD showed no significant toxicity in vivo 
and did not serious side effects, indicating good biocompat-
ibility and its possible clinical application. The low toxicity 
of MIL-101(Fe)@sor + iRGD benefited from nanodrug 
characteristics and the active targeting of iRGD peptide to 
tumors. We made full use of existing clinical anti-liver 
cancer drugs, which could expand the therapeutic value of 
clinical drugs. In summary, MIL-101(Fe)@sor was designed 
to eradicate cancer cells via the ferroptosis pathway; it 
accumulated in tumor tissues through the EPR effect and 
active targeting by iRGD.

Conclusion
We developed a sorafenib-loaded MIL-101(Fe) nanodrug to 
be co-administered with iRGD as a ferroptosis-associated 
therapy for liver cancer. In vitro studies showed excellent 
efficacy in eradicating cancer cells. More importantly, the 
cell death induction mechanism was thoroughly investi-
gated. This system can consume GSH, decrease GPX-4 
levels, enhance LPO generation, and simultaneously supply 
iron ions. In vivo studies in an H22-bearing liver cancer 
xenograft mouse model demonstrated that this nanodrug can 
effectively inhibit tumor growth with good biological safety. 
Our study provides a promising strategy to construct highly 
effective ferroptosis-inducing nanomedicines. Such treat-
ments may have significant therapeutic advantages and war-
rant further investigation.

Abbreviations
HCC, hepatocellular carcinoma; sor, sorafenib; NPs, 
nanoparticles; POD, peroxidase; MR, magnetic reso-
nance; RCD, regulated cell death; LPO, lipid peroxida-
tion; GPX-4, glutathione peroxidase 4; GSH, glutathione; 
DMF, N,N-dimethylformamide; DAPI, 4,6-diamidino- 
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2-phenylindole; MTT, 3-[4,5-dimethylthiazol-2-yl]- 
2,5-diphenyl tetrazolium bromide; Fer-1, ferrostain-1; 
DFOM, deferoxamine mesylate; DMEM, Dulbecco’s 
modified Eagle’s medium; FBS, fetal bovine serum; 
SEM, scanning electron microscopy; TEM, transmission 
electron microscopy; DL %, drug loading rate; EE %, 
drug encapsulation rate; ·OH, hydroxyl radicals; TMB, 
3,3ʹ,5,5ʹ-tetramethylbenzidine; MDA, malondialdehyde; 
WB, Western blot; PVDF, polyvinylidene fluoride; 
CMU, China Medical University; NS, normal saline; 
H&E, hematoxylin and eosin; IHC, immunohistochemis-
try; IF, immunofluorescence; SD, standard deviation; 
WBC, white blood cell; RBC, red blood cell; PLT, plate-
let; HGB, hemoglobin; ALT, alanine aminotransferase; 
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metal-organic frameworks; MON, metal-organic 
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