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Abstract: Cadmium telluride quantum dots (CdTe QDs) are used as near-infrared probes in 

biologic and medical applications, but their cytological effects and mechanism of potential 

toxicity are still unclear. In this study, we evaluated the toxicity of CdTe QDs of different 

sizes and investigated their mechanism of toxicity in the yeast Saccharomyces cerevisiae. 

A growth inhibition assay revealed that orange-emitting CdTe (O-CdTe) QDs (half inhibitory 

concentration [IC
50

] =59.44±12.02 nmol/L) were more toxic than green-emitting CdTe QDs 

(IC
50

 =186.61±19.74 nmol/L) to S. cerevisiae. Further studies on toxicity mechanisms using a 

transmission electron microscope and green fluorescent protein tagged Atg8 processing assay 

revealed that O-CdTe QDs could partially inhibit autophagy at a late stage, which differs from 

the results reported in mammalian cells. Moreover, autophagy inhibited at a late stage by O-CdTe 

QDs could be partially recovered by enhancing autophagy with rapamycin (an autophagy activa-

tor), combined with an increased number of living cells. These results indicate that inhibition 

of autophagy acts as a toxicity mechanism of CdTe QDs in S. cerevisiae. This work reports 

a novel toxicity mechanism of CdTe QDs in yeast and provides valuable information on the 

effect of CdTe QDs on the processes of living cells.
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Introduction
Quantum dots (QDs) are a class of nanoparticles of a few nanometers in diameter. As a 

result of their unique optical properties, such as photostability, narrow emissions, and 

broad excitation ranges,1,2 QDs have been used as fluorescent probes for imaging both 

in vivo and in vitro.3,4 Recently, the focus on imaging QDs has shifted from cadmium 

selenide-based QDs to cadmium telluride (CdTe)-based QDs, due to their capacity 

for near-infrared imaging and the requirement for less cadmium at the same emission 

wavelength.5 CdTe QDs have potential in terms of biologic and medical applications, 

thus likely increasing their exposure to human beings and the environment. Therefore, 

there is an urgent need to investigate their toxicity to the environment and living beings 

and the mechanisms of any such toxicity.

Previous studies have demonstrated the toxicity of CdTe QDs in mammalian 

cells6–8 and revealed that this toxicity is dependent on their physicochemical proper-

ties, such as size, charge, concentration, and outer coating.9 It has been suggested 

that the toxicity of CdTe QDs is related to oxidative stress, which can lead to 

lysosome enlargement,8 mitochondrial network fragmentation,7 and activation of 

autophagy.10 The toxicity and related mechanisms of CdTe QDs have been well 
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studied at the cellular level in mammals, but relatively little 

is known with respect to other organisms. Saccharomyces 

cerevisiae, one of the most studied model fungal organ-

isms, shares many similarities in cellular structure and 

functional organization with plants and animals. There-

fore, toxicity studies with S. cerevisiae can be useful to 

understand the impact of substances on fungal populations 

in the environment and the basic cellular mechanisms 

of toxicity in higher eukaryotic organisms.11 Recently, 

Han et al12 investigated the toxic effects of CdTe QDs of 

different sizes in S. cerevisiae, with the results suggesting 

size-dependent toxicity characterized by cell wall breakage 

and cytoplasm blebbing. The current study focuses on the 

lethal mechanism of CdTe QDs and ignores any effects on 

the processes of living cells. This is a common practice in 

toxicity research on QDs.

It has been demonstrated that CdTe QDs can activate 

autophagy in PC12 cells.10 Autophagy is an evolution-

arily conserved process that occurs in living organisms 

ranging from yeast to humans, by which cytoplasmic 

cargo sequestered inside double-membrane vesicles is 

delivered to the lysosome or vacuole for degradation 

and recycling.13 It has been suggested that this process 

is particularly important for maintaining cellular homeo-

stasis and surviving under certain environmental stress 

conditions.14 Several studies have reported that QDs can 

activate autophagy in mammalian cells, and researchers 

have speculated that autophagy is a common response to 

nanomaterial.15,16 However, it has also been reported that 

gold nanoparticles can induce autophagosome accumula-

tion by blocking autophagy flux.17 Whether QDs can induce 

or inhibit autophagy is still unclear, as is the relationship 

between the toxicity of QDs and autophagy. Autophagy 

was first identified in mammalian cells and has been further 

studied in S. cerevisiae18 and is a conserved process from 

yeast to humans. Therefore, exploring the effect of QDs 

on autophagy in S. cerevisiae can help us to understand the 

relationship between autophagy and QDs-induced toxicity 

in other organisms.

In the present study, we investigated the toxicity of CdTe 

QDs, green-emitting CdTe (G-CdTe) QDs and orange-emitting 

CdTe (O-CdTe) QDs, and explored the role of autophagy in 

toxicity caused by CdTe QDs in S. cerevisiae. The results 

indicate that the toxicity of CdTe QDs is dependent on dose 

and size. Most importantly, we found that O-CdTe QDs can 

inhibit autophagy at a late stage, which differs from the find-

ings in mammalian cells and acts as a toxicity mechanism 

for O-CdTe QDs.

Materials and methods
Cells and reagents
S. cerevisiae BY4742 was purchased from EUROSCARF 

(Bad Homburg, Germany). Yeast expressing green fluo-

rescent protein tagged Atg8 (GFP-Atg8) was conducted by 

transforming pRS316 GFP-Atg819 into S. cerevisiae BY4742 

using standard protocols.20 Rapamycin and propidium iodide 

were obtained from Sigma-Aldrich Co. (St Louis, MO, 

USA). Phenylmethanesulfonyl fluoride was obtained from 

Amresco (Solon, OH, USA). Unless otherwise indicated, 

other reagents were obtained from the Sinopharm Chemical 

Reagent Co. (Shanghai, People’s Republic of China). CdTe 

QDs used in this study were from our previous work.12

Cultivation of yeast and growth inhibition 
testing
Yeast cells were cultured in synthetic glucose supplemented 

with casamino acid (SD + CA) medium (0.17% yeast nitro-

gen base without amino acid [Difco, Sparks, MD, USA], 

0.5% casamino acid [Sigma-Aldrich], and 2% glucose), sup-

plemented with 0.002% uracil (Amresco, Solon, OH, USA) if 

necessary by shaking at 200 rpm at 30°C. For treatment, cells 

were grown in appropriate medium overnight, then diluted to 

an optical density (OD)
600

 of 0.2 with fresh SD + CA medium 

and regrown to mid-log phase (OD
600

 =0.8). At  that time, 

cells were collected by centrifuging at 3,000 g for 5 minutes, 

washed with sterile water twice, and resuspended in medium 

supplemented with different treatments.

To measure the half inhibitory concentration (IC
50

), cells 

were treated with CdTe QDs at a series of different concentra-

tions for 16 hours. For O-CdTe QDs, the concentrations were 

25.94 nmol/L, 51.88 nmol/L, 103.75 nmol/L, 207.5 nmol/L, 

and 415 nmol/L. For G-CdTe QDs, the concentrations were 

54.2 nmol/L, 108.4 nmol/L, 216.8 nmol/L, 433.6 nmol/L, 

and 867.2  nmol/L. Appropriate dilutions were plated on 

yeast extract peptone dextrose agar plates (1% yeast extract, 

2% peptone, and 2% glucose), and colony-forming units 

(CFU) were counted after 3 days of incubation at 30°C in 

the dark. The inhibitory ratio was calculated using the fol-

lowing formula:

	

Inhibitory 

ratio(%)

CFU of control group

CFU of treated gr
=

−
ooup

CFU of the control group
100×

�
(1)

The value of IC
50

 is the concentration of the inhibitor 

when the inhibitory rate is equal to 50%.
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For measuring cell growth curves, cells were treated 

with 50 nmol/L CdTe QDs, and the OD
600

 of the cells was 

measured eight times in 22  hours. The resulting growth 

curve represents the average OD of the yeast cells in three 

independent experiments.

Cell cycle analysis
Approximately 1 OD

600
 unit (1 mL of cells at OD

600
 =1.0) of 

cultured cells was harvested, washed with water, and fixed 

in 70% (v/v) ethanol overnight at 4°C. Samples were washed 

with water, resuspended in 0.5 mL of 50 mmol/L sodium cit-

rate (pH 7.0) containing 8 µL of 10 mg/mL RNase A (TaKaRa, 

Dalian, People’s Republic of China), and incubated for 1 hour 

at 50°C. They were then collected and resuspended in 0.5 mL 

of 50 mmol/L sodium citrate containing 25 µL of 10 mg/mL 

proteinase K (TaKaRa). After incubation for 1 hour at 50°C, 

cells were collected by centrifugation and then resuspended 

in 50 mmol/L sodium citrate (pH 7.0) containing 20 µg/mL 

propidium iodide. Samples were incubated at 4°C for 1 hour 

in the dark and then analyzed using a BD FACSAria flow 

cytometer (BD Biosciences, San Jose, CA, USA). The raw 

data were analyzed using ModFit software (Verity Software 

House, Topsham, ME, USA).

Methylene blue stain
Cultured cells (1  mL) were collected and stained with 

0.025% methylene blue (Sigma-Aldrich) for 5  minutes. 

Samples (10 µL) were then placed on a hemocytometer and 

viewed using an Olympus (Tokyo, Japan) 1×51 inverted 

fluorescence microscope equipped with U-MWU filters 

(330–385/400/420 nm). Dead cells were stained, while alive 

cells remained completely unstained.

Microscopy
For fluorescence microscopy, 500 µL of cultured cells were 

removed from the flask at the desired time points, centrifuged 

for 3 minutes at 5,000× g, and resuspended in an appropriate 

volume of water. A total of 4 µL of each sample was spotted 

on a microscope slide and viewed using an Olympus 1×51 

inverted fluorescence microscope.

For transmission electron microscopy (TEM), samples 

were observed under an FEI Tecnai G2 20 TWIN transmission 

electron microscope (FEI, Eindhoven, the Netherlands).

Protein extraction and immunoblot 
analysis
For protein extraction, 2.0 OD

600
 units of cultured cells were 

removed from the flask at the desired time points, centrifuged 

for 5 minutes at 3,000× g, resuspended in 1 mL of water, 

and added to a 100 µL mixture of 3.5% β-mercaptoethanol 

(Amresco, Solon, OH, USA) in 2 mol/L NaOH in plastic 

1.7 mL microcentrifuge tubes. After incubation for 15 minutes 

on ice, proteins were precipitated by adding 100 µL of 3 mol/L 

trichloroacetic acid for 15 minutes on ice. After centrifuga-

tion for 10 minutes at 10,000 g, the pellet was washed with 

0.2 mL of acetone, dried, and resolubilized in 60 µL of 5% 

sodium dodecyl sulfate (SDS) plus 60 µL of Laemmli sample 

buffer. Protein extracts equivalent to 0.2 OD
600

 units of cells 

were separated using a 12% sodium dodecyl sulfate poly-

acrylamide gel electrophoresis and transferred to a 0.22 µm 

nitrocellulose membrane. The membrane was blocked with 

5% skimmed milk overnight at 4°C and probed with primary 

rabbit polyclonal anti-GFP antibody (Sigma-Aldrich) and 

primary rabbit polyclonal antiactin antibody (Cwbio, Beijing, 

People’s Republic of China) for 1 hour. For the secondary 

antibody, the incubation was performed with horseradish 

peroxidase-conjugated rabbit antimouse IgG (Proteintech, 

Wuhan, People’s Republic of China) for 1 hour. Blots were 

developed using a chemiluminescent horseradish peroxidase 

substrate (Merck Millipore, Billerica, MA, USA). Each 

Western blot was analyzed using ImageJ software (National 

Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Each experiment was performed in three replicates, and 

the values shown represent the mean ± standard deviation. 

Significant differences between the treatments were deter-

mined by Student’s t-test using SigmaPlot Version 12.5 

(Systat Software, San Jose, CA, USA).

Results
Toxicity of CdTe QDs in S. cerevisiae is 
dependent on dose and size
To study the toxicity of CdTe QDs, we evaluated their 

effect on cell growth in S. cerevisiae. G-CdTe QDs 

(2r =4.1±0.152 nm) and O-CdTe QDs (2r =5.8±0.152 nm) 

were chosen to conduct the study. First, the inhibitory curves 

of CdTe QDs were determined. As illustrated in Figure 1A, 

both G-CdTe and O-CdTe QDs showed dose-dependent 

effects on cell inhibition. Moreover, by calculating the value 

of IC
50

, which is the concentration of the inhibitor when the 

inhibitory rate is equal to 50%, we found that the IC
50

 of 

O-CdTe QDs (59.44±12.02 nmol/L) was lower than that of 

G-CdTe QDs (186.61±19.74  nmol/L). This indicates that 

O-CdTe QDs are more toxic than G-CdTe QDs to yeast at 

the same concentration.
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We also compared the effects of G-CdTe and O-CdTe 

QDs on cell growth curves at the same dose, which is around 

the IC
50

 of O-CdTe QDs (Figure 1B). The results indicate that 

O-CdTe QDs have a more negative effect on cell growth 

than G-CdTe QDs, confirming that O-CdTe QDs are more 

toxic to yeast.

Toxicity of CdTe QDs has a 
correlation with their effects on 
autophagy
To study the growth inhibition mechanism of CdTe QDs, the 

morphology of yeast cells treated with 50 nmol/L CdTe QDs 

for 16 hours was observed by TEM. As shown in Figure 2, 

the control cells (Figure 2A and B) and cells treated with 

G-CdTe QDs (Figure 2C and D) stayed in good condition 

and few vesicles remained in the vacuole, indicating low 

toxicity of G-CdTe QDs. This is consistent with the effect 

of G-CdTe QDs on cell growth. Cells treated with O-CdTe 

QDs are shown in Figure 2E and F, with large numbers of 

vesicles accumulating in the vacuole. From the TEM images, 

it can be suggested that the greater toxicity of O-CdTe QDs 

to yeast is due to their effect on vesicle accumulation within 

the vacuole.

As observed by Baba,21 the accumulated vesicles may be 

autophagic bodies. Accumulation of autophagic bodies in the 

vacuole can be the result of excessive autophagy induction 

or inhibition of autophagy at a late stage, both of which have 

a negative impact on cell growth. Taking this into account, 

we examined autophagy in yeast cells treated with CdTe 

QDs. To observe autophagy, plasmid pRS316 GFP-Atg8, 

which produces GFP-tagged Atg8, was transformed into 

S. cerevisiae BY4742. If autophagy is induced then GFP-

tagged Atg8 in the cytoplasm is recruited to autophagosomes 

and delivered to the vacuole; the GFP removed from Atg8 

remains relatively stable from vacuolar hydrolysis in the 

vacuole, whereas Atg8 is rapidly degraded.22

Cells have a baseline level of autophagy that is required 

for cellular homeostasis, and GFP-Atg8 is gradually delivered 

from the cytoplasm to the vacuole. In this experiment, base-

line autophagy led to an increased number of cells with fluo-

rescent vacuoles at 16 hours (Figure 3, control group). This 

process was accelerated by rapamycin, which is used as an 

autophagic activator (Figure 3, rapamycin group). Yeast cells 

with a fluorescence tag were exposed to 50 nmol/L O-CdTe 

or G-CdTe QDs for different times, and autophagy was exam-

ined by fluorescence microscopy. We found that CdTe QDs 

did not activate autophagy in a similar manner to rapamycin 

in yeast, as demonstrated by the similar distribution of fluo-

rescence between cells treated with CdTe QDs and control 

cells at 4 hours and 8 hours (Figure 3). This indicates that 

O-CdTe QDs caused accumulation of autophagic bodies in 

vacuoles through inhibition of autophagy at a late stage, rather 

than through excessive induction of autophagy. O-CdTe QDs 

did not induce obvious accumulation of autophagic bodies 

at 4 hours and 8 hours, which may be a result of low levels 

of autophagy induction. When treated for 16 hours, some 

cells treated with O-CdTe QDs displayed similar fluores-

cent phenotypes of dark vacuoles with fluorescent dots 

accumulated in the vacuole or dark vacuoles with intensely 

glowing vesicles docked close to the vacuole, with cells 

Figure 1 Toxicity of CdTe QDs of different sizes exposed on Saccharomyces cerevisiae.
Notes: (A) Inhibitory curve of CdTe QDs exposed to S. cerevisiae BY4742 for 16 hours. (For O-CdTe QDs, concentrations were 25.94 nmol/L, 51.88 nmol/L, 103.75 nmol/L, 
207.5 nmol/L, and 415 nmol/L. For G-CdTe QDs, concentrations were 54.2 nmol/L, 108.4 nmol/L, 216.8 nmol/L, 433.6 nmol/L, and 867.2 nmol/L.) The inhibitory rate was 
evaluated using colony-forming units. (B) Effect of 50 nmol/L CdTe QDs on cell growth in S. cerevisiae. The results are expressed as mean ± standard deviation, n$3.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; G-CdTe, green-emitting CdTe; O-CdTe, orange-emitting CdTe; OD, optical density.
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Figure 2 Transmission electron microscopy images of yeast cells (left) and their vacuoles (right), enlarged from left-hand box at 16 hours.
Notes: The control cells (A) and (B), G-CdTe QDs treated cells (C) and (D) and O-CdTe QDs treated cells (E) and (F) were observed by transmission electron microscope 
(×7,800 magnification). White arrows: autophagic bodies.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; G-CdTe, green-emitting CdTe; O-CdTe, orange-emitting CdTe.
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treated with phenylmethanesulfonyl fluoride, which inhibits 

the late stage of autophagy. This indicates that O-CdTe 

QDs may inhibit autophagy at a late stage. In comparison, 

most of the cells treated with G-CdTe QDs and control cells 

displayed homogeneous light vacuoles surrounded by dark 

cytoplasm, indicating normal levels of baseline autophagy. 

Moreover, the distribution of fluorescence phenotypes of 

O-CdTe QDs-treated cells was different from that of G-CdTe 

QDs-treated cells (Figure S1). These results indicate that 

CdTe QDs inhibit autophagy in yeast at 16 hours in a size-

dependent manner. Moreover, there was a decrease in the 

number of cells with fluorescent vacuoles and an increase 

in number of cells with abnormal morphology following 

treatment with O-CdTe QDs for 42 hours. This indicates that 

Figure 3 Effect of CdTe QDs of different sizes on autophagy in yeast at different time points.
Notes: Cells transformed with a plasmid encoding GFP-Atg8 were treated with (A) 50 nmol/L CdTe QDs or 100 ng/mL rapamycin or (B) phenylmethanesulfonyl fluoride 
(PMSF), which was added at 0 hour and 16 hours to reach a final concentration of 2 mmol/L, and photographed at 4 hours, 8 hours, 16 hours, and 42 hours using fluorescence 
microscopy. Scale bars: 5 µm.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; G-CdTe, green-emitting CdTe; O-CdTe, orange-emitting CdTe.
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baseline autophagy is intensely inhibited by O-CdTe QDs, 

which may result in cell death at 42 hours.

These studies indicate that both the toxicity and autophagy 

inhibition caused by O-CdTe QDs occur in a size-dependent 

manner. Furthermore, we counted cells with completed 

autophagy (homogeneous fluorescent vacuoles surrounded 

by dark cytoplasm) and those with inhibited autophagy 

(dark vacuoles surrounded by fluorescent cytoplasm) fol-

lowing treatment with a series of O-CdTe QD concentrations 

(Figure 4). The results show that the O-CdTe QDs-related 

inhibition of autophagy was dose-dependent. It is clear that 

there is a positive correlation between autophagy inhibition 

caused by O-CdTe QDs and toxicity.

O-CdTe QDs partially inhibited 
autophagy at a late stage
We further confirmed the inhibition of autophagy in cells 

treated with O-CdTe QDs using a GFP-Atg8 processing 

assay23 at 16 hours. Compared with the control group, there 

was a decrease in the percentage of cells with fluorescence 

vacuoles (from 53% to 3.3%) and an increase in the percent-

age with inhibited autophagy (from 7.6% to 45%) in the 

group treated with O-CdTe QDs at 16 hours (Figure 5A). In 

addition, cells treated with O-CdTe QDs had an increased 

amount of GFP-Atg8 (Figure 5B) and a significant decrease 

in the ratio of GFP/GFP-Atg8 compared with the control 

group (P,0.01, Figure 5C). The results clearly show that 

O-CdTe QDs partially inhibited autophagy at a late stage in 

yeast at 16 hours, so that the fluorescence reporter was left 

in the cytoplasm or accumulated in the vacuoles instead of 

being degraded.

The same fluorescence distribution between cells treated 

with O-CdTe QDs and control cells does not suggest that 

O-CdTe QDs do not inhibit autophagy at 8  hours. To 

demonstrate this, we treated cells with O-CdTe QDs and 

low-dose rapamycin (1 ng/mL), which caused little inhibition 

of cell growth but was able to induce autophagy. We found 

that cells treated with rapamycin had fluorescent vacuoles 

and more free GFP in vacuoles, indicating that autophagy 

was induced. Cells treated with rapamycin and O-CdTe QDs 

had more fluorescent dots in or close to vacuoles (Figure 6A), 

similar levels of GFP-Atg8 processing to cells treated with 

O-CdTe QDs (Figure 6B), and a significant decrease in 

the ratio of GFP/GFP-Atg8 compared with rapamycin-

treated cells (P,0.01, Figure 6C). The results indicate that 

O-CdTe QDs inhibited autophagy induced by low-dose 

rapamycin at 8 hours.

The results mentioned above clearly show that O-CdTe 

QDs partially inhibit autophagy at a late stage in yeast. 

Together with the positive correlation between autophagy 

inhibition caused by O-CdTe QDs and toxicity, this indi-

cates that the toxicity of O-CdTe QDs is due to autophagy 

inhibition.

Inhibition of autophagy contributes to 
the toxicity of O-CdTe QDs
In order to confirm our hypothesis that the toxicity of O-CdTe 

QDs is due to autophagy inhibition, we evaluated the con-

centrations of cells treated with low dose of rapamycin, 

O-CdTe QDs, and both at 8 hours. As shown in Figure 7A, 

rapamycin had no significant effect on cell concentrations, 

but the concentrations of cells treated with O-CdTe QDs 

could be significantly increased (P,0.05) by adding 

rapamycin. The results indicate that rapamycin can decrease 

the toxicity of O-CdTe QDs to yeast cells. Moreover, we 

examined autophagy by measuring GFP-Atg8 and free GFP. 

Figure 4 Dose-dependent effects of O-CdTe QDs on autophagy in yeast.
Notes: Cells transformed with a plasmid encoding GFP-Atg8 were treated with 20 nmol/L, 30 nmol/L, 40 nmol/L, and 50 nmol/L O-CdTe QDs for 16 hours. More than 
50 cells were counted and classified into certain phenotypes. Scale bar: 5 μm.
Abbreviation: O-CdTe QDs, orange-emitting cadmium telluride quantum dots.
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Figure 6 O-CdTe QDs inhibited accumulation of GFP in vacuoles induced by rapamycin at 8 hours.
Notes: Cells with fluorescent tags were treated with 50 nmol/L O-CdTe QDs, 1 ng/mL rapamycin, or both for 8 hours. (A) Cells were photographed using fluorescence 
microscopy. (B) Western blot analysis of intracellular GFP-Atg8 and GFP using antibodies to GFP. Actin was used as an internal reference. (C) Quantification of (B). The 
ratio of free GFP/GFP-Atg8 in each group was calculated. The results are expressed as mean ± standard deviation, n=3. **P,0.01.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; O-CdTe, orange-emitting CdTe; Rap, rapamycin.

Figure 5 O-CdTe QDs induced accumulation of GFP-Atg8 in vesicles in yeast cells at 16 hours.
Notes: Cells with fluorescent tags were treated with 50 nmol/L CdTe QDs or 1 ng/mL rapamycin for 16 hours. (A) O-CdTe QDs partially inhibited the entrance of 
fluorescent dots into the vacuole and degradation. (B) Western blot analysis of intracellular GFP-Atg8 and GFP using antibodies to GFP. Actin (ACT1) was used as an internal 
reference. (C) Quantification of (B). The ratio of free GFP/GFP-Atg8 in each group was calculated. The results are expressed as mean ± standard deviation, n=3. **P,0.01, 
all versus controls.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; G-CdTe, green-emitting CdTe; O-CdTe, orange-emitting CdTe; NS, no significance.
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Figure 7 Effect of O-CdTe QDs on cell quantity and autophagy was partially recovered by rapamycin.
Notes: (A) Rapamycin (1 ng/mL) reduced the toxicity of O-CdTe QDs at 8 hours. Toxicity was determined by colony-forming units (CFU). The results are expressed as 
mean ± standard deviation, n=3. *P,0.05. (B) Rapamycin partially recovered the transformation from GFP-Atg8 to GFP, which was inhibited by O-CdTe QDs at 16 hours. 
Intracellular GFP-Atg8 and GFP were measured using antibodies to GFP. (C) Quantification of (B). The ratio of free GFP/GFP-Atg8 in each group was calculated. The results 
are expressed as mean ± standard deviation, n=3. **P,0.01.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; O-CdTe, orange-emitting CdTe; Rap, rapamycin.

Compared with cells treated with O-CdTe QDs, the amount 

of GFP was increased slightly at 8 hours by the addition of 

rapamycin (Figure 6B), and this increase was further enhanced 

at 16 hours (Figure 7B and C). These results indicate that 

autophagy inhibited at a late stage by O-CdTe QDs can be 

partially recovered by enhancing autophagy with rapamycin. 

Taken together, these results show that inhibition of autophagy 

contributes to the toxicity of O-CdTe QDs in yeast.

Discussion
In this study, we have demonstrated that inhibition of 

autophagy is a novel toxicity mechanism of CdTe QDs 

in yeast.

Relationship between CdTe QDs causes 
toxicity and autophagy in yeast
A previous study has demonstrated that the toxicity of 

cadmium-based QDs is associated with the induction of 

autophagy in mammalian cells, which acts as a protective 

pathway.24 A more recent study reported that the toxicity 

of cadmium selenium QDs could not be attributed to 

autophagy in yeast.25 It therefore seems that the relationship 

between the toxicity of cadmium-based QDs and autophagy 

remains unclear.

In the current study, we found that the toxicity of CdTe 

QDs occurred in a dose- and size-dependent manner in yeast, 

which is consistent with a previous study.12 By observing the 

morphology of cells treated with CdTe QDs using TEM, we 

found that O-CdTe QDs, which were more toxic to yeast cells 

than G-CdTe QDs, induced the accumulation of autophagic 

bodies in vacuoles. Further experiments demonstrated that 

the accumulation of autophagic bodies in vacuoles caused by 

O-CdTe QDs was due to autophagy inhibition at a late stage. 

Moreover, autophagy inhibited at a late stage in cells treated 

with O-CdTe QDs could be partially recovered by enhancing 

autophagy with rapamycin and so as the number of living 

cells, and it had been reported that rapamycin did not inhibit 

endocytosis in yeast.26,27 This implies that the toxicity of 
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Figure 8 CdTe QDs-induced cell cycle arrest and cell death.
Notes: Cells were treated with CdTe QDs for 8 hours. (A) Cell cycle distribution analysis of propidium-iodide-stained yeast cells. (B) Cell death rate measured by methylene 
blue stain.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; G-CdTe, green-emitting CdTe; O-CdTe, orange-emitting CdTe.

O-CdTe QDs was reduced by inducing autophagy rather than 

inhibiting endocytosis. These results indicate that inhibition of 

autophagy acts as a toxicity mechanism of O-CdTe QDs.

Size effect on autophagy inhibition 
caused by CdTe QDs contributes 
to their toxicity
Previous studies have shown a size effect on the toxicity of 

CdTe QDs in yeast12 and mammalian cells.28 In the current 

study, we found that CdTe QDs with a larger size (O-CdTe 

QDs) were more toxic to yeast cells, combined with autophagy 

inhibition. It has previously been demonstrated that CdTe 

QDs can be internalized into yeast cells and decomposed.12 

The cadmium ions (Cd2+) released from decomposed CdTe 

QDs are believed to be responsible for the toxicity of CdTe 

QDs.29 Size-dependent cellular uptake of nanoparticles has 

been reported, and nanoparticles with a larger size are more 

likely to be internalized.30 Therefore, the size-dependent 

toxicity of CdTe QDs can be explained as a result of a greater 

number of internalized CdTe QDs with larger size and more 

Cd2+ released. The Cd2+ in cytoplasm is detoxified by being 

sequestered into vacuoles by vacuolar membrane transports in 

yeast,31 but excessive Cd2+ can interfere with the degradation 

of the contents of vacuoles, which will inhibit autophagy at 

a late stage. This can explain why CdTe QDs cause size-

dependent autophagy inhibition in yeast.

An appropriate level of autophagy is necessary for main-

taining cellular homeostasis and surviving under certain 

environmental stress conditions,14 so inhibition of autophagy 

can have a negative effect on cell proliferation and survival 

in certain circumstances. It has been reported that the 

autophagic inhibitor chloroquine can inhibit cell growth cor-

related with G2/M cell arrest in human breast cancer cells.32 

The results mentioned above show that O-CdTe QDs can 

inhibit autophagy and cell growth in a similar manner to 

chloroquine. We therefore examined the cell cycle in cells 

treated with CdTe QDs and found an increased proportion 

of cells staying in the G2/M phase (from 31.38% to 49.98%, 

Figure 8A and Figure S2), confirming that O-CdTe QDs can 

induce cell cycle arrest at G2/M. Blockade of autophagy 

flux will result in either apoptosis or autophagic cell death,33 

which may inhibit cell growth. We detected the dead cells 

by methylene blue staining and found that both O-CdTe and 

G-CdTe QDs increased the cell death rate compared with 

the control, but the difference between O-CdTe QDs- and 

G-CdTe QDs-treated cells was not significant (Figure 8B). 

This suggests that inducing cell death is not the main growth 

inhibition mechanism of O-CdTe QDs. According to these 

results, we can infer that inhibition of autophagy by O-CdTe 

QDs may play a role in inducing cell cycle arrest at G2/M, 

leading to cell growth inhibition.

Inhibition of autophagy, an undiscovered 
phenomenon in cells treated with 
cadmium-based QDs
Activation of autophagy by cadmium-based QDs has been 

demonstrated in many studies performed in mammalian 

cells.10,16,24,34 In the present study, we found that O-CdTe QDs 

can partially inhibit autophagy at a late stage in yeast. To 

our knowledge, this is the first report of cadmium-based QDs 
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inhibiting autophagy. The contrasting results in mammalian 

cells might be due to the different cell model used, but there 

is another reasonable explanation. Autophagosome accumu-

lation and increasing transformation from LC3-I to LC3-II 

can be the result of either autophagy induction or blockade 

of autophagy flux in mammalian cells.35 It has been reported 

that nanoparticles can induce autophagosome accumulation 

by blockade of autophagy flux,17,36 which is consistent with 

our results. Therefore, it is necessary to distinguish between 

these two possibilities in mammalian cells by performing 

autophagy flux assays.35 As far as we know, research into 

autophagy induced by QDs in mammalian cells has not 

focused on distinguishing between autophagy induction and 

blockade of autophagy flux. Further studies in mammalian 

cells are therefore needed to confirm our hypothesis.

Conclusion
In this study, we investigated the toxicity of CdTe QDs in 

S. cerevisiae and found dose- and size-dependent toxicity, 

with larger-sized CdTe QDs (O-CdTe QDs) inhibiting cell 

growth. In addition, experiments using TEM found that 

O-CdTe QDs cause accumulation of autophagic bodies in 

the vacuoles of yeast cells. Further studies showed that the 

accumulation of autophagic bodies in the vacuole by O-CdTe 

QDs was the result of autophagy inhibition at a late stage and 

that there was a correlation between toxicity and autophagy 

inhibition. Furthermore, autophagy inhibited at a late stage 

by O-CdTe QDs could be partially recovered by rapamycin, 

as could cell numbers. These data show that inhibition of 

autophagy contributes to the toxicity of O-CdTe QDs in 

yeast. This is a novel toxicity mechanism of QDs.
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Figure S2 Raw data of cell cycle distribution analysis obtained by flow cytometry.
Notes: Cells were treated with CdTe QDs for 8 hours and stained with propidium iodide before flow cytometry analysis.
Abbreviations: CdTe QDs, cadmium telluride quantum dots; G-CdTe, green-emitting CdTe; O-CdTe, orange-emitting CdTe.

Figure S1 Proportion of cells belonging to diagrammed fluorescence phenotypes when treated with CdTe QDs for 16 hours.
Notes: Cells transformed with a plasmid encoding GFP-Atg8 were treated with 50 nmol/L O-CdTe QDs or G-CdTe QDs for 16 hours. More than 50 cells were counted 
and classified into certain phenotypes. The results are expressed as mean ± standard deviation, n=3.
Abbreviations: CdTe, cadmium telluride; G-CdTe, green-emitting CdTe; O-CdTe, orange-emitting CdTe.
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