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By using confocal fluorescence microscopy and direct visualization, a parallel comparative investigation
has been systematically made on the relative toxicity of three common nanomaterials, such as
unmodified CdTe quantum dots (QDs), Au nanoparticles (Au NPs) and carbon nanodots (C-dots), to live
cells as well as green gram sprouts. Bare CdTe QDs exert the most toxic effect on a variety of cell lines
(HeLa, MCF-7, NIH/3T3 cells) as well as live plants (green gram sprouts). For cells, this toxic effect leads to
the partial death of cells, the decrease of cell metabolic activity, the shrinkage of cells, the breakage of
chromatin, the damage of cell membrane integrity, and the fragmentation of mitochondria; for green
gram sprouts, the presence of CdTe QDs markedly inhibits their growth. Moreover, the toxic behaviors of
CdTe QDs are dose- and time-dependent. Under the same conditions, Au NPs only decrease the metabolic
activity of cells to a small extent, and do not affect the appearance of cellular/subcellular structures and
the plant growth; interestingly, C-dots exert no obvious toxicity to both live cells and the growth of green
gram sprouts, showing good biocompatibility. These parallel comparative studies clearly reveal that the
relative toxicity of the three nanomaterials in their native forms is bare CdTe QDs>Au NPs > C-dots,
whose ICso values for normal NIH/3T3 cells are 0.98 pg/mL, 62 pg/mL, and > 250 pg/mL, respectively.
This quantitative information is of great importance for right choice of the nanomaterials in their

practical applications.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Because of their unique chemical and physical properties,
nanomaterials such as CdTe quantum dots (QDs), Au nanoparticles
(Au NPs) and carbon nanodots (C-dots), have been widely used in
many areas [1-4]. However, one of the major concerns has been
raised regarding the toxicity of the nanomaterials in their practical
applications like bioimaging and drug delivery. To reveal this, a
number of toxicity studies have been conducted both in vitro and
in vivo in the past decade [5-8]. Nevertheless, due to the lack of
standardized preparation protocols, coatings, doses, and applica-
tion systems, the observed toxic effects of the nanomaterials are
inconsistent. For example, the Cd-containing QDs without coatings
show acute damage to cells and tissues in vitro and in vivo [9-13],
whereas the Cd-containing QDs that possess a core/shell structure
exert little harm on cells [14-16]; the enticing properties of good
biocompatibility and low toxicity of Au NPs can be seen in some
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previous literatures [17,18], but recent evidence has demonstrated
that Au NPs can cause cytotoxicity and tissue damage [19,20];
C-dots, as a newly emerging carbon nanomaterial, display good
biocompatibility [21,22]. Moreover, most of the existing toxicity
studies focused on a single nanomaterial, and did not provide the
quantitative information about the relative toxicity of different
nanomaterials, such as common CdTe QDs, Au NPs, and C-dots. On
the other hand, even though the toxicity of some nanomaterials
can be well decreased through multiple inorganic/organic
coatings, unavoidable residue in living organisms and eventual
degradation to their bare form exist [23,24]. Therefore, parallel
comparative investigations of the uncoated (bare) nanomaterials
under the same conditions are extremely necessary to better
understand their nature and in particular their relative toxicity.
The individual toxicity of CdTe QDs, Au NPs, and C-dots has
been extensively studied [10,20,21], but to our knowledge no
systematic research has been made on their relative toxicity.
Herein, we present such a study by establishing a parallel evalua-
tion method and comparing the toxic effects of these uncoated
materials on both live cells and green gram sprouts. Specifically,
the effects of CdTe QDs, Au NPs, and C-dots on cell survival and cell
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metabolic activity were first examined by Hoechst 33342 and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) ana-
lyses, and then the progressive changes of the appearance of cellular
and sub-cellular structures and plant growth upon treatment with the
three nanomaterials were investigated by laser scanning confocal
fluorescence imaging and direct visualization. These parallel compara-
tive studies clearly reveal that the relative toxicity of the three
nanomaterials in their native forms is bare CdTe quantum dotssAu
nanoparticles > carbon nanodots, whose ICsy values for normal NIH/
3T3 cells are 0.98 pg/mL, 62 pg/mL, and > 250 pg/mlL, respectively.
This quantitative information is rather helpful for choosing the suitable
nanomaterial in practical applications.

2. Methods
2.1. Materials and apparatus

Tellurium power was purchased from Fluka, and p-(+)-glucose
from ] & K Chemical Ltd. HAuCl, was obtained from Beijing Chemicals
Ltd, CdCl, from Alfa Aesar, reduced glutathione (GSH) from
Acros, dimethyl sulphoxide (DMSO) and NaBH, from Sigma-
Aldrich. Dulbecco's modified eagle media (DMEM), fetal bovine
serum (FBS), penicillin, streptomycin, and phosphate buffered saline
(PBS) solution were obtained from Invitrogen Co. MTT was purchased
from Serva Electrophoresis GmbH (Germany). Hoechst 33342, pro-
pidium iodide, and rhodamine 123 were purchased from Biodee
Biotecnology Co., Ltd (Beijing, China). Ultrapure water (over
18 MQ cm) from a Milli-Q Reference system (Millipore) was used
throughout.

Transmission electron microscopy (TEM) images of nanomater-
ials were taken on a JEM-1011 instrument. UV-vis spectra were
recorded in 1-cm quartz cells with a TU-1900 spectrophotometer
(Beijing, China). Fluorescence measurements were made on a
Hitachi F-2500 fluorescence spectrophotometer (Tokyo, Japan),
and dynamic light scattering (DLS) measurements on a Zetasizer
nano ZS (ZEN3600) instrument (Malvern, England). MTT analysis
and cell number measurement were made on a microplate reader
(BIO-TEK Synergy HT, USA).

2.2. Preparation of three nanomaterials

The nanomaterials of unmodified CdTe QDs, Au NPs and C-dots
were prepared by the direct aqueous-phase synthesis [25], the
trisodium citrate reduction of HAuCl, [26], and the facile microwave
pyrolysis method [27], respectively. Briefly, for CdTe QDs, 8 mg of
tellurium powder and 29 mg of sodium borohydride were mixed
with 5 mL of nitrogen-saturated water. The mixture was stirred at
0 °C for about 5 h until it became a light-pink color as a sign of the
NaHTe formation. At the same time, 0.5 g of CdCl,, 0.42 g of GSH and
125 mL of nitrogen-saturated water were loaded into a 250 mL
three-necked flask under stirring, and the pH of solution was
adjusted to 11-12 by adding dropwise NaOH solution. The flask
was sealed, and the NaHTe solution prepared above was injected into
the mixture via a syringe under nitrogen atmosphere. The reaction
mixture was slowly heated to 100 °C under N, and stirred for 3 h.
The CdTe QDs were separated as a precipitate by adding ethanol to
the reaction mixture. Then, the precipitate was washed several times
with ethanol, and ethanol was removed by rotary evaporation.

For Au NPs, 50 mL of aqueous HAuCl, (0.25 mM) solution was
heated to reflux with vigorously stirring and 1.3 mL of trisodium
citrate (1%, w/v) was then added into the solution rapidly. The
color of solution changed from light yellow to wine red in about
3 min, indicating the formation of Au NPs. The solution was cooled
to room temperature with continuous stirring and then stored in a
refrigerator at 4°C for future use. The concentrated Au NPs

solution can be obtained by centrifugation, and the concentration
of Au NPs in solution can be determined by weighing their solid
form that was obtained via lyophilization of a parallel solution.

For C-dots, glucose (2 g) was dissolved in water (3 mL), and the
mixture was sonicated for 5 min to form a clear solution. Then the
solution was heated for 10 min in a 500 W microwave oven with a
frequency of 2450 MHz, yielding a dark brown solution. The
reaction solution was purified via continuous dialysis (a mem-
brane with molecular weight cutoff of approximately 1000) for
24 h, affording a brown solution (i.e., the bare C-dots), which was
kept at 4 °C for future use. The concentration of C-dots in solution
can be determined by weighing their solid form that was obtained
via lyophilization of a parallel solution.

2.3. Measurement of cell survival

A calibration curve of Hoechst 33342 fluorescence intensity as a
function of cell number was made in order to determine the cell
survival after a nanomaterial treatment. Briefly, cells were seeded
in 96-well U-bottom plates at a density of 7000 cells/well, and
incubated with one of the three nanomaterials at varied concen-
trations at 37 °C for 24 h. Then, the culture media were discarded,
a culture medium containing Hoechst 33342 (final concentration
was 10 pM) was added, and the cells were incubated at 37 °C for
30 min. After this, the cells were washed with PBS to remove the
free Hoechst 33342, followed by lysis with DMSO. The fluorescence
of the sample and the control group untreated with the nanomaterial
was measured at lex/em=350/461 nm by using microplate reader. All
the measurements were done in five independent experiments. The
relative cell number (CN) was calculated according to the equation of
CN=F/Fy x 100%, where F and F, are the fluorescence of the experi-
mental group (i.e., the cells were treated with the nanomaterial) and
the control group (i.e., the cells were untreated with the nanomater-
ial), respectively.

2.4. MTT assay

The cytotoxicity of nanomaterials to cells was evaluated by the
standard MTT assay. Briefly, cells were seeded in 96-well U-bottom
plates at a density of 7000 cells/well, and incubated with one of
the three nanomaterials at varied concentrations at 37 °C for 24 h.
Then, the culture media were discarded, and 0.1 mL of DMEM
solution containing 0.5 mg/mL of MTT was added to each well,
followed by incubation at 37 °C for 4 h. The supernatant was
abandoned, and 110 pL of DMSO was added to each well to
dissolve the formed formazan. After shaking the plates for 5 min,
absorbance values of the wells were read with a microplate reader
at 490 nm. The cell viability rate (VR) was calculated according to
the equation: VR=A/Aq x 100%, where A and Ag are the absorbance
of the experimental group (i.e., the cells were treated with the
nanomaterial) and the control group (i.e., the cells were untreated
with the nanomaterial), respectively.

2.5. Cell imaging

Unless otherwise stated, HeLa, MCF-7 and NIH-3T3 cells used in
this study were cultured in DMEM containing 10% (v/v) fetal
bovine serum and 1% (v/v) penicillin-streptomycin at 37 °C in a
5% CO, incubator. The adherent cells were grown on glass-bottom
culture dishes (MatTek Co.) containing 1 mL of culture media.
Before use, the cells were washed three times with serum-free
DMEM. The nanomaterial of CdTe QDs, Au NPs, or C-dots with
varied concentrations was added in parallel to different dishes
containing the washed cells in DMEM, and the cells were incu-
bated for 24 h. After the culture media were discarded, the cells
were washed three times with PBS solution (pH 7.4), followed by
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incubation in DMEM with different dyes (10 pM Hoechst 33342 at
37 °C for 40 min, 7.5 pM propidium iodide at 4 °C for 10 min, and
1 uM rhodamine 123 at 37 °C for 2 min). Then the cells were
washed with PBS solution (pH 7.4) for imaging experiments.
Specifically, cell nuclei were stained with the dye Hoechst 33342,
and the fluorescence imaging was made with excitation at 405 nm
and a variable bandpass emission filter setting to 425-525 nm;
plasma membrane damage was investigated by incubating with
propidium iodide and imaging the cells with excitation at 559 nm
and the bandpass emission filter setting to 575-675 nm; mito-
chondria were stained with rhodamine 123, and the fluorescence
imaging was made with excitation at 515 nm and the bandpass
emission filter setting to 535-635 nm.

In another set of experiments, cells were treated in parallel
with the nanomaterials at a fixed concentration (25 pg/mL) for
different time. Then the cells were incubated with different dyes
and imaged as above. Imaging experiments were made on a FV
1000-I1X81 confocal laser scanning microscope (Olympus, Japan)
with FV5-LAMAR through a 100 x 1.4 NA objective. Optical sec-
tions were acquired at 0.8 pm. The change of cell morphology was
analyzed by differential interference contrast (DIC) images.

2.6. Effects of different nanomaterials on the growth of green gram
sprouts

Green grams (Phaseolus radiaus L.), obtained from the super-
market, were sowed in different 60 mm x 15 mm dishes (CORNING
Co.), and covered with pure water (control) and aqueous solution of
25 pg/mL CdTe QDs, Au NPs, or C-dots, respectively. Then, the dishes
were placed for different periods of time at room temperature (about
25 °C) without lids so as to make sure the sufficient oxygen supply.
During the seed germination process, if necessary, appropriate water
was supplemented to the dishes to keep the fixed volume of solution
due to the evaporation. The averaged length (n=5) of bean sprouts
was measured, and their growth situation was photographed.

3. Results and discussion
3.1. Characterization of three nanomaterials

Common CdTe QDs, Au NPs, and C-dots were chosen as repre-
sentative nanomaterials in our study because of their wide
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applications. As mentioned above, all these materials can be obtained
by ready preparation methods, such as direct aqueous-phase QDs
synthesis, trisodium citrate reduction of HAuCl,;, and microwave
pyrolysis. Moreover, their unmodified or bare forms were used to
reflect the real toxicity, considering the fact that modified nanoma-
terials are unavoidably degraded to their bare forms to reside and
accumulate in the corresponding application fields such as living
organisms or environments [23,24]. Physicochemical properties of
the as-prepared nanomaterials were characterized with various
techniques. Firstly, their size and morphology were investigated by
TEM analysis. As shown in Fig. 1A, the nanomaterials are uniform and
nearly round. The size distributions of CdTe QDs, Au NPs, and C-dots
are in the range of 1-5, 12-19, and 1-4 nm (Fig. 1B), respectively.
Secondly, average hydrodynamic diameter and zeta-potential of the
nanomaterials were examined by dynamic light scattering analysis.
As depicted in Table 1, the average hydrodynamic diameters of CdTe
QDs, Au NPs and C-dots are 3.9, 22, and 3.0 nm (Fig. S1), respectively,
which are actually close to the TEM characterizations because
hydrodynamic diameter is usually slightly larger than the dry-state
diameter. The zeta-potential values of CdTe QDs, Au NPs and C-dots
are -24, -10, and -5.2 mV (Table 1), respectively. The negatively
charged features may result from the presence of reduced glu-
tathione [25], citrate ions, and the formed carboxyl/hydroxyl groups
during the microwave pyrolysis process, on the surface of CdTe QDs,
Au NPs, and C-dots, respectively. Moreover, these nanomaterials
were also characterized by UV-visible spectra and fluorescence
spectra (Fig. S2), the Au NPs display an absorption maximum at
520 nm, the CdTe QDs from heat treatment of 3 h exhibit a single
narrow emission peak at 570 nm, and the C-dots demonstrate a
typical emission shift with the change of excitation wavelength, all of
which suggest the successful preparation of the nanomaterials.

Table 1
Hydrodynamic diameter and zeta-potential of CdTe QDs, Au NPs, and C-dots from
dynamic light scattering analysis.

Nanomaterial Hydrodynamic diameter (nm) Zeta-potential (mV)

CdTe QDs 3.9 -24
Au NPs 22 -10
C-dots 3.0 -5.2

30 4

20 4

10 +

Frequency (%)

16 18 2 3 4

Diameter (nm)

Fig. 1. (A) TEM images of (a) CdTe QDs, (b) Au NPs, and (c) C-dots. (B) Diameter distribution of the particles from the above corresponding TEM images.
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Fig. 2. The cell survival changes after 24 h of incubation with (A) CdTe QDs, (B) Au
NPs, and (C) C-dots at different concentrations (the cell survival without treatment
by the nanomaterials is defined as 100%). The results were the mean + SD of
5 separate measurements.

3.2. Effects of the nanomaterials on cell survival

The toxic effect of different nanomaterials on the change of cell
number was investigated by using Hoechst 33342 fluorescence
and correlating it with a calibration curve of a known number of
cells (Fig. 2), because cell survival as the most common indicator
can reflect an integrated toxicological effect. As shown in Fig. 2A,
CdTe QDs cause a remarkable decline in the cell number for all
types of cells (MCF-7, HeLa and NIH/3T3 cells) in a dose-dependent
manner, i.e., when the concentrations of CdTe QDs increase from
0 to 30 pg/mL in the culture media a gradual decrease in the cell
number is observed. It is noteworthy that the number of NIH/3T3
cells decreases almost by 50% when they were exposed to 2 pg/mL

of CdTe QDs, though the cell survival no longer changes greatly at
higher concentrations of CdTe QDs; however, for the cancer cells
(i.e. MCF-7 and HeLa cells), 50% cell survival is found at a
concentration as high as about 20 pg/mL of CdTe QDs. The reason
for this may be ascribed to the fact that cancer cells usually have
stronger surviving ability in various environments. Interestingly,
both Au NPs (Fig. 2B) and C-dots (Fig. 2C) scarcely affect the cell
numbers. For instance, the average cell loss from the tested three
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Fig. 3. The cell viability changes after 24 h of incubation with (A) CdTe QDs, (B) Au
NPs, and (C) C-dots at varied concentrations (the viability of the cells in the absence
of the nanomaterial is defined as 100%). The results were the mean+SD of
5 separate measurements.
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types of cells is less than 10% even when they were exposed to
125 pg/mL of Au NPs or 250 pg/mL of C-dots.

3.3. Studies on the metabolic activity by MTT assay

The standard MTT assay was made to measure the cell meta-
bolic activity following the previous approach [2,27]. As shown in
Fig. 3, CdTe QDs exert the most toxic effect on all types of cells,
among which NIH/3T3 cells are affected most seriously. Moreover,
this toxic effect behaves in a dose-dependent manner (Fig. 3A), i.e.,
with the increase of the CdTe QDs concentration the metabolic
activity decreases accordingly, similar to the above cell survival
result. Although the exact toxic mechanism remains to be
resolved, a possible explanation may be due to the release of Cd?
* ions present at particle surface, which probably changes the
oxidative stress in biosystems [10,28].

For Au NPs, increase of their concentration also leads to the
gradual decrease in the metabolic activity of the cells (Fig. 3B), but
this decrease is not as intense as that by CdTe QDs. For example,
the increase of Au NPs concentration to 1 pg/mL only gives rise to
about 10% decrease in the averaged metabolic activity of the three
types of cells. Nevertheless, this concentration of 1 ug/mL Au NPs
almost causes no cell loss (see the above Fig. 2B), suggesting that
Au NPs do not alter the cell number but indeed affect the
metabolic activity significantly. The reason for this toxic effect
may be attributed to the interactions of Au NPs with proteins and
vital cell components such as the membrane, mitochondria, or
nucleus, which causes the change of not only the effective surface
charge of proteins but also the apoptotic rate of cells [29,30].

Compared to CdTe QDs and Au NPs, C-dots even at a concen-
tration as high as 250 pg/mL hardly exhibit an effect on the cell
metabolic activity (Fig. 3C). This good biocompatibility may be
ascribed to that C-dots mainly contain carbon, hydrogen and
oxygen that are not toxic elements, as described previously [21].
To quantitatively compare the relative toxicity of the nanomater-
ials, the ICso values of CdTe QDs, Au NPs, and C-dots for normal
NIH/3T3 cells were determined to be 0.98 ug/mL, 62 ug/mL,
and > 250 pg/mL, respectively, based on the MTT analytical data.

A 0 (cotrol)

The above results clearly show that the toxicity of the nanomater-
ials is CdTe QDs>Au NPs > C-dots.

3.4. Laser scanning confocal fluorescence imaging

In this study Hela cells were chosen as model cells, because
they are the most commonly used ones in fluorescence imaging
experiments. Specifically, upon treatment of HeLa cells with the
three nanomaterials, the progressive changes of the appearance of
cellular and sub-cellular structures, including cell morphology, cell
nuclei and chromatin shapes, cell membrane integrity, and mito-
chondria appearance, were systematically investigated by laser
scanning confocal fluorescence imaging.

3.4.1. Effects of nanomaterials on cell morphology

Upon treatment with the nanomaterials, the change of cell
morphology was first analyzed by DIC images (Fig. 4). The
untreated HeLa cells (control) have a polygonal morphology, and
the cell nucleolus structures can be easily distinguished as the
bulgy dots, one of which is pointed out by the white arrow in the
enlarged yellow box in the control of row A. For CdTe QDs, a clear
dose-dependent effect on cell morphology is observed (row A in
Fig. 4): 5 pg/mL of CdTe QDs does not cause an obvious change, but
10 pg/mL of CdTe QDs leads to the cell shrinkage and the indis-
tinguishable nucleolus structure; 25 pg/mL of CdTe QDs could
induce the cytoplasmic blebbing, which indicates cell apoptosis.
Higher concentrations of CdTe QDs, such as 50 pg/mL, even can
destroy the adherent cells, resulting in their disappearance in the
visual field (the last image of row A in Fig. 4).

Treatment of the cells with Au NPs does not change the cell
morphology noticeably, but irregular black color can be visualized
on the cells when higher concentrations ( > 10 pg/mL) of Au NPs
were used. This phenomenon might arise from the adsorbed Au
NPs, similar to the known observations [29,31,32]. Under the same
conditions, C-dots up to 50 pg/mL did not influence the cell
morphology, consistent with the above finding that C-dots have
the lowest toxicity.

50 pg/mL

Fig. 4. DIC images of HelLa cells treated at 37 °C for 24 h with different nanomaterials (A: CdTe QDs; B: Au NPs; C: C-dots) at various concentrations (0, 5, 10, 25, and 50 pg/mL). In the
first image of row A, the yellow box depicts the magnified version of the black box, in which the white arrow indicates one of the cell nucleolus structures. Scale bar, 10 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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0 (control)

50 pg/mL

Fig. 5. Fluorescence images of the cell nuclei of HeLa cells. The cells were first treated at 37 °C for 24 h with different nanomaterials (A: CdTe QDs; B: Au NPs; C: C-dots) at
various concentrations (0, 5, 10, 25, and 50 ug/mL), and then incubated with Hoechst 33342 at 37 °C for 40 min. Scale bar, 10 pm.

0 (control)

50 pg/mL

Fig. 6. Fluorescence images of the membrane integrity of HeLa cells. The cells were first treated at 37 °C for 24 h with different nanomaterials (A: CdTe QDs; B: Au NPs; C:
C-dots) at various concentrations (0, 5, 10, 25, and 50 pg/mL), and then incubated with propidium iodide at 4 °C for 10 min. Scale bar, 10 pm.

3.4.2. Effects of nanomaterials on cell nuclei

The effects of nanomaterials on cell nuclei were studied by
imaging the stained cell nuclei with the specific dye Hoechst
33342. As shown in Fig. 5, control group exhibit oval or dumbbell
shapes with irregular blue fluorescence, which is attributed to the
presence of both heterochromatin and euchromatin. It is noted
that the nuclei membrane is clearly visible. However, the cells
treated with 5 pg/mL of CdTe QDs show a slight shrinkage of the
nuclei, and 10 pg/mL of CdTe QDs leads to a partial aggregation of
chromatin with much brighter fluorescence. This increased fluor-
escence possibly results from the severe damage of cells and thus
more dye entrance. Higher concentrations of CdTe QDs, such as
225 pg/mL, could cause the fragmentation of chromatin and even
cell death (i.e., no adherent cells), respectively, revealing that CdTe
QDs also show a dose-dependent damage on cell nuclei.

In contrast, both Au NPs and C-dots up to 50 pg/mL did not
show any obvious influence on the cell nuclei compared to the
control group (Fig. 5).

3.4.3. Effects of nanomaterials on cell membrane

Cell membrane integrity is a sign of cell health. In our study, the
damage degree of cell membrane upon treatment with the
nanomaterials was investigated by using the dye propidium
iodide, which can enter the cells to specifically stain the cell nuclei
only after the cell membrane is damaged [12]. As shown in Fig. 6,
CdTe QDs at a concentration of lower than 10 pg/mL do not
affect the cell membrane integrity considerably, because no
obvious fluorescence is observed. Nevertheless, the nuclei of HeLa
cells treated with 25 pg/mL of CdTe QDs produce bright red
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fluorescence, indicating the damage of the intact cell membrane
and thus the entrance of propidium iodide. Similarly, higher
dosages of CdTe QDs, like 50 pg/mL, can result in the death of
the cells. Interestingly, both Au NPs and C-dots up to 50 pg/mL
show little effect on the cell membrane integrity.

3.4.4. Effects of nanomaterials on mitochondria

The effects of nanomaterials on mitochondria were examined by
imaging the stained mitochondria with the specific dye rhodamine-
123. As depicted in Fig. 7, in the absence of nanomaterials the
interconnected tubular shape mitochondria show bright fluorescence
and distribute in the cell cytoplasm. After exposed to CdTe QDs at an
increasing concentration from 5 to 25 pg/mlL, the fluorescing spots
are gradually decreased (Fig. 7), suggesting the fragmentation of the
mitochondria, which is the early sign of cell apoptosis [33-35]. The
dosage of 50 pg/mL CdTe QDs causes the death of all the cells. Au NPs
up to 50 pg/mL did not show a significant influence on the mito-
chondria appearance of Hela cells (Fig. 7), but indeed decreased the
succinodehydrogenase activity in mitochondria by about 40%, as
demonstrated in the above MTT assay. Differently, C-dots did not
cause the changes in both succinodehydrogenase activity and mito-
chondria appearance in the cells (Fig. 7).

On the other hand, the effects of incubation time of the nano-
materials at a constant concentration of 25 ug/mL were investigated
on Hela cells. As shown in Figs. S3-S6, with the increase of
incubation time from 0 to 24 h, CdTe QDs display a gradually
increased influence on the cells, including cell morphology and
nuclear shrinkage, cell membrane damage and mitochondria frag-
mentation. Under the same conditions, however, both Au NPs and
C-dots did not significantly affect the cell morphology, cell nuclear
shape, cell membrane integrity, and mitochondria appearance. This
further supports the above observation that CdTe QDs have the
highest toxicity to the cells, and this toxicity is time-dependent.

3.5. Effects of the nanomaterials on the growth of green gram
sprouts

To further understand the relative toxicity, the effects of CdTe

QDs, Au NPs, and C-dots were also examined on the growth of live
plants such as green gram sprouts, which are sensitive to toxins

0 (control)

and can reflect the toxicity at the early stage of exposure. In this
experiment, green grams were simultaneously sowed in different
culture media, which were pure water (control) and the aqueous
solutions of CdTe QDs, Au NPs and C-dots with the same concen-
tration of 25 pg/mL, respectively. Then, the growth situations of
green gram sprouts with time were photographed, and the
averaged growth lengths of the green gram sprouts were mea-
sured. Fig. S7 shows some typical growth situations of the green
gram sprouts with time. As can be seen, the little sprouts are gown
out of green grams in all groups after 24 h, but no obvious
difference is observed during the first 48 h growth. However,
differences occur after 60 h growth: green gram sprouts in the
CdTe QDs solution grow much slower than those in the other three
groups. Interestingly, the growth situation of green gram sprouts
in either Au NPs or C-dots solution is still indistinguishable from
that in water (control group). Fig. 8 shows the detailed comparison
of the averaged growth lengths (n=5) of green gram sprouts in all
the four groups, which clearly reveals that CdTe QDs exert the
most remarkable inhibition on the growth of green gram sprouts,
whereas Au NPs and C-dots show little effect.
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Fig. 8. The averaged growth length (n=5) of green gram sprouts with time in
different culture media.

50 pg/mL

Fig. 7. Fluorescence images of mitochondria of HeLa cells. The cells were first treated at 37 °C for 24 h with different nanomaterials (A: CdTe QDs; B: Au NPs; C: C-dots) at
various concentrations (0, 5, 10, 25, and 50 pg/mL), and then incubated with rhodamine-123 at 37 °C for 2 min. Scale bar, 10 pm.
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4. Conclusion

In view of the increasing biomedical and environmental safety
concerns, the relative toxicity of three common bare nanomater-
ials (CdTe QDs, Au NPs and C-dots) to live cells and green gram
sprouts has been systematically investigated under the same
conditions. The results demonstrated that CdTe QDs show the
highest toxicity to live cells and plant growth. Au NPs only at
higher concentrations ( > 1 pg/mL) inhibit significantly the cell
metabolic activity. Compared to CdTe QDs and Au NPs, however,
C-dots scarcely exert any serious effect on both live cells and plant
growth. These parallel comparative studies clearly indicate that
the relative toxicity of the nanomaterials is bare CdTe QDss>Au
NPs > C-dots, and their ICsq values for normal NIH/3T3 cells are
0.98 pg/mL, 62 pg/mL, and > 250 pg/mL, respectively. The present
toxicity observations (in particular the high toxicity of CdTe QDs)
should arouse sufficient attention, and we believe that these
results are of great importance for right choice of the nanomaterials
in their practical applications.
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