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Abstract

Background: Single-walled carbon nanotubes (SWCNTs) have many potential applications in various fields. Espe-
cially, the unique physicochemical properties make them as the prime candidates for applications in biomedical
fields. However, biocompatibility of SWCNTs has been a major concern for their applications. In the study, biocompati-
bility of oxidized SWCNTSs (O-SWCNTs) was assessed using Saccharomyces cerevisiae (S. cerevisiae) as a model organism.

Results: Cell proliferation and viability were significantly changed after exposure to O-SWCNTs (188.2 and

3764 mg/L) for 24 h. O-SWCNTSs were internalized in cells and distributed in cytoplasm, vesicles, lysosomes and cell
nucleus. The average O-SWCNTs contents in S. cerevisiae were ranged from 0.18 to 4.82 mg/g during the exposure
from 0 to 24 h, and the maximum content was reached at 18 h after exposure. Both penetration and endocytosis
were involved in the internalization of O-SWCNTs in S. cerevisiae, and endocytosis was the main pathway. Cellular
structures and morphology were changed after exposure to O-SWCNTs, such as undulating appearance at the mem-
brane, shrinking of the cytosol, increased numbers of lipid droplets and disruption of vacuoles. ROS and antioxidant
enzymes activities were observably changed following exposure. For the treatment at 376.4 mg/L, 20.8% of the total
cells was undergone apoptosis. Decrease of mitochondrial transmembrane potential and leakage of cytochrome ¢
from mitochondria were observed after exposure. Moreover, expression levels of apoptosis-related genes were signifi-
cantly increased.

Conclusions: O-SWCNTs can internalize in S. cerevisiae cells via direct penetration and endocytosis, and distribute in
cytoplasm, vesicles, lysosomes and cell nucleus. Besides, O-SWCNTs (188.2 and 376.4 mg/L) can induce apoptosis in S.

cerevisiae cells, and oxidative stress is involved in activation of the mitochondria-dependent apoptotic pathway.
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Background

Single-walled carbon nanotubes (SWCNTs) are impor-
tant nanomaterials that have potential to be used for a
variety of applications in many fields [10]. Especially, they
have the potential to revolutionize biomedical research.
Merging of SWCNTs with medicine presents an unprec-
edented opportunity for developing novel materials that
can improve treatment and diagnosis of diseases. Sev-
eral highly promising applications have been reported
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in some studies, such as drug delivery, gene therapy,
growth substrates, tissue scaffolds and biological imag-
ing [2, 3, 17]. When considering their biomedical appli-
cations, SWCNTs are expected to have an intrinsically
low systemic toxicity [18]. Therefore, the biological,
environmental and safe profiles of SWCNTs need to be
thoroughly characterized and understood before their
broadly used.

A growing number of studies have assessed the poten-
tial toxicity of SWCNTs to a number of cell types and
organisms [12]. Some studies reported that SWCNTs can
internalize in cells and induce cell apoptosis/necrosis.
Besides, one of the most common SWCNTs mechanisms
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that lead to cytotoxicity is related to oxidative stress that
can cause mitochondrial impairment and apoptosis [9,
30, 36]. The uptake pathways and intracellular distribu-
tion of SWCNTs have also been investigated in previ-
ous studies. Data so far supported that endocytosis is the
major uptake pathway of SWCNTs in mammalian cells,
and SWCNTs are distributed in cytoplasm, lysosomes,
mitochondria and cell nucleus [33]. The complexity of
SWCNTs toxicity is attributed to various parameters,
such as purity, length, agglomeration and surface func-
tionalization of SWCNTs, especially, different types of
cells and organisms were used in the toxicity studies [33,
41]. Owing to their lightweight characteristics, SWCNTs
are ubiquitously distributed in the environment, includ-
ing air, water and soil. Various kinds of organisms that
active in the environment are at risk of SWCNTs. There-
fore, representative organisms are necessary to system-
atic study the uptake, distribution, accumulation and
biocompatibility of SWCNTs.

Saccharomyces cerevisiae (S. cerevisiae) is one of the
most intensively used unicellular eukaryotic model
organisms in molecular and cell biology studies. Its cel-
lular structure and functional organization share much
similarity with cells of plants and animals, furthermore,
it also has a short generation time and can be easily cul-
tured like bacteria. Therefore, toxicity studies using S.
cerevisiae as a model organism can provide clues to
understand nanotoxicity in higher organisms and bacte-
ria [14, 20, 34]. S. cerevisiae is a widely used model organ-
ism for the study of oxidative stress and apoptosis [7],
and its genome was sequenced [15]. Thus lots of data and
genes are available for mechanistic studies. It has been
widely used as a model organism in the toxicological
studies of nanomaterials, such as TiO,, ZnO, CuO, Al,O,
Mn,0,, CeO, and SiO, nanoparticles [14, 20, 34]. In
addition, we have investigated the effects of multi-walled
carbon nanotubes (MWCNTs), graphene oxide (GO) and
a-Fe,O; nanoparticles on S. cerevisiae [45—47]. Results
showed that S. cerevisiae is a suitable model organism for
toxicological studies of nanomaterials.

In the study, biocompatibility of oxidized SWCNTs
(O-SWCNTs) was assessed using S. cerevisiae as a model
organism. Based on previous studies, we hypothesized
that (1) O-SWCNTs would be internalized and well dis-
tributed in S. cerevisiae; (2) both penetration and endocy-
tosis would involve in the internalization of O-SWCNTs
in S. cerevisiae; (3) O-SWCNTs would induce apopto-
sis in S. cerevisiae cells; and (4) oxidative stress would
involve in activation of the mitochondria-dependent
apoptotic pathway. The study contributes to a better
understanding of the O-SWCNTs biocompatibility, and
lays foundation for their applications.
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Methods

Characterization of O-SWCNTs

SWCNTSs (Chengdu Organic Chemicals Co., Ltd., China)
were purified and oxidized according to our previous
study [44]. O-SWCNTs (600 mg) were weighed on alu-
minum foil and dispersed in 1 L YPD medium (1% yeast
extract, 2% peptone and 2% glucose). The resulting sus-
pension was sonicated for 2 h at 100 W with a 50% on/
off cycle. Following the sonication, the suspension was
centrifuged at 12,000g for 2 h. The supernatant was col-
lected, and concentration of O-SWCNTs was determined
by Raman spectrophotometer. Raman spectrophotom-
eter is a useful tool to quantify CNTs due to the normal-
ised G-band areas show linear concentration behaviour
in accordance with Beer’s law [4, 16, 39]. For the quanti-
tative analysis, a standard curve between the concentra-
tions of O-SWCNTs and the normalised G-band areas
was established. Then, the supernatant was pipetted into
a square quartz groove (side length: 5 mm, height: 1 mm)
and dried in vacuum at 80 °C. Contents of O-SWCNTs
were measured using the Raman spectrophotometer with
an excitation wavelength of 785 nm, and calculated by
the standard curve. The supernatant was diluted to cre-
ate suspensions with a series of concentrations by dou-
ble dilution method. All suspensions were sterilized
and sonicated again before used. For SWCNTs charac-
terization, both SEM (Hitachi S-4800, Japan) and TEM
(JEM1200EX, Japan) were used to observe the shape of
O-SWCNTs. The purity, chemical states and elemen-
tal compositions of pristine SWCNTs (P-SWCNTs) and
O-SWCNTs were analyzed using Raman spectrophotom-
eter (Longjumeau Cedex, France) and XPS (PHI-5600,
Russia).

Cell proliferation and viability

Saccharomyces cerevisiae was cultivated in O-SWC-
NTs suspensions with constant shaking (160 rpm) at
30 °C, and the inoculation quantity was approximately
1x10° cells/mL. For proliferation assays, cells were
counted at 0, 3, 6, 9, 12, 15, 18, 21 and 24 h with a hem-
atocytometer under an optical microscope (Olympus
Optical Co., Ltd., Tokyo, Japan). To check the effect of
O-SWCNTs on cell viability, cells were collected follow-
ing exposure for 24 h and stained with 1 mg/mL Trypan
Blue (Sigma, USA) for 3-5 min. The stained cells and
total cells were counted under the microscope, and mor-
tality rate was calculated as a ratio between stained cells
and total cells. All measurements were carried out eight
times.
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Internalization, distribution and uptake kinetics

of O-SWCNTs in S. cerevisiae

Internalization and distribution of O-SWCNTSs in S. cer-
evisiae were observed using the TEM according to Bayat
et al. [6]. In order to measure the uptake kinetics, con-
tents of O-SWCNTs in S. cerevisiae were quantitatively
assessed after exposure for 0, 3, 6, 9, 12, 15, 18, 21 and
24 h. Dry weight of S. cerevisiae cells was measured
before the quantitative assessment. Briefly, cells treated
without O-SWCN'Ts were collected and counted under
the microscope. Then, the cells were dried using a freeze
dryer (FD5-3, GOLD-SIM) and weighted using a bal-
ance (Sartorius Stedim Biotech GmbH, Germany). After
that, the average weight of a single cell was calculated.
The O-SWCNTs contents were measured based on the
dry weight of S. cerevisiae, reflecting the total cell burden
across the exposure from 0 to 24 h. For the measurement,
cells were collected using density gradient centrifuga-
tion [47] at each time point, and then counted under the
microscope. The cells were pipetted into a square quartz
groove (side length: 5 mm; height: 1 mm), and then
dried in vacuum at 80 °C. Contents of O-SWCNTs were
measured using the Raman spectrophotometer with an
excitation wavelength of 785 nm, and calculated by the
standard curve. All measurements were carried out three
times.

Uptake mechanism

To elucidate whether O-SWCNTs enter into S. cerevisiae
via endocytosis, cells were exposure to O-SWCNTs sus-
pension in the presence of 5% (v/v) ethanol and at 4 °C,
respectively. O-SWCNTs in S. cerevisiae were quanti-
tatively measured using Raman spectrophotometer as
described above. Moreover, expression levels of endocy-
tosis-related genes (END3, END6, Sla2 and Rsp5) were
measured by Real-Time PCR using ribosomal 185 RNA
(18S rRNA) as internal standard. Primers for the genes
and cycling conditions were designed as previous stud-
ies [47]. Relative expression was obtained by using the
2748C [40] method and normalized to the expression of
the internal standard gene 18S rRNA in the same sample.
All measurements were carried out three times.

Effects of O-SWCNTs on cellular structure

After exposure for 24 h, cells were collected using density
gradient centrifugation and washed with PBS (pH=7.1).
The cells were fixed with 2.5% glutaraldehyde in PBS at
4 °C for 24 h and then adhered onto a piece of glass using
polylysine. Afterwards, cells were dehydrated through
a graded ethanol series (30-90%, 2 x 100%; 15—-20 min
each) and replaced using isoamyl acetate. The sam-
ples were dried overnight and coated with a thin layer
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of gold, and observed using the SEM. Moreover, effects
of O-SWCNTs on cellular structure were also checked
using TEM according to Bayat et al. [6].

ROS and antioxidant enzymes activities

After exposure for 24 h, approximately 1 x 108 cells were
collected. The cells were mixed with glass beads (0.3—
0.4 mm) and thoroughly ruptured by vigorous vortexing
for 5-10 min. After vortexing, the homogenates were
centrifuged (12,000 rpm, 4 °C) for 10 min. The superna-
tants were collected for ROS and antioxidant enzymes
(SOD, CAT and GPx) activities measurements. Total pro-
tein, ROS, SOD, CAT and GPx activities were measured
using kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to manufacturer’s instruc-
tions, and detected by a microplate reader (Multiskan
MK3, Thermo Labsystems Co., Beverly, MA). All meas-
urements were carried out three times.

Apoptosis assay

After exposure for 24 h, approximately 2x 10° cells
were collected from each treatment and stained with
annexin-V-FITC (5 pL) and PI (5 puL) following the manu-
facturer’s instruction. Following the staining, flow cytom-
etry (Beckman Coulter Inc., United States) analysis was
immediately conducted. FITC fluorescence (FL1) and PI
fluorescence (FL2) of each cell were quantitated using the
Cell Quest Pro® software (BD, Germany).

Mitochondrial transmembrane potential

Mitochondrial transmembrane potential (MTP, Ay,)
was detected using JC-1 (Beyotime Biotech, Nantong,
China) as described in previous studies [8, 35]. Briefly,
cells were collected following exposure for 24 h. The cells
were incubated with JC-1 following the manufacturer’s
instruction and analyzed using a microplate reader (Mul-
tiskan MK3, Thermo Labsystems Co., Beverly, MA).
Ratios between red and green fluorescent were calcu-
lated, and results were shown as percentage between the
ratios of treatments and that of the control. All measure-
ments were carried out three times.

Cytochrome c leakage from mitochondria

After exposure for 24 h, approximately 1 x 10° cells were
collected from each treatment. The cells were ruptured
as described above, and supernatants were collected.
A small amount of Na,S,0; was added into the super-
natants in order to keep cytochrome c in the reduction
state. Absorbance of cytochrome ¢ was measured at
540 nm using a UV-visible spectrophotometer (UV-
2200, Shimadzu, Japan). All measurements were carried
out three times.
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Expression of apoptosis-related genes

Expression levels of apoptosis-related genes (SOD, Ycal,
Nmalll and Nucl) were measured by Real-Time PCR
as described above. All measurements were carried out
three times.

Statistical analysis

Data were expressed as mean =+ standard deviation (SD)
and analyzed using SPSS Version 11.0 software package
(SPSS Inc., Chicago, IL). Differences between the controls
and treatments were analyzed using one-way ANOVA
followed by Tukey’s test, where p<0.05 was considered
significant.

Results and discussion

Characterization of SWCNTs

The complexity of SWCNTs toxicity is attributed to vari-
ous parameters, such as concentration, purity, length
and surface functionalization [33]. Therefore, these
parameters should be well characterized before the tox-
icity assessment. In the study, O-SWCNTs suspension
was sonicated and centrifuged to acquire well-dispersed
supernatant. Concentration of O-SWCNTs in the super-
natant was 376.4 mg/L. The supernatant was diluted to
create suspensions (23.5, 47.1, 94.1 and 188.2 mg/L) by
double dilution method. As shown in SEM (Fig. la)
and TEM (Fig. 1b) images, O-SWCNTs were fibrous

Page 4 of 12

with varying lengths. According to statistical analysis
of TEM images, the average length of O-SWCNTs was
263 nm, and shorter than the average length of P-SWC-
NTs (3.16 pm). As shown in Fig. 1c, typical G (around
1580 cm™!) and D band (around 1303 cm™!) of CNTs
[11] were identified from the raman spectra of P- and
O-SWCNTs. D/G band intensity ratio (Ip/1g) can be used
to monitor the defects of CNTs as it is increased with the
defects increasing [28, 31]. The I,/I; ratios of P-SWC-
NTs and O-SWCNTs were 0.82 and 1.32, indicating that
defects of SWCNTs were increased following oxidation.
Figure 1d shows XPS spectra of P- and O-SWCNTs, indi-
cating SWCN'Ts surface was consisted of carbon (284 eV)
and oxygen (532 eV). Surface oxygen contents for P- and
O-SWCNTs were 3.32 and 14.6 atomic %, respectively,
suggesting the oxidation was sufficient. There are small
amounts of iron [711 (Fe 2p,;,) and 725 (Fe 2p;;,) eV],
cobalt (782 eV) and nickel (850 eV) in P-SWCNTs which
not found in O-SWCNTs, indicating that O-SWCNTs
were free from impurities following oxidation. All the
results showed that the oxidation of SWCNTs was suffi-
cient and the impurities were removed.

Effects of O-SWCNTs on cell proliferation and viability

After exposure to O-SWCNTs suspensions, cell prolif-
eration showed a dose-dependent inhibition (Fig. 2a),
and was significantly inhibited (p<0.01) at 188.2 and
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Fig. 1 Characterization of SWCNTs. SEM (a) and TEM (b) images of O-SWCNTs. Raman (c) and XPS (d) spectra of P-SWCNTs and O-SWCNTs
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Fig. 2 a Growth curves of S. cerevisiae exposed to 0-376.4 mg/L O-SWCNTs suspensions. Effects of O-SWCNTs on cell proliferation (b) and viability
(c) after exposure for 24 h. Values are presented as mean =+ SD. Values that are significantly different from the control are indicated by asterisks (one-
way ANOVA, *p <0.05; **p <0.01)

376.4 mg/L (Fig. 2b). The cells proliferation at 376.4 mg/L
was 64.9% compared with the control after exposure for
24 h. Mortality was notably increased (p<0.01) at 94.1—
376.4 mg/L, and was 14.7% after exposure to 376.4 mg/L
for 24 h (Fig. 2c). Effects of MWCNTs on S. cerevisiae
have been investigated in our previous study [47]. Prolif-
eration and mortality after exposure to 400 mg/L MWC-
NTs were 72.2% (compared with the control) and 6.1%,
respectively. Therefore, these data indicated that SWC-
NTs possess a higher toxicity file than MWCNTs.

Internalization, distribution and uptake kinetics
of O-SWCNTs in S. cerevisiae
Several studies about the distribution of SWCNTs have
been reported and showed that SWCNTs distributed in
the cytoplasm, lysosomes, mitochondria, endosome-like
vesicles and cell nucleus [33, 37]. The internalization,
distribution and uptake kinetics of O-SWCN'Ts in S. cer-
evisiae were checked in the study. As shown in Fig. 3a,
O-SWCNTs were firstly adsorbed onto the cell wall sur-
face and then penetrated across the cell wall (Fig. 3b) and
membrane (Fig. 3c). Subsequently, O-SWCNTs entered
into the cells and distributed in cytoplasm (Fig. 3d, e),
vesicles (Fig. 3e), lysosomes (Fig. 3e) and cell nucleus
(Fig. 3f). These results were similar to that reported by
Porter et al. [37], who demonstrated that SWCNTs
distributed in cytoplasm, lysosomes, endosome-like
vesicles and cell nucleus of human monocyte-derived
macrophages [37]. We investigated the distribution of
MWCNTs in S. cerevisiae, and showed that MWCNTs
were distributed in the perinuclear region without enter-
ing into cell nucleus [47]. The difference may be due to
that SWCNTs have a smaller diameter and stronger pen-
etrability than MWCNTTs.

As shown in Fig. 3g, the average length of SWCNTs
in cells was around 110 nm, which was shorter than the
SWCNTs (263 nm). The result indicated that shorter

SWCNTs are more easily enter into cells. The uptake
kinetics of O-SWCNTs in S. cerevisiae was shown in
Fig. 3h. The average O-SWCNTs contents were ranged
from 0.18 to 4.82 mg/g, and the maximum content was
reached at 18 h after exposure. A decrease was observed
from 18 to 24 h probably due to the discharge of
O-SWCNTs. Uptake kinetics of MWCNTs in S. cerevisiae
was investigated in previous study. Result showed that
the maximum MWCNTs content was reached at 3 h
after exposure [47], indicating that SWCN'Ts presented a
slower uptake compared with MWCNTs.

Uptake mechanism

Several findings suggested that endocytosis is the major
uptake pathway of SWCNTs in mammalian cells [19,
33]. To investigate whether endocytosis occurs for the
internalized O-SWCNTs in S. cerevisiae cells, we studied
the effect of endocytosis inhibiting conditions (5% etha-
nol [23] and 4 °C [29]) on cellular uptake. As shown in
Fig. 4a, b, the contents of O-SWCNTs in cells were sig-
nificantly decreased after incubation with 5% ethanol
(2.16 mg/g) and at 4 °C (1.33 mg/g) compared with the
control (4.82 mg/g). Contents of O-SWCNTs in cells
were reduced by 55.2 and 72.4% after incubation with 5%
ethanol and at 4 °C compared with the control, respec-
tively. Besides, expression levels of endocytosis-related
genes [END3 (Fig. 4c), END6 (Fig. 4d), Sla2 (Fig. 4e)
and Rsp5 (Fig. 4f)] were increased after exposure to
0-376.4 mg/L O-SWCNTs suspensions. These data indi-
cated that cellular uptake is predominantly an endocyto-
sis process. Similar result was reported in other studies
[27, 33].

Figure 3 clearly illustrated the penetration and internal-
ization of O-SWCNTs into the cells. Direct penetration
through the cell wall and membrane could be designated
as one of the routes to deliver the O-SWCNTs into the
cytoplasm. It was demonstrated that CN'Ts could readily
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Fig. 3 Internalization, distribution and uptake kinetics of O-SWCNTs (green arrows) in S. cerevisiae. O-SWCNTs were firstly adsorbed onto the cell
wall surface (@) and then penetrated across the cell wall (b) and membrane (c). O-SWCNTs entered into the cells and distributed in cytoplasm (d),
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permeate through the cell wall, driven by van der Waals
forces or hydraulic forces [42]. Based on the combined
results of Figs. 3 and 4, it can be concluded that internali-
zation of O-SWCNTSs in S. cerevisiae cells via: (1) direct
penetration. O-SWCNTs were firstly adsorbed onto the
cell wall surface, and then penetrated across the cell wall
and membrane. After the penetration, O-SWCNTs dis-
tributed in the cytoplasm, vesicles, lysosomes and cell
nucleus; (2) endocytosis. O-SWCNTs adsorbed and pen-
etrated across the cell wall. Subsequently, the cell mem-
brane was invaginated and wrapped up the O-SWCNTs.
O-SWCNTs entered into the cells within the endosomes.
The endosomes merged with lysosomes, and then lys-
osomes merged with vacuoles. The findings are some-
what similar to the results of previous studies [1, 47].

Effects of O-SWCNTs on cellular structure

One of the CNTs-cytotoxicity mechanisms was pro-
posed to be CNTs-induced cellular structure damages
[22, 33]. As shown in Fig. 5a, surface of cells treated with-
out O-SWCNTs was plump and smooth. After exposure
to O-SWCNTs, cells were deformed and shrank (Fig. 5b,
¢). Cell wall of crinkled cell was incrassate, and its thick-
ness was not uniform (Fig. 5d). Other damages, such as
increased numbers of lipid droplets (Fig. 5e) and disrup-
tion of vacuoles (Fig. 5f) were also observed. Our find-
ings are similar to the results reported by Bayat et al. [6],
who investigated the effects of engineered nanoparti-
cles on the cellular structure of S. cerevisiae. They dem-
onstrated that increase in the number of lipid droplets,
disruption or lack of vacuoles, shrinking of the cytosol
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and undulating appearance at the membrane were visible
after exposure to CuO and Ag nanoparticle [6].

ROS and antioxidant enzymes activities

SWCNTs internalized into the cells would induce oxida-
tive stress by producing ROS, which could undoubtedly
be one of the factors responsible for the acceleration of
cell apoptosis or death. Exposure to SWCNTs has been
associated with altered levels of components in the

antioxidant defense system, such as CAT, SOD and GPx
[9, 25, 30]. Production of ROS and antioxidant enzymes
activities were detected in the study. As shown in Fig. 6a,
ROS was observably (p<0.01) increased following expo-
sure to 188.2 and 376.4 mg/L O-SWCNTs compared
with the control. CAT activity showed a dose-dependent
increase and dramatically increased (p<0.01) at 188.2
and 376.4 mg/L (Fig. 6b). Interestingly, SOD (Fig. 6¢) and
GPx (Fig. 6d) activities were firstly increased and follow
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by decreases. Increases of CAT, SOD and GPx activities
may be due to responses to the superoxide, high antioxi-
dant enzymes activities can efficiently degrade superox-
ide. Decreases of SOD and GPx activities may be due to
the depletion of SOD and GPx, or decrease in cell via-
bility. Similar phenomenon was reported in other stud-
ies [32, 38]. In general, the data indicated that oxidative
stress was induced following exposure to O-SWCNTTs.

Cell apoptosis

Several studies reported that SWCNTs can induce cell
apoptosis/necrosis. Besides, one of the most common
SWCNTs mechanisms that lead to cytotoxicity is related
to oxidative stress that can cause mitochondrial impair-
ment and apoptosis [9, 36]. For example, Cheng et al. [9]
investigated the effect of SWCNTs on rat aorta endothe-
lial cells and demonstrated that SWCNTs induced apop-
tosis in the cells. Moreover, they also showed that ROS
generation was involved in activation of the mitochon-
dria-dependent apoptotic pathway [9]. To study whether
O-SWCNTs can induce cellular apoptosis/necrosis,
Annexin V/PI staining was performed and analyzed by
flow cytometry. As shown in Fig. 7, there was no obvious
apoptosis following exposure to 0-94.1 mg/L. However, it
showed a significant increase (p<0.01) after exposure to
188.2 (11.5%) and 376.4 (20.8%) mg/L for 24 h compared
with the control. The data indicated that the increase of
mortality was related to apoptosis.

Mitochondrial transmembrane potential

Mitochondria have been suggested to play a key role in
the apoptotic process. Their control of apoptosis has
been described as: (1) maintenance of ATP production;
(2) MTP and mitochondrial membrane permeability
for the release of certain apoptogenic factors from the
intermembrane space into the cytosol [24]. Reduction
in MTP has been postulated to be an early and obligate
event in the apoptotic signaling pathway [43]. In the
study, changes of MTP after exposure to O-SWCNTs
suspensions for 24 h were measured using JC-1 staining.
As shown in Fig. 8a, MTP was significantly decreased
(p<0.01) at 376.4 mg/L compared with the control, indi-
cating that the apoptosis induced by O-SWCNTs was
related to mitochondrial impairment. The result is in
accordance with previous studies [9, 36].

Leakage of cytochrome c from mitochondria

Decrease of MTP is associated with the opening of the
mitochondria permeability transition pore. Mitochondria
become so permeable that they are unable to maintain a
sufficient force to retain cytochrome c (Cyt c), thus, Cyt
¢ will release from the mitochondria into the cytoplasm.
Contents of Cyt ¢ in cytoplasm were detected in the
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Fig. 7 Flow cytometric analysis of apoptosis using Annexin V/PI
staining. The annexin V-FITC™/PI~, annexin V-FITC*T/PI~ and annexin
V-FITC*/PIT populations were regarded as viable cells, early apoptosis
and late apoptosis, respectively. Values are presented as mean 4 SD

study. As shown in Fig. 8b, significant increases in Cyt ¢
were observed compared with the control after exposure
to 188.2 and 376.4 mg/L. The result indicated that mito-
chondrial membrane permeability was increased, and
Cyt ¢ was released from mitochondria to cytoplasm fol-
lowing exposure to O-SWCNTTs.

Expression of apoptosis-related genes

Superoxide dismutase gene encodes superoxide dis-
mutase, which is a crucial enzyme in removing super-
oxide anion. It is sensitive to a variety of stress agents
due to escalated oxidative stress. Moreover, it also plays
a key role in the apoptotic process [21]. Ycal mediates
the apoptotic process, and encodes a yeast protein with
structural homology and similar function to mammalian
caspases [26]. Nmalll encodes a protein which belongs
to the HtrA family of serine proteases, and its pro-apop-
totic activity depends on its serine-protease activity [13].
Nucl has roles in mitochondrial recombination and
apoptosis [5]. Expressions of SOD (Fig. 8c), Ycal (Fig. 8d),
Nmalll (Fig. 8e) and Nucl (Fig. 8f) were significantly
increased following exposure to O-SWCNTs, indicating
that S. cerevisiae cells were undergone apoptosis related
to oxidative stress and mitochondrial impairment. The
findings were consistent with previous studies [9, 30].

Conclusion

Taken together, results so far indicated that: (1) O-SWC-
NTs (<47.1 mg/L) show no obvious effects on S. cerevi-
siae cells; (2) O-SWCNTs can internalize in S. cerevisiae
cells and distribute in cytoplasm, vesicles, lysosomes and
cell nucleus; (3) internalization of O-SWCNTs in S. cer-
evisiae cells via direct penetration and endocytosis; (4)
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Fig. 8 a Mitochondrial transmembrane potential (MTP) of S. cerevisiae cells was evaluated using JC-1, and measured by microplate reader. b Con-
tents of cytochrome c in cytoplasm after exposure to 0-376.4 mg/L O-SWCNTs. Expressions of SOD (c), Ycal (d), Nma111 (e) and Nuc1 (f) following
exposure to O-SWCNTs (0-376.4 mg/L). Values are presented as mean = SD. Values that are significantly different from the control are indicated by

asterisks (one-way ANOVA, **p <0.01)

the maximum content of O-SWCNTs in S. cerevisiae
cells is reached at 18 h after exposure; (5) O-SWCNTs
(188.2 and 376.4 mg/L) induce apoptosis in S. cerevisiae
cells, and oxidative stress is involved in activation of the
mitochondria-dependent apoptotic pathway.
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