.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

The effect of PEG functionalization on the in vivo

i") Check for updates‘
behavior and toxicity of CdTe quantum dots

Cite this: RSC Adv., 2019, 9, 12218

Yan Du,}? Yuanyuan Zhong,? Jingjing Dong,® Chuntong Qian,® Shian Sun,®
Liping Gao® and Dongzhi Yang {2 *2°

CdTe quantum dots (QDs) are considered a potential toxic substance because they contain metal ions.
However, most toxicology data are derived from in vitro studies or limited in vivo analysis and may not
reflect in vivo responses and biodistribution. Proper modification is one of the most widely used routes
to reduce the toxicity of QDs. Herein, we demonstrated the role of polyethylene glycol (PEG) in
decreasing the toxicity of QDs by studying the animal survival, clinical biochemistry, organ histology,
biodistribution and oxidative stress in thioglycolic acid (TGA)- and mercapto-acetohydrazide (TGH)-
stabilized CdTe QD (TGA/TGH-CdTe QD)-treated groups. Via the histology, transmission electron
microscopy (TEM) and biodistribution results, it was found that the QDs mainly accumulated in the liver
and kidney at 7 days post-injection, and obvious tissue damage was also observed in the bare TGA/TGH-
CdTe QD group. Based on the evaluation of oxidative stress in the liver and kidney, the indicators
exhibited an obvious variation with a high dose of TGA/TGH-CdTe QDs. In contrast, the QD aggregation
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Thus, PEG plays an important role in decreasing the toxicity of the CdTe QDs, and both the
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Introduction

Quantum dots (QDs) have shown significant potential in bio-
logical and medical applications because of their excellent
optical properties.”> However, Cd and Te quantum dots are
considered to be toxic due to their possible release from
nanosystems;>* moreover, the presence of toxic metal ions,
especially the potentially toxic cadmium metal ions, cannot be
neglected. Thus, their biomedical utilization has remained
a serious biosecurity concern. In recent studies, various new
synthetic methods and surface modifications have been used to
minimize the surface defects of these QDs and endow them
with better biocompatibility.®

The QDs studied to date are usually quickly taken up by the
liver and spleen, and, to a minor degree, by bone.*” It has not
been shown that whether the QDs leave these organs once
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inside or they are ultimately cleared from the organs. Most QDs
are made of toxic materials such as cadmium, indium, and
arsenide. To reduce the toxicity of QDs, they are usually covered
by a nontoxic shell or macromolecules, which serve to protect
the toxic part from degradation. Researchers would prefer to
use QDs that are eliminated from the body over time rather than
those that are essentially deposited in organs forever or until
broken down.** Thus, it is important to study the in vivo
behavior of QDs. However, most toxicity studies have focused
on the in vitro assessment and may not provide reference to the
biological behavior of these QDs in vivo; this is a significant
factor hindering the progress in the clinical application of
QDS.H‘IZ

The actual application of QDs in biology requires the ques-
tion about their toxicity in vivo to be addressed. Moreover, the
relevance between the dose of exogenous substances and bio-
logical reaction can be understood through acute toxicity tests,
which can indicate the potential target organs to provide
reference for long-term research.”™® In addition, it is highly
dependent on the biocompatibility of QDs in biological and
biomedical applications. Although QDs can be directly prepared
in an aqueous solution without residual organic molecules,
their uptake in the reticuloendothelial system (RES) and
nonspecific adsorption are not negligible based on previous
studies. It was reported that the toxicity of QDs could be
reduced by many methods such as by modifying the surface

This journal is © The Royal Society of Chemistry 2019
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area of QDs with polymers or silica encapsulation.”'* Among
them, PEGylation (i.e., functionalization by PEG polymers) has
been extensively adopted to improve the in vivo behavior and
enhance the safety of nanoparticles."** It has been reported
that the carboxyl groups on the surface of quantum dots lead to
nonspecific binding of QDs to oligonucleotides. Thus, methoxy-
terminated and hydroxyl-terminated PEG coatings play an
important role in reducing the nonspecific binding of QDs to
cells.

In the present study, PEG was functionalized on the surface
of CdTe QDs. By comparing the behavior, weight, organ coeffi-
cient, clinical biochemistry, organ histology, biodistribution
and oxidative stress of the animal models in the TGA/TGH-CdTe
and PEG-TGA/TGH-CdTe QD groups, the effect of PEG on the
toxicity of QDs was investigated. The ultramicrostructure and
element mapping of the liver and kidney have been further
evaluated to determine the accumulation of QDs, which is in
accordance with the results of the liver and kidney oxidative
stress; this study provides a better understanding of the toxicity
mechanism of CdTe QDs at the animal level.

Experimental
Chemical and reagents

Tellurium powder (99.999%) and ethyl thioglycolate were
purchased from Jingchun Reagent Co., Ltd (Shanghai, China).
Sodium borohydride and cadmium chloride were obtained
from Yunzhan Chemical Co., Ltd (Shanghai, China). Hydrazine
hydrate (80%), polyethylene glycol 4000 (PEGy;) and dimethyl
sulfoxide (DMSO) were supplied by Xilong Chemical Co., Ltd
(Guangdong, China). Absolute ethyl alcohol was obtained from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Ace-
tic anhydride was purchased from Shentong Chemical Co., Ltd
(Tianjin, China). Colorimetric kits for serum biochemical
marker detection were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). All other materials
and reagents were of analytical grade. Ultrapure water (=18.2
MQ) from a Milli-Q system (Millipore, USA) was used in all
aqueous solutions.

Preparation of TGA/TGH-CdTe and PEG-TGA/TGH CdTe QDs

TGA/TGH-CdTe and PEG-TGA/TGH CdTe QDs were synthesized
according to our previous procedure.”” At first, TGH was
prepared via a reaction between ethyl thioglycolate and hydra-
zine hydrate. Then, TGA/TGH-CdTe QDs were synthesized by
the hydrothermal method, in which TGA and TGH with the
molar ratio of 1:6 were used as stabilizers. Briefly, a CdCl,
aqueous solution (1 mmol L") was bubbled with nitrogen for
20 min, followed by the addition of a mixture of TGA and TGH
with the Cd : (TGA/TGH) molar ratio of 2 : 1. After adjusting the
pH value to 9.0, a freshly prepared NaHTe solution obtained
from an oxidation-reduction reaction was swiftly added to the
mixture. The solution was allowed to heat at 140 °C for 60 min
to obtain the TGA/TGH-CdTe QDs, which emitted at 580 nm.
PEG functionalization was carried out by forming a hydra-
zone chain via a reaction between aldehyde and hydrazine,
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which endowed the PEG-TGA/TGH CdTe QDs with pH sensi-
tivity. At first, the aldehyde on PEG was synthesized according to
a reported procedure.”® Then, the prepared PEG aldehyde was
mixed with TGA/TGH CdTe QDs with the weight ratio of 2 : 1
and allowed to react under stirring in the dark at room
temperature for 12 h. Both the TGA/TGH CdTe and PEG-TGA/
TGH CdTe QDs were precipitated in acetone (v:v = 1:3) to
obtain the purified powder and redissolved in related solutions
before use. Both the concentrations of TGA/TGH CdTe QDs and
PEG-TGA/TGH CdTe QDs were calculated based on the weight
of TGA/TGH CdTe QDs, where the amount of TGA/TGH CdTe
QDs in both QDs was kept the same by determining the content
of Cd via atomic absorption spectrometry (AAS).

Cytotoxicity evaluation

Cytotoxicity assessment was conducted in HeLa cells (cervical
cancer cells as the tumor cell model). Cells were seeded in a 96-
well plate for 24 h before being treated with TGA/TGH-CdTe or
PEG-TGA/TGH-CdTe QDs. Both QDs with known concentra-
tions (via serial dilution) were added to the cells. After 24 h
incubation, the relative viability of the cells was determined by
a cell titer 96 kit following the manufacturer's protocols. The
percentage of viable cells relative to the untreated control was
plotted against the QD concentration.

In vivo safety evaluation

The animal facilities and protocols were approved by the
Animal Care and Use Committee of Xuzhou Medical University.
All procedures were in accordance with the National Academy of
Sciences Guide for the Care and Use of Laboratory Animals.>*
Equal numbers of male and female Kunming mice in the weight
range of 18.0-22.0 g were obtained from Xuzhou Medical
University, which were acclimatized for 7 days before nano-
platform treatment. The mice were housed in standard cages
with sawdust bedding, with a controlled 12 h light/dark cycle.
The temperature was maintained at about 20 °C with a relative
humidity of 60% and an air exchange rate of 15 times per hour.
Potable water and standardized diet were provided ad libitum.
The high dose group was determined to be 10.0 mg kg *
according to the results of half lethal dose experiment, and the
medium and low dose was calculated based one fifth of the high
and medium dose, respectively. Low (0.4 mg kg™ '), medium
(2 mg kg ') and high dose (10 mg kg™ ') of TGA/TGH-CdTe and
PEG-TGA/TGH-CdTe QDs were intravenously (i.v.) injected into
healthy mice. The variation in mouse body weight was moni-
tored every other day for 7 days. An approximately 0.5 mL
portion of blood was collected for a mini chemistry panel test
before the mouse was euthanatized.

Histology

Hematoxylin and eosin (H&E) staining of tissues from the heart,
liver, spleen, lung, kidney and genitals (testis/ovary and uterus)
was conducted after day 7 (n = 5) and imaged using a light
microscope (Olympus BX43F, Japan) to further investigate the
potential signs of toxicity (i.e., cellular shrinkage or blebbing,
steatosis in liver cells, condensation of chromatin, rupture of

RSC Adv., 2019, 9, 12218-12225 | 12219
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cell membrane and apoptotic bodies). Transmission electron
microscopy (TEM) with element mapping (FEI G2T12, USA) was
used to further determine the effect of different QDs on the
ultrastructure of the liver and kidney, as well as the aggregation
of QDs.

Organ oxidative stress

Herein, four indicators were measured, i.e. malondialdehyde
(MDA), superoxide dismutase (SOD), catalase (CAT) and gluta-
thione peroxidase (GSH-PX), to evaluate the organ oxidative
stress. Moreover, 10% homogenate of liver and kidney was
made using a tissue homogenizer (PRO200, USA) under ice bath
conditions. Subsequently, the tissue homogenate was centri-
fuged at the speed of 2000 rpm min " at 4 °C for 10 min, taking
the supernatant on standby for oxidative stress measurement
following the manufacturer's protocols of Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Organ distributions

Organ distribution studies were carried out by AAS to confirm
the quantitative tracer uptake values based on the absorption
signals obtained from cadmium. After collecting the blood,
main organs, including the heart, liver, spleen, lung, kidney and
genitals (testis/ovary and uterus), were taken out at 7 days post-
injection. After being heated at 500 °C for 6 h, the samples were
dissolved in a 10% nitric acid solution to determine the organ
distributions. The percent of injected dose per gram tissue (%
ID per g) of CdTe QDs in a specific tissue was calculated using
the following equation:*

View Article Online

Paper

was about 3.8 nm, which increased to about 39.6 nm after
functionalization with PEG. The size values obtained via the
DLS measurement were higher than those obtained from the
TEM images due to the hydration of NPs in an aqueous solu-
tion. The optical properties shown in Fig. 1D indicated that
both QDs exhibited a continuous absorption profile from 200 to
550 nm with the characteristic peaks at 536 nm and 541 nm.
Under emission at 350 nm, the maximum emission wavelength
of the TGA/TGH-CdTe QDs was 580 nm and 598 nm for PEG-
TGA/TGH-CdTe QDs with an 18 nm red-shift. Compared with
that of Rhodamine 6B, the quantum efficiency of the TGA/TGH-
CdTe and PEG-TGA/TGH-CdTe QDs was 27.01% and 20.86%,
respectively.

In vitro toxicity evaluation

For the cytotoxicity assessment of the TGA/TGH CdTe QDs with
and without PEG capping, the effects of TGA/TGH CdTe and
PEG-TGA/TGH CdTe QDs at different concentrations on cell
viability were investigated in HeLa cells. The results shown in
Fig. 2 indicate that the TGA/TGH CdTe QDs exhibited non-
negligible toxicity for HeLa cells, and only 62.2% of the HeLa
cells remained alive after 24 h incubation with 45 pg mL ™" TGA/
TGH CdTe QDs. With an increase in the concentration of QDs,
more cells were damaged. At the same concentration of TGA/
TGH CdTe QDs, the cell viability increased after capping of
QDs with PEG, and over 87.0% of the HeLa cells remained alive
upon incubation with the PEG-TGA/TGH CdTe QDs. These
results revealed that PEG played a role in reducing the cyto-
toxicity of the QDs.

([QDs] in tissue suspension) X (volume of tissue suspension)

% ID/g =

Statistical analysis

A minimum sample number of 6 was employed to ensure
statistical power. Data was evaluated with analysis of variance
(ANOVA), and differences between groups were analyzed for
statistical significance using the Bonferroni ¢-test. p < 0.05 was
considered to be statistical difference. p < 0.01 was considered
to be significantly statistical difference.

Results and discussion
Characterization of the CdTe QDs

The size and optical properties of the QDs varied with the
synthetic conditions. In this study, the QDs synthesized at
140 °C in 60 min were used because of their highest quantum
efficiency. The morphology and optical properties of the
prepared TGA/TGH-CdTe and PEG-TGA/TGH-CdTe QDs were
investigated by TEM, UV-Vis absorption and emission spec-
trometry. As shown in Fig. 1, the average size of TGA/TGH-CdTe

12220 | RSC Adv., 2019, 9, 12218-12225

([QDs] in injected solution) x (volume of injected QDs) x (wet weight of tissue)

In vivo toxicity evaluation

The in vivo toxicity of the TGA/TGH CdTe and PEG-TGA/TGH
CdTe QDs was also evaluated. Herein, three doses of 0.4
(representing low dose), 2.0 (representing medium dose) and
10.0 (representing high dose) mg kg ' QDs based on the
weight of the TGA/TGH CdTe QDs were intravenously injec-
ted into Kunming mice. The weight variation and living
status of the mice were tracked within 7 days. Fig. S11 shows
the body weight variation after treatment with different QDs.
The results indicated that the QDs affected the body weight of
the mice, where the weight growth rate in the high-dose TGA/
TGH CdTe group was obviously lower than that in the control
group, and a sleepy and inactive state was also observed after
4 days of injection. Organs were taken out to study the tissue
damage, and hepatomegaly of the liver, the main detoxica-
tion organ, was clearly observed in the high and medium-
dose TGA/TGH CdTe groups. As shown in Fig. 3, the liver
coefficients in both groups were significantly higher than

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Structure, particle size distribution and fluorescence spectra of CdTe QDs. (A) TEM image of TGA/TGH CdTe QDs, (B) TEM image of PEG—
TGA/TGH CdTe QDs, (C) DLS curves of both QDs and (D) optical properties of both QDs.
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Fig. 2 In vitro cytotoxicity of TGA/TGH CdTe and PEG-TGA/TGH

CdTe QDs. #*¥p < 0.01 vs. TGA/TGH CdTe group.

that in the control group. In contrast, no noticeable weight
distinction and side effects were observed in the PEG-TGA/
TGH CdTe QD group.

This journal is © The Royal Society of Chemistry 2019

Histological assessment was carried out on the H&E-stained
slides of the organ (heart, liver, spleen, lung, kidney, testis,
ovary and uterus) tissues obtained from sacrificed mice at 7
days post-injection of different QDs. The results shown in Fig. 4
and 2St indicated that no obvious pathological changes and
lesions were observed in the heart, lung, spleen, testis and ovary
treated with high dose of TGA/TGH-CdTe or PEG-TGA/TGH-
CdTe QDs when compared with the case of the control group.
However, obvious pathological changes were present in the liver
and kidney samples after treatment with high dose of TGA/
TGH-CdTe QDs. The hepatocyte cords, hepatic lobules, hepa-
tocytes, fatty, and nuclei had varying degrees of lesion in the
liver. In the kidney, the size of the renal tubular epithelial cells
increased, the cytoplasm was stained red, the lumen was
irregular, and even cell necrosis appeared. In contrast, no
obvious lesions and injuries were observed for all the organs,
including the liver and kidney, in the PEG-TGA/TGH-CdTe QD
group. These results certified that PEG played an important role
in decreasing the toxicity of CdTe QDs.

Ex vivo distribution of QDs

Generally, cadmium ion leakage and oxidative stress affection,
were considered as the main reasons that lead to toxicity of

RSC Adv., 2019, 9, 12218-12225 | 12221
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Fig. 3 Organ coefficients of the mice post-treatment with QDs. *p < 0.05 vs. control group; **p < 0.01 vs. control group; #p<0.05vs. TGA/TGH

CdTe group.

Control

Fig. 4 H&E staining of the liver and kidney tissues obtained the control group and the mice treated with TGA/TGH-CdTe QDs and PEG-TGA/
TGH-CdTe QDs. Black arrow: fatty degeneration with primarily small bubble fats, red arrow: deformed nucleus, blue circle: destroyed stem cells,
blue arrow: irregular renal tubular lumen, yellow elliptic curve: red stained cytoplasm, and red elliptic curve: enlarged tubular epithelial cells.

cadmium-related QDs. Thus, the QD distribution, mini chem-
istry panel tests and oxidative stress indicators were determined
for investigating the mechanism of toxicity of the CdTe QDs.
Cadmium ions can be released when cadmium-containing
QDs oxidize; this is responsible for primary liver cell
damage.”® According to the atomic absorption spectrometry
results, as shown in Fig. 5, the amount of CdTe QDs accumu-
lated in the liver and kidney was significantly higher than that
in other organs. Furthermore, the concentration of QDs in the
liver and kidney was distinctly different for the PEG-TGA/TGH-

12222 | RSC Adv., 2019, 9, 12218-12225

CdTe QD and TGA/TGH-CdTe QD groups. Based on the
concentration of Cd**, 8.4 ug g ' and 8.8 pg g ' QDs were
present in the liver and kidney for the PEG-TGA/TGH-CdTe QD
group, and in contrast, 17 ug ¢~ and 18 pg ¢! QDs accumu-
lated in the liver and kidney for the TGA/TGH-CdTe QD group,
respectively. Furthermore, the total amount of Cd** in the PEG-
TGA/TGH-CdTe QD group was lower than that in the TGA/TGH-
CdTe QDs group. This result further confirmed that PEG could
relieve the toxicity of QDs by promoting the QDs to be expelled
from the body. The liver and kidney were the tissues where the

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 QD distribution determined by AAs. #*#p < 0.01 vs. TGA/TGH
CdTe group.

QDs mainly accumulated. Thus, to further study the effect of the
QDs on the liver and kidney, their ultramicrostructure was
investigated by TEM with element mapping. As shown in Fig. 6,
obvious tissue damages were observed in the liver and kidney of
the TGA/TGH-CdTe QD group. Hepatocyte swelling with fat
drops in the liver cell cytoplasm, nucleus pyknosis, an increase
in intracellular lipid droplets, increase in smooth endoplasmic
reticulum, cholestasis in the capillary duct, mitochondria
deformation and decrease were observed in the liver. A similar
phenomenon was observed in the kidney, where the foot
process fused, epithelium swelled, mesangial matrix increased,

Control

PEG-TGA/TGH-CdTe QDs
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the capillary loops of the glomerulus narrowed and extravasated
blood appeared. In contrast, there was no obvious abnormality
in the cell ultrastructure of the liver and kidney samples in the
control and PEG-TGA/TGH-CdTe QD group. These results were
consistent with the H&E staining observation; this further
suggested that the safety of the QDs was increased due to the
protection of PEG.

To further study the toxicological impact of the TGA/TGH-
CdTe QDs and the protective effect of PEG, mini chemistry
panel tests including ALB, ALT, AKP, SCr and BUN, which were
the indices related to the liver and kidney function, were carried
out to determine the general health status of the QD-injected
mice. As shown in Table 1, the expression of ALT, SCr, BUN
and ALB was significantly changed in the high-dose TGA/TGH-
CdTe QD group when compared with that in the control group.
Inspiringly, all the measured biochemical parameters fell
within the normal ranges post-injection of PEG-TGA/TGH-CdTe
QDs. Combining the retention information acquired from the
distribution via AAS and Cd concentration determined via the
TEM results, it may be reasonable to conclude that the PEG-
TGA/TGH-CdTe QDs will not cause significant toxicity to the test
subjects.

Oxidative stress test

The toxicity of cadmium-containing QDs can be induced by
oxidative stress, which is associated with an increase in the
production of oxidizing species or a significant decrease in the
effectiveness of antioxidant defenses and generated by the
nanoparticle itself or by the physical destruction of the cellular
activity.”” Due to the complexity in vivo, the toxicity of QDs is not
easily measured and quantified in animals.*® Moreover,

TGA/TGH-CdTe QDs

TGATGH-CdTle QDs
B3 PEG-TGATGH-CdTe QDs

TGATGH-CdTe QDs
E3 PEG-TGATGH-CdTe QDs

Fig. 6 Ultramicrostructure and element mapping of the liver and kidney treated with TGA/TGH-CdTe and PEG-TGA/TGH-CdTe QDs. ##p <

0.01 vs. TGA/TGH CdTe group.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Mini chemistry panel test*
PEG-TGA/TGH-CdTe QDs group (mg kg ") TGA/TGH-CdTe QDs group (mg kg ')

Control 0.4 2.0 10 0.4 2.0 10
ALB (g Lfl) 24.8 £ 2.1 24.3+24 24.1 £ 2.5 24.4 + 2.4" 24.0 £ 2.1 24.3 +2.03 21.5 + 2.7*
ALT/GPT (UL ™) 36.2 + 2.7 38.4 + 4.6" 39.5 + 2.9 39.6 + 2.5 34.8 + 3.1 33.5 + 3.0 41.7 £ 6.2%*
AKP (Kings/100 mL) 25.4 £ 5.7 24.1 £ 5.6 24.2 £ 4.2 26.6 + 6.8 22.2 £2.9 25.8 £ 3.1 239 +4.1
SCr (umol Lq) 50.9 + 7.2 49.8 + 6.43 50.0 + 8.6 50.9 + 6.2% 50.8 + 9.0 54.8 +7.5 49.8 + 7.0*
BUN (mmol Lfl] 7.2+ 0.9 6.8 £ 0.9 6.6 = 0.9 7.0 £ 0.9 6.5 + 0.7 6.8 + 0.8 6.1 + 0.6*

“ Results are illustrated as the mean and standard deviation. *p < 0.05 vs. control group; **p < 0.01 vs. control group; “p < 0.05 vs. TGA/TGH CdTe
group; "p < 0.01 vs. TGA/TGH CdTe group.

Table 2 Liver oxidation index®

PEG-TGA/TGH-CdTe QDs group (mg kg™ )

TGA/TGH-CdTe QDs group (mg kg ")

Control 0.4 2 10 0.4 2 10
MDA 3.0 £ 0.3 2.9 + 0.5 2.9+ 0.4 3.1 +£0.6 2.9 +£0.3 3.0+ 0.4 3.5 £ 0.5%
SOD 256.0 £+ 28.3 251.4 £+ 39.9 255.7 = 38.3 254.3 + 37.17 253.8 + 21.7 228.4 + 14.0 213.4 £ 30.2%*
GSH-PX 213.6 £ 41.4 212.9 + 39.0 216.7 £ 37.9 215.7 + 37.3 220.2 + 37.7 209.9 + 39.4 196.0 + 38.0
CAT 33.6 £ 5.9 33.1 £ 4.6 33.8 £ 6.0 35.1 + 6.9 32.0 £ 4.6 322 +7.1 26.0 + 4.3*

“ Results are illustrated as the mean and standard deviation. *p < 0.05 vs. control group; “p < 0.05 vs. TGA/TGH CdTe group; *p < 0.01 vs. TGA/TGH

CdTe group.

Table 3 Kidney oxidation index”

PEG-TGA/TGH-CdTe QDs group (mg kg ')

TGA/TGH-CdTe QDs group (mg kg ')

Control 0.4 2 10 0.4 2 10
MDA 4.0 £0.7 4.31+0.3 43+0.7 4.1+ 0.6 4.4+03 4.5+ 0.4 4.7 £ 0.4*
SOD 151.9 £ 18.4 146.0 £ 9.5 149.0 £ 8.6 150.1 & 9.3" 146.4 £ 9.4 138.8 £ 6.8 132.3 £+ 18.1%*
GSH-PX 245.1 £+ 42.6 250.8 £+ 33.5 254.7 £ 45.3 260.2 + 49.4 262.6 + 43.0 253.8 £+ 34.5 243.6 £+ 50.0
CAT 45.8 £6.3 43.6 £ 8.1 45.0 £ 7.1 43.3 £ 8.6 42.7 £7.8 43.7+£7.3 39.9 £ 8.2

“ Results are illustrated as the mean and standard deviation. *p < 0.05 vs.

previous studies have not provided reproducible results to
consider that QDs have prominent toxicity in animals at phys-
iologically appropriate doses; in this study, we have discussed
the mechanisms causing the difference in the toxicity before
and after transformation. Oxidative stress is one of the most
important mechanisms of toxicity or damage resulting from
exogenous substances. Oxidative stress occurs when cells fail to
balance the compensation for it, which finally destroys normal
physiological redox-regulated functions and causes damage in
tissue.? The levels of MDA and the activities of SOD, GSH-PX
and CAT were determined to evaluate oxidative stress in the
liver and kidney with respect to the level of lesion. As shown in
Table 2, the levels of MDA increased, and the activity of SOD and
CAT decreased significantly in the liver in the group treated with
TGA/TGH-CdTe QDs at high concentrations when compared
with the case of the control group. In contrast, the quantity of
these indicators had no apparent variation after exposure to the
PEG-TGA/TGH CdTe QDs. Similar to the case of the liver, an
increase in the MDA level and a significant decline in the SOD

12224 | RSC Adv., 2019, 9, 12218-12225

control group; *p < 0.05 vs. TGA/TGH CdTe group.

activity were observed in the kidney in the high-dose TGA/TGH-
CdTe QD-treated group when compared with the case of the
control group (Table 3). However, the activity of CAT dropped
without significant difference. On the other hand, there was no
dramatic alteration in the mice after the PEG-TGA/TGH CdTe
QD treatment. Based on the abovementioned results, both the
accumulation of cadmium and oxidative stress instead of an
isolation factor were responsible for the in vivo toxicity of these
QDs. Thus, PEG played a role in both decreasing the accumu-
lation and changing the oxidative stress, which contributed to
the higher biocompatibility of the QDs.

Conclusion

In this study, we performed a systematic investigation to
compare the acute toxicity in mice models treated with TGA/
TGH CdTe and PEG-TGA/TGH CdTe QDs. The in vitro and in
vivo toxicity were measured and compared to illustrate the
change after the surface of the QDs was modified by PEG. The

This journal is © The Royal Society of Chemistry 2019
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results obtained from the investigation of two probable mech-
anisms indicated that free cadmium ions and variation in the
oxidative stress parameters act together to cause the toxicity of
TGA/TGH-CdTe QDs. PEG modification played an important
role in reducing the toxicity of the QDs. PEG conjugated with the
QD surface through chemical bonds and thus altered their
surface state. Furthermore, PEG formed a fence-like structure
on the QD surface, which could more effectively prevent Cd**
release, which was induced by the diffusion effect from the QD
surface to the solution. This study provides invaluable infor-
mation to enhance the safety and explain the toxicity of QDs.
Note that various factors, such as composition, surface modi-
fication agents, size and dose, play a role in the toxicity of QDs;
thus, some novel approaches need be introduced to achieve
a comprehensive understanding of them.
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