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ABSTRACT: In the present study, we investigated the interactions between CdSe/ZnS core/shell quantum dots
(QDs) and Cd+2 and Ag+ in HepG2 cells. Two typical QDs, 3-mercaptopropionic acid-CdSe/ZnS QDs (QD-MPA) and
glutathione-CdSe/ZnS QDs (QD-GSH) were applied and proved to be stable, as no fluorescence changes and Cd2+

releasing were detected during 24-h incubation. Both QDs tended to accumulate in HepG2 cells, and significantly
reduced the harmful effects of Cd2+ and Ag+. Correspondingly, the intracellular and extracellular concentrations of free
metal ions decreased by 2–5 folds due to their adsorption on QDs. On the other hand, both QDs exhibited no significant
adsorption on cell fragments, suggesting that they accumulated inside cells but not on the membrane. Therefore, they
did not hinder the uptake of free Cd2+ or Ag+. After all, the results revealed that highly stable QDs could extensively
reduce the toxicity of heavy metals by absorption of heavy metal ions.

KEYWORDS: 3-mercaptopropionic acid-CdSe/ZnS quantum dots, glutathione-CdSe/ZnS quantum dots, Cd2+, Ag+,
human hepatocellular carcinoma cells

INTRODUCTION

Nowadays, environmental exposure of quantum dots
(QDs) are attracting more and more attentions, due
to their wide application in industry and biomedi-
cal investigations [1–3]. Although QDs with inor-
ganic shells (e.g., ZnS and CdS) and organic coatings
(e.g., polyethylene glycol) were generally stable and
safe [4], they could easily affect the transfer and toxi-
city of other pollutants, due to their large surface area
and high reactivity [5]. Therefore, it is necessary to
illustrate the potential interactions between QDs and
other pollutants.

Although limited, but there are increasing reports
on the potential interactions between QDs and trace
metals in aquatic organisms and bacteria, since they
are increasingly found to co-exist in the waste streams
from laboratories and industries that synthesize or use
them together [6]. It has been found that TGA-CdTe
QDs enhanced the accumulation and toxicity of Cu2+

in zebrafish embryos and larvae, which might be due to
the fact that Cu2+ was adsorbed onto QDs and entered
zebrafish together [7]. With a similar mechanism,
carboxyl-CdTe/CdS QDs also increased the uptake of
Cu2+ and Pb2+ in metal-resistant bacteria Cupriavidus
metallidurans [8]. An opposite result was reported by
Worms et al [9], who found that carboxyl-CdSe/ZnS

QDs decreased the concentrations of lead and copper
in the river, thus reducing the bioavailability and toxi-
city of metal ions to green microalgae. It seemed that
the outcomes of QDs-metal mixtures should be depen-
dent on the models used. However, such investigations
have been seldom conducted in humans or animals,
which should be more relevant and might occur due to
workplace exposure or the accumulation through food
chain [10].

This paper aimed to investigate the potential in-
teractions between CdSe/ZnS QDs and Cd2+/Ag+ in
human hepatocellular carcinoma (HepG2) cells. Two
commercial QDs, 3-Mercaptopropionic acid-CdSe/ZnS
QD (QD-MPA) and glutathione-CdSe/ZnS QD (QD-
GSH), were applied. To clarify the relating mechanism,
the stability of QDs and the adsorption ability of QDs
on metal ions and cell membranes were respectively
evaluated. The HepG2 cells were selected for the
experiment because most of QDs tended to accumulate
in the liver of treated animals [11]. Cd2+ and Ag+

were selected as they were increasingly released from
anthropogenic activities, and were often used together
with QDs [5, 12]. Meanwhile, ZnS coated CdSe QDs
were often used for their low toxicity, high stability,
and high fluorescence efficiency [13]. The reasons
for using two different QDs, QD-MPA and QD-GSH,
were to confirm our conclusions and to test the effects
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of surface modifications, which was considered as a
critical factor for the biological behavior of QDs [14].

MATERIALS AND METHODS

Cell line and reagents

HepG2 cells (ATCC HB8065) were purchased from
Shanghai Cell Bank, Chinese Academy of Sciences
(Shanghai, China). QD-MPA and QD-GSH were from
Suzhou Xingshuo Nano Technology Co., Ltd (Suzhou,
China). CdCl2 and methyl thiazolyl tetrazolium (MTT)
were obtained from Sigma-Aldrich (St Louis, MO,
USA). Fetal bovine serum was from Sijiqing Biologi-
cal Eng. Material Co. Ltd (Hangzhou, China). High
glucose-Dulbecco’s modified eagle medium (DMEM,
containing 25 mM glucose, 4.0 mM L-glutamine, and
no sodium pyruvate) was provided by Gibco (Gaithers-
burg, USA). AgNO3 was obtained from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Bicin-
choninic acid protein assay kit was from Biyuntian
Biotechnology Institute (Haimen, Jiangsu, China). Ul-
trapure water was produced by a Milli-Q Water System
and used through the experiments (Millipore Corp.,
Bedford, MA, USA). The other chemicals were all of
reagent grades and obtained from commercial suppli-
ers.

QD Characterization

Stock solutions of QDs (10 mM) in distilled water
were maintained at 4 °C in the dark and consumed
within 2 months. The shapes and diameters of QDs
in distilled water (100 nM) were determined with a
Tecnai G220 transmission electron microscope (TEM)
(FEI, Portland, USA) operating at 200 kV. Photograph
was taken by placing a drop of QD dispersion onto
a copper mesh-supported carbon film. After dilution
to 100 nM in DMEM medium, characteristics of QDs
were detected. Emission spectra of QDs were obtained
with a Hitachi F-4600 fluorescence spectrophotometer
(Hitachi Co. Ltd, Tokyo, Japan) at an excitation wave-
length of 370 nm. Dynamic light scattering and zeta-
potential detections were performed with a Malvern
Zetasizer Nano ZS90 equipment (Worcestershire, UK).

Cell culture and treatment

Stocks of QDs were diluted in DMEM medium before
use. The maximum concentration of QDs was limited
to 100 nM so that their final concentrations in distilled
water would not exceed 1%, which significantly altered
the osmotic pressure of culture medium. CdCl2 and
AgNO3 were dissolved in DMEM medium directly.

HepG2 cells (15–25 passages) were seeded into
24-well plates at a density of 5 × 104 cells/well.
Cells were cultured in 1 ml DMEM medium supple-
mented with 10% fetal bovine serum and 1% strepto-
mycin/penicillin. The plates were maintained at 37 °C
in a humidified atmosphere with 5% CO2. After reach-
ing 80% of confluence, cells were washed with phos-

phate buffer saline (PBS) and treated with 1 ml DMEM
medium containing QDs (10, 25, 50, and 100 nM),
CdCl2 (20, 40, 60, 80, 100, and 160 µM), AgNO3 (10,
15, 20, 30, and 40 µM), or QDs (12.5, 25, 50, and
100 nM)+ CdCl2 (80 µM)/AgNO3 (20 µM). After 24-h
incubation, cells in each group were detected for their
MTT values.

After reaching 80% of confluence, HepG2 cells in
24-well plates were washed with PBS and detected for
the concentration- and time- dependent accumulations
of QDs. For the effects of exposure concentrations,
HepG2 cells were cultured in 1 ml DMEM medium con-
taining different concentrations (25, 50, and 100 nM)
of QD-MPA and QD-GSH. After 24-h treatment, cells
were washed with ice-cold PBS and collected for ac-
cumulation experiments. For the effects of exposure
time, we used 50 nM, the middle concentration, in the
experiment. Cells were washed with PBS and cultured
in DMEM medium containing. At 0.1, 0.5, 1, 3, 6,
12, and 24 h, cells were washed with ice-cold PBS and
collected for accumulation experiments.

MTT reduction assay

The percentage of living cells in each group was de-
tected with MTT assay [15]. In brief, cells were
washed with PBS and incubated in 500 µl MTT so-
lution (1 g/l dissolved in PBS) for 3 h at 37 °C. After
that, formazan crystals in each well were dissolved in
1.5 ml acidified-isopropanol at room temperature for
1 h. Absorbance of lysis at 490 nm was detected with a
microplate reader (SynergyH1, Biotech, Winooski, VT,
USA). Cell viability was calculated as the percentage of
absorbance normalized to the control group.

QDs accumulation

After the treatment of QDs, cells in each well were
washed with PBS, lysed in 0.5 ml 1% Triton-100 so-
lutions (v/v, dissolved in PBS), and then centrifuged
at 15 294g for 10 min to get rid of cellular fragments.
The supernatant’s fluorescence was detected with a
microplate fluorescence reader (SynergyH1, Biotech,
Winooski, VT, USA) with an ex/em wavelength of
485/590 nm. The amounts of QDs were quantified
with a standard curve (0–50 pM). The values were nor-
malized to the viable cell numbers (MTT%× 2× 105,
nM/105 cells) as described before [16]. 2× 105 was
the average numbers of cells reaching 80% confluence
in 24-well plates as accessed by trypan blue exclusion
methods.

Confocal laser scanning microscopy

Cellular accumulation of QDs were confirmed with
confocal laser scanning microscopy. In brief, HepG2
cells were cultured on 35 mm glass bottom dish (well
size 20 mm, cover gridded glass 0.13–0.16 mm, Cellvis,
Mountain View, CA, USA) at a density of 1.5 × 105

cells/dish in 2 ml of DMEM medium supplemented
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with 10% fetal bovine serum. After seeding for 4 h,
the cells were washed with PBS and treated with
DMEM medium containing 100 nM of QD-MPA or QD-
GSH for 4 h, which caused no significant damages
to the HepG2 cells. Subsequently, cells were fixed
with 4% paraformaldehyde (m/v, dissolved in PBS)
and observed with a Leica TCS SP5 II confocal micro-
scope (Leica microsystems, Wetzlar, Germany) includ-
ing a FITC filter and ×63 oil immersion lens. Digi-
tal photographs were obtained by a Leica DFC350FX
monochrome digital camera connected to the micro-
scope.

Adsorption of metal ions onto QDs inside HepG2
cells

The intracellular concentrations of Cd2+ and Ag+ were
detected at first, to illustrate the reasons for the rescu-
ing effects of QDs on the toxicity of metal ions. After
reaching 80% of confluence, HepG2 cells in 24-well
plates were exposed to 1 ml medium containing 80 µM
CdCl2 or 20 µM AgNO3 with or without 100 nM QD-
MPA/QD-GSH. After 24-h treatment, the cells were
washed with ice-cold PBS, detached by trypsin-EDTA
solution, and transferred to tubes containing 500 µl
PBS. Intracellular concentrations of Cd2+ were mea-
sured with Leadmium™ Green AM assay kits (Thermo
fisher Scientific, Inc., Waltham, MA, USA) following
the manufactures’ instructions. In brief, 4 µl Green
AM dyes were added to each tube and incubated for
30 min in a 37 °C light-proof water bath. After that, the
excess dyes were washed away by 0.85% NaCl. Finally,
HepG2 cells were analyzed with a fluoLSR Fortessa
flow cytometry (BD Biosciences, San Jose, CA, USA)
using an excitation wavelength of 488 nm. For Ag+,
the cells were lysed by sonication (40 kHz, 900 W,
twice, 5 s) and centrifuged at 15 294g for 10 min to
get rid of cellular fragments. The concentration of Ag+

in the suspension was quantified using atomic absorp-
tion spectrometry (AA240FS-GTA120; Varian Inc., Palo
Alto, CA, USA). In another experiment, HepG2 cells
received the same treatment were analyzed by MTT
assay. The obtained concentrations of Cd2+/Ag+ were
divided by the viable cell numbers (MTT%× 2× 105,
nM/105 cells), and normalized to the groups treated
by Cd2+/Ag+ alone.

Adsorption of metal ions onto QDs in the culture
medium

Further experiments were conducted to detect the ad-
sorption of metal ions onto QDs in the culture medium,
which would hinder the entry of QDs into cells by
lowering extracellular concentrations of Cd2+/Ag+. In
brief, 1 ml DMEM medium containing 80 µM CdCl2 or
20 µM AgNO3 with or without 100 nM QD-MPA/QD-
GSH was incubated at 37 °C in a humidified atmo-
sphere with 5% CO2. After that, the mixture was
centrifuged at 108 800g for 10 min. The concentra-

(A) (B)

Fig. 1 Transmission electron microscopy images of QD-MPA
(A) and QD-GSH (B), indicating the diameters of both QDs.

tions (in percentage) of free metal ions in the obtained
supernatant were then detected with an AA240FS-
GTA120 atomic absorption spectroscopy (Varian Inc.,
Palo Alto, CA, USA). The centrifugation speed was
suggested by the manufactures and tested by our team,
which could completely get rid of QDs and QD-metal
complexes in the solutions.

Statistical analysis

All results were expressed as mean±SD of three in-
dependent experiments. One-way ANOVA test was
applied to make comparisons between control and
treatment groups. All analyses were conducted with
SPSS Statistic 22.0 software (Chicago, Illinois, USA).
p-value < 0.05 was considered significant.

RESULTS

Characterization of QDs

Using TEM detection, QD-MPA and QD-GSH were both
found to be monodispersed in distilled water, and their
diameters were 8.06±0.98 nm and 8.28±0.58 nm,
respectively (Fig. 1). After dilution in DMEM medium,
the characters of QDs were detected and summarized
in Table 1. Among them, the zeta potentials of QD-
MPA (−18.9±0.5) and QD-GSH (−26.2±1.1 mV)
indicated that they were both negatively charged in
the culture medium. The hydrodynamic radii of the
QD-MPA and QD-GSH, which were 26.94±1.21 nm
and 16.14±1.51 nm, respectively, indicated that they
slightly aggregated in the DMEM medium. The max-
imum emission wavelength of QDs was 611 nm, cor-
responding to a red fluorescence. More importantly,
the constant fluorescence intensity and negligible Cd2+

releasing indicated that both QDs did not change sig-
nificantly during the 24-h culture (Fig. S1 and Fig. S2).
Therefore, the toxicity of QDs and their interactions
with metal ions should be caused by the QDs them-
selves.
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Fig. 2 Accumulations of QD-MPA (A) and QD-GSH (B) in HepG2 cells. Here showed merged photos of phase-contrast images
and corresponding confocal fluorescence images. White arrow: Cell nucleus. Original magnification: ×630. Concentration-
(C) and time- (D) dependent accumulations of QDs in HepG2 cells. Data represent mean values±SD of three independent
experiments with each in triplicates (n= 9). ** p < 0.01, *** p < 0.001 compared with groups treated with 25 nM QDs.
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Fig. 3 Effects of QD-MPA (A), QD-GSH (B), Cd2+ (Cd, C) and Ag+ (Ag, D) on the proliferation of HepG2 cells. Data represent
mean values±SD of three independent experiments with each in triplicates (n = 9). ** p < 0.01, *** p < 0.001 compared
with untreated control.
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Table 1 The physicochemical properties of QD-MPA and QD-GSH.

QD Diameter (nm) Zeta-potential (mV) Hydrodynamic diameter (nm) Emission maximum (nm)

QD-MPA 8.06±0.98 −18.9±0.5 26.94±1.21 611
QD-GSH 8.28±0.58 −26.2±1.1 16.14±1.51 611

Cellular uptake of QDs

CdSe/ZnS QDs tended to accumulate extensively in the
cytoplasm and close to the cell nucleus (Fig. 2A,B). In
the following experiments, concentration- and time-
dependent accumulations of QDs were evaluated.

During 24-h incubation, cellular accumulations of
both QDs increased with the exposure concentrations
(Fig. 2C). For example, with the treatments of 25
and 50 nM QD-MPA, the cellular accumulations of
the QD were 2.05±0.06 and 3.17±0.09 nM per 105

HepG2 cells, respectively, with a significantly higher
accumulation caused by the 50 nM QD-MPA (p <
0.001). Similarly, cellular accumulation increased
from 1.28±0.09 to 4.66±0.76 nM per 105 cells after
the treatment of 25–100 nM QD-GSH. In addition, the
QD-MPA exhibited a higher cellular accumulation than
the QD-GSH at the same concentrations. For instance,
100 nM QD-MPA caused a cellular accumulation of
7.84±0.71 nM per 105 cells in HepG2 cells, which was
higher than that of 100 nM QD-GSH (4.66±0.76 nM
per 105 cells).

At the same concentration of 50 nM, cellular up-
takes of the two QDs were in a time-dependent manner
(Fig. 2D). The 0.1–24 h accumulations of QD-MPA
and QD-GSH were 0.23±0.01–1.41±0.03 pM per 105

cells and 0.25±0.04–0.51±0.03 pM/105 cells, respec-
tively. The highest accumulation of both QDs occurred
at 12 h, and no significant alterations occurred after
then.

Individual toxicity of QDs and metal ions

After exposure to two QDs for 24 h, no obvious de-
creases in the values of MTT were noticed within
the concentration range of 10–100 nM (Fig. 3A,B).
Therefore, both QDs caused no significant changes
of cell viability during the treatment. On the con-
trary, concentration-dependent toxicity was observed
for both Cd2+ and Ag+ (Fig. 3C,D). Significant MTT
reductions were found at the concentration of 60 µM
for Cd2+ and at the 15 µM for Ag+. The median
effective concentrations (EC50) were around 80 µM
for Cd2+ and 20 µM for Ag+, which were used in the
following experiment.

Effects of QDs on the toxicity of metal ions

As shown in Fig. 4, toxicity of Cd2+/Ag+ could be
attenuated by the addition of QD-MPA/QD-GSH, but
in a different manner. For Cd2+, the rescuing effects of
QD-MPA/QD-GSH were in a concentration-dependent
manner (Fig. 4A,B). The MTT value of HepG2 cells af-

ter the exposure of 12.5 nM QD-MPA and 80 µM Cd2+

was 64.39±2.46% of the control groups, which was
significantly higher than that of the groups treated with
80 µM Cd2+ alone (47.86±4.94%, p< 0.01). The val-
ues increased to 93.59±0.90% after the treatment of
100 nM QD-MPA and 80 µM Cd2+. Similarly, exposure
to 12.5–100 nM QD-GSH with 80 µM Cd2+ resulted
in MTT values of 51.17±2.09%–94.56±2.36%. On
the other hand, both QD-MPA and QD-GSH attenuated
the toxicity caused by Ag+, but they did not show any
variations among different concentrations (Fig. 4C,D).

Adsorption of Cd2+/Ag+ onto QDs

Since the toxicity of Cd2+ and Ag+ relied on their intra-
cellular concentration, the effects of QD-MPA/QD-GSH
on the accumulation of Cd2+/Ag+, in HepG2 cells were
evaluated. Fig. 5A shows that the addition of 100 nM
QD-MPA and QD-GSH reduced the contents of intra-
cellular Cd2+, as compared with the CdCl2-only treated
groups, by 83.18% and 85.14%, respectively. Similarly,
intracellular concentrations of Ag+ were reduced by
the addition of 100 nM QD-MPA and QD-GSH to the
extents of 45.18% and 70.47%, respectively (Fig. 5B).

Adsorption of Cd2+/Ag+ onto QDs could also occur
in the culture medium, thus hindering the uptake
of metal ions by cells. As shown in Fig. 5C, free
Cd2+ in culture medium was extensively eliminated by
100 nM QD-MPA and QD-GSH to 11.53±0.65% and
12.72±1.06% of initial values, respectively; which
were only slightly higher than the medium contain-
ing QD-MPA or QD-GSH alone (10.57±0.61% and
10.78±1.33%, Fig. 5C). Similarly, free Ag+ in the
medium was reduced by 96.86% and 76.69% after
the incubation with QD-MPA and QD-GSH for 24 h
(Fig. 5D).

DISCUSSION

With the development of nanotechnology, more and
more QDs were synthesized and released into the
environment. The interaction between QDs and chem-
ical pollutants is therefore inevitable [17]; especially,
QDs have strong reaction capacity for other materials,
due to their large specific surface area [18]. How-
ever, the investigation on the joint effects of QDs and
heavy metals are still rare, particularly in human cells.
Therefore, this paper aimed to evaluate the potential
interactions between typical QDs, QD-MPA and QD-
GSH, and heavy metals, Cd2+ and Ag+, in HepG2 cells.
Further experiments were conducted to illustrate the
inner mechanism of such interactions.
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Fig. 4 Joint toxicity of: QD-MPA and Cd2+ (A); QD-GSH and Cd2+ (B); QD-MPA and Ag+ (C); and QD-GSH and Ag+ (D) in
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In the present study, treatment of both QD-MPA
and QD-GSH exhibited a dose-dependent accumula-
tion in HepG2 cells (Fig. 2) and without any obvious
damages in the ranges of 10–100 nM (Fig. 3A,B).
Compared with the extensively reported toxicity of
CdTe and CdSe QDs [19–22], the core-shell structure
significantly improved the biocompatibility and stabil-
ity of QDs [23, 24], which correlated well with our
results. More importantly, the significant accumula-
tions of both QDs in HepG2 cells (Fig. 2) indicated a
possibility of reaction between the QD and the heavy
metal ions absorbed by mammalian cells.

In general, the QD-GSH exhibited a low accu-
mulation than the QD-MPA. This could be due to
the slight larger hydrodynamic diameters and more
negative potentials of QD-GSH in the culture medium
(Table 1); smaller and less negative QDs could pen-
etrate cell membranes more easily. Previous reports
with HepG2 cells, monkey fibroblast-like cell lines, and
mouse embryo fibroblasts found that gold nanoparti-
cle (NP) toxicity was affected by the NP sizes, with
smaller and more cationic nanoparticles exhibiting a
higher accumulation [25, 26], which correlated well
with our results. In addition, Zhang et al [27] and
Tian et al [28] found that multidrug-resistance asso-
ciated proteins could pump out intracellular NPs in the
form of GSH-conjugation in mouse hepatic cells and
zebrafish embryos, which might be another reason for
the decreased accumulation of QD-GSH.

Surprisingly, both QD-MPA and QD-GSH reduced
the toxicity of Cd2+ and Ag+ in HepG2 cells in a large
concentration ratio in 24 h (800:1 for Cd+2 /QDs and
200:1 for Ag+/QDs, Fig. 4), which should be due to
the fact that co-treatment of QD-MPA and QD-GSH
with Cd2+/Ag+ extensively reduced the intracellular
and the extracellular Cd2+/Ag+ concentrations used
in experiment (Fig. 5). Due to electrostatic attrac-
tion effects, adsorption of positive metal ions onto
negative NPs have been extensively reported for QDs,
TiO2, Ag, and SiO2; but their intracellular fate were
different depending on the stability of NP-Cd [5, 29].
In this respect, if the complexes of Cd-QD or Ag-QD
kept stable inside cells, the acute toxicity during 24-
h treatment could be avoided. The reason for the
higher efficiency of QDs adsorbing Cd2+/Ag+ should
be due to the fact that it would be more difficult for
QDs to after their binding to intracellular proteins like
metallothionein [30].

In contrast to the accumulation rate, the QD-GSH
exhibited more potent detoxification and adsorption
effects on Cd2+/Ag+ than the QD-MPA. Such phe-
nomenon could be firstly attributed to the more nega-
tive potential of QD-GSH, which was the main driving
forces of QDs’ adsorption of metal ions [31]. On the
other hand, production of GSH in cells has been con-
sidered important in the elimination of ROS produced
by Cd2+/Ag+ [32]. Therefore, GSH surrounding QD-

GSH could also be involved in this process.
Additionally, both QD-MPA and QD-GSH QDs ad-

hered extensively to cationic liposomes, but exhibited
negligible adsorption on the fragments of HepG2 cells
(Fig. S3). Such phenomenon should be caused by
the electrostatic attraction effects between the nega-
tively charged QDs and the positively charged lipo-
somes [33]. Meanwhile, the electrostatic repulsion be-
tween QDs and cell membranes caused no adsorption
of the QDs onto the cell membranes. Therefore, the
interactions between QDs and Cd2+/Ag+ should have
mainly occurred in the cytoplasm of the HepG2 cells,
where the QDs were located (Fig. 2).

It needs to be mentioned that, disruption of struc-
tures and releasing of core metals like Cd and Se are
inevitable for metal-based QDs. Hence, the toxicity
of Cd2+/Ag+ and QD-MPA/QD-GSH complexes could
be expected in a longer time. However, our results
revealed a possibility that NPs could reduce the accu-
mulation and the toxicity of metal ions as long as the
NP-metal complexes were stable, which could be an
explanation for the decreased toxicity of metal ions by
TiO2 NPs in previous reports [34]. In addition, these
results would be beneficial when applying safer NPs to
eliminate heavy metal ions in the environment.

CONCLUSION

This study demonstrated for the first time that highly
stable QDs could reduce the toxicity of Cd2+ and
Ag+ towards HepG2 cells. The main reason for such
phenomenon could be the adsorption of Cd2+ and Ag+

by QDs both inside and outside the cells. In-depth
investigation on the controlling factors affecting the
adsorption capability of QDs is strongly recommended.
In addition, these results would be beneficial when
applying safer nanoparticles such as Cd-free QDs to
eliminate heavy metal ions in the environment.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasia1513-1874.
2022.070.
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Appendix A. Supplementary data
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Fig. S1 Fluorescence intensity of QD-MPA/QD-GSH solutions when freshly-prepared (0 h) and at 24-h incubation in DMEM
medium (24 h). Data represent mean values±SD of three independent experiments with each in triplicates (n= 9).
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Fig. S2 Concentration of Cd2+ in QD-MPA/QD-GSH solutions when freshly-prepared (0 h) and at 24-h incubation in DMEM
medium (24 h). Data represent mean values±SD of three independent experiments with each in triplicates (n= 9).
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Fig. S3 Fluorescence intensity of 100 nM QDs after incubation at 37 °C for 24 h in the presence or absence of liposomes or cell
fragments. Data represent mean values±SD of three independent experiments with each in triplicates (n= 9). *** p<0.001
compared with groups treated by QD alone.
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