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INTRODUCTION
Carbon nanotubes (CNTs) are a distinct molecular form of carbon atoms. 
They were described in 1991 by Sumio Lijima as a tube-shaped, well-
ordered, flat network of carbon (1). There are two major classes of car-
bon nanotubes: single-walled nanotubes (SWNT) composed of a single 
graphite layer with diameters ranging from 1 to 10 nm and multi-walled 
nanotubes (MWNT) containing several concentrically arranged cylindrical 
layers (2). The unique and diverse properties of carbon nanotubes, in 
addition to the wide range of functionality afforded by chemical modifica-
tion, make this nanomaterial suitable for many applications including 
electronics (3), biosensor design (4), drug development and as biomol-
ecule carriers (5).
While earlier research suggested that CNTs have no apparent cytotoxicity 
(6), recent studies have shown that CNTs could be harmful to human health 
(7, 8). In addition, the fibrous morphology and high surface energy of CNTs 
raises other health concerns, due to their structural similarities with asbestos 
fibers (9), which are classified as a group I (one) human carcinogen by the 
International Agency of Research in Cancer (10, 11). Several in vitro studies 
have demonstrated that CNTs exhibit substantial cytotoxicity, possibly via 
induction of oxidative stress, inhibition of cellular proliferation, and induction 
of apoptosis/necrosis (12, 13). 
Therefore, assessment of reactive oxygen species (ROS) production by 
cells exposed to carbon nanoparticles is an essential part of in vitro cyto-
toxicity testing. ROS are oxygen-containing molecules with unpaired elec-
trons, and therefore are highly reactive. ROS molecules can damage DNA, 
proteins and lipids, compromising normal cell function, and production of 
ROS by cells can be indicative of a stress response. ROS detoxification 
and regulation of the cellular redox state is achieved by enzymatic and/or 
non-enzymatic antioxidants, such as glutathione (GSH) and thioredoxin. 
Oxidative stress occurs when there is an imbalance between oxidants 

and antioxidants that favors the presence of ROS, due to the excessive 
production of oxidant species and/or depletion of antioxidants.
Based on research reports that cell damage caused by nanoparticle-
induced oxidative stress could be reduced by antioxidant treatment (14), 
we used the GSH precursor N-acetyl-L-cysteine (NAC) as a regulator of 
thiol redox status (15) to verify whether the modification of the cellular 
redox status have a protective effect on the in vitro cytotoxicity of single-
walled carbon nanotubes in A549 malignant human lung epithelial cells.

MATERIAL AND METHODS

Cell lines
The cell lines used in the present study were A594 (human lung carci-
noma, ATCC, CCL 185) and MRC-5 (human fetal lung fibroblasts, ATCC, 
CCL 171). Cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) with 4.5% of glucose supplemented with 10% fetal calf serum 
(FCS, NIVNS) and antibiotics: 100 IU/ml of penicillin and 100 mg/ml of 
streptomycin (ICN Galenika). All cell lines were cultured in flasks (Sarstedt, 
25 cm2) at 370C in a 100% humidity atmosphere and 5% CO2. Cells were 
sub-cultured twice a week and a single cell suspension of adherent cells 
was obtained using 0.25% trypsin in EDTA (Serva). Exponentially growing 
cells were used throughout the assays. Cell density and the percentage of 
viable cells were monitored using a dye exclusion test with Trypan Blue. 
The viability of cells used in assays in the present study was over 95%.

Tested substances 
Single-walled carbon nanotubes (SWCNTs, ALDRICH), and N-acetyl 
cysteine (NAC, SIGMA) were tested for cytotoxicity against A594 and 
MRC5 cells.
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Substances used in the MTT assay were applied at a concentration range 
of 10-8M to 10-4M. SWCNT and NAC were tested alone, and SWCNT (250 
µg) was tested in combination with five NAC concentrations.

MTT assay
Cytotoxicity was evaluated using the tetrazolium colorimetric MTT assay 
(SIGMA). The MTT assay is based on cleavage of the tetrazolium salt 
MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to 
formazan by mitochondrial dehydrogenases in viable cells (15). 
Cells were plated in 96-well microtiter plates (Costar) at a volume of 90ml 
per well. Cells were plated in complete medium at an optimal seeding den-
sity of 5x103 cells per well to assure a logarithmic growth rate throughout 
the assay period. Tested substances were added to all wells (except 
controls) at a concentration ranging from 10-8M to 10-4M.
Plates were incubated at 37oC for 48h. Three hours before the end of 
the incubation period, 10 µl of MTT solution (5mg/ml) was added to 
all wells, and plates were incubated for 3  hours at 37°C. Medium and 
MTT were then removed by aspiration. The resulting formazan product 
was then solubilized in 100 μl of 0.04 M HCl in isopropanol. After a few 
minutes incubation at room temperature, plates were read using a spec-
trophotometer plate reader (Multiscan MCC340, Labsystems) at 540/690 
nm. Wells without cells, but containing complete medium and MTT only 
acted as a reference. 
Cytotoxicity, expressed as percent cytotoxicity, was calculated according 
the following formula:

% C = 1-(ODtest/ODcontrol) x 100. 

Data analysis
Two independent experiments were conducted with quadruplicate wells 
for each concentration of test compound. IC50 values were used to define 
the dose of test substance that inhibits cell growth by 50%. IC50 values of 
test substances were determined by Median effect analysis. 

RESULTS
Single-walled carbon nanotubes displayed varying degrees of cytotoxicity 
against A549 cells and MRC-5 cells in a concentration dependent man-
ner (Figure 1). 
SWCNT treatment resulted in a nearly three-fold greater loss of cell viabili-
ty for malignant A594 cells (at doses ≤250 μg/ml) versus non-cancerous 
MRC-5 control cells. At higher concentrations of SWCNT (>250 μg/ml), 
cytotoxicity was similar in both cell lines. 
The cytotoxicity of SWCNT (250 μg/ml) in combination with NAC for 
A549 cells was significantly decreased at the lowest NAC concentra-
tion (1.5 µg/ml), and was similar to NAC treatment alone (Figure 2). At 
higher NAC concentrations, treatment with SWCNT (250 μg/ml) resulted 
in increased cytotoxicity in A549 cells compared to that induced by the 
individual substances alone. In MRC-5 cells, the lowest concentration of 
NAC reduced SWCNT toxicity, in contrast to NAC treatment alone at the 
same concentration. 

Figure 1. Cytotoxic activity of SWCNT and NAC tested in A549 and MRC-5 cells 
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Figure 2. Cytotoxic activity of SWCNT, NAC and SWCNT in the presence of NAC 
tested in A549 and MRC-5 cells. Cytotoxicity of SWCNT (250μg) was evaluated 
in combination with various concentrations of NAC: 1.5 µg (1), 3 μg (2) and 6 μg 
(3), 12 μg (4) and 24 μg (5) and compared to SWCNT or NAC cytotoxicity alone

DISCUSSION
Numerous studies have reported notable cytotoxicity for carbon nano-
tubes in mammalian cells (17, 18). Our results confirm that SWCNTs are 
cytotoxic to human lung carcinoma A549 cells.
Among the suggested cytotoxicity mechanisms for SWCNTs, includ-
ing oxidative stress, rupture of cell membranes and interfering with 
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intracellular metabolic routes, oxidative stress is considered to be the 
most plausible mechanism of SWCNT cytotoxicity. In fact, it was found 
that these nanoparticles induce increased ROS production and oxidative 
stress both in vivo and in vitro (19, 20). However, our present understand-
ing of the mechanisms of carbon nanotube-induced cytotoxicity and the 
discovery of the enzymatic biodegradation of carbonaceous nanomateri-
als by peroxidases (21) indicates that “oxidative stress” may not be a 
major mechanism that is responsible for the toxic effects of nanopar-
ticles, but should be viewed as an array of modifiable oxidative reactions. 
For example, in addition to increased ROS production and the cell damage 
caused by their actions, ROS participate in cellular signaling, leading to 
apoptosis and cell cycle arrest.
The increased toxicity to malignant A549 cells versus non-cancerous 
control cells (MRC-5 cells) observed in our study may indicate an 
imbalanced antioxidant status in malignant cells under the conditions of 
pro-oxidant activity induced by the presence of carbon-nanotubes. Our 
aim was to confirm that oxidative stress could underlie the cytotoxicity 
of SWCNTs by simultaneous incubation of cells with NAC as a redox 
modulator. Interestingly, we found that the lowest NAC concentration 
was protective to A549 cells. N-acetyl-cysteine is an acetylated cys-
teine molecule and a major contributor to the maintenance of cellular 
glutathione level, which is important for the protective response of 
cells to oxidative stress (22). We speculated that specific interactions 
of SWCNT with NAC or other cellular components might modulate the 
oxidative response and oxidative damage. In addition, it is interesting that 
NAC alone was more toxic to non-cancerous MRC-5 cells at the lowest 
concentration compared to higher concentrations, but in the presence of 
SWCNT, the toxicity of NAC was reduced. It is possible that NAC induces 
adaptive changes in MRC-5 cells, but in the presence of SWCNT, this 
was prevented.

CONCLUSION
The present study shows that malignant lung cells (A549) are more 
susceptible to SWCNTs at low concentrations than normal, non-can-
cerous lung cells (MRC-5), while the presence of low concentrations of 
N-acetylcysteine (NAC) as a regulator of redox status was found to be 
protective, indicating that single-walled carbon nanotubes (SWCNT) may 
act as pro-oxidant species.

Acknowledgements: This work was funded by the Ministry of Science 
and Technological Development, Republic of Serbia, grant 173014 
Molecular mechanisms of redox signaling in homeostasis: adaptation 
and pathology. We thank Dr. Edward Petri for English language editing and 
valuable comments that improved this manuscript. 

Conflicts of Interest
We declare no conflicts of interest.

REFERENCES

  1	 Iijima S. Helical microtubules of graphitic carbon. Nature. 1991;354:56–8.

  2	 Huang S, Fu Q, An L, L J. Growth of aligned SWCNT arrays from water-soluble 

molecular clusters for nanotubes device fabrication. J Phys Chem. 2004;6:1077–9.

  3	 Bandaru PR. Electrical Properties and Applications of Carbon Nanotube Structures. 

J Nanosci Nanotechnol. 2007;7(4-5):1239-67.

  4	 Le Goff A, Holzinger M, Cosnier S. Enzymatic biosensors based on SWCNT-

conducting polymer electrodes. Analyst. 2011;136(7):1279-87.

  5	 Prato M, Kostarelos K, Bianco A. Functionalized Carbon Nanotubes in Drug Design 

and Discovery. Acc Chem Res. 2007;41(1):60-8.

  6	 Yehia HN, Draper RK, Mikoryak C, Walker EK, Bajaj P, Musselman IH, et al. Single-

walled carbon nanotube interactions with HeLa cells. J Nanobiotechnol. 2007;5:8. 

  7	 Jain AK, Mehra NK, Lodhi N, Dubey V, Mishra DK, Jain PK, et al. Carbon nanotubes 

and their toxicity. Nanotoxicol. 2007;1:167–97. 

  8	 Kayat J, Gajbhiye V, Tekade RK, Jain NK. Pulmonary toxicity of carbon nanotubes: a 

systematic report. Nanomed: Nanotechnol Biol Med. 2011;7:40-9.

  9	 Donaldson K, Murphy FA, Poland CA. Asbestos, carbon nanotubes and the pleural 

mesothelium: a review of the hypothesis regarding the role of long fibre retention in 

the parietal pleura, inflammation and mesothelioma. Part Fibre Toxicol. 2010;7:5. 

10	 Donaldson K, Aitken R, Tran L, Stone V, Duffin R, Forrest G, et al. Carbon nanotubes: 

a review of their properties in relation to pulmonary toxicology and workplace 

safety. Toxicol Sci. 2006;92(1):5-22.

11	 Jaurand M-CF, Renier A, Daubriac J. Mesothelioma: do asbestos and carbon nano-

tubes pose the same health risk? Part Fibre Toxicol. 2009;6:16.

12	 Sharma CS, Sarkar S, Periyakaruppan A, Barr J, Wise K, Thomas R, et al. Single-

walled carbon nanotubes induces oxidative stress in rat lung epithelial cells. J 

Nanosci Nanotechnol. 2007;7(7):2466–72.

13	  Shvedova AA, Kisin ER, Schwegler-Berry D, Murray AR, Castranova V, Gandelsman 

VZ, et al. Exposure to carbon nanotube material: assessment of nanotube cytotoxicity 

using human keratinocyte cells. J Toxicol Environ Health A. 2003;66(20):1909–26.

14	 Shvedova AA, Kisin ER, Murray AR, Gorelik O, Arepalli S, Castranova V, et al. 

Vitamin E deficiency enhances pulmonary inflammatory response and oxidative 

stress induced by single-walled carbon nanotubes in C57BL/6 mice. Toxicol 

ApplPharmacol. 2007;221:339–48.

15	 Dodson M, Darley-Usmar V, Zhang J. Cellular metabolic and autophagic 

pathways:Traffic control by redox signaling. Free Radical Biology and Medicine. 

2013;63:207–21.

16	 Mosmann T. Rapid Colorimetric Assay for Cellular Growth and Survival: Application 

to Proliferation and Cytotoxicity Assays. J Immunol Methods. 1983;65:55-65.

17	 Baktur R, Patel H, Kwon S. Effect of exposure conditions on SWCNT-induced 

inflammatory response in human alveolar epithelial cells. Toxicol In Vitro. 

2011;25:1153–60.

18	 Manna SK, Sarkar S, Barr J, Wise K, Barrera EV, Jejelowo O, et al. Single-walled 

carbon nanotube induces oxidative stress and activates nuclear transcription factor-

(B in human keratinocytes). Nano Lett. 2005;5:1676–84.

19	 Wick P, Manser P, Limmbach LK, Dettlaff-Weglikowska U, Krumeich F, Roth S, et al. 

The degree and kind of agglomeration affect carbon nanotube cytotoxicity. Toxicol 

Lett. 2007;168:121–31.

20	 Donaldson K, Stone V, Seaton A, MacNee W. Ambient particle inhalation and 

the cardiovascular system: potential mechanisms. Environ Health Perspect. 

2001;109:523–7.

21	 Vittorio O, Raffa V, Cuschieri A. Influence of purity and surface oxidation on 

cytotoxicity of multiwalled carbon nanotubes with human neuroblastoma cells. 

Nanomedicine: Nanotechnol Biol Med. 2009;5:424–31.

22	 Sen CK. Antioxidant and redox regulation of cellular signaling: introduction. Med Sci 

Sports Exerc. 2001;33:368–70.




