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Abstract: In the last decade, silicon-based quantum dots (SiQDs) have attracted the attention of
researchers due to their unique properties for which they are used in medical applications and in vivo
imaging. Detection of cytotoxic effects in vivo is essential for understanding the mechanisms of
toxicity, a mandatory step before their administration to human subjects. In this context, we aimed
to evaluate the in vivo hepatic and renal acute toxicity of SiQDs obtained by laser ablation. The
nanoparticles were administrated at different doses (0, 1, 10, and 100 mg of QDs/kg of body weight)
by intravenous injection into the caudal vein of Swiss mice. After 1, 6, 24, and 72 h, the animals
were euthanatized, and liver and kidney tissues were used in further toxicity tests. The time- and
dose-dependent effects of SiQDs on the antioxidant defense system of mice liver and kidney were
investigated by quantifying the activity of antioxidant enzymes (catalase, superoxide dismutase,
glutathione peroxidase, glutathione reductase, and glutathione S-transferase) in correlation with
the morphological changes and inflammatory status in the liver and kidneys. The results showed a
decrease in the activities of antioxidant enzymes and histopathological changes, except for superoxide
dismutase, in which no significant changes were registered compared with the control. Furthermore,
the immunohistochemical expression of TNF-« was significant at doses over 10 mg of QDs/kg of
body weight and were still evident at 72 h after administration. Our results showed that doses under
10 mg of SiQDs/kg of b.w. did not induce hepatic and renal toxicity, providing useful information for
further clinical trials.

Keywords: silicon quantum dots; mice; hepatic and renal toxicity; oxidative stress; histones

1. Introduction

Quantum dots (QDs) are crystalline, semiconducting particles with unique optical
and spectroscopic properties, such as superior resistance to photooxidation and strong
fluorescence emission, which are characteristics that are dependent on particle size, shape,
and composition. In addition, the simultaneous excitation of several fluorescence levels
leads to different colors depending on the size of the nanoparticles [1-3].

Silicon-based QDs (SiQDs) are a class of NPs with special properties, such as low toxic-
ity and easy-to-modify surface properties [4]. For this reason, they are used in applications
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such as bioimaging, biosensors [5,6], fluorescent labeling, drug administration, protein
detection techniques, tissue engineering [7,8], and photodynamic therapies (used in the
treatment of skin diseases) [9].

The synthesis of QDs can be achieved either by chemical methods offering the ad-
vantage of large-scale production of nanoparticles and control of material purity or by
physical methods obtaining high-purity particles of the desired size. However, both types
of methods also have disadvantages. QDs obtained by physical methods have a lower
yield, whereas in the case of chemical methods, the purity of the material is challenging to
achieve. There are several methods of QD synthesis: laser ablation, electrochemical etching,
microwave-assisted method, etc. The laser ablation method has the advantage of it not
requiring chemical precursors and ensuring sterility, and the experimental conditions are
easy to obtain without the need for high temperatures or very high pressures. In addition,
the method is versatile, as experimental conditions may vary [2].

Despite the many properties and wide range of applicability, many researchers are
concerned about the possible toxicity of QDs [10]. The main challenge faced in using QDs
is the lack of information about their safety and how they affect the biological integrity
of organisms by producing toxicological, cytotoxic, and genotoxic effects [11]. SiQDs’
potential to induce an inflammatory response was evaluated on the MRC-5 human lung
fibroblasts, where it was revealed that QDs affected the membrane integrity, as indicated by
the time- and dose-dependent increase in lactate dehydrogenase levels in the cell culture
media, as well as the accumulation of autophagosomes and increase in the lysosome levels.
Moreover, cell morphology was affected, as microscopy images showed broken actin fila-
ments. Inflammatory processes were detected at the cellular level, as demonstrated by the
increase in nitric oxide and interleukin-6 levels and the appearance of redox imbalances in
the turnover of extracellular matrix through a different regulation of matrix metallopro-
teinases and their inhibitors [12]. Analysis of the redox state at the cellular level indicated
an increase in the level of reactive oxygen species (ROS), a decrease in reduced glutathione
(GSH) concentration, and the formation of a strongly oxidized environment through the
accumulation of oxidized proteins [13]. Moreover, recent studies [14] proved that these
5iQDs possess significant immunotoxicity on murine RAW 264.7 macrophages.

Biodistribution and in vivo effects of SiQDs were analyzed after intraperitoneal injec-
tion in carp. The presence of QDs in the liver was observed by fluorescence microscopy
for at least two weeks after exposure. Moreover, the assessed markers of oxidative stress
indicated the onset of oxidative stress in liver and the onset of antioxidant defense mecha-
nisms such as increased levels of antioxidant enzymes, recovery of GSH concentration, and
activation of the chaperone proteins Hsp30 and Hsp70. In the same study, the ability of
5iQDs to induce an inflammatory response was demonstrated, as confirmed by the profiles
of heat shock proteins (Hsp60 and Hsp90). However, by activating cyclooxygenase COX-2,
the profile of matrix metalloproteinases indicated a remodeling process in the liver three
weeks after administration [15].

Another study evaluated the effects of microinjection of water-soluble SiQDs in the
animal pole region of Danio rerio (zebrafish) embryos using fluorescence microscopy, and it
revealed that the survival rate of embryos depended on the dose of nanoparticles used, the
most common changes induced being edema and tail truncation [16]. Investigation of the
near-infrared QDs administered intravenously to BALB/C mice at the dose required for
in vivo tumor imaging reported a lack of liver and kidney toxicity [17]. Also, an evaluation
of the hepatotoxicity of Mn-doped ZnS QDs and polyethylene glycol-coated derivatives
(up to 5 mg/kg of body weight (b.w.)) administered by injection in male Kunming mice
indicated no obvious liver damage [18]. Moreover, the evaluation of CdTe QDs effects on the
antioxidant activity of liver and kidney indicated the ability of these nanoparticles to reduce
the GSH level and the capacity to scavenge hydroxyl and superoxide radicals, inducing
oxidative tissue damage [19]. Exposure to CdTe QDs by intravenous administration to
mice showed increased hepatic lipid peroxidation levels [20].
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Studying how nanoparticles interact with biological systems is a critical step in de-
veloping the range of applicability of these materials. Furthermore, understanding the
mechanisms triggered by nanoparticles at the biological level generates the ability to
develop nanomaterials with new surface properties and a high degree of biocompatibil-
ity [21]. Therefore, our study aimed to obtain an in vivo toxicological evaluation of SiQDs
by evaluating the degree of oxidative stress associated with morphological changes and
inflammatory status in the liver and kidneys.

2. Materials and Methods
2.1. Synthesis of SiQDs and Their Characteristics

The SiQDs used within this study were obtained at the National Institute for Laser,
Plasma and Radiation Physics, Bucharest, Magurele, Romania, by the method described
in 2005 by Grigoriu et al. using ablation in a stainless steel chamber [22]. Briefly, the laser
beam was focused on a silicon target inside the chamber; the nanoparticles were taken up
by the gas flow and directed to a Millipore filter with a pore size of 100 nm, reacted with
oxygen in the air, formed a silicon dioxide layer on their surface, and resulted in core/shell
QDs of silicon/silica.

The SiQDs were analyzed by scanning electron microscopy (SEM) on a Zeiss Auriga
microscope (Carl Zeiss, Jena, Germany), acquiring the images at a voltage of 5 kV, and in a
bright-field mode of transmission electron microscopy (TEM) using a Tecnai F20 G2 TWIN
Cryo-TEM (FEI, Hillsboro, OR, USA) at an acceleration voltage of 200 kV.

The measurement of the hydrodynamic size, polydispersity index, and zeta potential
of SiQDs dispersed in saline was performed in triplicate at 25 °C using a refractive index of
1.52 on a Malvern Nano-ZS instrument (Malvern Instruments, Malvern, Worcestershire,
UK). The absorbance and emission spectra of SiQDs were recorded in 0.9% NaCl solution
using the FlexStation 3 reader (Molecular Devices, San Jose, CA, USA).

2.2. Administration of SiQDs to Mice

Adult male Swiss mice (~25 g/animal) were housed in the Animal facility of Western
University “Vasile Goldis” of Arad in compliance with EU and national regulations (Ethical
Committee Approval no. 14 from 27 October 2015). The mice received a standard diet (pel-
lets and water ad libitum), temperature (20-25 °C), and circadian rhythm (12 h light/12 h
darkness). These conditions were maintained throughout the experiment. Subsequently,
the mice were randomly distributed into four groups, corresponding to each time interval
(1h,6h,24h,and 72 h). Each group contained 4 subgroups of 5 mice: control that received
saline, 1 mg of QDs/kg of b.w., 10 mg of QDs/kg of b.w. and 100 mg of QDs/kg of b.w.
The treatments were injected using a syringe into the caudal vein. The mice corresponding
to each group were euthanatized at 1 h, 6 h, 24 h, and 72 h post-injection of QDs, and the
organs selected for this study (liver and kidneys) were preserved according to biochem-
istry and histology protocols. No significant differences regarding the weight of liver and
kidneys between the control and the other experimental groups of mice were noticed.

2.3. Histology and Immunohistochemistry

Liver and kidney samples were fixed in a 4% formaldehyde solution in PBS, embedded
in paraffin, and stained using routine hematoxylin and eosin stain (H&E). An Olympus
BX43 microscope with a digital camera (Olympus XC30, Olympus, Hamburg, Germany)
was used for the microscopy analyses of the slides. Prior to immunochemistry, the sections
were deparaffinized and rehydrated. The primary antibody used was TNF-« (1:200 di-
lution), and then specific secondary antibodies were applied. The immunoreaction was
detected using a Novocastra Peroxidase/DAB kit (Leica Biosystems, Nussloch, Germany).
The negative control sections were stained with irrelevant immunoglobulins and analyzed
under a bright-field microscope. After dehydration, tissue sections were mounted with
BioMount mounting medium and analyzed by light microscopy using the Olympus System
Microscope Model BX43 equipped with a digital camera.
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2.4. Obtaining the Tissue Homogenates

The tissue homogenates for each biological sample were obtained by weighing 0.1 mg
of tissue and adding 1 mL of 0.1 M TRIS-HCI-5 mM EDTA buffer (pH = 7.4). The homoge-
nization was performed three times for 2 min using a mixer mill (Retsch MM301, Retsch
GmbH, Haan, Germany) at a frequency of 30 vibrations/s. The tissue suspension was
centrifuged at 10,000 rpm for 10 min at 4 °C, and the supernatant was collected and kept at
—80 °C. The total protein content was measured using the Folin reagent-based method.

2.5. Measurement of Antioxidant Enzyme Activities

Using a method outlined by Aebi [23], the decrease in HyO, concentration recorded at
240 nm was used for the measurement of catalase (CAT) activity. Superoxide dismutase
(SOD) activity was measured based on NADH oxidation, which was demonstrated by
a decrease in the absorbance at 340 nm [24]. Using GSH and tert-butyl hydroperoxide
as substrates, the activity of glutathione peroxidase (GPx) was measured at 340 nm [25].
For the reaction catalyzed by glutathione reductase (Gred), the changes in absorbance
intensity at 340 nm were recorded after the conversion of NADPH to NADP+ as a result of
the reduction of GSSG to GSH [26]. Furthermore, the rate of 1-chloro-2,4-dinitrobenzene
(CDNB) conjugation with GSH was used to measure the activity of glutathione S-transferase
(GST) [27]. The intensity of absorbance was read on a JASCO V-530 spectrophotometer.
The enzyme activities were expressed in terms of units of activity per milligram of protein
(U/mg) and as a percentage from the control.

2.6. Measurement of Malondialdehyde Level (MDA)

The MDA level was determined based on a standard solution of 1,1,3,3-
tetramethoxypropane. A volume of 700 uL of 0.1 M HCL was pipetted over the MDA
calibration curve and the cell lysates. The mixtures were homogenized by vortexing and
left to stand at room temperature for 20 min. After that, a volume of 900 pL of thiobarbituric
acid (0.025 M concentration) was added to all tubes and incubated for 65 min at 37 °C in
order to form the TBA-MDA products. Subsequently, the fluorescence intensity recorded
on a Jasco FP-6300 fluorimeter was converted to nmol MDA using the standard curve.

2.7. Measurement of GSH Level

The GSH level was determined with the Glutathione Assay Kit from Sigma-Aldrich
(Burlington, MA, USA) according to the protocol provided by the manufacturer. The
method involved the reduction of 5,5'-dithiobis-2 nitrobenzoic acid (DTNB) by GSH with
the formation of 5-thio-2 nitrobenzoic acid (TNB). Cell lysates were diluted accordingly and
deproteinized with 5% 5-sulfosalicylic acid. This was followed by centrifugation at 3000x g
for 5 min at 4 °C to remove precipitated proteins. A volume of 10 uL supernatant was
mixed with 150 uL of assay buffer solution with DTNB (1.5 mg/mL). The absorbance of
the yellow product obtained from this reaction was measured at 412 nm on a Tecan Genios
spectrophotometer (Tecan, Mdnnedorf, Switzerland). An extrapolation on a curve with a
GSH standard was performed, and the results were expressed in nmol/mg of protein.

2.8. Western Blot

The protein level of p53, Beclin-1, LC-3, and Nrf-2 was determined in the samples
collected from the control and 100 mg of SiQD/kg of b.w. after 1, 6, 24, and 72 h. Cell lysates
corresponding to 100 ug of protein were separated on a 10% SDS/PAGE under reducing
conditions and transferred to 0.4 um polyvinylidene difluoride (PVDF) membrane in a wet
transfer tank (Bio-Rad, Hercules, CA, USA). Membranes were blocked with the blocking
solution included in the WesternBreeze Chromogenic kit (Invitrogen, Rockford, IL, USA) for
30 min at room temperature. The detection of p53, LC-3, and Nrf-2 proteins was performed
with the rabbit polyclonal anti-p53, anti-LC-3, and anti-Nrf-2 primary antibodies, respec-
tively (1:250 dilution). The highlight of Beclin-1 protein was performed using anti-Beclin-1
mouse polyclonal primary antibody (1:250 dilution, SantaCruz Biotechnology, Dallas, TX,
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USA). After the incubation with primary antibodies, membranes were processed according
to the manufacturer’s instructions, using alkaline phosphatase-conjugated anti-mouse
and anti-rabbit secondary antibodies and 5-bromo-4-chloro-3'-indolephosphate/nitroblue
tetrazolium as the chromogenic substrate. The resulting bands were visualized and pho-
tographed using a transilluminator (ChemiDoc MP Video Documentation System, Bio-Rad,
Hercules, CA, USA) and were analyzed using the GelQuant.NET software version 1.7.8.

2.9. Detection of 8-Hyroxy-2'-deoxyguanosine (8-OHAG)

8-OHdG is the best known and most widely used biomarker to evaluate the damage
produced at the level of nucleic acids following the oxidative stress induced by nanoparti-
cles [28].

DNA extraction was performed with the PureLink® Genomic DNA Kit (Invitrogen,
Waltham, MA, USA). The measurement of the relative level of 8-OHdG was performed
using an ELISA kit (Abcam, Cambridge, UK) in murine liver and kidney tissues collected
after 72 h from the administration of SiQDs (100 mg/kg of b.w.). Murine tissue samples
were pooled for all 5 individuals of the same group. This technique was previously
indicated for molecular biology tests, presenting the advantage of reducing inter-individual
variations and providing an overview of the analyzed group [29,30].

2.10. Quantification of 5-methyl cytosine (5-mC)

DNA methylation plays an essential role in maintaining genome stability, but methy-
lation patterns are susceptible to changes in response to environmental factors. Aberrant
methylation has been detected in several diseases, including cancer [31]. Global DNA
methylation can be assessed by measuring the level of 5-mC using the ELISA technique in
murine liver and kidney tissue samples collected after 72 h of post-administration of SiQDs
(100 mg/b.w.) with the 5-mC DNA ELISA Kit (Enzo Sciences, Farmingdale, NY, USA). This
method was carried out based on the same extracts previously mentioned for the detection
of 8-OHdG, with the mention that the volumes’ standardization was carried out according
to the kit’s instructions.

2.11. Assessment of Histone Methylation

H3 and H4 histones have long tails that protrude from the nucleosome and can be
covalently modified (by methylation, acetylation, phosphorylation, etc.) at multiple sites.
These changes impact gene regulation, DNA repair processes, and chromatin condensation
in mitosis. Firstly, the extraction of total histones was performed using the EpiQuik™ Total
Histone Extraction Kit (Epigentek, Farmingdale, NY, USA), followed by the determination
of protein concentration using the Bradford reagent. Next, the detection of histone H4
modification was performed using the EpiQuik™ Histone H4 Modification Multiplex
Assay Kit (Epigentek, Farmingdale, NY, USA).

2.12. Statistical Analysis

All tests were statistically analyzed using Student’s t-test (Microsoft Excel version 10)
and are expressed as the mean value + standard deviation (SD) (n = 3). A p value of less
than 0.05 was considered statistically significant.

3. Results
3.1. Physicochemical Characteristics of SiQDs

The SEM image (Figure 1a) revealed clusters of nanoparticles, confirming the ag-
gregation tendency of SiQDs, although the average size for each individual particle was
under 10 nm in the TEM image (Figure 1b). The dispersion in saline did not change the
aggregation pattern of SiQDs, which was previously observed in water [32], with the hy-
drodynamic size being around 165 nm and the polydispersity index being higher than 0.72
(Figure 1c). Furthermore, the fluorescence of SiQDs was proven by the emission spectrum,
with a peak at 650 nm after the excitation at 325 nm (Figure 1d).
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Figure 1. Morphological characterization of SiQDs by SEM (a) and TEM (b) investigations, with the
spherical shape of QDs being marked by white dot circles. Hydrodynamic size, polydispersity index,
and zeta potential (c) and absorbance and emission spectra (d) were measured for SiQDs dispersed
in 0.9% NaCl solution.

3.2. Histopathology and Immunohistochemical Analysis of the TNF-a in the Mice Liver and
Kidneys Exposed to SiQDs

The control of liver and kidney tissues exhibited typical histological structures at all
intervals (Figure 2). The hepatocytes formed well-arranged cords, normal hepatic sinusoids,
and parenchyma without inflammatory cell infiltration or necrosis. The glomerular and
renal tubular structures have typical structures without abnormal pathological findings.
After exposure to the SiQDs, the mice of experimental groups exhibited significant changes
in the liver and kidney tissue morphology, and the alterations gradually increased in a
dose-dependent manner, starting at over 6 h after injections, and slightly decreased at
72 h. Significant liver damage was noticed in the mice that received the high dose of
100 mg SiQDs/kg of b.w. This liver pathology was characterized by structural changes that
included hydropic degeneration, swelling of hepatocytes, and the presence of inflammatory
cells, predominantly located around the central veins and portal spaces (Figure 2a). Simi-
larly, the kidney exhibited vascular congestion and glomerular atrophy in a dose-dependent
manner (Figure 2b).

Immunohistochemical analyses showed immunopositivity for TNF-« starting at 6 h
after the SiQDs administration for both organs, mainly for the highest dose of 100 mg/kg
of b.w. (Figure 3).
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Control 1 mg of SiQDs/kg 10 mg

: §

f SiQDs/kg 100 mg of SiQDs/kg

1h

6h

24 h

721

Figure 2. Liver (a) and kidney (b) histopathology at 1 h, 6 h, 24 h, and 72 h after SiQDs administration
(1,10, and 100 mg/kg of b.w.) in mice. Tissue sections (5 um) were stained with hematoxylin and eosin
and examined by light microscopy. Legend of arrows: (a) 1—hepatocyte swelling, 2—inflammatory
infiltrates; (b) 1—vascular congestion; 2—glomerular atrophy. Magnification of 10x for liver images
and 20x for kidney images.
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Control 1 mg of SiQDs/kg 10 mg of SiQDs/kg 100 mg of SiQDs/kg

(@)

1h
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Figure 3. Immunohistochemistry for TNF-o in the liver (a) and kidneys (b) at 1h, 6 h, 24 h,and 72 h
after SiQDs administration (1, 10, and 100 mg/kg of b.w.) in mice. Magnification of 10x for liver
images and 20 x for kidney images.
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3.3. Analysis of Oxidative Stress Induced by SiQDs Administration

The results obtained after measuring the specific activity of SOD in liver samples
(Figure 4a) indicated that no excessive amount of superoxide anion was generated inside
the mouse hepatocytes after SiQDs administration. Although an initial increase with 27%
above the control was noticed in the case of the highest concentration of QDs after 6 h, later,
the SOD activity values returned to levels almost similar to those of the control, indicating
the neutralization of the oxidative effects produced by the SiQDs. In the case of kidney
tissue (Figure 4b), a dose-dependent decrease in this enzyme activity was observed after
the first hour. Further, it was recorded that there was an increase of 31% above the control
in the 6 h group and a decrease by 45% compared with the control in the 72 h group that
received 100 mg of SiQDs/kg of b.w., which indicated a higher sensitivity of the kidney
to SiQDs.

As shown in Figure 4c, the level of CAT activity in the liver of mice that received
SiQDs underwent a significant dose-dependent reduction, with the catalase activity level
reaching about half of the control value after all exposure periods. In the kidney samples
(Figure 4d), a significant dose-dependent decrease in CAT activity was also observed, the
lowest level being recorded in the case of 100 mg of SiQDs/kg of b.w. at 24 h (by 43% lower
compared with the control level).

As shown in Figure 4e, the level of Gred activity recorded a slight decrease, the lowest
value being 13% lower than the control in the 72 h group exposed to 100 mg of SiQDs/kg of
b.w. In the case of kidneys (Figure 4f), a dose-dependent increase in the enzyme activity for
the 6 h group and a decrease after 24 and 72 h was noticed, the lowest value recorded being
32% lower than the control in the 72 h group that received 100 mg of SiQDs/kg of b.w.

In the case of liver tissue (Figure 4g), GPx activity increased depending on concentra-
tion in the 1 h and 6 h groups, with an increase of 133% compared with the control after 6 h.
These data indicated the stimulation of antioxidant activity at the cellular level, demon-
strating that the oxidative stress induced by SiQDs increased the antioxidant capacity of
cells. In the case of the 24 and 72 h groups, a slight decrease in GPx activity compared
with the control was registered for the highest QDs dose. Furthermore, a reduction in a
dose-dependent manner of the GPx activity was observed in the kidney tissue after all time
periods (Figure 4h).

Regarding the GST activity, a dose-dependent decrease was observed in the liver after
1 h (Figure 4i), in agreement with the same pattern of CAT activity reduction. Further, the
dose-dependent increase in GST activity in liver after 6 h correlated very well with the
same trend of GPx activity. For the next time intervals tested, 24 and 72 h, GST activity
did not change too much compared with the control, resembling that of the activities of
SOD, Gred, and GPx, except for the maximal dose at 72 h. In the case of the kidneys, the
dynamics of GST activity over time showed the highest decrease compared with the control
after 72 h for the group of mice that received 100 mg of SiQDs/kg of b.w. (Figure 4;).

Regarding the most important non-enzymatic antioxidant, GSH, a decrease by 25%
compared with the control was initially assessed after 1 h in the liver of mice that received
100 mg of SiQDs/kg of b.w. Further, the level of GSH increased, suggesting the recovery of
this antioxidant at the cellular level (Figure 5a). In contrast, in the kidney tissue, a dose-
and time-dependent decrease in the GSH level was observed (Figure 5b). The minimum
level of GSH was recorded in the case of the 72 h group of 100 mg of SiQDs/kg of b.w. (a
significant decrease of 38% compared with the control).
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Figure 5. Levels of GSH (a,b) and MDA (c,d) in liver (a,c) and kidney (b,d) tissues collected at 1, 6,
24, and 72 h after SiQDs administration. Results are calculated as the mean & SD (n = 5) and are
represented relative to the control. * p < 0.05, ** p < 0.01, and *** p < 0.001 compare with the control.

The effect of SiQDs on lipid peroxidation was evaluated throughout the MDA level.
In the liver (Figure 5c), only an increase in the MDA level of 35% above the control for the
6 h group of 10 mg of SiQDs/kg of b.w. was registered, with the MDA values being close to
those of the control for the other groups. Also, a slight increase in MDA levels was noticed
in the kidney tissue of the 1 h, 24 h, and 72 h groups injected with the highest dose of QDs
and after 6 h in the case of 1 mg/kg of b.w. (Figure 5d).
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3.4. Analysis of Proteins” Expression Involved in the Antioxidant Defense System, Apoptosis,
and Autophagy

The influence of SiQDs on various cell signaling pathways involved in the response
of hepatic and renal cells to oxidative stress was assessed throughout the measurement
of Nrf-2, p53, Beclin-2, and LC-3 proteins’ expression (Figure 6a). The Nrf-2 signaling
pathway controls the expression of genes that encode proteins involved in detoxification,
and it also controls the elimination of reactive species through conjugation reactions [33].
The Nrf-2 protein level increased by 70% above the control in the liver samples of the 1 h
group (Figure 6b). Although the expression of Nrf-2 was upregulated up to 72 h in hepatic
cells, there were no changes compared with the control in the kidneys (Figure 6c).
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Figure 6. Changes in the expression of proteins involved in the antioxidative defense response,
apoptosis, and autophagy after SiQDs administration (100 mg/kg of b.w.) in mice. The analysis
of Nrf-2, p53, Beclin-1, and LC-3 protein expression by Western blotting (a) was quantified in the
liver (b,d,f,g) and kidney (c,e,g,i) tissues collected at 1, 6, 24, and 72 h after SiQDs administration.
Results are calculated as the mean + SD (1 = 5) and are represented relative to the control. * p < 0.05
compares with the control.

The p53 protein is the most well-known factor relevant to the prevention of malignancy,
having as its main functions the induction of apoptosis and arrest of the cell cycle. Also,
p53 is involved in DNA repair, the control of metabolic pathways, and driving cells into
senescence [34]. After one hour of exposure to 100 mg of SiQDs/kg of b.w., the expression
of p53 in liver and kidneys of mice was unchanged compared with the control. A decrease
of 28% in its relative expression compared with the control was noted in liver, and an
increase by 33% compared with the control was measured in kidney tissues at the first 6 h
after administration. However, p53 expression returned to values close to the control after
24 and 72 h (Figure 6d,e).

The SiQDs’ ability to induce autophagy in mouse liver and kidney tissues after ex-
posure to 100 mg of SiQDs/kg of b.w. was evaluated by quantifying the Beclin-1 and
LC-3 proteins’ expression (Figure 6e-h). Beclin-1 is a component of the nuclear complex
called the phagophore that is involved in the early stages of autophagosome synthesis.
No important changes in comparison with the control all over the 72 h experiment were
noticed, regardless of the tissue tested. LC-3 is conjugated with phosphatidyl amine follow-
ing the induction of autophagy and is involved in the formation of the autophagosomes’
membrane. Regarding the dynamics of LC-3 protein expression over time, an increase
by 48% above the control was noticed after 1 h in liver, but after 6, 24, and 72 h, its level
remained at the control level. Also, in kidneys, the exposure to 100 mg of SiQDs/kg of
b.w. did not change the LC-3 protein expression after 1, 6, and 24 h compared with the
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control, but a decrease of 29% from the control in the case of kidney samples after 72 h
was registered.

3.5. Genotoxicity Evaluation
3.5.1. Analysis of the 8-OHdG Level

The level of 8-OHdAG is of high biological importance because this compound can
induce guanine to thymine transversions, representing the most frequent somatic mutations
discovered in human cancer [35]. Increases in the level of 8-OHdG have been reported after
exposure to nanoparticles, which can cause DNA damage and cell death [36]. According to
our data, the percentage of 8-OHdG in the mice liver exposed to 100 mg of SiQDs/kg of
b.w. remained at the same level as in the control group, but in the case of the kidneys, a
slight increase (110% of control) was recorded (p < 0.05), which indicated that the kidney is
more sensitive to the toxic effects of SiQDs compared with the liver (Figure 7a).
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14
[ < 12 I
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(a) (b)

Figure 7. The levels of 8-OHdG (a) and global DNA methylation (b) as determined by the ELISA
technique in the murine liver and kidney samples collected at 72 h after the administration of SiQDs
(100 mg of QDs/kg of b.w.). Results are expressed as the mean + SD (n = 5).

The most frequent site where the covalent binding of the methyl group takes place
in the DNA of mammals is represented by the carbon 5 atom of cytosine. This chemical
reaction can be triggered by exposure to heavy metals such as cadmium, nanoparticles, or
radiation [37]. Global DNA methylation can be estimated throughout the level of 5-mC [38].
Our results showed no significant changes compared with the control for both types of
tissues (Figure 7b). Moreover, the percentage of global DNA methylation was below 1.2%
in all groups of mice.

3.5.2. Analysis of Histone H4 Modification

Histones are the main protein components of chromatin, playing an important role
in gene regulation. H2A, H2B, H3, and H4 represent the major histones, and their post-
translational modifications include acetylation of specific lysine residues by acetyl trans-
ferases, deacetylation by deacetylases, methylation of arginine and lysine residues by
methyl transferases, and demethylation of lysine residues by demethylases [39]. The
analysis of histone H4 changes at the liver indicated a global percentage of histone H4
methylation of below 50% for all variants tested (Figure 8a), while at the kidney level,
an increase in the degree of methylation is noted only in the case of H4k16ac, H4k20m1,
and H4k20m3, with increases of 28%, 15%, and 16%, respectively, above the control level
(Figure 8b).
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Figure 8. Changes in histone H4 in liver (a) and kidney (b) samples collected at 72 h after SiQDs
administration (100 mg of QDs/kg of b.w.).

4. Discussion

The present study examined the toxicity mechanisms triggered by doses of up to
100 mg of SiQDs/kg of b.w. of SiQDs in mouse livers and kidneys. For this purpose, the
assessment of oxidative stress, expression of cell death proteins, genotoxicity, and tissue
morphology were carried out at different time points after QDs administration.

Exposure to QDs may induce oxidative stress through various mechanism that es-
pecially involve free radicals. Considering that the superoxide anion is generated in the
reaction catalyzed by the membrane NADPH oxidase (NOX) and that the SiQDs are inter-
nalized by macropinocytosis [12], it can be assumed that the nanoparticle interaction with
the membranes will increase NOX activity. Also, the reaction between water molecules
and the SiO, layer of QDs could result in hydrogen peroxide accumulation, leading to
CAT depletion or its functional inhibition, with changes in cell function [40]. Exposure to
SiQDs can also stimulate the redox signaling pathways in the cell, which amplify the cells’
response to oxidative stress [41].

Our results showed that high doses of SiQDs were able to induce oxidative stress in
liver. Although the significant decrease in CAT activity could indicate a high amount of
hydrogen peroxide, we should take into consideration that the increase in GPx activity
after the first 6 h of exposure could actually suggest that the hydrogen peroxide was
maintained at a low level based on the difference in Ky, for this substrate between these
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two enzymes. Similar results regarding the hepatic CAT activity after QDs administration
have also been reported by Das et al. [42]. The transient increase in SOD activity at
6 h after administration might be due to either indirect activation by SiQDs, stimulating
the production of superoxide anion in the cells and activating the antioxidant defense
mechanisms in order to counteract the radicals; or due to the alteration of gene expression
involved in SOD synthesis. The probable low amount of superoxide anion in liver samples
could be correlated with previous data [17,20], indicating the ability of this organ to
neutralize the toxic effects produced by SiQDs.

The hepatic GST activity after the first hour indicated a dose-dependent decrease,
pointing out the sensitivity of GST to the effects of oxidative stress produced by the presence
of SiQDs. The analysis of GPx activity in the liver indicated a time- and concentration-
dependent increase up to the first 6 h, suggesting a stimulation of cell antioxidant capacity
following the SiQDs administration. Furthermore, the slight increased values of GPx activ-
ity at 6 h correlated with GST activity from this time interval, indicating the activation of
the liver’s ability to neutralize the toxic effects of SiQDs. At 24 and 72 h post-administration
of a high dose of QDs, only a slight decrease in GPx activity was registered, which is in
accordance with other safe QDs such as Mn-doped ZnS QDs-PEG [18] but is in contrast
with CdSe QDs’ effect induced in rats (halving of activity) [42] and in mice (three-fold
increase) [43].

Taking into account that hepatic Gred activity did not show major decreases compared
with the control between the 6 and 72 h after QDs administration, it can be explained why
the GSH concentration was almost at the same level as control in all exposed mice (Figure 5).
Possibly, the significant decrease in hepatic GPx and GST activities after exposure to 100 mg
of SiQDs/kg of b.w. could occur in spite of the normal level of GSH, due to the fact that, in
mice organism and cells, these QDs could be surrounded by protein corona [44] and as a
result could interact with the 3D fold of GPx and GST proteins [45], modifying their activity.

A transient increase in the MDA level observed at 6 h indicated a slight susceptibility to
lipid peroxidation in liver, which is in accordance with the CAT activity decrease. However,
the liver successfully neutralized the toxicity after 24 h, and the MDA level returned to the
control values. No changes in MDA levels were also measured in the liver of mice that were
injected with non-toxic near infrared QD800 linked to peptides containing arginine—glycine—
aspartic acid [17] and Mn-doped ZnS QDs and QDs-PEG [18]; however, significant higher
lipid peroxidation in hepatic cells was previously obtained for the toxic CdTe QDs [19,20]
and CdSe QDs [42,43].

Furthermore, the results on kidney tissue showed that exposure to SiQDs in high
doses generated toxic effects that were much more pronounced than in liver. The decrease
in CAT activity in a dose-dependent manner could indicate a reduction in its function due
to hydrogen peroxide generation and accumulation. In contrast, more toxic QDs, such as
CdTe and CdSe QDs, induced higher CAT activities in mice [19] and rats [42], respectively,
compared with the control. After a dose-dependent decrease in SOD activity after the first
hour, an increase in this enzyme’s activity compared with the control was measured after
6 h, suggesting that SOD was vulnerable at the beginning of exposure due to superoxide
anion generation; however, antioxidant defense mechanisms were further activated to
neutralize the free radicals. Nevertheless, this mechanism was not enough to counteract
the oxidative stress as we could observe a decrease in SOD activity after 24 and 72 h. A
previous report of Das et al. [42] showed the same reduction in renal SOD activity after
CdSe QD administration at a high dose to rats. This pattern of activity dynamics was also
evidenced in the case of Gred and GPx, showing that the balance between GSH utilization
and regeneration was perturbed, as it was confirmed by the dose- and time-dependent
decrease in GSH levels. These results highlighted the kidney’s attempts to counteract the
toxic effects of SiQDs, but the neutralization potential decreased after 24 h. However, Wang
et al. [19] showed a higher depletion in the renal GSH level after CdTe QD administration
to mice, confirming that SiQDs are a safer choice. Also, the same aspect as in our study
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regarding the low GSH levels in kidney compared with liver concentrations was noticed by
Wang et al. [19].

The renal toxicity of 100 mg of QDs/kg of b.w. is evidenced by the changes in the
activity of GST, which showed an increase after 24 h followed by a decrease at 72 h, most
probably being activated in response to the exogenous electrophilic compound, and it was
followed by a decline as a consequence of GSH diminution. However, the lipid peroxidation
at renal level did not exceed more than 117% of control after 72 h and confirmed that these
SiQDs did not induce a high toxicity as was described for CdSe QDs, which doubled the
MDA level after the administration of 40 mg of QDs/kg to Wistar rats [42]. Most probably,
the higher toxicity in the kidney compared with the liver for the highest dose of QDs tested
is driven by the process of urine concentration within this organ and, therefore, of toxicant
accumulation. The most important consequence induced by free radicals formed after
SiQDs administration in high concentrations is the oxidative damage to cell membranes,
ultimately causing the dysfunction of the affected organ.

Previously, it was reported that there was a rapid clearance (1 h) of dextran-coated
5iQDs from the mouse bloodstream, the QDs being excreted by renal filtration and urinary
bladder, and some of them accumulated in the liver after 48 h [46]. Also, PEGylated Ag,Se
QDs especially accumulated in the spleen and liver and were cleared within 1 day [47].
Furthermore, a blood circulation half-life of about 7 h was obtained for PEG-CSQDs [48]. As
a general trend, nanoparticles with a size smaller than 7 nm should be fast and efficiently
eliminated via renal filtration with excretion into the urine, while this renal clearance
will decrease for the bigger particles, which will be transported to the liver, spleen, and
lymphatic system and further excreted into the biliary system and intestine [46].

The histopathological analysis indicated the most significant morphology changes in
the kidney and liver tissues and immunopositivity for TNF-« 6 h after SiQDs administration,
the degree of modification being dependent on the dose tested. Regarding the extent of
inflammation over time, Gerasimovich et al. [49] showed that the serum level of the majority
of pro-inflammatory cytokines, including TNF, was similar to that of control 7 days after
injection with CdSe/ZnS QDs, suggesting that the immune reaction to QDs is reversible.
Hepatic impairments, such as disordered hepatic cords and enlarged central veins, were
also detected after CdSe QDs administration [43], and apoptotic and necrotic cells with an
increased level of TNF-oc were previously shown after only 6 mg/kg of b.w. CdTe QDs
injection in mice [50]. In addition, significant kidney injury, represented by hemocytes and
necrosis, was reported in CdTe/CdS QDs 655-treated mice [51]. In contrast, Liu et al. [52]
showed no toxicity in the body weight or blood chemistry at doses of up to 200 mg
of 5iQDs/kg of b.w., and Zhang et al. [53] did not evidence toxicity after intravenous
administration of 75 mg graphene QDs/kg of b.w. to mice. Therefore, it was expected that
SiQDs would have a lower toxicity grace to their physicochemical properties, such as no
heavy metals in the structure.

Moreover, SiQDs could have a potential impact on lung tissue given its critical role
as a primary target for thrombosis and vasculitis following intravenous administration.
Although it was previously reported that CdSe/ZnS QDs caused marked vascular throm-
bosis in the pulmonary circulation [54], it was also shown that non-cadmium QDs, such
as InP/ZnS QDs, induced histopathological abnormalities in mice lungs [55]. Therefore,
future complex work is needed to explore the pathological features, mechanisms of action,
and potential clinical significance of SiQDs-induced changes in the lungs.

The increase in Nrf-2 protein expression after the administration of 100 mg of SiQDs /kg
of b.w. in mice correlated with the activity of hepatic GPx and SOD; most probably, the
upregulation of Nrf-2 expression activated the antioxidant defense system as a reaction
to the presence of SiQDs. The lack of change in the relative expression of Beclin-1 protein
indicated that autophagic processes were not activated. The increase in LC-3 levels after the
first hour of exposure could be explained by the fact that this protein can be overexpressed
when intracellular protein aggregates are formed or when QD aggregates are sequestered
in vacuoles, with similar results being reported previously [32]. Also, the increase in the
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level of LC-3 can suggest the reduction of autophagic processes [56]. The analysis of p53
protein expression indicated an interesting contrast after 6 h between the liver and kidney
tissues. The decrease in p53 in hepatic cells suggested the cellular potential of regeneration,
and the upregulation of p53 in renal cells confirmed the apoptosis, as was also confirmed
by morphology changes revealed in histopathology images.

Generally, the genotoxicity induced by QDs is influenced by the particle dose, ex-
posure time, and their physicochemical properties, which regulate the interaction with
biomolecules [57]. Direct genotoxicity involves the interaction of particles or ions released
from them with the genetic material or damage to the genetic material by ROS produced
by intracellular QDs. On the other hand, when the QDs are not internalized, the indirectly
induced genotoxicity occurs, especially during the inflammatory response induced by QDs
when ROS produced by activated neutrophils or macrophages carry out oxidative attacks
on DNA molecules [58,59]. Our analysis regarding the genotoxicity of SiQDs (100 mg/kg of
b.w.) after exposure for 72 h indicated no significant genotoxicity in both types of analyzed
tissues. Considering that only few studies have investigated the effect of nanoparticles
on DNA methylation, it is difficult to compare the findings with the available literature.
There are previous reports on DNA hypomethylation in human keratinocytes HaCaT after
incubation with SiO; nanoparticles [60] in the lungs and blood of mice exposed by airways
to multiwall carbon nanotubes [61], suggesting an association with oxidative stress and
activation of epigenetic mechanisms of cell repair [62]. On the other hand, global DNA
methylation increased in the lungs of mice instilled with copper oxide nanoparticles [63]
and in the livers of zebrafish after exposure to aminated graphene QDs [64]. A similar
decrease in global H4K5ac in the liver of mice that received SiQDs (Figure 8a) was observed
after treatment of human keratinocytes with ZnO nanoparticles, suggesting that the nucleus
was stressed, and the histone lysine residue modifications gave signals for the recruitment
of DNA repair proteins and chromatin structure remodeling [65].

5. Conclusions

This study provided a full evaluation of the in vivo impact of SiQDs synthesized by
laser ablation on oxidative stress, cell death, and epigenetic changes. We found out that
the main effect of SiQDs in liver and kidneys was the generation of oxidative stress, which
occurred when doses were higher than 10 mg of QD/kg of b.w. Also, the administration of
a high dose of SiQDs induced necrosis and apoptosis at the tissue level, with significant
changes in tissue morphology and immunopositivity for TNF-o, which was particularly
more intense for kidneys. However, there was no significant genotoxicity evidenced in the
analyzed tissues. In conclusion, our data provide useful information for further clinical
studies as we showed that doses lower than 10 mg of SiQDs/kg of b.w. did not induce
hepatic and renal toxicity; however, further work is needed to evaluate the SiQDs effects
on other organs, such as lungs.

Author Contributions: Conceptualization, M.S.S. and A.D.; Data curation, A.H. and M.S.S.; Formal
analysis, R.-E.C.; Investigation, R.-E.C., C.B.,, HH., B.T. and B.G.S.; Methodology, R.-E.C., C.B.,
H.H. and B.G.S.; Project administration, A.D.; Resources, A.-H. and A.D.; Supervision, A.H., M.S.S.
and A.D.; Visualization, H.H., B.T., B.G.S. and A.H.; Writing—original draft, R.-E.C. and A.H.;
Writing—review and editing, M.S.S. and A.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by UEFISCDI through project no. FDI-2024-F-484
(INOVEX—Supporting the Development of New Competencies and Innovative Tools for Excel-
lence in Interdisciplinary Research at the University of Bucharest), and by “The core program within
the National Research Development and Innovation Plan, 2022-2027" carried out with the support
of the Ministry of Research, Innovation and Digitalization (MCID) through project no. 23020101,
contract no. 7N from 3 January 2023. The TEM analysis was carried out through the PN 23.06
Core Program—ChemNewDeal within the National Plan for Research, Development and Innovation
2022-2027 and was developed with the support of the Ministry of Research, Innovation, and Digitiza-
tion, project no. PN 23.06.02—InteGral”.



Nanomaterials 2024, 14, 457 19 of 21

Data Availability Statement: Data are available upon request from the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

Montalti, M.; Cantelli, A.; Battistelli, G. Nanodiamonds and silicon quantum dots: Ultrastable and biocompatible luminescent
nanoprobes for long-term bioimaging. Chem. Soc. Rev. 2015, 44, 4853—-4921. [CrossRef]

Stan, M.S.; Sima, C.; Dinischiotu, A. Silicon Quantum Dots: From synthesis to bioapplications. In Bioactivity of Engineered
Nanoparticles; Yan, B., Zhou, H., Gardea-Torresdey, J., Eds.; Springer: Singapore, 2017; pp. 339-359.

Soldado, A.; Barrio, L.C.; Diaz-Gonzalez, M.; de la Escosura-Muniz, A.; Costa-Fernandez, ]. M. Advances in quantum dots as
diagnostic tools. Adv. Clin. Chem. 2022, 107, 1-40. [CrossRef] [PubMed]

Cheng, X.; Lowe, S.B.; Reece, PJ.; Gooding, J.J. Colloidal silicon quantum dots: From preparation to the modification of
self-assembled monolayers (SAMs) for bio-applications. Chem. Soc. Rev. 2014, 43, 2680-2700. [CrossRef] [PubMed]

Peng, F; Su, Y.; Zhong, Y.; Fan, C.; Lee, S.-T.; He, Y. Silicon nanomaterials platform for bioimaging, biosensing, and cancer therapy.
Acc. Chem. Res. 2014, 47, 612-623. [CrossRef] [PubMed]

Zhang, L.; Tang, Z.; Dong, Y. Silicon quantum dot involved luminol chemiluminescence and its sensitive detection of dopamine.
Anal. Methods 2018, 10, 4129-4135. [CrossRef]

Sivasankarapillai, V.S.; Jose, J.; Shanavas, M.S.; Marathakam, A.; Uddin, M.S.; Mathew, B. Silicon Quantum dots: Promising
theranostic probes for the future. Curr. Drug Targets 2019, 20, 1255-1263. [CrossRef] [PubMed]

Tang, N.; Ding, Z.; Zhang, ].; Cai, Y.; Bao, X. Recent advances of antioxidant low-dimensional carbon materials for biomedical
applications. Front. Bioeng. Biotechnol. 2023, 11, 1121477. [CrossRef] [PubMed]

Ji, X;; Wang, W.; Mattoussi, H. Controlling the spectroscopic properties of quantum dots interactions: Concepts and applications.
Nano Today 2016, 11, 98-121. [CrossRef]

Volkov, Y. Quantum dots in nanomedicine: Recent trends, advances and unresolved issues. Biochem. Biophys. Res. Commun. 2015,
468, 419-427. [CrossRef]

Gonzalez De la Cruz, G.; Rodriguez-Fragoso, L.; Rodriguez-Fragoso, P.; Rodriguez-Lépez, A. Toxicity of Quantum Dots. In
Toxicity of Nanoparticles—Recent Advances and New Perspectives; Muzibur Rahman, M., Uddin, J., Mohamed Asiri, A., Rezaur
Rahman, M., Eds.; IntechOpen: London, UK, 2024. [CrossRef]

Stan, M.S.; Sima, C.; Cinteza, L.O.; Dinischiotu, A. Silicon-based quantum dots induce inflammation in human lung cells and
disrupt extracellular matrix homeostasis. FEBS ]. 2015, 282, 2914-2929. [CrossRef]

Stan, M.S.; Memet, I.; Sima, C.; Popescu, T.; Teodorescu, V.S.; Hermenean, A.; Dinischiotu, A. Si/SiO, quantum dots cause
cytotoxicity in lung cells through redox homeostasis imbalance. Chem. Biol. Interact. 2014, 220, 102-115. [CrossRef]

Stanca, L.; Geicu, O.1; Serban, A L; Dinischiotu, A. Interplay of oxidative stress, inflammation, and autophagy in RAW 264.7
murine macrophage cell line challenged with Si/SiO, quantum dots. Materials 2023, 16, 5083. [CrossRef]

Serban, A.L; Stanca, L.; Sima, C.; Staicu, A.C.; Zarnescu, O.; Dinischiotu, A. Complex responses to Si quantum dots accumulation
in carp liver tissue: Beyond oxidative stress. Chem. Biol. Interact. 2015, 239, 56—66. [CrossRef]

Fan, J.-W.; Vankayala, R.; Chang, C.-L.; Chang, C.-H.; Chiang, C.-S.; Hwang, K.C. Preparation, cytotoxicity and in vivo bioimaging
of highly luminescent water-soluble silicon quantum dots. Nanotechnology 2015, 26, 215703. [CrossRef]

Wang, Y.W.; Yang, K.; Tang, H.; Chen, D.; Bai, Y.L. Toxicity assessment of repeated intravenous injections of arginine-glycine-
aspartic acid peptide conjugated CdSeTe/ZnS quantum dots in mice. Int. ]. Nanomed. 2014, 17, 4809-4817. [CrossRef]

Yang, Y.; Lv, S.Y,; Yu, B.; Xu, S; Shen, J.; Zhao, T.; Zhang, H. Hepatotoxicity assessment of Mn-doped ZnS quantum dots after
repeated administration in mice. Int. J. Nanomed. 2015, 15, 5787-5796. [CrossRef]

Wang, J.; Sun, H.; Meng, P.; Wang, M.; Tian, M,; Xiong, Y.; Zhang, X.; Huang, P. Dose and time effect of CdTe quantum dots on
antioxidant capacities of the liver and kidneys in mice. Int. |. Nanomed. 2017, 1, 6425-6435. [CrossRef]

Zhang, T.; Hu, Y,; Tang, M.; Kong, L.; Ying, J.; Wu, T,; Xue, Y.; Pu, Y. Liver toxicity of cadmium telluride quantum dots (CdTe QDs)
due to oxidative stress in vitro and in vivo. Int. J. Mol. Sci. 2015, 16, 23279-23299. [CrossRef] [PubMed]

Faria, M.; Bjornmalm, M.; Thurecht, K.J.; Kent, S.J.; Parton, R.G.; Kavallaris, M.; Jahnstin, A.P.R.; Gooding, J.J.; Corrie, S.R.; Boyd,
B.J.; et al. Minimum information reporting in bio—nano experimental literature. Nat. Nanotechnol. 2018, 13, 777-785. [CrossRef]
[PubMed]

Grigoriu, C.; Kuroki, Y.; Nicolae, I.; Zhu, X.; Hirai, M.; Suematsu, H.; Takata, M.; Yatsui, K. Photo and cathodoluminescence of
Si/Si0, nanoparticles produced by laser ablation. J. Optoelectron. Adv. Mater. 2005, 7, 2979-2984.

Aebi, H. Catalase in vitro. Methods Enzymol. 1974, 105, 121-126. [CrossRef]

Paoletti, F.; Aldinucci, D.; Mocali, A.; Caparrini, A. A sensitive spectrophotometric method for the determination of superoxide
dismutase activity in tissue extracts. Anal. Biochem. 1986, 154, 536-541. [CrossRef]

Beutler, E. Glutathione peroxidase. In Red Cell Metabolism; A Manual of Biochemical Methods; Beutler, E., Ed.; Grune and Stratton:
Orlando, FL, USA, 1984; pp. 74-76.


https://doi.org/10.1039/C4CS00486H
https://doi.org/10.1016/bs.acc.2021.07.001
https://www.ncbi.nlm.nih.gov/pubmed/35337601
https://doi.org/10.1039/C3CS60353A
https://www.ncbi.nlm.nih.gov/pubmed/24395024
https://doi.org/10.1021/ar400221g
https://www.ncbi.nlm.nih.gov/pubmed/24397270
https://doi.org/10.1039/C8AY01211C
https://doi.org/10.2174/1389450120666190405152315
https://www.ncbi.nlm.nih.gov/pubmed/30961492
https://doi.org/10.3389/fbioe.2023.1121477
https://www.ncbi.nlm.nih.gov/pubmed/36741744
https://doi.org/10.1016/j.nantod.2015.09.004
https://doi.org/10.1016/j.bbrc.2015.07.039
https://doi.org/10.5772/intechopen.112073
https://doi.org/10.1111/febs.13330
https://doi.org/10.1016/j.cbi.2014.06.020
https://doi.org/10.3390/ma16145083
https://doi.org/10.1016/j.cbi.2015.06.015
https://doi.org/10.1088/0957-4484/26/21/215703
https://doi.org/10.2147/IJN.S70092
https://doi.org/10.2147/IJN.S88789
https://doi.org/10.2147/IJN.S142008
https://doi.org/10.3390/ijms161023279
https://www.ncbi.nlm.nih.gov/pubmed/26404244
https://doi.org/10.1038/s41565-018-0246-4
https://www.ncbi.nlm.nih.gov/pubmed/30190620
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1016/0003-2697(86)90026-6

Nanomaterials 2024, 14, 457 20 of 21

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Goldberg, D.M.; Spooner, R.J. Assay of Glutathione Reductase. In Methods of Enzymatic Analysis, 3rd ed.; Bergmeyen, H.V., Ed;
Verlog Chemie: Deerfiled Beach, FL, USA, 1983; Volume 3, pp. 258-265.

Habig, W.H.; Pabst, M.].; Jakoby, W.B. Glutathione S-transferases. The first enzymatic step in mercapturic acid formation. J. Biol.
Chem. 1974, 249, 7130-7139. [CrossRef]

Omari, S.S.; Nasirzadeh, N. 8-Hydroxy-2'-deoxyguanosine (8-OHdG) as a biomarker of oxidative DNA damage induced by
occupational exposure to nanomaterials: A systematic review. Nanotoxicology 2021, 15, 850-864. [CrossRef]

Diz, A.P,; Truebano, M.; Skibinski, D.O.F. The consequences of sample pooling in proteomics: An empirical study. Electrophoresis
2009, 30, 2967-2975. [CrossRef] [PubMed]

Laurin, E.; Thakur, K.; Mohr, P.G.; Hick, P.; Crane, M.S.J.; Gardner, I.A.; Moody, N.J.G.; Colling, A.; Ernst, I. To pool or not to
pool? Guidelines for pooling samples for use in surveillance testing of infectious diseases in aquatic animals. J. Fish. Dis. 2019, 42,
1471-1491. [CrossRef]

Tost, J. DNA Methylation: An Introduction to the Biology and the Disease-Associated Changes of a Promising Biomarker. Mol.
Biotechnol. 2009, 44, 71-81. [CrossRef] [PubMed]

Stan, ML.S.; Badea, S.; Hermenean, A.; Herman, H.; Trica, B.; Sbarcea, B.G.; Dinischiotu, A. New insights into the cell death
signaling pathways triggered by long-Term exposure to silicon-based quantum dots in human lung fibroblasts. Nanomaterials
2021, 11, 323. [CrossRef]

Nguyen, T.; Nioi, P; Pickett, C.B. The Nrf2-antioxidant response element signaling pathway and its activation by oxidative stress.
J. Biol. Chem. 2009, 284, 13291-13295. [CrossRef]

Engeland, K. Cell cycle regulation: p53-p21-RB signaling. Cell Death Differ. 2022, 29, 946-960. [CrossRef]

Pilger, A.; Rudiger, H.W. 8-Hydroxy-2'-deoxyguanosine as a marker of oxidative DNA damage related to occupational and
environmental exposures. Int. Arch. Occup. Environ. Health 2006, 80, 1-15. [CrossRef]

Rim, K.T.; Song, S.W.; Kim, H.Y. Oxidative DNA damage from nanoparticle exposure and its application to workers’ health: A
literature review. Saf. Health Work 2013, 4, 177-186. [CrossRef]

Bouwmeester, M.C.; Ruiter, S.; Lommelaars, T.; Sippel, ].; Hodemaekers, H.M.; van den Brandhof, E.J.; Pennings, J.L.; Kamstra,
J.H.; Jelinek, J.; Issa, ].P.; et al. Zebrafish embryos as a screen for DNA methylation modifications after compound exposure.
Toxicol. Appl. Pharmacol. 2016, 291, 84-96. [CrossRef]

Jiang, S.; Guo, Y. Epigenetic clock: DNA methylation in aging. Stem Cells Int. 2020, 8, 1047896. [CrossRef]

Zhang, Y,; Sun, Z,; Jia, J.; Du, T.; Zhang, N.; Tang, Y.; Fang, Y.; Fang, D. Overview of histone modification. Adv. Exp. Med. Biol.
2021, 1283, 1-16. [CrossRef] [PubMed]

Andres, CM.C.; Pérez de la Lastra, ].M.; Juan, C.A.; Plou, EJ.; Pérez-Lebefia, E. Chemistry of hydrogen peroxide formation and
elimination in mammalian cells, and its role in various pathologies. Stresses 2022, 2, 256-274. [CrossRef]

Hsu, S.Y; Morris, R.; Cheng, F. Signaling pathway regulated by silica nanoparticles. Molecules 2021, 26, 1398. [CrossRef] [PubMed]
Das, K.; Meena, R.; Gaharwar, U.S.; Priyadarshini, E.; Rawat, K.; Paulraj, R.; Mohanta, Y.K.; Saravanan, M.; Bohidar, H.B.
Bioaccumulation of CdSe quantum dots show biochemical and oxidative damage in wistar rats. Oxidative Med. Cell. Longev. 2023,
6,7707452. [CrossRef]

Liu, W,; Zhang, S.; Wang, L.; Qu, C.; Zhang, C.; Hong, L.; Jiang, G. CdSe Quantum Dot (QDS)-Induced Morphological and
Functional Impairments to Liver in Mice. PLoS ONE 2011, 6, €24406. [CrossRef] [PubMed]

Stan, M.S,; Cinteza, L.O.; Petrescu, L.; Mernea, M.A.; Calborean, O.; Mihailescu, D.E; Sima, C.; Dinischiotu, A. Dynamic analysis
of the interactions between Si/SiO, quantum dots and biomolecules for improving applications based on nano-bio interfaces. Sci.
Rep. 2018, 8, 5289. [CrossRef] [PubMed]

Mills-Goodlet, R.; Johnson, L.; Hoppe, 1.].; Regl, C.; Geppert, M.; Schenck, M.; Huber, S.; Hauser, M.; Ferreira, F; Htising, N.; et al.
The nanotopography of SiO, particles impacts the selectivity and 3D fold of bound allergens. Nanoscale 2021, 13, 20508-20520.
[CrossRef]

Tu, C.; Ma, X.; House, A.; Kauzlarich, S.M.; Louie, A.Y. PET imaging and biodistribution of silicon quantum dots in mice. ACS
Med. Chem. Lett. 2011, 2, 285-288. [CrossRef] [PubMed]

Tang, H.; Yang, S.T.; Yang, Y.F,; Ke, D.M.; Liu, ].H.; Chen, X.; Wang, H.; Liu, Y. Blood clearance, distribution, transformation,
excretion, and toxicity of near-infrared quantum dots Ag,Se in mice. ACS Appl. Mater. Interfaces 2016, 8, 17859-17869. [CrossRef]
Zhang, M; Yue, J.; Cui, R.; Ma, Z.; Wan, H.; Wang, E; Zhu, S.; Zhou, Y.; Kuang, Y.; Zhong, Y.; et al. Bright quantum dots emitting
at ~1600 nm in the NIR-IIb window for deep tissue fluorescence imaging. Proc. Natl. Acad. Sci. USA 2018, 115, 6590-6595.
[CrossRef] [PubMed]

Gerasimovich, E.; Bozrova, S.; Baryshnikova, M.; Sokolova, Z.; Samokhvalov, P.; Karaulov, A.; Nabiev, I.; Sukhanova, A. In vivo
assessment of acute toxicity and immunotoxicity of quantum dots with different physicochemical properties. Preprints 2023,
2023080032. [CrossRef]

Nguyen, K.C.; Zhang, Y.; Todd, J.; Kittle, K.; Patry, D.; Caldwell, D.; Lalande, M.; Smith, S.; Parks, D.; Navarro, M.; et al. Biodistri-
bution and systemic effects in mice following intravenous administration of cadmium telluride quantum dot nanoparticles. Chem.
Res. Toxicol. 2019, 32, 1491-1503. [CrossRef] [PubMed]

Fan, J.; Sun, Y.; Wang, S.; Li, Y.; Zeng, X; Cao, Z.; Yang, P.; Song, P.; Wang, Z.; Xian, Z.; et al. Inhibition of autophagy overcomes
the nanotoxicity elicited by cadmium-based quantum dots. Biomaterials 2016, 78, 102-114. [CrossRef]


https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1080/17435390.2021.1936254
https://doi.org/10.1002/elps.200900210
https://www.ncbi.nlm.nih.gov/pubmed/19676090
https://doi.org/10.1111/jfd.13083
https://doi.org/10.1007/s12033-009-9216-2
https://www.ncbi.nlm.nih.gov/pubmed/19842073
https://doi.org/10.3390/nano11020323
https://doi.org/10.1074/jbc.R900010200
https://doi.org/10.1038/s41418-022-00988-z
https://doi.org/10.1007/s00420-006-0106-7
https://doi.org/10.1016/j.shaw.2013.07.006
https://doi.org/10.1016/j.taap.2015.12.012
https://doi.org/10.1155/2020/1047896
https://doi.org/10.1007/978-981-15-8104-5_1
https://www.ncbi.nlm.nih.gov/pubmed/33155134
https://doi.org/10.3390/stresses2030019
https://doi.org/10.3390/molecules26051398
https://www.ncbi.nlm.nih.gov/pubmed/33807638
https://doi.org/10.1155/2023/7707452
https://doi.org/10.1371/journal.pone.0024406
https://www.ncbi.nlm.nih.gov/pubmed/21980346
https://doi.org/10.1038/s41598-018-23621-x
https://www.ncbi.nlm.nih.gov/pubmed/29588488
https://doi.org/10.1039/D1NR05958K
https://doi.org/10.1021/ml1002844
https://www.ncbi.nlm.nih.gov/pubmed/21546997
https://doi.org/10.1021/acsami.6b05057
https://doi.org/10.1073/pnas.1806153115
https://www.ncbi.nlm.nih.gov/pubmed/29891702
https://doi.org/10.20944/preprints202308.0032.v1
https://doi.org/10.1021/acs.chemrestox.8b00397
https://www.ncbi.nlm.nih.gov/pubmed/31251591
https://doi.org/10.1016/j.biomaterials.2015.11.029

Nanomaterials 2024, 14, 457 21 of 21

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Liu, J.; Erogbogbo, F; Yong, K.T.; Ye, L,; Liu, J.; Hu, R.; Chen, H.; Hu, Y,; Yang, Y.; Yang, J.; et al. Assessing clinical prospects of
silicon quantum dots: Studies in mice and monkeys. ACS Nano 2013, 7, 7303-7310. [CrossRef]

Zhang, D.; Zhang, Z.; Wu, Y.; Fu, K.; Chen, Y.; Li, W.; Chu, M. Systematic evaluation of graphene quantum dot toxicity to male
mouse sexual behaviors, reproductive and offspring health. Biomaterials 2019, 194, 215-232. [CrossRef]

Geys, J.; Nemmar, A.; Verbeken, E.; Smolders, E.; Ratoi, M.; Hoylaerts, M.F.; Nemery, B.; Hoet, PH. Acute toxicity and
prothrombotic effects of quantum dots: Impact of surface charge. Environ. Health Perspect. 2008, 116, 1607-1613. [CrossRef]

Lin, G.; Ouyang, Q.; Hu, R.; Ding, Z,; Tian, J.; Yin, E; Xu, G.; Chen, Q.; Wang, X.; Yong, K.-T. In vivo toxicity assessment of
non-cadmium quantum dots in BALB/c mice. Nanomedicine 2015, 11, 341-350. [CrossRef] [PubMed]

Feng, X.; Zhang, Y,; Zhang, C.; Lai, X.; Zhang, Y.; Wu, ].; Hu, C.; Shao, L. Nanomaterial-mediated autophagy: Coexisting hazard
and health benefits in biomedicine. Part. Fibre Toxicol. 2020, 17, 53. [CrossRef]

Yao, Y.; Zhang, T.; Tang, M. The DNA damage potential of quantum dots: Toxicity, mechanism and challenge. Environ. Pollut.
2023, 317, 120676. [CrossRef]

Singh, N.; Manshian, B.; Jenkins, G.J.; Griffiths, S.M.; Williams, P.M.; Maffeis, T.G.; Wright, C.J.; Doak, S.H. NanoGenotoxicology:
The DNA damaging potential of engineered nanomaterials. Biomaterials 2009, 30, 3891-3914. [CrossRef] [PubMed]
Magdolenova, Z.; Collins, A.; Kumar, A.; Dhawan, A.; Stone, V.; Dusinska, M. Mechanisms of genotoxicity. A review of in vitro
and in vivo studies with engineered nanoparticles. Nanotoxicology 2013, 8, 233-278. [CrossRef] [PubMed]

Gong, C.; Tao, G.; Yang, L.; Liu, J.; Liu, Q.; Zhuang, Z. SiO; nanoparticles induce global genomic hypomethylation in HaCaT cells.
Biochem. Biophys. Res. Commun. 2010, 397, 397-400. [CrossRef]

Brown, T.A.; Lee, ].W.; Holian, A.; Porter, V.; Fredriksen, H.; Kim, M.; Cho, Y.H. Alterations in DNA methylation corresponding
with lung inflammation and as a biomarker for disease development after MWCNT exposure. Nanotoxicology 2016, 10, 453—-461.
[CrossRef]

Seidel, C.; Kirsch, A.; Fontana, C.; Visvikis, A.; Remy, A.; Gaté, L.; Darne, C.; Guichard, Y. Epigenetic changes in the early stage of
silica-induced cell transformation. Nanotoxicology 2017, 11, 923-935. [CrossRef]

Lu, X.; Miousse, L.R,; Pirela, S.V.; Moore, ].K.; Melnyk, S.; Koturbash, I.; Demokritou, P. In vivo epigenetic effects induced by
engineered nanomaterials: A case study of copper oxide and laser printer-emitted engineered nanoparticles. Nanotoxicology 2016,
10, 629-639. [CrossRef]

Hu, J.; Lin, W,; Lin, B.; Wu, K,; Fan, H.; Yu, Y. Persistent DNA methylation changes in zebrafish following graphene quantum dots
exposure in surface chemistry-dependent manner. Ecotoxicol. Environ. Saf. 2019, 169, 370-375. [CrossRef]

Gao, F; Ma, N.; Zhou, H.; Wang, Q.; Zhang, H.; Wang, P.; Hou, H.; Wen, H.; Li, L. Zinc oxide nanoparticles-induced epigenetic
change and G2/M arrest are associated with apoptosis in human epidermal keratinocytes. Int. J. Nanomed. 2016, 11, 3859-3874.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/nn4029234
https://doi.org/10.1016/j.biomaterials.2018.12.001
https://doi.org/10.1289/ehp.11566
https://doi.org/10.1016/j.nano.2014.10.002
https://www.ncbi.nlm.nih.gov/pubmed/25461291
https://doi.org/10.1186/s12989-020-00372-0
https://doi.org/10.1016/j.envpol.2022.120676
https://doi.org/10.1016/j.biomaterials.2009.04.009
https://www.ncbi.nlm.nih.gov/pubmed/19427031
https://doi.org/10.3109/17435390.2013.773464
https://www.ncbi.nlm.nih.gov/pubmed/23379603
https://doi.org/10.1016/j.bbrc.2010.05.076
https://doi.org/10.3109/17435390.2015.1078852
https://doi.org/10.1080/17435390.2017.1382599
https://doi.org/10.3109/17435390.2015.1108473
https://doi.org/10.1016/j.ecoenv.2018.11.053
https://doi.org/10.2147/IJN.S107021

	Introduction 
	Materials and Methods 
	Synthesis of SiQDs and Their Characteristics 
	Administration of SiQDs to Mice 
	Histology and Immunohistochemistry 
	Obtaining the Tissue Homogenates 
	Measurement of Antioxidant Enzyme Activities 
	Measurement of Malondialdehyde Level (MDA) 
	Measurement of GSH Level 
	Western Blot 
	Detection of 8-Hyroxy-2'-deoxyguanosine (8-OHdG) 
	Quantification of 5-methyl cytosine (5-mC) 
	Assessment of Histone Methylation 
	Statistical Analysis 

	Results 
	Physicochemical Characteristics of SiQDs 
	Histopathology and Immunohistochemical Analysis of the TNF- in the Mice Liver and Kidneys Exposed to SiQDs 
	Analysis of Oxidative Stress Induced by SiQDs Administration 
	Analysis of Proteins’ Expression Involved in the Antioxidant Defense System, Apoptosis, and Autophagy 
	Genotoxicity Evaluation 
	Analysis of the 8-OHdG Level 
	Analysis of Histone H4 Modification 


	Discussion 
	Conclusions 
	References

