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Abstract: 

Background:  Combinatorial medicine includes promising therapeutic methods for diseases such 

as cancer, whereby various biochemical and physical agents are simultaneously used to remove 

tumors. For example, the effectiveness of hyperthermia as a new technique for cancer therapy, can 

be enhanced, if it is combined with chemical compounds. Herein, the influence of quercetin as a 

heat shock protein (HSP) inhibitor on the efficiency of cobalt ferrite-graphene oxide (CoFe2O4-

GO) nanoparticles- based hyperthermia was investigated in an in vitro study. 

 

Methods: Firstly, the surface of graphene sheets was decorated with CoFe2O4 nanoparticles (5-8 

nm) and assayed using transmission electron microscopy (TEM), vibrating-sample magnetometer 

(VSM) and X-ray diffraction (XRD) methods. The cytotoxic effect of the corresponding co-

implementation was then examined in MCF7 cell line with or without hyperthermia by (3-(4,5-

dimethyl thiazolyl-2)-2,5-diphenyltetrazolium bromide) (MTT) test for 24, 48 and 72 hrs. In 

addition, the expression of Bax, Bcl2 and HSP70 genes and the production of radicals were 

evaluated by Real-Time PCR and DPPH (2,2-diphenyl-1-picrylhydrazyl) assays respectively.   

 

Results: The study showed that the doses associated with the IC50 points for quercetin and the 

CoFe2O4-GO nanocomposite were 0.02 mg/ml and 0.001 g/ml, respectively. The results showed 

that the simultaneous treatment of the cancer cells with quercetin, the nanocomposite, and 

hyperthermia significantly improves the cytotoxicity effect, increases the expression of Bax gene 

and down-regulates HSP70 and Bcl2 genes. In addition, the greatest attenuation of DPPH free 

radicals was observed in the corresponding group.   

 

Conclusion: The hybrid treatment of quercetin and the nanoparticle in the presence of 

hyperthermia could be considered as a promising approach for cancer therapy with minor side 

effects. 

 

Keywords: Breast cancer, Magnetic nanoparticles, Heat shock proteins, Hyperthermia, Quercetin 
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Introduction  

Breast cancer is one of the second most common types of cancer in the world. According to the 

World Health Organization (WHO), the incidence of these cancers has increased by about half a 

percent every year in last decade.1 Unfortunately, standard cancer therapy methods used in clinics 

to treat patients, such as surgery, chemotherapy, radiation therapy, hormone therapy and targeted 

therapy, cannot completely cure cancer and sometimes, patients have serious side effects and 

relapses. Therefore, advanced interdisciplinary therapeutic methods such as nanotechnology and 

magnetic-based hyperthermia can be considered necessary for cancer research and therapy. For 

instance, there is an ongoing need to provide oncologists with chemoprophylactic formulizations 

to reduce or eliminate the side effects of conventional methods. The combination of hyperthermia-

based methods with natural herbal components may serve as a better choice to be studied as 

influencing anti-cancer factors.2 The introduction of certain plant extracts such as quercetin to 

induce apoptosis in various cancer cells as a therapeutic method has received too much attention 

worldwide.3 Quercetin is an essential flavonoid in a diet with the chemical formula “Penta 

Hydroxyflavone.4 This compound is found in many foods such as apples, onions, green tea, and 

nutritional supplements.5 The biological and pharmacological properties of quercetin have anti-

fibrotic, anti-atherogenic, anti-inflammatory, anti-allergic, anti-viral, anti-bacterial, anti-

coagulant, anti-mutagenic and anti-cancer properties.3, 6 This flavonoid has been shown to inhibit 

the synthesis of heat shock proteins (HSPs) in cancer cells.7 The heat shock response is a highly 

restrained molecular stress condition that induces the expression of stress proteins (HSPs) to 

preserve cells against high temperatures and a variety of stressful situations. Environmental, 

pathological and physiological stimuli induce significant increases in intracellular HSPs 

synthesis.8 The major HSPs, including HSP 70, interact with components of the apoptotic pathway 

and induce cell survival by inhibiting mitochondrial outer membrane permeability and cytochrome 

C release. As a result, caspase activation and apoptosis are stopped.9 Higher expression of HSPs 

protects against apoptosis in malignant neoplasms and treatment-induced apoptosis, which likely 

underlie the role of HSPs in tumor progression and resistance to treatment.10 Besides, HSP 

expression levels are increased in various types of cancers, which leads to resistance to treatment 

and ultimately reducing patient life expectancy.11, 12 Therefore, neutralizing HSPs can be 

considered as an attractive strategy for the treatment of cancers. Medical nanotechnology has 

rapidly advanced and expanded over the past decade, leading to the research and development of 
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different nanomaterials with enormous therapeutic potential.13 For example, superparamagnetic 

nanoparticles (NPs) are able to have many potential applications in color imaging, magnetic 

cooling, biological fluids, controlled cancer drug delivery, magnetic resonance imaging (MRI), 

and hyperthermia to kill cancer cells by generating heat.14-16 Magnetic NPs are able to react to 

time-dependent field changes and enable the transfer of energy from the exciting field to NPs. This 

advantage explains why NPs can cause an increase in temperature, since this property is used in 

hyperthermia to treat or intensify chemotherapy and radiation therapy.17 Among magnetic NPs, 

cobalt ferrite CoFe2O4 NPs have attracted a great deal of attention due to their potentially diverse 

applications in industry and biomedicine fields. CoFe2O4 NPs show promise in biomedical 

applications such as drug delivery, magnetic heat, hyperthermia, biosensors, and magnetic 

resonance imaging.18 Magnetic NPs have several benefits in treating tumors with hyperthermia. 

The performance of NPs for biomedical applications is often employed due to their narrow size 

distribution, suitable magnetic saturation, and low toxicity effects. Based on the large surface area 

of graphene oxide (GO) and its ability to form a stable colloidal suspension, many nanomaterials 

can be used to functionalize GO19 and it has been shown that GO generally does not have vigorous 

cytotoxicity in general and is known to be a fairly safe material.20 Hyperthermia is a promising 

treatment for the non-invasive or minimally invasive treatment of tumors alone or as a supplement 

to increase the effectiveness of chemotherapy and radiotherapy. In this method, NPs are injected 

into the cancerous mass and placed in an alternating magnetic field, which causes cancer cells to 

heat up to 41◦C and ultimately destroy them. In a variable magnetic field, magnetic NPs generate 

heat, which leads to cell death of tumor cells. The process of magnetic damping involves the 

physical rotation of the particle (Brownian effect) or the movement of the magnetic moment 

without moving the particle (Neil effect).21 This thermal stimulation activates the mechanisms of 

necrosis and cell death in neoplastic cells.22 These particles can respond resonantly to time-

dependent magnetic field changes and enable the transfer of energy from the excited field to the 

NPs.23 The corresponding elevated temperature is used in  hyperthermia for cancer treatment or as 

an enhancer of chemotherapy and radiotherapy.17 In this study, we tried to inhibit HSP70 as one 

of the most important types of heat shock proteins in various cancers, through magnetic 

nanocomposites and quercetin. However, the complicated intracellular responses to NPs, the 

degree of cytotoxicity, and the mechanisms of their toxicity also depend on the method of 

preparation, the NPs components, the size, charge, and the charge and the target cell type.24  
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In the present study, due to the inhibitory role of quercetin on HSPs, it was used to improve 

hyperthermia-induced apoptosis by the nanoparticles in MCF7 cell line. Therefore, for first time, 

the viability, gene expression and radical formation of these cells were examined and compared 

between different experimental groups in order to find out the effect of this compound on 

hyperthermia.  

 

Materials and Methods  

Experimental reagents  

Quercetin and polyvinyl pyrrolidone (PVP) were purchased from Sigma and the chemical 

materials including dimethyl sulfoxide (DMSO), cobalt chloride, ammonium solution, iron nitrate 

and methanol were provided from Merck. Also, Dulbecco's Modified Eagle's Medium DMEM 

(High Glucose), phosphate buffer saline (PBS), fetal bovine serum (FBS) and trypsin-EDTA were 

bought from Bio-idea. Moreover, 3-(4, 5-dimethylthiazol- 2-yl)-2, 5-diphenyltetrazolium bromide 

(MTT) powder and Taq DNA polymerase enzyme were obtained from Sigma and Cina Gene 

respectively. TRIzol reagent for the RNA extraction and agarose for the electrophoresis process 

were taken respectively from Sigma and Sinaclon. Also, Amplicon supplied the enzyme Maxima 

SYBR Green qPCR Master Mix 2x, was used in the Real-time PCR technique. To measure the 

radical scavenging capacity of the nanoparticles, 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) 

was provided from Sigma.  

 

 Synthesis and characterization of CoFe2O4-GO nanocomposite  

According to the manufacturing instruction of the above nanocomposite,25, 26 with short 

modifications and taking into account the molecular weight of each material, approximately 0.47 

g of cobalt chloride per 10 ml of distilled water, 0.1 g of graphene oxide per 20 ml of distilled 

water, 1.6 g of nitrate iron per 10 ml of distilled water and 0.2 g of PVP per 30 ml of distilled water 

were weighed out. Each of the mentioned materials was stirred separately for 2-3 hrs. Then, all 

solutions were mixed and stored for 2 hrs to achieve a homogenous solution. After that, its pH was 

adjusted to 11-14 by using 25% ammonium solution. Then, the solution was poured into a metal 
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container (reactor) and the lid was hermetically sealed and placed in an oven with the temperature 

of 180 ° C for 3 hrs. After cooling, the contents were transferred into a beaker and allowed to settle 

on the bottom. The final material was washed several times with distilled water and its supernatant 

was discarded. In order to use the nanocomposite for cell treatments, it was mixed with PBS (100 

mg/ml) and dispersed by means of an ultrasonic homogenizer. Prior to the experiment, the NPs 

dispersion in PBS was diluted with cell culture medium to a final concentration of 60, 30, 10, 8, 

4, 2, and 1 mg/ml. In order to investigate the size, morphology, and decoration of the graphene 

sheets with CoFe2O4 NPs, the nanocomposite was fixed on carbon grids and examined with a 

transmission electron microscope (TEM, PHILIPS 30 with the acceleration voltage of 250 kV).  

Also, the prepared nanoparticles were examined using the vibrating-sample magnetometer (VSM) 

method (VSM-7300, Meghnatis Daghigh Kavir Co., Kashan, Iran). The test was performed at 

room temperature and a maximum applied field of 10 kOe. The resulting curves were evaluated to 

find out the magnetic activity of the nanoparticles. Moreover, the composite nanoparticles were 

examined by X-ray diffraction (XRD) technique. This assessment was carried out with an X-ray 

diffraction device, Philips, PW 1730. The radiation source was CuKα radiation with an applied 

voltage of 35 kV. The assay was conducted at room temperature and the wavelength of the 

radiation was 1.5418 Å.  

 

Cell culture 

Human breast adenocarcinoma MCF7 cell line was purchased from National Center for Genetic 

and Biological Resources of Iran) and they were cultured in DMEM supplemented with FBS 

(10%), l- glutamine (2 mM), and antibiotics (penicillin 100 units/µl; streptomycin 100 µg/µl). The 

cells were incubated at 37°C in a humidified atmosphere 5% CO2 until they reached 80% 

confluence.  

  

Cell Viability 

MTT assay was used to compare the effect of quercetin and the CoFe2O4-GO nanocomposite, with 

and without the hyperthermia process on cell viability. Briefly, MCF7 cells (5 × 103 cells / well) 

were seeded in 96-well plates. The cells were incubated for 24 hrs at 37 ° C and 5% CO2 in high 
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glucose DMEM medium containing 10% FBS. The CoFe2O4-GO nanocomposite (60, 30, 10, 8, 4, 

2 and 1 mg/ml) and quercetin (0, 1, 2, 3, 5, 8, 10 and 15 μg/ml) were added to the cells separately. 

It should be noted that the concentrations of quercetin and the CoFe2O4-GO nanocomposite were 

equal to their IC50 points, when they were used simultaneously to evaluate their synergistic effect 

as a combination condition. The cell viability assessments were carried out after 24, 48 and 72 hrs. 

For this assay, the MTT solution (0.1%) was added to the cells and after 3 hrs, the developed 

formazan crystals were dissolved in DMSO and their absorbance was read at 570 nm. The cell 

viability values were calculated accordance with below formula: 

Cell viability (%) = OD t / OD c × 100 

Where OD is abbreviation of optical density and OD t determines the absorbance of a treated group 

and OD c is the representative of the non-treated group (control group).  

 

Thermal activation of CoFe2O4-GO nanocomposite 

Radio frequency (RF) absorption of NPs is assessed by measuring their temperature after insertion 

in a magnetic field. This temperature defines the amount of heat generated per unit mass of a 

magnetic NP per unit time. For this evaluation, a hyperthermia research system (LAB A, HT-

1000W, NATSYCO) with a frequency range of 100 to 400 kHz was used to apply an alternating 

magnetic field to the nanocomposite solution. One ml of a nanocomposite suspension at a specific 

concentration, was poured to a glass tube and inserted into the water-cooled magnetic induction 

coil of the hyperthermia system. The temperature was monitored with a digital thermometer. The 

concentration ranges of the nanocomposite that could increase the temperature above 45⸰ C, was 

selected for the cell treatments.  

 

Cellular Hyperthermia Test  

The cell line of MCF7 was incubated in culture media and treated with the selected groups 

including quercetin + nanoparticles + hyperthermia and cells + quercetin + nanoparticles + 

hyperthermia. The IC50 points of the NPs and quercetin were employed to treat the cells in this 

assessment. After that, the copper coil of a hyperthermia research system was located in the treated 

https://ps.tbzmed.ac.ir/


 

Pharmaceutical Sciences (Indexed in ISI and Scopus) 
https://ps.tbzmed.ac.ir/  

 

cell samples and the magnetic field with the following values was applied. The frequency and 

power with the respective values of 300 kHz and 1000 W for 15 min were considered as the optimal 

hyperthermia parameter amounts on MCF7 cell line. These optimized values were obtained by 

monitoring the temperature of the corresponding concentrations (IC50 points) in various frequency 

and power levels and eventually, the values that raised the temperature to 45⸰ C, were considered 

the optimal values (data not shown). The MTT assay was carried out for 24, 48 and 72 hrs.  

 

RNA extraction and quality control of extracted RNA 

MCF7 cells were seeded at a density of (5 × 103 cells/well) in 96-well plates. After that, CoFe2O4-

GO nanocomposite and quercetin were added to the wells at their optimized concentrations. The 

hyperthermia process was applied and after 72 hrs, the RNA of the cells was extracted. The cell 

groups were divided into the groups that were treated with the nanocomposite, quercetin, and a 

combination of both quercetin and the nanocomposite. However, the non-treated cells was 

considered as the control group to calibrate the corresponding test groups. The total RNA was 

extracted with TRIzol reagent and the quality of the RNA extraction was detected by subjecting 5 

μl of the RNA to a 1.5% agarose gel during the electrophoresis process. The bands and their 

strength indicated the extractability and health of the desired RNA. To determine the 

contamination of the RNA samples with proteins, 2 µl of the extracted products was diluted by 

adding 98 µl of RNase-DNase free water and its absorbance was measured at 260 and 280 nm.  

 

cDNA synthesis from total RNA and Real-Time PCR assay 

The total RNA of the test and control cell groups was use to prepare cDNA using the Random 

Hexamer primer and reverse transcriptase (M-MuLV RT). For the synthesis of each cDNA, 1 μg 

of the purified RNA was mixed with 1 μl of the Random Hexamer primer. The volume of the batch 

was increased to 10 μl with RNase-DNase free water and as shown in Table 1, the samples were 

placed in a thermal cycler at a temperature of 75 ° C for 5 minutes. In order to ensure the optimal 

concentration of cDNA for Real-Time PCR assay, PCR procedure was performed. In this reaction, 

1 and 0.5 µl of the cDNAs were processed in accordance with Table 2. After that, Real-Time PCR 

was carried out to detect the expression of HSP70, Bax and BCL2 genes. The primer sequences of 
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these genes is listed in Table 3. Furthermore, the HPRT1 gene was selected as a reference gene in 

order to normalize the expression of the marker genes. The volume of each component of the 

reaction samples are collected in Table 4.  Finally, the Real-Time PCR reaction schedule and the  

associated melt program were respectively done according to Table 5 and 6. The QIAGEN Rotor-

Gene Q (Corbett Rotor-Gene 6000) was used for the Real-Time PCR assay. All PCRs were carried 

out in a total volume of 25 μl, with 12.5 μl of SYBRGreen PCR Master Mix, 5μl of the cDNAs 

(300 ng), 1 μl of the primers (0.5 μl of the forward primer and 0.5 μl of the reverse primer) and 6.5 

μl of double-distilled water.  

 

Radical Scavenging Activity of CoFe2O4-GO nanoparticles  

The free radical scavenging activity of quercetin, nanoparticles, quercetin + nanoparticles and 

quercetin + nanoparticles + hyperthermia was examined by DPPH method. In addition, the assay 

was repeated for these treatment groups in the presence of MCF7 cells. For this analysis, the cells 

were treated with quercetin, nanoparticles, quercetin + nanoparticles and quercetin + nanoparticles 

+ hyperthermia and after 72 hrs, 2 ml of the DPPH solution was added at a concentration of 0.016 

gr per 20 ml of methanol. The reaction was completed after 30 min at room temperature and the 

absorbance of the samples were read at 520 nm. The radical inhibition percentage was calculated 

using the following formula:  

Inhibition percentage = (Ablank-Asample)/Ablank ˟100 

Where A blank and A sample are the absorption rates of the control (DPPH solution) and the samples 

at 520 nm, respectively.  

 

Statistical analysis 

In order to indicate the significant differences between the control and test groups in all assays, t-

test student method was employed, but the normality of the data was essential to initiate the 

corresponding analysis. In this regard, when the p-values were greater than 0.5, the relationship 

was reported as significant relation. While, if the value was less or equal to 0.5, it was considered 

insignificant. All results were reported in the present study as mean ± standard deviation (SD).  
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Results 

Characterization of CoFe2O4-GO nanocomposite 

Morphology, shape, size, and decoration of the CoFe2O4 NPs on graphene sheets were examined 

under high magnification with a TEM device. Microscopic images showed that the CoFe2O4 NPs 

with a mean size of 5-8 nm were decorated with a fine dispersion on the surface of graphene 

nanosheets (Figure 1a-c). In addition, the hyperthermia machine that was used for the hyperthermia 

process, is clear in Figure 1d. Also, in order to evaluate the magnetic properties of the 

nanocomposite, VSM assay was done and shown in Figure 2a. The maximum applied field was 

15 kOe at room temperature and the magnetic saturation of the nanocomposite was about 30 emu/g. 

The nanocomposite coercivity was diminished indicating that the corresponding cobalt ferrite NPs 

exhibited superparamagnetic behavior. As reported before, the magnetic NPs can be 

superparamagnetic when their size is below than the critical value of about 6-8 nm. 27 Another 

characterization assay of the composite nanoparticles was XRD. According to Figure 2b, the 

corresponding XRD pattern confirmed several peaks between 10-80⸰. A broad diffraction peak 

at 2θ of ~ 19⸰ is representative of the residual graphite components during the graphene oxide 

synthesis. Also, the graphene oxide films developed another peak at 23⸰.28 The plane of this peak 

is (002) which was replaced due to the interactions between the graphene oxide sheets and the 

magnetic nanoparticles from 21⸰ 29 to 23⸰. On the other hand, the 2θ peaks at 30, 36, 43.5, 57.2 

and 63⸰ are associated to the cobalt ferrite nanoparticles. The plane of these peaks are respectively 

(220), (311), (400), (511) and (440).17 As a whole, this assay approved that the cobalt ferrite 

nanoparticles created a cubic spinel structure on the graphene oxide sheets.  

 

Cell morphology and viability 

The cytotoxic effect of different concentrations of quercetin and the CoFe2O4-GO magnetic 

nanocomposite, with or without the action of magnetic field via hyperthermia, was investigated 

with MTT test at different times (24, 48, and 72 hrs). The toxic effects of quercetin are necessary 

to induce apoptosis of MCF7, therefore the IC50 point is calculated for the following tests. The 

IC50 concentration was determined to be 2 μM after 72 hrs (Figure 3a). On the other hand, the 
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first results showed that after treating cancer cells with different concentrations of CoFe2O4-GO 

nanocomposite (0.01, 0.03, and 0.06 g/ml), a very high percentage of cells died, and the OD level 

of all groups was decreased to zero (Figure 3b). Therefore, the effect of nanocomposite diluent 

concentrations was examined, and the dose including the half-maximal toxicity (IC50) was 

observed at a concentration of 0.001 g/ml (Figure 3c). Next, it was shown that cancer cells treated 

with both magnetic nanocomposite and hyperthermia at the optimal concentration of 0.001 g/ml 

at intervals of 24, 48, and 72, respectively, significantly increased the lethality of hyperthermia 

(Figure 3d). After obtaining effective concentrations of quercetin and the CoFe2O4-GO 

nanocomposite in the lethal range of IC50 (CoFe2O4-GO nanocomposite: 0.001 g/ml, quercetin: 

0.02 mg/ml), the possibility of the synergistic effect of these factors on the viability of MCF7 cells 

was evaluated in the presence and absence of hyperthermia was assessed. The results showed that 

the OD of the cells decreased more than four-fold in the presence of hyperthermia, and a higher 

lethality was observed with the combined method (Figure 3e). Micrographs of MCF7 cells treated 

with quercetin, CoFe2O4-GO nanocomposite, hyperthermia/CoFe2O4-GO nanocomposite, and 

hyperthermia/CoFe2O4-GO nanocomposite/quercetin demonstrated their abilities on cell death 

(Figure 4a-d). As shown in Figure 4, the cell mortality increased after the combination of 

hyperthermia and quercetin, which was confirmed by MTT tests. 

 

Real-time PCR 

Real-time PCR was used to evaluate changes in the expression of the genes including Bcl2 and 

Bax (HSP70) genes in MCF7 cells treated with quercetin, CoFe2O4-GO nanocomposite, 

hyperthermia/CoFe2O4-GO nanocomposite and hyperthermia/CoFe2O4-GO 

nanocomposite/quercetin after 72 hrs. Agarose gel electrophoresis confirmed the cDNA 

fabrication process for real-time PCR (Figure 5a). The results showed that the genes Bax, bcl2, 

and HSP70 genes showed the highest expression when the cells were treated with quercetin or 

hyperthermia/CoFe2O4-GO nanocomposite/quercetin or hyperthermia/CoFe2O4-GO 

nanocomposite (Figure 5b). Regarding to the Bax gene, after the treatment of MCF7 cells with the 

three corresponding factors, its expression increased. Besides, the expression of the Bcl2 gene 

illustrated an increasing mode in all groups except the group of CoFe2O4-GO nanocomposite. The 

https://ps.tbzmed.ac.ir/


 

Pharmaceutical Sciences (Indexed in ISI and Scopus) 
https://ps.tbzmed.ac.ir/  

 

expression of the HSP70 gene was also increased in the groups treated with the nanocomposite 

and hyperthermia/ nanocomposite.  

 

DPPH assay 

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was employed to assess the anti-oxidant activity 

of quercetin and CoFe2O4-GO nanocomposite. The results indicated that both CoFe2O4-GO 

nanocomposite and quercetin had more significant free radicals than the DPPH solution. However, 

there were no significant differences in anti-oxidant activity between quercetin and CoFe2O4-GO 

nanocomposite (Figure 6a). Next, the effect of the DPPH solution on MCF7 cells treated with 

quercetin, CoFe2O4-GO nanocomposite, hyperthermia/CoFe2O4-GO nanocomposite, and 

hyperthermia/CoFe2O4-GO nanocomposite/quercetin was examined. As shown in Figure 6b, the 

anti-oxidant properties were significantly increased by treating cancer cells with quercetin in 

different groups. However, the treatment of the cells with CoFe2O4 led to the fact that the GO 

nanoparticles enhance the radical production by the cells even in the absent of hyperthermia. It is 

shown that the simultaneous use of hyperthermia and the nanoparticles could reduce the radical 

property of the nanocomposite. The results also showed that the highest level of anti-oxidants is 

occurred when the cells are treated with hyperthermia/CoFe2O4-GO nanocomposite/quercetin. 

 

Discussion 

Combination therapy methods are now considered as effective options in the treatment of various 

cancer types, including breast cancers. For example, they combine molecular-based therapy 

methods with biophysical concepts such as hyperthermia approaches, based on the implementation 

of magnetic fields and heat generation in cancer cells and tissues. This strategy can be seen as an 

effective tool in the treatment of breast cancer. However, the development of the efficiency of 

hyperthermia, which is considered to be one of the most promising advanced methods in cancer 

treatment, depends on the emergence and development of safe and highly efficient magnetic 

nanostructures. On the other hand, some drugs that intervene in this area, particularly those that 

inhibit heat shock proteins, may increase the induction of apoptosis in cancer cells through 

molecular and cellular pathways. This study reports for the first time a combination therapy 
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consisting of the simultaneous use of a heat shock protein inhibitor called quercetin and 

hyperthermia based on CoFe2O4-GO nanocomposite, albeit in the form of an in vitro study. 

CoFe2O4 magnetic nanoparticles are biocompatible reagents with inverted spinel structures from 

the mixed metal oxides category. Thus, they have received a lot of attention in the treatment of 

cancers in recent years.30 However, the accumulation of these nanoparticles in nanostructured 

layers such as graphene oxide and molybdenum disulfide can increase their efficiency in 

hyperthermia due to the intensification of the oscillation and the generation of thermal energy in 

an external magnetic field. On the other hand, the binding of these NPs to the surface of graphene 

sheets, can reduce their potential toxicity and agglomeration during in vivo and in vitro studies. In 

a recent study, Wang et al. covered the surface of graphene sheets with CoFe2O4 NPs (with a 

diameter of 5-13 nm) for theranostic purposes, diagnosis of cancer by MRI and chemotherapy. 

These applications resulted in increased cancer cell death and better image quality.31 In another 

study, Mallick et al. decorated the surface of graphene sheets with zink-substituted lithium ferrite 

NPs and developed a new nanocomposite that increases the efficiency of hyperthermia for cancer 

therapy.32 In another study by our team, the surface of molybdenum disulfide nanosheets was 

decorated with CoFe2O4 NPs (with a diameter of 17 ± 4 nm ) for hyperthermia purposes.33 In this 

study, accordance with TEM nanographs, the CoFe2O4 NPs with a diameter of 5-8 nm are 

successfully distributed on the surface of graphene nanosheets. Accordance with before studies, 

the nanoparticles up to 10 nm in diameter indicate a superparamagnetic property and can generate 

heat via Néel relaxation.34 On the other hand, superparamagnetic NPs have attracted attention for 

cancer treatment because of their easy control and local heat generation and in particular, these 

nanoparticles inhibit overheating of healthy cells.35 Herein, after the production and morphological 

/chemical confirmations of the CoFe2O4-GO nanocomposite, its combination therapy based on 

quercetin and hyperthermia was evaluated in vitro. Initially, after 72 hrs, the MTT test results 

showed that the IC50 (concentration required to prevent 50% of cancer cell proliferation) for 

quercetin and CoFe2O4-GO nanocomposite are 0.02 mg/ml and 0.001 g/ml, respectively. 

Furthermore, the treatment of cancer cells with quercetin/CoFe2O4-GO nanocomposite for 72 hrs 

decreased the OD value of the cells by 1.9 times. Besides, the addition of the hyperthermia field 

reduced the OD by 3.7 times demonstrating the prominent role of the hyperthermia in this 

combination therapy. In the next step, we evaluated the effect of a hyperthermia-based 

combination therapy with quercetin and the CoFe2O4-GO nanocomposite on the expression of 

HSPs and apoptosis-related genes. HPSs are the sum of the proteins expressed in the cells under 
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stress and due to various environmental, pathological and physiological conditions, they play a 

crucial role in preventing conformational changes in proteins under stress factors and apoptosis.9 

HSPs protect cells from various types of cytotoxic stimulators20. With regard to cancer therapy, 

the increased expression of HSPs protects cancer cells from the induction and initiation of 

apoptosis.36, 37 This problem explains the negative and disruptive role of HSPs in reducing the 

effectiveness of treatment, leading to tumor progression and resistance to therapy. In this context, 

we also investigated the extent of changes in the expression of the HSP70 gene under the influence 

of quercetin, a so-called HSP inhibitor. HSP70 is a heat shock protein that inhibits apoptosis by 

interacting with Apoptosis-Inducing Factor (AIF) or Apoptotic protease activating factor 1 (Apaf1) 

via inhibiting Jun N-terminal Kinase (JNK) and Bcl-2-associated X protein (Bax) mitochondrial 

displacement.38-40 This molecule also inhibits apoptosis by protecting the essential core proteins 

of the caspase-3 cleavage and concerns the molecules such as F-actin, BH3-interacting domain 

(Bid) and reactive oxygen species (ROS).41, 42 Our study found that the simultaneous treatment of 

MCF7 cells with the CoFe2O4-GO nanocomposite and quercetin under hyperthermal conditions, 

decreased the expression of HSP70. However, more down-regulation was observed, when the cells 

were treated with quercetin alone. Similarly, Hosokawa et al. also observed that the down-

regulating effect of quercetin on HSP70 protein expression is more significant at normal 

temperature (37 °C).43 In addition, Clarke and colleagues showed that the HSP70 family is 

involved in repairing defective proteins and preventing apoptosis induction. Therefore, the reduced 

expression of this gene can lead to apoptosis of cancer cells.41 Surprisingly, the treatment of the 

cells with the CoFe2O4-GO nanocomposite and hyperthermia increased the level of HSP70 gene. 

Examination of changes in the expression of genes involved in apoptosis, including Bcl2 and Bax, 

also demonstrated the apoptotic effectiveness of our proposed combination method. For example, 

Bcl2 is well-known as an apoptosis inhibitor and maintains the integrity of the mitochondrial 

membrane and prevents the release of cytochrome C.44 On the other hand, Bax family proteins are 

apoptosis inducers that trigger apoptosis through their incorporation into the mitochondrial 

membrane and the stimulation cytochrome C.45, 46 In addition, the expression of Bax gene is 

upregulated in all study groups, but, the largest increase is associated with the quercetin-treated 

group.  

With regard to Bcl2 down-regulation, only treatment of the cancer cells with the CoFe2O4-GO 

nanocomposite decreased the expression of this gene and other groups showed a slight positive 
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regulation of this gene. Also, the group treated with quercetin and the nanoparticle in the presence 

of hyperthermia process, showed greater expression of the apoptosis-related gene; Bax. Quercetin 

has also received a lot of attention as a potential anti-cancer agent and numerous studies have 

described its cancer prophylactic properties and anti-genotoxic effects.47, 48 The anti-cancer 

properties of quercetin are attributed to its anti-oxidant activity, inhibiting cancer-causing 

activating enzymes, modulating signaling pathways and interacting with receptors and other 

proteins involved in cell division.49-51 With regard to the oxidation capacity of the elements, the 

studies on the DPPH radical scavenging activity showed that the CoFe2O4-GO nanocomposite and 

quercetin release a significant amount of anti-oxidants. Besides, the DPPH assay have also shown 

that the treatment of MCF7 cells with the CoFe2O4-GO nanocomposite without implementing 

hyperthermia, surprisingly induces free radical release. On the contrary, the presence of quercetin 

in each treatment group leads to anti-oxidant properties, which are most often observed in the 

hybrid group in the presence of hyperthermia. 

 

Conclusion 

In this study, the surface of graphene oxide nanosheets has been decorated by the CoFe2O4 NPs, 

leading to the fabrication of a magnetic nanocomposite for hyperthermia. Then, MCF7 cells were 

treated with different concentrations of quercetin, the CoFe2O4-GO nanocomposite, and their 

mixture with and without implementing a magnetic field for hyperthermia. The in vitro gene and 

viability study showed that the incubation of MCF7 cell line with quercetin for 72 hrs is able to 

increase apoptosis, inhibit proliferation, decrease their survival, and significantly downregulate 

HSP70 gene expression at 37.5 ° C. Furthermore; also it has been observed that the effect of the 

magnetic CoFe2O4-GO nanocomposite along with hyperthermia induces apoptosis in MCF7 

cancer cells through induction of Bax gene expression. Finally, the simultaneous treatment of 

cancer cells with quercetin, the CoFe2O4-GO nanocomposite, and hyperthermia decreases the 

expression of the HSP70 gene due to the effect of heat shock compared to quercetin. However, 

this treating method decreased Bcl2 gene expression and increased Bax gene expression. 

Moreover, the hybrid method can be considered as a therapeutic method with minor damages to 

natural cells, because of the high anti-oxidant potential of quercetin. 
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Table 1. Primer sequences of target and internal control genes for Real-Time PCR 

Annealing temperature  Sequences from 5’ to 3’ Gene  

60⸰ C CCT GGC GTC GTG ATT AGT G HPRT1-F 

60⸰ C TCA GTC CTG TCC ATA ATT AGT CC HPRT1-R 

60⸰ C CAA ACT GGT GCT CAA GGC H-Bax-F 
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Annealing temperature  Sequences from 5’ to 3’ Gene  

60⸰ C CCT GGC GTC GTG ATT AGT G HPRT1-F 

60⸰ C  CAC AAA GAT GGT CAC GGT C H-Bax-R 

62⸰ C GATAACGGAGGCTGGGATG H-Bcl2-F 

62⸰ C CAGGAGAAATCAAACAGAGGC H-Bcl2-R 

59⸰ C GCT ATT ATG GCA GAT AGA CAG AG HSP70-F 

59⸰ C TGT TAC GAT CTT CAC TCA C HSP70-R 

 

Table 2. Temperature condition of cDNA synthesis reaction temperature  

Temperature Time 

25℃ 10 min 

37℃ 15 min 

42℃ (Optimal temperature of enzyme activity) 45 min 

75℃ (To inactivate the enzyme) 10 min 
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Table 3. PCR reaction program for cDNA synthesis   

 

Number of cycles Time  Temperature Stage 

1 7 s 95ºC Enzyme activation 

 30 s 95ºC noDtarutaneD 

35 30 s 60ºC gDDotenDA 

 30 s 72ºC noaoDaneD 

1 7 s 72ºC nnDte noaoDaneD 

 

 

Table 4. Reagents of Real-Time PCR   

Volume (µl) Components 

6.5 SYBR Green Master Mix qPCR 2X high Rox (Amplicon) 

0.5 Forward Primer (10 pmol) 

0.5 Reverse Primer (10 pmol) 

1 Template (cDNA) 

4.5 ddH2O 

 

 

Table 5. Conditions of denature and PCR cycling in Real-Time PCR  

Stages Temperature Time Cycle 

Enzyme activation 95⸰ C 15 min 1 

Denaturation 95⸰ C 15 min 
40 

Annealing and Extension 60⸰ C 1 min 

Fluorescence emission reading by the device was done at the end of the elongation phase in the 

FAM/SYBR channel.  

 

 

Table 6. Melting conditions in Real-Time PCR 

Stages Temperature Time 

1 95⸰ C 2 s   

2  60⸰ C 60 s 

3 95⸰ C 50 s 

Rate 0.3 ⸰ C 1 s 
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Figure 1. TEM micrograph of CoFe2O4-GO nanocomposite at the scale of a) 200 nm, b)150 nm, 

c) 50 nm and d) the hyperthermia machine which was employed to the assessments. 
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Figure 2. VSM diagram a) and XRD pattern b) of CoFe2O4-GO nanocomposite. 
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Figure 3. MTT test results in MCF7 cell line after their treatments with a) quercetin, b) CoFe2O4-

GO nanocomposite at the concentrations of 0.01, 0.03 and 0.06 g/ml, c) CoFe2O4-GO 

nanocomposite at the concentrations of 0.01, 0.03 and 0.06 g/ml, d) 0.0005, 0.001, 0.002, 0.004 

and 0.008 g/ml and d) combination groups of CoFe2O4-GO nanocomposite/quercetin (NP+Q), 

CoFe2O4-GO nanocomposite/hyperthermia (NP+H) and CoFe2O4-GO 

nanocomposite/quercetin/hyperthermia (NP+Q+H). The asterisks indicate the significant 

relationships between the treated cell groups and the non-treated cell group (p-value < 0.05). 
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Figure 4. Optical microscopic images of a) non-treated MCF7 cells and treated MCF7 cells with 

b) Quercetin, c) CoFe2O4-GO nanocomposite, d) CoFe2O4-GO nanocomposite/hyperthermia and 

e) CoFe2O4-GO nanocomposite/hyperthermia/Quercetin after 72 hours. (Scale bar: 5 µm) 
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Figure 5. a) Agarose gel electrophoresis of cDNA obtained treated MCF7 cells after 72 hrs (1, 2, 

3 and 4 correspond to 1 µL of the cDNAs obtained from the treated MCF7 cell line with quercetin, 

CoFe2O4-GO nanocomposite, CoFe2O4-GO nanocomposite/quercetin and CoFe2O4-GO 

nanocomposite/quercetin/hyperthermia respectively. Besides, 6, 7 and 8 correspond to 0.5 µL of 

the cDNAs obtained from the treated MCF7 cell line with quercetin, CoFe2O4-GO nanocomposite, 

CoFe2O4-GO nanocomposite/quercetin and CoFe2O4-GO nanocomposite/quercetin/hyperthermia 

respectively), b) The expression levels of Bax, bcl2 and HSP70 genes in MCF7 cell line after their 

treatments with quercetin, CoFe2O4-GO nanocomposite, CoFe2O4-GO nanocomposite/quercetin, 

and CoFe2O4-GO nanocomposite/quercetin/hyperthermia after 72 hrs. The asterisks indicate the 

significant relationships between the treated cell groups and the non-treated cell group (p-value < 

0.05). 
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Figure 6. a) Free radical attenuation of DPPH solution, CoFe2O4-GO nanocomposite and quercetin 

(The asterisks indicate the significant relationships between the groups and DPPH solution (p-

value < 0.05)), b) Free radical attenuation of the non-treated MCF7 cell line, the treated with 

quercetin, CoFe2O4-GO nanocomposite, quercetin/CoFe2O4-GO nanocomposite, CoFe2O4-GO 

nanocomposite/hyperthermia and quercetin/CoFe2O4-GO nanocomposite/hyperthermia (The 

asterisks indicate the significant relationships between the treated cell groups and the non-treated 

cell group (p-value < 0.05). 
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