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Abstract Silicon-based quantum dots were intraperitoneally injected in individuals of Carassius
auratus gibelio. Their effects on white muscle were
investigated by following their distribution and impact
on the antioxidative system. The GSH level significantly increased after 1 and 3 days of exposure by,
respectively, 85.3 and 25.4%. Seven days later, GSH
levels were similar to control concentrations. MDA
concentration rose after three days by 46.9% and
remained at the same level after 7 days. Protein thiol
levels significantly decreased by 6.7 and 8.1% after
3 and 7 days, whereas advanced oxidation protein
products increased by 12.7, respectively, 28.1% in the
same time intervals. The protein reactive carbonyl
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groups were raised only after the first day of exposure
and returned to the control level later on. SOD specific
activity increased up to 48% after 7 days, while CAT
activity increased by 328, 176, and 26% after 1, 3, and
7 days of treatment. GST specific activity was upregulated by 87, 18, and 9%, while GR activity
increased by 68, 34, and 9%. G6PD activity was upregulated by 12, 22, and 50%, whereas GPx activity
raised by 75 and 109% compared to control after,
respectively, 1, 3, and 7 days. Our results suggest that
oxidative stress induced by silicon-based quantum
dots was not strong enough to cause permanent
damage in the white muscle of crucian carp.
Keywords Fish white muscle  Silicon-based
quantum dots  Malondialdehyde  Reduced
glutathione  Antioxidative enzymes  Protein
oxidation

Introduction
Image analysis of biomolecules is a fundamental
subject of basic and applied biological and medical
research, which can be used in the diagnosis, treatment, and monitoring of several types of chronic
diseases (Moghimi et al. 2005). Molecular imaging
encompasses various techniques such as magnetic
imaging, magnetic resonance spectroscopy, optical
bioluminescence, fluorescence imaging, ultrasound,
etc., which has the potential to enhance both diagnosis
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and management of disease (Bentolila et al. 2009),
each of them being characterized by different levels of
specificity and sensitivity.
Optical imaging has limitations due to the limited
penetration depth of light in living tissue (a few
centimeters between 675 and 900 nm) and the insufficient brightness and stability of commonly used
organic fluorophores (Bentolila et al. 2009).
Conventional fluorophores are organic substances
composed of either chemically synthesized fluorescent
dyes or genetically encoded fluorescent proteins.
These have several limitations such as short fluorescence duration, narrow excitation, and broad bandwidth emission (Lee 2007).
Nanotechnology improved several imaging techniques with respect to sensitivity and specificity. At
present, a vast array of artificial particulate systems are
used as imagistic agents, i.e., colloidal gold, paramagnetic iron oxide crystals, dendrimers, liposomes,
nanotubes, nanowires, and quantum dots (Debbage
and Jaschke 2008).
Quantum dots have been estimated to be up to 20
times brighter and 100 times more stable than
traditional fluorophores (Chan and Nie 1998). They
are semiconductor nanocrystals (Micic et al. 1995; Yu
and Peng 2002) surrounded by a coating or shell made
of a semiconductor material (Chan and Shiao 2008),
and they are photostable as well (Pi et al. 2010). They
are rather resistant to photobleaching and suitable for
multicolor experiments, since nanocrystals with different sizes can be simultaneously excited by a single
wavelength of light, resulting in multicolor, symmetrical spectral emission (Bruchez et al. 1998). These
nanoparticles can be used as fluorescent probes for
biomedical applications especially cellular imaging
due to an intense and photostable fluorescence (Zhang
and Monteiro- Riviere 2009). It can be tuned to emit in
the near IR region of the spectrum, in which tissue
auto-fluorescence is considerably reduced and excitation light penetration increased. They have been used
for tumor targeting and imaging (Gao et al. 2004;
Zhang et al. 2008; Sun et al. 2010) as well as vascular
mapping and cellular trafficking (Walling et al. 2009).
They can be targeted toward specific cells by conjugating them with ligands or antibodies.
Additionally, they can be non-specifically introduced into cells, and thus are able to serve as a
potential tracking marker for cellular imaging. Several
imaging studies have been done in vitro, using cell
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cultures (Jamieson et al. 2007; Muller-Borer et al.
2007; Mahto et al. 2010).
Many biological processes cannot be reproduced
in cultured cells and often the three-dimensional
environment of cells determines their function
(Chakraborty et al. 2009). In cultured cells systems,
physiological conditions and complex interactions
among different cell types and tissues are lacking.
Moreover, cell lines are usually transformed and
present some traits that are different compared to those
of cells in living organisms. In vivo studies are
mandatory because exposure to a xenobiotic, which
could be an imagistic agent, involves its metabolism
by different pathways, excretion and interrelations
among different tissues. Usually, in vivo assays are
performed after the in vitro ones.
In the past few years, fish have become alternative models among non-mammalian species for
toxicity studies, helping to elucidate mechanisms
of human diseases such as cancer (Raisuddin and
Lee 2008; Mitchell et al. 2010) and aging (Gerhard
2007). The use of mammalian models (mouse, rat)
in medical and pharmaceutical research is hampered
by high costs. Fish species present the ability to
reproduce successfully in a fluctuating environment
and to grow rapidly to harvestable sizes (Moyle and
Cech 2004).
Recently, zebrafish (Danio rerio) was used for
imaging experiments (Rieger et al. 2005; Son et al.
2009).
Different fish genera and/or genetic hybrids from
interspecific crosses have been used for human health
research. Such examples include Oryzias (Wittbrodt
et al. 2002), Xiphophorus (Mitchell et al. 2010),
Pimephales, Oncorhynchus, Kryptolebias (Raisuddin
and Lee 2008), Astyanax (Albertson et al. 2009), and
Danio (Lieschke and Currie 2007).
Several investigators have proven that quantum
dots generate reactive oxygen species in in vivo and in
vitro treatments (Bakalova et al. 2004; Green and
Howman 2005; Lovric et al. 2005; Chan and Shiao
2008).
There are few studies on the biological applications
of silicon quantum dots compared to their heavy metal
counterparts, even though they are largely produced
by a variety of routes (O’Farrell et al. 2006), and these
were focused on the motility assay of heavy meromyosine and actin from the skeletal muscle of the
rabbit (Månsson et al. 2004) and the labeling and

Fish Physiol Biochem

tracking of the mesenchymal stem cells (Muller-Borer
et al. 2007).
Taking into account that the toxicity of siliconbased quantum dots was less studied, the aim of our
paper was to study the effects of these nanoparticles on
the redox status of the white muscle of Carassius
auratus gibelio. The distribution of quantum dots was
highlighted by fluorescent image analysis. A set of
characteristic parameters was analyzed, such as the
activities of superoxide dismutase (SOD) and catalase
(Catala 2010), as well as the glutathione antioxidant
system, consisting of reduced glutathione (GSH)
content and glutathione reductase (GR), glutathione
peroxidase (GPx), and glutathione S-transferase
(GST) activities. Oxidative stress markers (lipid
peroxidation, carbonyl derivatives, thiol proteins,
and advanced oxidation protein products) were also
determined.

Materials and methods
Chemicals
Nicotinamide adenine dinucleotide phosphate disodium salt (NADP?), nicotinamide adenine dinucleotide phosphate reduced tetrasodium salt (NADPH),
and malondialdehyde tetramethyl acetal were supplied
by Merck (Darmstadt, Germany), whereas 2,4- dinitrophenylhydrazine was supplied by Loba-Chemie.
All the other chemicals used were of analytical grade
and were supplied by Sigma (St. Louis, USA).
Nanoparticles
The SiO2/Si nanoparticles were prepared by pulsed
laser ablation technique (Grigoriu et al. 2004). The
particles are spherical with a crystalline Si core
covered with an amorphous SiO2 layer (1–1.5-nm
thick). The size distribution estimated from transmission electron microscopy image statistics was a
lognormal function, in the range of 2–10 nm, with
the arithmetic mean value of the diameter of about
5 nm. The nanoparticles excited with a wavelength of
325 nm exhibited a strong red luminescence, clearly
visible to the naked eye in daylight. The photoluminescence emission (Grigoriu et al. 2005) consisted of a
broadband spectrum in the approximate range of 400
to more than 800 nm.

For the experiments, a suspension of nanoparticles
(2 mg/mL) in 7% NaCl solution was prepared.
Fish maintenance and treatments
The freshwater crucian carp Carassius auratus gibelio
with a weight of 90 ± 10 g and a standard length of
13 ± 2 cm, respectively, were acquired from The
Nucet Fishery Research Station, Romania. The fish
were acclimated to laboratory conditions for 3 weeks
prior to the experiment. Water quality characteristics
were determined. The mean values for tested water
qualities were as follows: temperature 19 ± 2°C, pH
(7.4 ± 0.05), dissolved oxygen 6 ± 0.2 mg/L (constant aeration), and total hardness as CaCO3 175 mg/L.
The fish were maintained on a photoperiod with 12 h
light/12 h dark. Feeding of pellet food at a rate of 1%
of the body weight per day was finished 2 days before
initiation of the experiment, and no food was supplied
to the fish during the experimental period. During
the experiment, no obvious changes in body weight
of any fish during the 7 days of experiment were
recorded.
Animal maintenance and experimental procedures
were in accordance with the Guide for The Use and
Care of Laboratory Animals (European Communities
Council Directive 1986), and efforts were made to
minimize animal suffering and to reduce the number
of specimens used.
After the acclimatization period, the fish were
randomly divided into three groups of 15 individuals
each and placed in separate glass aquaria (250 L).
Group I was maintained in dechlorinated tap water as a
control. Group II was formed by fish intraperitoneally
injected with NaCl 7% solution, and group III was
intraperitoneally injected (IP) with 2 mg quantum
dots/kg body weight. After 1, 3, and 7 days, respectively, five fish from each group were cervically
dislocated under light ether anesthesia and white
muscles were dissected. Tissues were immediately
frozen in liquid nitrogen and stored at –80°C until
analyses were performed.
Fluorescent image analysis of nanoparticles
distribution
Fragments of crucian carp white skeletal muscle were
fixed in Bouin solution or 4% paraformaldehyde in
PBS, dehydrated in ethanol, cleared in toluene, and
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embedded in paraffin. 6 lm-thick sections were used
for fluorescence microscopy. After deparaffination
and rehydration, slides were stained with 4,6-diamidino-2-phenylindole (DAPI) solution, mounted in
PBS, and analyzed by epifluorescence microscopy
using a DAPI/FITC/Texas red triple band filter set
(Zeiss). Under ultraviolet excitation, silicon-based
quantum dots appeared red and nuclei appeared blue
with DAPI. The photomicrographs were taken with a
digital camera (AxioCam MRc 5, Carl Zeiss) driven
by Axio-Vision 4.6 software (Carl Zeiss).
Preparation of tissue homogenates
Homogenates (prepared as 1 g of tissue per 10 volumes
of buffer) of fish white muscle were prepared in icecold buffer (0.1 M TRIS–HCl, 5 mM EDTA buffer,
pH 7.4) using a Potter–Elvehjem homogenizer. A few
crystals of the protease inhibitor phenylmethylsulfonyl
fluoride were added in the homogenates. The resulting
homogenate was centrifuged at 8,000 g for 30 min in a
Hettich centrifuge at 4°C. The supernatant was
decanted and used for analyses.

added. The fluorescence of MDA was recorded using a
520/549 nm (excitation/emission) filter. A calibration
curve with MDA tetramethyl acetal in the range of
0.05–5 lM was used to calculate the MDA concentration. The results were expressed as nmoles of MDA/
mg protein.
Protein sulfhydryls assay
The protein sulfhydryl concentration was done according to a slightly adapted version of the Ellman’s
method (1959), (Riener et al. 2002). A volume of
100 lL of total protein extract was mixed with 100 lL
10% sulfosalicylic acid and vortexed three times.
After 10 min on ice, the sample was centrifuged for
10 min at 10,000 rpm at room temperature. The pellet
was rendered soluble in 20 lL of 1 M NaOH, and 730
lL of 0.4 M TRIS buffer pH 9 was added. After 5 min
at room temperature, 20 lL of 5 mM 5,5-Dithio-bis(2nitrobenzoic acid) (DTNB) prepared in 100% methanol was supplemented, and the absorbance at 412 nm
was measured immediately. The concentration of
protein sulfhydryl groups was quantified using
N-acetyl-cysteine standard curve.

Biochemical analysis
Advanced oxidation protein products assay
Glutathione assay
The cellular lysate, deproteinized with 5% sulfosalicylic acid, was analyzed for total glutathione and
oxidized glutathione (GSSG) using the Detect XÒ
Glutathione colorimetric detection kit (Arbor Assay
USA). Kit supplier instructions were followed in order
to determine the total and oxidized glutathione. GSH
concentration was obtained by subtracting the GSSG
level from the total glutathione. The total and GSH
levels were calculated as nmoles/mg protein.
Malondialdehyde assay
The method of del Rio (del Rio et al. 2003) was used to
assess malondialdehyde (MDA), as a marker of lipid
peroxidation. For 200 lL of sample with a protein
concentration of 2 mg/mL, 700 lL 0.1 N HCl was
added, and the mixture was incubated for 20 min at
room temperature. Then, 900 lL of 0.025 M thiobarbituric acid (TBA) was added, and the total volume
was incubated for 65 min at 37°C. Finally, 400 lL of
0.1 M Tris–HCl, 5 mM EDTA buffer, pH 7.4 was
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The concentration of advanced oxidation protein
products (AOPP) was assessed according to the
method of Witko-Sarsat et al. (1992). A sample of
200 lL total protein extract was mixed with 10 lL
1.16 M potassium iodide and vortexed for 5 min at
room temperature. A volume of 20 lL of glacial acetic
acid was added, and the mixture was vortexed again
for 30 s. The optical density of samples was read at a
wave length of 340 nm in a 96-well plate using a
Tecan Genios Multireader. The AOPP level of samples was calculated using a chloramines-T standard
curve (100 lM stock solution).
Reactive carbonyl groups in proteins
The reactive carbonyl groups in proteins (RCGP)
were measured according to the method of Fields and
Dixon (1971). A volume of 500 lL sample diluted
accordingly was incubated with 10 mM 2,4-dinitrophenylhydrazyne prepared in 2 M HCl, for 1 h, at
room temperature with vortex every 15 min. After
incubation, a volume of ice-cold 500 lL 20% TCA
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was added, and the mixture was kept on ice for 30 min.
The samples were then centrifuged at 13,000 rpm for
3 min at 4°C. The pellets were washed with 1 mL
mixture 1:1 ethanol/ ethyl acetate and rested for
10 min at room temperature. Then, the samples were
centrifuged again at 13,000 rpm, for 3 min at 4°C. The
wash was repeated twice. The pellet was solved in
600 lL of 1 M NaOH, and the absorbance was read at
370 nm, against a blank of 1 M NaOH. The carbonyl
levels were calculated using a molar extinction
coefficient of 22,000 M-1 9 cm-1 (Fields and Dixon
1971).

(Habig et al. 1974). One unit of GST activity was
defined as the formation of 1 lmol of conjugated
product per minute. The extinction coefficient
9.6 mM-1cm-1 of CDNB was used for the calculation.
GR (EC 1.6.4.2) activity was determined according
to Golberg and Spooner’s method, in 0.1 M phosphate
buffer, pH 7.4 with 0.66 mM GSSG and 0.1 mM
NADPH. One unit of GR activity was calculated as 1
lmol of NADPH consumed per minute (Goldberg and
Spooner 1983).

Enzyme activity assays

The protein content was determined using Lowry’s
method with bovine serum albumin as standard
(Lowry et al. 1951). All the enzymatic activities,
calculated as specific activities (units/mg of protein),
were expressed as % from controls.

SOD (EC 1.15.1.1) was assayed according to the
method of Paoletti and Mocali, based on NADPH
oxidation (Paoletti and Mocali 1990). The decrease in
absorbance at 340 nm was followed for 10 min to
allow NADPH oxidation by the generated superoxide
anion. A control was run with each set of three
duplicate samples, and the percent inhibition was
calculated as (sample rate)/(control rate) 9 100. One
U of SOD activity was defined as half-maximal
inhibition.
CAT (EC 1.11.1.6) activity was assayed by monitoring the disappearance of H2O2 at 240 nm (Aebi
1974). CAT specific activity was calculated in terms
of U/mg protein, where 1U is the amount of enzyme
that catalyzed the conversion of 1 lmol H2O2 in a
minute.
G6PDH (EC 1.1.1.49) glucose 6-phosphate dehydrogenase activity was measured according to Lohr’s
method. The rate of the NADPH formation was a
measure of G6PDH activity, and this can be followed
by means of the increase in extinction at 340 nm (Lohr
and Waller 1974).
Total GPx (EC 1.11.1.9) activity was assayed by
Beutler’s method, using tert-butyl hydroperoxide
and GSH as substrates (Beutler 1984). The conversion of NADPH to NADP? due to the reduction of
GSSG to GSH by GR was followed by recording the
changes in absorption intensity at 340 nm. One unit
was expressed as 1 lmol of NADPH consumed per
minute, using a molar extinction coefficient of
6.22 9 103 M-1 cm-1.
GST (EC 2.5.1.18) activity was assayed spectrophotometrically at 340 nm by measuring the rate of
chloro-dinitrobenzene (CDNB) conjugation with GSH

Protein concentration assay

Statistical analysis
All values were expressed as means ± SE. The differences between control and quantum dots-treated experimental group were analyzed by Student’s t test and
validated by confidence intervals using Quattro Pro X3
software. The results were considered significant only if
the P value was less than 0.05, and confidence intervals
of control and samples did not overlap.

Results
Microscopical studies
Due to intrinsic photoluminescence under ultraviolet
excitation, silicon-based quantum dots have been
detected in tissue sections by the emission of red light
(Fig. 1b–f). The fluorescence was not detectable for the
control (non-injected and injected with NaCl 7%)
animals (Fig. 1a). Histological examination of the white
skeletal muscle has indicated that silicon-based quantum
dots accumulated in the sarcoplasm at all time intervals
(1, 3 and 7 days), with the most intense accumulation
being detected at 7 days after IP injections (Fig. 1e, f).
The uptake of silicon-based quantum dots varied among
white skeletal muscle fibers. From this point of view, at
the same time intervals, white skeletal muscle from each
fish showed heterogeneous staining patterns with discrete staining of some muscle fibers (Fig. 1c), whereas
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Fig. 1 Silicon-based quantum dots localization in the white
skeletal muscle of Carassius auratus gibelio. a Control (noninjected) animals. b Visualization of silicon-based quantum dots
transfer to white skeletal muscle at 24 h after IP injection.
Discrete (c) and intense (d) staining pattern of muscle fibers at

72 h after IP injection. At 7 days after IP injection, silicon-based
quantum dots accumulate in subsarcolemmal space (e) and
inside of some muscle fibers (f). Muscle fibers loaded with
silicon-based quantum showed degenerative changes like
vacuolization (f) at 7 days after IP injection

others were intensely stained (Fig. 1d), probably due to
their location in the vicinity of blood vessels. Muscle
fibers seemed to accumulate nanoparticles in the
subsarcolemmal space and inside the muscle fibers
(Fig. 1e). At 7 days after IP injection, some muscle
fibers loaded with silicon-based quantum dots showed
degenerative changes like vacuolization (Fig. 1f).

3 days compared to control. After 7 days, its level
remained unchanged compared to samples of the
3 day exposure.

Lipid peroxidation
MDA concentration (Table 1) did not change after the
first day, but significantly increased by 46.9% after
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GSH level
A significant increase of the GSH level was observed
in the white muscle of fish intraperitoneally injected
with silicon-based quantum dots after 1 day exposure,
being almost double compared to the control. After
3 days, the GSH concentration decreased by about
67.5% compared to the day one samples, but it was
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Table 1 The relative values of malondialdehyde and reduced
glutathione, in the white muscle of Carassius auratus gibelio
IP injected with silicon-based quantum dots (2 mg/kg body
weight)

Enzymes involved in GSH metabolism

about 25.4% higher compared to control values. By
the seventh day, the GSH level reached the control
value (Table 1).

The variation in the specific activities of the enzymes
involved in GSH metabolism, i.e., GPx, GR, and GST
are presented in Fig. 3. GPx activity was downregulated by 6% after 1 day of treatment. For the other
time points, it increased by 75 and 109%.
After 1 day of treatment, the level of GR specific
activity increased by 68% in comparison with control,
whereas after 3 days exposure, this activity was
diminished by 35% compared to the former level,
but still 34% higher compared to control. After 7 days,
GR activity decreased by 9% compared to control.
Significant up-regulation of GST specific activity
by 87, 18, and 9% compared to controls was recorded
after 1, 3, and 7 days of exposure, respectively.

Oxidative alterations at protein level

Enzyme generating reducing equivalents

The protein thiol level decreased significantly by 6.7
and 8.1% after 3 and 7 days of treatment, respectively,
compared to control. Also, AOPP concentration
significantly increased by 12.7 and 28% after 3 and
7 days of treatment compared to control, whereas
PRCG level significantly increased only after the first
day of exposure and later on returned to the control
level (Table 2).

G6PD plays a key role in the maintenance of cellular
redox potential via production of NADPH (Kletzien
et al. 1994). In our experiment, its specific activity was
up-regulated by 12, 22, and 50% after 1, 3, and 7 days
of fish exposure to QDs (Fig. 4).

The antioxidant scavenging enzymes

The silicon-based QDs used in this study were
produced to emit in the NIR region of the spectrum,
in which the autofluorescence of tissues is significantly
reduced and excitation light penetration increased
(Grigoriu et al. 2005). QDs are photostable and
suitable for long-term observation or repeated measurements (Bentolila et al. 2009).
In our experiment, individuals of Carassius auratus
gibelio were used due to the fact that they are widely
spread in freshwaters. They are also common in

Time (days)
Control

MDA (nmoles/mg)

GSH (nmoles/mg)

100 ± 12.3

100 ± 9.3

1

105.1 ± 13.4

185.3 ± 14*

3

146.9 ± 17.3***

125.4 ± 1.9*

7

144.2 ± 15.3***

97.4 ± 4.9

Data are calculated as means ± SD (n = 5 in each group at
each time point) and expressed as % from time point controls;
* P \ 0.05, *** P \ 0.001

Figure 2 shows the effects of silicon-based quantum
dots exposure on the activities of antioxidant enzymes
SOD and CAT, in the white muscle of C. auratus
gibelio. A slight decrease of SOD specific activity was
noticed after 1 day of exposure, whereas after 3 and
7 days it increased by 33 and 48%, respectively. CAT
activity increased by 328, 176, and 26% after 1, 3, and
7 days of treatment.

Discussion

Table 2 The relative values of proteic thiols and advanced oxidation protein products (AOPP) and protein reactive carbonyl groups
(PRCG) in the white muscle of Carassius auratus gibelio IP injected with silicon-based quantum dots (2 mg/kg body weight)
Time (days)

Proteic thiols (nmoles/mg)

AOPP (nmoles/mg)

PRCG (nmoles/mg)

Control

100 ± 2

100 ± 8.2

100 ± 9.4

1

97.3 ± 3.8

98.7 ± 14.9

114.2 ± 14.4*

3

93.3 ± 4.5*

112.7 ± 11.3**

106.7 ± 15.9

7

91.9 ± 4.6*

128.1 ± 8.6***

99.6 ± 11.2

Data are calculated as means ± SD (n = 5 in each group at each time point) and expressed as % from time point controls);
* P \ 0.05, ** P \ 0.01, *** P \ 0.001
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Fig. 2 SOD and CAT specific activities in the white muscle
of Carassius auratus gibelio IP injected with silicon-based
quantum dots (2 mg/kg body weight) up to 7 days of exposure.
Activities are calculated as means ± SD (n = 5 in each group at
each time point) and expressed as % from controls. *P \ 0.05,
**P \ 0.01, ***P \ 0.001

Fig. 3 GPX, GST, and GR specific activities in the white
muscle of Carassius auratus gibelio IP injected with siliconbased quantum dots (2 mg/kg body weight) up to 7days of
exposure. Activities are calculated as means ± SD (n = 5 in
each group at each time point) and expressed as % from controls.
*P \ 0.05, **P \ 0.01, ***P \ 0.001

aquaculture and quite tolerant to xenobiotic exposure
(De Boeck et al. 2003; Dinu et al. 2010), temperature
(Ford and Beitinger 2005), dissolved oxygen, pH
changes (Olaviyan 1975), etc.
The QDs injected intraperitoneally were taken up
by blood circulation and spread to all organs,
especially in fish white muscle as well as in liver,
red muscle, and kidney (data not shown). Once
accumulated in tissues, QDs enter the cells by
endocytosis (Chang et al. 2006; Li et al. 2009).
To date, few studies about toxicity of nanoparticles
have been done on fish (Federici et al. 2007; Zhu et al.
2010; Shaw and Handy 2011). So far, most of the
work on tissue distribution of nanoparticles has been
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Fig. 4 Variation of G6PD specific activity in the white muscle
of Carassius auratus gibelio IP injected with silicon-based
quantum dots (2 mg/kg body weight) up to 7 days of exposure.
Activities are calculated as means ± SD (n = 5 in each group at
each time point) and expressed as % from controls. *P \ 0.05,
**P \ 0.01, ***P \ 0.001

restricted to rodents (Kim et al. 2006; Gatti et al. 2008;
Cho et al. 2009; Park et al. 2009; Xie et al. 2010; Liu
et al. 2011). The present study, as far as we know, is
the first report describing silicon-based quantum dots
distribution in fish white muscle. Previous studies on
mice have indicated that silica nanoparticles mostly
accumulate in the organs of the reticuloendothelial
system, such as liver and spleen, and also in the kidney
(Cho et al. 2009; Xie et al. 2010; Liu et al. 2011).
Studies performed on rat skeletal muscle have shown
that endocytosis occurs over the entire muscle fiber,
and fluid phase markers were transported into perinuclear and interfibrillar structures (Kaisto et al. 1999).
These findings are in accordance with the results from
the present study showing that silicon-based quantum
dots accumulate in subsarcolemmal space (perinuclear) and inside of white muscle fibers (Fig. 1). In
light of the findings in our study, we can, therefore,
reasonably speculate that silica nanoparticles were
taken up in the white muscle through endocytosis.
Once they entered the myofibers, silicon core
nanoparticles covered by silica induced oxidative
stress as ascertained by the time-dependent variation
of antioxidant enzymes. It seemed that white muscle
fibers promoted ROS production (Anderson and
Neufer 2006), probably due to NADPH oxidases
located within the sarcoplasmic reticulum, transverse
tubules, and sarcolemma (Powers and Jackson 2008).
The superoxide anion is the result not only of these
enzymatic activities but also of cytoplasmic xanthine
oxidase (Gomez-Cabrera et al. 2005). The dismutation
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of superoxide produces hydrogen peroxide, and this
reaction can occur under the catalytical control of
superoxide dismutases or spontaneously.
The intracellular production of ROS could play an
important role in disturbance of calcium homeostasis,
generating calcium overload in cells (Powers et al.
2010), and as a result, Ca2?/calmodulin-dependent
enzymes may be activated, resulting in production of
nitric oxide and peroxynitrite, a strong oxidizing agent
(Moylen and Reid 2007).
In case of our experiment, SOD and CAT activities
were shown to be increased in the muscle of QDs
exposed fish. It seemed that superoxide generated by
silicon-based QDs was dismutated in hydrogen peroxide in the first day after the intraperitoneal injection
without SOD catalytic intervention. Due to this
fact, CAT specific activity increased tremendously,
whereas the SOD one slightly decreased (Fig. 2).
Starting with the third day until the seventh day of
exposure, SOD probably began to be active and
involved in the dismutation reaction, and as a result, its
specific activity increased. Although CAT activity
decreased, it still remained higher compared to control
values. A comparison of Figs. 2 and 3 reveals that the
profiles of the specific activity variation of CAT and
GPx are inversely proportional, probably because after
1 day of exposure, the generation of hydrogen peroxide was very high and catalase diminished it, thus
explaining the reduced level of MDA. After 3 and
7 days of exposure, ROS generation resulted in lipid
peroxidation (Table 1), and these products were
removed in the reaction catalyzed by GPx. The
increased level of MDA after 3 days was maintained
after 7 days of exposure as well, suggesting the lipid
peroxidation process reached a plateau, which would
probably be followed by a decrease after a longer
period of exposure, due to the high GPx activity.
The time-dependent variation of GST specific
activity was opposite to the GPx one. It is well known
that some GST isoforms have a selenium-independent
GPx activity. In our case, it seemed that GST activity
could be involved in the conjugation of eicosanoids,
especially prostaglandins and leukotrienes, which are
important mediators of inflammation in fish (Rowley
1996). The high quantity of hydrogen peroxide formed
in the first day post-exposure could promote the
activation of cytosolic phospholipase A2 (Colston
et al. 2005), as well as the high cytosolic Ca2? level
probably released from the sarcoplasmic reticulum

and damaged mitochondria. Its catalytic activity could
generate arachidonic acid, which can be metabolized
by cyclic and acyclic pathways resulting in the
production of prostaglandins, prostacyclins, thromboxans, and leukotrienes. According to Malis and
Bonventre, phospholipase A2 can act synergistically
with ROS due to the fact that peroxidized membranes
become susceptible to the action of this enzyme (Malis
and Bonventre 1986). Previous studies proved that in
fish muscle, prostaglandin E2 is the predominant
product of reactions catalyzed by cyclooxygenases 1
and 2 (Grosser et al. 2002). The profile of the variation
of GST specific activity suggests that probably after
1 day of exposure, the generation of eicosanoids was
high and the enzymes conjugated them, lowering their
level and possibly diminishing the pro-inflammatory
effect of QDs in white muscle.
Under normal physiological conditions, the total
amount of cellular GSH keeps a balance between its
synthesis and its utilization. Oxidative stress may be
induced when the level of ROS overwhelmed the
antioxidant capacity of the analyzed tissue.
GSH plays a pivotal role in redox homeostasis, as it
is involved in free radical scavenging, detoxification
of electrophils, maintenance of thiol-disulfide status of
cysteine-containing proteins, and signal transduction
(Sen and Packer 1996). It is an electron-carrier
substrate for several enzymes involved in the diminution of ROS level and also reacts directly with radicals
in non-enzymatic reactions (Winterbourn and Metodieva 1994). GSH is synthesized from precursor
amino acids in the cytosol of all cells through the
c-glutamyl cycle. Whereas this peptide is exported by
most cells, it is efficiently imported only into those
cells which contain the c–glutamyl transpeptidase on
the outer face of their plasmalemmas. Fish white
muscle cells present c-glutamyl transpeptidase activity (Hegazi et al. 2010). In our experiment, the GSH
level significantly increased after the first 3 days and
returned to the control values after 7 days (Table 1). It
seems that the high glutathione level in these cells was
maintained by a high import of c–glutamyl amino
acids as well as by the GR contribution, taking into
account that the last enzymatic specific activity
decreased in the same time-dependent manner as
GSH concentration. GR catalyzes the reaction in
which the oxidized disulfide form is reduced in
the presence of NADPH generated by the pentose
monophosphate pathway. It is possible that direct
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interaction of hydroxyl radicals with GSH generated
an important quantity of oxidized glutathione (G–S–
S–G). The oxidized glutathione was also generated in
the reaction catalyzed by GPx. In fact, GR helps the
recycling of GSH. In contrast, during the generation of
glutathione-S-conjugates by GSTs, the level of intracellular GSH is lowered. Taking into account that
GSH level remained almost at control level after the
7-day exposure, it seems that GSH biosynthetic
capacity of fish white muscle is important.
According to our results, it appeared that NADPH
had a pro-oxidant action and was primarily used for
superoxide generation in the reactions catalyzed by
NADPH oxidases, while it was also important for
GSH regeneration. Probably the synthesis of GSH was
the most important process for maintaining its level, in
comparison with the regeneration in the reaction
catalyzed by GR.
ROS escaped from the action of antioxidative
system also attacked the proteins. Additionally, MDA
as well as other products of lipids oxidation could
covalently bind to lysil, histidyl, and cysteinil residues
leading to the formation of Schiff bases adducts on
proteins (Haberland et al. 1988). Oxidative alterations
of proteins can have either mild or severe effects on
cellular or systemic metabolism depending on the
quantity of modified proteins and the chronicity of the
alterations (Shacter 2000).
It is considered that cysteine and methionine are the
most prone to oxidative attack. All oxidizing species
can induce their modification (Shacter 2000). The
chemical modification of protein thiols by ROS
generally occurs by the formation of internal or mixed
disulfides with GSH. This disulfides formation can be
considered as a form of defense against oxidative
damage and can play a role in redox signaling
(Filipovska and Murphy 2006). Oxidation of cysteine
residues results in a number of derivatives, including
disulfides, sulfenic, sulfinic, and sulfonic acids. Taking into account GSH abundance in the white muscle,
this is an important co-reactant for protein thiol
modification. After 7 days, the decrease of proteic
thiols was only 8%, which suggests that thiol groups
present on proteins are minor antioxidants in the white
muscle of Carassius auratus gibelio.
AOPP are formed in vivo following the exposure of
proteins to hypochlorous acid (product of myeloperoxidase activity) by deamination of lysyl residues and/
or oxidation of tyrosyl, histidyl, and cysteinil residues,

123

and have been considered as markers of oxidantmediated protein damage (Witko-Sarsat et al. 1996).
These closely correlate with the levels of dityrosine
(Alderman et al. 2002). To our knowledge, AOPPs
have not been detected in fish white muscle until now.
We have detected a time-dependent increase of their
levels, but this was also mild, compared to pathological conditions (Witko-Sarsat et al. 1998). This rise of
AOPP could reflect neutrophil and/or monocyte
involvement in the oxidative stress (Hazen et al.
1999) induced by exposure of fish white muscle to
QDs.
Carbonyl groups in proteins may be generated by
ROS-mediated oxidation of side chains of some amino
acid residues (especially proline, arginine, lysine, and
threonine) or by glycation and reactions with lipid
peroxidation products (Bruchez et al. 1998).
In our experiments, it seemed that the generation of
protein carbonyl was due to the first two abovementioned reasons and not to the reaction by lipid
peroxidation products, as these two biochemical
parameters present inverse proportional variation.
Protein oxidation is a part of degenerative processes
(Aksenov et al. 2001; Rajesh et al. 2004; Rutkowska
et al. 2005; Torres-Ramos et al. 2009), but in our
experiment, its level was moderate. It could be
assumed that these modified proteins could be
degraded by the proteosomal system, avoiding their
cross-linking, agglomeration, and installing of possible pathological situations.
The alteration of biochemical parameters studied
by us is similar to those recorded in white muscle of
fish exposed to other stressors. So, methyl parathion
exposure determined a significant increase of SOD,
CAT, and GST, in the freshwater fish Brycon cephalus
(Monteiro et al. 2006). Also, carbamazepine, a pharmaceutical anticonvulsant commonly present in
groundwater, determined raised levels of MDA and
PRCG (Li et al. 2010).

Conclusions
Taking into account the elevated GSH level, the
cessation of lipid peroxidation, and the low level of
oxidative alterations of proteins in the white muscle, it
appears that this Carassius auratus gibelio tissue has
the capacity to cope with oxidative stress under
silicon-based quantum dots, possibly due to the
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adapted response of the antioxidative enzyme during
the exposure. On the other hand, the poor blood supply
and lack of myoglobin in fish white muscle could be
contributing factors to this behavior.
A longer term study would indicate the period of
time in which these biochemical parameters would
return to control values and, as a consequence, how
safe is the use of these QDs in imagistic studies.
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