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ABSTRACT
Recently, therapeutic applications of modified magnetic nanoparticles
have attracted the attention of many researchers. The reason is the ability
to develop nano drugs as cancer treatment agents. For this purpose, these
particles must have a tiny size, intrinsic magnetic properties, imaging
effectiveness, the ability to target the drug, and high drug absorption.
Although studies have been performed on the anti-cancer properties of
curcumin/nanoparticles, no comprehensive research has been performed
to evaluate its anti-cancer and the normal cell toxicity of this drug system
for breast cancer treatment. This study designed a curcumin-loaded MNPs
(MNPs@CUR) formulation to accomplish these unique features. Using the
diffusion process, chemical precipitation was used to make MNPs, which
were then loaded with curcumin (CUR). Transmission electron microscopy
(TEM) was used to study the morphology and size of MNP-CUR. The
fabricated MNPs had spherical shapes with an average length of 23.22 nm.
The presence of curcumin on the surface of MNPs was approved using
Fourier transform infrared (FTIR) analysis. The X-ray diffraction (XRD)
diffractogram confirmed the face cubic center (fcc) character of MNPs.
After 24 hours of incubation with 4t1 breast cancer cells, MNPs@CUR
anticancer effects were evaluated. MNPs@CUR displayed a concentration-
dependent preference for applying anticancer effects on 4t1cells
(IC50=108 µg/ml).  Separated in vivo anti-tumor studies of coated/naked
nanoparticles and curcumin also demonstrated that MNPs@CUR eliminated
tumor mass. The cytotoxicity and genotoxicity against normal peripheral
blood mononuclear cells (PBMC) were also measured by 2,5-diphenyl-
2H-tetrazolium bromide (MTT) electrophoresis DNA digestion methods
respectively for MNPs@CUR and naked MNPs. Cytotoxicity was
demonstrated at high concentrations of MNP@CUR (991 µg/ml), while
naked nanoparticles showed approximately no toxicity and neither had
genotoxicity.
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Introduction

Cancer is one of the leading causes of death 
worldwide (Brenner et al., 2020). Global statistics 
show that about 19.3 million new cases of cancer 
and approximately 10 million deaths due to cancer 
occurred in 2020 (Sung et al., 2021). Breast cancer 
is the most frequent cancer among women and is 
also one of the leading causes of mortality among 
them (Desreux, gynecology, & biology, 2018). 
Basal-like breast cancer accounts for about 15% 
of all reported breast cancer cases and has a poor 
prognosis. Most of these malignancies are triple-
negative breast cancers because they do not 
overexpress the estrogen receptor, progesterone 
receptor, or human epidermal growth factor 
receptor 2. (P. Dutta et al., 2018; O’Meara et al., 
2020; Wang et  al., 2018). As a form of triple-
negative breast cancer, 4t1cancer cells have a 
high rate of metastatic spread. Chemotherapy is 
an important treatment choice for triple-negative 
breast cancers. Still, it is often associated with a 
variety of side effects, including hair loss, fatigue, 
loss of appetite, nausea and vomiting, constipation 
or diarrhea, mouth sores, skin and nail changes, 
increased risk of developing infection (due to fewer 
white blood cells that help fight infection) (Abotaleb 
et al., 2018; George Kallivalappil & Kuttan, 2019; 
Palesh et  al., 2018). Natural chemicals found in 
ordinary foods can be used to mitigate or eliminate 
the adverse effects of chemotherapy. Curcumin 
(CUR) is a natural diphenol obtained from the 
rhizomes of Curcuma longa. Because of its 
antioxidant, anti-inflammatory [4], antimutagenic, 
antibacterial [5,6], and anticancer characteristics, 
Curcuma longa has been traditionally utilized as 
a medical herb in Asian countries (Roychoudhury 
et al., 2021). According to research, curcumin may 
aid in the treatment of oxidative and inflammatory 
disorders, metabolic syndrome, arthritis, anxiety, 
and hyperlipidemia (Shah et  al., 2022). it has 
several biological activities, including anticancer 
and chemoprevention (Patra et  al., 2021). CUR 
could efficiently upregulate the expression of p53, 
p21, and p27 proteins and downregulate cyclin 
E, arresting the cancer cells in the G1 phase of 
the cell cycle (Ali & Smiley, 2018; Fratantonio 
et al., 2019). CUR also inhibits constitutive STAT3 
(Signal transducer and activator of transcription 3) 
signaling and reduces cell viability and anchorage 
independence in breast cancer cells by inducing 
apoptosis (Khan et al., 2020). Moreover, it could 
change cell localization and phosphorylation, 

damage DNA, and alter BRCA1 (BReast CAncer 
gene 1), which is expressed in triple-negative 
breast cancer cells. (Guney Eskiler et  al., 2020). 
CUR has also been shown to have synergistic 
antiproliferative effects when combined with other 
chemotherapeutic drugs or radiation (Abdallah, 
Helmy, Katary, & Ghoneim, 2018; Zoi et  al., 
2021). According to recent studies, CUR has a 
distinct function in cancer cells versus normal cells 
(Cianfruglia, Minnelli, Laudadio, Scirè, & Armeni, 
2019). CUR, in particular, appears to have little 
effect on normal human cells. However, before 
CUR can be successfully utilized in a clinical 
context, difficulties like low water solubility, 
degradation in the physiological medium, and fast 
metabolism must be tackled (D’Angelo et al., 2021). 
Advanced drug delivery technologies could help 
accomplish these obstacles (D’Angelo et al., 2021). 
Recent studies have demonstrated that encasing 
or encapsulating CUR in nanocarriers including 
polymeric nanoparticles, nano-assemblies, and 
self-assemblies improves its localization and 
thereby induces cytotoxicity and death in cancer 
cells (Bai et al., 2020; Fu et al., 2021; Lee, Loo, 
Rohanizadeh, & C, 2019; Pan et al., 2020). 

Magnetic nanoparticles have often found wide 
applications in medicine. These particles have been 
used in the manufacture of drug nanocarriers as 
contrast enhancers in magnetic resonance imaging 
as well as topical treatment with hyperthermia 
and a type of targeting called magnetic targeting 
(Nam et  al., 2020; Yusefi, Shameli, & Jumaat, 
2020).  On the other hand, high aggregation of 
magnetic nanoparticles is a common problem. 
Opsonization begins with high aspect ratios and 
van der Waals powers, a significant challenge for 
medical applications. This problem can be solved 
by coating MNPs (Magnetic nanoparticles) with 
different stabilizing coatings, such as surfactants 
and synthetic/natural polymeric materials (Nam 
et al., 2020). Also, according to previous studies, 
some special polymers by coating around 
nanoparticles can improve the contrast in MRI 
imaging (Arsalani et  al., 2019; Baki, Remmo, 
Löwa, Wiekhorst, & Bleul, 2021; Ostroverkhov 
et  al., 2019). In general, nanotechnology has 
provided a platform for coating nanoparticles and 
solving the problems mentioned above.

As cancer nanotechnology advances, new clinical 
procedures such as nano theranostics, which 
uses tailored diagnostic treatment, are becoming 
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curcumin, ethanol 96%, 3-(4, 5-dimethyl-2-
thiazolyl)-2, 5-diphenyl- tetrazolium bromide 
(MTT), Trypsin, Phosphate buffered saline (PBS), 
Dimethyl sulfoxide (DMSO) 99.9% and sodium 
hydroxide (NaOH) were purchased from Sigma-
Aldrich, Germany. 4t1 cells were kindly provided 
by the Razi vaccine and serum research institute, 
Karaj, Iran. RPMI (Roswell Park Memorial 
Institute) 1640 medium, Penicillin-Streptomycin 
antibiotics mixture, and fetal bovine serum (FBS) 
were supplied from Thermofisher, USA. 

Preparation of magnetite (Fe3O4) 
nanoparticles:

Superparamagnetic iron oxide nanoparticles were 
prepared via the co-precipitation method using iron 
(III) chloride (FeCl3) and iron (II) chloride (FeCl2 ·  
4H2O) at a ratio of 2:1. Both iron precursors 
were dissolved in treated deionized water and 
allowed to mix for 80 min before heated up to 
reflux. When the solution temperature reached  
80 °C, 10 milliliters of sodium hydroxide (NaOH) 
were added to the mixture. The complete reaction 
process was carried out under continuous nitrogen 
gas to provide an oxygen-free environment. The 
black precipitate was separated by centrifugation 
at 3,000 rpm for 30 min and washed with 
deionized water several times till reached to pH 
7. To eliminate the residual water, the powders 
were dried overnight at 180°C. To increase the 
crystallinity of the produced NPs, the dried 
powders were calcined in an electrical vacuum 
furnace at 600 °C for 6 hours (Osorio Jaimes, 
2020). 

Stabilization and functionalization of 
nanoparticles (Fe3O4):

To stabilize and functionalize the prepared 
nanoparticles, 100 mL water, 0.080 g SDS powder 
was dissolved, vortexed, and left undisturbed 
until the foam transformed into a solution. It was 
warmed in a water bath for 20 minutes at 70°C, 
then centrifuged at 10,000 g, and the clear solution 
was collected and utilized.  Meanwhile, 5 mL N, 
N dimethylformamide was used to wash 0.008 g 
of magnetically separated MNPs. The MNPs were 
separated using magnets and distributed in newly 
prepared 20 mL SDS, which was gently mixed for 
five minutes before being combined in a cyclo-
rotator for three days (Justin, Samrot, Sahithya, 
Bhavya, & Saipriya, 2018).

more common (Bakshi, Zakharchenko, Minko, 
Kolpashchikov, & Katz, 2019). The aim was to 
create a perfect magnetic nanoformulation with 
essential imaging and drug delivery features. 
In addition to drug delivery, other methods 
developed using magnetic nanoparticles include 
thermal light therapy, heat-responsive therapy, 
and visible/ luminescence / near-infrared / 
multifaceted imaging. (Bu et al., 2019; Sun et al., 
2019; Wu et  al., 2019). The biocompatibility, 
drug loading capacity, resistance in the biological 
environment, as well as high uptake of drugs 
by cancer cells all depends on the surface and 
the coating on it (Aguilera et  al., 2019; Nosrati 
et al., 2018; Oroujeni, Kaboudin, Xia, Jönsson, & 
Ossipov, 2018). However, coated nanoparticles 
have a higher hydrodynamic diameter (250 
nm) in aqueous conditions, limiting their usage 
as effective therapeutic carriers for medicinal 
applications. 

In this study, the MNPs has constructed through 
the co-precipitation method and coated with 
curcumin as an anticancer agent to prevent 
cancer cell proliferation. The resulting particles 
were characterized by XRD, FTIR, VSM, and 
microscopic methods to prove the synthesis and 
coating of magnetic nanoparticles. The nanometer 
size of the particles used in this study can cause 
the particles to penetrate the cells and induce 
various anti-cancer mechanisms by the anticancer 
drug it is carrying. Also, due to the anti-cancer 
properties of curcumin, which is placed on 
magnetic nanoparticles, the effect of this herbal 
drug will apply with increased efficiency (Lopez-
Barbosa et al., 2019). Also, because the behavior 
of nanoparticles due to metabolic pathways 
differs from the outside to the inside of the body, 
the tumor removal process was monitored in 
animals to ensure the therapeutic properties of 
the drug delivery system (Chenthamara et  al., 
2019). The final objective of this study was the 
analysis of the anti-cancer activity of synthesized 
coated nanoparticles against cancer cells and the 
cytotoxic activity against normal cells, and their 
DNA investigated simultaneously.

Materials and methods

Chemicals:

Iron (III) chloride (FeCl3), iron (II) chloride 
(FeCl2 · 4H2O), N, N Dimethylformamide 99.8%, 
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Curcumin loading

2 mL N, N Dimethylformamide was used to 
dissolve 0.02 g curcumin powder. 400 µl of 
the curcumin mentioned above was added to 
the MNPs solution (0.008g in 20 ml deionized 
water) and stirred gently for 5 minutes. It was 
then placed in a rotator for 24 hours. After one 
day, the curcumin’s magnetic nanoparticles were 
transferred to 2 ml microtubes. The mixture was 
shaken gently every three minutes to ensure 
that the temperature was evenly distributed. 
Magnetically separated curcumin-loaded particles 
were washed three times with distilled water and 
then placed in a freeze-dryer (Justin et al., 2018).

Analysis Methods:

The crystallographic structure of nanoparticles 
and elemental composition was analyzed via XRD 
(X-ray diffraction) (Rigaku D/Max IIIC, Cu-Kα 
radiation, Netherlands). Their size and shape were 
determined through microscopic characterizations 
by FESEM (field emission scanning electron 
microscopy) (JEOL JSM 6460LA) and TEM 
(transmission electron microscopy) (Philips: 
model CM 12, Netherlands) operated at 200 kV.  
For the calculation of particle size distribution, 
the program ImageJ was used for SEM and TEM 
images of nanoparticles and nanofibers. Surface 
nanoparticle composition was studied through 
FTIR (Fourier Transform Infrared Spectroscopy) 
(Perkin Elmer 5DX, USA). Finally, VSM 
(vibrating sample magnetometry) (Lake Shore 
7303–9309, USA) was used to study the magnetic 
properties of the resulting nanoparticles.

In vitro cytotoxicity test:

A standard cell proliferation assay was employed 
to assess In vitro cytotoxicity of naked MNPs, 
free curcumin, and MNPs @CUR against normal 
peripheral blood mononuclear cells (PBMC).  For 
this experiment, healthy human volunteers’ peripheral 
blood mononuclear cells were extracted using a 
normal density gradient centrifugation process 
(Gómez-Archila, Palomino-Schätzlein, Zapata-
Builes, & Galeano, 2021). PBMC (1×105 cells/
well) were cultured in RPMI-1640 media, treated 
with different concentrations of MNPs @CUR, the 
curcumin, and MNPs (31.25–1000 µg/ml), and then 
incubated for 24 hours at 37°C with 5% CO2. All 
samples were dissolved in PBS (Phosphate Buffer 

Saline) to avoid the effect of the solvent on the cells. 
Equivalent amounts of dimethyl sulfoxide (DMSO) in 
PBS were controls for this experiment (Hwang, Jeong, 
Jung, Nam, & Lim, 2021). In each well, the media 
was replaced after 24 hours with fresh media (100 μl) 
and 5mg/ml MTT reagent (20 μl). After incubation 
for 2 hours, the formazan crystals as a result of the 
transformation of MTT, were solubilized by DMSO 
in 5 minutes. Using a microplate reader (BioTek 
800TS, USA ), the absorbance of the color caused by 
the generation of solubilized crystals was quantified 
at 570 nm (Septisetyani, Santoso, Wisnuwardhani, 
& Prasetyaningrum, 2020). The amount of living 
cells in the culture is directly related to the absorption 
reading. The percentage of cell growth was calculated 
through equation 1. The experiments were repeated in 
triplicate, and the statistical analysis was done using 
Duncan’s test (*p<0.05).

% cell growth = �
treated cell absorption

non-treated cell absorption 
× 100	 (1)

In vitro anticancer test:

In this study, we tested the anticancer effect 
of loaded curcumin-loaded MNPs on the 
4t1cancer cell line as a model because it is highly 
tumorigenic and invasive (Nigjeh, Yeap, Nordin, 
Rahman, & Rosli, 2019). 4t1Cells were grown at 
37 °C in RPMI supplemented with 10% FBS in 
a humidified environment containing 5% carbon 
dioxide. The cells were trypsinized once they 
reached 80 per cent confluence and transplanted 
to 96-well tissue cultivation plates with a density 
of 1 × 105 cells per well and incubated for 24 
hours. After that, the medium was replaced with 
fresh medium containing (MNPs @CUR), free 
curcumin, and Fe3O4 at various concentrations 
(3.2–204.8 µg/ml) and incubated for 24 hours at 
37°C with 5% CO2. After removing the sample 
solution and washing it with phosphate-buffered 
saline, MTT buffered saline solution (5 mg/mL) 
was added (pH 7.4). After the cells were incubated 
for 4 hours with treatment, 100 µl of DMSO 
was added to each well, and its absorbance was 
measured at 570 nm using a microplate reader 
(Stat Fax 3200 Microplate Reader, Awareness 
Technology, USA). The percentage of cell 
growth was calculated through the same formulae 
mentioned in the previous section. IC50% means  
the experiments were repeated in triplicate, and 
the statistical analysis was done using Duncan’s 
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test (*p<0.05). For all experiments, IC50 was 
calculated by plotting x-y and fitting the data with 
a straight line (linear regression). The IC50 value 
is then estimated using the fitted line (Rekha & 
Anila, 2019), i.e.: Y = aX + b, IC50 = (0.5 - b)/a

DNA cleavage activity

After taking blood from the volunteer 
centrifugation at 1500 x g for 20 minutes, pelleted 
PBMCs. The nuclei-containing pellets were 
dispersed in 0.1 ml TE buffer (100 mM Tris-HC1 
and 1 mM EDTA, pH 8) and 1 ml proteinase K 
buffer (100 #g/ml proteinase K, 5 mM EDTA, 
and 0.5 percent sodium lauroyl sarcosinate 
(sarkosyl), pH 8) was added to both calf thymus 
DNA samples and resuspended nuclei. After that, 
the tubes were incubated for 2 hours at 50°C. An 
identical volume of phenol was used to extract 
DNA. Then, DNA was extracted using phenol, 
chloroform, and isoamyl alcohol (25:24:1 v/v/v) 
and 2 chloroform: isoamyl alcohol (24:1 v/v). The 
nucleic acids were precipitated by adding ethanol 
(2.5 volumes) and 0.3 M sodium acetate (0.1 
volumes) to the mixture and storing it at -20°C 
for at least 3 hours. Centrifugation was used to 
pellet the DNA and RNA, which were then dried 
under nitrogen. The pellet was dissolved in 1 
ml RNase A buffer (RNase 100 mg/ml, 50 mM 
Tris-HCl, 10 mM EDTA, and 10 mM NaCl pH 8) 
and incubated for 2 hours at 37°C (this stage was 
omitted for calf thymus DNA). Before air drying, 
DNA was extracted using phenol-chloroform 
isoamyl alcohol, then chloroform isoamyl alcohol 
(x 2), and finally precipitated with ethanol and 
sodium acetate as before {Maixner, 2021 #1754}. 
Using isolated genomic DNA from PBMCs as a 
target, agarose gel electrophoresis was used to 
assess the DNA cleavage of naked Fe3O4 NPs, 
curcumin, and Fe3O4@CUR. The target DNA 
was combined with two repeats of three types of 
treatments (100 mM) (1: 1). The mixture was then 
incubated for two hours at 37 °C. The DNA and 
chemical mixtures were placed into wells after 
incubation, and the electrophoresis procedure 
began at a voltage of 100 V for 20 minutes. As a 
control, untreated genomic DNA was employed 
(Mousavi-Khattat, Keyhanfar, & Razmjou, 2018).

In vivo anticancer test:

All animal tests were conducted after receiving 
the ethical committee confirmation with the moral 

approval code: IR.IUMS.REC.1400.883. Mice 
and cancer cell line modeling experiments were 
performed on 6 to 8-week-old BALB / C mice 
weighing 20-18 g. All mice were fed in a standard 
laboratory. Breast tumor model, 4 T1 cell lines 
used for administration. The cells were cultured in 
RPMI medium with 10% FBS and 1% antibiotics 
and incubated at 37 °C with 5% CO2. One 
million cells in the form of subcutaneous were 
injected to the right of each mouse. Tumor size 
was determined with a caliper using the standard 
formula (length × width 2/2). The experiment 
was performed in 8 groups of BALB / C mice 
(3 mice in each group) aged about 35 to 40 days 
and weighing 20 to 22 grams. Mice were divided 
into two main groups (with and without tumor 
tissue). Therefore, in addition to each study group 
in which the tumor developed, a group of healthy 
mice was participated. The study mice were 
divided into the following groups: a) MNP@
CUR, b) MNPs alone, c) curcumin alone, and 
d) PBS.  Each mouse was injected 200 μg/kg of 
the items mentioned intraperitoneally four times 
a week.  Mice with tumor were weighed every 
four days, and their tumor sizes were measured. 
The mice that received the drug system (MNP@
CUR) were imaged by 3 Tesla Siemens MRI 
instruments in the center one week, two weeks, 
and three weeks apart. National Brain Mapping 
was performed at the University of Tehran. All 
treatments and principles of working with animals 
were performed according to the instructions of 
care and working with laboratory animals, which 
the Animal Ethics Committee approved of Iran 
University of Medical Sciences. (Council, 2010). 
The statistical analysis was done using Duncan’s 
test (*p<0.05).

Result and Discussions 

Characterization of synthesized nanoparticles

Curcumin is a highly pleiotropic molecule that 
interacts physically with its diverse range of 
molecular targets including Fe3O4 (Hassanzadeh-
Afruzi, Dogari, Esmailzadeh, & Maleki, 2021). 
FTIR was used to characterize the MNPs further 
to verify the chemical bonds. FTIR spectra of 
MNPs is shown in Fig. 1. Two absorption bands 
below 1000 cm-1 in this range are known as a 
standard feature in all ferrites. Although this range 
is not unique to these compounds, spinel occurs in 
the spectrum of most metal oxides related to their 
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vibrational states, thus confirming the presence of 
metal oxides (400 and 600 cm-1)(Jayachandran, 
T R, & Nair, 2021). The vibration of the Fe–O 
bonds in the crystalline lattice of Fe3O4 MNPs 
corresponds to the band at 580 cm-1 in all spectra 
(Hassanzadeh-Afruzi et al., 2021). In an aqueous 
environment, the surfaces of MNPs were rapidly 
covered with hydroxyl groups during chemical 
co-precipitation, and the typical bands of hydroxyl 
groups, 1630 and 3405 cm-1, shown in the FTIR 
spectrum (Fig. 1) (Dabagh, Chaudhary, Haris, 
Haider, & Ali, 2018). A broad peak at 3420 cm−1  
is related to the–OH groups of curcumin. The 
peaks at 1690 cm−1 and 1396 cm−1 can be assigned 
to the C=C and C=O vibrations in the structure 
of curcumin (Mehdinia, Mirzaeipour, & Jabbari, 
2019). 

Fig. 2 presents the XRD patterns with Gaussian fit 
of the peak (311) (inset) of the synthesized MNPs 
using the chemical co-precipitation method. In the 
sample, there were six distinct peaks for MNPs 
corresponding to (220), (311), (400), (422), (511), 
and (440). The position and relative intensity of 
all diffraction peaks match well with those of the 
magnetite (Asab, Zereffa, & Abdo Seghne, 2020). 
Even after curcumin was loaded onto the MNPs, 
the crystalline character was preserved.

The FESEM images of the MNP@CUR, clearly 
show the presence of spherical shape of MNPs 
with an average size of ~41 nm, which conforms 
with the ImageJ analysis (Fig. 3a). Images 
from microscopic examinations show that the 
particles formed are spherical and agglomerated 
to a shallow degree. During calcination, the 
agglomeration of the particles may have resulted 
in a net decrease in the solid-solid and solid–
vapor interface free energy. Fe3O4 was reported 
to have a size of 7nm in one study, but when 
Fe3O4 was combined with SiO2, the size grew 
to 40 nm (Almaki et  al., 2016), indicating that 
functionalization enhanced particle size. When 
the drug loading was finished, the size was 
raised. Drug delivery is always thought to be best 
when the size is less than 100 nm (Nasiri et al., 
2020). Interestingly, larger Fe3O4  nanoparticles 
showed greater accumulation in tumors, thereby 
inducing more efficient tumor growth inhibition 
(Tian et  al., 2022).  The overview TEM images 
of MNPs and MNPs with curcumin are depicted 
in Fig. 3b, c. Both samples show agglomeration 
of round iron oxide nanoparticles. The spherical 
formation of naked MNPs with narrow size 
distribution and a mean diameter of 32 nm was 
demonstrated in the pictures (Fig. 3b and Fig. 4b). 
Therefore, the reduction in agglomeration can be 

Figure 1.  FTIR spectra of naked MNP (a) and MNP@CUR (b).
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Figure 2.  XRD spectra of the naked MNPs (a), and MNPs@CUR (b)

Figure 3.  FE-SEM (a) and TEM micrographs of naked MNPs (b) and MNP@CUR (c).
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Figure 4.  Size distribution of MNP@CUR acquired from SEM images (a). Size distribution of naked MNP 
(b) and MNP@CUR (c) acquired from TEM images.

well observed. In addition, the average MNP@
CUR size obtained by the SEM technique was 
confirmed by TEM and an average size of 44 nm 
was obtained through ImageJ analysis (Fig. 4c). 
However, several nanoparticles usually absorb 
each other in mass due to magnetic attraction to 
form the primary nucleus for the accumulation of 
nanoparticles. (Nasiri et al., 2020). 

The magnetic property of bare MNPs and MNPs after 
curcumin loading were studied at room temperature 
(300 K) using a vibrating sample magnetometer 
(VSM), and results are shown in Fig. 5. Generally, 
the magnetic property of both nanoparticles 
displayed a superparamagnetic characteristic 
where no hysteresis loop was developed.  The 
superparamagnetic of the nanoparticles is wholly 
attributed to Fe2+ content that occupies the octahedral 
sites of the inverse-spinel structure (Nasiri et  al., 
2020), which the superparamagnetic behavior was 
acquired due to their small size effect. In agreement 
with the literature, Fe3O4 particles below 50 nm 
exhibited a single magnetic domain that possessed 

no magnetic property after the magnetic field was 
removed (Almaki et al., 2016; Nasiri et al., 2020). 
The presented magnetization curve of bare MNPs 
has a saturation magnetization (Ms) of 35 emu/g 
and negligible coercivity and magnetic remanence. 
The magnetic property is related to particle size. 
The difference of Fe3O4 MNPs Ms compared to 
the bulk Fe3O4 (Ms = 84 emu=g and Hc = 500 to 
800 Oe) owes to the increase of spin canting effect 
and thermal fluctuation as the particle size was 
reduced. The Ms value shifted down to 30 emu/g 
after loading curcumin. so loading the medicine 
on MNPs doesn’t have any sensible effect on the 
superparamagnetic behavior of MNPs (Nasiri et al., 
2020).

The surface charges of MNPs have a significant 
impact their rheological properties determined 
through zeta potential analysis. In this study, the 
electric charges on the surface of nanoparticles 
become more positive after adding curcumin, 
similar to previously reported studies in SPION 
coatings  (Galli et al., 2017).
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In vitro anticancer activity

In vitro anti-cancer activity of MNPs evaluated 
on 4t1cell line in different concentrations. The 
results are shown in Fig. 6. The cancer cell death 
increased with increasing concentrations of both 
curcumin (IC50 = More than 1000 µg/ml) and 

curcumin-loaded MNPs (IC50=108 µg/ml). 
However, a negligible inhibition of cell growth 
was observed due to the increased naked MNPs. 
Microscopic images resulted in treatment with 
different concentrations of MNP@CUR naked 
MNPs, and alone curcumin, demonstrated in 
Fig. 7.

Figure 5.  The magnetization curve at room temperature (300 K) of naked MNPs (a), MNP@CUR (b).

Figure 6.  Percentages of 4T-1 cells treated with three groups of samples in different concentrations for 24 
h. As stated by Duncan’s test, different letters imply significant differences in mean values for each param-
eter. (P < 0.05).
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MNPs cytotoxicity against normal cell line

The cytotoxicity potential of the synthesized 
magnetic nanoparticles was tested against normal 
peripheral blood mononuclear cells (PBMC). 
This type of cell is used because chemotherapy 
is usually given by injecting a drug into the 
bloodstream. The immune response by this group 
of cells is greater than when whole blood is 
used (Betsou, Gaignaux, Ammerlaan, Norris, &  
Stone, 2019). The results are shown in Fig. 8.  

Approximately no toxicity was observed in 
the case of naked MNPs. However, Curcumin 
and MNP@CUR showed toxicities just at high 
concentrations. IC50 was determined to be  
991 µg/ml in the case of curcumin-loaded MNP s.

DNA cleavage activity

To comprise the DNA digestion activity of curcumin, 
naked MNPs and MNP @CUR, DNA molecules of 
PBMCs were extracted, treated with the samples 

Figure 7.  microscopic images of 4T-1 cells density after treatment with MNP@CUR in different concen-
trations (a: 15.62 µg/ml, b: 62.5 µg/ml, c: 250 µg/ml, d: 1000 µg/ml), e: Naked MNPs (1000 µg/ml)

Figure 8.  Percentages of normal peripheral blood mononuclear cells (PBMC) treated with three groups of 
samples in different concentrations for 24 h. As stated by Duncan’s test, different letters imply significant 
differences in mean values for each parameter. (P < 0.05).
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Figure 9.  DNA cleavage activities of MNP@CUR (a: repeated two times), curcumin (b: repeated two 
times) and naked magnetic nanoparticles (c: repeated two times). The control DNA without any treatment 
was shown at lane S. Lane “L” loaded with DNA ladder. 

and analyzed through the Gel electrophoresis 
method (Fig. 9). No digestion activity was shown 
against DNA for three treatments in comparison 
with the control band related to untreated genomic 
DNA demonstrating the magnetic drug delivery 
system synthesized in this study is not toxic against 
the DNA of normal cells.

In vivo anticancer test

Using cell line 4t1, breast cancer tumors were 
created in mice. This experiment was conducted 
to evaluate the anti-cancer effects of curcumin, 
and magnetic nanoparticles coated with curcumin. 
In this experiment, phosphate buffer was used 
as a control sample. In this study, in addition to 
the four groups of mice that were selected for 
treatment with four samples, four other groups of 
mice were considered as negative controls with no 
treatment to ensure that the environment does not 
affect the death of mice. At the end of the test, 
the mice that were not treated were all healthy 
and alive. The results of the test and measuring 
the diameter of the tumors showed that the mice 
that were treated with curcumin and nanoparticles 
coated with it had tumors with a smaller diameter, 
while the mice that were treated with uncoated 
nanoparticles and phosphate buffer did not have 
a decrease in the size of their tumors (Fig. 10). 
Nanoparticles coated with curcumin significantly 
inhibited tumor growth. As shown in Fig. 11, 
mice receiving curcumin-loaded nanoparticles 
were associated with a reduction in tumor size 

after 7 days, and after 14 days, the tumor almost 
wholly disappeared. The size of the tumors of the 
mice treated with curcumin alone also decreased 
significantly... 

Discussion

Some scientists have successfully studied anti-
tumor magnetic drug carriers and their effects 
on laboratory animals. (Ak, Yilmaz, Güneş, 
Hamarat Sanlier, & biotechnology, 2018). In this 
paper, a comprehensive study was performed 
on the cytotoxicity effect of curcumin-loaded 
drug delivery system on cancer and normal cell 
lines through In vitro and In vivo studies. The 
results of physicochemical characterizations such 
as size, charge, surface morphology and FTIR 
spectroscopy indicated the accuracy of curcumin-
loaded nanoparticle synthesis. In vitro and In vivo 
studies were performed to evaluate the efficacy 
of nanoparticles as carriers of the drug. Based on  
In vitro studies, the cytotoxic effect of curcumin 
and nanoparticles loaded with curcumin had a time 
and dose-dependent behavior. In addition, studies 
have shown an increased In vitro anti-proliferative 
effect of curcumin-loaded nanoparticles compared 
to free drug on the 4t1cell line. This could be due 
to the increased permeability of curcumin as an 
anticancer agent when coated on nanoparticles. As 
can be seen in the results, the nanoparticles alone 
showed almost no anti-cancer effect, contrary to 
curcumin. Also, after performing a cytotoxicity test 
on peripheral blood lymphocytes, it was found that 
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magnetic nanoparticles, curcumin and curcumin-
coated magnetic nanoparticles showed almost no 
toxicity except in high concentrations. The IC50 of 
108 µg/ml for anticancer effect and IC50 of 991 
µg/ml for toxicity effect against normal cells in the 

case of curcumin-coated magnetic nanoparticles 
indicates the low toxicity of the synthesized drug 
system for regular and non-cancerous cells of 
animals meanwhile high toxicity against cancerous 
cells. Cytotoxicity of drug delivery systems against 
normal body cells such as mononuclear blood cells 
is significant. A challenge that has been given a lot 
of attention in this article compared to previous 
articles (B. Dutta et  al., 2022; Nguyen, Luong, 
Pham, Tran, & Dang, 2022). so that these systems 
are not toxic against normal body cells and can act as 
drugs with very low side effects, after studying the 
impact of treatments on DNA and its digestibility, 
it was found that curcumin magnetic nanoparticles 
and curcumin-coated magnetic nanoparticles do 
not show significant DNA digestion activity. The 
results indicate more safety of the drug system for 
use in cellular environments than other previously 
reported nanoparticles through which DNA is 
destroyed to a great extent (Mousavi-Khattat et al., 
2018).  Also, the in vivo results are similar to those 
seen in In vitro studies and show that the efficiency 
of the drug system of curcumin-coated magnetic 
nanoparticles is much higher than that of curcumin 
alone and has been able to remove tumors in mice 
within a week. In contrast, Curcumin alone, after 
35 days, still leaves some tumor in the mice.

Conclusion

Drug delivery systems, especially magnetic 
nanoparticles, have been proposed as a new 

Figure 11.  Anti-proliferative effect of Fe3O4@
CUR on the transplantable tumors. a: MRI Pho-
tograph showing mice without no treatment after 
two weeks. b: MRI Photograph of the mice treated 
with MNP-CUR after 7 days. c:  MRI Photograph 
of the mice treated with MNP-CUR after 14 days’ 
volume was measured once every 4 days.

Figure 10.  Tumor diameter of four groups (control (PBS), curcumin, naked and curcumin coated nanopar-
ticles treatment up to 35 days with a time interval of 4 days measuring. As stated by Duncan’s test, different 
letters imply significant differences in mean values for each parameter (P < 0.05).
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research field in nanotechnology. This study 
developed magnetic iron nanoparticles coated by 
anticancer phytochemical curcumin as an efficient 
drug delivery system. Due to the high aspect 
ratio and penetration ability of the nanoparticles, 
the enhancement of the anticancer effect of 
the curcumin was demonstrated. Furthermore, 
cytotoxicity and genotoxicity analysis of the 
coated particles against normal cells showed 
that the drug delivery system has no significant 
toxicity and could provide safe conditions for 
use in the biological space of the body. Based on 
the results of this study, it seems that curcumin-
loaded magnetic nanoparticles can be introduced 
as an effective drug carrier in the chemotherapy 
process to improve breast cancer and reduce drug 
side effects.
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