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Abstract Intrinsic enzyme-mimic activity of inorganic nanoparticles has been widely used for
nanozymatic anticancer and antibacterial treatment. However, the relatively low peroxidase-
mimic activity (PMA) and catalse-mimic activity (CMA) of nanozymes in tumor microenvironment
has hampered their potential application in the cancer therapy. Therefore, in this study, we aimed to
fabricate platinum (Pt) nanozymes dispersed on the surface of iron oxide (Fe;O,4) nanosphere that,
in addition to boosting the PMA and CMA, resulted in the formation of a pH-sensitive nano-
platform for drug delivery in breast cancer therapy. After development of Fe;04 nanospheres con-
taining Pt nanozymes and loading 5-fluorouracil (abbreviated as: Fe;O4/Pt-FLU@PEG nano-
spheres), the physicochemical properties of the nanospheres were examined by electron
microscopy, dynamic light scattering, zeta potential, X-ray diffraction, thermogravimetric, BET
surface, and PMA/CMA analyses. Then, the cytotoxicity of the Fe;04/Pt-FLU @PEG nanospheres
against 4T1 cells was investigated by the cell counting kit-8 assay and flow cytometry. Also, the
anticancer effect of fabricated nanoplatform was assessed in mouse bearing 4T1 cancer tumors,
in vivo. The results showed that the Fe;04/Pt-FLU@PEG nanospheres provide a platform for opti-
mal FLU loading, continuous pH-sensitive drug release, and potential PMA and CMA to increase
the level of ROS and O,, respectively. Cytotoxicity outputs showed that the Fe;0,4/Pt-FLU@PEG
nanospheres mitigate the proliferation of 4T1 cancer cells mediated by apoptosis and intracellular
generation of reactive oxygen species (ROS). Furthermore, in vivo assays indicated a significant
reduction in tumor size and overcoming tumor hypoxia. Overall, we believe that the developed
nanospheres with dual enzyme-mimic activity and pH-sensitive drug delivery can be used for
ROS/chemotherapy double-modality antitumor therapy.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Breast cancer has the highest incident rate in women and high
mortality rate, it is difficult to treat due to its low drug perme-
ability rate and hypoxia (Semenza 2016, Zou et al. 2021). One of
the non-invasive treatment strategies is the use of nanozymes
with catalytic properties (Attar et al. 2019, Sharifi et al
2020a). Nanozymes are nanomaterials with catalytic -like perfor-
mances comparable to natural enzymes that have been widely
used in biomedical field in recent years. They showed several
unique properties including controlled catalytic activity, combina-
tion therapy, and targeted drug delivery (Falahati et al. 2022)
along with higher stability, and lower cost compared to natural
enzymes (Feng et al. 2022). Nanozymes can directly combat can-
cer cells by improving drug permeability as well as increasing
intracellular reactive oxygen specious (ROS) (Skivka et al. 2018,
Khan et al. 2020, Sharifi et al. 2020c). In this regard, platinum
(Pt) is known as one of the important nanozymes due to both
peroxidase-mimic activity (PMA) and catalse-mimic activity
(CMA)(Khan et al. 2021a, Tsai et al. 2021). On the other hand,
the use of Pt as a drug such as cisplatin has been reported to
be effective in treating a variety of cancers (Prylutska et al.,
2019a, 2019b, Rottenberg et al. 2021, Shueng et al. 2021).
Although several studies have shown that iron oxide (Fe;04)
nanosphere has potential peroxidase-mimic performance, their lim-
ited ability against generation of free radicals and improving
drug permeability can be improved by their integration with
Pt. For example, report of Ma et al. (2020) shows that Pt nano-
zymes on the platform of porous nanospheres such as Fe;O4 not
only effectively perform PMA, but also reduce the tendency of
Pt to absorb CO/CO,, which prevents the formation of ROS.
By loading Pt on the Fe;O4 platform, Li et al. (2019) designed
a PtFe@Fe;04 nanozymes with PMA in the tumor environment,
which not only combat tumor cells through increasing the intra-
cellular ROS mediated by degrading hydrogen peroxide (H,0,) to
radicals, but also by overcoming hypoxia enhanced the anti-

cancer performance of the nanospheres. In addition, they showed
that Fe;O4 nanospheres acts as an electron pump to keep Pt in
an electron-rich state to stimulate both PMA and CMA.
Although ceria, copper, vanadium, cobalt, and manganese nano-
zymes are highly suitable for their catalytic activity, Fe;Oy4
nanoparticles are widely used in biomedical studies due to their
high biocompatibility and readable integration with other nano-
zymes (Liu et al. 2021b). On the other hand, the concurrent oxi-
dase and peroxidase performance of PtFe@Fe;O4 nanozymes
makes them potential platforms in the treatment of cancers
(Khan et al. 2021c). Furthermore, the use of porous Fe;O4 plat-
form can provide the possibility of photothermal and photody-
namic therapies, which can be found in the studies of Sharifi
et al. (2020b), Sharifi et al. (2020d) and Zhao et al. (2021).
5-Fluorouracil (FLU), an uracil nucleotide containing hydrogen in
the fluorine atom (Baasner and Klauke 1989), is one of the most widely
used compounds in the treatment of solid tumors of the gastrointesti-
nal tract such as colorectal (Moutabian et al. 2022), pancreas (Chen
et al. 2022), and liver (AlQahtani et al. 2021). This anti-metabolite
compound can inhibit DNA synthesis and prevent tumor cell prolifer-
ation. Although the use of doxorubicin, paclitaxel and methotrexate
drugs are show a great potential in the treatment of breast cancer,
the results of Tang et al. (2022), Zheng et al. (2022), and
Katharotiya et al. (2021) showed that FLU has a potential perfor-
mance in the treatment of breast cancer. One of the major challenges
of FLU is cytotoxicity in off-target tissues at high doses and very short
half-life due to failure to cross the plasma membrane (Noguchi et al.
2021). In recent years, the use of nanocarriers to increase drug stability,
reduce off-toxicity especially in cardiac tissue and improve cellular
uptake in solid tumors has revived a great deal of interest in nanome-
dicine (Borowik et al. 2018, Hurmach et al. 2020, Afzal et al. 2021, Liu
et al. 2021a, Pooresmaeil et al. 2021b). In this regard, Pooresmaeil
et al. (2021a) after designing a metal-organic- framework based on
chitosan-coated zinc oxide containing FLU immobilized on graphene
oxide (FLU@CS/Zn-MOF@GO), revealed that not only the devel-
oped platform results in a pH-sensitive sustained drug release, but also
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significantly reduces the survival rate of breast cancer cells by up to
45% compared to the free drug. Meanwhile, FLU@CS/Zn-
MOF @GO also had higher biocompatibility compared to free drug.
It was also shown that FLU in tamoxifen-resistant MCF-7 tumor cells
not only reduced the drug resistance of cancer cells to tamoxifen, but
also improved the success of breast cancer therapy by enhancing apop-
tosis and reducing tumor volume (Watanabe et al. 2021).

In this study, an attempt was made to design an iron oxide/Pt-fluor
ouracil@polyethylene glycol (Fe;O4/Pt-FLU@PEG) nanospheres with
dual drug delivery and PMA/CMA for the treatment of solid breast can-
cer tumors. In this regard, nanospheres were first produced by
hydrothermal method. Although hydrothermal synthesis is relatively
expensive, time consuming, and requires toxic solvents, it is wildly used
as a most common methods for synthesis of nanomaterial due to several
advantages including wide temperature range, feasible control of mate-
rial morphology, synthesis of nanospheres with high stability, and sim-
ple integration with other production methods. After producing the
nanospheres, this study considers the physicochemical properties of
Fe;04/Pt-FLU@PEG nanospheres and their capabilities for FLU
release in acidic environment, toxicity against 4T 1 cancer cells, reduction
of breast tumor size, and increase of O, level in cancerous tissue. Because
chemotherapy-based breast cancer therapy is always limited with drug
resistance, lack of potential uptake of drugs and insufficient drug load-
ing in breast tumors; we believe that the use of Fe;04/Pt-FLU@PEG
nanospheres with high catalytic performance can provide a great thera-
peutic hope for the treatment of solid breast tumors.

2. Material and methods

2.1. Materials

All chemical compounds used in the synthesis of Fe;Oy4/Pt-
FLU@PEG nanospheres were purchased from Sigma Aldrich.
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2.2. Synthesis of nanocarriers

2.2.1. Synthesis of Fe304 nanosphere

Fe;04 nanospheres were prepared by hydrothermal method
according to the report of Sharifi et al. (2020b) (Fig. 1).

2.2.2. Synthesis of Fe304/Pt-FLU@PEG

H,PtCls (200 mg), PEG 300 (100 mg) and Fe;04 nanosphere
samples (1 g) were dissolved in ethylene glycol solution and
the solution was heated at 170 °C for 20 min in order to load
the Pt nanozymes. Then, the solution was cooled and shaken
vigorously at 21 °C for 7 h. Samples were collected and washed
with deionized water. To load FLU, 10 mg of the nanosphere
was injected into 25 mL of dimethyl sulfoxide solution con-
taining 10 mg of FLU and kept for 24 h with a gentle shaking.
The samples were then dried at room temperature for 24 h and
finally washed by PBS for further assays.

2.3. Characterization of Fe30,/Pt-FLU@ PEG nanospheres

Scanning electron microscopy (SEM; JEOL-6700, Japan) was
used to examine the surface morphology of nanospheres. Also,
a high-resolution transmission electron microscope (TEM;
HRTEM, JEM-2010) with an acceleration voltage of 100 kV
was used. Zetasizer system (Malvern Instruments, UK) was
employed to investigate the hydrodynamic size and zeta poten-
tial of nanospheres. The samples were dispersed to measure
particle size in deionized water at 25 °C and examined at a dis-
persion angle of 90°. Also, the samples were dispersed in
0.3 mM aqueous KClI solution at a pH range of 4-9 for zeta
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Schematic view of Fe;O4 nanosphere synthesis.
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potential measurements. In addition, atomic adsorption
method based on the method of Sapi et al. (2017) was used
to investigate the presence of Pt on the Fe;O4 nanospheres.
Furthermore, to measure the nanospheres cavities, N2 adsorp-
tion isotherms at nitrogen liquid temperature (-196 °C) of
Quantachrome Nova automatic gas adsorption system were
applied.

XRD analysis was performed applying a D/max- with Cu
Ko radiation (Rigaku, Japan) in continuous scan mode from
10-80° with a step size of 0.02° and speed of 2°/min. To inves-
tigate FTIR spectra, the samples were mixed with potassium
bromide powder (KBr) and examined in the range of 500—
4000 cm ™! with a resolution of 1 nm. In addition, the thermal
stability of the Fe;O4/Pt nanospheres was investigated using
TGA (Perkin-Elmer) under N2 with a heating rate of 5 °C/
min in the range of 50-510 °C.

2.4. Drug loading and release

In order to evaluate the loading capacity and release of FLU
from nanospheres, the procedures of immersion and dialysis
were used, respectively. In this procedure, 200 pg of Fe;04/
Pt@PEG nanospheres were added to drug solutions at concen-
trations of 100, 200, 300, 400 and 500 pg for 24 h at room tem-
perature with gentle shaking, followed by a magnetic-based
separation. Afterwards, the remaining solution, like the initial
solution, was evaluated by fluorescence spectroscopy (Hitachi
F 2500 spectrophotometer). Finally, loading efficiency was
measured by Eq. (1):

Loading efficiency (%) = [(A — B)/B] x 100 (1)

where A is the total amount of FLU in initial solution and B is
the amount of FLU remaining in the solution.

To evaluate the release capacity of FLU, the Fe;O4/Pt-
FLU@PEG nanospheres at pH 6.5 and 7.4, at 37 °C for
120 min was examined using dialysis process. The amount of
100 pg Fe;04/Pt-FLU@PEG nanospheres was suspended in
10 mL PBS. Then, it was put in dialysis cassettes and placed
in 40 mL of the same PBS buffer with shaking at 100 rpm.
At different time intervals of 6, 15, 30, 60, 90, 180, 360, 540
and 720 min, 5 mL of solution was removed for measurement
by adsorption at 266 nm, where the same amount of initial
buffer was added to the tank. Finally, Eq. (2) was used to eval-
uate the diffusion profile.

Cumulative drugrelease (%)

B 55 /G450 x G,
~ weight of FLU on Fe;0,/Pt — FLUQPEG

x 100 (2)

where C; and C, refer to the f FLU concentration at time i
and n, respectively.

2.5. Enzyme-mimic activity assay

To investigate PMA, a UV-vis spectrometer (Shimadzu UV-
2600) was used after 10 min of the Fe;O4, FesO4/Pt-FLU
and Fe;0,4/Pt-FLU@PEG nanospheres reaction in a solution
containing hydrogen peroxide (H,O,) and 3,3',5,5'-tetramethyl
benzidine (TMB), based on the previous report (Chandra et al.
2019). In addition, an O, electrode was used in the Multi-
Parameter Analyzer (JPSJ-606L, Leici China) to check the

level of O, produced in the solution based on the catalase-
mimic activity (CMA) of constructed platform, as described
previously (Song et al. 2016).

2.6. In vitro studies

4T1 cancerous cells were cultured in Dulbecco’s Modified
Eagles Medium (DMEM) and supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (Gibco).
The flasks containing 4T1 cancerous cells were kept in the
incubator with 5% CO,, 37 °C and 95% humidity. To transfer
4T1 cancerous cells to the new culture medium, cells were tryp-
sinized (0.25% trypsin-EDTA) and re-suspended in DMEM
medium.

2.6.1. Viability of 4T1 cells

To evaluate the cytotoxicity of FLU, Fe;04/Pt, and Fe;O4/Pt-
FLU@PEG, the WST-8 (tetrazolium salt) dyeing reaction
method was used by measuring the 4T1 cancerous cells prolifer-
ation via Cell Counting Kit-8 (CCK-8) (Bioworld Technology,
Nanjing, China). 4 x 10 4T1 cancer cells were seeded in 96-
well plates, and incubated at 37 °C with 5% CO,. After 8 h,
the cultured 4T1 cancer cells were exposed to determined con-
centrations of FLU (5, 15, 25, 35, and 45 pg/mL), Fe;O,4/Pt
nanospheres (10, 30, 50, 70 and 90 pg/mL), and Fe;O4/Pt-
FLU@PEG nanospheres (10, 30, 50, 70 and 90 pg/mL). The cul-
ture medium was further incubated for 24 h. Next, the cells were
washed and 100 pL of fresh medium with 15 uL. CCK-8 solution
(0.5 mg/mL) was added to each well. The culture medium was
then incubated in the dark at 37 °C for 2 h. Finally, the optical
density at 450 nm was read by a plate reader. Survival rates of
treated and control cells were determined using Eq. (3).

Cell viability (% ) = [[Optical density of dosing cells
—Optical density of blank]
+ [Optical density of control
—Optical density of blank]] x 100

2.6.2. Apoptosis and ROS assays

The Annexin-V/PI Apoptosis Analysis Kit (Yeasen, Inc.,
China) was applied to evaluate the percentage of apoptotic
cells. 4T1 cancerous cells based on Section 3.1 with a density
of 3 x 10° cells/well were cultured and incubated for 12 h.
Next, the cultured cells were exposed to the FLU (25 ng/
mL), Fe;04/Pt nanospheres (50 pg/mL), and Fe;O4/Pt-
FLU@PEG nanospheres (50 pg/mL). The cells were then
incubated at 37 °C with 5% CO, for 24 h. After incubation,
the 4T1 cancer cells were collected by centrifugation at
1,000g (5 min) and washed in cold PBS.

The samples were re-suspended in 200 pL binding buffer.
Afterwards, according to the manufacturer’s protocol, the
4T1 cells were stained with Annexin V-FITC/Alexa Fluor
488 (5 pL) and propidium iodide (PI: 10 pL) in the dark.
Finally, the data were investigated by a flow cytometer
(FACSCalibur, BD Bioscience, USA). Also, to determine the
level of intracellular ROS, 3 x 10° cells/well were cultured in
6-well plates, and after 8 h of incubation (5% CO, and
37 °C with 95% humidity) were exposed to the FLU (25 pg/
mL), Fe;O4/Pt nanospheres (50 pg/mL), and Fe;O4/Pt-
FLU@PEG nanospheres (50 pg/mL). The 4T1 cells further
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incubated for 24 h were washed with PBS and exposed to
10 uM 2,7-dichlorodihydrofluorescein for 30 min, followed
by washing with PBS. Finally, the ROS level was determined
using a flow cytometer (FACSCalibur, BD Bioscience, USA)
by detecting the fluorescence value of 2,7-dichlorofluorescein
obtained by 2,7-dichlorodihydrofluorescein oxidation.

2.7. In vivo studies

In order to perform the treatment of breast cancer, 40 six-
week-old female BALB/c mice (10 mice in each group) were
prepared. Mice were fully monitored throughout the experi-
mental period with available water and food and 12 h of dark-
ness and 12 h of light. After culturing, 3 x 10° 4T1 cancer cells
were injected subcutaneously into each mouse in the left side
mammary glands close to foot. Then, after 25-day, 32 mice
with breast tumor were selected and treated with FLU
(25 pg/100 g), Fe;04/Pt nanospheres (50 pg/100 g) and
Fe;0,4/Pt-FLU@PEG nanospheres (50 ng/100 g) every 24 h
by tail vein injection.

2.7.1. Tumor condition and hypoxia detection

To control abnormal behaviors, mice were monitored daily
and at the end of the experimental period, the mice were sac-
rificed on the 25th day and the tumors were harvested and
weighed by a digital scale.

Photoacoustic imaging (PA) was used to evaluate hypoxia
in breast tumors. In this regard, to examine vascular saturated
O, in tumor tissue, mice were imaged 24 h after injection. O,-
containing hemoglobin (HbO,) and O,-free hemoglobin (Hb)
were acquired at the excitation wavelength of 850 and
700 nm, respectively, using a pre-clinical photoacoustic com-
puted tomography scanner (Endra Nexus 128). Then, PA
severity was assessed using Imagel software (National Insti-
tutes of Health, Bethesda, USA).

2.8. Statistical analysis

The data were analyzed by one-way analysis of variance. Also,
statistical significances were investigated by the Statistical
Package for Social Science (SPSS: version 20) and Tukey’s
multiple comparison tests. P-values of <0.05 were considered
statistically significant.

3. Results and discussion

3.1. Morphology and structure properties

The morphology and size of Fe;O4/Pt nanospheres were deter-
mined using SEM and TEM techniques. As shown in Fig. 2A
and 2B, Fe;0O4 nanospheres have retained their morphological
structure despite the deposition of Pt nanozymes on their sur-
face. Based on the atomic adsorption results, in line with the
results of Lict al. (2019) and Ma et al. (2020), it was determined
that 1.8% of the Fe;0,4/Pt nanospheres weight is composed of Pt
nanozymes (data not shown). Also, Pt nanozymes can be
observed on nanospheres evidenced by TEM image.
Furthermore, the TEM image represents that the size of
Fe;04/Pt nanospheres with FLU and PEG coating is in the
range of 90-110 nm with some surface cavities. Although

DLS outputs showed a hydrodynamic distribution ranging
from 60 to 150 nm, the maximum size of Fe;O4/Pt-
FLU@PEG nanospheres was found to be between 80 and
120 nm with an average of 100 + 2.26 nm (Fig. 2C). In addi-
tion, the DLS results indicate successful loading of FLU and
PEG coating, which increased the Fe;O4/Pt nanospheres
dimensions up to 6 nm from 94 + 3.12 nm in Fe;04/Pt to
an average of 100 £ 2.26 nm in Fe;04/Pt-FLU@PEG nano-
spheres. In this regard, the results of zeta potential in different
pH values in the presence of FLU and PEG indicated the suc-
cessful loading of drug as well as polymer on the Fe;O4/Pt
nanospheres (Fig. 2D). FLU and PEG covered the surface of
nanosphere and adsorbed onto the particles thereby reducing
negative surface charge across a wide range of pH values. In
this study, it was revealed that iron nanosphere has a negative
charge in all studied pH values, which is very suitable for load-
ing of FLU and PEG containing a positive charge. However,
in pH 9 and then pH 7, FLU and PEG can be potentially
loaded on the surface of nanospheres by enhancing the nega-
tive surface charges. In this regard, it has been shown that
by increasing the negative surface charge in pH ranging from
6 to 9, the maximum drug loading can be observed along with
reducing the aggregation of nanocarriers (Akay et al. 2017).
On the other hand, negative charge on the surface of the
Fe;04/Pt nanosphere, especially in physiological pH (7.2—
7.4), could cause further stability of the nanospheres and
reduce their associated aggregation in the blood, which previ-
ously reported by Poller et al. (2017). The porous structure of
the Fe;O4/Pt nanospheres was confirmed by the nitrogen
uptake and desorption output as shown in Fig. 2E and 2F.
The results of N2 adsorption—desorption isotherm indicate
an IV behavior with apparent residual loops in the range of
0.40-0.70 and 0.85-1.0P/P0. The surface area for Fe3;04 nano-
spheres was estimated to be 112.13 m?/g, which was reduced to
88.93 m?/g in the presence of Pt nanozymes with apparent
residual loops in the range of 0.45-0.55 and 0.95-1.0 P/PO.
This reduction can be considered as a relative change in the
porous structure of Fe;O4/Pt nanospheres by Pt nanozymes
deposition and a reduction in surface area or relative occlusion
of cavities (Ma et al. 2020).

In the following, the output of the XRD pattern in Fig. 3A
shows that the intense diffraction peaks of Fe;04 nanospheres
are located at 20 = 19.5, 31, 35.5, 37, 44, 54, 56.5 and 63.5.
With the presence of Pt nanozymes, no change was observed
in the peaks, but their intensity was slightly reduced. There-
fore, the results show that not only hydrothermal method leads
to the formation of well-defined crystal structures in Fe3O4/Pt
nanospheres, but also based on the presence of Pt (according
to the result of atomic adsorption), it can be stated that Pt
nanozymes are uniformly distributed on the surface of
nanospheres.

Also, the output of the FTIR spectrum (Data not shown)
exhibits that the FLU and PEG are loaded on the surface of
Fe;04 nanospheres with the disappearance of peaks at
2850 cm~! (C—H) and 800 cm™! (C—F) in FLU; 2900 cm ™!
(C—H), 1800 cm™ ! (C—O), and 810 cm™' (C—H) in PEG;
and intensification of peaks at 3300 cm ™' (N—H), 1750 cm ™!
(C=0), and 1350 (C—H) cm~' in FLU; 3600 cm~! (N—H)
and 1200 cm~' (C—O—C) in the PEG; 3650 cm ™' (N—H),
1650 cm™! (C—0), and 700 cm ™! (C—C) in the Fe;0,4/Pt nano-
spheres. Together with the results of imaging, DLS and FTIR,
the TGA assay in Fig. 3B revealed that the samples had a
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Fig. 2 (A) SEM and (B) TEM images of iron oxide/platinum-fluorouracil@polyethylene glycol (Fe;04/Pt-FLU@PEG), (C) the size

distribution of Fe;O4/Pt nanospheres and Fe;O4/Pt-FLU@PEG nanospheres, (D) Zeta potential values of Fe;O4/Pt nanospheres and
Fe;04/Pt-FLU@PEG nanospheres, N2 adsorption—desorption isotherms of (E) Fe;04 and (F) Fe304/Pt nanospheres.

slight weight loss due to water loss at temperatures between 90
and 150 °C. With increasing temperature up to 390400 °C, the
weight loss of Fe;O4/Pt-FLU and Fe;0,4/Pt-FLU@PEG seems
to be due to the removal of FLU (up to 8% by weight of
nanocarriers) and FLU + PEG (up to 14% by weight of
nanocarriers). These results confirm the successful loading of
the FLU and PEG.

3.2. Drug loading and release

As can be seen in Fig. 3C, increasing the FLU concentration
dramatically increases its loading rate in the Fe;O4/Pt@PEG
nanospheres, provided the constant concentration of the
nanosphere. However, the percentage of drug loading effi-

ciency decreased with increasing FLU concentration. Overall,
the output represents the highest percentage of drug loading
efficiency (more than 55%) in the range of 200 pof drug in
Fe;04/Pt@PEG nanospheres. This finding is in agreement
with Sharifi et al. (2020d) and Benyettou et al. (2016) who indi-
cated that the percentage of drug loading in iron oxide nano-
spheres with dimensions of 80-130 nm is between 47 and 60%.

The release of FLU from the Fe;04/Pt-FLU@PEG nano-
spheres was performed at 37 °C within two different pH, 6.5
and 7.4. The output showed that FLU release in acidic med-
ium is higher than that of in neutral medium (77.8% vs.
41.9%) and FLU release in both media has a time-dependent
profile (Fig. 3D). On the other hand, the burst release of the
FLU from the Fe;0,4/Pt-FLU@PEG at pH 6.5 is 41.8% that
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(A) XRD patterns of iron oxide/platinum (Fe;O,4/Pt) nanospheres, (B) thermogravimetric analysis of nanospheres, and the weight

loss after 500 °C heating, (C) FLU loading and efficiency, (D) Quantitative analyses of FLU release at 37 °C at pH 6.5 and 7.4, (E)
Peroxidase-mimic activity (PMA) of Fe;O4 nanospheres, Fe;O4/Pt nanospheres, and Fe;O4/Pt-FLU@PEG nanospheres, and (F)
Catalase-mimic activity (CMA) of Fe;O4 nanospheres, Fe;04/Pt nanospheres, and Fe;O4/Pt-FLU@PEG nanospheres.

is higher than that in the neutral medium with a rare of 15.3%.
Breast cancer tumors often have a pH environment between 6
and 6.5 (Yang et al. 2017, Sharifi et al. 2021). Since Fe;O4/Pt-
FLU@PEG nanospheres experience a pH environment of 6 to
6.5 in tumor tissue, drug release in this pH is particularly crit-
ical, which in this study based on Fig. 3, a favorable release for
the FLU is conceivable. On the other hand, the FLU release
behavior including burst release, velocity and process of the
Fe;04/Pt-FLU@PEG is strongly related to the pH of the envi-

ronment (Fig. 3D), which can be considered due to increased
FLU solubility (Ehi-Eromosele et al. 2017, Zorrilla-Veloz
et al. 2018) and opening of PEG gates from Fe;O4/Pt-
FLU@PEG nanospheres cavities (Khan et al. (2021b). In this
study, it was found that the Fe;04/Pt-FLU@PEG in each pH
value has the characteristics of rapid drug release, which is sat-
urated after one hour. This initial burst release may be related
to the weak drug interaction at the Fe;O4/Pt surface. However,
drug release from the Fe;O4/Pt-FLU@PEG follows first order
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(A) Cell viability of 4T1 cancerous cells incubated with iron oxide (Fe;O4) nanospheres, 5-Fluorouracil (FLU), iron

oxide/platinum (Fe304/Pt) nanosphere, and iron oxide/platinum-fluorouracil@polyethylene glycol (Fe;04/Pt-FLU@PEG) nanospheres,
(B) The percentage of apoptotic cells determined by flow cytometry assay in 4T1 cells, (C) The level of ROS generation. *P < 0.05,

**P < 0.01 and ***P < 0.001 for a difference of treatment groups.

release kinetics. This release index is in line with previous stud-
ies by Sharifi et al. (2020d) and Sharifi et al. (2020b), with a
minor difference that the rate of drug release has slightly
decreased. All in all, the release of drugs in a pH-sensitive man-
ner is expected to result in further accumulation of FLU in
tumor with higher acidity, which is a very important issue in
tumor targeting and cancer nanomedicine treatment potency
(Grebinyk et al. 2021, Khan et al. 2021d).

3.3. Fe;04/Pt-FLU@PEG catalytic activity

Investigation of the catalytic activity of the Fe;O4/Pt-
FLU@PEG nanospheres in the presence of H,O, indicates
the potential PMA of this platform. However, the output of
Fig. 3E shows that FLU and PEG loading significantly
reduced the PMA of the Fe;0,4/Pt nanospheres in TMB degra-
dation. However, the catalytic properties of the Fe;O4/Pt-
FLU@PEG nanospheres are expected to increase with FLU
release and PEG degradation in tumor tissues. In this regard,
Ma et al. (2020) and Zhao et al. (2016) revealed that Pt on
FeO, platform have potential PMA in the presence of H,O,.
Also, Li et al. (2019) showed that increasing the acidity of
the environment can effectively increase the PMA of
PtFe@Fe;0, particles, which increases the possibility of

enhancing the catalytic activity of Fe;O4/Pt-FLU@PEG nano-
spheres in tumor tissues due to PEG degradation and FLU
release in acidic environments. In addition, the O, production
output in Fig. 3F shows that the Fe;O,4/Pt nanospheres pro-
duces higher level of O, (20.4 mg/L) than that of the Fe;0,/
Pt-FLU@PEG nanospheres (13.5 mg/L). Therefore, the
increase in O, production by Fe;O4/Pt-FLU@PEG nano-
spheres compared to that of Fe;0, indicates the potential anti-
cancer effect of the Fe;04/Pt-FLU@PEG through targeting
hypoxia, which is likely mediated by CMA of these platforms,
altough it needs futher investigation in the future studies.
According to the studies of Li et al. (2019) and Xu and
Wang (2012), it can be indicated that the PMA of Fe;O,4/Pt-
FLU@PEG nanospheres cause the decomposition of H,O,,
which may enhance the production of ROS with the possible
presence of Fe' in Fe;0,/Pt-FLU@PEG nanospheres and
propable CMA of these nanomaterials.

3.4. Cytotoxicity of Fe;04/Pt-FLU@PEG

CCK assay and flow cytometry analysis were used to evaluate
the toxicity of nanospheres and FLU on 4T1 cancerous cells.
The CCK assay output in Fig. 4A shows that the toxicity of
Fe304/Pt nanospheres, FLU and Fe;04/Pt-FLU@PEG nano-
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(A) Tumor volume of mice in control, iron oxide (Fe;O4) nanospheres, 5-Fluorouracil (FLU), iron oxide/platinum (Fe;O4/Pt)

nanosphere, and iron oxide/platinum-fluorouracil@polyethylene glycol (Fe;O4/Pt-FLU@PEG) nanospheres groups during 25 days of
treatments and (B) its digital photographs recorded after therapy, (C) Photoacoustic (PA) images of breast tumor tissues 24 h after
injection and (D) PA intensity of HbO, and Hb 24 h after injection. *P < 0.05, **P < 0.01 and ***P < (0.001 for a difference of treatment
groups. **“4Least square means with different letters in superscripts are different at *P < 0.05.

spheres against 4T1 cancer cells is dose-dependent, which was
in good agreement with outcomes reported by Li et al. (2019),
Sharifi et al. (2020e¢), Liu et al. (2021a), Watanabe et al. (2021).
The data in this study revealed that the highest suppression of
4T1 cancerous cells was related to the concentrations of 90 pg/
ml Fe;04/Pt-FLU@PEG and 45 pg/ml FLU compared to the
control. Although concentrations of 70 pg/ml and 50 pg/ml
Fe;04/Pt-FLU@PEG compared to controls significantly
reduced the growth of 4T1 cells, no significant differences were
observed between them. Similarly, no differences were
observed between concentrations of 10 pg/ml and 30 pg/ml
in Fe3O4/Pt or Fe;04/Pt-FLU@PEG nanospheres and
between concentrations of 5 pg/ml and 7.5 pg/ml in FLU. In
addition, although the use of FLU suppressed the growth of
4T1 cancer cells in a concentration-dependent manner, the
use of nanocarriers significantly increased the rate of FLU
cytotoxicity at all studied concentrations compared to that of
the free FLU. Also, increasing the concentration of Fe;O,4/Pt
nanospheres, like other groups, further increased the rate of

cytotoxicity against cancer cells. But the rate of Fe;O,4/Pt
nanospheres cytotoxicity against 4T1 cells was not significant
in the initial concentration of 10 pg/mL and 30 pg/mL. There-
fore, based on the results of Fig. 4A, to analyze the percentage
of apoptotic cells and therapeutic activities, concentrations of
50 pg/mL Fe;04/Pt-FLU@PEG nanospheres and 25 pg/mL
FLU were used with a 50.7% and 36.9%, reduction in the via-
bility of 4T1 cells, respectively (Fig. 4A). In addition, the flow
cytometry output in Fig. 4B shows that 4T1 cancer cells incu-
bated with 25 pg/mL FLU increased the induction of late
apoptosis (Q2: 22.59% vs 3.12%) and early apoptosis (Q3:
12.91% vs 5.52%) compared with control sample, which was
in agreement with study of Asara et al. (2013) and Gao et al.
(2015). While, the use of 50 pg/mL of Fe;04/Pt-FLU@PEG
nanospheres containing 25 pg/mL of FLU further increased
the percentage of apoptotic cells in Q2 (37.63%) and Q3
(27.32%) compared to free FLU (Fig. 4B). In agreement with
our results, Arami et al. (2017) and Khan et al. (2021c)
revealed that the use of nanocarriers significantly increases
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the percentage of apoptotic cells, which may indicate a
decrease in cancer drug resistance. In this line, ROS output,
which is one of the key factors in inducing apoptosis by
Fe;04 and Pt (Rashid et al. 2019), shows that the use of
Fe;04/Pt-FLU@PEG nanospheres and FLU significantly
increases the rate of ROS production. Indeed, 2.78- and
2.14-fold increase was detected in the rate of ROS generation
in the Fe;04/Pt-FLU@PEG nanospheres and FLU -treated
groups, respectively, compared to the control (Fig. 4C). There-
fore, the use of drug-containing nanocarriers can effectively
suppress 4T1 cancer cells.

3.5. Tumor condition

As shown in Fig. 5A and B, Fe;0,4/Pt nanospheres, FLU, and
Fe;04/Pt-FLU@PEG nanospheres could result in the poten-
tial treatment of breast cancer. After 25 days, it was deter-
mined that Fe;O4/Pt nanospheres, FLU, and Fe;O4/Pt-
FLU@PEG nanospheres had a significant reduction in tumor
weight compared to control. However, the results show that
tumor weight loss in the Fe;04/Pt-FLU@PEG nanospheres-
treated group was more than 2-fold than that of the free drug
and 3-fold than that of the Fe;O4/Pt nanosphere. This finding
is in agreement with the findings of Liu et al. (2021a), Xiao
et al. (2021) and Cao et al. (2021) who explained that the use
of free FLU or loaded one along with Pt nanozymes effectively
result in the treatment of cancer. In addition, it has been sug-
gested that tumor size loss is directly related to increased O,
levels due to enhanced drug permeability in solid tumors
(Ikeda et al. 2016). So, in this study, hypoxia trial was per-
formed by PA imaging to measure Hb with and without O,
in tumor tissues.

The hypoxia test outputs in Fig. 5C and D show that the
highest PA signal for HbO, is generated by Fe;O4/Pt-
FLU@PEG nanospheres followed by FLU drug. Whereas,
the lowest PA signal for Hb is observed in the Fe;O4/Pt-
FLU@PEG treated group. Although the PA signal of Hb
was not different between the FLU and Fe;O,4/Pt nanospheres
and even with the control, the PA signal of HbO, in the FLU
was higher than those groups. In this regard, Chen et al.
(2017), Ma et al. (2019), and You et al. (2020) recognized that
the use of FLU along with Pt nanozymes increase the level of
O, concentration and accordingly accelerate the achievement
of cancer therapy. Overall, increased O, levels by the Fe;O,/
Pt-FLU@PEG nanospheres along with tumor weight loss
raised hopes for treatment of breast cancer through non-
invasive activities.

4. Conclusions

In this study, fabricated Fe;O4/Pt-FLU@PEG nanospheres were
shown to display both PMA and CMA for deep breast cancer therapy.
After evaluating the physicochemical properties, the FLU release pro-
file from the Fe;0,4/Pt-FLU@PEG nanospheres indicates a stable and
pH-sensitive drug release in acidic condition similar to that of tumor
microenvironment. Most interestingly, the PMA and CMA of
Fe;0,4/Pt-FLU@PEG nanospheres was also revealed to increase
ROS and O, levels, respectively. In addition, cytotoxicity assessments
by CCK assay and flow cytometry showed high cytotoxicity of the
Fe;04/Pt-FLU@PEG nanospheres against breast cancer cells. Fur-
thermore, in vivo results exhibited that the Fe;O4/Pt-FLU@PEG
nanospheres has a great capacity to potentially overcome tumor

hypoxia and reduce tumor weight. In conclusion, this study demon-
strates a good prospect for the treatment of breast tumors through
simultaneous drug delivery and PMA.
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