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Construction of Fe-doped ZIF-8/DOX
nanocomposites for ferroptosis strategy in the
treatment of breast cancerf
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Breast cancer has become one of the top five commonest causes of cancer death. The use of ferroptosis
to induce the generation of reactive oxygen species (ROS) in cancer cells presents a promising and
potential strategy for cancer treatment. Herein, a series of facile bimetallic nanoparticles (x% Fe-doped
ZIF-8) were synthesized and tested, and doxorubicin (DOX), a classic drug for breast cancer therapy, was
encapsulated. After comparing the ratios of Fe?*/(Fe?* + Zn®"), 7% Fe-doped ZIF-8 (7FZ) was found to be
the most suitable particle for medical application. The drug loading efficiency of DOX@7FZ was 58.01 +
0.02%. The pH-sensitive DOX@7FZ was degraded and DOX was released in lysosomes once internalized.
Both the intracellular content of iron and ROS increased significantly. Meanwhile, the cell viability declined
to 13.98% in 24 h at a concentration of 60 pg mL™! and the ICsq was 42.68 pg mL™%. Moreover, the
expression of Bcl-2 and GPX-4 proteins decreased in a time-dependent manner, indicating that DOX@7FZ
was able to enhance the ROS level in cancer cells via a synergistic effect between apoptosis and
ferroptosis. The mechanism of action of DOX@7FZ was further verified using hematoxylin and eosin
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staining and immunohistochemical staining of Bcl-2 and GPX-4. These remarkable characteristics of
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1. Introduction

According to the latest data published by the International
Agency for Research on Cancer (IARC), the number of cases of
breast cancer is 2.26 million, surpassing 2.2 million cases of lung
cancer." Breast cancer has become the fifth commonest cause of
cancer death. Chemotherapy has remained the mainstay of
treatment for various stages of breast cancer.”™ However,
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DOX@7FZ may inspire further advancements in the treatment of breast cancer.

chemotherapeutic drugs can cause side effects, leading to sig-
nificant consequences in terms of treatment adherence and even
patients’ quality of life.> Thence, a combined chemotherapy
strategy has been proposed, aiming to reduce the doses of drugs
and realize a synergistic effect for effective treatment.®

Reactive oxygen species (ROS) play important roles in
tumorigenesis.” The intracellular ROS include superoxide ion
(0,°7), hydrogen peroxide (H,0,), and hydroxyl radicals
(OH).*° Having an important influence on the behavior of
cancers and the stromal components of the tumor, ROS can
regulate the development and survival of cancer cells. Thence,
ROS can be both essential and lethal to tumor cells. Based on
these, ROS-modulating therapies (photodynamic therapy, sono-
dynamic therapy, and chemodynamic therapy) have been
proposed to disrupt either the intracellular or tumor microenvir-
onment (TME) ROS.'* Despite having the advantage of yielding
ROS accurately in tumor sites, these therapies are still suffering
from the lack of oxygen to generate abundant ROS effectively.

In contrast to apoptosis, autophagy, and necroptosis, fer-
roptosis is a non-apoptotic mode of cell death characterized by the
accumulation of iron-dependent lipid peroxides (LPOs)."* "> As
Stockwell et al. described, there are three hallmarks of ferropto-
sis: the loss of LPO repair capacity of glutathione peroxidase-4
(GPX-4), the oxidation of polyunsaturated-fatty-acid-containing
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phospholipids (PUFA-PLs), and the availability of redox-active
iron.'® In ferroptosis, the labile iron, which should have stayed
in ferritin in the form of Fe(m), is released to the labile iron pool
to generate free radicals and mediate lipid peroxidation through
the Fenton reaction.’”"® As ferroptosis occurs, cells are exposed
to large amounts of ROS, leading to cell death. Accumulating
evidence indicates that ferroptosis plays a vital role in breast
cancer and inducing ferroptosis in tumor cells is a promising
anticancer strategy.°

Doxorubicin (DOX), a broad-spectrum anthracycline antibiotic, is
one of the commonly used agents for breast cancer therapy.”"*>
Various molecular mechanisms have been used to explain how DOX
intercalates into DNA, generates free radicals, and induces
membrane lipid oxidation.® However, DOX also has toxic effects
on normal cells, particularly resulting in irreversible cardiotoxicity.*
Growing evidence suggests that DOX can increase the expres-
sion levels of calreticulin (CRT) on the surface of tumor cells to
further stimulate the release of high mobility group box 1
(HMGB1).>>*® To address the problem mentioned above, a
good number of nanoparticles, for instance, liposomes, polymer
micelles, and mesoporous silica nanoparticles, are designed to
package and deliver DOX.>”">°

A combination therapy based on ferroptosis and apoptosis
in tumor cells is a promising way to treat tumors. There are
three pathways for nanoparticles to induce ferroptosis: lysosomal
dysfunction, membrane impairment, and mitochondrial
damage.**>* Among these pathways, causing iron overload in
cells is a simpler and direct method to induce mitochondrial
damage and further mediate the process of ferroptosis. Metal-
based nanoparticles, especially iron-based nanoparticles, are
excellent candidates that affect iron homeostasis directly.>* Zeo-
litic imidazolate framework-8 (ZIF-8), formed from the coordina-
tion of 2-methylimidazole (2-MIM) and Zn*", is a kind of metal-
based porous material.**?® It has been widely used as a nano-
carrier because of its several advantages, including high porosity,
satisfactory biocompatibility, as well as acidic-responsive
degradation.>” "> Several studies have reported the successful
synthesis of metal-doped ZIF-8 since 2014, and the majority of
these studies were performed in the fields of nanocatalysis and
gas storage while few studies were performed in medicine due to
unclear toxicity produced by bimetallic nanoparticles.** ™’

Inspired by this, a facile synthesized bimetallic ZIF-8 was
presented and used as both a ferrous ion supplier and a drug
carrier. Conveniently, DOX was encapsulated into bimetallic Fe-
doped ZIF-8 in an appropriate ratio (7% Fe-doped ZIF-8, 7FZ)
via a one-pot synthesis process. The obtained 7FZ retained the
characteristic pH-responsive release and excellent biocompati-
bility of ZIF-8. Following the internalization of the nano-
particles (DOX@7FZ) in breast cancer cell line MCF-7 cells,
acidic degradation of the nanoparticles facilitated the release of
DOX and accumulation of ferrous ions. The released ferrous
ions disrupted the intracellular iron balance via the Fenton
reaction and increased the concentration of the ferrous ions,
leading to oxidative stress-induced ferroptosis in MCF-7 cells.
Moreover, the series of reactions mentioned above have
improved DOX-induced apoptosis synchronously. As a result
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Scheme 1 The synthesized route to the nanoparticle DOX@7FZ and the
proposed molecular mechanism for the DOX@7FZ-induced synergism
between apoptosis and ferroptosis in tumor cells.

of the synergistic effect between apoptosis and ferroptosis, the
oxidative stress induced in the MCF-7 cells increased signifi-
cantly, leading to cell death (Scheme 1).

2. Materials and methods
2.1. Reagents

In this work, all the reagents and organic solvents were of
analytical grade and they were utilized without further purifica-
tion (Table S1, ESIT).

2.2. Synthesis and characterization of materials

The Fe-doped ZIF-8 was synthesized via a method reported
before.*® Both Zn(NOs),-6H,0 and FeSO,-7H,0 were added to
20 mL methanol; meanwhile, 2-Mim (0.328 g) was dissolved in
the same volume of methanol. Then, these two solutions were
mixed and the mixed solution was stirred at 300 rpm for 2 h.
After that, the mixed solution was stewed at ambient temperature
for 24 h. The products were obtained and washed with methanol
3 times. Lastly, these yielded products were dried overnight at
60 °C in a vacuum. Fe/ZIF-8 containing various Fe contents is
expressed as x% Fe-ZIF-8, where x% represents the inventory ratio
of Fe**/(Fe** + Zn™).

For the preparation of DOX@7FZ nanoparticles, Zn(NO3),-
6H,0 and FeSO,-7H,O were added into 18.7 mL methanol
and stirred for 5 min (Liquid A). Doxorubicin hydrochloride
was dispersed in 1.3 mL of methanol ultrasonically (Liquid B).
Next, Liquid B was slowly dropped into Liquid A and stirred for
2 min (Liquid C). 2-Mim was dissolved in 20 mL of methanol
(Liquid D). Then Liquids C and D were mixed and aged for 24 h
after stirring at ambient temperature for 2 h. The products were
obtained and washed with methanol 3 times. Finally, these
products were dried in a vacuum overnight at 60 °C.

X-ray diffraction (XRD), IR spectroscopy and X-ray photo-
electron spectroscopy (XPS) were carried out on a Bruker
SMART APEX diffractometer (4 = 0.71073 A), a WQF-510A
FT-IR spectrometer (Beijing Beifen-Ruili Analytical Instrument

This journal is © The Royal Society of Chemistry 2023
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Group Co., Ltd, China) and a Thermo ESCLALAB 250XI
(Thermo, America), respectively. A Tristar II 3020 instrument
(Micromeritics (Shanghai) Instrument Co., Ltd, China) was
utilized to complete the nitrogen adsorption/desorption analysis.
Both zeta potential and particle size were obtained from a W3895
of Microtrac Inc. (America). The external and internal morphol-
ogies of the products were observed using a scanning electron
microscope (SEM, Regulus100 Hitachi, Japan) and a transmis-
sion electron microscope (TEM, FEI Tecnai G2 F20 FEI, Amer-
ica), respectively.

2.3. Drug release of DOX@7FZ

A typical drug releasing system was prepared using 10 mg
DOX®@7FZ powder which was suspended in 50 mL of PBS
buffer (pH = 7.4, 6.4 and 5.3, respectively) at 37 °C. The
prepared release system was placed on a thermostatic heating
magnetic stirrer at 37 °C, 200 r min~' 4 mL of the solution
was taken at each time point and the corresponding volume
of PBS buffer was added. The sample solution was centrifuged
at a speed of 12000 r min~" for 5 min. A UV-visible spectro-
photometer (UV-650, Shanghai mapada Instrument Co., Ltd,
China) was employed to record the UV- visible spectra of
the samples.

2.4. Cytotoxicity of DOX@7FZ in vitro

The cellular cytotoxicity of DOX@7FZ was determined by
using the 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay kit (Beyotime Biotechnology, Shanghai,
China). To pre-culture, both MCF-7 cells and LO2 cells were
cultured in 96 well plates (5 x 10> cells per well) and incubated
in an incubator with 5% CO, at 37 °C for 24 h. After discarding
the fluid in the well, 100 pL per well of the Dulbecco’s Modified
Eagle Medium (DMEM) with PBS and different concentrations
of ZIF-8, 7FZ, DOX and DOX@7FZ were added. After 24 h, 10 pL
of MTT (5 mg mL ") was added after discarding the fluid in the
wells and incubated for another 4 h. Finally, a multifunctional
microplate reader (Multiskan Sky ThermoFisher Co., Ltd, Amer-
ica) was used to detect the absorbance in each well. The results
were expressed as the ratio of cell viability between the control
group and experimental group.

2.5. Iron content detection

The intracellular iron content of MCF-7 cells was detected via
the intracellular iron colorimetric assay kit (Applygen, Beijing,
China). MCF-7 cells were cultured in twelve-well plates (5 X
10° cells per well) and incubated in an incubator for 24 h. To
work out the relationship between the concentrations of nano-
particles and iron content, MCF-7 cells were treated as follows:
PBS group (control group), ZIF-8 group, and 7FZ group at 5, 15,
and 30 pg mL . To observe the change of iron content in 24 h,
MCF-7 cells were treated as follows: control group and
DOX@7FZ group at 30 pug mL ™. After treatments, these treated
cells were collected and lysed with lysis buffer. The intracellular
iron content was accurately measured, which is consistent with
the directions provided in the kit.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

2.6. In vitro ROS and MDA determination

The ROS content in cells was determined using a ROS fluores-
cence probe (dichloro-dihydro-fluorescein diacetate (DCFH-DA,
Beyotime Biotechnology, Shanghai, China). MCF-7 cells were
seeded in six-well plates (1 x 10° cells per well) and incubated
for 24 h. The fluid from the wells was discarded, and the cells
were treated as follows: control group, positive control group,
and experimental group (30 ug mL ™). Following incubation for
6 h, 0.1% DCFH-DA was added to each well and the cells were
incubated for 30 min. Cells which were unresponsive to DCFH-
DA were removed with PBS and observed under a fluorescence-
inverted microscope (Olympus, Tokyo, Japan) as well as
detected by flow cytometry (Accuri C6 Plus from BD Biosciences
Co, Ltd, China).

The MDA assay kit (TBA method, Beyotime Biotechnology,
Shanghai, China) was used to measure the intracellular levels
of MDA. After treatment with PBS, ZIF-8, 7FZ, DOX and
DOX®@7FZ at a concentration of 30 pg mL~ ", MCF-7 cells were
collected and counted. The intracellular content of MDA was
determined according to the instructions provided in the kit.

2.7. Western blot analysis

The MCF-7 cells were cultured in 6 well plates and incubated
for 24 h. After discarding the fluid from the plates, the
complete medium containing PBS, ZIF-8, 7FZ, DOX and
DOX®@7FZ nanoparticles at 30 ug mL~' was added into the
plates again. Then, those treated MCF-7 cells were harvested
and lysed with RIPA lysis buffer. The Bcl-2 and GPX-4 contents
were both determined using western blot analysis.

2.8. In vivo therapeutic efficacy

A total of 25 female BALB/c nude mice were classified into
5 groups (PBS group, ZIF-8 group, 7FZ group, DOX group and
DOX@7FZ group). 5 x 10° MCF-7 cells were injected into
mice subcutaneously in the armpits at the age of 5 weeks.
Three weeks after MCF-7 cell injection, mice were injected with
50 mg kg™ ' agents (PBS, ZIF-8, 7FZ, DOX and DOX®@7FZ)
intravenously once a week for three weeks. One week after the
last injection, mice were sacrificed by overdose anesthetic
(pentobarbital sodium) for sample collection.

After anesthesia, the weight of nude mice was measured at
first. Then the tumors as well as the major organs (heart, liver,
spleen, lungs and kidneys) were both dissected. As for those
dissected tumors, the long diameter and short diameter of
tumors were measured. Then tumors and organs were fixed in
4% PFA overnight. After fixation, the tumors and organs were
dehydrated and embedded in paraffin, and were cut in sequen-
tial sections systematically using a microtome (Leica, RM2016,
Shanghai, China). Hematoxylin-eosin staining (H & E) was
utilized to stain the sections after deparaffinization and rehy-
dration. For immunofluorescence staining, sections were trea-
ted with 10% goat serum for 20 minutes to block non-specific
protein adsorption. Next, sections were incubated with rabbit
anti-Bel2 (2 pg mL~", Cat No. PA5-20068 Invitrogen, USA) and
rabbit anti-GPX4 antibody (1:100, PA5-120674, Invitrogen, USA)
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at 4 °C overnight. Thereafter, they were washed with PBS three
times and afterwards incubated with HRP-conjugated secondary
antibodies (1: 400, Cat no. 31466, Invitrogen, USA) for 30 min at
room temperature while being protected from the light. DAPI
was utilized for nuclei staining and these sections were observed
and analyzed by using a confocal laser scanning microscope. All
the major organs of nude mice were stained with H & E as well.

2.9. Statistical analysis

All experiments were repeated at least 3 times. The significance
of the obtained data was assessed via a statistical method, one-
way analysis of variance (ANOVA). The obtained digital results
were expressed as the mean + standard deviation. P values <
0.05 were denoted as statistical significance.

3. Results and discussion
3.1. Synthesis of iron-doped ZIF-8

Different ratio iron-doped ZIF-8 (denoted as x% Fe-ZIF-8, where
x% represents the inventory ratio of Fe**/(Fe>” + Zn>")) particles
were prepared at room temperature in methanol via a simple
procedure reported previously.*® The as-prepared materials were

View Article Online
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denoted as 5% Fe-ZIF-8 (5FZ), 7% Fe-ZIF-8 (7FZ) and 15% Fe-ZIF-8
(15FZ), respectively. In the FT-IR spectrum of the samples, the signal
near 1077 cm™ " is ascribed to the C-N stretching of the imidazole
unit, while the signal near 1582 cm ' is related to the C=N
stretching (Fig. S1, ESIT)."*"” XRD was first utilized to explore the
crystal structures of as-prepared x% Fe-ZIF-8 powders. As shown in
Fig. 1B, the XRD patterns of these as-prepared materials are in good
accordance with those of pure ZIF-8. Additionally, no new peaks
appeared in the XRD patterns with the doping of Fe, implying that
the Fe substituted Zn doping into ZIF-8 samples.”” But, it is worth
noting that the peak intensity of the XRD patterns was apparently
lowered while the doping content was up to 15%, manifesting that
there was no effect on the crystallization of x% Fe-ZIF-8 if the
amount of doping Fe content was excessive. Next, to choose the
appropriate particle to serve as a drug carrier, the effects of the zeta
potential and size of x% Fe-ZIF-8 were determined (Fig. S2, ESIt). It
was found that the zeta potential decreased gently while the ratio of
doping Fe increased. In contrast, the sizes were increased while the
ratio of doping Fe increased. Both of these obtained results
demonstrated that the stability of Fe-doping ZIF-8 declined with
the increase in the ratio of Fe doping. To reach the aim of the
maximization of Fe content as well as retaining structure stability,
7FZ was chosen for further medical application.
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3.2. Encapsulation of DOX in 7% Fe-ZIF-8 (7FZ)

X-Ray photoemission spectroscopy (XPS) was performed to ana-
lyze the elemental composition and atomic valence of 7FZ. Based
on the results of XPS spectra (Fig. S3, ESIT), it is revealed that Zn,
Fe, C, N and O co-exist in the structure of 7FZ, and a Fe-N,. peak
is observed at 399.18 eV indicating the successful synthesis
of 7FZ (Fig. S3, ESIT).*® Moreover, five peaks were found by
deconvoluting the XPS spectra of Fe2p (Fig. 1D), including the
Fe(i) 2p* peak at 725.98 eV, the Fe(m) 2p“/? peak at 722.03 eV
and the Fe(m)2p*? peak at 712.13 eV (Table S1, ESI{), meaning
that Fe exist as both Fe(n) and Fe(m) in the 7FZ.*® As DOX is
loaded into our materials by a one-step way, the color of the
yields changed, from light yellow to purple (Fig. S4, ESIT). After
the encapsulation of DOX, we first monitored the crystal phase
of 7FZ by XRD. As shown in Fig. 1B, the DOX-loaded 7FZ
(DOX@7FZ) particles remained highly crystalline with sharp
diffraction peaks, but the peak intensity at low angles of 7FZ
decreased due to the existence of DOX in the pores of 7FZ
crystals. Moreover, diffraction peaks related to the DOX mole-
cules were not observed in the resulting XRD pattern, implying
that DOX crystals were non-existent in DOX@7FZ materials.
Scanning electron microscopy (SEM) showed that the morphol-
ogies of DOX@7FZ particles are bumpy on the surface, but the
octahedron structure which is the same as the 7FZ ones,
indicating that the drug-loading process has a little impact on
the 7FZ morphology (Fig. 1A). Meanwhile, transmission electron
microscopy (TEM) showed that the size of mesopores grew
bigger as well as inhomogeneous when loading DOX into 7FZ
(Fig. 1A). The surface charge is crucial for the physical stability as
well as redispersibility of nanoparticles, hence, we measure the
zeta potentials of the as-synthesized particles.*® It was found that
the zeta potential of DOX@7FZ decreased to —4.45 £+ 1.12 mV
when it was compared to that of 7FZ (1.88 £ 0.51 mV). Afterward,
the extural and porous properties of specific surface areas of
ZIF-8, 5FZ and 7FZ were determined by nitrogen adsorption at
77 K (Fig. 1E). The Brunauer-Emmett-Teller (BET) surface areas
of ZIF-8, 5FZ and 7FZ were measured to be 2302, 1271 and
1206 m> g ! with the coexistence of micro- and mesoporous
structures, which provided the nanocarrier with ideal drug load-
ing properties (Table S2, ESIT).

After the verification of the successful synthesis of
DOX®@7FZ, the properties of drug release of the encapsulated
DOX were investigated by UV-visible spectrophotometry. The
loading efficacy was evaluated to be 58.01 + 0.02%. The release
kinetics of DOX from DOX@7FZ under different pH conditions
are shown in Fig. 1C. It can be observed virtually that the release
behavior of DOX from the nanoparticles is pH-dependent. There
was 67.94 £ 0.72% of DOX released from DOX@7FZ under acidic
solutions (pH = 5.3) in 48 hours while only 10.19 &+ 0.93% of DOX
was released under physiological pH conditions (pH = 7.4) over
the same period. This phenomenon is probably owing to the
similar structure of 7FZ to pure ZIF-8 which has a characteristic
of responding dissolution under acidic conditions (pH = 5-6).
The imidazole bond is protonated after immersion in an acidic
solution, and the acid-labile non-covalent bond between the
metal ion and the imidazolium ion is destroyed, resulting in

This journal is © The Royal Society of Chemistry 2023
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the structural degradation eventually.”® Another potential reason
for the acidic-responsive release of DOX@7FZ is that DOX
exhibits a better hydrophilicity under acid solutions rather than
neutral solutions.” There was only 67% drug released in 48 h at
pH 5.3, which may be assigned to the more stable bonds
between Fe’" and DOX when compared to the bonds of Fe** and
DOX.>"** Generally, there is no doubt that DOX@7FZ nano-
particles exhibit excellent pH-responsive capability, which aids
in improving the delivery efficacy to the acidic tumor micro-
environment obviously.

3.3. The level of iron in MCF-7 cells

The nanoparticles were engineered for inducing ferroptosis to
improve the killing effect of DOX on breast cancer cells.’?
Therefore, the iron colorimetric assay was conducted to mea-
sure the total concentration of intracellular iron. We first
quantified the concentration of iron in MCF-7 cells that were
treated with the prepared frameworks without drug loading.
The concentration of iron in breast cancer cells with 7FZ
increased gradually with the increase of administration concen-
tration (Fig. 2A). Meanwhile, the concentration of iron in MCF-
7 cells administrated by 7FZ (92.39 £ 1.86 pM) was 1.66 times
higher than with ZIF-8 (55.75 + 2.77 pM) at a concentration of
30 pg mL ™' As for the concentration of iron in MCF-7 cells
treated with ZIF-8, it showed no difference to the control group
with the increase of administration concentration, evidencing
that the intracellular concentration of iron could be altered
only when cells ingested the nanoparticles of 7FZ. Next, in
order to explore the changes the DOX@7FZ brings out, we
measured the concentration of iron in MCF-7 cells treated with
DOX®@7FZ at different times. As shown in Fig. 2B, it is obvious
that the concentration of iron increases as time goes by and up
to 48.15 + 5.83 uM at 24 h, demonstrating that the drug loaded
nanoparticles, DOX@7FZ, retain the ability of affecting iron
balance in breast cancer cells. However, considering the chela-
tion between iron ions and DOX, the release of iron from
the framework (7FZ) might be slower, resulting in a lower
concentration of iron in cells administrated by DOX@7FZ at
45 pg mL~" than that by 7FZ at 30 pg mL™" eventually.>*>*

3.4. Invitro killing efficacy for MCF-7 cells

The cytotoxicity of DOX@7FZ on LO2 and MCF-7 cells was
quantitively assessed by MTT assays at various concentrations.
The MCF-7 cells were treated with different nanoparticles for 24 h
and the untreated cells were taken as a control. As shown in Fig. 34,
the viability of treated MCF-7 descended with increased DOX@7FZ
concentrations. Specifically, the cytotoxicity of DOX@7FZ below
45 ng mL ' was low but increased evidently while the concentra-
tions were over 45 pg mL™". The cell viabilities of DOX@7FZ
were 51.58% and 13.98%, corresponding to a concentration of
45 pg mL ™' and 60 ug mL~*. Meanwhile, it is worth noting that no
significant decrease in the toxicity of free DOX was observed under
various concentrations for 24 h, on account of which DOX is a time-
dependent chemotherapy drug.>® In summary, DOX@7FZ, as a
nanocarrier for DOX, could shorter the onset of action for DOX. For
comparison, after 24 h of coincubation with different nanoparticles

J. Mater. Chem. B, 2023, 11, 6335-6345 | 6339
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Fig. 2 (A) The concentrations of intracellular iron in MCF-7 cells treated with ZIF-8 and 7FZ nanoparticles in 5, 15 and 30 ng mL™2. (B) The changes of
concentrations of intracellular iron in MCF-7 cells treated with DOX@7FZ at 30 pg mL™* for 24 h. (C) Image of intracellular change of ROS in 24 h.

below the concentration of 60 pug mL ™", it was obviously
observed that DOX@7FZ manifested rather less cytotoxicity
on LO2 cells compared with free DOX, which could be attrib-
uted to the ability of acidic-responsive release of DOX@7FZ in
the tumor microenvironment instead of normal tissues (Fig. 3B).
However, the cell viability of LO2 treated with DOX®@7FZ
decreased sharply to 13.35% at a concentration of 60 ug mL ™.
This is mainly because the iron ions released from DOX@7FZ
over accumulated in LO2 cells, leading to the imbalance of iron
homeostasis.’® On no account, it could be anticipated that the
lower toxicity of DOX@7FZ against LO2 would mitigate its side
effect to normal organs, highlighting the innate virtue of passive
targeting nanocarriers, to some extent. The above results suggest
that the premade DOX@7FZ is capable of serving as an actively
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targeted nanocarrier to enhance the efficacy of chemotherapy.
Referring to the obtained results, the following experiments for
determining the mechanism of DOX@7FZ will be conducted at a
concentration of 45 ug mL ™.

3.5. The level of ROS in MCF-7 cells

Iron accumulation and lipid peroxidation are both characteristics
of ferroptosis, thence we measured the level of lipid hydroper-
oxides by the thiobarbituric acid (TBA) assay using UV/visible
spectrophotometry as well.”’° According to the reported studies,
DOX is capable of causing an increased production of ROS,
including the products of lipid peroxidation, and the result we
attained indeed showed that the level of lipid hydroperoxides in
breast cancer cells treated with DOX was higher than in the

B
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Fig. 3 (A) Cell viability of MCF-7 cells treated with PBS, ZIF-8, 7FZ and DOX@7FZ at different concentrations. (B) Cell viability of LO2 treated with PBS,

ZIF-8, 7FZ, DOX and DOX@7FZ at different concentrations.
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control group (Fig. 4A).°>°" After encapsulating DOX, DOX@7FZ
made breast cancer cells produce more lipid hydroperoxides than
the single DOX did, implying that DOX@7FZ has a better ability of
enhancing the level of lipid peroxidation in breast cancer cells
overall.

Despite measuring the yields of lipid peroxidation, we examined
the concentration of integrated ROS in breast cancer cells at the
same time. The data illustrated that the intracellular fluorescence
intensity increased distinctly while MCF-7 cells incubated with
DOX@?7FZ at a concentration of 45 pug mL ™. It is worth noting
that the fluorescence intensity detected in the ZIF-8 group was lower
than that detected in the control group at the same concentration
(Fig. 4B). The main reasons for this result are that zinc in ZIF-8 plays
an important role in the stabilization of membranes by inhibiting
NADPH-oxidase, and it is also a component of SOD, an excellent
free radical scavenger in our bodies.”” The fluorescence images
shown in Fig. 2Cshow intuitively that the DOX@7FZ is capable of
enhancing the level of ROS in MCF-7 cells time-dependently, which
is the same as the change of iron concentration in MCF-7 cells.

3.6. The possible mechanism of DOX@7FZ

As for further investigating the therapeutic mechanism of
DOX®@7FZ, the expression of key ferroptosis and apoptosis
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proteins including GPX-4, Bcl-2 and NOX-4 in MCF-7 cells was
measured by western blot analysis.®*®* GPX4, utilizing GSH as
its cofactor to maintain the integrity of biomembranes by
detoxifying LPO, is the main negative regulator of ferroptosis.®®
Thence, the expression level of GPX4 and the activity of ferrop-
tosis are inversely related. In preliminary experiments we found
that the GPX4 level in MCF-7 cells treated with DOX@7FZ was
down-regulated sharply and it has decreased by 3.3-fold com-
pared with that observed with single DOX treatment. (Fig. S5 and
S9, ESIt) The results demonstrated that there existed a strong
down-regulation on GPX4 in the cooperation of released iron
ions and DOX. The data well agree with the results of iron
concentration in MCF-7 cells treated with DOX@7FZ. Moreover,
as depicted in Fig. 4C and Fig. S8 (ESIt), the expression of GPX4
decreased sharply at first 6 h in comparison to those of other two
proteins, which implies that it is probable that DOX@7FZ will
make an influence on the level of ferroptosis-related ROS by
releasing Fe(u)/Fe(m) ions in MCF-7 cells firstly.

Moreover, the apoptosis-associated protein Bcl-2 was also
detected. Bcl-2, an anti-apoptosis protein, is a critical regulator
in the molecular mechanism of apoptosis.®® As for Bcl-2, the
single DOX and DOX@7FZ groups showed elevated Bcl-2 levels,
and the level of Bcl-2 in MCF-7 cells in the DOX@7FZ group was
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Fig. 4 (A) MDA levels of MCF-7 cells treated with ZIF-8, 7FZ, DOX and DOX@7FZ. The DOX concentration was set at 7 ug mL™. (B) Flow cytometric
results of DCFH-DA in MCF-7 cells treated with ZIF-8, 7FZ, DOX and DOX@7FZ. The DOX concentration was set at 7 ug mL™%. (C) Western blot analysis
and the matching quantitative data of Bcl-2 and GPX4 in MCF-7 cells with various treatments as indicated. B-actin (denoted as Actin) was set as a control.
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Fig. 5 (A) Schematic illustration of MCF-7 tumor-bearing mice model in cancer therapy. (B) Relative tumor volume of mice groups after treatment with
PBS, ZIF-8, 7FZ, DOX and DOX@7FZ. (C) H & E staining of tumors and immunohistochemical staining of Bcl-2 and GPX4 in various mice groups. Scale bar:

50 pm.

1.4-fold lower than in the single DOX group, implying that the
combination of iron ions and DOX is capable of promoting the
progression of apoptosis (Fig. S5 and S9, ESIf). With time
increasing, the expression of Bcl-2 decreased gradually, and
reached the minimum level at 24 h. (Fig. 4C and Fig. S7, ESIf)
The attained results revealed that apoptosis might be activated
with the release of DOX from DOX@7FZ and accelerated by the
increasing level of ROS produced by ferroptosis.
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3.7. In vivo anticancer efficacy and the safety of DOX@7FZ

The anticancer efficacy in vivo was evaluated by using MCF-7
tumor bearing mice. Tumor-bearing mice were randomly divided
into five groups (n = 5) of PBS (control group), ZIF-8, 7FZ, DOX,
and DOX@7FZ. On weeks 8, 9 and 10, equivalent DOX
(50 mg kg™") and the other nanoparticles (5 mg kg™ ') were
injected intravenously into the mice (Fig. 5A). The weight of nude
mice, and the long diameter and short diameter of tumor were
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Fig. 6 H & E staining images of organs from various mice groups. Scale bar: 200 pm.
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measured. The tumor volume was calculated (tumor volume =
long diameter x short diameter?). The weights of mice of the PBS
group, ZIF-8 group, 7FZ group, DOX group and DOX@7FZ group
were 22.75 £2.11g,22.03 £ 0.5g,21.99 +1.82¢,21.91 +1.75 g
and 21.44 £ 0.7 g, respectively. There was no significant difference
in the body weight of mice among all the groups. The tumor
volume of the DOX@7FZ group was 3.3 + 2.02 mm?, Compared
with that of the PBS group (42.91 = 6.97 mm?®) and DOX group
(13.58 + 1.50 mm?®), the tumor volume of the DOX@7FZ group
was significantly smaller (Fig. 5B and Fig. S6, ESIt).

To further clarify the pathological characteristics of the
tumor, hematoxylin and eosin (H & E) staining was performed
on the tumor tissue. In the PBS group, the cell morphology was
intact (Fig. 5C). In the DOX group and the DOX@7FZ group,
large areas of shrunken cells with condensed cytoplasm and
pyknotic and fragmented nuclei were observed (Fig. 5C). No
inflammation was seen in the DOX@7FZ group. The results
demonstrated that the cancer cells in the DOX@7FZ group
underwent programmed cell death rather than cell necrosis.
Immunohistochemical staining of Bcl-2 and GPX-4 was further
performed. Compared with the PBS group, the levels of both
Bcl-2 protein and GPX-4 protein were down-regulated in the
DOX®@7FZ group. The degree of down-regulation of Bcl-2 and
GPX-4 in the DOX@7FZ group was obviously higher than that in
the single DOX and 7FZ groups. Including the results of western
blot, all the results suggested that DOX@7FZ could initiate apop-
tosis and induce ferroptosis, leading to programmed cell death.

To assess the biocompatibility of DOX@7FZ in vivo, all mice
were sacrificed after the animal models were established. H & E
staining was performed on the major organs. There was no
significant difference in the heart, liver, spleen, lungs and
kidneys among all the groups, and no obvious lesion was
observed (Fig. 6). The results only showed that DOX@7FZ had
good biological tolerance in living bodies.

4. Conclusion

In summary, we have designed a ferrous-supply nanocarrier for
DOX employing the self-assembly of DOX, 2-MIM and FeSO,,
which is a facile one-pot method. Among the components of the
carrier, the doping of iron ions facilitated the performance of the
synergetic effect of ferroptosis and apoptosis. Thence, DOX@7FZ
was identified to have a marked ability on promoting the apop-
tosis and enhancing the level of intracellular oxidative stress
strongly with a octahedron structure. The increasing oxidative
stress further led to the ferroptosis in tumor cells. Consequently,
an effective antitumor performance was exhibited under the
combination of apoptosis and ferroptosis. The strategy of combi-
nation therapy between apoptosis and ferroptosis has great
potential to furnish wise insights into devising more efficient
chemotherapy plans for antitumor treatment in the future.
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