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Abstract: A complete understanding of the toxicological behavior of quantum dots (QDs)
in vivo is of great importance and a prerequisite for their application in humans. In contrast with
the numerous cytotoxicity studies investigating QDs, only a few in vivo studies of QDs have
been reported, and the issue remains controversial. Our study aimed to understand QD-mediated
toxicity across different time points and to explore the roles of free cadmium ions (Cd**) and
hydroxyl radicals (-OH) in tissue damage. Male ICR mice were administered a single intrave-
nous dose (1.5 umol/kg) of CdTe QDs, and liver and kidney function and morphology were
subsequently examined at 1, 7, 14, and 28 days. Furthermore, -OH production in the tissue was
quantified by trapping -OH with salicylic acid (SA) as 2,3-dihydroxybenzoic acid (DHBA) and
detecting it using a high-performance liquid chromatography fluorescence method. We used the
induction of tissue metallothionein levels and 2,3-DHBA:SA ratios as markers for elevated Cd**
from the degradation of QDs and -OH generation in the tissue, respectively. Our experimental
results revealed that the QD-induced histopathological changes were time-dependent with
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elevated Cd** and -OH, and could recover after a period of time. The Cd*" and -OH exhibited
delayed effects in terms of histopathological abnormalities. Histological assessments performed
at multiple time points might facilitate the evaluation of the biological safety of QDs.
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The integration of emerging nanotechnology with a great diversity of nanosize materials
has created tremendous excitement in biology and medicine. Quantum dots (QDs)
composed of group II-VI or I1I-V elements are of great interest, due to their tunable
optical properties, including high photoluminescence quantum yield, narrow and tun-
able emission spectra, and good photostability.!* Over the past decade, tremendous
research efforts have been devoted to producing high-quality QDs by optimizing the
synthetic procedures, functionalizing the QD surfaces to enhance biocompatibility, and
coupling the QDs to agents with complementary functions (eg, targeting molecules
or therapeutic agents), with an ultimate goal of using QDs in clinical applications.**
However, cadmium (Cd), which is known to induce toxicity in humans (including
hepatic, renal, neurologic, and/or genetic toxicity),*’ is the most abundant component
of QDs. Therefore, a complete understanding of the toxicity of QDs is of great impor-
tance and a prerequisite for their application in humans.
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In vitro models have been extensively used to study
the cytotoxic effects of Cd-based QDs. These studies have
shown that QDs undergo design-dependent intracellular
localization and can cause cytotoxicity that can be ascribed
to the following mechanisms: 1) the degradation of the QDs
and consequent release of free Cd ions (Cd*)3!* and 2) the
generation of reactive oxygen species (ROS), including
superoxide anion (-O,") and hydroxyl radicals (-OH).'""
At high levels of oxidative stress, the antioxidant defense
system is overwhelmed by the excessive ROS, which even-
tually leads to mitochondrial malfunction and ultimately
cell death."* However, in contrast to the sufficient number
of QD-cytotoxicity studies, only a few in vivo studies have
been reported,'>'¢ and the results of these studies are rather
inconsistent, due to the wide variation in both and the types
of QDs (in terms of size, shape, surface charge, and surface
coverage) that have been tested and the animal models in
which they have been tested. For example, King-Heiden
et al and Truong et al studied QD toxicity in zebrafish and
showed that the toxicity was influenced by the QD coating
and surface ligands.'”* Liu et al studied the toxicity of QDs
in a mouse model and suggested that both acute and chronic
QD exposure might cause significant impairment of the liver
of mice, as reflected by morphological alterations to the
hepatic lobules and increased oxidative stress."

In contrast, Su et al performed a histological analysis of
the organs of female BALB/c mice at 80 days postinjection
and demonstrated that there was no overt toxicity from the
QDs in mice.”® Additionally, Hauck et al observed no altera-
tions in animal behavior, weight, or hematological markers
relative to controls, and thus demonstrated that CdSe/ZnS
QDs were not harmful to Sprague Dawley rats with either
short- (<7 days) or long-term (>80 days) exposure.?! Fur-
thermore, Ye et al studied male rhesus macaques and found
that the standard hematological and biochemical markers
used to investigate the potential toxicity of QDs in rhesus
macaques were within normal ranges over 90 days of moni-
toring after an intravenous injection of 25 mg/kg of phos-
pholipid micelle-encapsulated CdSe/CdS/ZnS QDs (0.81 mg
of Cd per kg).>*> No signs of inflammation or injury were
observed, which indicated that the toxicity of QDs in vivo
was minimal with appropriate formulations and doses.

Are QDs toxic? In terms of in vitro and in vivo studies,
different dosing conditions provide one explanation for
apparent discrepancies regarding toxicity. Under culture
conditions, cells experience a constant QD dose. However,
in vivo systems are extremely complicated, and the interac-
tions of QDs with biological components, such as proteins
and cells, might alter the concentration of the QDs. Therefore,

an organ-specific dose might not be sufficiently high to
induce detectable toxicity. For in vivo studies, regardless of
the wide variation in the types and doses of QDs, we suggest
that another possible problem is related to the time points of
histological and biochemical analyses. If histological changes
recovered over time, it would be difficult to observe the
QD-induced histopathological abnormalities at the later and
final time points. The aim of this study was thus to understand
the toxic effects of QDs in vivo across a range of time points
and to explore the biological effects of QD-derived free Cd**
and -OH generation.

In both previous and current studies, we and others have
demonstrated that the liver and kidneys appear to be the major
organs of QD deposition after intravenous administration; it
has also been found that the liver and kidneys are the major
accumulation sites for QDs in the circulation.?*?*2* In the
present study, we examined histological changes in the liver
and kidneys of mice at 1, 7, 14, and 28 days after CdTe QD
exposure. Furthermore, we used the tissue metallothionein
(MT) level as a marker of elevated Cd*" in the tissue and
examined the -OH levels in the liver and kidneys at the same
four time points using a high-performance liquid chromatog-
raphy (HPLC) fluorescence-detection method.?

Materials and methods

Characteristics of the CdTe QDs

Thioglycolic acid-stabilized CdTe QDs were prepared by
Nanjing University. Prior to use in our experiments, the
CdTe QD stock solutions were centrifuged at 650 g for
15 minutes at room temperature to remove large aggregates.
The supernatants were then dialyzed for 4 hours through a
10 kDa cellulose membrane (Sigma-Aldrich, St Louis, MO,
USA) against a 0.1% solution of thioglycolate (sodium salt;
Sigma-Aldrich) at pH 8.3 to remove any free Cd, Te, and
other small molecules from the solutions.? The stock solu-
tions were then further dialyzed for 2 hours against distilled
water (pH 8.3) to remove the unbound thioglycolate. The
size distributions and surface characteristics of the CdTe
QDs were analyzed using transmission electron microscopy
(JEM-1400; JEOL, Tokyo, Japan). Moreover, their fluores-
cence spectra, peak wavelengths, and fluorescence intensities
were measured using a fluorescence spectrometer (RF-5301;
Shimadzu, Kyoto, Japan). The concentrations of Cd in the
stock solutions were quantitatively measured using induc-
tively coupled plasma (ICP) mass spectrometry (7500ce;
Agilent Technologies, Santa Clara, CA, USA).% Prior to
being injected into the mice, the CdTe QD solutions were
freshly dissolved in phosphate-buffered saline (PBS) (pH 7.4)
and sonicated for 5 minutes to disperse the CdTe QD particles
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evenly throughout the solutions. The final concentrations of
the solutions were adjusted to 5 umol/mL (calculated based
on the molar mass of the Cd).

Animals

Healthy male ICR mice (six weeks old) were purchased
from Beijing (Military Medical Science Academy of the
People’s Liberation Army). The mice were housed in a
ventilated, temperature-controlled, and standardized sterile
animal room with a 12-hour day/night cycle at China Capital
Medical University. The mice were allowed to acclimate to
the animal room for 7 days prior to experimentation. All
procedures used in this study were performed in accordance
with animal-welfare protocols that had been approved
by the Capital Medical University Animal Care and Use
Committee (2011-X-072).

Animal treatment

Mice weighing between 32.1 and 33.6 g were administered
the CdTe QD solutions via tail-vein injections of 1.5 umol/kg
(dose calculated based on the molar mass of Cd).2* The mice
in the control group were injected with an equivalent volume
of normal saline. Preliminary observations of food intake,
fur, behavior, mental status, urine, and feces were conducted
daily for each mouse. At the predetermined time points
(1, 7, 14, and 28 days), six mice from each exposed group
were anesthetized using isoflurane. Retro-orbital blood was
collected into Eppendorf tubes containing heparin (10 uL,
500 TU/mL) for hematology and blood biochemistry, and
these samples were analyzed immediately. The mice were
then killed by cervical dislocation, and the liver and kidneys
were collected. Some pieces were immediately fixed in 4%
formaldehyde (Jiancheng Bioengineering Institute, Nanjing,
People’s Republic of China) for the subsequent evaluation
of histopathological alterations and immunohistochemical
analyses. Other tissues samples were stored at —80°C for
measurements of MT levels in the homogenates of the tissues.
For free -OH detection, the mice were injected with sodium
salicylate (8 mg/kg, freshly prepared; Sigma-Aldrich) via the
tail vein 30 minutes prior to tissue collection. Sets of control
mice were also killed at the predetermined times (1, 7, 14,
and 28 days) in strict accordance with the procedures used
for the exposed mice.

Immunohistochemistry and
histopathology assays

Formalin-fixed tissues (n=6) were embedded in paraffin
and sliced into 5.0 um sections. For the evaluation of the
histopathological alterations, the sections were stained with

hematoxylin and eosin. The stained sections were examined
for necrosis, apoptosis, inflammation, and vascular changes
in the liver and renal tissues. These sections were examined
using a light microscope (BX51; Olympus, Tokyo, Japan),
and the histopathological features of the different groups were
compared. For the immunohistochemical staining for MT, a
horseradish peroxidase (HRP)/diaminobenzidine-detection
immunohistochemistry kit (ab80436; Abcam, Cambridge, UK)
was used according to the manufacturer’s protocol. The
formalin-fixed paraffin-embedded tissue sections were
rehydrated. After antigen retrieval (1 g/L in PBS, pH 7.8;
Sigma-Aldrich) for 30 minutes in a domestic pressure cooker
and blocking of the nonspecific binding sites with a protein-
blocking solution, the sections were incubated with an
anti-MT antibody (1:100 dilution of monoclonal mouse IgG,,
ab12228; Abcam) overnight at 4°C. For the negative controls,
the sections were immersed in PBS instead of the specific
antibody. Next, a mouse-specific HRP conjugate was applied,
and the sections were incubated for 15 minutes at room
temperature. Diaminobenzidine was applied to the tissue
sections, which were then counterstained with hematoxylin.?
Then, the slides were rinsed in water and mounted with cover
slips for microscopic examination (Olympus IX-70).

Levels of MT

Saline volumes of nine times the masses of the liver and
kidney samples were added to each tube. The tissues were
cut up as rapidly as possible in an ice bath and poured into
the tubes for homogenization using a FastPrep-24 at speed
6 for 40 seconds (MP Biomedicals, Santa Ana, CA, USA).
The 10% homogenates were centrifuged (4°C, 600 g,
10 minutes; Eppendorf), and the supernatants were collected.
The levels of MT were measured in the homogenates of the
tissues using a competitive double-antibody enzyme-linked
immunosorbent assay (ELISA) kit (Wuhan Bioengineering
Institute, Wuhan, People’s Republic of China) according to
the manufacturer’s protocol.?” In brief, 30 uL of a standard
MT solution diluted from 0.5 to 500 ng/mL with PBS-T (PBS
with 0.02% Tween 20) or the supernatant and 50 uL of MT
antibody (primary antibody) were added to each well of an
MT-coated microtiter plate. PBS-T was used as the blank
for the reaction. The plate was incubated for 1 hour at 4°C.
After incubation, the wells were washed three times with
washing buffer (PBS with 0.01% Tween 20), and 100 uL of
HRP-conjugated goat antirabbit [gG antibody was added per
well. After the incubation, the supernatant was removed, the
plate washed three times with 350 uL of PBS per well, and
100 pL of the color substrate 3,3’,5,5’-tetramethylbenzidine
(TMB) added and allowed to react for 10 minutes for color
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development. After the reaction was stopped with 50 uL of
2 mol/L sulfuric acid, the absorbance was read at 450 nm.?®

-OH trapping and HPLC measurement
Salicylic acid (SA), 2,3-dihydroxybenzoic acid (DHBA),
and 2,5-DHBA were assayed according to the method
reported by Yamamoto et al and Tsai et al, with some
modifications.?®3° A mixed standard solution of SA, 2,3-
DHBA, and 2,5-DHBA was diluted with acetate. The
diluted solution was then filtered through a 0.22 pm mem-
brane, and 10-uL samples were assayed using an HPLC
system with a G1310A pump (Agilent Technologies) and
a G1321A fluorescence detector (Agilent Technologies).
Reverse-phase HPLC analyses were performed using an
Eclipse Plus C; column (100x4.6 mm, 3.5 um; Agilent
Technologies). The column temperature was room tempera-
ture, the excitation wavelength was 310 nm, and the emis-
sion wavelength was 440 nm. The mobile phase consisted
of acetonitrile:30 mmol/L acetate, pH 4.75 (v:v; 30:70),
and the flow rate was 0.7 mL/min. For the determination
of 2,3-DHBA, 2,5-DHBA, and SA in the liver and kidney
tissues, ~0.5 g of liver (wet weight) and ~0.3 g of kidney tis-
sue from each mouse were rinsed with ice-cold, sterile saline
to remove any remaining traces of blood, and were then
homogenized with 3x volume:weight of ice-cold 10% (v:v)
perchloric acid containing 1 mmol/L ethylenediaminetetraa-
cetic acid—2Na and 100 pmol/L sodium pyrosulfite. These
homogenates were centrifuged at 9,000 g for 10 minutes at
4°C. The resulting 500 UL supernatants were extracted and
analyzed as described earlier. Moreover, blank homogenate
samples of the liver and kidneys from the mice that were
not treated with salicylate were assayed.

A
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Figure | Characteristics of the CdTe quantum dots.

Statistical analyses

Data are expressed as mean + standard deviation. The
statistical analyses were performed using two-way analysis
of variance, and Student’s #-test was performed to make
multiple comparisons among the different groups. Differ-
ences between groups with P-values =0.05 were considered
significant.

Results
Characteristics of CdTe QDs

Transmission electron microscopy was used to evaluate the
shape and morphology of the CdTe QDs used in this study
(Figure 1A). In addition, the analysis using the nanoparticle-
size analyzer suggested that the diameter of the CdTe QDs
was ~3—4 nm. The evaluation of the fluorescence spectrum
indicated that the maximal emission was at 620 nm following
excitation at 490 nm (Figure 1B). The concentration of the
CdTe QD stock solution was 5 pmol/mL (calculated based
on the molar mass of the Cd).

Hematology and clinical chemistry assay

The hematological and clinical chemistry parameters are
shown in Table 1. All of the hematological parameters
obtained from the treated mice exhibited trends that were simi-
lar to those of the controls, with the exceptions of white blood
cell (WBC), granulocyte (Grn), and lymphocyte (Lym) counts.
Significant increases in WBC, Lym, and Grn concentrations
were observed over the entire period, reaching maxima at 7 or
14 days and then decreasing by 28 days. With respect to the
liver and kidney function markers, ALT, AST, and creatinine
values increased slightly over time, but the differences did not
reach statistical significance. Additionally, no abnormalities in
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Notes: (A) Transmission electron microscopy image (magnification 250k). (B) absorption and emission spectra. The average size was 3—4 nm in diameter. The maximal

emission was observed at ~620 nm following excitation at 490 nm.
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Table | CdTe quantum dot-induced changes in hematology and clinical chemistry parameters

Parameters Control I day 7 days 14 days 28 days
WBC (107/L) 5.1+0.14 6.28+0.95* 8+0.65* 7.184+0.63* 5.57+0.12%
Lym (10°/L) 2.65+0.64 4.88+1.13 5.38+0.93* 7.07+1.67% 4.1£0.36*
Grn (10°/L) 0.47+0.06 1.03+£0.26* I.1£0.14* 1.43+£0.35% 0.93%0.32
ALT (U/L) 27.313.08 30.9+5.47 38.15+14.4 42+3.95% 34.47+4.32
AST (U/L) 85.7+10.89 90.23+2.58 110.72422.67 118.83£12.42 104.45+1.63
Cre (umol/L) 16.33+3.79 15.5+2.89 15.33+4.04 22+7.07 14+1.73
BUN (mmol/L) 10.36+0.77 10.54+1.56 9.19£1.65 8.63+0.15* 10.32+1.08

Notes: *P<<0.05 vs control group. Values expressed as mean + standard deviation (n=6).
Abbreviations: WBC, white blood cell; Lym, lymphocyte; Grn, granulocytes; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Cre, creatinine; BUN, blood

urea nitrogen.

eating, drinking, breathing, autonomic movements, behavior,
or responses to various stimuli were observed. All of the
animals survived until the end of the experimental period.

Histopathology assays and

immunohistochemistry

The liver and kidney tissues from the control group exhibited
normal histological structures (Figure 2A and H). The liver
cells formed wheel-shaped arrays along the central veins with
well-arranged liver cell cords, normal hepatic sinusoids, and
large, round, central nuclei with no inflammatory cell infil-
tration or necrosis. The kidney cells exhibited normal forms
with clear glomerular and renal tubular structures, little cell
proliferation, a narrow mesangial area, and open capillaries
that were full of red blood cells. No abnormal pathological
findings were observed. After exposure to the CdTe QDs,

Figure 2 Photomicrographs.

the mice in the experimental groups exhibited significant
changes in liver (Figure 2B-D) and kidney (Figure 21-K)
tissue morphology, and the changes gradually increased
over time. The forms of the cells around the central vein in
the hepatic lobules were more normal than those in the rim,
where the cells exhibited hydropic degeneration. At 14 days,
severe diffuse hydropic degeneration accompanied by a bal-
looning degeneration was observed (Figure 2D). At 28 days,
the liver sections exhibited binucleate regenerating liver cells,
slight degrees of sinusoidal dilation, and less inflammatory
cell infiltration around the central veins (Figure 2E). The
kidney cells exhibited obvious renal tubular disorders with
different degrees of edema and hyperemia. At 14 days, severe
tubular and serious cloudy swelling led to cellular rupture
along with renal tubule disruption (Figure 2K). At 28 days,
the kidney sections exhibited regeneration and a moderately

28 days

14 day

Notes: Hepatic (A-E) and renal (H-L) tissues of the CdTe quantum dot-treated (experimental) group and physiologic saline-treated (control) group mice for periods of
up to 28 days. (A) Control group hepatocytes exhibiting normal central veins, liver cell cords, and hepatic sinusoids; (B) |-day group hepatocytes exhibiting mild hydropic
degeneration (black arrow); (C) 7-day group hepatocytes exhibiting diffuse edema and eosinophilic changes (black arrow); (D) |14-day group hepatocytes exhibiting severe
diffuse hydropic degeneration accompanied by ballooning degeneration (black arrow); (E) 28-day group hepatocytes exhibiting binucleate regenerating liver cells, minimal
sinusoidal dilation, and reduced inflammatory cell infiltration around the central veins; (H) control group renal cells exhibiting clear glomerular and renal tubular structures;
(1) 1-day group renal cells exhibiting slight edema (black arrow); (J) 7-day group renal cells exhibiting renal tubular edema (black arrow); (K) I4-day group renal cells exhibiting
severe tubular and severe cloudy swelling, leading to cellular rupture and dissolution (black arrow) of the renal tubules; (L) 28-day group renal cells exhibiting regeneration
and a moderately restored state with slight infiltration of interstitial inflammatory cells. Hematoxylin and eosin, 400x.
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Notes: Liver (A) and kidneys (B) of the CdTe quantum dot-treated (experimental) group and physiologic saline-treated (control) group mice for periods of up to 28 days.

Values expressed as mean + standard deviation (n=6). *P<<0.05 vs the control group.

restored state with a slight infiltration of interstitial inflam-
matory cells (Figure 2L). In brief, the histopathological
changes progressed from mild, to moderate, to severe, to
moderate, indicating that these histopathological abnormali-
ties are reversible.

Time-course study of MT-level changes

The results of the MT ELISA analyses of the liver and kid-
neys of the mice exposed to CdTe QDs are shown in Figure 3.
The elevations in MT expression in the QD-treated mice
persisted through 28 days. Notably, at 1 day, the MT levels
reached their peak values of 6.98 and 21.27 ng/g in the liver
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Figure 4 Immunohistochemistry with a specific antibody.

and kidneys, respectively, which were 2.5-fold and 2.1-fold
greater than the levels observed in the liver and kidneys
of the controls. With regard to the liver, from day 7 to 28,
the MT levels did not vary significantly (4.07-4.92 ng/g);
however, in the kidneys, the high level of renal MT was
maintained for the first 21 days (17.85-21.27 ng/g) after the
CdTe QD treatment. Thereafter, the renal concentrations of
MT decreased, and the values dropped to 12.32 ng/g. The
elevated MT expression was further confirmed by the posi-
tive and strong MT immunostaining in many hepatocytes and
in the epithelial cells of the proximal convoluted tubules at
1 day after CdTe QD exposure (Figure 4).

SO [ IR
2006 1o o s [ ¢

o sea 7 § A
S U Gt B T

Notes: Against metallothionein in the liver (A—C) and kidneys (D—F). There were a few positive cells (brown staining) in the control groups (B, E). The number of positive
cells was increased in the exposed groups (C, F). Negative controls for the immunostaining were achieved by replacing the antimetallothionein with phosphate-buffered saline
(A, D). Arrows indicate positive immunoreactions. Immunohistochemical labeling was performed using horseradish peroxidase—streptavidin detection with hematoxylin and

eosin counterstaining. Final magnification 400X, scale bars 50 um.

submit your manuscript | www.dovepress.com

2324

Dovepress

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

CdTe QD toxicity on mouse liver and kidneys

A A
2,5-DHBA
2,3-DHBA
2 4 6 8 10 12 14 16 18 20
Minutes
B Liver C Kidneys
' JM o
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Minutes Minutes
D Liver E Kidneys

2,5-DHBA

2 4 6 8 10 12 14 16 18 20
Minutes

SAf
2,5-DHBA \ )
2,3-DHBA J ‘

4 6 8 10 18

2

12 14 16 20
Minutes

Figure 5 HPLC spectrophotometric detection.

Notes: Separation of 2,3-DHBA, 2,5-DHBA, and SA (standard solution) (A), for the livers (B) and kidneys (C) of mice not treated with salicylate, and the liver (D) and
kidneys (E) of mice following salicylate injection. The reverse-phase HPLC analyses were performed with an Eclipse Plus C ; column (100x4.6 mm, 3.5 um), a flow rate for
the HPLC mobile phase (pH 4.75) of 0.7 mL/min, an excitation wavelength of 310 nm, and an emission wavelength of 440 nm.

Abbreviations: HPLC, high-performance liquid chromatography; DHBA, dihydroxybenzoic acid; SA, salicylic acid.

Time-course study of -OH-level changes

Figure 5 shows typical chromatograms of standard solu-
tions of 2,3-DHBA, 2,5-DHBA, and SA (Figure 5A), as
well as chromatograms of homogenates of mouse liver
(Figure 5B and D) and kidneys (Figure 5C and E) before
and after SA injection. The 2,3-DHBA and 2,5-DHBA
were well separated, with the following retention times:
2,3-DHBA, 6.1 minutes; and 2,5-DHBA, 7.7 minutes. No
interfering peaks were observed in the blank homogenate
samples (Figure 5B and C). Because the level of 2,3-DHBA
depends on the level of SA, to reduce the interanimal vari-
abilities in SA distribution and metabolism, we present
the concentrations of 2,3-DHBA as the 2,3-DHBA:SA
ratios to reduce the individual differences among mice.?
Figure 6 summarizes the 2,3-DHBA:SA ratios in the liver
(Figure 6A) and kidneys (Figure 6B) during the 28-day

period. At 1 day postinjection, the 2,3-DHBA:SA ratios
in both the liver and kidneys (P<<0.05) were significantly
elevated compared with those in the control mice. At
7 days, the 2,3-DHBA:SA ratios reached their peak values
and then significantly decreased from 14 to 28 days. The
2,3-DHBA:SA ratios in the kidneys were also significantly
higher than those in the liver were at the same time points,
which indicates that the generation of -OH in the kidneys
was higher than that in the liver.

Discussion

The data reported in this paper demonstrated that QD-
induced tissue damage is time-dependent and reversible.
Our conclusion is based on the evidence of the histological
and biochemical analyses at different time points (1, 7, 14,
and 28 days). Significant increases in WBC, Lym, and Grn
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Abbreviations: DHBA, dihydroxybenzoic acid; SA, salicylic acid.

concentrations were observed over the entire period, reach-
ing maxima at 7 or 14 days and then decreasing by 28 days.
During the same time periods, histopathological changes
progressed from mild, to moderate, to severe, to moderate.
Numerous cell studies exist regarding the toxic mechanisms
of QDs through Cd** derived from QD degradation and
ROS. However, there is little direct evidence that degrada-
tion of QDs and generation of ROS are associated with
QD-induced tissue damage. Therefore, in the present study,
we determined the degradation of the QDs and generation
of ROS in tissues at different time points to explore the
relationships of QD degradation and ROS generation with
the toxicity of QDs in vivo.

In both previous and current studies, we and others
have demonstrated that QDs can degrade in vivo.? %
When QDs degrade (ie, surface atoms are lost and QDs
decrease in size), blue shifts in the fluorescence-excitation
spectra and decreases in the quantum yield are observed.*!
However, using fluorescence intensity to quantify QDs
in tissues has been deemed to be problematic, due to the
high and variable background fluorescence that results
from the tissues. Other evidence for QD degradation is
the release of Cd*". ICP atomic emission spectrometry
and ICP mass spectrometry are highly sensitive methods
that can be used to detect most elements. However, these
analytical methods both detect different forms of Cd and
cannot distinguish free Cd** or the bound “Cd complex”
of the QDs; therefore, these methods cannot determine
whether the QDs are degraded or the degree of degradation
of the QDs in vivo.

MT is a family of ubiquitous, nonenzymatic proteins
characterized as having low molecular weight and being
cysteine-rich and heat-stable. Numerous studies exist

regarding the induction of MT by Cd. In recent years, it has
been demonstrated that the concentration of MT increases
with the progressive accumulation of Cd in tissues. MT
may serve as a very sensitive biomarker when an animal is
exposed to Cd stress.*? Furthermore, Lin et al reported that
only free Cd** dissociated from QDs, not QDs themselves,
could induce MT production in tissues.” Therefore, an eleva-
tion in MT expression can be used as a good biological index
of QD degradation in vivo. To reduce the effects of other
metals on MT expression, CdTe QDs were selected in the
present study rather than core—shell-structured CdTe/ZnS
QDs. Our results showed that MT increased significantly in
the liver and kidney tissues at the predetermined time points
(1, 7, 14, and 28 days). These results confirmed that QDs
were indeed degraded in vivo.?%

ROS can damage important biomolecules and subse-
quently inflict harmful effects on an organism. The three
major types of ROS are -O,, H,0

272
tive species that can modify purine and pyrimidine bases

and -OH, a highly reac-

and cause strand breaks that result in DNA damage.® In
previous studies of nanoparticle-mediated oxidative stress,
ROS production has typically been deduced based on
changes in antioxidant systems, eg, enzyme activities and
lipid-peroxidation levels. There is still relatively little direct
evidence available demonstrating ROS generation.

SA has been used as a trapping agent for the detection
of -OH in vivo.3*34* The attacks of -OH on SA produce 2,3-
DHBA, 2,5-DHBA, and catechol due to decarboxylation.
2,5-DHBA can be produced by enzymatic pathways through
the cytochrome P450s.% In contrast, 2,3-DHBA is reported
to be formed solely by direct -OH attack.’” Therefore, mea-
surement of 2,3-DHBA appears to be a useful indicator
of in vivo -OH formation. In some studies, concentrations
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of 2,3-DHBA in tissues were measured following the
administration of acetyl-SA (ASA) to mice. Considering
that salicylate has fewer pharmacological effects than ASA
does, we administered sodium salicylate injections via the
tail vein rather than intraperitoneal injections of ASA. The
salicylate dosage used in our study was based on studies
by Coudray et al*® and Grootveld and Halliwell,*® which
showed that concentrations of salicylate in plasma between
0.4 mmol/L and 1 mmol/L are able to capture some -OH
without any toxicity. We determined the time of salicy-
late administration (30 minutes after salicylate injection)
by trial and error. To assess the liver and kidney injuries
due to salicylate, we measured hematological parameters,
serum AST and ALT activities, and serum creatinine and
blood urea nitrogen concentrations 30 minutes after the
salicylate injection. The results revealed that the fairly low
doses of injected salicylate did not significantly affect the
functions of the liver or kidneys, consistent with previous
experimental findings related to ASA.* Our results showed
that -OH increased significantly in the liver and kidney tis-
sues during the 28-day period. The direct evidence for the
generation of -OH confirmed that QDs indeed induced ROS
generation in vivo.

In the present study, we first evaluated the association
of QD degradation and ROS generation with the toxicity of
QDs in vivo. We found that these parameters (Cd*" and -OH)
and histological changes exhibited different patterns over the
28-day period. The released Cd** increased significantly at
1 day. Although ROS are often implicated in Cd toxicology,
-OH generation was not significantly elevated at 1 day, but an
increase was observed at 7 days. In contrast, severe damage
to the liver and kidneys was observed as late as 14 days and
was able to recover by 28 days. The delayed effects of Cd*
and -OH on tissue damage imply that many experimental
variables may have influenced QD toxicity in vivo.

Following the QD exposure, the Cd** released from the
QDs-induced MT production. Increased MT can bind Cd in
the cytosol, reducing the amount of Cd available to critical
organelles. MT proteins are also rich in sulthydryl groups that
can trap the Cd-generated ROS in cells.*#! This might be the
reason that only slight histological changes were observed at
1 day, whereas -OH generation was significantly elevated at
7 days rather than at 1 day. Degradation of MT proteins is also
an important aspect of MT regulation.** When MT proteins
are degraded or depleted, -OH generation increases, a critical
concentration of Cd reaches the liver or kidneys, and hepato-
toxicity or renal injury occurs. With QD elimination through
bile or urine, the levels of Cd** and -OH gradually decrease,

and the injuries to the liver and kidneys begin to recover. In
summary, the QD-induced histopathological changes and
the underlying mechanisms in vivo might include cellular
defense mechanisms and tissue-adaptive mechanisms, which
need to be more completely elucidated in the future.

Conclusion

The experimental results provide new information regard-
ing the toxicity of QDs in vivo. Specifically, CdTe QDs
can undergo degradation, release Cd**, and produce -OH
in tissues. The QD-induced histopathological changes are
time-dependent, and the histopathological abnormalities are
reversible. From the data obtained in this study, we suggest
that the underlying mechanisms after low-dose QD exposure
in vivo seem to include cellular defense mechanisms and
tissue-adaptive mechanisms, in which the initial induction
of MT induced by Cd*" can diminish the Cd-induced oxi-
dative stress. Overall, these results imply that histological
assessments should be performed at multiple time points,
and the temporal analyses of the potential toxic effects of
QDs might contribute to evaluation of the biological safety
of QDs.
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