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Abstract Quantum dots (QDs) are increasingly applied
in sensing, drug delivery, biomedical imaging, electronics
industries, etc. Consequently, it is urgently required to
examine their potential threat to humans and the environ-
ment. In the present work, the toxicity of CdTe QDs with
nearly identical maximum emission wavelength but mod-
ified with two different ligands (MPA and BSA) to mito-
chondria was investigated wusing flow cytometry,
spectroscopic, and microscopic methods. The results
showed that QDs induced mitochondrial permeability
transition (MPT), which resulted in mitochondrial swelling,
collapse of the membrane potential, inner membrane per-
meability to H" and K™, the increase of membrane fluidity,
depression of respiration, alterations of ultrastructure, and
the release of cytochrome c. Furthermore, the protective
effects of CsA and EDTA confirmed QDs might be able to
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induce MPT via a Ca2+-dependent domain. However, the
difference between the influence of CdTe QDs and that of
Cd** on mitochondrial membrane fluidity indicated the
release of Cd>" was not the sole reason that QDs induced
mitochondrial dysfunction, which might be related to the
nanoscale effect of QDs. Compared with MPA-CdTe QDs,
BSA-CdTe QDs had a greater effect on the mitochondrial
swelling, membrane fluidity, and permeabilization to H™
and K by mitochondrial inner membrane, which was
caused the fact that BSA was more lipophilic than MPA.
This study provides an important basis for understanding
the mechanism of the toxicity of CdTe QDs to mitochon-
dria, and valuable information for safe use of QDs in the
future.
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Abbreviations
HP Hematoporphyrin

MPA  3-Mercaptopropionic acid

BSA  Bovine serum albumin

CsA Cyclosporin A

QDs Quantum dots

MPT  Mitochondrial permeability transition
ROS  Reactive oxygen species

CNTs Carbon nanotubes

Introduction

Quantum dots are tiny particles, or “nanoparticles”, of a
semiconductor material, traditionally chalcogenides (tel-
lurides, selenides or sulfides) of metals like cadmium or
zinc (CdTe or ZnS, for example), which range from 2 to
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10 nm in diameter (about the width of 50 atoms). Because
of their small size, quantum dots display unique optical and
electrical properties that are different in character from
those of the corresponding bulk material (Murray et al.
2000). The wavelength of these photon emissions depends
not on the material from which the quantum dot is made,
but its size (Ekimov and Onushchenko 1981). Quantum
dots can therefore be “tuned” during production to emit
any color of light desired (Leutwyler et al. 1996). Re-
searchers have studied the applications of quantum dots in
transistors, solar cells (Nozik 2002), LEDs (Leutwyler
et al. 1996), and diode lasers (Narukawa et al. 1997). They
have also investigated quantum dots as agents for medical
imaging (Michalet et al. 2005) and as possible qubits in
quantum computing (Loss and DiVincenzo 1998). To
prevent potential threats originating from accidental ex-
posure of quantum dots, their toxicity has been extensively
studied at the levels of biological macromolecules (Atay
et al. 2010; Vannoy and Leblanc 2010; Xiao et al. 2012),
subcellular organelles (Li et al. 2011b), cell (Chibli et al.
2011; Clift et al. 2011b; Derfus et al. 2004; Hoshino et al.
2004; Lu et al. 2008; Neibert and Maysinger, 2012), pro-
tozoa (Werlin et al. 2011), and others (Donaldson et al.
2002; Lu et al. 2008; Mortensen et al. 2013; Yang et al.
2014).

The mitochondrion is a membrane-bound organelle
found in most eukaryotic cells. Mitochondria range from
0.5 to 1.0 um in diameter. These structures are sometimes
described as “cellular power plants” because they generate
most of the cell’s supply of ATP, used as a source of
chemical energy (Henze and Martin 2003). In addition to
supplying cellular energy, mitochondria are involved in the
processes such as signaling, cell differentiation, cell
growth, cell death, as well as the control of the cell cycle
(McBride et al. 2006). Mitochondria have been implicated
in several human diseases, including mitochondrial disor-
ders and cardiac dysfunction, and may play a role in the
aging process (Lesnefsky et al. 2001). Previous studies
demonstrated that the consistent characteristics of apopto-
sis, produced by a variety of stimuli and in a number of
different cell types, appear to indicate common pathways.
The consistent observation of mitochondrial dysfunction
prior to the nuclear changes associated with apoptotic cell
death implies that it may be a critical regulator of the
metabolic events involved in the apoptotic cascade
(Deckwerth and Johnson 1993; Isenberg and Klaunig
2000). Subsequent evidence revealed only mitochondria
undergoing the mitochondrial membrane permeability
transition (MPT) are pro-apoptotic in this system
(Zamzami et al. 1996). MPT is defined as an increase in the
permeability of the mitochondrial membranes for mole-
cules of less than 1500 Da in molecular weight (Bernardi
et al. 1994). MPT results from the opening of a
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mitochondrial permeability transition pore, also known as
the MPT pore or MPTP. Induction of the permeability
transition pore can lead to mitochondrial swelling and cell
death through apoptosis or necrosis.

Recently, some studies showed that several types of
nanoparticles, such as quantum dots (Lovri¢ et al. 2005),
Ag (Stensberg et al. 2014; Teodoro et al. 2011), CNTs
(Pulskamp et al. 2007), and TiO, (Freyre-Fonseca et al.
2011), can damage mitochondria by causing mitochondrial
swelling or collapse of the mitochondrial membrane po-
tential. Sun et al. indicated silica nanoparticles could enter
the cells through different pathways and dispersed in cy-
toplasm and deposited inside mitochondria. Mitochondria
were the major organelles for the cytotoxicity of silica
nanoparticles exposure (Sun et al. 2011). Additionally, it
has been reported that CdSe-core QD treatment of IMR-32
cells induced JNK activation and mitochondrial-dependent
apoptotic processes (Chan et al. 2006). It is widely ac-
cepted that the release of heavy metal ion and generation
of reactive oxygen species (ROS) caused by highly reac-
tive atoms at the particle surface are important mechan-
isms in the mitochondrial effects of quantum dots. Thus
far, most reported nanotoxicological studies have focused
on mitochondria dysfunction in vitro cell-culture ex-
periments. However, the evidences of a direct and imme-
diate influence of QDs on mitochondrial inner membrane
permeabilization, ultrastructure, and permeability transi-
tion are still less documented. Recently, Clift et al. in-
vestigated the uptake and intracellular fate of a series of
different surface-coated QDs (Clift et al. 2011a). The re-
sults showed that NH,(PEG)-QDs were located within the
mitochondria of macrophages. Noteworthy, our group in-
vestigated the effects of CdTe QDs on the function of
mitochondria isolated from rat liver, and first presented
mitochondria as target of quantum dots toxicity (Li et al.
2011a). Consequently, it is urgently required to examine
the mechanism of mitochondrial toxicity induced by CdTe
QDs.

In order to stabilize nanoparticles, alleviate toxicity and
target organs, quantum dots are usually coated with ligands
or polymers, or functionalized with peptide sequences.
Bovine serum albumin (BSA) is a serum albumin derived
from cows. Reportedly, the presence of BSA greatly im-
proved the biocompatibility of QDs at the level of cells.
We wonder if BSA has the same effect at the level of
organelle. In the present work, the toxicity of CdTe QDs
coated with two different ligands (MPA and BSA) to mi-
tochondria was investigated using flow cytometry, spec-
troscopic, and microscopic methods. Our study provides an
important basis for understanding the mechanisms of CdTe
QDs toxicity to mitochondria. The above features of QD-
induced mitochondrial dysfunction will be useful for
studies on the biological activities of QDs.
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Experimental
Cells and Reagents

3-Mercaptopropionic acid (MPA, 99 %), CdCl, (99.99 %),
NaBH4(99 %), tellurium powder (99.999 %, about 200
mesh), bovine serum albumin (BSA), hematoporphyrin
(HP), and cyclosporin A (CsA) were obtained from Sigma-
Aldrich and were used without further purification. All
other reagents were of analytical reagent grade. Ultrapure
water with 18.2 MQ cm™' (Millipore Simplicity) was used
in all syntheses.

Preparation and Characterization of CdTe QDs

Experimental details for preparation and characterization
of QDs modified by MPA and BSA are described in the
supplementary material. All the QDs suspensions were
purified by dialysis against I x 1072 mol L™' PBS buffer,
pH = 7.4 for 2 h. QDs concentrations were determined
using the extinction coefficients.

Cell Culture and Cell Treatment

Human embryonic kidney cells (HEK293 cell) were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10 % heat-inactivated fe-
tal bovine serum (FBS), and antibiotics (100 mg/mL
streptomycin and 100 U/mL penicillin) at 37 °C in the
humidified atmosphere with 5 % CO,. For flow cy-
tometry, cells were cultured at a density of 3.0 x 10°
cells/well in 6-well plates (Corning Incorporated,
Corning, NY, US). Cells were treated with QDs for 24
or 48 h before biochemical analysis and real-time live
cell imaging.

Assessment of Cell Metabolic Activity

Colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assays were performed to
assess the metabolic activity of cells. The cells in culture
medium were dispensed in 96-well plates (200 pL in
each well containing 2 x 10* cells per well). Then dif-
ferent concentrations of QDs were added to each well.
After 48 h treatment medium was removed and replaced
by phosphate buffer (180 pL/well). To each well 20 pL
stock MTT (5 mg/mL) was added, and cells were then
incubated for 4 h at 37 °C. Medium was removed, and
cells were lysed with dimethylsulfoxide. Absorbance was
measured at 490 nm using a microplate reader (E1x800,
BioTek, USA). Relative cell viability was calculated as a
percentage of the control group, to which QDs had not
been added.

Isolation of Mitochondria

Liver mitochondria from Wistar rats (150-200 g) were
isolated according to standard differential centrifugation
procedures. In brief, the liver tissue was homogenized in
medium A, containing 250 mM sucrose, 2 mM HEPES,
0.1 mM EDTA, and 0.1 % fatty acid-free BSA (pH 7.4).
The protein concentration of mitochondria was determined
by the biuret method using BSA as the standard. The res-
piratory control ratio (RCR) was measured by a Clark
electrode (Oxygraph, Hansatech, UK). Only when the
respiratory control ratio value exceeded 3, the mitochon-
drial suspensions were used.

Evaluation of Mitochondrial Membrane Potential

(AY/m)

For quantitative analysis of Ay, QDs-treated HEK293
cells were also rinsed twice with PBS, trypsinized, and then
stained with JC-1. JC-1 is a lipophilic probe which po-
tential-dependently accumulated in mitochondria and its
fluorescence emission shifts from red (~590 nm, J-ag-
gregates) to green (~525 nm, J-monomers) when mito-
chondrial membrane potential decreases. The fluorescence
of J-aggregates in healthy cells was quantified on PE de-
tector, and green JC-1 monomers in apoptotic cells were
quantified on FITC detector of flow cytometer (FACSAr-
iaTM III, Becton—Dickinson, USA). For statistical sig-
nificance, at least 10,000 cells were analyzed in each
sample. Confocal micrographs of HEK293 cells stained
with JC-1 were acquired with Eclipse C1-si laser scanning
confocal microscope system (Nikon).

Determination of Mitochondrial Swelling

Mitochondrial swelling was measured by monitoring the
decrease of absorbance at 600 nm over 7.5 min at room
temperature (Bernardi et al. 1992). Mitochondria (0.25 mg/
mL) were suspended in 2 mL. medium B (200 mM sucrose,
10 mM Tris-MOPS, 20 uM EGTA-Tris, 5 mM succinate,
2 uM rotenone, and 3 pg/mL oligomycin, pH 7.4) and
incubated with different concentrations of QDs. Spectra
were recorded at room temperature on a UNICO (Dayton,
NJ) 4802 double beam spectrophotometer equipped with
1.0 cm quartz cells.

Measurement of H" and K™ Inner Membrane
Permeabilization

Mitochondrial inner membrane permeabilization to H* or
K™* was detected, respectively, by passive osmotic swelling
of mitochondria suspended in potassium acetate and
potassium nitrate medium (Fernandes et al. 2006). The
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potassium acetate medium contained 135 mM potassium
acetate, 5 mM HEPES, 0.1 mM EGTA, 0.2 mM EDTA,
2 uM rotenone, and 1 pg/mL valinomycin (pH 7.1), while
the potassium nitrate medium contained 135 mM KNOs,
5 mM HEPES, 0.1 mM EGTA, 0.2 mM EDTA, and 2 pyM
rotenone (pH 7.1).

Assessment of Membrane Fluidity

Mitochondrial membrane fluidity was measured by the
fluorescence anisotropy changes of HP-labeled mitochon-
dria (Ricchelli et al. 2005). The HP solution was prepared
in absolute ethanol and injected into stirred mitochondrial
suspensions (0.25 mg/mL, in medium B) with a final
concentration of 3 uM. Fluorescence anisotropic () values
were recorded at 626 nm (/o = 520 nm) by measure-
ments of [, and I, i.e., the fluorescence intensities polar-
ized parallel and perpendicular, respectively, to the vertical
polarization plane of the excitation beam. The anisotropy,
r, is defined by the following equation:

r=———
It +2GI,

where G =1, /Iy, G is the correction factor for instru-
mental artifacts.

Measurement of Mitochondrial Respiratory Rate

Respiratory rate was monitored by a Clark oxygen elec-
trode and the Oxygraph software from Hansatech, UK.

Transmission Electron Microscopy of Cell
and Mitochondria

Cells under various experimental conditions were fixed for
30 min at 4 °C using glutaraldehyde at a final concentra-
tion of 2.5 % in 0.1 M cacodylate buffer, then postfixed
with 1 % osmium tetroxide and dehydrated (Petronilli et al.
2009). Observations were performed on a JEM-100CX
transmission electron microscope (JEOL, Peabody, MA).

Measurement of Cytochrome C

To confirm apoptosis caused by QDs, the release of cy-
tochrome ¢ from mitochondria was detected by Cyt-C
ELISA Kit (Shanghai Hua Yi Bio Technology Co. Ltd,
China) according to manufacturer’s protocol.

Statistical Analysis

All the experiments were performed using four indepen-

dent experiments with different mitochondrial prepara-
tions. The values are expressed as mean £ SE. Means were
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compared using ANOVA (paired ¢ test). Statistical sig-
nificance was set as P < 0.05.

Results
Characterization of CdTe QDs

The images of CdTe QDs water dispersion under room
light (left) and UV lamp (right) radiation are shown in
Figure S1. Figure S2a, b show the UV-visible (UV-Vis)
absorption (A) and photoluminescence (B) spectra of QDs
at room temperature. All samples exhibit a well-resolved
first electronic transition absorption maximum, indicating a
sufficiently narrow size distribution. The line width of the
fluorescence spectrum is narrow, which also suggest that
the as-prepared QDs are nearly monodispersed and ho-
mogeneous (Zheng et al. 2007). Figure S3 reveals the
powder X-ray diffraction (XRD) patterns for the pre-
cipitated fractions of CdTe QDs. These QDs exhibited the
cubic (zinc blende) structure which was also the dominant
crystal phase of bulk CdTe. The X-ray photoelectron
spectra (XPS) of CdTe QDs are shown in Figure S4. The
overview TEM image (Fig. la) presents well-separated
nanocrystals with mean size of ~4 nm. A high-resolution
TEM image (Fig. 1b) of the MPA-capped CdTe QDs
shows crystalline nanoparticles with distinctly resolved
lattice fringes.

Cytotoxicity of MPA-CdTe and BSA-CdTe QDs

The cytotoxicity of QDs was evaluated by the effect on the
cellular metabolic viability through MTT assay. As shown
in Fig. 2, MPA-CdTe QDs were highly toxic for HEK293
cells. On the contrary, the presence of BSA greatly im-
proved the biocompatibility of QDs.

Effects of QDs on Mitochondrial Membrane Potential
(AYm)

Mitochondrial permeability transition is an important step
in the induction of cellular apoptosis. During this process,
the electrochemical gradient across the mitochondrial
membrane collapses. JC-1, a unique cationic dye (5,5',6,6'-
tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine
iodide), is widely used to signal the loss of mitochondrial
membrane potential. In healthy cells, the dye stains the
mitochondria bright red. In apoptotic cells, the mitochon-
drial membrane potential collapses, and the JC-1 cannot
accumulate within the mitochondria. In these cells, JC-1
remains in the cytoplasm in a green fluorescent monomeric
form (Smiley et al. 1991). Consequently, mitochondrial
depolarization is indicated by a decrease in the red/green
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Fig. 1 TEM overview (a) and HRTEM image (b) of MPA-CdTe
QDs
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Fig. 2 Effects of MPA-CdTe and GSH-CdTe QDs on cell viability
determined by MTT assay. HEK293 cells were incubated with
different doses of MPA-CdTe and GSH-CdTe for 48 h. Error bars
represent standard error of the mean (Color figure online)

fluorescence intensity ratio. Figure 3 shows the effect of
MPA-CdTe QDs on mitochondrial membrane potential
determined by flow cytometry. Collapse of the mitochon-
drial Ay, is demonstrated by an increase in the number of
cells falling into P2 gate corresponding to a loss of red
fluorescence, indicative of the onset of apoptosis or other
Ay, depolarizing event. Percentage of HEK293 cells in P2
gate determined by JC-1 staining are listed in Table S1.
MPA-CdTe QDs cause a pronounced reduction of Ay, as
the percentage of unhealthy HEK293 cells with low Ay,
were remarkably increased from 6.9 to 43.5 in the presence
of 200 nM CdTe QDs. These results are also verified with
the confocal micrographs of HEK293 cells stained with
JC-1 (Fig. 4). Non-apoptotic cells exhibit orange-red
stained mitochondria. When incubated with 50 nmol L™'
MPA-CdTe QDs for 48 h, HEK293 cells contain less or-
ange-red fluorescing J-aggregate and appear mostly green.

QDs Induce Mitochondrial Swelling

Mitochondrial swelling and collapse of the transmembrane
potential are the direct results of MPT pore opening (Liu
et al. 2011). In order to evaluate the effect of QDs on MPT,
we examined whether QDs caused mitochondrial swelling.
As shown in Fig. 5a, MPA-CdTe QDs induced mitochon-
drial swelling with a dose-dependent effect. Figure S5b
shows the effect of Cd*" and QDs modified with different
surface ligands on mitochondrial swelling. In this ex-
periment, the MPA-QDs concentration was fixed at
4 pmol L™'.  The ICP-AES results showed that
4 pmol L™" MPA-CdTe QDs solution used in this work
contains an average of 320 umol L' cd*t. Thus, the
CdCl, concentration was set at 320 pmol L™". As shown in
Fig. 5b, the Cd*" has the greatest effect on the mitochon-
drial swelling and followed by BSA-CdTe QDs, the effect
of MPA-CdTe QDs on the mitochondrial swelling is the
weakest.

To better show the cytotoxic morphological changes of
mitochondria induced by CdTe QDs, the ultrastructure of
HEK 293 cells treated with or without CdTe QDs were
examined by transmission electron microscopy (Fig. 6).
The addition of MPA-CdTe QDs caused mitochondrial
swelling with a large intermembrane space, clustering of
the cristae, and expansion of the volume.

Permeabilization of Mitochondrial Inner Membrane
to H' and K* Induced by QDs

The effects of QDs on permeabilization of mitochondrial
inner membrane to H™ and K* were evaluated by the
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Fig. 3 Effects of MPA-CdTe QDs on mitochondrial membrane
potential. HEK293 cells were incubated with different doses of MPA-
CdTe QDs (0, 25, 50, 100, and 200 nmol-Lfl) for 24 h, and then
stained with JC-1. The red fluorescence of J-aggregates in healthy
cells was quantified on PE detector, and green JC-1 monomers in
apoptotic cells were quantified on FITC detector of flow cytometer.

Control

Fig. 4 Confocal micrographs of HEK293 cells stained with JC-1.
HEK?293 cells were incubated with MPA-CdTe QDs for 48 h.
(QDs) = 50 nmol-L™!. Confocal micrographs of HEK?293 cells
stained with JC-1 were acquired with Eclipse Cl-si laser scanning
confocal microscope system. Non-apoptotic cells exhibited orange-

swelling of non-respiring mitochondria suspended in
potassium acetate and potassium nitrate media, respec-
tively (Liu et al. 2011). HAc can cross the mitochondrial
inner membrane, and then enter into the mitochondrial
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Collapse of the mitochondrial A¥,, was demonstrated by an increase
in the number of cells falling into P2 gate corresponding to a loss of
red fluorescence. Records are representative of four experiments
obtained from different mitochondrial preparations (Color figure
online)

+50 nM QDs

red stained mitochondria. When incubated with 50 nmol-L~' MPA-
CdTe QDs for 48 h, HEK293 cells contained less orange-red
fluorescing J-aggregate and appeared mostly green. Records are
representative of four experiments obtained from different mitochon-
drial preparations

matrix, dissociate to the acetate anion and H™, producing a
proton gradient. A valinomycin-dependent swelling only
occurs if the proton gradient is dissipated (Bernardi et al.
1992). Thus, the effects of QDs on permeabilization of
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Fig. 5 QDs induced mitochondrial swelling. Mitochondrial swelling
was measured by monitoring the decrease of absorbance at 600 nm at
room temperature. Isolated mitochondria (0.25 mg/mL) were sus-
pended in 2 mL of buffer containing 200 mM sucrose, 10 mM Tris-
MOPS, 20 uM EGTA-Tris, 5 mM succinate, 2 pM rotenone, and
3 pg/mL oligomycin (pH 7.4), and incubated with different concen-
trations of QDs. a Mitochondria followed by addition of MPA-CdTe
QDs: 0, 1, 2, and 4 pmol L~'. MPA-CdTe QDs induced mitochon-
drial swelling with a dose-dependent effect. b Mitochondria followed
by addition of 0, 4 pmol L~' MPA-CdTe, 4 pmol L~' BSA-CdTe
QDs, and 320 pmol L™" Cd**. The ICP-AES results showed that the
4 pumol L~" MPA-CdTe QDs solution used in this work contains an
average of 320 pmol L™' Cd*". The Cd*" had the greatest effect on
the mitochondrial swelling and followed by BSA-CdTe QDs, the
effect of MPA-CdTe QDs on the mitochondrial swelling was the
weakest. Records are representative of four experiments obtained
from different mitochondrial preparations

mitochondrial inner membrane to H* were evaluated ac-
cording to the decrease in absorbance at 600 nm (A600).
Figure 7a shows that the untreated mitochondria undergo a
little swelling in KAc media. The swelling may represent
that H' permeates across the inner membrane due to mi-
tochondrial respiration in normal condition. In presence of
QDs, the permeabilization of mitochondrial inner

membrane to H" significantly increased as compared with
untreated mitochondria, representing large proton conduc-
tance induced by QDs across the inner membrane. Fur-
thermore, MPA-CdTe QDs induced permeabilization of
mitochondrial inner membrane to H' in a dose-dependent
manner. Figure 7b shows the effect of Cd*" and QDs
modified with different surface ligands on permeabilization
of mitochondrial inner membrane to H". The Cd** had the
greatest effect on the permeabilization of mitochondrial
inner membrane and followed by BSA-CdTe QDs, the
effect of MPA-CdTe QDs on the permeabilization of mi-
tochondrial inner membrane was the weakest.

The ability of QDs to permeabilize mitochondrial inner
membrane to K* was tested by swelling of non-respiring
mitochondria suspended in KNO; (Liu et al. 2011). Mito-
chondrial inner membrane freely permeabilizes nitrate, but
swelling is observed only in conditions of Kt permeabi-
lization. Addition of 1 pM MPA-CdTe QDs leads to ob-
vious conductance of mitochondrial inner membrane, as
detected by the increase of swelling (Fig. 8a). Moreover,
MPA-CdTe QDs enhance the K+ conductance of the inner
membrane with a dose-dependent effect. Figure 8b shows
the effect of Cd*>" and QDs modified with different surface
ligands on permeabilization of mitochondrial inner mem-
brane to K. The Cd** had the greatest effect on the per-
meabilization of mitochondrial inner membrane and
followed by BSA-CdTe QDs, the effect of MPA-CdTe
QDs on the permeabilization of mitochondrial inner
membrane was the weakest.

The Effect of QDs on Membrane Fluidity

Recent studies have reported that induction of MPT in rat
liver mitochondria was accompanied by fluidity changes of
mitochondrial membranes (Ricchelli et al. 2005). The
membrane fluidity changes can be evaluated by the chan-
ges of fluorescence anisotropy (r) of a mitochondria-bound
dye (hematoporphyrin, HP). HP accumulates main in polar,
solvent-accessible regions of the lipid bilayer, and protein
regions of the inner membrane (Ricchelli et al. 1999).
When HP is excited with polarized light, the resulting
fluorescence is also polarized. Since the main cause of
fluorescence depolarization is rotational diffusion of the
fluorophore during the excited lifetime, fluorescence po-
larization measurements can be used to determine the ro-
tational mobility of the fluorophore, which reflects the
fluidity of the membrane. A high polarization value indi-
cates low membrane fluidity or high structural order.

As shown in Fig. 9a, the HP anisotropy was con-
tinuously monitored. The addition of QDs caused an ob-
vious decrease of the anisotropy of HP, which can be
attributed to the increase of Brownian motion or energy
transfer between identical chromophores. The results also
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Fig. 6 Effects of MPA-CdTe QDs on the ultrastructural morphology
of HEK293 cells by transmission electron microscopy. HEK293 cells
were incubated in the absence (a) and presence of MPA-CdTe QDs
(b, ¢, d) for 48 h. (QDs) = 50 nmol-L™!. Cells under various
experimental conditions were fixed for 30 min at 4 °C using

demonstrate that MPA-CdTe QDs affected the fluidity of
mitochondrial membranes in a concentration-dependent
manner. Since the anisotropic changes of HP reflect the
conformational variation of HP-binding regions on the
mitochondrial membrane, the result indicates that the mi-
tochondrial membrane structure is strongly disturbed. In
addition, Fig. 9b shows the effect of Cd** and QDs mod-
ified with different surface ligands on mitochondrial
membrane fluidity. The results suggest that the addition of
Cd*" (final concentration 32 pM) cause an obvious in-
crease of the anisotropy of HP, whereas MPA-CdTe QDs
and BSA-CdTe QDs induce the obvious decrease of the
anisotropy of HP. Therefore, the mechanism of the inter-
action of QDs with mitochondrial membrane is sig-
nificantly different from that of Cd*".

Effects of QDs on Mitochondrial Respiratory Rate
Figure 10 shows the effects of MPA-CdTe QDs and
BSA-CdTe QDs on the mitochondrial respiratory rate. In

the control group, the high respiratory rate at state 3
indicates an intact respiratory chain and ATP synthesis.

@ Springer
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glutaraldehyde at a final concentration of 2.5 % in 0.1 M cacodylate
buffer, and then postfixed with 1 % osmium tetroxide and dehydrated.
The addition of MPA-CdTe QDs caused mitochondrial swelling with
a large intermembrane space, clustering of the cristae, and expansion
of the volume

Meanwhile, the low respiratory rate at state 4 suggests
an intact mitochondrial inner membrane (Li et al. 2012).
When exposed to QDs, the respiratory rates at state 3
and state 4 significantly decrease with the increase of the
QDs concentration. This demonstrates that the addition
of CdTe QDs inhibits the mitochondrial respiratory
chain.

Release of Cytochrome ¢ Induced by QDs

Cytochrome c is widely believed to be localized solely in
the mitochondrial intermembrane space under normal
physiological conditions. The release of cytochrome ¢ from
mitochondria to the cytosol, where it activates the caspase
family of proteases, the primary trigger leading to the onset
of apoptosis (Kobayashi et al. 2003). To confirm that QDs
induced apoptosis, the release of cytochrome ¢ was de-
tected. As shown in Fig. 11, the addition of QDs promoted
the release of cytochrome ¢, suggesting QDs can cause
apoptosis. Moreover, the release of cytochrome ¢ induced
by MPA-CdTe QDs was more obvious compared with
BSA-CdTe QDs.
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Fig. 7 Effects of QDs on the permeabilization to H by mitochon-
drial inner membrane. Mitochondrial inner membrane permeabiliza-
tion to H" was detected by passive osmotic swelling of mitochondria
suspended in potassium acetate medium. The potassium acetate
medium contained 135 mM potassium acetate, 5 mM HEPES,
0.1 mM EGTA, 0.2 mM EDTA, 2 pM rotenone, and 1 pg/mL
valinomycin (pH 7.1). a Mitochondria followed by addition of
MPA-CdTe QDs: 0, 1, 2, and 4 pmol L~!. b Mitochondria followed
by addition of 0, 4 pmol L™' MPA-CdTe, 4 pmol L™' BSA-CdTe
QDs, and 320 pmol L™' Cd**. The traces are typical recordings
representative of four experiments obtained from different mitochon-
drial preparations

Interaction Sites of QDs on Mitochondria

To confirm the interaction sites of QDs on mitochondria,
the effects of CsA and EDTA on mitochondrial swelling
were detected. Although the structure of MPT pore, a
protein channel, has not yet been identified, CsA is
considered as a well-established inhibitor of the MPT
pore. The inhibition by CsA is used to identify the
characteristics of the MPT (Halestrap et al. 1997). As
shown in Fig. 12, at the concentration of 0.1 mM, CsA
notably inhibits the swelling of mitochondria, thus
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Fig. 8 Effects of QDs on the permeabilization to K by mitochon-
drial inner membrane. Mitochondrial inner membrane permeabiliza-
tion to K* was detected by passive osmotic swelling of mitochondria
suspended in potassium nitrate medium. The potassium nitrate
medium contained 135 mM KNOs, 5 mM HEPES, 0.1 mM EGTA,
0.2 mM EDTA, and 2 pM rotenone (pH 7.1). a Mitochondria
followed by addition of MPA-CdTe QDs: 0, 1, 2, and 4 pmol L.
b Mitochondria followed by addition of 0, 4 umol L~' MPA-CdTe
QDs, 4 pmol L™' BSA-CdTe QDs, and 320 pmol L™' Cd*". The
traces are typical recordings representative of four experiments
obtained from different mitochondrial preparations

identifying the existence of MPT induced by MPA-CdTe
QDs.

Previous studies indicated that the toxicity of CdTe QDs
came from the release of Cd*". EDTA is mainly used to
sequester metal ions in aqueous solution, and therefore
inhibits the toxicity of cd>t. Further, it is known that
mitochondria are able to reseal and fully recover energy-
linked functions after the removal of calcium by chelation
of EDTA (Zhang et al. 2011). We conducted a similar
experiment with the addition of EDTA into the medium.
As shown in Fig. 12, the mitochondrial swelling was ob-
viously relieved by EDTA.
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Fig. 9 Effects of QDs on the anisotropy changes of HP-labeled
mitochondria. Isolated mitochondria (0.25 mg/mL) were suspended
in 3 mL of buffer containing 200 mM sucrose, 10 mM Tris-MOPS,
20 pM EGTA-Tris, 5 mM succinate, 2 pM rotenone, and 3 pg/mL
oligomycin (pH7.4). The HP solution was prepared in absolute
ethanol and injected into stirred mitochondrial suspensions with a
final concentration of 3 pM. A high anisotropy value indicates low
membrane fluidity or high structural order. a Mitochondria followed
by addition of MPA-CdTe QDs: 0.5, 1, 2, and 4 pmol L~'. The
addition of QDs caused an obvious decrease of the anisotropy of HP
in a concentration-dependent manner. b Mitochondria followed by
addition of 4 pmol L™' MPA-CdTe QDs, 4 pmol L™ BSA-CdTe
QDs, 32 pmol L™! Cd**, and 320 umol L™" Cd**. The addition of
Cd** (final concentration 32 or 320 1M) caused an obvious increase
of the anisotropy of HP, whereas MPA-CdTe QDs and BSA-CdTe
QDs induced the obvious decrease of the anisotropy of HP. The traces
are typical recordings representative of four experiments obtained
from different mitochondrial preparations

Discussion
The aim of this work is to investigate the interaction be-

tween different ligand-coated QDs and mitochondria.
Previous studies in our group have suggested that QDs can

@ Springer

Fig. 10 Effects of QDs on the respiration of isolated mitochondria.
Respiration unit represented as nanomole O,/min/mg protein. Respi-
ratory rate was monitored by a Clark oxygen electrode. a Mitochon-
dria followed by addition of MPA-CdTe QDs: 0, 1, 2, and
4 pmol L™". b Mitochondria followed by addition of BSA-CdTe
QDs: 0, 1,2, and 4 pmol L' The respiratory rates at state 3 and state
4 significantly decreased with the increase of the QDs concentration.
The traces are typical recordings representative of four experiments
obtained from different mitochondrial preparations

enter cells via endocytosis and damage the plasma mem-
brane, further leading to cell apoptosis (Han et al. 2012).
Mitochondria, as the power source of the cell, is one of the
key targets for QDs (Li et al. 2011a).

Herein, we first examined the toxicity of QDs on mi-
tochondria at the level of cell by staining with JC-1 and
transmission electron microscopy. The results showed that
MPA-CdTe QDs caused a pronounced reduction of mito-
chondrial membrane potential (Figs. 3, 4). Moreover, the
addition of MPA-CdTe QDs induced mitochondrial swel-
ling with a large intermembrane space, clustering of the
cristae, and expansion of the volume (Fig. 6). In order to
obtain the direct and immediate influence of QDs on mi-
tochondria, and further define the possible mechanisms of
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Fig. 11 Effects of QDs on the release of cytochrome c¢ in the
mitochondria. The concentration of cytochrome c is proportionate to
absorbance at 490 nm. The average absorbance (mean + SE) statis-
tically different from control (in the absence of MPA-CdTe QDs):
**P < 0.01 for ANOVA (paired ¢ test). Error bars represent standard
error of the mean

the interaction of QDs and mitochondria, we investigated
the effects of CdTe QDs modified with different ligands on
the function of mitochondria isolated from rat liver.

The mitochondrial permeability transition, or MPT, was
defined as an increase in the permeability of the mito-
chondrial membranes to molecules of less than 1500 Da in
molecular weight (Bernardi et al. 1992). MPT results from
the opening of a mitochondrial permeability transition
pore, also known as the MPT pore. The MPT pore was a
protein pore that was formed in the inner membrane of the
mitochondria under certain pathological conditions such as
traumatic brain injury and stroke (Kobayashi et al. 2003).
Induction of the permeability transition pore can lead to
mitochondrial swelling, collapse of the transmembrane
potential, and cell death through apoptosis or necrosis. For
comparison, we examined the effects of MPA-CdTe QDs,
BSA-CdTe QDs, and Cd*" on MPT. Our data suggested
that QDs induced MPT, which could be proved by the
following experiments.

First, mitochondrial swelling, as a hallmark of mito-
chondrial dysfunction, is the direct results of the opening
of the MPT pore (Gerencser et al. 2008; Liu et al. 2011).
As shown in Fig. 5, CdTe QDs induced mitochondrial
swelling. Mitochondrial swelling occured as an osmotic
result of the increase of mitochondrial matrix concen-
tration, which caused water uptake (Passarella et al.
2003).

Second, as reported, there existed a strict correlation
between changes of membrane fluidity and the increase of
membrane permeability due to MPT induction (Passarella
et al. 2003). The increase in membrane fluidity reflected a
conformational change of pore-forming protein or proteins
and potentiated the intrinsic proton permeability of the
lipid bilayer, the so-called proton leak (Ricchelli et al.
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Fig. 12 Effects of CsA (a) and EDTA (b) on mitochondrial swelling
induced by MPA-CdTe QDs. Isolated mitochondria (0.25 mg/mL)
were suspended in 3 mL of buffer containing 200 mM sucrose,
10 mM Tris-MOPS, 20 uM EGTA-Tris, 5 mM succinate, 2 M
rotenone, and 3 pg/mL oligomycin (pH 7.4). Mitochondria suspen-
sion incubated with different inhibitors (CsA and EDTA) before
measuring. a The addition of 4 pM MPA-CdTe QDs led to
mitochondrial swelling. CsA (0.1 mM) partially inhibited the
swelling. b The addition of 4 uM MPA-CdTe QDs led to mitochon-
drial swelling. EDTA (4 mM) partially inhibited the swelling. The
traces are typical recordings representative of four experiments
obtained from different mitochondrial preparations

1999; Zhang et al. 2011). Therefore, QDs are capable of
modulating the conformation of proteins that form the
MPT pore, enhancing mitochondrial membrane fluidity,
and inducing MPT.

Third, reduced energy metabolism has been linked to a
decrease in the Ay, (Li et al. 2011a). MPT induction is
also due to the dissipation of the difference in voltage
across the inner mitochondrial membrane. The reduction of
the Ay, and decreased ATP were necessary for the in-
duction of the MPT (Isenberg and Klaunig 2000). More-
over, induction of the MPT produces a further collapse of
the mitochondrial membrane potential (Ay,,) and uncou-
pling of the electron transport chain from ATP production
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which promotes the opening of additional MPT pores (Li
et al. 2012). Our data suggested that CdTe QDs caused
depolarization of the membrane and injury of mitochon-
drial bioenergetics.

Fourth, the ultrastructure of mitochondria was changed
by CdTe QDs. The addition of MPA-CdTe QDs caused
mitochondrial swelling with a large intermembrane space,
clustering of the cristae, and expansion of the volume.

Taking the above four aspects into account, we conclude
that CdTe QDs can trigger MPT. Previous reports have
suggested that the MPT also induces the release of specific
proteins from the mitochondria, and triggers the nuclear
pathology of apoptosis in various organs such as the liver and
brain (Kobayashi et al. 2003). MPT opening has been widely
assumed to underlie the release of cytochrome c. Figure 11
indicates that QDs induce translocation of cytochrome c,
which is supposed to be one of the proteins triggering
apoptosis, from mitochondria to the cytosol. The controlled
release of mitochondrial cytochrome c represents a key step
within the induction of apoptosis. Cytochrome c release from
mitochondria results in a decrease in both mitochondrial
ATP production and membrane potential.

In order to expatiate on the interaction mechanism, we
also evaluated the protective effects of CsA and EDTA.
Previous studies and preliminary experiments in our group
demonstrated pretreatment with CsA is necessary to pre-
vent the MPT in mitochondria isolated from liver (Hale-
strap et al. 1997). Figure 12a shows pretreatment with
0.1 mM CsA inhibited the QD-induced swelling. There-
fore, the protective effect of CsA confirms that mitochon-
drial swelling primarily occurs as the result of MPT.
Furthermore, it is well established that CsA can effectively
inhibit the mitochondrial swelling, collapse of the mem-
brane potential and increase of membrane fluidity induced
by Ca®" (Zhang et al. 2011). Consequently, we speculated
that QDs may be able to induce MPT via a Ca®"-dependent
domain. Previous studies indicated the toxicity of quantum
dots attribute to the release of Cd*™. Since the crystal ionic
radius of Cd** is close to that of Ca’™, QDs may induced
MPT through a Ca”*"-triggering site. Figure 12b indicated
the addition of the chelator EDTA into the QDs-induced
MPT medium obviously inhibited the mitochondrial
swelling. These results confirm that Ca®"-triggering sites
are involved in QDs-induced MPT. However, we observed
that the influences of QDs and Cd*" on mitochondrial
membrane fluidity were different (Fig. 9b), e.g., the in-
crease of membrane fluidity was detected after the addition
of QDs (Zhang et al. 2011), whereas the membrane fluidity
decreased in the presence of 32 or 320 uM Cd**. Conse-
quently, the release of Cd*" is not the sole reason for the
QDs-induced mitochondrial dysfunction. We speculate that
the toxicity mechanism of QDs may be related to the
nanoscale effect of QDs.
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In order to stabilize QDs, alleviate toxicity and target
organs, quantum dots are usually coated with ligands or
polymers, or functionalized with peptide sequences. Be-
cause the surface coating molecules play a dominant role in
the biomedical applications of quantum dots, the influences
of ligands on the toxicity of quantum dots should be in-
vestigated in detail so that their potential risks to human
and the environment can be fully elucidated. Reportedly,
the presence of BSA greatly improved the biocompatibility
of QDs at the level of cells. We wonder if BSA has the
same effect at the level of organelle. To this end, we pre-
pared two types of CdTe quantum dots with nearly iden-
tical maximum emission wavelength but capped with MPA
and BSA, respectively. The binding of BSA on the surface
of QDs can alleviate the release of Cd*". Compared with
MPA-CdTe QDs, however, BSA-CdTe QDs had a greater
effect on the mitochondrial swelling, membrane fluidity,
and permeabilization to H" and K™ by mitochondrial inner
membrane. It may be attributed to the fact that BSA is
more lipophilic than MPA. Besides, it further confirms that
the release of Cd>" is not the sole reason for QDs-induced
mitochondrial dysfunction.

Conclusion

This work presents the effects of CdTe QDs modified with
different ligands on MPT. The results showed that QDs
induced MPT, which resulted in mitochondrial swelling,
collapse of the membrane potential, inner membrane per-
meability to H and K™, the increase of membrane fluidity,
depression of respiration, alterations of ultrastructure, and
release of cytochrome c. Furthermore, the protective effect
of CsA and EDTA confirmed that QDs were able to induce
MPT via a Ca®"-dependent domain. Noteworthy, the in-
fluences of QDs and Cd** on mitochondrial membrane
fluidity were different. Compared with MPA-CdTe QDs,
BSA-CdTe QDs had a greater effect on the mitochondrial
swelling, membrane fluidity, and permeabilization to H™
and K™ by mitochondrial inner membrane, due to the
greater lipophilicity of BSA than MPA. In conclusion, our
study provides an important basis for understanding the
mechanism of toxicity of CdTe QDs to mitochondria. The
procedures here will be highly useful for evaluation of the
safety of QDs.
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