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ABSTRACT

The widespread use of nanoparticles leads to their presence in wastewater, landfills and migration
to the environment, especially to water and soil. However, while the lists of known toxic effects of
nanoparticles continue to grow, there is still a vast gap in our knowledge about their harmfulness.
In this study, SOS Chromotest and comet assay were used to the genotoxicity of aluminum oxide
nanoparticles (AL,O, NPs) using Escherichia coli bacteria and erythrocytes of Cyprinus carpio. AL,O, NPs
are used by military and commercial industries in many applications. The analysis of the obtained
results showed that the tested nanoparticles can potentially cause changes in the genetic material
of the bioindicators. Results of genotoxicity induction coefficient (I) values in the SOS Chromotest
clearly showed the genotoxicity of AL,O, NPs, both in the presence and in the absence of S9 frac-
tion. In turn, the statistical analysis of the comet assay test results showed a significant increase of ‘%
DNA in tail” and ‘tail length’ of comets in cells populations incubated in solutions of Al,O, NPs com-
pared to the negative control. Furthermore, the obtained results showed that the nanoparticles had
a greater effect on the genetic material of bacteria and eukaryotic cells than their bulk counterparts.
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1. Introduction led to their accumulation in the environment, especially in
water and soil, as well as in landfills and their water efflu-
ents. It may be assumed that the tendency for NPs to accu-
mulate, and their low solubility, would limit the exposure of
living organisms to these particles. However, some studies
have demonstrated high accumulation of NPs, especially
metal oxide NPs, in aquatic organisms [4].

In the literature, there are data demonstrating the effect
of different types of NPs on various functional aspects of
aquatic and terrestrial organisms [5-11]. However, there is
still a lack of data concerning the hazards of NPs, with little
information available on their genotoxicity in aquatic organ-
isms in particular. Due to their small size, NPs can cross
biological barriers such as cell membranes, where they can
potentially reach the nucleus and can cause many harmful

Nanoparticles (NPs) are products of nanotechnology that
have dimensions smaller than 100 nm, which is within the
size range of colloidal particles and smaller than bacterial
and eukaryotic cells. Their unique physicochemical proper-
ties, such as increased surface area per unit of mass and reac-
tivity, mean that there are many possibilities for their use in
a range of consumer applications. Indeed, NPs can be used
in printable inks for flexible electronics, biomedical assays,
drug delivery, colorants and paints, solar cells, stain-re-
sistant clothing, tires, and semiconductors. However, the
same properties that make these particles attractive for use
in technology also increases concerns about their hazardous
effects on biological systems [1-3]. Extensive use of NPs has
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effects, including deoxyribonucleic acid (DNA) damage
[12,13]. Genotoxicity can be defined as destructive genetic
alterations involving gene mutations, structural chromo-
somal aberrations, and recombination, that are induced by
genotoxins. Such damage to DNA and chromosomal struc-
ture is mediated through a number of mechanisms, including
addition, deletion, duplication, and ring formation. Due to
the major role NPs play in the initiation and progression of
the above-mentioned abnormalities, concern has arisen over
their use [14]. Interaction of genotoxins dissolved in water
with the genetic material of aquatic organisms can trigger
changes that impact on one generation, such as cancer, tera-
togenicity, and embryotoxicity. Furthermore, constant expo-
sure can affect populations of organisms through a number
of mechanisms, including reduced fertility and viability of
offspring, or by inhibiting growth [15-18]. Genotoxic events
can be transient, meaning that the damage can be repaired,
or can lead to permanent mutations in the genetic material of
a cell. When a mutation is present in a germ cell it is inher-
ited by the next generation, and can cause a genetic disor-
der [19]. Moreover, genotoxicity is considered an important
aspect of carcinogenesis, which may be a hazard to human
health. Indeed, it should be emphasized that, due to the role
of DNA in cell functionality, alterations to DNA structure/
function can severely compromise the lives of organisms
at different levels of the food chain [12]. Therefore, geno-
toxic evaluation of NPs is necessary in order to learn more
about the risks they pose to the environment and living
organisms.

A number of studies have demonstrated the genotoxic
effects of NPs. Wise et al. [3] used a medaka (Oryzias lati-
pes) cell line to investigate the cytotoxicity and genotoxic-
ity of 30 nm diameter silver (Ag) nanospheres. Treatments
of 0.05, 0.3, 0.5, 3 and 5 pg/cm? induced 80%, 45.7%, 24.3%,
1% and 0.1% survival, respectively, in a colony forming
assay. Additionally, these Ag NPs induced chromosomal
aberrations and aneuploidy. Guo et al. [20] demonstrated
that the smaller the Ag NPs, the greater their cytotoxicity
and genotoxicity. Meanwhile, Ghosh et al. [21] confirmed
the genotoxicity of titanium oxide NPs, with results of the
comet assay demonstrating that they induced DNA dam-
age in the nuclei of Allium cepa roots. Furthermore, Giines
et al. [22] observed significant DNA damage in Eisenia hort-
ensis in the presence of cerium oxide and magnesium oxide
NPs. Studies on the embryonic development of fish have
also been used for genotoxicity evaluation, as the embryo is
more sensitive to NPs than adults. It was observed that Ag,
copper, platinum, and metal oxide NPs such as titanium
dioxide, copper oxide, nickel oxide, and zinc oxide, showed
toxicity to embryos of zebrafish [23].

Understanding of the detailed cellular and molecular
mechanisms that lead to the biological effects of NPs must
be gained in order to develop safe nanoscale engineered
materials and standardized assays of their toxicity risk [1,15].
Although several groups have contributed data towards elu-
cidating genotoxicity pathways, the associated molecular
mechanisms and correlations still remain unclear. Auffan
et al. [24] showed that chemically stable metallic NPs had
no significant cellular toxicity, whereas NPs that were able
to be oxidized, reduced, or dissolved, were cytotoxic and
genotoxic to cellular organisms. After being ingested by an

organism, NPs can dissolve into ions and trigger several sig-
naling pathways and cascades that may lead to increased cal-
cium influx or gene upregulation. Therefore, the solubility of
Ag NPs, copper NPs, and zinc oxide NPs, is one of the main
contributors to their toxicity [25]. Also, Sayes et al. [26] and
Goodman et al. [27] demonstrated that particle size and com-
position can affect genotoxicity, with some sizes and forms
being highly toxic and others being nontoxic. Nonetheless,
factors other than NP properties are important determinants
of their genotoxicity. Kononenko et al. [28] showed that NP
concentration and the type of cell exposed, as well as the
cell’s genetic and proteomic properties, also contributed to
genotoxicity.

Due to the fact that most data available in the liter-
ature concerns Ag NPs, and that there is a lack of data on
the genotoxicity of NPs in aquatic organisms, more research
is required. Furthermore, the European Union has called
for accelerated large-scale research into the development
of standardized tests and the creation of ecotoxicological
databases for new and current nanomaterials. Therefore,
this paper focused on the genotoxic effects of aluminum
oxide NPs (ALO, NPs) on Escherichia coli and erythrocytes
from Cyprinus carpio, using the SOS Chromotest and comet
assay. This substance is currently being used by the military
and commercial industries in many applications, including
coatings, thermites, and propellants, however, little infor-
mation is available on its fate, transport, and effects on the
environment [9-11,29]. Additionally, the genotoxic effects
of ALO, NPs on the bioindicators evaluated were compared
with its bulk counterpart (macro form of ALO,).

2. Materials and methods
2.1. Chemicals

Commercial samples of Al,O, NPs (nanopowder <50 nm
with a specific surface area > 40 m*g) and AlL,O, (ALO,,
purity over 98%) were obtained (CAS no. 1344-28-1, Merck
Life Science, Poznan, Poland), and the size of NPs was
determined by scanning electron microscopy (LEO 1430VP,
Warsaw, Poland) (Fig. 1). Stock suspensions of 500 mg/L
(for SOS Chromotest) and 200 mg/L (for comet assay) of
nano and macro forms of Al,O, were prepared in deionized
water. To avoid the formation of aggregates, stock suspen-
sions were sonicated (0.4 kW, 20 kHz) for 30 min before
being diluted to the exposure concentrations.

2.2. Genotoxicity tests

In order to study the genotoxicity of nanoparticles in
relation to prokaryotic and eukaryotic cells, two tests were
used: SOS Chromotest and comet assay. The SOS Chromotest
measures the primary response of a bacterial cell to genetic
damage. In just a few hours, provides a clear, completely
objective measurement of the genotoxicity of a sample by a
visual qualitative evaluation of the degree of DNA damage
the cell experiences. Comet assay is a microgel electrophore-
sis technique, which detects DNA damage and repair in indi-
vidual cells. The assay measures DNA damage (i.e., strand
breaks, DNA adducts, excision repair sites, and cross-links)
at the single-cell level. The main advantages of the comet
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assay is sensitivity for detecting low levels of genetic mate-
rial damage.

Genotoxicity of the AL O, compounds was assessed using
prokaryotic cells, E. coli PQ37 mutant (SOS Chromotest),
and eukaryotic cells, C. carpio erythrocytes (comet assay).
Lyophilized bacteria were provided in the test kit, while
erythrocytes were acquired from the Inland Fisheries
Institute Department in Zabieniec, Olsztyn, Poland.

2.2.1. SOS Chromotest

The colorimetric SOS Chromotest assay, used to assess
the mutant PQ37 E. coli strain, was conducted in accor-
dance with the manufacturer’s instructions (Environmental
Bio-Detection Products Inc., ON, Canada) [30]. The DNA
repair system of the PQ37 strain has been altered by a series
of mutations so that even limited DNA damage will not be
repaired, and the SOS promoter does not activate the SOS
system. Instead, it induces the synthesis of a readily detect-
able enzyme which, when in contact with a chromogenic
substrate, catalyzes the formation of a colored product.
The assay is quantitative and uses two standard genotoxic
solutions, 4-nitroquinoline 1-oxide (4NQO) and 2-aminoan-
thracene (2AA).

Assays were conducted both with and without meta-
bolic activation (S9 fraction). S9 mix contained S9 extract of
sensitized rat liver and was prepared according to the kit
instructions [30]. Aliquots of samples and controls (10 uL)
were dispensed into appropriate wells of a microplate.
Subsequently, 100 uL of the bacterial suspension (culture
diluted overnight) and 100 uL of bacterial suspension with
S9 were added to wells, and the microplate was incubated
at 37°C for 2 h. Alkaline phosphatase chromogen was then
added, and the mix was incubated at 37°C for 90 min using a
MB100-4A Thermo Shaker with rotatable platform (Hangzhou
Allsheng Instruments Co., Ltd., Hangzhou, China), for the
development of the enzymatic activity. Genotoxic activ-
ity was measured at 620 nm and viability was detected at
405 nm using a LT-4500 microplate reader (Beijing LabTech
Instruments Co., Ltd., Beijing, China). Readings were taken

Fig. 1. Scanning electron microscopy visualization of AL,O, NPs.

immediately after the colorimetric incubation. Genotoxicity
assessment was based on the SOS induction factors (SOSIF),
which were calculated by Eq. (1):

620 620

SOSIF = (AezoN B AszoB
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where A, S — absorbance readings at A = 620 nm for sample
wells; A, .S — absorbance readings at A = 405 nm for sample
wells; A, N — absorbance readings at A = 620 nm for nega-
tive control wells; A, N — absorbance readings at A =405 nm
for negative control wells; A, B — averaged absorbance read-
ings at A = 620 nm for reagent blank wells; A,, N — averaged
absorbance readings at A = 405 nm for reagent blank wells

Genotoxicity assessment was performed according to
the criteria presented in Table 1 [31].

Cytotoxicity assessment was based on survival rate
(SR, %), which were calculated according to Eq. (2):

SR = Aus® 1009, )

405

A survival rate of 80% was required to confirm a posi-
tive result of genotoxicity. Stock solutions ranging from
0.24-500 mg/L were diluted in descending order with a geo-
metric series of quotient.

2.2.2. Comet assay

Five concentrations of the AL,O, compounds were pre-
pared, in triplicate, in Hanks” Balanced Salt Solution (HBSS)
with 1 mM cytosine (-D-arabinofuranoside (Ara-C). Ara-C
was added for its ability to inhibit DNA repair following
nucleotide excision. The negative control was HBSS solu-
tion with Ara-C, whilst the positive control solution con-
tained hydrogen peroxide at a concentration of 500 mM.
Incubation of erythrocytes was carried out in the dark at
room temperature for 1 h.

2.2.2.1. Fluorochrome-mediated viability test

Cell viability was routinely determined using the
5(6)-carboxyfluorescein (CFDA) assay according to Strauss
[32]. Immediately after treatment, 25 uL of cell sample was
mixed with 25 uL of staining solution (30 pg/mL CFDA, in
phosphate-buffered saline [PBS]), spread on a microscope
slide and covered with a coverslip [32]. Comet experiments

Table 1
Classification of genotoxic intensity according to significance
level of the response [31]

SOSIF < 1.5 No genotoxicity -
1.5 <SOSIF <2.0 Slight genotoxicity +
2.0 <SOSIF <5.0 Moderate genotoxicity ++
SOSIF 2 5.0 Strong genotoxicity +H
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were only carried out on cell suspension preparations with
more than 90% viable cells.

2.2.2.2. Electrophoresis on microgel slides and evaluation of
DNA damage

The alkaline comet assay was carried out according to
the modified procedure described by Singh et al. [33] and
Zateska-Radziwilt et al. [15]. Twelve milliliters of isolated
erythrocytes (or erythrocytes incubated with chemicals)
were added to 65 mL of 0.5% low melting point agarose
at 37°C and layered onto slides precoated with 1% regular
agarose, covered with a coverslip, and left on a leveled fro-
zen plate for 10 min to solidify the agarose. Coverslips were
carefully removed, and the slides were immersed in a lysis
solution (2.225 M NaCl; 89 mM ethylenediaminetetraacetic
acid [EDTA]; 8.9 mM tris [pH 10]; 0.89% N-lauroylsarcosine
sodium; 1% triton X-100 and 10% dimethyl sulfoxide) at 4°C
for 1 h. Slides were then washed in PBS for 5 min, immersed
in a freshly prepared alkaline buffer (10 M sodium hydrox-
ide; 200 mM EDTA; pH > 13), and randomly distributed in a
horizontal electrophoresis chamber. After the DNA unwind-
ing period (20 min), electrophoresis was conducted at 18 V
and 300 mA (1 V/cm) for 30 min at 4°C. Slides were then
rinsed 3 times with neutralization buffer (0.4 M tris; pH 7.5)
and stained with ethidium bromide solution (0.02 mg/L).
Genotoxicity assessment was based on analysis of the comets
formed from nuclear DNA, using a fluorescent microscope
(Nikon Eclipse 50, PlanFluor 20£, Nikon, Tokyo, Japan). An
increased amount of genetic material in comet tails causes
a decrease in the DNA content of the comet heads. The per-
centage of DNA in the tail of the comets was compared using
a Laboratory Universal Computer Image Analysis System
(LUCIA Comet Assay). This method was chosen because
it shows good linearity between dose and damage over a
reasonable range. At least 30 randomly chosen cells were
analyzed in duplicate per slide (at least 90 cells per sample).

2.3. Statistical analysis

Distribution of data was evaluated using the Kolmogorov—
Smirnov goodness-of-fit test. Comet assay data were not
normally distributed and were therefore analyzed using the
nonparametric Mann-Whitney U test (one-tail; P < 0.05). Due
to highly asymmetric distribution of data, the median was
chosen instead of the mean as the central value to visualize
differences on the plots. These analyses were performed
using STATISTICA Software Package (version 10, StatSoft,
Poland).

3. Results
3.1. Genotoxicity test with E. coli — SOS Chromotest

The SOS Chromotest was carried out with AlL,O, at con-
centrations in the range of 0.24-500 mg/L, with all concen-
trations resulting in at least an 80% survival rate. Values
of SOSIF clearly showed Al,O, NPs to be genotoxic, based
on the criteria presented in Table 1. Strong genotoxicity
was found for samples without the S9 fraction at concen-
trations between 31.25-500 mg/L. Concentrations ranging
from 3.90-15.63 mg/L were moderately genotoxic, while

no genotoxicity was observed for the other concentrations.
Addition of the S9 fraction resulted in lower SOSIF coeffi-
cient values in comparison to samples incubated with the S9
fraction. Moderate genotoxicity was observed for concentra-
tions ranging between 1.25-500 mg/L, while concentrations
in the 1.95-7.81 mg/L range resulted in low genotoxicity.
No genotoxicity was detected with the other concentrations
tested. The minimum genotoxic concentration (MGC) was
found to be affected by the S9 fraction. Indeed, the MGC
without addition of the S9 fraction was 3.9 mg/L and was
1.95 mg/L with the S9 fraction added (Table 2). The ALO, did
not induce genotoxic effects in E. coli mutants (Table 3).

Before the comet assay procedure was performed, the
viability of erythrocytes was tested in order to verify that
the cells were not damaged. Viable cells fluoresced green,
whereas dead cells were indicated by orange stained nuclei
and erythrocytes did not label. At least 200 cells were scored
per data point, and their viability after chemical treatment
was always >90% (Fig. 2).

The impact of ALO, NPs on the formation of dou-
ble-strand breaks in the DNA of eukaryotic cells was assessed
using a concentration range of 0.32-200 mg/L. Results from
the comet assay were presented as percentage of DNA in
the tail and tail length. Figs. 3 and 4 show comets obtained
for the cells in the control group and for the cells exposed

Table 2
Results of SOS of Al,O, NPs (SOSIF — SOS induction factor;
SD - standard deviation)

Sample Concentration SOSIF +SD Genotoxicity
(mg/L) assessment
500 18.25+0.04
250 16.07 + 0.08
125 14.09 +0.04 +++
62.50 10.54 £0.15
31.25 6.76 +0.03
Without S9 15.63 2.06 +0.03
fraction 7.81 212+0.04 ++
3.90 2.03+0.09
1.95 1.00 +0.07
0.98 0.94 +0.04
0.49 092+013
ALO, 0.24 0.88 + 0.05
NPs 500 3.10£0.05
250 3.08 +0.09
125 3.07+0.12 .
62.50 2.76 £ 0.10
31.25 2.34+0.03
With S9 15.63 2.05+0.02
fraction 7.81 1.85 +0.09
3.90 1.64+0.06 +
1.95 1.55+£0.09
0.98 1.03 £ 0.06
0.49 0.99+0.11 -
0.24 0.97 +0.08

Genotoxic samples are indicated in bold-italic letters.
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Table 3
Results of SOS of ALO, (SOSIF — SOS induction factor; SD - stan-
dard deviation)

Sample Concentration SOSIF + SD Genotoxicity
(mg/L) assessment
500 1.35+0.02
250 1.34 +0.09
125 1.23 +0.03
62.50 1.20 + 0.04
31.25 1.16 + 0.06
Without S9 15.63 1.14+0.17
fraction ~ 7.81 112£0.15
3.90 1.11+0.09
1.95 1.07 £ 0.05
0.98 1.07 £ 0.04
0.49 1.07 £ 0.07
0.24 1.03 £0.05
ALO, 500 1.12 £0.02
250 1.12+0.05
125 1.10+0.10
62.50 1.10+0.18
31.25 1.09 +0.02
With S9 15.63 1.08 +0.09
fraction ~ 7.81 1.06+0.06
3.90 1.04 +0.12
1.95 1.02 £ 0.03
0.98 1.01 +0.02
0.49 1.00 +£0.01
0.24 0.93 +0.05

to different concentrations of AL,O,. An increased amount
of genetic material in comet tails caused a direct decrease
in genetic material in comet heads.

The medians of the percentage of DNA in the tail of
the comets were 7.8% for the negative control and 34.2%,
33.5%, 26.9%, 25.6%, 14.8%, for Al,O, NPs. Statistical analy-
sis indicated a significant increase in tail length of comets in
populations of cells incubated with solutions of ALO, NPs.
Comparisons between all of the concentrations of AlLQO,
NPs assessed and the negative control are shown in Fig. 5.
For the ALO, (macro form), the medians of the percentage
of DNA in the tail of the comets were 15.1%, 14.3%, 12.0%,
8.0%, and 6.6%.

Median tail lengths of the comets were 19.85%, 19.36%,
16.94% and 8.71%, for ALLO, NPs, and 7.26% for the nega-
tive control. Statistical analysis showed a significant increase

Fig. 2. Erythrocytes viability assay — Strauss method (light-green
cells are live).

Fig. 3. DNA damage in Cyprinus carpio erythrocytes exposed to ALO, NPs — comet assay. (a) 200 mg/L of AL,O, NPs, (b) 40 mg/L of
AlLO, NPs, (c) 8 mg/L of ALLO, NPs, (d) 1.6 mg/L of AL,O, NPs and (e) 0.32 mg/L of Al,O, NPs.
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Fig. 5. “% DNA in tail” (median) in erythrocytes populations
exposed to ALO, NPs and ALQO,. 95% confidence intervals are
shown.

in tail length of comets in populations of cells incubated in
solutions of ALO, NPs at concentrations of 200, 40, 8 and
1.6 mg/L, in comparison with the negative control. (Fig. 6).
For the AL O, (macro form), median tail length of the comets
was 8.45%, 8.07%, 7.61%, 7.13%, and 6.78%, respectively.

4. Discussion

Dynamic expansion of the nanotechnology industry
has led to the widespread use of NPs in various domestic
products, such as textiles and personal care products, and
has resulted in the appearance of such materials in elements
of the environment [1-3,9,34,35]. Increasing research activi-
ties in this area are partly driven by emerging evidence that
substances previously considered to be biologically inert

Fig. 4. DNA damage in Cyprinus carpio erythrocytes exposed to Al,O, — comet assay. (a) 200 mg/L of Al,O
(c) 8 mg/L of ALO,, (d) 1.6 mg/L of A1,O, and (e) 0.32 mg/L of ALO,.

(b) 40 mg/L of Alzoa,

3

30 NA1 - ALLO; NPs 200 mg/L
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NA3 — ALO; NPs 8 mg/L
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Fig. 6. “Tail length” (median) in erythrocytes populations
exposed to ALLO, NPs and ALQO,. 95% confidence intervals are
shown.

may become toxic in the nanoparticulate state, due to their
increased reactivity and the possibility of increased cellular
uptake. Given that nanotechnology industries plan future
large-scale production, it is inevitable that these products
and their by-products will have an influence on living organ-
isms and may cause significant changes to the structure
and functioning of biocenoses [36]. Furthermore, accord-
ing to criteria set by the Environmental Protection Agency
in the United States, and the European Union, existing
toxicological and ecotoxicological methods for risk assess-
ment of NPs are insufficient. Indeed, current methods do
not provide a complete profile of the environmental risks
associated with the presence of these materials in ecosys-
tems [9,14,36]. Size, concentration, stability, and duration of
exposure to NPs, are some of the primary factors that can
cause genotoxic effects to exposed organisms and must be
considered during risk assessment [35,37].



136 N. Doskocz, M. Zatgska-Radziwilt / Desalination and Water Treatment 288 (2023) 130-139

Genotoxicity is a phenomenon that affects all aspects of
ecosystem functioning, and may determine population and
species fitness in their changing habitat. As such, determin-
ing its effects in ecologically relevant organisms outside the
scope of laboratory models is paramount. Even though the
adequacy and value of genotoxicity detection methods is
beyond dispute, a protocol that could efficiently detect alter-
ations to the genome at the DNA strand level in the pres-
ence of NPs (and other chemical substances) is still lacking
[14,38]. Thus the main purpose of the present investigation
was to test the hypothesis that engineered NPs exert geno-
toxicity on bacteria and erythrocytes. This was achieved
using two separate tests that measure different mechanisms
of action of NPs. Given that little is known about the chronic
ecotoxicological effects from multispecies studies and stud-
ies on the molecular level, particularly genotoxicity, the
genotoxicity tests performed in this study (SOS Chromotest
on prokaryotic cells and comet assay on eukaryotic cells)
correspond with these knowledge gaps.

The SOS Chromotest is based on the induction of a bac-
terial (E. coli) SOS repair system, by genotoxic compounds,
that is conjugated to the B-galactosidase gene and the sub-
sequent measurement of the enzyme’s expression. The test
was performed to assess whether or not AL,O, could induce
sufficient DNA damage to block DNA synthesis, which is
referred to as the SOS response [30].

A test more commonly used to assess DNA damage is
the single cell gel electrophoresis assay (SCGE), commonly
known as the comet assay. Depending on the pH used, the
comet assay is able to detect a wide variety of DNA damage
such as single and double strand breaks, incomplete exci-
sion repair sites, cross-links (by decreased comet tail), alka-
li-labile sites (e.g., a basic sites) and oxidized DNA lesions
[32,34,39,40]. Strand breaks (if not repaired) lead to chro-
mosomal aberrations and cell death. They can also be inher-
ited and lead to carcinogenesis. Electrophoresis at high pH
results in structures resembling comets that can be observed
by fluorescence microscopy. The intensity of the comet tail
relative to the head reflects the number of DNA breaks [4].
Erythrocytes of fish are a common and convenient model
organism as they possess nuclei and are very numerous
(up to 97% of all cellular components of fish blood), while
their biochemical and physiological characteristics are well
understood [4,39,41]. There are also numerous software
packages available for comet image analysis, and the output
includes a variety of different parameters. The most com-
monly used parameters are the tail length and the percent-
age of DNA in the tail. Tail length can only be used at low
levels of DNA damage since it does not tend to change once
the tail is established. Subsequently, the intensity of the tail
increases as the damage is enhanced. The percentage of DNA
in the comet tail is another useful parameter, as it is linearly
related to the breaking frequency [42-44]. These param-
eters were used in the present study to evaluate genetic
damage due to AL,O, exposure.

Results from the SOS Chromotest established the
genotoxicity of AL,O, NPs, both in the presence and in the
absence of S9 fraction. The minimum concentrations that
induced genotoxicity were 1.95 and 3.9 mg/L. Available SOS
Chromotest data for NPs is extremely limited in the liter-
ature, with only two studies having used this test to date.

Zakharenko et al. [45] showed that fullerene C60 NPs were
not genotoxic, with Nam et al. [46] drawing a similar conclu-
sion. They performed a SOS Chromotest and reported that
gold, Ag, zinc oxide, and titanium dioxide NPs had no geno-
toxic potential. In turn, studies by Alhadrami and Shoudri
[47] found that synthesized titanium dioxide NPs at a con-
centration of 800 pg/mL showed non-genotoxic and non-mu-
tagenic effects. The divergent results obtained from bacte-
rial assays might be due to the inability of the NPs tested to
penetrate the bacterial cell wall. Of course, the discrepancy
between our results and the literature is likely down to the
type of NPs tested, concentrations assessed, and the type
of solvent used. In this regard, Alhadrami and Shoudri [47]
suggested that 50% dimethyl-sulfoxide, which is often used
to dissolve NPs, may contribute to their genotoxic effect.

The research carried out here is one of the first applica-
tions of SCGE to the investigation of ALLO, NPs in environ-
mental research. The tail length and percentage of DNA in
the tail within the comet significantly (p < 0.05) increased in
a concentration-dependent manner after exposure to AlLO,
NPs, demonstrating an increase in DNA damage. These
observations are in line with other studies using fish, where
exposure to other NPs resulted in a positive response in the
comet assay. Vidya and Chitra [48] observed genotoxicity in
Oreochromis mossambicus after short-term (24, 72 and 96 h)
and long-term exposure (15, 30 and 60 d) to silicon diox-
ide, titanium dioxide, and iron oxide. Research conducted
by Vevers and Jha [49] on fish a cell line derived from rain-
bow trout (Oncorhynchus mykiss) gonadal tissue (i.e., RTG-2
cells) showed that the highest concentration of titanium
dioxide NPs did not cause elevation in DNA damage over
4 h (comet assay) and 24 h (modified comet assay) intervals.
However, significantly increased levels of strand breaks
were observed in combination with ultraviolet A radiation
(8 kJ/m?). The adverse impact of Ag NPs on fishes was con-
firmed by research carried out by Naguib et al. [50], with
the NPs significantly affecting (P < 0.0001) all of the comet
parameters. From research by Aziz et al. [35] it was con-
cluded that sub-lethal concentrations of copper oxide NPs
induced significant DNA damage in fish erythrocytes, with
the percentage damage increasing as concentration and time
of exposure increased. Further work by Shahzad et al. [51]
evaluated the potential of applying the alkaline comet assay
to the investigation of DNA strands break. They observed
significant DNA damage in erythrocytes exposed to zinc
oxide NPs, where the percentage of tail DNA increased
with increased NP, and a similar pattern was shown for the
olive tail moment.

In conclusion, the results from the present study sug-
gest that ALO, NPs has the potential to induce DNA dam-
age. Genotoxicity may be caused by the direct association of
these NPs with DNA strands due to their small size. Indeed,
they are able to cross cellular barriers, stimulate oxidation
systems, and interfere with DNA repair proteins, to cause
damage to the DNA strand. Additionally, they may have the
ability to stimulate cellular apoptosis. Regardless, informa-
tion currently available in the literature does not point to a
coherent explanation as to how NPs induce such genotoxic
damage. The appearance of genotoxic effects caused by NPs
may be influenced by particle properties such as type, size,
shape, and exposure scenarios [14,41].
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This work demonstrated that the risk assessment pro-
cedures followed for “normal” chemical compounds are
inadequate for proper characterization of the environmental
risks associated with NPs specifically. Indeed, the impacts
of ALO, NPs on the genetic material of E. coli and C. carpio
were different than those observed for ALO, (Tables 2 and
3; Figs. 5 and 6). This difference may be a result of many
specific properties of NPs, such as high surface to volume
ratio, high chemical reactivity, the ability to form aggregates,
diffusivity, and mechanical strength. Moreover, due to their
small size (1-100 nm) NPs can more readily penetrate tissues
and cells of an organism in comparison to the bulk form,
meaning they have the potential to cause various types of
dys-function [9-11]. Thus, it can be hypothesized that Al,O,
in the form of large aggregates are less bioavailable for the
bioindicators used in the tests. In contrast, ALO, NPs are
small, are less likely to aggregate, they may be more easily
assimilable which would allow them to enter the cell nucleus
by passing through the nuclear pore, or they may interact
directly with DNA during mitosis [52].

5. Conclusion

Genotoxicity tests conducted using nano-AlO, revealed
induction of genetic damage in E. coli bacteria and eryth-
rocytes from C. carpio. This type of research is becoming
increasingly popular, but there is still little data avail-
able on the genotoxic effect of NPs on aquatic organisms.
Environmental monitoring requires large numbers of sam-
ples to be processed in a relatively short period of time, and a
test that allows this type of assessment is the SOS Chromotest.
This test is the most rapid and simplest short-term test for
genotoxicity, meaning it can be used as a screening test for
many potentially genotoxic compounds. Advantages of the
test include the fact that survival of the tester strain is not
required, the results can be obtained in a single working
day, sample sterility is not usually required, the organism
responds to a wide range of DNA damage scenarios, and
the test can easily accept biological samples such as tissue
extracts and biological fluids. Despite these advantages the
test is plagued with the same interpretation problems as
other microbioassays [53]. Furthermore, the assay is limited
to one specific test species, the E. coli PQ37 strain.

The comet assay, although used in in vivo and in vitro
toxicology, still has many constraints. They are in large
part due to difficulties in obtaining conclusive cause and
effect relationships from complex environments. Indeed,
interpreting DNA damage data is particularly challeng-
ing due to its ability to adapt to continuous environmental
stressors, including toxicants.

So far, none of the molecular tests applied have met
the criterion of an ideal tool by which to assess genotoxic-
ity and mutagenicity, and they are frequently characterized
by poor reproducibility and accuracy. Nevertheless, these
challenges have not hindered efforts to establish standard-
ize protocols and general guidelines on the interpretation
of SOS Chromotest and comet assay bioindicator data.
Results obtained indicate that the basis for ecotoxicologi-
cal assessment of the effect of NPs on organisms in aquatic
ecosystems should not only be conventional toxicology tests
commonly used in ecological risk assessment. Instead, a

set of molecular tests evaluating genotoxic effects (such as
DNA adducts, DNA lesion, DNA repair or oxidative stress)
of NPs on various test species would be more effective for
the detection of mutagens and would lead to more reliable
risk assessment in aquatic ecosystems. Various hypotheses
still need to be confirmed, however many perspectives for
future research but have been opened up.
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