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Potential cancer therapy can be accomplished by utilizing nano-based platforms that supply facilitated
drug penetration inside cancer cells. In this paper, an intelligent therapeutic nano-based system derived
from metal–organic framework (MOF) core–shell hybrids with the capacity of potential drug loading,
tumor microenvironment-triggered drug release as well as promising cell penetration was developed.
The core–shell iron oxide-platinium@MOF/epirubicin (Fe3O4-Pt@MOF/EPI) nanospheres were con-
structed, where these nanoplatforms endow the system with the capability of pH-responsive drug
release. The synthesized Fe3O4-Pt@MOF/EPI nanoparticles were characterized using different well-
known techniques. The Fe3O4-Pt@MOF/EPI nanospheres were shown to have a dried size of around
50 nm (evidenced by SEM analysis), a spherical/core–shell/porous structure (evidenced by TEM), and
an average hydrodynamic size of 92.89 nm (evidenced by DLS). Additionally, TGA analysis revealed that
Fe3O4-Pt@MOF/EPI nanospheres had a weight loss at temperatures between 220 and 450 �C associated
with the removal of MOF and EPI from the structure of core–shell nanospheres. The N2 adsorption–des-
orption data also reflected the porosity of core–shell Fe3O4-Pt@MOF nanospheres by indicating type IV
behavior with an apparent hysteresis loop in the range of 0.38–0.98. Furthermore, XRD analysis disclosed
the changes in the peak intensity at positions of 57.2� and 39.5�, which indicated the effects of loaded
MOF on Fe3O4-Pt nanosphere. Moreover, core–shell Fe3O4-Pt@MOF/EPI nanospheres showed high loading
capacity and drug release in a pH-responsive manner. Cell viability and cellular uptake assays on mouse
fibroblast (NIH3T3) and triple-negative 4 T1 breast (TNFB) tumors showed that the core–shell Fe3O4-
Pt@MOF/EPI nanospheres effectively inhibited TNFB cancer cells proliferation through inducing higher
cell penetration compared to free EPI while having good biocompatibility against NIH3T3 cells. In conclu-
sion, the present study may provide useful information about the development of efficient anticancer
platforms against breast cancer cells, while further in vivo and pre-clinical assays are required to support
this study.
� 2023 Published by Elsevier B.V. on behalf of King Saud University. This is anopen access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Triple-negative 4TI breast (TNFB) tumor, a subset of breast can-
cer, is one of the most aggressive malignancies with a high mortal-
ity rate of over 70%, defined by the lack of expression of estrogen,
progesterone and HER2 receptors (da Silva, Nunes et al. 2020). Due
to the high likelihood of recurrence, high drug resistance, high
potential for metastasis, and poor prognosis of TNFB tumors, cur-
rent treatments, including chemotherapy and surgery, have not
been very effective in killing this kind of cancer cells (Marra,
Trapani et al. 2020). Therefore, TNFB tumor therapy requires the
application of new technologies, such as drug delivery using the
nano-platform, which can assist in effective combination therapies
(Sharifi, Hosseinali et al. 2019, Jain, Kumar et al. 2020). In this
regard, the use of metal nanospheres, particularly iron oxide
(Fe3O4) with various coatings due to several advantages, including
ideal biocompatibility, high loading capacity, imaging capability,
multimodal cancer treatment, controlled catalytic activities, as
well as targeting and feasible production, has received great atten-
tion, recently (Sharifi, Hasan et al. 2020, Sharifi, Jafari et al. 2020,
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D_INÇER, GET_IREN et al. 2021, Khan, Sharifi et al. 2021, Klein, Otto
et al. 2021, Zhao, Li et al. 2021). However, Fe3O4 nanoparticles
are faced with some challenges such as limited drug loading, prob-
able side effects at high concentrations, slow degradation rate with
high agglomeration potency, and retention in vital organs. Accord-
ing to several studies, adding metal–organic frameworks (MOF)
coatings on metal nanospheres to develop core–shell nanostruc-
tures increases the porosity and functionality while also allowing
for regulated drug release in an acidic environment (Bag, Wang
et al. 2016, Yang, Xia et al. 2017, Wu, Gao et al. 2018, Wang, Yu
et al. 2020, Cui, Zhao et al. 2021, Falahati, Sharifi et al. 2022). Addi-
tionally, MOF coating as a shell on the core materials improves the
nanospheres’ biocompatibility, catalytic activity, and colloidal sta-
bility (Wang, DeKrafft et al. 2012, Meng, Zhang et al. 2018, Chen,
Zhang et al. 2019, Qi, Ye et al. 2020, Yue, Cao et al. 2021, Yang,
Zeng et al. 2022). In this regard, in addition to increasing drug sta-
bility and permeability in Hela and triple-negative MDA-MB-231
cancer cells, Chowdhuri, Bhattacharya et al. (2016) and Alijani,
Noori et al. (2020) were able to demonstrate good biocompatibility
in NIH3T3 and HUVEC normal cells using Fe3O4@IRMOF-3/folic
acid and Fe3O4@MOF-doxorubicin-carbon-aptamer, respectively.
By combining chemotherapy with hyperthermia to increase the
drug permeability and controlled release of doxorubicin, Chen,
Liu et al. (2019) also demonstrated that the Fe3O4@poly[dopa
mine]@ZIF-90/doxorubicin inhibited the proliferation and develop-
ment of Hela cancer cells more effectively than the free drug. In a
mouse model, Xiang, Qi et al. (2020) revealed that Fe3O4@C-poly[
vinylpyrrolidone]@doxorubicin, in comparison to free doxorubicin,
reduced efficiently CAL27 tumor size mediated by controlled pH-
sensitive drug release, increased biocompatibility and reduced
drug toxicity in the main off-target organs.

On the other hand, the history of platinum (Pt) application in
the development of anticancer agents began in 1978 (Rottenberg,
Disler et al. 2021). Then a wide number of Pt-based derivatives
have been developed and assessed as potential anticancer agents.
The mechanisms of action of these drugs are associated with
DNA interaction and corresponding DNA synthesis impairing
(Desoize and Madoulet 2002).

The anticancer drug epirubicin (EPI) is a doxorubicin epimer
with a 40-hydroxyl group inversion on sugar (Plosker and Faulds
1993). The primary mechanism of EPI action is expressed by DNA
or RNA damage caused by suppression of topoisomerase II activity,
free radical production, downregulation of protein synthesis, and
disruption of the cell membrane which finally results in cell cycle
arrest (Khasraw, Bell et al. 2012). EPI is less likely to be harmful than
doxorubicin, despite the fact that various side effects such as
myelotoxic, non-hematological toxicities, and cardiac toxicity have
been recorded (Yamaguchi, Fujii et al. 2015). To boost the drug’s
effectiveness, however, the dose of EPI must be increased for
long-term usage, which sharply raises cardiac toxicity (Fogarassy,
Vathy-Fogarassy et al. 2019). However, the efficacy of EPI in treat-
ing neuroblastoma, liver, lung, stomach, colorectal, squamous cell,
cervix, bladder, and ovarian cancers recommends the use of this
drug following the development of anticancer platforms. It appears
that a nanoplatform can be employed to lessen toxicity issues and
increase the efficacy of EPI in cancer treatment. Recently, De Vita,
Liverani et al. (2021) demonstrated that using lipid nanovesicles
carrying EPI not only successfully inhibits the growth of triple-
negative breast cancer cells but also increases the biocompatibility
of nanoparticles, which reduces the degree of EPI toxicity. However,
the dose and duration of EPI use, drug loading and release levels,
and EPI permeability in cancer cells are still some challenges that
need to be addressed properly (Jalalian et al., 2018, Chen, Han
et al. 2019, Fathian kolahkaj, Derakhshandeh et al. 2019, Tang,
Chen et al. 2020, Leng, Li et al. 2021).
2

Therefore, to treat breast cancer, we present in this study a
smart porous core–shell Fe3O4-Pt@MOF/EPI nanosphere as an
emerging therapeutic modality. In the first step, the nanospheres
were synthesized, followed by characterization by different tech-
niques. Afterward, the anticancer effect of porous core–shell
Fe3O4-Pt@MOF/EPI nanospheres on inhibition of the proliferation
of triple-negative 4 T1 breast (TNFB) cells was assessed, while
mouse fibroblast cells (NIH3T3) were used as a model of non-
cancerous cells. Also, cell penetration analysis was done to assess
the drug penetration inside the cells.
2. Material and methods

2.1. Materials

Epirubicin (EPI) and Cell Counting Kit-8 (CCK-8) were obtained
from the Sigma Co. (Saint Louis, MO, USA). Dulbecco’s Modified
Eagle Medium (DMEM) and fetal bovine serum (FBS) were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA). All
other materials were of analytical grade, obtained from Merck
Co. (Darmstadt, Germany) and used without further purification.
2.2. Synthesis of Fe3O4 nanospheres and core–shell Fe3O4-Pt@MOF/EPI
nanospheres

To fabricate Fe3O4 nanospheres, the modified method of Sharifi,
Hasan et al. (2020) was used. In 20 mL of equal parts ethylene gly-
col and diethylene glycol, 1.62 g of iron chloride, 4.5 g of sodium
acrylate, and 4.5 g of sodium acetate were added. The obtained
homogeneous solution was heated in a Teflon-lined stainless-
steel autoclave at 220 �C. After 10 h, the autoclave was cooled
and the Fe3O4@poly(acrylamide) nanospheres were separated
and washed with ethanol and water, followed by sample drying
in vacuum for 24 h. To develop a silicon coating on the nano-
spheres, 5 mL of aqueous Fe3O4@poly(acrylamide) solution was
diluted with water and ethanol [1/60 (v/v)]. After sonication of
the samples for 40 min, 2 mL of ammonia solution was added to
the sample solution. Following the injection of 0.2 mL of
tetraethyl-orthosilicate solution dissolved in 10 mL of ethanol into
the samples after 30 min, the final product was magnetically col-
lected after 120 min. The Fe3O4@poly(acrylamide)@SiO2 were
washed several times with ethanol and water before being vacuum
dried for 24 h. The Fe3O4@poly(acrylamide)@SiO2 samples were
then heated in an electric oven for 5 h at 650 �C. After cooling at
23 �C, Fe3O4@SiO2 produced in 0.5 M NaOH was mechanically sha-
ken for 7 h to remove SiO2. Finally, the Fe3O4 nanospheres were
collected magnetically and repeatedly washed with distilled water
and ethanol.

To produce Fe3O4-Pt nanosphere, chloroplatinic acid hexahy-
drate (H2PtCl6-6H2O, 0.1 g) and tri-sodium citrate dihydrate
(HOC(COONa)(CH2COONa)2�2H2O, 0.0075 g) were mixed in
500 mL of distilled water under a magnetic stirrer (800 rpm). Then,
25 mL of 0.01 M NaBH4 solution was added to the platinum pre-
cursor solution. Finally, 300 mg of Fe3O4 nanoparticles in 30 mL
of distilled water were added to the above solution and sonicated
for 20 min. The resulting particles were then collected by an exter-
nal magnetic field and washed several times with distilled water.

At the end, zirconium chloride (0.55 g) and terephthalic acid
(0.45 g) were added to a solution containing 10 mL of ethanol
and 50 mL of N, N-dimethylformamide, under continuous stirring.
Following this, a certain quantity of Fe3O4-Pt nanospheres
(500 mg) were dissolved in 15 mL of ethanol and added to the
aforementioned mixture, where they were agitated for 5 min.
Finally, the suspension was autoclaved for 12 h at 150 �C. The com-
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pleted product was cooled, and then cleaned three times with
ethanol and water before being dried at 80 �C.

A specific number of nanocarriers were kept at a predefined
concentration of EPI at pH 8.0 for 24 h to load EPI onto the core–
shell Fe3O4-Pt@MOF nanospheres (at room temperature). Core-
shell Fe3O4-Pt@MOF/EPI nanospheres were then collected using a
magnet, and the samples were repeatedly washed in PBS to remove
surface debris and extra EPI from the nanocarriers’ surfaces.
2.3. Core-shell Fe3O4-Pt@MOF/EPI nanosphere characterization

Scanning electron microscopy (SEM, MIRA3 TESCAN) was used
to examine the morphology and size of Fe3O4-Pt@MOF/EPI nano-
spheres. The core–shell, as well as porosity structure of nano-
spheres, were examined by TEM (JEM – 7100F).
Thermogravimetric analysis (TGA) of the samples was evaluated
using a thermogravimetric analyzer (TG209-F3, USA) under argon
with a heating rate of 10 �C/min in the 20–550 �C range. Also, Zeta-
sizer Nano ZS90 (Malvern Instruments, UK) was used to determine
the hydrodynamic size distribution and zeta potential. Addition-
ally, the N2 adsorption analysis was used at 77 K using the
Micromeritics ASAP analyzer to study the surface gaps of the nano-
spheres. To explore the crystalline structure of the samples, the X-
ray diffraction pattern (XRD) analysis was performed using a Bru-
ker Advance-D8 equipped with CuKa as irradiation source (k = 1.
54178 Å).
2.4. Drug loading and release

To measure the EPI loading in core–shell Fe3O4-Pt@MOF nano-
spheres, 250 g nanocomposite was added to EPI solutions with
concentrations ranging from 100 to 500 g/mL under constant shak-
ing for 24 h. Then, core–shell Fe3O4-Pt@MOF/EPI nanospheres were
magnetically separated and washed with a phosphate buffer to
remove unbonded EPI from the nanocomposite surface. Next,
UV–visible spectroscopy (UV-1800, Shimadzu, Japan) was used to
measure the amount of EPI loaded at 482 nm. Finally, EPI loading
on the core–shell Fe3O4-Pt@MOF/EPI nanospheres was calculated
using Equation (1):
EPI loading %ð Þ ¼ Total amount of EPI ininitial solutionð½
�Amount of EPI remaining in solutionÞ
Amount of EPI remaining in solution= � � 100 ð1Þ

The dialysis bag method was used to assess the release profile of
EPI. This was accomplished by placing 250 g of core–shell Fe3O4-
Pt@MOF/EPI nanospheres into dialysis bags (MWCO 12000), which
were then suspended in 50 mL of PBS solution at various pH values
of 6 and 7.5. The solution was shaken continuously at 37 �C and at
different time intervals, such as 0.01, 0.25, 0.50, 1, 1.5, 3, 6, 9, 12, 16
and 24 h, 5 mL of solution was withdrawn for further analyses and
the same volume of initial buffer was reintroduced to the tank to
assure about the sink condition. The amount of EPI release was
then measured by UV spectroscopy at 482 nm according to the
Equation (2):
Cumulative drug release ð%Þ

¼ 5 � Pn�1
i�1 Ci þ 50 � Cn

weight of EPI on Fe3O4� Pt@MOF=EPI core� shell
� 100 ð2Þ

Ci and Cn refer to the of EPI concentration at time i and n,
respectively.
3

2.5. In-vitro trials

Triple-negative 4 T1 breast (TNFB) cells and mouse fibroblast
cells (NIH3T3) were seeded in flasks by using Dulbecco’s modified
Eagle’s medium (DMEM) and 10% fetal bovine serum along with a
1% penicillin–streptomycin solution. The samples were then incu-
bated with 5% CO2 and 95% humidity at 37 �C.

2.5.1. Cellular viability and toxicity
To evaluate the cell viability and cytotoxicity of samples on

NIH3T3 and TNFB cancer cells after 24 h, WST-8 staining reaction
method (tetrazolium salt) with cell count kit-8 (CCK-8) was used.
After seeding, 10,000 NIH3T3 and TNFB cancer cells were incu-
bated for 24 h in 96 plates. The cultured samples were then treated
with EPI (7.5, 15, 22.5 and 30 lg/mL, based on the report of
Moammeri, Abbaspour et al. (2022)), core–shell Fe3O4-Pt@MOF
nanospheres (15, 30, 45 and 60 lg/mL), or core–shell Fe3O4-
Pt@MOF/EPI nanospheres (15, 30, 45 and 60 lg/mL). Then, 15 lL
of 0.5 mg/mL CCK-8 solution was added to the cells and incubated
for 2 h in the dark at 37 �C. Ultimately, the optical density of the
cells was read at 450 nm using an ELISA plate reader (Synergy
HT Multi-Mode Microplate Reader, BioTek, USA). The survival rate
of cells was analyzed using Equation (3).

Cell v iability %ð Þ¼ Opticaldensityofdosingcells�Optical density of blankð Þ½
� Opticaldensityofcontrol�Optical density of blankð Þ��100

ð3Þ
2.5.2. Drug or nanocomposite penetration
TNFB cancer cells were seeded in 96-well plates with a density

of 1 � 104 cells. TNFB cancer cells were then treated with 22.5 lg/
mL EPI and 45 lg/mL nanospheres and incubated for 12 h. After
removing the medium, the TNFB cancer cells were washed three
times with cold PBS to remove the drug and nanospheres in the
culture medium. Finally, the fluorescence intensity of the TNFB
cancer cells was read using a fluorometer (Perkin Elmer 3B, Welles-
ley, MA, USA) with excitation of 482 nm and emission of 590 nm.

2.6. Statistical analysis

All analyses were performed with SPSS 19.0 software (SPSS
Inc.). Data were reported as mean ± STD from three experiments.
Statistical comparisons were done using one-way / two-way anal-
ysis of variance (ANOVA) at levels of P < 0.05, P < 0.01 and
P < 0.001.

3. Results and discussion

3.1. Morphological and structural properties

The synthesis of core–shell Fe3O4-Pt@MOF/EPI nanospheres
was assessed by SEM analysis. Fig. 1A depicts some cracks on the
surface of Fe3O4-Pt@MOF/EPI nanospheres. As shown in the SEM
images (Fig. 1A), the mean size of the core–shell Fe3O4-Pt@MOF/
EPI nanospheres was around 50 nm. Also, appearance of noticeable
Pt signal in the corresponding EDX spectrum (Fig. 1B) allows us to
suggest that bimetallic Fe3O4-Pt nanoparticles are formed. TEM
imaging (Fig. 1C) also demonstrated the formation of core–shell
and porous structures.

The DLS data in Fig. 2A provides further information regarding
the colloidal stability of synthesized nanospheres. It was shown
that the average hydrodynamic size of Fe3O4-Pt nanospheres is
79.88 nm and that when MOF and EPI are present, the average par-
ticle size increases to 92.89 nm. Therefore, the DLS results showed
the suitable size distribution of prepared nanospheres. Also, the



Fig. 1. (A) The SEM image, (B) EDAX spectrum and (C) TEM image of core–shell Fe3O4-Pt@MOF/EPI nanospheres.

J. Li, Y. Zhou, S. Yan et al. Arabian Journal of Chemistry 16 (2023) 105229
thermal behavior of the nanospheres in Fig. 2B exhibits that the
weight loss of the core–shell Fe3O4-Pt nanospheres at tempera-
tures between 150 and 550 �C is related to the removal of solvents
from the nanosphere surface. While the weight loss at tempera-
tures between 220 and 450 �C in Fe3O4-Pt@MOF and Fe3O4-
Pt@MOF/EPI is related to the removal of MOF and EPI from the
structure of core–shell nanospheres, respectively. This finding indi-
cates the successful loading of MOF and EPI on the Fe3O4-Pt
nanosphere.

The zeta potential values in Fig. 2C indicate that core–shell
Fe3O4-Pt@MOF nanospheres had zeta potentials of 16.1 mV,
�5.2 mV, �10.3 mV and �18.8 mV, at different pHs of 3, 5, 7 and
9, respectively. However, following EPI loading zeta potential val-
ues changed to 21.5 mV, �11.1 mV, �21.9 mV and �29.9 mV,
respectively. High and negative zeta potential values confirmed
that the core–shell Fe3O4-Pt@MOF/EPI nanospheres are resistant
to intrinsic aggregation through van der Waals interactions. On
the other hand, a negative charge of the core–shell Fe3O4-
Pt@MOF nanospheres in a range of pH 5––9 can increase the drug
4

loading by increasing the electrostatic interactions between the
core–shell Fe3O4-Pt@MOF nanospheres and EPI with a positive
charge. The N2 adsorption–desorption output in Fig. 2D further val-
idates the porosity in the core–shell Fe3O4-Pt@MOF nanospheres
by indicating type IV behavior with an apparent hysteresis loop
in the range of 0.38–0.98. The remarkable capacity of core–shell
Fe3O4-Pt@MOF nanospheres to improve loading EPI is demon-
strated by BET results with a surface of 159.5 m2/g and cavities
with dimensions of 1 and 5.8 nm (a space of 0.26 cm3/g).

Additionally, the XRD pattern of Fe3O4-Pt nanospheres in Fig. 2E
shows nine peaks centered at 29.9�, 35.4�, 39.5�, 42.9�, 44.1�, 54.4�,
57.2�, 62.9�, and 68.0�, which correspond to the reflection plane
indices of (220), (311), (111), (400), (200), (422), (511), (440)
and (220). These results demonstrate the presence of the crys-
talline cubic phase and the exclusion of any contamination. Addi-
tionally, the XRD pattern of core–shell Fe3O4-Pt@MOF
nanospheres showed that the positioning of the peaks on the
Fe3O4-Pt nanospheres did not change significantly with the loading
of MOF except at 42.9� and 44.1�. Meanwhile, the changes of the



Fig. 2. (A) DLS size distribution of Fe3O4 and core–shell Fe3O4-Pt@MOF/EPI nanospheres, (B) TGA curves of Fe3O4, core–shell Fe3O4-Pt@MOF nanospheres and core–shell
Fe3O4-Pt@MOF/EPI nanospheres, (C) Zeta potentials of core–shell Fe3O4-Pt@MOF nanospheres and core–shell Fe3O4-Pt@MOF/EPI nanospheres measured in different pH, and
(D) N2 sorption–desorption isotherms of the as-prepared core–shell Fe3O4-Pt@MOF nanospheres. The inset exhibits corresponding pore size distribution analysis obtained
using the density functional theory. (E) XRD patterns of prepared Fe3O4-Pt and core–shell Fe3O4-Pt@MOF nanospheres.
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peak intensity at positions of 57.2� and 39.5�, indicate the effects of
loaded MOF on Fe3O4-Pt nanosphere XRD pattern. Overall, the XRD
data demonstrate that the crystalline structure of the Fe3O4-Pt core
does not change significantly when MOF is grown on the Fe3O4-Pt
platform.

The SEM, DLS, TGA, and XRD analyses revealed the potential
loading of the drug on the Fe3O4-Pt@MOF nanospheres. However,
similar to the results of Ke, Qiu et al. (2012), Chen, Liu et al.
(2019) and Chen, Zhang et al. (2019) controlling the amount of
MOF loading to prevent asymmetric development was a major
challenge of this study. The results of TGA analysis, on the other
hand, show an improvement in drug loading efficiency, which is
consistent with the findings of Xiang, Qi et al. (2020) and
Pooresmaeil, Asl et al. (2021).
5

3.2. Drug loading and pH-sensitive drug release

As shown in Fig. 3A, increasing EPI concentration increases drug
loading while maintaining the core–shell Fe3O4-Pt@MOF concen-
tration constant. However, as EPI concentration increases, the per-
centage of EPI loading efficiency decreases. Fig. 3A output shows
the highest percentage of EPI loading at a concentration of 100 g/
mL, with 84.1% loading. According to the profile presented, the
highest EPI loading in core–shell Fe3O4-Pt@MOF nanospheres is
at 200 g/mL with an efficiency of 81.2 %.

Fig. 3B depicts EPI release from core-shell Fe3O4-Pt@MOF/EPI
nanospheres, revealing that EPI release has a time-dependent pro-
file. EPI release rates at pH 7.4 and 6 are generally rapid in the first
3 h and then decrease over time. Rapid drug release may be due to



Fig. 3. (A) EPI loading and efficiency percentage, and (B) Quantitative analyses of EPI diffusion at 37 �C at pH 6 and pH 7.4.
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surface EPI in the early stages, and slow release may be due to an
EPI release inside the core–shell Fe3O4-Pt@MOF/EPI nanospheres.
Even though changing the pH from 7.4 to 6 increases EPI release,
the relevant output in Fig. 3B shows that the burst release in pH
6, is greater than in pH 7.4. This parameter represents that core–
shell Fe3O4-Pt@MOF/EPI nanospheres act as a pH-sensitive plat-
form for EPI release. The initial burst release rate in 30 min was
Fig. 4. Viability assay of NIH3T3 (A) and triple-negative 4 T1 breast (TNFB) cancer cells (B
core–shell Fe3O4-Pt@MOF/EPI nanospheres (C) mean fluorescent intensity in TNFB cance
**P < 0.01 and ***P < 0.001 for a difference of treated groups.

6

25.3 % at pH 6 and 15.3 % at pH 7.4. Overall, the developed nano-
spheres appear to be capable of performing pH-sensitive drug
release in a tumor microenvironment.

The increased loading level and drug release rate can be attrib-
uted to an increase in the abundance and size of the cavities cre-
ated on the nanospheres as a result of the loading of MOF on the
core–shell Fe3O4-Pt nanospheres. According to Rao, Chen et al.
) treated with EPI (Epirubicin), Fe3O4-Pt, core–shell Fe3O4-Pt@MOF nanospheres, and
r cells cultured with EPI, and core–shell Fe3O4-Pt@MOF/EPI nanospheres. *P < 0.05,
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(2015), changing the pH of the environment causes the breakdown
of the coating and the release of the drug in acidic environments,
high accumulation of EPI in TNFB tumor with a mildly acidic pH
is expected.
3.3. Cytotoxicity assay and cell penetrating

Fig. 4A and 4B show that, while increased EPI and nanospheres
concentrations in both NIH3T3 and TNFB cancer cells cause signif-
icant toxicity, the toxic effects of EPI and nanospheres concentra-
tions on TNFB cancer cells are nearly two-fold higher than that of
NIH3T3 cells. The highest toxicity of nanospheres and EPI against
TNFB cancer cells was determined to be 60 lg/mL and 30 lg/mL,
respectively (Fig. 4B). Furthermore, while the toxicity of core–shell
Fe3O4-Pt@MOF nanospheres and EPI-treated groups were compa-
rable in NIH3T3 cells and, to a lesser extent, TNFB cancer cells,
the drug-loaded core–shell Fe3O4-Pt@MOF/EPI nanospheres induce
higher toxicity than EPI in both cell lines, particularly TNFB cancer
cells.

Besides that, the results of Fig. 4A and 4B show that NIH3T3
cells are more biocompatible than TNFB cancer cells against
Fe3O4 nanospheres, especially at concentrations of 15 and 30 lg/
mL, with 94.9 % and 88.7 % viability, respectively. Moreover, the
survival rate of TNFB cancer cells following exposure to core–shell
Fe3O4-Pt@MOF/EPI nanospheres at concentrations of 15, 30, 45,
and 60 g/mL reduced to 58.9, 47.1, 35.9, and 19.6 %, respectively.
Overall, the results show that core–shell Fe3O4-Pt@MOF/EPI nano-
spheres have a high anticancer efficacy in TNFB cancer cells.

The fluorescence output in Fig. 4C confirms this finding by
demonstrating that the use of the core–shell Fe3O4-Pt@MOF/EPI
nanospheres in comparison to free EPI effectively increases the
internalization of EPI in TNFB cancer cells based on the enhance-
ment of fluorescence intensity in the TNFB cancer cells.

At low concentrations, EPI is an antitumor drug with low effi-
cacy (Fogarassy, Vathy-Fogarassy et al. 2019). Long-term use of
EPI at high concentrations is recommended to increase its effec-
tiveness, but this can cause significant toxicity in the brain, bone
marrow (aplasia), liver, kidney, gastrointestinal tract (bleeding),
and other organs (Coukell and Faulds 1997). Several promising
nanocarriers for delivering EPI to tumor sites have been reported
in recent years (Chen, Han et al. 2019, De Vita, Liverani et al.
2021, Leng, Li et al. 2021, Seki, Higeta et al. 2021). The loading effi-
ciency of EPI on nanoparticles, however, is limited. The use of core
(metal oxide nanoparticles)-shell (chemical compounds) nano-
spheres with controllable multiple behavioral properties due to
high drug loading capacity, reduced toxicity, reduced agglomera-
tion, targeting, and the possibility of auxiliary cancer therapeutic
is critical in this regard (Chien, Cheng et al. 2021, Pooresmaeil,
Asl et al. 2021, Sun, He et al. 2021). In this study, the hydrothermal
and layer-by-layer methods were used to create the core–shell
Fe3O4-Pt@MOF/EPI nanospheres, similar to the studies of
Ebrahimi, Barani et al. (2018) and Chen, Zhang et al. (2019).
Despite the difficulty of targeting and controlling drug release,
the multi-stage or layer-by-layer manufacturing process is reliable
(Aghayi-Anaraki and Safarifard 2020, Szczęch and Szczepanowicz
2020).

The observed dose-dependent toxicity of the core–shell Fe3O4-
Pt@MOF/EPI nanospheres against TNFB cancer cells is consistent
with the findings of Chowdhuri, Bhattacharya et al. (2016) and
Pooresmaeil, Asl et al. (2021) results.
4. Conclusions

In general, Fe3O4-Pt@MOF nanospheres with a core–shell struc-
ture containing EPI was synthesized by hydrothermal and layer-
7

by-layer methods. The results of SEM, TGA, DLS, N2 adsorption,
and XRD analyses confirmed a spherical shape of nanospheres with
high porosity on which MOF and EPI are loaded. In addition, a
selective anticancer effect against TNFB cancer cells was observed
due to higher cellular uptake of EPI in the form of nano-
formulation than that of free form. A major limitation of this paper
can be evaluating the anticancer effects of developed Fe3O4-
Pt@MOF/EPI nanoplatform in vitro, which does not reflect the
inherent complexity of organ systems. Therefore, further in vivo
and preclinical studies are required to be done in future studies
to validate the data presented in this study.
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