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In recent years, ferroptosis has been investigated widely as a new form of cell death. Development of
nanodrugs for ferroptosis induction in cancer cells may be a promising approach for cancer treatment.
Here, we developed a type of nanoparticle consisting of the antitumor drug doxorubicin and exogenous
ferritin. The drug loading process did not change the size of ferritin obviously. And this nanoparticle
could induce the accumulation of ROS and cell ferroptosis for transferrin receptor overexpressed tumor
cell, HT29. The ferroptosis process was also confirmed using inhibitors for ferroptosis. The cytotoxicity
of this nanoparticle is similar to that of free DOX. This study provides a new strategy for targeting and
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Introduction

Ferroptosis is a new type of cell death proposed by Dixon in
2012." Unlike apoptosis, necrosis, autophagy and other cell
death mechanisms, Ferroptosis depends on the iron and the
accumulation of lipid reactive oxygen species (L-ROS).*” This
type of cell death can be activated by small molecules (erastin,
sulfasalazine, RSL3, etc.) and effectively inhibited by iron ion
chelating agents (desferrioxamine, cyclopyramide), and lipo-
philic antioxidants.»** It is an adaptive process different from
apoptosis and other non-apoptotic cell death pathways.®
Usually, the lethal L-ROS forms iron-dependently on the poly-
unsaturated fatty acids chain of cell membrane lipids.”®
However, this ferroptosis process can be held back by the
glutathione (GSH)-dependent antioxidant enzyme glutathione
peroxidase 4 (GPX4). The biosynthesis of cellular GSH needs
transmembrane cystine/glutamate antiporter system x. , which
imports extracellular Cys in exchange for intracellular Glu.* So
removal of cystine," inhibition of system x.,* inhibition of
GSH-dependent GPX4 enzyme activity,® and reduction of intra-
cellular iron* can lead to L-ROS accumulation and subsequent
ferroptosis.

Doxorubicin (DOX) is one of anti-tumor chemotherapeutic
drugs, which have been used in clinical. DOX showed powerful
therapeutic effects on a wide range of cancer,' including acute
leukemia, lymphoma, breast cancer, and lung cancer. The
cytotoxic effects on tumor cells for DOX were exerted mainly by
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killing transferrin receptor overexpressed tumor cells.

two mechanisms.™ One is inhibiting DNA replication and RNA
synthesis in cells by inserting into the base pairs of the DNA
strands.™ Another is that DOX can act as an electron acceptor in
redox reactions and then be oxidized to semiquinone free
radical, which causing oxidative damage to cellular
membranes, proteins and DNA by producing ROS.**** However,
the cytotoxicity of DOX result in some side effects, especially in
myocardial lesions and cardiac failure."®"” To reduce the side
effects of DOX in vivo, various formulations of DOX have been
investigated in clinical or preclinical fields including encapsu-
lated in nanomaterial, such as liposome, protein and PLGA
nanoparticles.'®*°

Nanomaterials have shown to great potential in encapsu-
lating and transporting drugs, penetrating cell membranes and
releasing drugs in tumor cells through the enhanced perme-
ability and retention (EPR) effect,”® which augment the accu-
mulation of drugs in tumor cells but reduce that in normal
cells.” Ferritin (Fn), a universal intracellular protein that stores
iron and releases it in a controlled fashion, was designed to
encapsulate DOX for targeting delivery drugs to transferrin
receptor 1 (TFR1) overexpressed tumor cells,>?>* human
leukemia (HL-60), human colorectal carcinoma (Lovo), human
breast adenocarcinoma (MDA-MB-468), human liver carcinoma
(Hep G2), human cervical adenocarcinoma (HeLa), human
breast (MCF-7), human small cell lung carcinoma (NCI-
H69).>*?¢ Ferritin, with DOX loaded, could directly interact with
TFR1 (ref. 27) on the membranes of tumor cells and subse-
quently internalize and release DOX within the cells. By this
way, DOX was released in tumor cells for therapeutic research.>

In this study, DOX was loaded into iron saturated ferritin.
The ferritin was designed as a tumor targeting drug carrier. And
also, the intracellular iron concentration can be increased by

This journal is © The Royal Society of Chemistry 2019
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ferritin, which is a promoter for ferroptosis.*® As DOX can cause
oxidative damage to cell in the tumor cells, it will produce
ROS.”* Combined these two processes, DOX loaded ferritin may
have great potential in tumor cell killing.

Experimental section
Materials

Doxorubicin hydrochloride and ferritin from equine spleen
were purchased from Sigma Aldrich (Shanghai, China). Erastin
and ferrostatin-1 were obtained from Selleck (Shanghai, China).
Deferoxamine was obtained from Novartis (Shanghai, China),
glutathione reduced form (GSH) was purchased from Tokyo
Chemical Industry (Shanghai, China). Fe**(FeCl;-6H,0) was
obtained from Sinopharm Chemical Reagent Co., Ltd, Float-A-
Lyzer G2 Dialysis Cassettes (MWCO 3.5 kDa) and Tube-O-DIA-
LYZER™ Micro Dialysis System (MWCO 50 kDa) were
purchased from Sangon Biotech (Shanghai, China). PD-10
desalting columns were obtained from GE Healthcare. C11-
BODIPY was obtained from Thermo Fisher. The kits for Cell
Counting Kit-8 (CCK-8), enhanced BCA protein assay, and
reactive oxygen species assay, anti-actin, goat anti-rabbit IgG (H
+ L)-HRP conjugate and goat anti-mouse IgG (H + L)-HRP
conjugate were purchased from Beyotime Institute of Biotech-
nology (Jiangsu, China). Anti-GPX4 was obtained from Abcam.
Anti-GPX4 and anti-actin were used as primary antibodies. Goat
anti-rabbit IgG (H + L)-HRP conjugate and goat anti-mouse IgG
(H + L)-HRP were used as secondary antibodies. All obtained
chemicals were used without further purification.

Synthesis of ferritin-doxorubicin (Fn-DOX)

Ferritin was diluted into saline solution at a concentration of
5 mg mL " first. Then the pH value of the solution was adjusted
to 4 approximately by 0.05 N HCIL. 2 mL ferritin solution was
mixed with 2 mL DOX aqueous solution (0.5 mg mL™*) and
incubated for 1 h. After that, the products were run through
a PD-10 column to remove free Dox. The pH value of the solu-
tion was then adjusted to 7 by 0.05 N NaOH.

The loaded Dox was quantified using a fluorescence spec-
trometer (LS55, PerkinElmer) by comparing to a standard curve.

Characterization

The size distribution of Fn-DOX were measured by dynamic
light scattering (DLS) using a Zetasizer Nano ZSE (Malvern
Instruments, Ltd.). The UV-vis absorption of the sample solu-
tions was measured by a PerkinElmer Lambda 25 UV-vis spec-
trophotometer. High-performance liquid chromatography was
performed with Waters 1525 equipped with 2998 photodiode
array detector.

Drug release

Fn-DOX was placed into a dialysis tubes (MWCO 50 kDa) and
dialysis in 50 mL PBS (pH 7.4 or 5) for 24 h. The solutions
outside the dialysis tubes were collected at various time point.
The DOX concentrations were determined by HPLC analysis.
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Cell culture

Human hepatoma cell line (Hep G2), and Human colorectal
adenocarcinoma grade II cell line (HT29) were obtained from
the Cell Bank in Shanghai Institute of Cell Biology, China. The
Hep G2 cells were cultured in a humidified atmosphere of
a 37 °C incubator with 5% CO, in DMEM medium supple-
mented with 10% fetal bovine serum and 0.1% penicillin-
streptomycin. HT29 cells were cultured in McCoy's 5A medium
supplemented with 10% fetal bovine serum and 0.1% peni-
cillin-streptomycin.

Cell uptake for Fn-DOX

The uptake of Fn-DOX was evaluated by flow cytometric in Hep
G2 and HT29 cells. Cells with media were added into 6-well
plate (3 x 10° cells per well) and incubated for overnight at
37 °C. Cells were then treated with 0.5 uM free DOX for 2 h or
Fn-DOX, with the same concentration of free DOX (0.5 uM), for
15, 30, 60, 120 min. All of cells were collected and evaluated by
flow cytometer.

Cell viability assay

HT29 cells were seeded into 96-well plate (1 x 10* cells per well)
and incubated for overnight at 37 °C. The cells were incubated
with Fn-DOX, DOX, DOX-Fe (mixture of DOX and ferric chlo-
ride), and ferritin at different concentrations for 24 h at 37 °C,
and then analyzed via the standard CCK-8 assay. To confirm Fn-
DOX-mediated cell ferroptosis pathways, we selected several
typical cell ferroptosis inhibitors for cell viability assays,
including DFO, GSH and Fer-1. The cells were incubated with
each inhibitor and Fn-DOX for 24 h. The concentrations of the
inhibitors were used as follows: DFO, 500 uM; GSH, 5 mM; Fer-
1, 10 uM. After the treatment, cell viabilities were assessed using
the CCK-8 assay.

Cell lipid peroxide staining

HT29 cells were seeded with a density of 1 x 10° per well in 24-
well plates and incubated overnight. Cells were treated with
agents for 24 h. After incubation, the culture medium was
replaced and cells were washed by PBS for three times. 2.5 mL of
fresh medium containing the lipid peroxidation sensor C11-
BODIPY was added into each well with the final concentration
of 5 uM and incubating cells for another 30 min. After washed
by PBS, the cells were observed using a fluorescence microscopy
(Olympus).

In vitro ROS detection

The fluorescent probe DCFH-DA was used to detect the intra-
cellular ROS changes. HT29 cells were seeded into 6-well plate
(5 x 10° cells per well) and incubated for overnight at 37 °C.
Then the cells were treated with DFO, GSH, Fer-1 and Fn-DOX
for 24 h. A final concentration of 10 pM DCFH-DA mixed with
fresh cell culture medium was added to the wells and the cells
were incubated in a 37 °C incubator for 20 min and washed
three times by PBS. Finally, cells were digested and dispersed in
500 uL PBS for flow cytometry study.
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Western blot analysis

The samples were lysed. Cell lysates were prepared in Western
and IP lysis buffer containing 1 mM PMSF, 20 mM Tris (pH 7.5),
150 mM NaCl, 1% Triton X-100, sodium pyrophosphate, -
glycerophosphate, EDTA, Nas;VO,, leupeptin, and other inhibi-
tors. The enhanced BCA protein assay kit was used to quantify
protein levels. The protein samples with loading buffer were
heated at 70 °C for 10 min and then run on 12% Bis-Tris gels
(Invitrogen Novex). After transferred to a polyvinylidene fluoride
(PVDF) membrane, proteins were incubated with primary anti-
bodies as follows: anti-GPX4 (1:15000), and anti-actin
(1:1000) at 4 °C overnight. On next day, the samples were
incubated with goat anti-rabbit-HRP or anti-mouse-HRP
secondary antibodies. The relative quantity of proteins was
analyzed by quantity one software and normalized to that of
loading controls.

Statistical analysis

All data were tested at least three times independently. Each
experiment in the cell death assay were performed by 3-6
replicates. All data were represented as means £+ SD (n = 3).
Student's t-test was performed to assess the statistical signifi-
cance. A p-value < 0.05 was considered statistically significant.

Results and discussion
Synthesis and characterization of Fn-DOX

The fabrication process of Fn-DOX was illustrated in Fig. 1A.
The hydrodynamic size of Fn-DOX was determined by dynamic
light scattering (DLS). This resulted in an average hydrody-
namic diameter of 12.7 + 4.1 nm (Fig. 1C), which is a little larger
than that of ferritin (10.3 £ 3.1 nm) (Fig. 1B). These results
suggest that the Fn-DOX did not aggregate after drug loading
and remained single protein particles. TEM characterization
was also performed to determine the size distribution of Fn-
DOX (Fig. 1D and E). It showed that the average size of Fn-
DOX is around 8 nm with a narrow size distribution. The UV-
vis-NIR spectra of Fn-DOX demonstrated a characteristic
absorption peak at 490 nm, corresponding for the component
of DOX in the Fn-DOX (Fig. 2A). The drug loading efficiency is
5.27% which determined by fluorescence spectrum. To simu-
late the extracellular and endolysosomal environments, the
release of DOX from Fn-DOX was studied at pH 7.4 and pH 5.0,
respectively (Fig. 2B). It was found that Fn-DOX was almost
stable at pH 7.4 with only less than 10% DOX released after 24 h
incubation. And as the pH decreased to pH 5, the DOX loaded in
Fn-DOX exhibits rapid dissociation release compared to pH 7.4,
the release of DOX reaches about 80% after 24 h. This pH-
dependent drug release behavior of Fn-DOX reveal that the
DOX can be released in endolysosome.

Selective uptake of Fn-DOX

Although varies of nanodrugs have been explored to kill cancer
cells through ferroptosis, such as cisplatin loaded iron oxide,*®
lipid hydroperoxide nanoparticles,® and metal-organic
network encapsulated with p53 plasmid,** the targeting ability
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Fig. 1 (A) The schematic synthesis route of Fn-DOX nanoparticle by
self-assembly. Size distribution of Fn (B) and Fn-DOX (C) determined
by DLS. (D) TEM image of Fn-DOX. (E) Size distribution of Fn-DOX
determined by TEM image.

was been ignored. The transferrin receptor is present on the
surface of many cells and mediates iron-containing ferritin
from outside the cell. In order to verify the targeting capacity of
Fn-DOX on tumor cells, we selected HT29 cells (human colon
adenocarcinoma cell line) with high expression of transferrin
receptor and Hep G2 cells (human liver hepatocyte carcinoma
cell line) with low expression of transferrin receptor. The
intracellular uptake of Fn-DOX and free DOX in both cell lines
were compared by flow cytometry. As shown in Fig. 3, cellular
uptake of free DOX is almost identical in these two cells, this
result can be verified from the mean fluorescence intensity
(MFTI). Whereas the uptake of Fn-DOX in these two cells showed
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Fig. 2 (A) UV-Vis spectra of DOX, Fn and Fn-DOX in water. (B)

Accumulation release of DOX from Fn-DOX under different pH
conditions.
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Fig. 3 (A) Uptake of DOX and Fn-DOX on Hep G2 (low expression of
TFR) cells. (B) Relative MFI of controliin (A) analyzed by flow cytometry.
(C) Uptake of DOX and Fn-DOX on HT29 (high expression of TFR) cells.
(D) Relative MFI of control in (C) analyzed by flow cytometry.

significant differences. Since HT29 cells have highly expressed
transferrin receptors, more Fn-DOX can be transferred into the
cells (Fig. 3C). In other words, high uptake of Fn-DOX is
dependent on intracellularly high expression of transferrin
receptors and exhibits time-dependent uptake. As shown in
Fig. 3D, when Fn-DOX was incubated with HT29 for 120 min,
the mean fluorescence intensity of the cells was approximately
16 times that of the control group. These results showed the
great potential of Fn-DOX for targeting killing of cancer cells.

Cytotoxicity in HT29 cells

The cytotoxicity of Fn-DOX, DOX, DOX-Fe, and ferritin was
evaluated in HT29 cells (Fig. 3A-D). Ferritin without DOX has
almost no toxicity to HT29 cells within 0.5 mg mL~", and the
half maximal inhibitory concentration (ICs,) were 1.683, 1.330
uM for DOX, and DOX-Fe, respectively. The ICs, of Fn-DOX was
1.349 puM, which was closed to DOX-Fe. This may be due to the
dissociation of Fn-DOX in the acidic environment in endosome
and lysosome of tumor cells and then DOX released from
ferritin. And the transferrin receptors targeting ability of Fn-
DOX may also promote the cytotoxicity. These results suggest
Fn-DOX got a strong cancer killing ability just like the free DOX

(Fig. 4).

Ferroptosis induced by Fn-DOX

We further examined if cell death was occurring by ferroptosis
pathway. Membrane lipid oxidation is one of the hallmarks of
cell ferroptosis.™® The level of intracellular membrane lipid
oxidation was measured by fluorescence microscopy. C11-
BODIPY as a membrane lipid oxidation detection probe, was
used to incubate with the HT29 cells which was first treated by
Fn-DOX, DOX, or DOX-Fe. As shown in Fig. 5, the Fn-DOX group
showed highest fluorescence intensity compared with the
control group, DOX, and DOX-Fe which means highest

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Invitro cytotoxicity of Fn-DOX (A), DOX (B), DOX-Fe (C), and Fn
(D) in HT29 cells for 24 h.

membrane lipid oxidation level in cells induced by Fn-DOX. In
addition, detection of changes in protein levels is also necessary
to determine the form of cell death. GPX4 is a phospholipid
hydroperoxidase that protects cells against membrane lipid
peroxidation.? Erastin caused GPX4 reduced synthesis in HT29
cells, suggesting that the protein reduction is involved in fer-
roptosis. Similarly, GPX4 expression level was reduced in Fn-
DOX-treated cells, approximately to 70% of the control group.
However, cells treated with DOX, Fe ions alone, or mixed with
DOX and Fe, GPX4 levels were not significantly decreased
(Fig. 6). These results indicate that ferroptosis can be induced
by Fn-DOX.

Inhibition of Fn-DOX induced ferroptosis

Further studies found that cells treated with Fn-DOX while
adding ferroptosis inhibitor, such as DFO, GSH and Fer-1, the
increased red fluorescence of C11-BODIPY can be inhibited

(B)

Fig. 5 Lipid peroxide in HT29 cells which were stained by C11-
BODIPY. (A) Control, (B) DOX, (C) Fn-DOX, and (D) DOX-Fe. The DOX
concentration in (B)—-(D) is 2 uM. Scale bar is 20 um.
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(Fig. 7A). Next, we incubated the cells with a medium containing
ferroptosis inhibitor and Fn-DOX to investigate whether the
cytotoxicity of Fn-DOX was induced by ferroptosis. As shown in
the Fig. 7B, DFO, GSH, and Fer-1 reduced the cytotoxicity which
means part of the cytotoxicity was induced by ferroptosis
process. On the other hand, a large number of reactive oxygen
species (ROS) accumulate during the process of ferroptosis in
cells,* and therefore we tested it. The dichlorofluorescein diac-
etate (DCFH-DA) probe is a non-labeled oxidation-sensitive
fluorescent probe that can be used to determine the level of
intracellular ROS.** The levels of ROS in Fn-DOX-treated cells
showed a significant increase which was detected by flow
cytometry (Fig. 7C). The mean fluorescence intensity of Fn-DOX-
treated cells is about 65-fold higher than that of the control
group. However, with the presence of DFO, GSH and Fer-1, the
fluorescence intensity decreased to 50, 58, and 47-fold higher
than that of the control group in Fig. 5D. In general, Fn-DOX
induces cell death dependent on ferroptosis which caused by
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Fig. 7 (A) Lipid peroxide in HT29 cells exposed to Fn-DOX in the
presence of ferroptosis inhibitors, including DFO, GSH, and Fer-1
which were stained by C11-BODIPY. (a) Fn-DOX, (b) Fn-DOX + DFO,
(c) Fn-DOX + GSH, (d) Fn-DOX + Fer-1. Scale bar is 20 um. (B) In vitro
cytotoxicity of Fn-DOX in HT29 cells for 24 h in the presence of fer-
roptosis inhibitors, including DFO, GSH, and Fer-1. (C) ROS stained by
DCFH-DA in HT29 cells treated with Fn-DOX in the presence of fer-
roptosis inhibitors, then were analyzed by flow cytometry. (D) Relative
MFI of controlin (A) analyzed by flow cytometry. The concentrations of
DFO, GSH, Fer-1 were 500 uM, 5 mM, and 10 puM. Values represented
as means + SD (n = 5). *p < 0.05, **p < 0.01.
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Scheme 1 Schematic illustration of cell death induction by Fn-DOX.

accumulation of lipid peroxidation. These results suggest that
ROS generation was also caused by iron of ferritin. And this has
a critical role in Fn-DOX-induced ferroptosis. Fn-DOX induces
cells to undergo a ferroptosis process that is dependent on ROS
accumulation and GPX4 decline. And combined the apoptosis
induced by doxorubicin, the tumor cells can be killed efficiently
by Fn-DOX.

Conclusions

In summary, we designed DOX loaded iron saturated ferritin for
cancer treatment (Scheme 1). The small size nanodrug with
12.7 nm hydrodynamic radius showed pH responsive drug
release behavior. The HT29 cell targeting capability of Fn-DOX
was confirmed by FACS measurement of the instinct fluores-
cence of DOX. The ferroptosis induction process by Fn-DOX was
proved by fluorescent sensor and western blot. Furthermore, it
was also confirmed by inhibitors of ferroptosis. And the cyto-
toxicity of Fn-DOX was similar to free DOX. This ferroptosis
enhanced targeting killing of cancer cell by Fn-DOX provides
a new insight into ferritin-based drug delivery system.
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