
Introduction
In recent years, cancer has been recognized as one of 
the main causes of death in the world, and it has widely 
been spread in Iran during different ages (1). Among 
all types of cancer, brain cancer is one of the most 
deadly cancers due to late diagnosis and the limitations 
of conventional treatment methods, and its proper 
treatment remains an unsolved problem (2). The research 
conducted in this field has shown that approximately 
82% of brain glioma tumors are glioblastoma multiform 
in terms of histopathology. Despite many efforts in the 
field of diagnosis and treatment, this type of cancer 
still has an extremely poor prognosis (3). Currently, 
the usual treatment for this type of cancer consists of 
surgery followed by fractional radiotherapy, along with 

chemotherapy. Despite many advances in the field of 
brain tumor surgery, it is impossible to remove all cancer 
cells for various reasons. Cancer cells remaining in the 
tumor bed after surgery and their rapid growth cause 
treatment failure and tumor recurrence. Radiotherapy 
and chemotherapy are used to destroy the remaining cells. 
Although this work increases the survival of patients with 
this cancer after surgery, for various reasons, the clinical 
results are not favorable (4, 5). Factors limiting the effect 
of chemotherapy and radiotherapy should be removed 
to achieve the desired results. One of the limiting factors 
is the resistance of cancer cells to radiotherapy and 
chemotherapy and insufficient doses of chemotherapy 
drugs and the effectiveness of these drugs (6). Various 
methods have been proposed to eliminate radiation 
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Abstract
Background: Brain cancer is recognized as one of the deadliest cancers due to late detection and 
limitations of therapies. Glioblastoma occurs in different parts of the central nervous system and is 
the second leading cause of cancer death in people. There are many problems for the treatment of 
cancer cells. One of the limiting factors is the resistance of cancer cells to chemotherapy drugs. The 
use of nanoparticles (NPs) is an effective method for overcoming this problem. 
Materials and Methods: Fe3O4 NPs were synthesized, and the size and morphology of NPs were 
determined by transmission electron microscopy, X-ray photoelectron spectroscopy, and Dynamic 
Light Scattering. The U87-MG cell line was cultured in Dulbecco’s modified Eagle medium and 
treated with nano, nano-lomustine, lomustine, and complex with/without magnetic fields. Finally, 
half maximal inhibitory concentration (IC50), MTT assay, and caspase8 and caspase9 expression 
were evaluated, and the data were analyzed with SPSS software.
Results: Our results demonstrated that cell apoptosis increased in lomustine and complex groups, 
especially with the magnetic field (P > 0.05). Based on caspase9 expression analysis, this rate was 
increased with the magnetic field vs. its absence (P > 0.05). 
Conclusion: These findings indicated that a magnetic field, in addition to reducing the effective dose 
of lomustine, affects apoptosis with a change in the expression of genes involved in this process.
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resistance and increase drug delivery to cancer cells, 
and research on such methods is ongoing (7). The use of 
superparamagnetic nanoparticles (NPs) is considered an 
effective technique in this field (8). Superparamagnetic 
NPs can play an important role in the treatment of cancer 
cells in the brain due to the radiation sensitization effect, 
on the one hand, and the ability to carry various drugs, on 
the other hand (7). Lomustine is one of the chemotherapy 
drugs that is widely employed to treat brain cancers. With 
the method of administration and the usual dose, the 
amount of this drug is extremely low in cancer cells. The 
complete destruction of cancer cells requires high doses 
of this drug and ionizing radiation, causing damage to 
healthy tissues and side effects (9, 10).

By using targeted superparamagnetic NPs carrying 
lomustine, it is possible to increase the amount of drug 
uptake in cancer cells while taking advantage of their 
radio-sensitizing properties. Targeting superparamagnetic 
NPs with folic acid is known as an effective method to 
increase the uptake of these NPs by cancer cells (11). The 
combination of two factors, namely, magnetic field and 
medicine, can cause synergy in killing cancer cells, and it 
can stop the growth of cancer cells with the usual doses 
of radiation and chemotherapy drugs while reducing 
the side effects of these factors (12, 13). Although the 
effect of magnetic fields on human tissues has not been 
well defined yet (14), its effect on increasing the activity 
and persistence, and concentration of free radicals has 
been proven previously (15). In addition, the magnetic 
field causes a large number of tumor cells to stay in the 
G2/M phase of the cell cycle, and this state increases their 
sensitivity to X-rays. Further, the genome repair processes 
are disrupted in the presence of the magnetic field (16).

Studies on iron oxide (FeO) superparamagnetic particles 
and various brain cancer cell lines have demonstrated 
that these particles will not only increase the contrast of 
magnetic resonance imaging (MRI) but can also carry 
drugs into the cells (17, 18).

In another study, FeO superparamagnetic particles 
with heat shock protein 70 were used against rat brain 
tumors. The pre-apoptotic effects of these particles were 
measured, and the results showed the potential of these 
particles in increasing cell death, targeted drug delivery, 
and the contrast of MRI images (19).

Similarly, another study investigated the colloidal 
stability of superparamagnetic FeO particles activated 
with carboxyl amine and the quantum effects of these 
particles on the induction of hyperthermia in cancer 
tissues and cell death, and the results were successful in 
these cases (20).

According to the provided explanations, this study 
intended to evaluate the synergistic effect of the magnetic 
field on the apoptotic properties of the targeted FeO NP 
complex with folic acid carrying lomustine, especially in 
relation to the expression of genes involved in apoptosis. 

Materials and Methods
Cell Culture, Drug, and Treatment 
The U87-MG cell line was obtained from the Pastor 
Institute of Animals Cell Culture. The cells were 
maintained in Dulbecco’s modified Eagle medium 
(DMEM/F12) with 10% fetal bovine serum, 100 U/
mL penicillin, and 100 μg/mL streptomycin and kept 
at 37°C in a humidified atmosphere with 5% CO2. For 
experiments, the cells were seeded in culture flasks 
after trypsinization (Trypsin-EDTA). Lomustine was 
purchased from Sigma-Aldrich Company (L5918) and 
dissolved in DMSO for appropriate concentrations 
according to the half maximal inhibitory concentration 
(IC50) assay. After the cells were > 80% confluent and 
growing exponentially in the T75 culture flask, 106 U87-
MG cells were counted and plated in the T75 culture flask 
and kept in a culture medium for 24 hours. Then, they 
were incubated with certain concentrations of NP based 
on the IC50 concentration, and the tests were performed at 
certain times (24, 48, and 72 hours).

Half Maximal Inhibitory Concentration Assay
The IC50 values for the lomustine in U87-MG cells were 
acquired after 24 hours of treatment. Briefly, 104 cells 
(U87-MG) were counted and placed into each well of a 
12-well plate and were then treated with various lomustine 
concentrations for 24 hours. Next, 3(4, 5-dimethylthiazol-
2-yl) 2, 5- diphenyl-tetrazolium bromide (MTT) survival 
assay was performed for evaluating cell viability with 
different drug concentrations in each group. A graph 
of cell viability versus drug concentration was used to 
calculate IC50 values for the U87-MG cell line.

Real-time Polymerase Chain Reaction
Total RNA from cells was extracted at the indicated times 
using the total RNA extraction kit and following the 
manufacturer’s instructions (Yekta Tajhiz Azma, Tehran, 
Iran). After treatment with DNase I, Total RNA (100 ng) 
was reverse-transcribed to cDNA by using the Revert 
Aid™ First Strand cDNA Synthesis Kit (Yekta Tajhiz 
Azma, Tehran, Iran) according to the manufacturer’s 
instructions. The SYBR Green quantitative PCR (qPCR) 
master mix kit (Yekta Tajhiz Azma, Tehran, Iran) was 
employed for real-time polymerase chain reaction (RT-
PCR). Primer sequences are provided in Table 1. RT-PCRs 
were performed with StepOnePlus™ (Applied Biosystems). 
The program of RT-PCR consisted of 10 minutes at 95 

°C followed by 40 cycles of the denaturation step at 95°C 
for 15 seconds, followed by annealing and extension for 
1 minute at 60°C. Data were analyzed by the comparative 
Ct (ΔΔct) method. The relative expression levels of the 
genes were calculated by determining a ratio between the 
amount of every gene expression and that of endogenous 
control. Melting curve analysis (60°C → 95°C increment 
of 0.3°C) was used to determine the melting temperature 
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of specific amplification products and primer dimmers. 
These experiments were conducted in triplicate and were 
independently repeated at least 3 times.

3(4, 5-Dimethylthiazol-2-yl) 2, 5-diphenyl-tetrazolium 
Bromide Assay
Overall, 104 cells per well were plated into 24-well plates. 
After 24 hours, the medium was removed, followed by 
adding drugs that were dissolved in the medium at certain 
concentrations. At the determined time points (24, 48, 
and 72 hours), cell viability was measured using MTT 
in the Dulbecco’s Modified Eagle Medium (DMEM) for 
3 hours. After lysis with DMSO, 100 µL aliquot of the 
soluble fraction was transferred into 96 well plates, and 
the optical density (OD) was computed with the plate 
reader system. The percentage of cells that were stained 
by MTT was determined by comparing the OD of each 
sample with that of the control group.

Flowcytometry Assay
The percentage of apoptotic cells was calculated by 
flowcytometry following Annexin V (FL1-H) and PI 
(FL2-H) labeling. A minimum of 4 × 105 cells/mL were 
analyzed for each sample. Cells that were treated in 24, 
48, and 72 hours were washed in phosphate-buffered 
saline and resuspended in the binding buffer (1 × , 5 μL). 
Annexin V-FITC was added to 195 μL cell suspensions, 
and then analysis was performed according to the 
manufacturer’s protocol (Annexin V-FITC, eBioscience, 
USA). Finally, the apoptotic cells were counted by 
FACScan flowcytometry (Becton Dickinson, Heidelberg, 
Germany). These experiments were conducted in 
triplicate and were separately repeated at least 3 times.

Statistical Analysis
All the quantitative data were presented as the 
mean ± standard deviation. One-way analysis of variance, 
Tukey’s post hoc test, and independent t-test were 
performed to determine the statistical significance among 
different groups by using SPSS software (version 26), and 
the significance level was accepted at P < 0.05.

Results
Half Maximal Inhibitory Concentration Assay
In this assay, after the treatment of U87-MG cells with 
the MTT solution, the dark blue Formosan crystals were 
detected in viable cells, indicating their metabolic activity. 
The reduction in the number of cells directly relied on drug 
doses as represented by the IC50 in Figure 1. The IC50 values 
for the lomustine were determined (Figure 1), and the results 
revealed that the essential lomustine concentration to achieve 
the IC50 in U87-MG cells at 24 hours was 70 μM (Figure 1). 

3(4, 5-Dimethylthiazol-2-yl) 2, 5-diphenyl-tetrazolium 
Bromide Cell Proliferation Assay 
The effect of lomustine on cell proliferation was studied 
by using the MTT proliferation assay in the U87-MG cell 
line. To determine changes in the number of cells in the 
wells during the experiment, cell proliferation had to be 
measured 24, 48, and 72 hours after the treatment period 
(Figure 2). lomustine treatment on U87-MG cells showed 
lower OD at IC50 concentrations than controls, especially 
after 72 hours (P > 0.05). 

Flowcytometry
The flowcytometry assay was employed to determine the 
apoptotic potential of lomustine. Our results revealed 
that the 70 μM concentration of lomustine based on the 
IC50 concentration at the intended times (24, 48, and 
72 hours) could significantly induce apoptosis in U87-
MG cells, and it was increased with the magnetic field 
(P > 0.05, Figure 3). Lomustine treatment arrested U87-
MG cell proliferation and induced apoptosis ( ≥ 65% of 
inhibition) after 72 hours (Figure 3), and the apoptotic 
cell rate decreased in comparison with the control group 
cells, especially after 72 hours (P < 0.05). DMSO that was 

Figure 1. IC50 Assay for IC50 Analysis of Lomustine (Figure 1) in U87-MG 
Cancer Cell Lines. Note. IC50: Half maximal inhibitory concentration; MTT: 
3(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyl-tetrazolium bromide. Cells were 
incubated with/without the drug at different concentrations, and the relative 
amount of viable cells was estimated by measuring the absorbance of the 
MTT solution. The graph of viability versus drug concentration was used to 
calculate IC50 values.
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Table 1. Primers Used in the Real-Time Polymerase Chain Reaction

Primer Sequence

Caspase8 forward GGATGGCCACTGTGAATAACTG

Caspase8 reverse TCGAGGACATCGCTCTCTCA

GAPDH forward CACCACCATGGAGAAGGCTGG

GAPDH reverse CCAAAGTTGTCATGGATGACC

Caspase9 forward TGTCCTACTCTACTTTCCCAGGTTTT

caspase9 reverse GTGAGCCCACTGCTCAAAGAT
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Figure 3. Relative Levels of Apoptotic Cells in U87-MG Cancer Cell Lines Treated With 70 μM Lomustine With/Without Magnetic Fields at Different Times. Note. 
Untreated cells were used to control groups.
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Figure 2. MTT Proliferation Assay at IC50 Concentrations 24, 48, and 72 Hours After Treatment. Note. MTT: 3(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyl-tetrazolium 
bromide; IC50: Half maximal inhibitory concentration. The growth rates decreased in the treated cells with Lomustine-loaded nanoparticles with/without 
magnetic fields as compared with untreated cells.
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used in the control sample (the drug vehicle) had a small 
amount of apoptosis in U87-MG cells than the control at 
different times (P < 0.05, Figure 3). 

Results of Real-time Polymerase Chain Reaction
Real-time qPCR was utilized to examine lomustine 
effects (based on the IC50) at different times on caspase8 
and caspase9 gene expression in U87-MG cells. The 
expression of these genes was dramatically up-regulated 
by lomustine treatment with an ascending time manner, 

and in particular, it significantly increased 72 hours 
after treatment and under the magnetic field (Figure 3, 
P < 0.05, Figure 4).

Discussion
The application of FeO superparamagnetic NPs has been 
proposed as a new solution for imaging and treating 
tumors, especially brain tumors (21). Providing a surface 
that can be loaded with drugs, can accumulate at the 
tumor site, improve the quality of imaging, and facilitate 
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the entry of the drug into the desired cells, and produce 
free radicals at the tumor site during radiotherapy, 
conductivity, and heat production in cancer cells when 
placed in the magnetic field, is only one of the studies 
conducted based on the properties of these materials (22).

The result of this study demonstrated that the 
simultaneous use of targeted drug-carrying NPs with 
a magnetic field has more apoptotic effects than the 
absence of a magnetic field. Some recent studies have 
confirmed the sensitivity of the genome to the magnetic 
field and the control of processes such as DNA synthesis 
and repair and gene expression by enzymes with the core 
of metal elements such as magnesium, calcium, and zinc 
under the effect of the magnetic field (23-25). It seems 
that the presence of a magnetic field can prevent the 
repair process of damaged DNA as a result of anticancer 
agents such as lomustine. In this regard, studies have 
shown that the magnetic field has clinical potential to 
control the growth of breast cancer cells (26). Moreover, 
the antitumor properties of the field in neuroblastoma 
and nephroblastoma (27) and the effect of stimulating 
apoptosis and reducing the viability of melanoma cancer 
cells (28) have also been confirmed under the influence of 
a magnetic field.

Several studies have been conducted regarding the 
mechanism of the effect of the magnetic field on the 
process of apoptosis; however, biological pathways related 
to this field have not been well defined yet (29). Studies 
have reported that the magnetic field of 6 mT by changing 
the amount of calcium ions increases the expression of 
genes involved in apoptosis (i.e., p53 and Bax), while it 
decreases the expression of bcl2 and hsp70 genes, thereby 
affecting the amount of apoptosis in lymphocyte cells. 

It works both in vivo and in freshly isolated cells from 
the blood (30). The results of the mentioned study are 
consistent with those of the present study, indicating that 
the magnetic field increases the expression of casp8 and 
casp9 genes. It has also been confirmed that the magnetic 
field in in vivo and in vitro environments causes P53 
stability and increases miR-34 expression by inhibiting 
iron metabolism in lung cancer cells. The molecular 
pathway of P53-miR 34a-E2F1/E2F3 inhibits cell 
proliferation and arrests the cell cycle and senescence of 
cells (31), and these results are in line with the findings of 
our study on increasing the expression of casp8 and casp9, 
decreasing cell viability, and increasing cell apoptosis. 

Lomustine is widely used for the treatment of brain 
neoplasms; however, due to many side effects, its use is 
limited to the dose, and this itself causes cell resistance (32).

Recent research has indicated that lomustine initiates 
cell death by activating genes involved in apoptotic 
pathways (33). P16 is one of the key genes in the 
induction of apoptosis by some chemotherapy drugs 
such as cisplatin and lomustine (33). Lomustine inhibits 
cell proliferation through G2/M cell cycle arrest and 
increases the expression of P16, which binds to CDK4 
and CDK6 and inhibits cyclin D to arrest the cell 
cycle (34), which conforms to the results of this study. 
Conducting a similar study in laboratory animals can 
provide more accurate and practical results and show 
the possible side effects of the targeted NP complex 
carrying lomustine.

Conclusion
The findings of this study revealed that using lomustine 
in the U87-MG cell line as a complex of targeted FeO NPs 

Figure 4. Effects of Lomustine on the Levels of Caspase8 and Caspase9 Expressions in U87-MG Cells 24, 48, and 72 Hours After Treatment With/Without the 
Magnetic Field. Note. This gene expression was up-regulated with lomustine treatment, especially with the magnetic field 72 hours after treatment (P>0.05).
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with folic acid and the simultaneous use of a magnetic 
field increased apoptotic effects with the increased 
expression of caspases genes in addition to reducing the 
effective dose of lomustine and subsequently reducing its 
side effects.
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