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With wide use of nano-materials, it is increasingly important to address their potential
toxicity to mammalian cells. However, toxic effects of these materials have been mainly
assessed by the cell survival assays. Considering that mitochondrial morphology
and quality are highly sensitive to the condition of the cells, and the impairment of
mitochondrial function greatly affect the survival of cells, here we tested the impact of
multi-walled carbon nanotubes (MWNT) on the survival, mitochondrial morphology, and
their membrane potential in HeLa cells. Interestingly, although MWNT did not induce cell
death until 24 hours as assessed by pyknotic cell assay, mitochondrial length was elongated
and the mitochondrial membrane potential was significantly reduced by exposure of HeLa
cells to MWNT. These results suggest that MWNT exposure is potentially harmful to
the cell, and the mechanism how MWNT alters mitochondrial quality should be further
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INTRODUCTION

Carbon nanotubes (CNTs) have unique physical features with
high strength, and they could be first used as field-emission
electron sources (Deheer & Ugarte, 1995), which could be
applied to transistors (Bachtold et al., 2001). With these and
related characteristics, the use of CNTs is rapidly increasing in
wide variety of fields, such as clothes’ fibers, unique materials
for extreme conditions, and parts of nano-machines. However,
the safety of CNT’s is one of the important and emerging
concerns. Several researches have shown that a specific type
and concentrations of CNT’s are toxic to mammalian cells
(Jia et al., 2005; Monteiro-Riviere et al., 2005; Muller et al.,
2005; Kostarelos, 2008; Firme & Bandaru, 2010). For example,
high concentration of multi-walled carbon nanotubes
(MWNT) induced apoptosis of T lymphocyte (Bottini et al.,
2006). Although relatively low concentration of MWNT, and

explored to assess the safety of MWNT use.
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CNTs in general, is believed to be safe, duration of the CNT
exposure, and the cellular accumulation of these synthetic
materials are yet to be explored. In addition, development
of more sensitive tools to assess cellular quality after CNTs is
desirable.

Mitochondria are one of the most essential organelles for
the life of cells. They produce adenosine triphosphate (ATP)
during the electron chain transfer cycles occurring in the
inner mitochondrial membrane. For the ATP production,
mitochondrial membrane potentials are required.
Morphologically, mitochondria are highly dynamic in cells,
and continuously fuse and divide (Kane & Youle, 2010;
Galloway et al., 2012; Kim et al., 2013; Hoppins, 2014).
More recently, it has been demonstrated that mitochondrial
function/membrane potential is closely associated with
mitochondrial morphology (Galloway et al., 2012; Liesa &
Shirihai, 2013; Liu et al., 2014). In fact, many cell proliferation/
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survival assays such as 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide are based on the quality of the
mitochondria (Gerlier & Thomasset, 1986).

In this study, we tested whether CNTs affected mitochondrial
morphology and the quality and assessed whether these
changes are accompany by the changes in the cell viability.
Our study demonstrated that CNTs modified several aspects
mitochondrial morphology/function without affect cell
survival. These results suggest that CNTs are potentially
harmful to the cells even they did not immediately reduce the
cell viability. In addition, we propose that mitochondria may
be important and sensitive targets to assess the quality of the
cells.

MATERIALS AND METHODS

Carbon Nanotubes

We used two CNTs; multi walled carbon nanotube, MWNT
and MWNT-OH which is a MWNT having-OH at the end of
the nanotube (Skyspring Nanomaterial Inc., USA).

Cell Culture, Transfection

HelLa cells were maintained in 5% CQO, at 37°C with Dulbecco
modified Fagle medium (DMEM) (Wellgene, Korea)
containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (Gibco BRL, USA). Prior to experiments, we
trypsinized the cell using 0.25% Trypsin-EDTA (Gibco BRL)
and plate onto coverslip at 0.5x10” cells/mL. To analyze the
effects of CNTs on mitochondria, we labeled mitochondria
using Dsred-Mito construct expressing mitochondrial
targeted red fluorescence protein (Knott et al., 2008). For
transfection into HeLa cell, lipofectamine 2000 (Invitrogen,
USA) used according to manufacturer instruction. After 24
hours, either MWNT or MWNT-OH was added to the media
without FBS. The final concentrations of CNTs were 40 pg/
mL and 400 pg/mL.

Nuclear Staining

To label nudlei of the cells, cells were fixed by 4% paraformaldehyde
for 15 min, washed twice with phosphate buffer saline (PBS),
and incubated with PBS containing Hoechst 3342 (1:5000,
Molecular probe, USA). Fluorescence signals were observed
using a confocal microscope (LSM510; Carl Zeiss, Germany).

Measurement of Mitochondrial Membrane Potential

To analyze mitochondrial membrane potential, cells were
incubated with tetramethyl rhodamine methyl ester (TMRM;
Invitrogen) according to the manufacturer instruction. Briefly,
Hela cells were plated onto 18-mm glass coverslip, and were
treated with both MWNT and MWNT-OH. After 24 hours of
treatments, cells were washed with PBS, and incubated with 1
mL DMEM containing 20 nM TMRM for 40 minutes at 37°C
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in 5% CO, incubator. TMRM signals were acquired using an
inverted fluorescence microscopy (Observer Z1; Carl Zeiss,
Germany) equipped with CoolLED (pE-2; Roper Scientific,
France) as the light source, CCD camera (CoolSNAP fx;
Photometrics, USA) and a humidified chamber maintaining
cells at 37°C in 5% CO, condition.

RESULTS

Cell Survival Rate on CNT-included Medium

First, we tested whether survival rates of HeLa cells were
affected by the 24 hour treatment with multi walled carbon
nanotubes, MWNT or MWNT-OH. Fig. 1 shows the nuclei
after grown on different concentrations of CNTs (40 or
400 pg/mL). However, virtually all nuclei exhibited normal
morphology, and we failed to identify any morphological
hallmarks of pyknotic cells (e.g., nuclear condensation and
fragmentation) in all conditions. Therefore, it appeared that
these range of CNTs did not affect the viability of the HeLa
cells.

Mitochondria’s Morphological Changes on CNT-
included Medium

The mitochondria exhibit diverse shapes in the cell, and they
continuously change their morphology in response to the
environment-dependent intracellular context changes (Chen
& Chan, 2004; Kim et al., 2013). Cells can be divided into
three categories based on their mitochondrial morphology:
(1) Fragment: most mitochondria exhibited fragmented and
short morphology in a cell; (2) Intermediate: a mixture of
fragmented and long mitochondria; and (3) Elongate: most
mitochondria are inter-connected as a network form in a cell
(Fig. 2). By these three criteria, we quantified the number of
cells in each category (Fig. 3). Interestingly, in all conditions
treated with CNTs exhibited the reduction in the number of
cells in ‘Fragment’ category, and the compensatory increases
in the number of ‘Intermediate’ and ‘Elongate’ groups.

Mitochondria Membrane Potential Changes on CNT-
included Medium

In the cells, mitochondrial generate cellular energy, ATP
using electron transfer chain complex, and directional
proton movement between inner mitochondrial membrane
generates mitochondrial membrane potential. Mitochondrial
membrane potential is essential for the action of complex
V ATP synthase, changes in the mitochondrial membrane
potential is closely related with the potential to produce ATP
(Chaturvedi & Flint Beal, 2013). Therefore, to assess whether
CNTs altered mitochondrial function, we next measured
mitochondrial membrane potential using fluorescent dye.
Notably, treatment of low concentration of CNTs sufficiently
reduced mitochondrial membrane potential in a statistically
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Fig. 1. Pyknotic cell assay in carbon nanotubes treated condition. Twenty-four hours after multi-walled carbon nanotubes (MWNT) or MWNT-OH
treatments, HeLa cells were stained with to visualize nuclear morphology. The concentrations of nanoparticle (40 or 400 pg/mL) to the media are described
on the left side of the images. Control group (CTL) did not receive nanoparticles. Scale bar=40 pm.
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Fig. 2. Classification of mitochondrial morphology in HeLa cells. The images show the red fluorescence signals derived from mitochondria of transfected
cells. Based on the mitochondrial morphology, cells are classified to 3 categories. In ‘Fragment’ cells, mitochondria are short and individually separated.
In ‘Intermediate’ cells, their mitochondria are inter-connected in some parts while in some area fragmented mitochondria are seen. In ‘Elongate’ cells,

mitochondria show tubular network morphology. Scale bar=10 pm.

significant manner, and high concentration of CNTs markedly
impaired membrane potential (Fig. 4).

DISCUSSION

CNTs are increasingly utilized in many fields for researches
and manufacturing. Because these materials are also applied
for the drug delivery, gene therapy, and long-term-tracing
of the cells, there are many potential that cells are exposed
to the CNTs (Al Faraj et al,, 2010; Meng et al., 2012; Bates &
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Kostarelos, 2013; Bhatnagar et al., 2014; Che Abdullah et al.,
2014). However, the safety of CNTs is less understood. In this
study we found that at least two types of CNTs, MWNT and
MWNT-OH, do not induce apoptosis within 24 hours of
exposure period.

Although above results suggest that these CNTs are not toxic,
we found the changes in the mitochondrial morphology
and the function. Morphological analysis showed that
mitochondrial length was increased by MWNT and MWNT-
OH treatment, compared to the control group. It has been
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Fig. 3. Proportions of each mitochondrial morphology in carbon
nanotubes treated condition. Percentage of ‘fragment’ (A), ‘intermediate’
(B), or ‘elongate’ (C) type of cells in each condition. *p<0.05, n=4 (at
least 70 cells were included in each set of experiments and total 300-350
cells were examined). CTL, control group; MWNT, multi-walled carbon
nanotubes.
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Fig. 4. Mitochondrial membrane potential in carbon nanotubes treated condition. (A) Representative images of tetramethyl rhodamine methyl ester
(TMRM) fluorescence in each condition. Scale bar=40 pm. (B) Quantification of TMRM fluorescence intensities. *p<0.05, n>20 in each group. CTL, control

group; MWNT, multi-walled carbon nanotubes.

known that slight stress, such as starvation, can increase
the mitochondrial length, while strong damage conversely
promotes mitochondrial fragmentation and subsequent
apoptosis (Youle & van der Bliek, 2012). In this respect, it

suggests that CNT exposure is mild stress to the cells and
promote mitochondrial elongation without noticeable cell
death.

In addition to the morphology, we also found that mitochondrial
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membrane potential was decreased in a dose-dependent manner.
Mitochondria membrane potential has been considered as a
measure of mitochondria’s functional integrity (Chaturvedi &
Flint Beal, 2013). Loss of mitochondrial membrane potential
depolarization is closely associated with the impairment of
ATP synthesis from the mitochondria. Therefore, these results
suggest that the changes in the mitochondrial morphology are
also accompanied by the functional impairment. Although
high concentration of CNTs greatly impaired mitochondrial
membrane potential, this condition did not promote cell death.
It is important to note that many cancer cells including HeLa
cells generate ATP via cytosolic glycolysis, and the contribution
of mitochondrial ATP synthesis is only marginal (Rossignol
et al., 2004; Benard et al., 2007; Aguer et al., 2011). In this
respect, loss of mitochondrial potential and failure of ATP
synthesis from the mitochondria did not appear to promote
cell death. Therefore, while we did not directly explore in this
study, it is plausible that non-tumor cells with high demand of
mitochondrial ATP generation might be more sensitive to the
CNT-derived cellular toxicity.

It is also yet unclear how CNT treatments affect mitochondrial
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morphology/function. MWNT can be internalized into the
cells, and there is a report demonstrating that nano materials
can interact with mitochondria (Karatas et al., 2009).
Therefore, physical association of CNT-mitochondria might
trigger mitochondrial impairment, although other indirect
influences are not entirely rule out.

CONCLUSIONS

CNTs appear to promote mild stress to the cells and evoke
morphological and functional changes of mitochondria,
although it does not affect the viability of the cells. Based on
our observation, we propose that CNT exposure is potentially
harmful to the cell, and assessment of mitochondrial function
is useful and sensitive means to address the effect of CNTs on
cells.
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