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ABSTRACT

There are an increasing number of studies indicating that mitochondria are relevant targets in nanomaterial-induced
toxicity. However, the underlying mechanisms by which nanoparticles (NPs) interact with these organelles and affect their
functions are unknown. The aim of this study was to investigate the effects of cadmium telluride quantum dot (CdTe-QD)
NPs on mitochondria in human hepatocellular carcinoma HepG2 cells. CdTe-QD treatment resulted in the enlargement of
mitochondria as examined with transmission electron microscopy and confocal microscopy. CdTe-QDs appeared to
associate with the isolated mitochondria as detected by their inherent fluorescence. Further analyses revealed that CdTe-QD
caused disruption of mitochondrial membrane potential, increased intracellular calcium levels, impaired cellular respiration,
and decreased adenosine triphosphate synthesis. The effects of CdTe-QDs on mitochondrial oxidative phosphorylation were
evidenced by changes in levels and activities of the enzymes of the electron transport chain. Elevation of peroxisome
proliferator-activated receptor-y coactivator levels after CdTe-QD treatment suggested the effects of CdTe-QDs on
mitochondrial biogenesis. Our results also showed that the effects of CdTe-QDs were similar or greater to those of cadmium
chloride at equivalent concentrations of cadmium, suggesting that the toxic effects of CdTe-QDs were not solely due to
cadmium released from the NPs. Overall, the study demonstrated that CdTe-QDs induced multifarious toxicity by causing
changes in mitochondrial morphology and structure, as well as impairing their function and stimulating their biogenesis.
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Nanotechnology has potential applications in a wide variety of
fields including medicine, cosmetics, electronics, textiles, and
engineering. Although the use of nanomaterials is growing rap-
idly, there is increasing concern that these materials might
pose potential risks to human health (Dreher, 2004; Xia et al.,
2010). Indeed, there is a growing body of evidence showing the

toxicity of nanomaterials in cell cultures and animal models
(as reviewed by Boczkowski and Hoet, 2010). The toxicity of
nanomaterials is proposed to be associated with their novel and
unique physiochemical properties, including small size, large
surface area, surface reactivity, and redox activity, that allow
them to be transported across cell membranes or to be uptaken
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inside the exposed cells, resulting in altered subcellular
structures and affecting cellular activity (Nel et al., 2006).

Quantum dots (QDs) are engineered nanoparticles (NPs)
which are semiconductor metalloid-crystal structures of ap-
proximately 2-100nm, containing about 200-10000 atoms
(Juzenas et al., 2008; Smith et al., 2008). QDs possess unique opti-
cal and electronic properties including tunable emission wave-
length, broadband absorption spectrum, and photostability that
make them useful materials in microelectronics and biomedical
research (De Wild et al., 2003). Cadmium QDs including cad-
mium telluride quantum dots (CdTe-QDs) and cadmium sele-
nide quantum dots have shown great potential for use as
fluorescent tags in therapeutic targeting and in medical and
molecular imaging (Chan et al., 2002; Gao et al., 2004; Zhu et al.,
2013). Although the applications of these QDs are growing, there
are concerns about their potential hazards to human health and
the environment. However, the toxicity associated with these
NPs and the underlying mechanisms have not been thoroughly
evaluated.

The mitochondrion is one of the most important organelle
in cells as it plays a critical role in cellular energy production.
Adenosine triphosphate (ATP) production by mitochondria is
achieved through oxidative phosphorylation involving the elec-
tron transport chain (ETC), the proteins of which are located in
the inner membrane of the mitochondria. The ETC is composed
of 5 complexes: Complex I (nicotinamide adenine dinucleotide-
ubiquinone oxidoreductase), complex II (succinate-ubiquinone
oxidoreductase), complex III (ubiquinone-cytochrome c reduc-
tase or cytochrome bc; complex), complex IV (cytochrome c oxi-
dase), and complex V (ATP Synthase) (Galante et al.,, 1979). In
oxidative phosphorylation, electrons are transferred along
complex I to IV from low redox potential to high redox potential,
creating a proton gradient across the inner mitochondrial mem-
brane, which is used by complex V to drive the synthesis of ATP
(Duchen, 2004). Other crucial roles of the organelle include the
maintenance of calcium homeostasis, intermediate metabo-
lism, the generation of reactive oxygen species (ROS), and the
initiation or progression of programed cell death (Zorov et al.,
1997). Mitochondrial damage could result in changes in cell
functions that inevitably lead to disease states. Diseases in
which mitochondrial dysfunction has been identified as being
the causative factor include metabolic syndrome, cancer, diabe-
tes, cardiovascular diseases, and several neurodegenerative dis-
eases (Wojtczak and Zabtocki, 2008).

Several studies have suggested that mitochondria are poten-
tially relevant target organelles for NP toxicity (Oberdorster
et al., 2005; Xia et al., 2006; Zhu et al., 2006). A study by Li et al.
(2003) found that ultrafine particulate pollutants entered the
mitochondria and induced mitochondrial damage and cellular
vacuole formation. Similarly, Xia’s (2006) group showed that
diesel exhaust particles (DEPs) caused morphological alterations
in mitochondria, including swelling and loss of cristae, in hu-
man lung epithelial cells (BEAS-2B). Furthermore, a study on
various test metal NPs, including silver, iron oxide, aluminum,
molybdenum oxide, and titanium dioxide, showed that these
NPs induced changes in mitochondrial membrane potential
(Hussain et al., 2005). More recently, several studies have shown
the effects of NPs, including copper oxide, silica, iron oxide, and
fullerene NPs, on mitochondrial membrane potential and respi-
ratory chain complex activities in different cell types and iso-
lated mitochondria from rat organs (Baratli et al.,, 2013; Santos
et al., 2014; Siddiqui et al., 2013; Sun et al., 2011; Xue et al., 2014).
However, there is little known information on how NPs interact
with mitochondria and affect their function.

This study aimed to investigate mitochondrial changes in-
duced by CdTe-QDs. A human hepatocellular liver carcinoma
cell line (HepG2) was used as an in vitro model to examine CdTe-
QD toxicity. HepG2 is a relevant in vitro model for studying toxic-
ity as the cell line retains many functions of human liver cells
(Camp and Capitano, 2007). These cells are also an excellent
model to investigate mitochondrial toxicity because of their
high content of organelles and mitochondrial DNA (Pinti et al.,
2003). Our previous studies have demonstrated the toxicity of
CdTe-QDs on HepG2 and other cell lines (Nguyen et al., 2013a,b).
CdTe-QDs have been shown to cause cytotoxicity and oxidative
stress leading to extrinsic and intrinsic apoptosis (Nguyen et al.,
2013a,b). Since mitochondria have been linked to oxidative
stress and apoptotic pathways, studying the effects of CdTe-
QDs on mitochondria is an important extension of toxicity
investigation to reveal the details of the effects induced by these
NPs in test cells that were observed in our previous studies.
In this study, a set of cellular assays were used to examine the
effects of CdTe-QDs on mitochondrial structure and function
including mitochondrial morphology, membrane potential,
calcium regulation, ATP production, cellular respiration, ETC, or
oxidative phosphorylation coupling. The effect of CdTe-QDs on
mitochondrial biogenesis was also investigated. CdTe-QDs were
compared with those of cadmium chloride (CdCl,) with equiva-
lent concentrations of cadmium. Elucidating the effects of
CdTe-QDs on mitochondria will further our understanding of
the intracellular behavior of these NPs within target cells as
well as their mechanisms of toxicity. These results will ulti-
mately add to our understanding of potential human health is-
sues and introduce cellular biomarkers that may serve to warn
against adverse effects of NPs.

MATERIALS AND METHODS

Chemicals and reagents. HepG2 cells were obtained from
American Type Culture Collection (ATCC; Manassas, Virginia).
CdTe-QDs were purchased from Nano Impex Canada
(Mississauga, Ontario). CdTe-QDs were described by the manu-
facturer as CdTe/CdS core/shell QDs, encapsulated by polyacry-
late polymer layers, with a size of 5nm, a spectral emission of
540nm, and a concentration of 10 mg/ml in water, 4.9 x 10" par-
ticles/ml, and containing 10% of cadmium. MTT [3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide], dimethyl
sulfoxide (DMSO), CdCl,, and sodium tellurite (Na,TeO3) were
obtained from Sigma-Aldrich (St. Louis, Missouri). Eagle’s
Minimum Essential Medium (EMEM), fetal bovine serum (FBS),
gentamicin, PBS, and calcium crimson were obtained from Life
Technologies (Carlsbad, California). Tris base, 3-(N-morpholi-
no)propanesulfonic acid (MOPS), sucrose, ethylene glycol tetra-
acetic acid (EGTA), rotenone, succinate, glutamate, malate,
malonate, sodium cyanide (NaCN), and adenosine diphosphate
(ADP) were purchased from Sigma-Aldrich. Glutaraldehyde,
osmium tetroxide, and sodium cacodylate were purchased from
Electron Microscopy Science (Hatfield, Pennsylvania).

Characterization of CdTe-QDs. The spectral properties and size
characterization of test CdTe-QDs were carried out as described
in our previous work (Nguyen et al., 2013a).

Inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis was used to determine the elemental concen-
trations in CdTe-QDs. First, CdTe-QD sample (2.5mg/ml) was
prepared in liquid chromatography/mass spectrometry (LC/MS)
water containing 5% HNOs;. The metal composition of particles
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was analyzed by ICP-OES using a Perkin Elmer Optima 5300DV
Emission Spectrometer (Waltham, Massachusetts) with axial
viewing and modified background correction. Elements of inter-
est were confirmed using a minimum of 2 analytical wave-
lengths for each element. Five replicate readings were
performed on each analyte.

Cell preparation and treatment with CdTe-QDs. HepG2 cells were
cultured in EMEM supplemented with 10% FBS and 50 ug/ml
gentamicin in a humidified tissue culture incubator at 37°C with
5% CO,. For the MTT assay, cells were seeded into 96-well plates
at a density of 5 x 10* cells/100 uL well. For transmission electron
microscopy (TEM), confocal microscopy (including Mitotracker,
membrane potential, and calcium detection), ATP detection,
mitochondrial complex quantification, or proliferator-activated
receptor-y coactivator (PGC-1v) detection assay, cells were
seeded on cover slips placed in 6-well plates at a concentration
of 2 x 10° cells/well in 2ml of complete medium. For mitochon-
drial isolation or mitochondrial complex activity assay, cells
were seeded on 75 cm? culture flasks at a concentration of
1 x 10° cells/flask. Cells were cultured for 24 h to 80% confluency
and the medium was replaced before the exposures. Working
solutions of CdTe-QDs and CdCl, were prepared by diluting the
stock solutions in PBS. For the MTT assay, cells were treated
with different concentrations of CdTe-QDs and CdCl, (contain-
ing 0.01-1 pg/ml of cadmium) for different durations. Cells were
also treated with different concentrations of Na,TeO3 (contain-
ing 0.00033-0.33 pg/ml of tellurium) for the same durations. The
concentrations of tellurium were based on the mass ratio of tel-
lurium:cadmium in CdTe-QDs, which is 0.33:1, based on the ICP-
OES results. For other assays, cells were treated with 10 pg/ml
(or 4.9 x 10° particles/cell) of CdTe-QDs (containing 1pg/ml of
cadmium) and 1.63pg/ml of CdCl, (containing 1pg/ml of cad-
mium) for 24 h. Treatments with PBS were used as negative con-
trols. For ATP, ETC concentration and activity, and PCG-a
assays, the same protein concentrations of the controls and
treated samples were used. CdTe-QDs alone were tested with
reagents of the ATP and PCG-u assays to examine the interfer-
ence of the NPs with the assay systems. All measurements were
conducted in duplicate in 3 independent experiments.

Cytotoxicity using the MTT assay. The MTT assay was conducted as
described in Nguyen et al. (2013a). Briefly, following the treatment
of cells with CdTe-QDs, CdCl,, or Na,TeO;, the medium was
removed and replaced with fresh medium (100 pl/well). A total of
10-pl stock MTT (10 mg/ml) was added to each well and cells were
incubated for 1h at 37°C. The medium was removed and cells
were rinsed with PBS (100 pl/well). Cells were lysed and formazan
was solubilized with DMSO (100 ul/well). Absorbance was meas-
ured at 505nm using a multiwall scanning spectrophotometer
(Molecular Devices, Sunnyvale, California).

TEM for mitochondrial morphology. HepG2 cells were treated with
CdTe-QDs (10pg/ml containing 1ug/ml of cadmium) for 24 h.
Cells were then fixed with 2.5% glutaraldehyde in 66.7 mM caco-
dylate buffer (pH 7.4) for 1h, washed twice with 100mM cacody-
late buffer for 10min, and then processed with standard
procedures. Post fixation was done with 1% osmium tetroxide
in 100mM cacodylate buffer, pH 7.4. The monolayers of the cells
were dried through a series of alcohols, infiltrated with epoxy
resin, and embedded onto resin-filled Beem capsule molds. The
blocks were then ultrathin sectioned and stained first with
uranyl acetate and then with lead citrate, and analyzed with a
Joel 1230 transmission electron microscope.
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Mitochondrial isolation. Mitochondria from HepG2 cells were iso-
lated as previously described by Frezza et al. (2007) with minor
modifications. Briefly, cells were washed with PBS and collected
into a 50 ml tube. The tube was centrifuged at 1000 x g for 5 min
at 4°C. The cell pellet was then resuspended in 3 ml of isolation
buffer (10mM Tris-MOPS, 100mM sucrose, and 1mM EGTA/Tris),
transferred to a homogenizing glass tube and homogenized at
1400rpm with 40 strokes using an IKA EUROSTAR Power
Control-Visc Stirrer (IKA works, Inc, Wilmington, North
Carolina). The sample was then centrifuged at 600 x g for 10 min
at 4°C. The collected supernatant was then centrifuged at
10000 x g for 10min at 4°C. The pellet containing mitochondria
was resuspended in isolation buffer on ice and protein concen-
tration was determined using BCA kit (Pierce, Rockford, Illinois).

Determination of CdTe-QDs in mitochondrial enrichment. Isolated
mitochondrial samples (100 pl) from PBS and CdTe-QD-treated
cells were added to a 96-well opaque plate and fluorescence
was measured at excitation of 485nm and emission of 540 nm
with a SpectraMax GEMINI XS microplate spectrofluorometer
(Molecular Devices, Sunnyvale, California).

Mitochondrial membrane potential measurements by confocal micro-
scopy. Cells were grown to 80% confluency on glass cover slips
placed inside 6-well tissue culture grade plates. After treatment
with either CdTe-QDs or CdCl, for 24h, or carbonylcyanide
m-chlorophenylhydrazone (CCCP) (as a positive control) for
1h, cells were washed and loaded with 100nM of the fluorescent
potential-dependent indicator, tetramethylrhodamine ethyl
ester (TMRE) (Immunochemistry = Technologies  LLC,
Bloomington, Minnesota) for 30 min at 37 °C. Cells were washed
with assay buffer and observed with a Nikon TE2000 microscope
attached to a C1 confocal unit.

Calcium level detection. Cells were grown to 80% confluency on
glass cover slips inside 6-well tissue culture grade plates. After
treatment with CdTe-QDs or CdCl, for 24 h, cells were washed
and treated with calcium crimson at a concentration of 10 uM
for 20 min. Cells were then washed with PBS and the cover slip
containing the monolayer of cells was mounted on a slide and
viewed immediately with a Nikon TE2000 microscope attached
to a C1 confocal unit.

Mitochondrial complex quantification assay. The mitochondrial com-
plex levels were measured using a BeadPlex mitochondrial oxida-
tive phosphorylation kit from EMD (Gibbstown, New Jersey),
according to the manufacturer’s instructions. Briefly, after treat-
ment, cells were rinsed with ice-cold PBS and then homogenized
in supplied lysis buffer containing protease inhibitors. The cell
lysates were centrifuged at 12000rpm for 20min at 4°C and the
supernatants were collected and diluted in assay buffer. Each
standard or sample (50 ul) was added to the corresponding well in
a filter 96-well plate containing 25ul of anticomplex-conjugated
beads and 25l of detection antibody. The plate was incubated for
3h on a shaker at RT and then washed 3 times with wash buffer
before 50 pl/well of prediluted streptavidin-conjugated phycoery-
thrin was added. The plate was incubated for 30 min on a shaker
at RT. After being washed, 120 pl of wash buffer was added to each
well. The plate was shaken for 1min and analyzed with the Bio-
Plex 100 Array System (Bio-Rad, Hercules, California).

Mitochondrial complex activity assay. Mitochondrial complexes I,
II, 11, IV, and V activities were measured using enzyme activity
ELISA and MitoTox OXPHOS activity assay kits from
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Mitosciences (Eugene, Oregon) following the manufacturer’s
instructions with minor modifications. For complexes I, II, IV,
and V, controls and CdTe-QD- or CdCl,-treated cells were first
lysed in lysis buffer containing detergent and incubated on ice
for 30min. The samples were centrifuged at 16000rpm for
20min at 4°C and supernatants were collected. Samples (200 pl
for complexes I and IV, 50 ul for complexes II and V) were added
to assigned wells in the microplate provided for each corre-
sponding assay. The plate was incubated for 3h at room tem-
perature (RT). After washing, 200l of substrate solution was
added to each well, except in the assays for complexes Il and V,
lipid mix (40 ul) was added to each well, and the plate was incu-
bated for 45min at RT, before adding substrate solution. The
plate was placed immediately in a microplate reader and the
absorbance was measured in kinetic mode at 450, 600, 550, or
340 nm for complexes I, II, IV, or V, respectively.

For complex III, the activity of the complex was performed
using untreated isolated mitochondria of HepG?2 cells. Briefly, 10 ul
of CdTe-QDs or CdCl, (containing 1 pg/ml of cadmium) was added
to each assigned well of a 96-well plate containing 100 ul of assay
solution (25mM sodium succinate, 37mM KH,PO,4, 12 M rotenone,
0.18 mM NaCN, and 200 M oxidized cytochrome c). Untreated iso-
lated mitochondrial solution (20 ul) was added to each well and
the plate was placed immediately in a microplate reader and the
absorbance was measured in kinetic mode at 550 nm.

Cellular respiration assay. Oxygen consumption was monitored in
96-well plate format using a phosphorescent oxygen-sensitive
probe as previously described (Hynes et al, 2006) with minor
modifications. Briefly, oxygen probe (Luxcel Biosciences, Cork,
Ireland) was reconstituted in 10ml of respiratory buffer to a con-
centration of approximately 100nM. To each well of a 96-well
plate, 100l of this solution was added. CdTe-QDs (1pl well,
10 pg/ml or containing 1pg/ml of cadmium), rotenone (complex I
inhibitor), or malonate (complex II inhibitor) was added to the
assigned wells. After this process, 50ul of mitochondrial stock
solution (1.0 mg/ml) was added to each well followed by 50 ul of a
50/50mM glutamate/malate mixture or 100mM succinate with or
without ADP (6.6 mM final concentration) in incubation buffer.
Finally, 100 ul of heavy mineral oil was added to each well and
the plate was placed in a SpectroMax Gemini (Molecular Devices),
equilibrated at 30°C, and measured kinetically at 380/650 nm exci-
tation/emission for every 5min over a period of 120min. Time
profiles of fluorescence intensity in each well were analyzed
using Excel (Microsoft) software, to determine the rates of oxygen
consumption based on the known relationship between probe
fluorescence and oxygen concentration (Hynes et al., 2006). Rates
of change of dissolved oxygen were subsequently determined
from the slopes of these concentration profiles.

ATP level detection. ATP quantification was carried out using ATP
colorimetric assay kit from Biovision (Mountain View, CA). Cells
were lysed in ATP assay buffer. The samples were centrifuged
at 15000 x g for 2min at 4°C and the supernatants were col-
lected for the assay. Samples were diluted with ATP buffer and
added to the corresponding wells on a microplate. CdTe-QDs
alone were added to separate wells to test for the interference
of the NPs with the assay system. To each well, 44 pl of ATP buf-
fer, 2 ul of ATP probe, 2 ul of ATP converter, and 2 ul of developer
solution were added. The plate was incubated for 30 min at RT
and absorbance was measured at 570 nm in a microplate reader.

PGC-1a level detection. PGC-1a level was measured using PGC-1a
ELISA assay kit from BioSource (San Diego, California). In brief,

cells were lysed with 2 freeze-thaw cycles in ice-cold PBS and
centrifuged at 5000 x g for 5min at 4°C. The supernatant was
collected and assayed immediately. Each of the samples or
standards (100 pl) was added to the assigned well in the pro-
vided 96-well plate and incubated for 2h at 37°C. CdTe-QDs
alone were added to separate wells to test for the interference
of the NPs with the assay system. Biotin antibody (100 pl) was
then added to each well and the plate was incubated for 1h at
37°C. After 3 washes, 100l of avidin-HRP was added to each
well. After 1h incubation and washes, 90ul of 3,3',5,5-
tetramethylbenzidine was added to each well followed by
15min incubation. Stop solution (50 ul) was then added to each
well and the absorbance was measured at 450nm in a micro-
plate reader.

Statistical analysis. Results were compared using one-way
ANOVA followed by Dunnett’s test for comparison of treatment
groups with the negative control group and Tukey’s test for
pairwise comparisons among treatment groups. All data were
expressed as mean + standard deviation. A value of P < 0.05 was
considered as statistically significant.

RESULTS

Characterization of CdTe-QDs. Spectral and size properties of
CdTe-QDs that were used in this study have been recently pub-
lished by us (Nguyen et al., 2013a).

ICP-OES analysis of CdTe-QDs showed that the levels of
arsenic, calcium, chromium copper, iron, mercury, magnesium,
manganese, and lead in the NP solution were below the detec-
tion limit (Table 1). The concentration of cadmium and tellu-
rium in the sample was 0.246 (246) and 0.081 mg/ml (81 ppm),
respectively (Table 1). Since the concentration of CdTe-QDs that
was used for the ICP-MS analysis was 2.5 mg/ml, the ICP-OES
result showed that these NPs contained 9.84% of cadmium and
3.24% of tellurium content. The cadmium content in CdTe-QDs
from the ICP-OES analysis was approximate to the 10% content
of cadmium in CdTe-QDs that was claimed by the
manufacturer.

Cytotoxicity. Cytotoxicity of CdTe-QDs, CdCl,, and Na,TeOs in
HepG2 cells was examined for changes in bioreduction activity
using the MTT assay to estimate cellular capacity to reduce

TABLE 1. Inductively Coupled Plasma Optical Emission
Spectrometry Analysis for Determination of Elements in CdTe-QDs

Element Concentration (ppm)
Arsenic <21
Calcium 2.6x0.0
Chromium <0.2
Copper <0.5
Iron <0.1
Mercury <4.1
Magnesium <0.7
Manganese <0.2
Lead <0.6
Cadmium 2465
Tellurium 81+20

Elements of interest were confirmed using a minimum of 2 analytical wave-
lengths for each element. Five replicate readings were performed on each
analyte.
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MTT to its formazan. Both CdTe-QDs and CdCl, caused cytotoxic-
ity in HepG2 cells in a time- and dose-dependent manner
(Fig. 1A), while Na,TeOs treatment resulted in no significant cyto-
toxic effects (Fig. 1B). At the same concentration of cadmium,
CdTe-QDs induced greater cytotoxic effects, compared with
CdCl,. For CdTe-QDs, the earliest changes were observed at 6h
with 0.1 ug/mL cadmium, and the lowest observable effects were
observed with 0.01pg/mL at 12h exposure. At the longest expo-
sure duration (24h), CdTe-QDs caused maximal effects being
approximately 60% relative to the controls (Fig. 1). Examination
by microscopy showed that, even at this high dose and exposure,
cells had not detached (data not shown) and most still retained
at least some capacity to reduce MTT to formazan, albeit at a
much lower level compared with PBS-treated controls.

Mitochondrial Morphology. The effects of CdTe-QDs on HepG2
morphology were studied using TEM. TEM results revealed
changes in mitochondrial structure and shape including mito-
chondrial swelling and loss of cristae (Figs. 2B and D) compared
with mitochondria from control cells (Figs. 2A and C). However,
TEM results did not show the localization of the NPs inside the
treated cells or their mitochondria.

Detection of CdTe-QDs in Isolated Mitochondria. To examine the
association of CdTe-QDs with mitochondria, mitochondria
from CdTe-QD-treated and control cultures were isolated and
measured by fluorimetry at 540nm (emission wavelength for
green CdTe-QDs). The results showed that mitochondria from
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the CdTe-treated cultures gave 2.5- to 3-fold (P <0.05) higher
fluorescence intensity (FI) at 540nm compared with the
controls, demonstrating that CdTe-QDs were associated with
relatively high levels of these organelles (Fig. 3).

Mitochondrial Membrane Potential. Loss or disruption of mitochon-
drial membrane potential was investigated by staining CdTe-
QD- or CdCl,-treated and control cells with TMRE. The TMRE
staining showed that both CdTe-QDs and CdCl, caused a
decrease in overall fluorescence, compared with the controls
(Figs. 4A-C), indicating a disruption in the membrane potential.
In this assay, CCCP, a depolarizing agent, was used as the posi-
tive control and also resulted in a decrease in TMRE fluores-
cence (Fig. 4D).

Intracellular Calcium Level. The level of intracellular calcium was
measured from confocal micrographs using a calcium indicator
dye. The staining results showed that the treatment with CdTe-
QDs led to a significant increase in fluorescence intensity com-
pared with the controls (7.4-fold, P <0.05) (Figs. 5B and D). The
results revealed that CdTe-QDs caused elevated intracellular
Ca?* levels. Treatment of CdCl, also resulted in increase in cal-
cium levels; however, at the same concentration of cadmium,
the effect of CdCl, was much less compared with that of CdTe-
QDs (Figs. 5C and D).

Cellular Respiration. Cellular respiration is usually measured by
assessing the rate of oxygen consumption. In this study, cellular
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FIG. 1. Cytotoxicity in HepG2 cells as assessed by loss of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide bioreduction activity of cadmium telluride
quantum dots (CdTe-QDs), cadmium chloride (CdCl,), and sodium tellurite (Na,TeOs)-treated cultures relative to PBS-treated controls. A, Cells were treated with differ-
ent concentrations of CdTe-QD and CdCl,, at equivalent concentrations of cadmium, for 6, 12, and 24 h. The concentrations of CdTe-QDs and CdCl, were expressed in
cadmium concentrations. B, Cells were treated with different concentrations of Na,TeOs for 6, 12, and 24 h. The concentrations of Na,TeO; were expressed in tellurium
concentrations that corresponded to the concentrations of cadmium in CdTe-QDs used in (A). Data points represent the means of 3 independent experiments done in
duplicate + standard deviations. The asterisks (*) indicate statistically significant differences compared with PBS-treated controls (P < 0.001). The number (#) sign indi-
cates statistically significant differences of CdCl, compared with the CdTe-QD-treated group (P < 0.05).
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FIG. 2. Transmission electron micrographs of HepG2 cells showing the effects of CdTe-QDs on mitochondrial morphology and structure. A and C, PBS-treated controls
at low and high magnifications. B and D, CdTe-QD-treated cells at low and high magnifications. Abbreviations: n, nuclear; m, mitochondrion.
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FIG. 3. Fluorometric detection of CdTe-QDs in enriched mitochondrial fractions.
Fluorescence intensity was measured at an excitation of 485nm and emission
of 540 nm. Each data point represents the mean + standard deviation. The aster-
isks () indicate statistically significant differences compared with the PBS-
treated controls (P < 0.05).

respiration was measured using a phosphorescent oxygen-
sensitive probe to monitor the oxygen consumption in isolated
mitochondria. Respiratory substrates, ADP, and inhibitors for
respiratory chain complexes were used to study the effect of
CdTe-QDs on different states of cellular respiration. To study
the effect on state 2 (or basal respiration), either glutamate/
malate (substrate for complex I) or succinate (substrate for
complexes II and III) was added to a mitochondrial sample with
or without CdTe-QDs. The oxygen consumption was measured
in a microplate reader. The depletion of oxygen in the sample is

reflected as an increase in fluorescence intensity. For state 3
respiration, exogenous ADP was added together with each
substrate.

The results showed that CdTe-QDs induced significant
decreases in the rates of oxygen, compared with the controls
(Figs. 6A and B), indicating the inhibition in oxygen consump-
tion in the mitochondrial respiratory chain induced by the NPs.
The CdTe-QD inhibitory effect was greater for respiration
with succinate than for that with glutamate/malate as the
substrate. For both substrates, the inhibition appeared greater
for state 3 than for state 2 (Figs. 6A and B). In this assay, the
inhibitors of mitochondrial complexes such as rotenone
(complex I) and malonate (complex II) were included as the
positive controls, which also showed inhibition of oxygen
consumption.

ATP Content. ATP content was determined to assess the effects
of CdTe-QDs on ATP synthesis in test cells. CdTe-QDs (10 pg/ml,
containing 1pg/ml of cadmium) caused a significant decrease
(2.28-fold, P<0.05) in ATP concentration compared with the
controls. Treatment of CdCl, also induced a significant reduc-
tion in ATP level, but the effect was less severe compared with
that of CdTe-QDs (Fig. 7). For this assay, the possible interfer-
ence of CdTe-QDs with the assay system was tested by having
CdTe-QDs alone in the wells with assay reagents. These wells
showed absorbance values similar to the background (data not
shown), indicating that CdTe-QDs do not interfere with the
assay results.
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FIG. 4. Confocal micrographs of HepG2 cells showing the effects on mitochondrial membrane potential induced by CdTe-QDs and CdCl,, at an equivalent concentration
of cadmium, using TMRE staining. A, PBS-treated controls; B, cells treated with CdTe-QDs, which appeared as green dots/aggregates on the micrograph; C, cells treated
with CdCl,; and D, cells treated with carbonylcyanide m-chlorophenylhydrazone, as the positive control.
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FIG. 5. Confocal micrographs showing intracellular Ca®* levels in HepG2 cells detected using calcium crimson after being treated for 24 h with PBS (A), 10 ug/ml CdTe-
QDs (B), and CdCl, (C). Intracellular Ca®* is indicated with red fluorescence. D, The total area of red fluorescence (pixels squared: px?) was analyzed with image analysis
software using 3 micrographs for each sample. Each data point represents the mean + standard deviation. The asterisks (*) indicate statistically significant differences
compared with the PBS-treated controls (P < 0.05). The number (#) sign indicates statistically significant difference compared with the CdTe-QD-treated group (P < 0.05).

Electron Transport Chain Component Enzyme Level and Activity. The
quantity of mitochondrial complexes was determined using
BeadPlex array assays. HepG2 cells were treated with CdTe-QDs
or CdCl, (1 pg/ml of cadmium) for 24 h. The results showed that
CdTe-QDs caused significant decreases (P < 0.05) in the levels of
complexes II, IIl, and IV, compared with the controls and an
increase in the level of complex V (Fig. 8A). CdCl, treatment
resulted in similar effects on the complex levels (Fig. 8A).

The effects of CdTe-QDs on mitochondrial complexes were
further examined for changes in the activities of specific com-
plex components. The results showed that CdTe-QDs caused lit-
tle or no change in the activities of complexes I and V, but
caused significant decreases (P<0.05) in the activities of
complexes II, I1I, and IV (Fig. 8B). Similar effects on the activities
of the complexes were observed with CdCl, (Fig. 8B).

PGC-1« Level. The effect of CdTe-QDs on mitochondrial biogene-
sis was investigated by examining the change in PGC-10, which
is a transcriptional coactivator that regulates mitochondrial

biogenesis. The level of PGC-1o was measured using ELISA. Our
results showed that the treatment of CdTe-QDs (10 pg/ml, con-
taining 1 pg/ml of cadmium) caused a significant increase (18.2-
fold, P <0.05) in PGC-1ua levels in HepG2 cells at 24 h, compared
with the controls (Fig. 9). Treatment of CdCl,, at the same cad-
mium concentration, also resulted in significant increase in
PGC-1o level, but the fold change induced by CdCl, was less
compared with that of CdTe-QDs (Fig. 9). The interference of
CdTe-QDs with the assay system was tested in a similar man-
ner to that of the ATP assay. CdTe-QDs showed no interference
with the assay results as the wells that contained CdTe-QDs
alone with the assay reagents showed the absorbance values
similar to the background (data not shown).

DISCUSSION

Potential health effects of nanomaterials have been studied
intensively in the past few decades. However, the detailed
mechanisms of NP toxicity are poorly understood. Cadmium-
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FIG. 6. Effects of CdTe-QDs on cellular respiration expressed in rates of O, con-
sumption from isolated mitochondria. A, State 2 and state 3 respiration per-
formed with complex I substrate, glutamate/malate. Rotenone, a complex I
inhibitor, was used as the positive control. B, State 2 and state 3 respiration per-
formed with complex II substrate, succinate. Malonate, a complex II inhibitor,
was used as the positive control. Data points represent the means of 3 inde-
pendent experiments * standard deviations. The asterisks (*) indicate statisti-
cally significant differences compared with controls (P < 0.05).
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FIG. 7. Effects of CdTe-QDs on ATP content in HepG2 cells. Cells were treated
with CdTe-QDs and CdCly, at an equivalent concentration of cadmium (1 ug/ml),
for 24h. Data points represent the means of 3 independent experiments +
standard deviations. The asterisks (*) indicate statistically significant differences
compared with controls (P<0.001). The number (#) sign indicates statistically
significant difference compared with the CdTe-QD-treated group (P < 0.05).

based QD toxicity has been reported in in vitro and in vivo stud-
ies (as reviewed by Hardman, 2006). In addition, our previous
studies have shown that CdTe-QDs caused suppression in
immune responses to bacteria, oxidative stress, and apoptosis
via both extrinsic and intrinsic (mitochondrial) pathways
(Nguyen et al., 2013a,b). It is important to investigate further the
underlying mechanisms by which these NPs interact with, and
affect the functions of cellular components. In particular, mito-
chondria have been suggested as possible targets for NPs.
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FIG. 8. Effects of CdTe-QDs on mitochondrial electron transport chain (ETC)
complexes. A, Changes in ETC complex concentrations. B, Changes in ETC com-
plex activities. Cells were treated with CdTe-QDs and CdCl,, at an equivalent
concentration of cadmium (1 pug/ml), for 24 h. Data points represent the means
of 3 independent experiments + standard deviations. The asterisks (*) indicate
statistically significant differences compared with controls (P < 0.05).
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FIG. 9. Effects of CdTe-QDs on mitochondrial biogenesis expressed as changes in
PGC-1a levels. Cells were treated with CdTe-QDs and CdCl,, at an equivalent
concentration of cadmium (1 pg/ml), for 24h. Data points represent the means
of 3 independent experiments + standard deviations. The asterisks () indicate
statistically significant differences compared with controls (P <0.05). The num-
ber (#) sign indicates statistically significant difference compared with the CdTe-
QD-treated group (P < 0.05).

The aim of this study was to investigate the effects of CdTe-QDs
on mitochondrial structure and function. Toward this goal, sev-
eral hypothesis-driven experiments were developed for screen-
ing the mitochondrial toxicity caused by CdTe-QDs and also for
investigating the mechanisms underlying the impacts on these
organelles following QD exposures.

In initial experiments, cytotoxicity in HepG2 induced by
CdTe-QDs was examined. The assay included CdCl, at equiva-
lent concentrations of cadmium for comparative purposes.
CdTe-QDs induced cytotoxicity in HepG2 cell in a dose- and
time-dependent manner. This result confirmed our previous
studies (Nguyen et al., 2013a,b) and aligned with the findings
from other groups (Lovric et al., 2005; Su et al., 2009; Zhang et al.,
2007). CdCl,, at equivalent cadmium concentrations, also
induced cytotoxicity in the same manner, but appeared to be
less cytotoxic compared with CdTe-QDs. This suggests that the
effects of CdTe-QDs cannot solely be explained by the action of
the cadmium component of the NPs. Beside cadmium, the
CdTe-QD core also contains tellurium which represents 3.24% of


quantum dot
; Lovric etal., 2005b
to

the total NP mass, based on our ICP-MS analysis. To investigate
the possible contribution of tellurium in CdTe-QD cytotoxicity,
Na,TeO; was used as a control. Tellurium concentrations were
based on the mass ratio of tellurium/cadmium in the NPs. Our
results showed that at tellurium concentrations appropriate for
this study, no cytotoxicity was observed in HepG2 cells. Toxicity
of tellurium has been previously reported in various cell lines
including HeLa (Wen et al.,, 2013) and human chronic myeloid
leukemia cell, K562 (Sandoval et al., 2012), and in immune cells
isolated from different aquatic species (Bruneau et al.,, 2015).
However, the tellurium doses that caused toxic effects in these
cells were much higher than those we used in this study.
Therefore, our findings suggest that the effects of CdTe-QDs in
this study were not from tellurium component.

One of the effects of NPs is to cause changes in mitochon-
drial morphology and structure. Microscopy examination
revealed that CdTe-QDs induced mitochondrial swelling and
disruption of the normal appearance of their cristae. Our find-
ings agree with a previous study by Cho et al. (2007), who
reported that Cys-CdTe-QD treatments to MCF-7 cells resulted
in significant mitochondrial swelling and rounding up as
observed with confocal microscopy using a Mitotracker dye. Our
observations on the changes of mitochondrial morphology and
structure with CdTe-QDs also support a recent study on Cd/Se/
Te-based QDs 705 toxicity in mice (Lin et al., 2012). This previous
study also showed mitochondrial swelling, disorientation, and
reduction of mitochondrial number in the proximal convoluted
kidney tubule cells of treated mice (Lin et al., 2012). Alteration of
mitochondrial morphology and structure, induced by NPs, has
also been observed with other types of NPs including DEP, ultra-
fine air pollution particles, and multiwalled nanotubes. These
changes were associated with the localization of NPs within
mitochondria (Oberddrster et al., 2005; Xia et al., 2006; Zhu et al.,
2006). In this study, the localization of CdTe-QDs within the
cells or organelles was not observed clearly with TEM. However,
the association of CdTe-QDs with mitochondria was inferred
from an increase in fluorescence intensity of the QDs in isolated
mitochondria of CdTe-QD-treated cells. The association of
CdTe-QDs with the mitochondrial enrichment suggests that
mitochondria might be the targets of CdTe-QDs and supports
the theory that NPs can be transported across cell membranes
specifically into mitochondria (Foley et al., 2002).

Alteration of mitochondrial morphology and structure is
typically associated with the damage of mitochondrial integrity
including changes in mitochondrial membrane potential and
membrane permeability (Petit et al., 1995). The mitochondrial
membrane potential is a key indicator of cellular viability, as it
reflects the pumping of hydrogen ions across the inner mem-
brane during the process of electron transport and oxidative
phosphorylation—the driving force behind ATP production
(Chen, 1988). In this study, treatment with CdTe-QDs caused a
disruption in mitochondrial membrane potential. Since a simi-
lar effect was observed with CdCl,, the disruption of mitochon-
drial membrane potential could also result from the effects of
cadmium, which has also been previously reported by other
groups (Bolduc et al., 2004; Liu et al., 2011; Mao et al., 2011; Martel
et al., 1990). However, here we also observed the association of
CdTe-QDs with mitochondria. Thus, the alteration of mitochon-
drial membrane potential observed in this study might also
result from the direct interaction of these NPs with the organ-
elles causing physical damage and membrane potential col-
lapse, which, in turn, results in mitochondrial swelling.
Disruption of mitochondrial membrane potential has also been
linked to apoptosis (Gottlieb et al., 2003). The collapse of the
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mitochondrial membrane potential coincides with the opening
of the mitochondrial permeability transition pores, leading to
the release of cytochrome c into the cytosol, which triggers
other downstream events in the apoptotic cascade (Gottlieb
et al., 2003). The disruption of mitochondrial membrane poten-
tial supports the findings from our previous studies showing
that CdTe-QDs caused release of cytochrome c from mitochon-
dria and apoptosis (Nguyen et al., 2013b).

In this study, the treatment of CdTe-QDs resulted in an
increase in intracellular Ca®*. A significant increase in cytosolic
Ca”" in murine J774A,1 macrophages from treatment with dif-
ferent surface-coated cadmium-based QDs was reported by Clift
et al. (2010), who suggested that the increase in Ca?" was medi-
ated via ROS and oxidative stress. Elevation of intracellular Ca®*
was also observed in CdCl,-treated cells, suggesting that the
effect of CdTe-QDs on Ca?* could also come from cadmium
component of the NPs. Elevation of intracellular Ca>" has been
linked to apoptosis induced by cadmium (Yeh et al., 2009). It has
been proposed that cadmium releases Ca®" from endoplasmic
reticulum and mitochondria in a phospholipase C-independent
manner (Yeh et al., 2009). However, in this study, the effect of
CdCl, treatment was much less pronounced compared with
that of CdTe-QDs at the same concentration of cadmium, sug-
gesting that cadmium from the NPs is not the sole cause. The
observed effect might also be caused by the direct interaction of
CdTe-QDs with Ca”'-storing organelles within the cells.
Calcium is the key regulator of mitochondrial function.
Dysregulation of calcium homeostasis has been shown to play a
critical role in mitochondrial dysfunction (Duchen, 2000). The
opposite has also been shown in that mechanical injury of
mitochondria can lead to disturbance in calcium homeostasis
(Rodrigo and Standen, 2005). It is not clear whether the eleva-
tion of intracellular Ca?" in this study is the cause or conse-
quence of mitochondrial damage induced by NPs. It has been
shown that elevated intracellular Ca®* levels can lead to the
excessive entry of calcium into the mitochondria, which triggers
the opening of the mitochondria permeability transition pore
and causes mitochondrial damage (Armstrong, 2006).
Therefore, the elevated Ca®" concentration might be the cause
of the alterations of mitochondrial morphology, structure, and
membrane potential observed in this study. However, it is pos-
sible that the increase in intracellular Ca®>" in CdTe-QD-treated
cells is a result of mitochondrial injury caused by physical inter-
action between the NPs and mitochondria and endoplasmic
reticulum, where Ca?" is stored within the cells, causing release
of Ca?" from these organelles (Chinopoulos and Adam-Vizi,
2006). Thus, the exact mechanism of elevation of intracellular
Ca”* induced by CdTe-QDs is not clear and remains to be further
investigated.

Cellular respiration and ATP content are important indica-
tors for mitochondrial function (Brand and Nicholls, 2011). Here,
we demonstrated that CdTe-QDs reduced cellular respiration,
expressed as oxygen consumption rate and depressed ATP syn-
thesis. The majority of ATP production occurs via oxidative
phosphorylation by the mitochondrial respiratory chain, which
is essentially driven by the transmembrane electrical potential
(Brown, 1992). Depression of ATP synthesis indicated effects of
CdTe-QDs on the process of oxidative phosphorylation.
Similarly, measurement of oxygen consumption has been con-
sidered the most informative parameter for indication of mito-
chondrial function because the measurement allows direct and
specific assessment of the functioning of the ETC, the corner-
stone of oxidative phosphorylation and cellular metabolism
(Brown, 1992). Oxygen consumption by the mitochondria can be
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modulated by the uncoupling of oxidative phosphorylation,
uncoupling proteins, the opening of the mitochondrial perme-
ability transition pore, or the inhibition of individual compo-
nents of the ETC (Brand and Nicholls, 2011). In this study, the
decrease in oxygen consumption induced by CdTe-QDs suggests
the effects of these NPs on the ETC. Our findings agree with a
recent study by Li et al. (2011), who also reported changes in cel-
lular respiration in isolated rat liver mitochondria, induced by
CdTe-QDs. These authors showed that CdTe-QDs significantly
decreased respiratory rate at state 3 and suggested that the NPs
affected both the ETC and transport through the mitochondrial
inner membrane leading to uncoupled respiration inhibition
(Lietal., 2011).

Our study went further to investigate the effects of CdTe-
QDs on ETC component enzymes by examining their protein
levels and activities. Treatment with CdTe-QDs resulted in
selective effects on ETC complexes. The NPs decreased the lev-
els and activities of complexes II, Il and IV, while causing no
changes in the levels and activities of complex I. Treatment
with CdCl, resulted in similar effects, suggesting that the effects
of CdTe-QDs observed on ETC components were from cadmium
toxicity. Several studies have reported inhibition of ETC compo-
nents by cadmium (Belyaeva et al., 2012; Kurochkin et al., 2011,
Wang et al., 2004). Cadmium has been shown to inhibit the
activities of complexes II (50%-60%) and III (30%-77%) of mito-
chondrial ETC from guinea pig liver, brain, and heart, but caused
insignificant inhibition of the activities of complexes I and IV
(Wang et al., 2004). Meanwhile, a study on isolated rainbow trout
hepatic mitochondria showed equal inhibitory effects of cad-
mium on the activities of complexes I, II, and III (Adiele et al.,
2012). However, to date, there have been no studies on cadmium
toxicity reporting the effects of this element on the levels of ETC
enzymes, and the exact mechanism of how cadmium inhibits
the mitochondrial ETC enzyme activities is unclear.

In this study, ETC enzyme concentrations were measured
and there was a correlation between the effects of CdTe-QDs on
the levels and the effects on the enzyme activities. Our study
suggests that the decrease in ETC complex activities might be
the result of the reduction in the levels of their proteins caused
by CdTe-QDs. Similar to complex I, the activity of complex V
was not affected by CdTe-QDs in this study; however, these NPs
induced an increase in the level of this complex. This can be
explained by the compensatory response of the cells to
depressed ATP content. Our previous study has shown that
CdTe-QDs induced ROS generation, leading to oxidative stress
in the same cell line (Nguyen et al., 2013b). Mitochondria are the
major source of ROS production in cells, and complexes I and III
are the primary sites of ROS production (Li et al.,, 2003). The
impairment of electron transfer through complexes I and III
may induce ROS generation (Turrens et al., 1997). Here, the
effects of CdTe-QDs on complex III might be one of the sources
of ROS production induced by the NPs that were observed in our
previous work (Nguyen et al., 2013b).

Mitochondrial biogenesis is defined as the growth and divi-
sion of pre-existing mitochondria (Jornayvaz and Shulman,
2010). PGC-1a is a transcriptional coactivator, identified as a
master regulator of mitochondrial number and function. The
protein provides a direct link between external physiological
stimuli and the regulation of mitochondrial biogenesis (Knutti
and Kralli, 2001). Measurement of PGC-1a levels was performed
in this study to examine the effects of CdTe-QDs on mitochon-
drial biogenesis. This study showed that CdTe-QDs caused a
significant increase in PGC-1u levels, suggesting that mitochon-
drial biogenesis may have been activated. Activation of PGC-1a

has been reported as a result of cellular stress in which ROS was
suggested to be one type of the signaling molecules to induce
mitochondrial  biogenesis  (Acin-Perez et al, 2009).
Overexpression of PGC-1o was also linked to increases in cyto-
solic Ca?" which led to the activation of calcium/calmodulin-
dependent protein kinase II and subsequently to the activation
of p38 mitogen-activated protein kinase which is the upstream
regulator of PGC-1a (Wright et al., 2007). Elevation of PGC-1¢ has
also been shown as a response to ATP depletion and mitochon-
drial dysfunction in conditions such as hypoxia or ischemia
(Garcia-Gimenez et al., 2011; Gutsaeva et al.,, 2008; Rohas et al.,
2007; St-Pierre et al., 2006). Therefore, the increased PGC-1a lev-
els induced by CdTe-QDs observed in this study could be a
result of oxidative stress, increased ROS production, and/or
increased cytosolic Ca®", as previously discussed. Overall, the
elevation of PGC-1a expression appeared to be a cellular com-
pensatory response to the negative effects of CdTe-QDs on the
mitochondrial function, including the decreases in cellular
respiration and ATP synthesis induced by these NPs.

In conclusion, we conducted a hypothesis-driven investiga-
tion of mitochondrial toxicity induced by CdTe-QDs. Our study
has revealed the mitochondria as the intracellular target of
CdTe-QDs and demonstrated the effects of these NPs on mito-
chondrial morphology, structure, and function in HepG2 cells.
Mitochondrial swelling and disruption of mitochondrial mem-
brane potential were evident along with elevation of intracellu-
lar Ca®?" levels, a decrease in cellular respiration, and a
depression of ATP synthesis. Effects on the levels and activities
of ETC component enzymes appeared to be selective and
explained the observed effects on mitochondrial critical func-
tions and biogenesis. The role of cadmium on mitochondrial
toxicity induced by CdTe-QDs was evident in this study; how-
ever, cadmium alone cannot explain the entire effects of these
NPs. From our findings, it is possible that the NPs interact
directly with mitochondria causing membrane damage, mem-
brane potential disruption, and affecting ETC components lead-
ing to inhibition of oxidative phosphorylation process.
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