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Abstract
In the current study, polyethylene glycol (PEG) was employed to cap super magnetite nanoparticles  (Fe3O4 NPs) through 
hydrothermal preparation. The main goal of this study is to investigate the influence of physical incorporation of polyethylene 
glycol (PEG) loaded  Fe3O4. The anticancer potentials of these particles were studied against breast cancer cell line (AMJ13). 
Syntheses bare  Fe3O4, and  Fe3O4-PEG were confirmed by TEM, SEM, and FTIR. The size of  Fe3O4 nanoparticles range 
of 9–20 and 5–12 nm for the  Fe3O4–PEG nanoparticles which exerted superparamagnetic properties as well as elevated 
saturation level of magnetization at ambient conditions. The MTT test was employed to detect the ability of the bare  Fe3O4 
and Fe3O4-PEG on the proliferative of AMJ13 cells.  IC50 values was 37.33 µg  mL− 1 for bare  Fe3O4 and 18.23 µg  mL−1 for 
 Fe3O4-PEG. AMJ13 Cells exposed to bare  Fe3O4, and  Fe3O4-PEG NPs demonstrated a significant cell death, which increased 
with PEG, loaded  Fe3O4 NPs. The capability of  Fe3O4-PEG to induce cellular apoptosis was tested using DAPI, Acridine 
orange/ Ethedium bromide stains, flow cytometry, with the assays of mitochondrial membrane potential (MMP), and the 
production of reactive oxygen species (ROS). RT-PCR, and immunofluorescence were performed to measure expression 
levels of Bax and Bcl-2 proteins. The toxicity of bare  Fe3O4 and  Fe3O4-PEG nanoparticles using animal model were inves-
tigated. Animal’s body weight, liver and kidney function enzymes, and histological alterations for liver, kidney, and lungs 
were addressed. The findings demonstrated that nanoparticles were biocompatible with liver and kidney function enzymes 
and no significant alterations were recorded in the liver, kidney and the lungs. Both nanoparticles revealed a proliferation 
inhibitory effect on AMJ13 cells, resulting in apoptosis as a novel pathway that involve the mitochondrial damage and NF-kB. 
Taken together the present data suggest that bare  Fe3O4 and  Fe3O4-PEG could be promising therapy protocol for cancer cells.
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1   Introduction

Being among the top health threats in the 21st century, 
cancer is a lethal disease with no geographical or organ 
limitations that cause worldwide annual mortality that 
exceeds 12.7 million people [1]. Among women, breast 
cancer is responsible for 16% of the entire cancer cases, 
and about 23% of invasive types, being the most widely 
prevailed invasive cancer among women. Cancer origi-
nates from mutated growth-controlling genes that are 
involved in DNA repair as well as cell division and death. 
Cancer can occur accidentally when a portion of the 
genetic code is miscopied, while DNA damage caused by 
chemical, viral, or radiation exposure might lead to envi-
ronmentally mediated cancer induction [2].

Fe3O4 nanoparticles are characterized by their dual 
diagnostic and therapeutic advantages, their high con-
trasting properties during magnetic resonance imaging 
tests, and their hyperthermic properties (40–43 ºC) which 
is sufficient to kill many cancer cells [3]. The uniqueness 
of these nanoparticles is ensured by their highly effec-
tive tracing and, subsequently, killing potentials of cancer 
cells. It is also possible to use heating systems that are 
dependent on  Fe3O4 to regulate the liberation of drugs 
from their delivery system. Such systems are set up so they 
liberate their content at specific temperatures, bringing 
up more advantages from the combined use of the NPs-
dependent delivery system and hyperthermia modality for 
the treatment of cancer [4]. Hyperthermia is applied to 
malignant tissues by following two main approaches; first, 
extracellular hyperthermia involves the use of an outer 
heat source such as a water bath, microwave, ultrasound, 
and infrared sauna. Second, intracellular hyperthermia 
which involves the use of the alternating current field to 
heat the tumor tissue mass through  Fe3O4 NPs that are 
already inserted into the cancer cells [5]. Nevertheless, it 
is yet unknown how the photothermal impact provided by 
the magnetized  Fe3O4 NPs exerts its influence on cancer 
cells or tumor mass. Extensive investigation has been car-
ried out to clarify the biochemical pathways associated 
with the use of  Fe3O4-PEG NPs in cancer therapy [6].

Mg is essential for humans and its alloys are frequently 
used in biometallic implants. Mg/Au or Mg/Pt Janus 
micromotors have exhibited motions in chloride and 
bicarbonate ion solutions through continuous Mg-water 
reaction via the removal of Mg(OH)2 passivation layer 
by these.

ions. These laid the foundation for biocompatible chemi-
cally- powered micromotors. Subsequently, Mg/Pt-PNIPAM 
Janus micromotors showed capacity for moving in human.

blood plasma and temperature controlled drug delivery 
that open doors for implementing real application in the 

human body. Recently, Mg-based micromotors exhibited 
motion and drug delivery capabilities in mouse intestine 
and stomach which provided a further step toward use in 
whole organisms. Mg/Pt Janus micromotors had cytotoxic 
effect against different cancer cell lines such as human 
lung carcinoma epithelial cells (A549), human breast can-
cer cells.

(MCF-7), human embryonic kidney cells (HEK-293), 
human liver carcinoma cells (HepG2) and human cervi-
cal cancer cells (HeLa) after incubating at different con-
centrations for 24 hours [7]. Superparamagnetic iron oxide 
(Fe3O4) NPs are traditional T2-weighted contrast agents, of 
which the r2 values are related to their sizes and aggregation 
states. Fe3O4nanoparticles coassembly with polymer-teth-
ered Au NPs, and free amphiphilic block copolymers into 
Janus hybrid vesicles. In the vesicles, the assembly of Fe3O4 
NPs and aggregation of Au NPs into half of the vesicles with 
enhanced plasmon coupling led to 4 times enhancement of 
r2 values than individual Fe3O4 NPs and strong absorption 
in the NIR range, respectively. After intravenous injection, 
the accumulation of vesicles in tumours could be enhanced 
by applying an external magnet close to tumours and moni-
tored through MRI and PAI [8]. Recent studies demonstrated 
the important of concentration of nanomaterials and optical 
properties for improve the applications of these nanomate-
rials in photo –catalysis [9, 10], In addition, the photocata-
lytic activities of the composites nanoparticles samples were 
studied based on the degradation of methylene blue (MB) 
as a model compound, where the results illustrated that the 
α-Fe2O3@50% TiO2 nanocomposites performed the best 
as a photocatalyst under visible light. These nanocompos-
ites samples provide a positive example for the fabrication 
of other structures for photocatalysis or other applications. 
[11].

Apoptosis is a critically important cellular homeostatic 
regulation mechanism for controlling the population size of 
various cell types [12]. Such a mechanism of programmed 
cell death gained significant interest from investigators due 
to the high level of resemblance between this natural cell 
death pathway and the artificial anti-cancer drugs in terms 
of their modes of action [13]. The formation of ROS in high 
levels within cancer cells is a critical event for induction 
of apoptosis [14], as it results in a sequence of reactions 
that involve DNA oxidative damage, MMP disruption, 
cytochrome c release, and eventually the induction of the 
caspase chain reactions [15]. Furthermore, the disturbance 
in the expression levels of Bcl-2 and Bax proteins has a criti-
cal influence on the extent of cancer cell susceptibility to 
therapeutic drugs [16]. Published studies on the anti-tumor 
treatment protocols revealed that the continual induction of 
NF-κB (nuclear factor-kappa B) influences the tumor devel-
opment process [17]. Thus, the active induction of apoptosis 
in cancer cells can be achieved using anti-cancer drugs with 
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the ability to suppress intracellular translocation of NF-κB. 
Nevertheless, there is an overgrowing necessity to develop 
new and more active antitumor therapies.

Data on physiological and cellular levels as related to the 
modes of interaction between novel NPs and tumor cells 
are rare in general. Once capped, the inherent physical and 
chemical features of the surface of NPs, such as surface 
functionality, charge, reactivity, and dimension are altered, 
providing them with higher degrees of stability and suit-
ability for the in vitro uses. Coating substances such as PEG 
can be used to prepare the hydrophilic surface of  Fe3O4 NPs. 
Previous studies tested the use of AFM to induce the heating 
behavior of  Fe3O4 NPs and the efficiency of these particles 
in killing ovarian cancer cells [18]. The photothermal effect 
of  Fe3O4 and  Fe3O4-PEG core-shell nanoparticles for kill-
ing bacteria and cancer cell lines was recently reported [6]. 
This study aimed to prepare  Fe3O4 nanoparticles capped 
with PEG and to investigate how these nanoparticles affect 
breast cancer cells AMJ13 and the possible mechanisms 
involved in this effect.

2  Materials and methods

2.1  Chemicals

Ferric chloride hexahydrate  (FeCl3·6H2O), ethylene glycol 
(EG), anhydrous sodium acetate (NaOAc), ethanol, poly-
ethylene glycol (PEG-4000), and ethanolamine (ETA) were 
purchased from (Gainland chemicals company, U.K).

2.2  Preparation of bare  Fe3O4 magnetic NPs

Fe3O4 NPs were prepared using the hydrothermal approach. 
Accordingly, 1.5 gm of  FeCl3·6H2O was dissolved in 40 mL 
solvent containing ETA (20 mL) and EG (20 mL), until the 
development of a stable orange solution. NaOAc (4.0 g) was 
mixed with the solution which was homogenized using a 
magnetic stirrer and heated in a sealed autoclave at 200 °C. 
Following 10 h reaction time, the autoclave was brought to 
ambient temperature, and the magnetic NPs were sequen-
tially washed with absolute ethanol and deionized water 
before an overnight drying step at 60 °C.

2.3  Characterization of bare  Fe3O4 and  Fe3O4‑PEG

Morphological properties of the prepared MNPs were stud-
ied by employing scanning (TESCAN, Vega III, Czech 
Republic) and transmission electron microscopy (TEM; 
Philips). The preparation of the samples for the transmis-
sion electron microscope test was performed by adding one 
drop of the MNPs solution onto a 200-meshed gold-coated 

copper grid. The structural properties of the prepared mag-
netite nanoparticles (MNPs) were investigated using FTIR.

2.4  MTT assay

This test was conducted as previously described [19]. In 
brief, seeding of the tested cells (1 × 105 cells  mL−1) was 
performed in 96 well microtiter plates that contain a mix-
ture of RPMI medium and fetal calf serum (10%). Overnight 
incubation of the cells was performed for attachment fol-
lowed by the treatment with bare  Fe3O4 and  Fe3O4-PEG, 
and another incubation for 72 h. Further treatment included 
washing with phosphate-buffered saline for 3 times, stain-
ing with MTT (2 mg  mL−1), the incubation (3 h, 37 °C), 
and treatment with DMSO. Next, a microplate reader was 
employed to measure the absorbance (420 nm). Finally, the 
growth inhibition rate (cytotoxicity in %) was determined 
via the equation below:

where A and B are optical densities for the control and the 
treated sample, respectively [20].

2.5  Acridine Orange–Ethidium Bromide (AO/EtBr) 
Dual Staining

The (AO/EtBr) double staining method was conducted based 
on previously published protocols. Briefly, the bare  Fe3O4 
and  Fe3O4-PEG (9.23 and 57.55 µg  mL−1, respectively) were 
used to treat the cells within 96-well plates. After incuba-
tion (24 h) and washing 2 times with phosphate-buffered 
saline, they were mixed with 100 µL of AO/EtBr for 1 min. 
Finally, the cells were visualized under fluorescence micros-
copy [21].

2.6  Assessment of Apoptosis Using DAPI Stain

AMJ13 cells were examined under the fluorescence micro-
scope after they were subjected to the DAPI stain. Seeding 
of the cells (5 × 103) was achieved by adherence to sterile 
coverslips placed at the bottom of 6-well plates (48 h, 5% 
CO2, 95% air, 37 °C). Then AMJ13 cells were treated (24 h) 
with bare  Fe3O4 and  Fe3O4-PEG (9.23 and 57.55 µg  mL−1, 
respectively). The medium was discarded, filtered phos-
phate-buffered saline was used to wash the cells, which were 
then fixed with 96% ethanol (0.5-1 h). After the removal 
of the fixative, another washing step was performed with 
distilled water, followed by staining with DAPI (0.5-1 h ). 
After DAPI removal from the coverslips, they were sub-
jected to washing with distilled water followed by air drying 
and mounting on a glass slide. A fluorescence microscope 

(1)Inhibition rate% = (A − B∕A) × 100
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(40X) was finally used to examine the morphological prop-
erties of the cells [22].

2.7   Flow Cytometry

The detection of apoptosis using flow cytometry assay was 
done according to the previous study. In brief, AMJ13 cells 
treated with  Fe3O4 and  Fe3O4-PEG were analyzed by deter-
mining the ratio of cells with nucleus concentration and 
fragment. AMJ13 cells were seeded for 24 h then treated 
with  Fe3O4 and  Fe3O4-PEG at  IC50 concentration. Cells 
were suspended in the FACS buffer. Then, all treated and 
non-treated cancer cells were stained with PI, and annexin 
V-FITC (Invitrogen, Carlsbad, CA) and measured to inves-
tigate the apoptotic cells using flow cytometer assay [23].

2.8  Mitochondrial membrane potential

For the simultaneous assessment of the critical apoptosis 
events in AMJ13 cells following treatment with  Fe3O4 and 
 Fe3O4-PEG, Cellomics Multiparameter Cytotoxicity 3 Kit 
(ThermoScientific™, Pittsburgh, PA, USA) was employed. 
In brief, seeding of AMJ13 cells was performed into 96-well 
plates (24 h), followed by treatment with bare  Fe3O4 and 
 Fe3O4-PEG at concentration  IC50 (18.23  µg  mL−1 and 
37.33 µg  mL−1, respectively). The cells were then stained 
with cell permeability and MMP stains. To confirm the criti-
cal apoptotic events in the AMJ13 cells treated with  Fe3O4 
and  Fe3O4-PEG, Rh123 a fluorescent dye repossessed by 
lively mitochondria without cytotoxic effects. This dye is 
used to investigate the membrane potential of the mitochon-
drial cells before and after the treatment with bare  Fe3O4 
and  Fe3O4-PEG nanoparticles. In brief, 24 h seeding of 
cells in 96-well plates was followed by the treatment with 
the  IC50 dose of  Fe3O4 and  Fe3O4-PEG and staining with 
Rh123 dyes at concentration 1 M for 2 h at 37 °C. The cells 
were detached by 0.5% trypsin-EDTA then centrifuged at 
400 rpm for 5 minutes. Cells were suspended in FACS buffer 
and measured by flow cytometry assay, and histograms were 
made.

2.9  Localization of  Fe3O4 and  Fe3O4‑PEG in Treated 
AMJ13 Cells

Fe3O4 and  Fe3O4-PEG nanoparticles labeled with a fluores-
cent stain. In brief, FITC (Sigma-Aldrich, USA) at concen-
tration 1 mg  mL−1 was mixed with  Fe3O4 and  Fe3O4-PEG 
at  IC50 concentration, followed by incubation at room tem-
perature for 10 h in the dark. The reaction was satisfied using 
the Tris buffer (pH 10). FITC-labeled nanoparticles were 
collected by centrifugation and washed twice with DMSO 
to remove unbound FITC. The FITC-labeled nanoparticles 
suspension was added to AMJ13 cells. Then, the mixtures 

were incubated for 24 h at 37 °C. Cells were washed. DAPI 
stain was used to stain the nuclei. The images were taken by 
a fluorescent microscope.

2.10  ROS Generation Assay

The breast cancer cells (AMJ13) were seeded at a concentra-
tion of 1 × 105 cells/well in the complete growth medium. 
Then, the cells were treated for 24 h with bare  Fe3O4 and 
 Fe3O4-PEG (9.23 and 57.55 µg  mL-1, respectively), re-
suspended in H2DCFDA dye (10 µM), and incubated at 
37 °C for 10–30 minutes. After removal of the loading 
buffer, the cells were washed for 3 times with pre-warmed 
buffer (HBSS, or HEPES) and returned to incubation with 
pre-warmed growth medium (37 °C, 10–20 min) to induce 
the hydrolysis of intracellular acetate groups by esterase 
enzymes and, eventually, ensure responsiveness of the dye 
to oxidation. Cells were immediately examined with a fluo-
rescence microscope with 488 nm excitation using an emis-
sion filter appropriate for fluorescein [24].

2.11  RT‑PCR

Bax and Bcl-2 protein expression levels in the treated 
AMJ13 cells were determined using RT-PCR. Isolation of 
the total RNA in the cells was performed using an RNe-
asy Mini kit by following the protocol provided by the sup-
plier (Qiagen. Cat. No.74,104, UK). DNAse I was used to 
treating RNA and the product was employed to synthesize 
cDNA with the enzymatic reaction of superscript II reverse 
transcriptase (Invitrogen. Cat. No. 18064-071, USA) based 
on the supplier’s procedure. Fast SYBR Green PCR mas-
ter mix (Applied Biosystems. Cat. No. 4,385,612, UK) was 
employed with a 7900HT fast system (Applied Biosys-
tems) to conduct the quantitative reverse transcription PCR 
(q RTPCR). Normalization of gene expression levels was 
performed to TATA-binding protein (TBP). Calculation of 
the mean relative gene expression was achieved following 
Livak’s method. All tests were conducted in triplicate [25].

2.12  Immunofluorescence microscopy

AMJ13 cells were treated with bare  Fe3O4 and  Fe3O4-PEG 
at concentrations of 9 0.23 and 57.55 µg  mL−1, respectively, 
followed by washing for 3 times with phosphate-buffered 
saline, fixation in 2% PFA (30 min, 20 °C), permeabiliza-
tion with 0.3% Triton-X (30 min, RT), and blocking in 5% 
normal goat serum (1 h). Bax and Bcl-2 primary Abs (1 µg 
 mL−1) were applied to the cells (2 h, RT) and then washed 
out before applying the secondary Ab (1 h, RT). The Abs 
used were goat anti-rabbit IgG (1 µg  mL−1) coupled to Alexa 
Fluor 488 fluorescent dye. After washing with phosphate-
buffered saline, the stained cells were mounted in a Vecta 
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shield with DAPI, followed by viewing with a Meta confocal 
microscope (LSM 510) [26].

2.13  Measurement of NF‑κB Activity

AMJ13 cells (1.0 × 104 cells  well−1) were treated with 
bare  Fe3O4 and  Fe3O4-PEG at concentrations of 9.23 and 
57.55 µg  mL−1, respectively, for 12 h. Thirty minutes treat-
ment with TNF-α (5 ng  mL−1) was applied to stimulate the 
treated cells, followed by fixation, permeabilization and 
blocking with 5% normal goat serum. NF-κB primary Ab 
(1 µg  mL−1) was applied to the cells (2 h, RT), followed 
by washing and application of the secondary Ab (1 h, RT). 
The Abs used were goat anti-rabbit IgG (1 µg  mL−1) cou-
pled to Alexa Fluor 488 fluorescent dye. After washing with 
phosphate-buffered saline, the stained cells were mounted in 
a Vecta shield with DAPI, followed by viewing with a Meta 
confocal microscope (LSM 510) [27].

2.14  Toxicity of  Fe3O4 and  Fe3O4‑PEG on Human 
Blood Components

Blood samples were obtained from healthy volunteers based 
on the method of National Institute of Health and Food and 
Drug Administration and as per the declaration and regula-
tion of Helsinki of 1975 as a statement of ethical principles. 
Permission was obtained from the hospitals of the medical 
city in Baghdad, Iraq and approved by the institutional ethi-
cal committee of university of technology, Baghdad, Iraq 
(Ref. No. AS 407-23-09-2017). The study participants were 
informed about the value of the study before we are gain-
ing to collect any data or samples. Informed consent and/
or assent were obtained from the study participants.  Fe3O4 
and  Fe3O4-PEG at concentration 10 µg/mL, was added to 
blood samples. After 60 min of incubation at 37 °C. Then, 
the blood components were measured [28].

2.15  A Study of Magnetic NPs Toxicity Using 
an Animal Model

Balb /c mice (20–30  g weight, 6–8 weeks old) were 
obtained from the Iraqi Center for Cancer and Medical 
Genetic Researches, the University of Al-Mustansiriyah, 
Baghdad, Iraq. were acquired and kept in an isolated 
animal facility with sufficient access to water and food. 
All procedures were performed under the U.S. National 
Institutes of Health (NIH) Guide for the Care and Use of 
Laboratory Animals (NIH Publication No. 86-23, revised 
in 1996) and were approved by Animal Care and Ethics 
Committee at Biotechnology Division, Applied Sciences 
Department, University of Technology, Baghdad, Iraq 
(Ref. No. AS 407-23-09-2017). Mice were divided into 
9 random groups, each with 3 mice: Group 1 received 

intraperitoneal injections of phosphate-buffered saline 
(250 µL) and served as the control group. Groups 2, 3, 4, 
and 5 received intraperitoneal injections of 500 µg  kg−1 
 Fe3O4 for 1, 2, 3, and 4 weeks, respectively. Groups 6, 7, 
8, and 9 received intraperitoneal injections of 500 µg  kg−1 
 Fe3O4-PEG for 1, 2, 3, and 4 weeks, respectively. At the 
end of the fourth week, an anesthetization of the mice was 
performed using sodium pentobarbital, followed by blood 
collection and serum isolation based on standard proce-
dures. Tissues from the liver, kidneys, and lungs were 
collected and subjected to standard fixation and staining 
protocols before being tested under optical microscopy for 
histological alterations [29].

2.16  Statistical Analysis

The results of the study are expressed as mean ± SEM. The 
statistical analysis of the data was done using (GraphPad 
Prism 6, USA). Significant differences were set at *p < 0.05 
[30].

3  Results and Discussion

3.1  Transmission Electron Microscopy

Size of the bare  Fe3O4 and  Fe3O4-PEG NPs as well as their 
morphology were investigated using TEM as shown in 
Fig. 1. The  Fe3O4 NPs showed a size range of 9–20 nm, 
whereas those coated with PEG had a size range of 5–12 nm, 
with both particle types demonstrating nearly spherical 
shapes. However, some of the bare nanoparticles formed 
aggregates, but they were well dispersed following coating 
with PEG Fig. 1. Hence, coating with PEG caused a reduc-
tion in size and better dispersal of the particles.

3.2  Scanning Electron Microscopy

The size and morphological features of the prepared NPs 
were further analyzed using scanning electron microscopy. 
A scanning microscope image of the same batch of samples 
is demonstrated in Fig. 1 and provides an indication of the 
achievement of a large quantity of uniform NPs (both bare 
 Fe3O4 and  Fe3O4-PEG), with a mean size of about 14–23 nm 
for bare  Fe3O4, and 8–17 nm for  Fe3O4-PEG. These results 
demonstrated that the produced NPs were well within the 
favored size for the purposes for efficient delivery of the 
harbored drugs, indicating a possible selective absorbance of 
the PEG surfactant onto the favorable facets of the particles, 
leading to possible inhibition of the free growth of  Fe3O4.
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3.3  Structural Characteristics of Bare  Fe3O4 
and PEG‑Fe3O4

FTIR analysis is essential test for the characterization 
of the functional groups which is present in bare  Fe3O4 
and PEG-Fe3O4NP. The FTIR spectra of bare  Fe3O4 
and PEG-Fe3O4NP were recorded in the spectral region 
4000–400 cm−1. The FTIR results of the bare  Fe3O4 and 
PEG-Fe3O4NP samples are shown in Fig. 2 that depicts 
the FTIR spectra of the  Fe3O4-PEG and bare  Fe3O4NPs. 
As a result of capping of the NPs with PEG, a significant 
increase was observed in the stretching bands of –CH at 
2926 cm−1 and –OH at 3338.89 cm−1. The wavenumber 
2306.94 and 2311.30 cm −1 indicated the presence of alk-
ene (C=C) group. 1896.23 cm−1 indicated the presence 
of anhydride group C=O, 1732.13 and 1730. 21 cm−1 
refer to the presence of aldehyde group C=O. 1685.84, 

and 1687.77 cm−1 indicated the presence of conjugated 
aldehyde C=O. 1608.69, 1610.61 cm−1 indicated the pres-
ence of C=C α,β-unsaturated ketone group. 1558.54 cm−1 
demonstrated the presence of N–O stretching belong 
nitro compound. The bands between 1465.95 to band 
1300.07 cm−1 indicated the presence of O-H hydroxyl 
group of carboxylic acid. These data are following those 
of a previous report [31]. The stretching vibration of the 
C–C group of PEG was evidenced in the peak absorptions 
at 1114.89 cm−1 (–C–O–C–) and the bond at 1464 cm−1 
Fig. 2. These peaks confirmed the successful incorpora-
tion of PEG onto the NPs. The bands between 986.30 to 
band 630.74 cm−1 indicated the presence of C =C alkene 
group. The results also demonstrated metal-oxygen bands 
at 580.59 cm−1 and 426 cm−1, which corresponded to 
intrinsic stretching vibrations of the metal at the tetrahe-
dral (Fetetra–O) and octahedral (Feocta–O) sites.

Fig. 1  TEM and SEM images 
of bare  Fe3O4 and  Fe3O4-PEG 
nanoparticles
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3.4  Bare  Fe3O4 and  Fe3O4‑PEG Inhibited Cancer Cells 
Proliferation

In this study, we tested the cytotoxic impact of bare  Fe3O4 
and  Fe3O4-PEG at different concentrations as indicated in 
Fig. 3 against AMJ13 (human breast cancer cells), using 
the MTT assay. The treatment of cells with bare  Fe3O4 and 
 Fe3O4-PEG for 72 h caused a significant reduction in the 
capacity of cancer cells to proliferate. The data demonstrated 
the cytotoxic effect of bare  Fe3O4 and  Fe3O4-PEG with con-
centrations of 6.25, 12.5, 25, 50, and 100 µg  mL−1 against 
cancer cells in comparison with untreated cells. Moreover, 
the bare  Fe3O4 and  Fe3O4-PEG demonstrated the high-
est cytotoxic impacts against AMJ13 cells at  IC50 values 
was 37.33 µg  mL−1 for bare  Fe3O4 and 18.23 µg  mL−1 for 
 Fe3O4-PEG. Taken together, cell viability results proposed 
a selective mode of the inhibitory impact of the bare  Fe3O4 

and  Fe3O4-PEG on breast cancer cells. A recent study [32] 
demonstrated that the anti-cancer activity of Polyvinylpyrro-
lidone loaded-MnZnFe2O4 magnetic nanocomposites against 
AMJ13, MCF-7, and SKOV-3 cell lines is increased when 
Polyvinylpyrrolidone loaded-MnZnFe2O4 nanocomposites 
used with NIR laser, while highly increased cytotoxic activi-
ties were observed after exposure of Polyvinylpyrrolidone 
loaded-MnZnFe2O4 nanocomposites to induction heating 
with AMF. They are explained one possible mechanism by 
which Polyvinylpyrrolidone loaded-MnZnFe2O4 nanocom-
posites killed cancer cells. Treated cancer cells with polyvi-
nylpyrrolidone loaded-MnZnFe2O4 magnetic nanocompos-
ites significantly increased ROS synthesis, with subsequent 
reduction of the MMP. The results their study demonstrated 
that Polyvinylpyrrolidone loaded-MnZnFe2O4 nanocom-
posites suppressed cancers cells’ proliferation and has a 
growth inhibitory effect on different cancer cells, resulting 

Fig. 2  FTIR analysis of bare 
 Fe3O4 and  Fe3O4-PEG nano-
particles
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in apoptosis as a novel pathway that involves mitochondrial 
damage mechanism via activated P53. Other study [33] dem-
onstrated that the Fe3O4 MNPs are prepared by biosynthesis 
method using Sargassum muticum extract had anti-prolif-
erative activity against various types of cancer cell lines 
including human cell lines for leukemia (Jurkat cells), breast 
cancer (MCF-7 cells), cervical cancer (HeLa cells), and liver 
cancer (HepG2 cells). The tumor cells were treated with dif-
ferent concentrations of Fe3O4 MNPs. The results showed 
ability of Fe3O4 MNPs to inhibits cancer cells through 
apoptosis pathway. F@Tyr Fe3O4 NPs were prepared using 
chemical precipitation method to provide biocompatibility 
and biofunctionalization. The prepared nanoparticles loaded 
with chemotherapyTMX. Both nanoparticles and nanoparti-
cles loaded with TMX had cytotoxicity and inhibitory effect 
against HEK-293 cell line. The results F@Tyr@TMX NPs 
exhibited more cytotoxic effect than that of free TMX. The 
main therapeutic advantage of drug loaded nanoparticles in 
magnetically targeted drug delivery is expected to be more 
pronounced in In-vivo studies where the efficacy of free drug 
is negligible [34].

3.5  Estimation of Apoptosis Using AO/PI 
Dual‑Staining

Apoptosis is characterized by specific morphological 
properties and biochemical reactions that are limited by 
energy, with pyknosis (condensation of chromatin) and 

cell shrinkage being the early hallmarks of the process. 
Shrinkage of cells occurs because of condensed organelles 
and densified cytoplasm, while pyknosis is regarded as the 
most crucial characteristic of the early events of apoptosis 
[12]. Events associated with late apoptosis are associated 
with the formation of organelles-containing buds made by 
extensively blebbed portions of the plasma membrane [13]. 
In the present study, fluorescence microscopy was used to 
test for the activities of the bare  Fe3O4 and  Fe3O4-PEG in 
apoptosis induction. Alterations in the morphology of the 
cancer cells were observed. The untreated cells retained 
their normal structure (Fig. 4), while the treatment for 24 h 
caused typical apoptotic events, including shrinkage of 
the cytoplasm and blebbing of the membrane. Detection 
of cells with early apoptosis was achieved through the 
binding of the AO dye to the fragmented DNA, leading 
to the emission of bright green fluorescence. Following 
24 h of treatment with bare  Fe3O4 and  Fe3O4-PEG, apop-
tosis was observed through the occurrence of condensed 
nuclear chromatin and blebbing (Fig. 4). Also, the same 
treatment was associated with the late apoptosis events as 
observed by the appearance of a reddish-orange color due 
to the binding between ethidium bromide and the dena-
tured DNA. The association between the morphological 
alterations and apoptosis in the treated mice was time-
dependent. In this study, we tested the possibility that 
inducing apoptosis had a relation to the anti-proliferation 
events in the breast cancer cells following their treatment 
with bare  Fe3O4 and  Fe3O4-PEG. This was performed via 
the analysis of the apoptosis-associated events such as the 
morphological alterations in the nucleus and the fragmen-
tation of DNA. Figure 4 demonstrates the intact morphol-
ogy of the nucleus in the control cells, while cells treated 
with bare  Fe3O4 and  Fe3O4-PEG displayed chromatin con-
densation. To confirm our results, the percentage of apop-
totic cells was determined by staining the cancer cells with 
the annexin V-FITC using the flow cytometry. The flow 
cytometry results showed that the cells undergoing apop-
tosis were labeled with annexin V at quadrant Q3. Figure 4 
shows dot plots of AMJ13 cells treated with bare  Fe3O4 
and  Fe3O4-PEG nanoparticles for 24 h at  IC50 concentra-
tion. In the untreated AMJ13 cells, the majority (97.2%) of 
cells were viable and non-apoptotic, and in AMJ13 treated 
with bare  Fe3O4 and  Fe3O4-PEG was a decreased in the 
viable cells and increased in cells undergoing apoptosis. 
The percentage of apoptotic cells in the control untreated 
AMJ13 was 2.64%. While in bare  Fe3O4 and  Fe3O4-PEG 
treated AMJ13 cells the percentage increased to 20.8%, 
and 30.1% respectively. The increasing percentage of the 
annexin  V+/PI+ population indicating dead or necrotic 
cells was observed when the AMJ13 cells that were treated 
with bare  Fe3O4 and  Fe3O4- PEG. The results investigated 

Fig. 3  Anti-proliferative activity of bare  Fe3O4 and  Fe3O4-PEG 
nanoparticles against AMJ13 cell line. The values are expressed as 
mean ± SEM. **P < 0.01, ***P < 0.001
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the high ability of bare  Fe3O4 and  Fe3O4-PEG to cause 
damage and induce death to the AMJ13 treated cells cell 
due to the capability of bare  Fe3O4 and  Fe3O4-PEG to pen-
etrate through the membrane and make a change on the 
mRNA expression levels of the genes which play a role 
in controlling of apoptosis pathways, these genes include 
p53, Bax, BCL-2, caspase-3, and caspase-9.

3.6  Effect of Bare  Fe3O4 and  Fe3O4‑PEG 
on Mitochondrial Function

The mitochondria take a fundamental part in the induc-
tive events of apoptosis through different death stimuli. 
Alterations in the mitochondria involve the disruption of 
their membrane potential and the release of cytochrome c 
to the cytoplasm, eventually resulting in caspase-3 induction 

Fig. 4  Apoptosis markers in AMJ13 cells after treatment with bare  Fe3O4 and  Fe3O4-PEG nanoparticles. The upper panel represented the DNA 
fragmentation assay. The middle panel represented AO/EtBr assay (Scale bar: 10 µm). The lower panel represented the flow cytometry assay
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through mechanisms that depend on caspase-9. Therefore, 
we investigated the impacts of treatment with bare  Fe3O4 
and  Fe3O4-PEG on the mitochondrial membrane poten-
tial in AMJ13 cells. Following treatment with these two 
types of NPs, cells were stained with MMP dye and then 

examined by a fluorescent microscope. This stain has the 
property of selective entry to the mitochondria, following 
membrane potential, leading to the production of strong 
red fluorescence. As shown in Fig. (5a), the treatment with 
the bare  Fe3O4 and  Fe3O4-PEG reduced the proportion of 

Fig. 5  Dysfunction of MMP in AMJ13 cells after treatment with 
bare  Fe3O4 and  Fe3O4-PEG NPs. a The fluorescent intensity of MMP 
indicator JC 1 in the control untreated AMJ13 cells (1). AMJ13 cells 
were treated with bare  Fe3O4 NPs (2). AMJ13 cells were treated 
with  Fe3O4−PEG NPs (3) (Scale bar: 10  µm). The graph represents 

the statistical analysis of the fluorescent intensity ratio. The data are 
represented as mean ± SEM. ***P < 0.001. b Flow cytometry results 
in AMJ13 cells were treated as indicated in A. Rhodamine stain was 
used to investigate the loss of mitochondrial membrane potential
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red fluorescent cells from 5% in the control to almost 54%, 
and almost 77% in the cells treated with bare  Fe3O4 and 
 Fe3O4-PEG, respectively. These data demonstrated the 
involvement of mitochondrial dysfunction in the induction 
of programmed cell death in AMJ13 cells because of the 
treatment with bare  Fe3O4 and  Fe3O4-PEG. The reduction 
in mitochondrial membrane potential is a significant and 
important marker for the apoptotic cell death process. The 
level of mitochondrial membrane potential was investigated 
by using the flow cytometric method after staining the cells 
with Rhodamine (Rh123 probe). We measured the quantity 
of apoptotic AMJ13 cells after treatment with bare  Fe3O4 
and  Fe3O4-PEG at  IC50 concentration. A sizable increase 
of the dead cells due to the treatment with bare  Fe3O4 and 
 Fe3O4-PEG in AMJ13 cells was demonstrated in Fig. 5b. 
AMJ13 cells were treated with bare  Fe3O4 and  Fe3O4-PEG 
at  IC50 for 24 h. The cells showed a high reduction in Rh123 
stain that indicates the depletion of mitochondrial membrane 
potential compared with the control untreated AMJ13 cells.

3.7  Cellular Uptake of  Fe3O4 and  Fe3O4‑PEG 
Nanoparticles

The cellular uptake of FITC-labeled bare  Fe3O4 and 
 Fe3O4-PEG in AMJ13 cells was observed by a fluorescent 
microscope. Nanoparticle uptake was found to be higher in 
bare  Fe3O4 and  Fe3O4-PEG treated cells than in the control 
cells. Furthermore, the uptake of FITC-labeled bare  Fe3O4 
and  Fe3O4-PEG was quantified by determining the median 
fluorescence intensity of the FITC signal as indicated in 
Fig. 6. This finding demonstrated the uptake, and inter-
nalization of FITC-labeled bare  Fe3O4 and  Fe3O4-PEG into 
the AMJ13 cell line. Bare  Fe3O4 and  Fe3O4-PEG can cause 
death and induce apoptosis, due to cell-penetrating ability 
and capability to bind with the nuclear protein.

3.8  Bare  Fe3O4 and  Fe3O4‑PEG Induced ROS 
Generation

Controlled ROS formation is a characteristic feature of 
living cells with normal function. Uncontrolled elevation 
in ROS formation occurs upon oxidative stress condi-
tions, leading to disrupted proteins, membrane lipids, and 
nucleic acid. Oxidative damage accompanies a wide range 

Fig. 6  Cellular uptake of FITC-labeled bare  Fe3O4 and  Fe3O4-PEG 
NPs in AMJ13 cells. Cells were monitored by fluorescence micros-
copy after 12 h of incubation at 37  °C (Scale bar: 10 µm). The bar 

graph represents the median fluorescent intensity of the FITC sig-
nal detected in AMJ13 cells. Data are represented as mean ± SEM. 
**P < 0.01, ***P < 0.001
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of diseases and conditions such as aging. Research on dis-
eases associated with oxidative stress makes the advantage 
of critical approaches such as ROS measurement probes. 
Immediately after H2DCFDA entry into cells, intracellular 
esterases eliminate acetate groups from H2DCF, which is 
efficiently reserved within the cells. ROS-mediated oxida-
tion of H2DCF produces fluorescent DCF. The detection of 
ROS can be performed through the detection of the fluores-
cence increase using devices such as flow cytometer, fluo-
rometer, microplate reader, or fluorescence microscope, and 
applying excitation sources and filters that are suitable for 
fluorescein (FITC). Due to the susceptibility of the stains to 
photo-oxidation, it is recommended to employ low light set-
tings for fluorescence microscopy. In this study, the results 
show that the fluorescent intensity of  H2DCF significantly 
increased after the treatment of the AMJ13 cells with bare 
 Fe3O4 and  Fe3O4-PEG as in Fig. 7.

3.9  Bare  Fe3O4 and  Fe3O4‑PEG Increased of Bax 
and Decreased of Bcl‑2 Expression

The tight regulation of the events initiated within the mito-
chondria is achieved via the Bcl-2 protein family, such as 

those with pro- and anti-apoptotic properties. Progressive 
or abortive events of apoptosis are regulated via the action 
of 25 genes expressing for this family. Bax is a protein with 
pro-apoptosis properties that participates in the liberation 
of cytochrome c to the cytoplasm through steps of dimeri-
zation and trans-membrane translocation. The proteins 
with anti-apoptosis properties, including Bcl-2, inhibit this 
translocation process. In this study, the levels of Bcl-2 and 
Bax were determined by immunofluorescence, and RT-PCR 
techniques. The data revealed a significant decrease in Bcl-2 
level upon the treatment of AMJ13 cells with bare  Fe3O4 
and  Fe3O4-PEG at concentrations of 37.33 and 18.23 µg 
 mL−1 after 24 h, as compared with the control cells (Fig. 8). 
Nevertheless, Bax expression showed a significant increase 
following similar treatments. Hence, decreased Bcl-2 and 
increased Bax expression upon treatment with bare  Fe3O4 
and  Fe3O4-PEG can result in the disruption of the MMP and, 
subsequently, the release of cytochrome c and induction of 
the caspase pathways. Such alterations in the gene expres-
sion of Bcl-2 and Bax supports the occurrence of induced 
apoptosis through a mitochondrial-mediated intrinsic mech-
anism. In the current study, our results demonstrated that 
that the expressions of both mRNA and protein levels of 

Fig. 7  Bare  Fe3O4 and 
 Fe3O4-PEG nanoparticles 
induced ROS generation in 
AMJ13 cells a cells untreated 
as a control. b cells were treated 
with bare  Fe3O4 NPs. c Cells 
were treated with  Fe3O4-PEG 
NPs C (Scale bar: 10 µm). 
The bar graph represents the 
median fluorescent intensity 
of the  H2DCF signal detected 
in AMJ13 cells. Data are 
represented as mean ± SEM. 
***P < 0.001
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apoptotic genes (bax) were upregulated while the expression 
of antiapoptotic gene bcl-2 was downregulated in AMJ13 
cells after treated with bare  Fe3O4 and  Fe3O4-PEG at IC50 
concentration for 24hr. A previous study by Gopinath et al. 
[35] have demonstrated that bax is upregulated by p53 path-
way. The attachment of bax into the mitochondrial mem-
brane possibly leads to p53-mediated apoptosis. Caspases 

are activated during apoptosis in many cells and are known 
to play an important role in both initiation and effecting of 
apoptosis pathway. Other study was provid that activated 
caspase-3 is play an important role for cellular DNA dam-
age and apoptosis [36]. Increase and upregulation of p53 
leads to activation of proapoptotic members of the bcl-2 
family proteins, such as bax, and induces permeabilization 

Fig. 8  Bare  Fe3O4 and  Fe3O4-PEG nanoparticles up-regulated Bax 
and down-regulated Bcl-2 genes expression in AMJ13 cells. a Graph 
represents the median of genes expression in AMJ-13 cells after treat-
ment with bare  Fe3O4 and  Fe3O4-PEG nanoparticles. The results are 

represented as mean ± SEM. **P < 0.01, ***P < 0.001. b  immuno-
fluorescent assay results of Bax, and Bcl-2 proteins in AMJ13 cells 
(Scale bar: 10 µm)

Author's personal copy



 Journal of Inorganic and Organometallic Polymers and Materials

1 3

of the outer mitochondrial membrane, which releases solu-
ble proteins from the intermembrane space into the cytosol, 
where they enhance caspase activation [37]. Once initiated, 
caspase-9 goes on to activate caspase-3 (effector caspase), 
which cleaves substrates at aspartate residues, and activa-
tion of this proteolytic activity appears to be an event in 
apoptosis [38].

3.10  NF‑κB Translocation was Suppressed by Bare 
 Fe3O4 and  Fe3O4‑PEG

The suppression of apoptosis by the activity of NF-κB is 
one of the mechanisms that was reported to contribute to 
the resistance to cytotoxic therapies [7]. Anticancer agents 
as well as stress to the cells are among various stimulation 
sources that are involved in the activation of NF-κB. A link-
age was described between these mechanisms and the path-
ways of extrinsic signaling as well as inducible resistance 
to the chemical signaling [8]. Therefore, the joint effects of 

the inhibition of NF-κB translocation and chemotherapeutic 
treatment can cause an increase in the effectiveness of cancer 
treatment. In this study, a fluorescent microscope assay was 
employed to assess the role of bare  Fe3O4 and  Fe3O4-PEG in 
the inhibition of activated NF-κB. In the untreated cells, the 
elevated fluorescence intensity of NF-κB was found in the 
cytoplasm of AMJ13 cells in comparison with that intensity 
in the nucleus as in Fig. 9. After the treatment of AMJ13 
cells with bare  Fe3O4 and  Fe3O4-PEG, a reduction in the 
fluorescent intensity of NF-κB in the nucleus was observed. 
The results also showed that the pretreatment of AMJ13 cells 
with 2 ng  mL− 1 of TNF-α resulted in a raised fluorescence 
intensity of NF-κB. The present results also showed that 
treated cells with NPs caused an effective reduction in the 
activation of the NF-κB signaling pathway in AMJ13 cells 
as in Fig. 9. They also indicated that the suppression of the 
translocation of NF-κB could occur because of treated cells 
with bare  Fe3O4 and  Fe3O4-PEG, proposing participation of 
NF-κB suppression events in apoptosis. The novel possible 

Fig. 9  Bare  Fe3O4 and  Fe3O4-PEG nanoparticles down-regulated 
NF-κB activation in AMJ13 cells. a immunofluorescent assay results 
of NF-κB. (Scale bar: 10  µm). b Graph represents the median of 

fluorescence intensity in AMJ-13 cells after treatment with bare 
 Fe3O4 and  Fe3O4-PEG nanoparticles. The results are represented as 
mean ± SEM. *P < 0.05, ***P < 0.001
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mechanism by which bare  Fe3O4 and  Fe3O4-PEG nanopar-
ticles induce apoptosis in AMJ13 cell line is induction of 
apoptosis through mitochondrial damage and reduction of 
NF-κB translocation.

3.11  Measurement Toxicity of  Fe3O4 and  Fe3O4‑PEG

Blood components such as WBCs, RBCs, and platelets 
counts were measured before and after treatment with 
bare  Fe3O4 and  Fe3O4-PEG. RBCs counts and shapes were 
examined using a bright-field microscope, while an immu-
nofluorescent microscope was used to study the effect of 
the treatment on RBCs fluorescence intensity (Fig. 10). No 
effects on the body weights of the experimental mice were 
observed after intraperitoneal injection with  Fe3O4 and 
 Fe3O4-PEG for four weeks (Fig. 11). The serum markers of 
the kidney functions (urea and creatinine) and liver (GOP, 

GPT, and alkaline phosphatase) after intraperitoneal injec-
tion of  Fe3O4 and  Fe3O4-PEG were measured. No signifi-
cant differences were recorded in the levels of all these 
markers when compared to the untreated mice (Fig. 11). 
The results of this study showed that intraperitoneal injec-
tion of  Fe3O4 and  Fe3O4-PEG at concentration 500 µg  kg−1 
for 4 weeks did not cause mortality. In addition, differences 
(P ≤ 0.05) in body weight between control and injected 
groups were insignificant. Furthermore, no abnormal clini-
cal signs or behavior was detected between the injected 
groups and the control mice. Taken together,  Fe3O4 and 
 Fe3O4-PEG at concentration 500 µg  kg−1 apparently did 
not cause any toxicity in the animals, while adverse behav-
ioral reactions of different groups were not observed too. 
Nevertheless, it is still necessary to investigate the toxic 
effects, including those on body weight, of various admin-
istration routes and particle sizes. In the current study, 

Fig. 10  Effect of bare  Fe3O4 and  Fe3O4-PEG NPs in some of the 
blood components. The graph represents the median of three inde-
pendent experiments in AMJ-13 cells after treatment with bare  Fe3O4 
and  Fe3O4-PEG NPs. The results are represented as mean ± SEM. 

Light microscope photographs of RBCs treated with bare  Fe3O4 and 
 Fe3O4-PEG NPs. Fluorescent intensity of RBCs before and after 
treatment with bare  Fe3O4 and  Fe3O4-PEG NPs
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the results of toxic effects in organs such as the liver and 
kidney were confirmed using biochemical data from the 
serum of the animals were intraperitoneal injected with 
bare  Fe3O4 and  Fe3O4-PEG mice as well as control group. 
For liver function test, we are investigated GOP, GPT, and 
alkaline phosphatase concentration. For kidney function, 
we measured urea and creatinine level, which is conceder 

metabolic products correlated with the functioning of the 
kidney. For these parameters, the differences caused by 
the treatment were insignificant (P ≤ 0.05).. The histo-
pathological tests also demonstrated no significant tissue 
alterations in the liver, kidneys, and lungs tissues because 
of bare  Fe3O4 and  Fe3O4-PEG (Fig. 12). Our results dem-
onstrated insignificant alterations in the hepatic cords, and 

Fig. 11  The in vivo effect of bare  Fe3O4 and  Fe3O4-PEG NPs in body weight, urea, creatinine, GPT, GOT, and alkaline phosphatase level of 
injected mice. The values are expressed as mean ± SEM. n.s. non-significant
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hepatic lobules in the liver of treated mice. The kidney 
tissues were also similar in the treated and the control 
groups, as represented by the absence of atrophy of the 
glomerular and renal tubular epithelial cells. The results 
also showed no significant alterations in the lung tissues of 
the treated mice in comparison with the untreated group. 
Therefore, the exposure of the animals to the bare  Fe3O4 
and  Fe3O4-PEG did not induce any histopathological alter-
ations in the liver, kidneys, and lungs tissues.

4  Conclusions

In the present  Fe3O4 nanoparticles were synthesized 
by hydrothermal method, and coated with the (PEG). 
The obtained NPs were characterized using different 
techniques that including SEM, TEM, and FTIR. The 
results showed that the bare  Fe3O4 have a mean diameter 
9–20 nm, whereas those coated with PEG had a size range 

Fig. 12  The in vivo effect of bare  Fe3O4 and  Fe3O4-PEG NPs in organs of injected animals. Histopathological sections of liver, kidneys, and 
lungs in mice after challenged intraperitoneally with bare  Fe3O4 and  Fe3O4- PEG NPs. Magnification power 40x
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of 5–12 nm. We demonstrated the cytotoxic activity of 
bare  Fe3O4 and  Fe3O4-PEG. The capability of  Fe3O4-PEG 
to induce cellular apoptosis was investigated using DAPI, 
Acridine orange/ Ethedium bromide double stain, flow 
cytometry to tested mitochondrial membrane potential 
(MMP), and the production of reactive oxygen species 
(ROS). RT-PCR, and immunofluorescence were performed 
to measure expression levels of Bax and Bcl-2 proteins. 
The side effect of bare  Fe3O4 and  Fe3O4-PEG nanopar-
ticles was investigated using animal model.The results 
demonstrated that nanoparticles were biocompatible for 
liver, kidney, and lung. The anti-proliferative activity of 
bare  Fe3O4 and  Fe3O4-PEG was associated with the cell 
cycle arrest as well as the inhibition of NF-κB transloca-
tion. The results confirmed the role of intrinsic pathways 
in the induction of apoptosis in AMJ13 cells.
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