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The toxicity and therapeutic effects 
of single-and multi-wall carbon 
nanotubes on mice breast cancer
Arghavan Kavosi1, Saeideh Hosseini Ghale Noei1, Samaneh Madani1, Solmaz Khalighfard2,3, 
Saeed Khodayari3, Hamid Khodayari3,4, Malihe Mirzaei5, Mohammad Reza Kalhori3,  
Majid Yavarian6, Ali Mohammad Alizadeh  3,4 & Mojtaba Falahati7

Herein, we have investigated the toxicity of SWCNTs and MWCNTs in vitro and in vivo, and assessed 
their therapeutic effects on a typical animal model of breast cancer in order to obtain: first, the 
cytotoxicity effects of CNTs on MC4L2 cell and mice, second the impact of CNTs on ablation of breast 
tumor. CNTs especially SWCNTs were toxic to organs and induced death at high dosages. In this case, 
some of the liver cells showed a relative shrinkage which was also confirmed by Annexin test in MC4L2 
cells. Moreover, CNTs decreased the tumor volume. BCL2 gene was down-regulated, and BAX and 
Caspase-3 were also up-regulated in the treated groups with CNTs. As a result, CNTs especially MWCNT 
in lower dosages can be used as a promising drug delivery vehicle for targeted therapy of abnormal cells 
in breast cancer.

Carbon nanotubes (CNTs) are one of the well-known and prominent materials that express the new ideas in 
the biomedicine by offering the potential approaches of diagnosis and treatment of the diseases1. They belongs 
to nano-materials with tiny sizes which can be divided into two main categories according to the struc-
ture; single-wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotube (MWCNTs)2. SWCNTs are 
contained the tube-shaped carbon benzene rings and MWCNTs are made of multiple layers of CNTs. Both 
cylindrical-shaped CNTs have the unique properties including the high diameter ratio, remarkable surface den-
sity, low weight, electrical properties, and high thermal and chemical stability3. CNTs can play a critical role in the 
biotechnological and biomedical applications such as tissue engineering, biosensors, drug delivery, and cancer 
cell death4,5. In fact, they can act as mediators and nano-carriers for the targeted cancer therapy. In this condition, 
CNTs can deliver the chemotherapy drugs such as doxorubicin, cisplatin and etc., or genes including plasmid 
DNA, small-interfering RNA, oligonucleotides and RNA/DNA aptamers, proteins, and immunotherapy com-
ponents to the target cell or tissue6. However, CNTs toxicity is one of the major concerns of their applying in the 
diagnostic or therapeutic areas. Cytotoxicity of CNTs is determined by various factors including purity, function-
alization moieties, dimension, as well as concentration7. In vivo and in vitro studies have confirmed that CNTs can 
cause the cytotoxicity effects via oxidative stress induction8. There are so many studies on the pulmonary toxicity 
of CNTs by using animal models. Depending on the doses of CNTs, some studies showed the persistent pulmo-
nary inflammation9–14, transient inflammation15–17, and no inflammation11,18,19. It has been confirmed that CNTs 
can cause the cardiovascular toxicity20 and increase susceptibility to cardiovascular diseases21 such as ischemia22 
as well as an increase in the resting heart rate23. A very low neurotoxicity of CNTs was observed by Chen et al.24  
and Ema et al.25, while Gholamine et al. reported that, depending on the type of CNTs, they can result in the 
neurotoxicity along with depression or anxiety26. It has been demonstrated that the high dosages of CNTs result 
in the liver and the spleen inflammation, but they are relatively safe in lower dosages27. The in vivo splenic toxic-
ity of MWCNTs has been also investigated and no signs of the toxicity was observed in the spleen even by high 
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doses of MWCNTs28. Results of another study confirm that SWCNTs can cause the oxidative damage to the kid-
ney and the brain tissues29. The previous studies have also shown the contradictory results about the toxicity of 
CNTs on different cells and organs. Since, SWCNT and MWCNT have their own unique structures and features, 
they can show the different toxicity on the cells30. A few reports have been published concerning the difference 
between SWCNTs and MWCNTs impacts on the cells and major organs. For instance, Fujita et al. reported that 
SWCNTs result in the persistent pulmonary inflammation, while MWCNTs can cause the transient pulmonary 
inflammation31. Moreover, Jia et al. investigated the in vitro cytotoxicity of SWCNTs and MWCNTs in the alveolar 
macrophages, and observed an impaired phagocytosis at a low dose of SWCNT, while MWCNT resulted in the 
identical outcomes at a higher dose, revealing higher toxicity of SWCNT than MWCNT32.

Although in vitro observations clarify the potential of CNTs in the biological systems, the thorough examina-
tions of the animals are needed to associate the observed in vitro impacts of CNTs with in vivo outcomes. In the 
present study, we investigated the toxicity of CNTs with the different doses to identify the toxic doses in vitro and 
in vivo. Furthermore, the effects of CNTs were assessed on cancerous cell lines through apoptosis pathways. The 
clinical observations, hematological/blood chemistry tests, and the histological examinations were conducted to 
evaluate their efficacy in a typical animal model of breast cancer.

Results
The effects of CNTs on the cell viability. CNTs significantly suppressed the cell viability of MC4L2 in a 
time and dose-dependent manner. Half-maximal inhibitory concentration (IC50) of SWCNT and MWCNT was 
50 and 400 µg/ml after 48 h, respectively (Figs 1 and 2).

CNTs-induced apoptosis in MC4L2 cells. In order to perform the Annexin test, 50 and 400 µg/ml of the 
SWCNT and MWCNT were used and the percentage of the cell apoptosis after 24, 48, and 72 h was assessed by 
the flow cytometry (Figs 3 and 4). The treated cells with 50 µg/ml SWCNT showed the apoptotic cell induction in 
Q3 region compared to the control group. The apoptotic cells in this region were increased from %1.7 to %12.6 
after 24 h, and %28.9 and %29.9 after 48 and 72 h, respectively. About the Q2 region, they were increased from 

Figure 1. The cell viability of the MC4L2 by SWCNT. Data are the mean values for triplicate experiments. The 
cells were treated with the various concentrations of SWCNT for 24, 48 and 72 h. The results were expressed as 
mean ± SD. Significance levels are *P < 0.05 compared to the control.

Figure 2. The cell viability of the MC4L2 by MWCNT. Data are the mean values for triplicate experiments. The 
cells were treated with the various concentrations of MWCNT for 24, 48 and 72 h. The results were expressed as 
mean ± SD. Significance levels are *P < 0.05 compared to control.
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%3.6 at 24 h to %12.4 and %21.7 at 48 and 72 h, respectively (p < 0.01) (Figs 5 and 6). Moreover, the treated cells 
with 400 µg/ml MWCNT showed an induction of the cell apoptosis in the Q3 region compared to the control 
group. The apoptotic cells in this region were increased from %1.7 to %15.1 after 24 h and %20.5 and %23.8 after 
48 and 72 h, respectively. About the Q2 region, they were increased from %6.9 at 24 h to %17.3 and %30.3 at 48 
and 72 h, respectively (p < 0.01). Generally, the Q2 and Q3 regions in the treated cells with CNTs have shown an 
increased percentage of the apoptotic cells over time which can confirm that the cell apoptosis induction was the 
time-dependent (Figs 3 and 4).

Figure 3. Flow cytometry assay to evaluate the effects of the MWCNT on the cell apoptosis induction. (A) 
Control cells: the cells were harvested, stained with Annexin V-FITC (FL-I) after 24, 48 and 72 h and analyzed 
by the flow cytometry. (B) MWCNT-treated cells: after incubation with MWCNT for 24, 48, and 72 h, the cells 
were harvested, stained with Annexin V-FITC (FL-I) and analyzed by the flow cytometry.

Figure 4. The effects of the MWCNT on the cell apoptosis induction. Annexin test was done at the IC50 
concentration of the MWCNT (400 μg/ml). The results were expressed as mean ± SD. Significance levels are 
*P < 0.05 compared to control.



www.nature.com/scientificreports/

4SCIeNTIFIC RepoRtS |  (2018) 8:8375  | DOI:10.1038/s41598-018-26790-x

Dosing procedure. Some doses of CNTs including 200, 100, 40, 20 and 5 mg/kg were associated with the 
death of mice, while under 1 mg/kg CNTs no death was observed. The weight of the treated animals didn’t change 
significantly within 7 days post-injection in comparison with the control groups (P = 0.3554).

CBC analysis was used to measure the main hematological markers of the whole blood. The hemoglobin, 
RBC, WBC and HCT counts were within the expected range in the treated animals. The treated animals with 

Figure 5. Flow cytometry assay to evaluate the effects of the SWCNTs on the MC4L2 cell death. (A) Control 
cells: the cells were harvested, stained with Annexin V-FITC (FL-I) after 24, 48, and 72 h and analyzed by flow 
cytometry. Four populations are resolved. Viable cells or Annexin-FITC (−) are seen in the lower left quadrant 
(Q4 area). The cells with Annexin V-FITC (+) are apoptotic (upper right, Q2 area). The cells with Annexin 
V-FITC (+) have been described as necrotic or advanced apoptotic (upper left, Q1 area) and Annexin V-FITC 
(−) may be bare nuclei in first apoptotic (lower right, Q3 area). (B) SWCNT-treated cells: after incubation with 
the SWCNT for 24, 48, and 72 h, the cells were harvested, stained with Annexin V-FITC (FL-I) and analyzed by 
flow cytometry.

Figure 6. The effects of the SWCNT on the cell apoptosis induction. Annexin test was done at the IC50 
concentration of the SWCNT (50 μg/ml). The results were expressed as mean ± SD. Significance levels are 
*P < 0.05 compared to control.
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1 mg/kg SWCNT showed a significant increase in MCH and MCHC levels (P < 0.0001), but animals which 
were treated with the MWCNT didn’t show any significant changes. All the treated animals with SWCNT and 
MWCNT showed about the 0.9-fold decrease in MCV count (P = 0.0025) and 1.5-fold increase in PLT count 
(P < 0.0001) compared to the control group.

We measured some biochemical parameters including the total protein, glucose, ALP, albumin, creatinine, 
direct bilirubin, HDL, cholesterol, urea and triglyceride, which were significantly decreased in the treated groups 
compared to control, while SGPT showed about 0.8- and 1.5-fold increase in the treated animals with MWCNT 
and SWCNT, respectively, compared to the control group (p = 0.0421). SGOT was also showed a significant 
increase in the treated groups (about 2-fold in MWCNT and 3-fold in SWCNT treated animals) in comparison 
with the control group (P < 0.0001).

In order to evaluate the CNTs toxicity on the major organs such as the liver, kidney, heart, lung, spleen, and 
brain, these organs were studied at the histopathological level. No histological abnormalities were found in the 
tissues of the treated mice except the liver which showed a relative shrinkage in some of its cells compared to the 
control group (Fig. 7).

The tumor weight and size. No significant difference in the animal weight was observed among the groups 
during the study (Fig. 8).

The treated mice had smaller tumor volume (mm3) at the end of the second week compared to the con-
trol group. Average tumor volume in the treated groups with SWCNT and MWCNT was significantly less than 
Doxorubicin group, while no significant difference has been observed between SWCNT and MWCNT groups 
(Fig. 9). In Fig. 10, we have demonstrated the macroscopic views of the tumor extension in the control and treated 
groups on days 14, 21, 29, and 39 after cell injection.

The expression of the anti/pro-apoptotic genes of the tumor tissues. The expression of BCL2, 
BAX, and Caspase-3 in the tumor samples (the treated mice with 0.25 mg/kg SWCNT, 0.5 mg/kg MWCNT, and 
2.5 mg/kg Doxorubicin) compared to the control was as follow: the expression of BCL2 in the tumor treated with 
MWCNT was significantly decreased in comparison with the control group (p < 0.05). BAX showed a significant 
increase in the treated tumor with MWCNT compared to the control group, but no significant difference was 
observed between other groups. Caspase-3 expression showed a significant difference in the MWCNT group 
compared to the tumor (Fig. 11).

Figure 7. Light microscopic analysis of 6 major tissues the incubated by CNTs. The tissue samples were fixed 
and preserved in 4% buffered formaldehyde for at least 24 h. Paraffin blocks were then sectioned by 3–5 μm 
thickness for hematoxylin and eosin staining. Slides were studied by OLYMPUS-BX51 microscope. A relative 
shrinkage was observed in some of the liver cells (×10).
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Figure 8. Effects of CNTs on the body weight on days 14, 21, 29, and 39 after cell injection in an animal model 
of breast cancer. Data were reported mean ± SD. *P < 0.05 in comparison to the tumor group. T: tumor, DOX: 
doxorubicin, M: MWCNT, S: SWCNT.

Figure 9. Effects of CNTs on the tumor volume on days 14, 21, 29, and 39 after cell injection in an animal 
model of breast cancer. Data were reported mean ± SD. *P < 0.05 in comparison to the tumor group. T: tumor, 
DOX: doxorubicin, M: MWCNT, S: SWCNT.

Figure 10. Effects of CNTs on the macroscopic views of the tumor extension on days 14, 21, 29, and 39 after cell 
injection in an animal model of breast cancer. Data were reported mean ± SD. *P < 0.05 in comparison to the 
tumor group. T: tumor, DOX: doxorubicin, M: MWCNT, S: SWCNT.
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Discussion
The main goal of this study was to develop a novel strategy for treatment of breast cancer by CNTs. The pris-
tine CNTs are insoluble in aqueous solutions and chemically inert, so they are not appropriate for utilization in 
biological or medical applications. In order to use CNTs in these applications, they are usually oxidized in the 
strong acids to create carboxyl and hydroxyl groups on their surface33. In this condition, CNTs are dispersed in 
the aqueous solution and other nanomaterials or biomolecules such as oligonucleotides, proteins or peptides. 
This kind of CNTs can be applied in the biological or medical applications34,35. On the other hand, evaluation and 
characterization of the toxicity of CNTs are critical because they can cause the adverse health effects in human 
and other organisms36,37. So far, a few studies have been reported the toxic effects of CNTs either in vivo or in vitro, 
and the results are usually divergent38–42. Thus in this study, we investigated the toxicity effects of the SWCNTs 
and MWCNTs both in vitro and in vivo.

The different impacts of SWCNT and MWCNT on the normal and tumor tissues and the expression of anti/
pro-apoptotic genes (BCL2, BAX, and Caspase-3) were assessed. We investigated the CNTs effects on cell viability 
of MC4L2 cells. The IC50 values for MC4L2 cells were 50 µg/ml (SWCNT) after 24 h and 400 µg/ml (MWCNT) 
after 48 h. The viability of the cells was the maximum after 24 h which reduced after 48 h and eventually all con-
centrations were led to the reduction of the cell viability after 72 h. In this case, 100 µg/ml SWCNT and 500 µg/
ml MWCNT concentrations resulted in the minimum cell viability. It suggests a direct relation between time and 
concentration of CNTs to induce toxicity. Likewise, flow cytometry analysis determined that CNTs induced the 
apoptosis in MC4L2 cells over time and confirmed that the CNTs-mediated apoptosis is time-dependent. Our 
results are in accordance with the findings of Ursini et al. revealing that MWCNT is toxic for the human lung 
epithelial cells (A549), and with increasing the concentration of MWCNT the cell viability decreases43. Di Giorgio 
et al. have also investigated the cyto-and genotoxic effects of SWCNTs and MWCNTs on the mouse macrophage 
cell line RAW 264.7. It has been also demonstrated that the exposure of rat glioma cell line (C6 cells) to MWCNT 
(200–400 mg/ml) results in a concentration-dependent cell apoptosis, G1 cell cycle arrest, and subsequent cyto-
toxicity. So, it has been suggested that MWCNT in the smaller size is probably more toxic than that of the larger 
one44. In the current study, the high doses of CNTs (5 mg/kg and higher) could be the reason for the death of 
mice. The treated mice with doses of 0.05 and 0.5 mg/kg MWCNT, and 0.25 and 1 mg/kg SWCNT didn’t show the 
statistically significant weight changes during 7 days post-injection compared to the control group. The higher 
levels of SGOT and SGPT in the treated mice confirm that the CNTs are toxic to the liver. The treated mice with 
SWCNT showed higher levels of these two parameters compared to MWCNT group, confirming that the toxicity 
of SWCNT can be more pronounced than the MWCNT. Based on this data it may be deduced that MWCNTs are 
more appropriate for the medical applications. Furthermore, some of the liver cells in the treated mice showed a 
relative shrinkage at a microscopic level, indicating the initiation of the cell apoptosis. In this context, the shape, 
size, purity, and the ways of exposure to the CNTs affect the toxicity of this nanoparticle45,46. In some studies was 
reported that CNTs are toxic to the lungs and these tissues are the most susceptible organs to the CNTs-induced 
cytotoxicity among the other organs7,8,47.

In the other part of this study, we have investigated the Doxorubicin and CNTs effects on the breast cancer 
tumor. We observed that the treated mice with the CNTs and Doxorubicin had smaller tumor volume (mm3) at 
the end of the study compared to the control animals. Average tumor volume was significantly less in the treated 
groups with SWCNT and MWCNT compared to Doxorubicin group, while no significant difference has been 
observed between SWCNT and MWCNT groups. Breast cancer is a disease in which a number of the signaling 
pathways such as apoptosis, proliferation, angiogenesis, DNA repair, and metastasis can be affected by nanomate-
rials. In these pathways, a wide variety of the genes including tumor suppressors, oncogenes, transcription factors, 
and pro- and anti-apoptotic genes can be deregulated which in turn cause tumorigenesis48–50. In breast cancer, 
an imbalance in the pro- and anti-apoptotic member of the BCL2 family has been observed due to many genetic 
alterations. In fact, a decline in BCL2/BAX ratio indicates the overall propensity of cells to undergo apoptosis51. 

Figure 11. Effects of CNTs on the expression of BAX, BCL2 and Caspase-3 genes in mice breast cancer. Data 
were reported mean ± SD. *P < 0.05 compared to the control group, #P < 0.05 compared to the tumor group. 
CON: Control, T: tumor, DOX: doxorubicin, M: MWCNT, S: SWCNT.
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Furthermore, in the mitochondrial pathway of apoptosis Caspase-3 causes the cell apoptosis by cleaving cellular 
proteins52,53. It has been demonstrated that exposure to CNTs can inhibit cell proliferation, induce membrane 
destabilization, reduce cell adherence ability, and cause oxidative stress35,54–57. Oxidative stress, in turn, leads to 
induction of the mitochondrial pathway of apoptosis58. There are the controversial findings on the CNTs-initiated 
apoptosis, in which some researchers found that CNTs caused apoptosis and inflammation19,42,59, while others 
demonstrated that CNTs caused apoptosis without inflammation or lead to the cytotoxicity without causing 
apoptosis60–62. These differences are due to the CNT structure, fabrication route, size, surface chemistry, purity, 
and their applied concentration63. In order to gain insight into mitochondrial apoptosis induction mediated by 
CNTs in breast cancer, in the present study we studied the impact of CNTs on the expression of BCL2, BAX, and 
Caspase-3 under in vivo situation. Since Doxorubicin is a powerful anti-tumoral drug and one of the most active 
agents for the treatment of breast cancer64. We have also evaluated the effects of this drug on the expression of 
these three genes. The expression of BCL2 in the tumor treated with MWCNT (0.5 mg/kg) was significantly 
decreased in comparison to the control. BAX showed a significant increase in the treated tumors with MWCNT 
compared to the control group, while no significant difference observed among other groups (0.25 mg/kg 
SWCNT and 2.5 mg/kg Doxorubicin). Our findings are consistent with the results of Sohaebuddin et al. report-
ing that MWCNT can induce the cell apoptosis in vitro by activating Caspase-3/765. According to Pilco-Ferreto 
et al. study, Doxorubicin could induce the cell apoptosis by up-regulating BAX, Caspase-8 and Caspase-3 and 
down-regulation of BCL2 protein expression66. Gorji et al. also observed that Doxorubicin decreased BCL2 
expression levels (0.1 ± 0.07) and increased BAX expression levels (2.1 ± 0.1) in the myocardium compared to 
control group67.

Conclusion
The CNTs (especially SWCNT) are toxic to organs at the high dosages and can cause mice death, while their toxic-
ity decreased by reducing their concentration. In this case, just some of the liver cells showed a relative shrinkage, 
which is indicative of the initiation of cell apoptosis supported by Annexin test in MC4L2 cells. Moreover, CNTs 
cause more shrinkage in breast tumor than Doxorubicin. The tumor tissues treated with 0.5 mg/kg MWCNT 
showed down-regulation of BCL2 and up-regulation of BAX compared to controls which in turn induces apop-
tosis in cells, but Caspase-3 didn’t show a significant difference among groups. A treated group with Doxorubicin 
didn’t show significant the expression changes compared to control group. As a result, CNTs specially MWCNT 
in lower dosages can be used as a promising drug delivery carrier for targeted therapy of abnormal cells in breast 
cancer, and treating these patients would be more effective with fewer side effects than Doxorubicin.

Materials and Methods
Materials. CNTs with <99% purity (SWCNT: 1–2 nm length, MWCNT: 20–30 nm length) were purchased 
from Notrino Co (St. Sadeghiye, Tehran, Iran). The MC4L2 cell line was purchased from Iranian Biological 
Resource Center (Tehran, Iran). Dulbecco’s Modified Eagle Medium (DMEM) cell culture and FBS were pur-
chased from Scotland (Gibco, Scotland). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
powder and Doxorubicin were purchased from Sigma Co. Annexin kit was purchased from Iq products, Poland. 
Ketamine and Xylazine were purchased from (Sigma Aldrich Co, USA). The BALB/C mouse was purchased 
from Iran Pasteur Institute (Tehran, Iran). TRIzol solution and 2× Real Rime SYBER GREEN Master Mix were 
purchased from Invitrogen, USA. The first standard cDNA synthesis kit and nuclease-free water were purchased 
from Representing of Fementas Co. (USA).

The study design. The present study has been done on four series of experiments in order to obtain: first, 
the cytotoxicity effect of CNTs on cancerous cell line and detection of apoptosis; second, in vivo toxicity effects 
of CNTs on the histopathology and the blood parameters in BALB/c mice; third, the impact of CNTs on breast 
tumor volume and eventually the effects of CNTs on the expression of BCL2, BAX and Caspase-3 in a typical 
animal model of breast cancer.

Animals. All inbred wild-type female BALB/c mice (6–8 weeks old, purchased from Pasteur Institute, Karaj, 
Iran) preserved in large group house under 12-h dark and light cycles and had access to food and water ad 
libitum.

Statement. All methods and experiments were performed in compliance with the guidelines of the 
Declaration of Helsinki (DOH), and its later amendments or Comparable ethical standards. The experimental 
procedures and the animal use and care protocols were approved by review board committee of IAUPs (Islamic 
Azad University, pharmaceutical science branches, Tehran, Iran).

The preparation of CNT stock. CNTs were dissolved in DMSO 1% and homogeneous in sonication 
machine for 5 min and kept at room temperature30. Also, SWCNT and MWCNT were fully characterized by 
transmission electron microscopy (TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS), 
surface tension, UV-visible spectroscopy, and zeta potential investigations in our previous paper30.

Cell culture. MC4L2 cell line (mice estrogen receptor-positive breast carcinoma cells, obtained from Iranian 
Biological Resource Center, Tehran, Iran) was cultured in DMEM medium, supplemented with FBS (10%), 
penicillin (100 units/mL) and streptomycin (100 μg/mL). The cells were grown in a CO2 incubator (Memmert, 
Germany) at 37 °C.

MTT assay. MTT colorimetric assay was used to measure the anti-proliferative effects of SWCNT and 
MWCNT. Concisely, MC4L2 cells were seeded in 96-well microplates at a density of (1 × 106 cells/mL). After 
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cell attachment, the plates were washed twice with phosphate buffered saline (PBS), and then cells were cultured 
in DMEM medium with varying concentrations of SWCNT (1, 25, 50 and 100 µg/ml) and MWCNT (100, 200, 
300, 400 and 500 µg/ml) for 24, 48, and 72 h30. These concentrations of CNTs were selected based on literature 
survey and our experimental conditions. Indeed, blow 1 and 100 µg/ml of SWCNT and MWCNT, respectively no 
marked cytotoxicity was observed. Higher doses of CNTs also result in agglomeration of NPs and subsequent to 
their colloidal stability. Therefore, the selected concentration range was selected. MC4L2 cells in culture medium 
without SWCNT and MWCNT were designated as reference blanks. 20 μl of MTT (5 mg/mL) was then added to 
each well and the plates were incubated at 37 °C for 4 h in a 5% CO2 incubator. The medium was then carefully 
removed, and the purple products were lysed in 100 μl dimethyl sulfoxide. Relative cell viability was then deter-
mined using a microplate reader (Expert 96, Asys Hitch, Ec Austria) at 570 nm. Cytotoxicity was expressed as a 
percentage of the growth inhibition, relative to the control culture value, and the concentration of CNTs required 
to inhibit MC4L2 cell growth by 50% (IC50) was calculated. Each experiment was repeated in triplicate to calcu-
late the standard error and finally, statistical analysis was performed using the one way ANOVA test68.

Annexin-PI assay. Annexin-PI assay was used to detect the plausible percentage of apoptosis induced by 
SWCNT and MWCNT in MC4L2 cell line. A suspension of the cells including 15000 cells per ml was prepared. 
One ml of the suspension and 2 ml of medium containing %10 FBS were added to 24 well plates, then incubated 
for 24 h (%5 CO2, %98 humidity, and 37 °C). After that, 50 µg/ml SWCNT and 400 µg/ml MWCNT (concentra-
tions which led to %50 cell death) were added to the wells and incubated for 24, 48 and 72 h. After washing plates 
with PBS and centrifugation, the sediments were transferred into the 1.5 ml microtubes and 2 µl binding buffer 
was then added to samples except for the control tube. 10 µl Annexin was added and kept in the dark on ice for 
30 min. Then, 10 µL PI was added to tubes. Finally, 1 ml PBS added to samples and rapidly assessed by flow cytom-
eter (FACSCalibur, BD Bioscience, CA, USA)30.

The dosing procedure. 150 mice were used to study in vivo toxic effects of CNTs. In order to obtain the 
desired concentration with the maximal toxicity of CNTs, we chose the starting dose administered to mice which 
were 200 mg/kg and continued increasing the dosage to the amount in which no dying or symptoms of poisoning 
occurred. If major adverse reactions in animals identified at a certain dose (toxic dose) within 24 h, a decreased 
dose (usually the mean value between toxic dose and last tolerated dose) were applied to a new group of mice. 
Animals (one or more) may have shown the onset of major adverse reactions even before all animals (six) in the 
same group injected; when this occurred, no more animal was injected. Histological damages, abnormal hema-
tological/blood chemical indices, reduced organ weight ratios, and body weight changes were among the signs 
favoring major toxicity. Therefore, doses of 1, 0.5, 0.25 and 0.05 mg/kg of CNTs were injected, and the animals 
were euthanized one week after injection. The animals were under observation for abnormal sequels. Animals 
that survived post CNTs treatment weighed on a daily basis and euthanized one week later. Hematology, blood 
chemistry, and pathology tests were carried out. Vital organs including heart, liver, spleen, lung, brain, and kidney 
excised and weighed separately, and fixed with 10% formalin. We prepared the tissue blocks and then slides were 
evaluated for histopathological changes69.

Pathology, blood and biochemistry parameters tests. At the end of the treatment, we decapitated 
the animals under general anesthesia. Blood samples were taken and added to ethylene-diamine-tetra-acetic-acid 
(EDTA)-coated tubes for hematology and heparin-coated tubes for clinical chemistry. Blood samples were 
collected in anticoagulant tubes to determine the parameters of erythrocyte count (RBC), hematocrit (HCT), 
hemoglobin, mean cell volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC), platelets (PLT), and total leukocyte count (WBC) using cis-Max device. In addition, 
albumin, cholesterol, creatinine, glucose, hematocrit (HCT), high-density lipoprotein (HDL), serum glutamic 
pyruvic transaminase (SGPT), serum glutamic-oxaloacetic transaminase (SGOT), triglyceride, total protein, 
urea, alkaline phosphatase (ALP), and total and direct bilirubin concentration of blood serum from the blood 
clot of animals using auto-analyzer were obtained for each parameters70.

Histological assay. Formaldehyde (10%) was used to fix the treated and non-treated tissues followed by pas-
sage and embedding in paraffin. In order to perform the hematoxylin and eosin (H & E) staining, paraffin blocks 
were sectioned by 3–5 μm thickness71. Slides were studied at the microscopic level (OLYMPUS-BX51 microscope), 
then an Olympus-DP12 camera was used to take digital photos and graded by the Scharff-Bloom-Richardson 
Scale72.

Tumorgenicity. MC4L2 was trypsinized and re-suspended in10-fold excess culture medium. After centrifu-
gation, the cells were re-suspended in a serum-free medium. Prepared cells (1 × 106/0.1 ml) were subcutaneously 
injected into the right inguinal flank of the female mice under ketamine (50 mg/kg i.p) and xylazine (10 mg/kg 
i.p.) anesthesia. Two weeks post cell injection, 40 mice were taken and equally divided into the control and tumor 
groups (treated with Doxorubicin (2.5 mg/kg), SWCNT (0.25 mg/kg) and MWCNT (0.5 mg/kg)). The doses of 
0.25 mg/kg SWCNT and 0.5 mg/kg MWCNT were considered as the safe doses. CNTs were injected once a week 
for two consecutive weeks using a 21-gauge needle under ketamine and xylazine anesthesia in the treated group, 
while in the control animals, saline solution was administered. Animals were euthanatized on day 28 post cell 
injection, and the tumors were extracted73.
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Tumor size and body weight measurement. The animals were weekly weighed and regularly monitored 
for abnormal sequels. In order to measure the size of tumors, a digital vernier caliper (Mitutoyo, Japan) was used. 
Tumor volume was measured on a weekly basis and reported as mm3 using the following formula73:

π= . = = = = .V 1 6( LWD), where V volume, L Length, W Width, and D Depth

RNA extraction and Real-Time PCR analysis. In order to define the expression level of BCL2, Caspase-3 
and BAX genes, TRIzol solution (Invitrogen, USA) was used to extract total RNA from tissues according to 
the manufacturer’s instructions. Afterward, cDNA was synthesized by RevertAid first-strand cDNA synthesis 
kit (Thermo Scientific Fermentas, USA) according to the manufacturer’s instructions. Primer pairs which were 
used in this study were designed by Beacon Designer 7 software. The primer sequences were as follows: for-
ward, 5′-GAGCCTGTGAGAGACGTGG-3′ and reverse, 5′-CGAGTCTGTGTATAGCAATCCCA-3′ for BCL2 
gene; forward, 5′-GATGATTGCTGACGTGGAC-3′ and reverse, 5′-ACGGAGGAAGTCCAGTGTC-3′ for BAX 
gene; forward, 5′-ATGGGAGCAAGTCAGTGGACTC-3′ and reverse, 5′-GTCTCTCTGAGGTTGGCTGC-3′ 
for Caspase-3 gene; and forward, 5′-AATGGATTTGGACGCATTGGT-3′ and reverse, 5′-TTTGCACTGGTA 
CGTGTTGAT-3′ for GAPDH gene.

Quantitative RT-PCR (qRT-PCR) was performed on cDNAs using Rotor-Gene Q 2plex HRM platform 
real-time PCR system (Corbett Life Science). The relative expression levels of BCL2, Caspase-3 and BAX were 
evaluated in comparison with GAPDH as an endogenous control gene. Each 15 μl reaction volume contained 
7.5 μl of the 2× SYBR green master mix (Invitrogen, USA), 1 μl of cDNA, and 0.6 μl (10 ppm) of each pair of 
oligonucleotide primers. RT-PCR reactions were done in duplicate. The PCR cycling began with an initial step of 
95 °C for 10 min followed by 35 cycles of 95 °C for 20 s, 57 °C for 20 s and 72 °C for 15 s; then a melting curve was 
analyzed. Rotor-gene Q sequence detection system determined the threshold cycle (CT) values. Comparative 
threshold cycle (2−ΔΔCT) method was used in order to analyze the data74.

Data analysis. Data (gene expression, hematological and biochemical data) were analyzed with GraphPad 
Prism 7 statistical software (La Jolla, USA) using Analysis of variance (ANOVA) test in order to compare the 
nominal variables between treated and non-treated mice. Results were expressed as mean ± SD. P < 0.05 was 
considered statistically significant.

Ethical approval. All procedures performed in the studies involving animal participants were in accordance 
with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.
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