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ABSTRACT

This research has been conducted to determine the genotoxicity of nano-Al,O; towards
Pseudomonas putida bacteria using RAPD-PCR method. The results were compared with the
impact of the macro form of the compound on DNA. On the basis of RAPD profiles using
the primer OPA2, the research demonstrated a mutagenic action of the tested nanocom-
pound. The obtained profiles of RAPD bands are different from the negative control by over
30-9.1%. For the products of PCR carried out using the primer OPA9, genetic similarity
indexes relative to the negative control for nano-Al,O; samples were 80% in all tested con-
centrations. Regarding the remaining primers, RAPD bands profiles for the samples with
the nanocompound and the negative control varied only to a small extent. This study
showed a decrease in the genetic stability of DNA (GTS, %) after treatment of the bacteria
nano-Al,O; as compared with the negative control. GTS value for the nano-Al,O; was 65%
(1,000 mg/L). In the remaining concentrations of nano-Al,O3; GTS remained in the range of
75-80%. The results showed that the nano-Al,O; can induce modifications of the genetic

material to a greater extent than the same compounds in the macro form.
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1. Introduction

Nanoparticles (NPS) are the products of nanotech-
nology, with dimensions smaller than 100 nm, the size
of colloidal particles, usually smaller than bacterial
cells and eukaryotic cells. Thanks to their unique
chemical and physical properties such as: a high sur-
face-to-volume ratio, chemical reactivity, ability to
form aggregates, diffusivity, mechanical strength, and
atoms dislocation; they have become an attractive
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material for commercial, technological, or therapeutic
use [1-3]. These compounds are increasingly used in
production processes of antibacterial agents, paints,
cosmetics, food packaging, in medicine, microelectron-
ics, water purification, as catalysts, or dietary supple-
ments. It is expected that the rapidly growing
nanomarket will reach an annual turnover of $2.6 tril-
lion in 2014 [4].

The extent of the cytotoxic, teratogenic, and geno-
toxic interaction of nanoparticles may be much higher
than the action of macro forms. Data provided by
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subject-related literature indicate that these com-
pounds have the ability to accumulate in the respira-
tory system, penetrate through the skin, and
accumulate in cellular organelles. They generate free
radicals and inactivate enzymes, which contribute to
cell apoptosis [3,5].

The Ames test based on the observation of rever-
sion of mutation in a modified strain of Salmonella ty-
phimurium recommended by the Organization for
Economic Cooperation and Development (OECD) is
used in order to determine the genotoxicity of chemi-
cal compounds, among others, showed mutagenicity
of nanoparticles of titanium oxide [6]. Genotoxicity of
titanium oxide nanoparticles is also confirmed by
research conducted by Ghosh. The results of the comet
assay demonstrated that they induced DNA damage
in the nuclei of A. cepa roots and they exerted geno-
toxic effects in human lymphocytes even at the con-
centration of 0.25 mM [7].

Genotoxic properties were also demonstrated by
silver nanoparticles. In Park and Choi research, it was
found that the size of the silver nanoparticles of 50 nm
caused some changes in the genetic material of
Daphnia  magna, even at concentrations of 1 and
1.5 ug/mL [8]. The research of silver nanoparticles
genotoxicity conducted by Asghari et al. using fish
Danio rerio showed that they accumulated in the cell
nucleus and caused some damage to DNA [9]. Studies
by Li et al. confirmed, on the other hand, antibacterial
effects of silver nanoparticles. When bacteria cells
were exposed to the concentration of 50 pg/mL
Ag-NPs for 6h, the cell DNA was condensed to a
tension state and was likely to lose their replicating
abilities. When Staphylococcus aureus cells were
exposed to 50 pg/mL Ag-NPs for 12 h, the cell wall
was lysed which resulted in the release of the cellular
contents into the surrounding environments [10].

Studies by Lehar and Geffroy et al. using
RAPD-PCR found some changes in the genome of fish
D. rerio under the influence of cadmium sulfide and
gold nanoparticles. In both cases, it was found that
the number of hybridization of RAPD probes had
been significantly modified after exposure of the fish
to nanoparticles. In addition, the ability of compounds
to accumulate in the animal tissues was observed and
their capability of inducing some dysfunctions of
many cellular organelles, including mitochondrial
disorders was found [11,12].

The aim of this study was to assess DNA damage
of gram (-) coccobacilli Pseudomonas putida by expo-
sure to commercial aluminum oxide nanoparticles
(nano-AlL,O3 of size <50 nm) using the RAPD-PCR
(random amplification of polymorphic DNA) tech-
nique. A random amplification of polymorphic DNA
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(RAPD) is called the “Fingerprinting” technique,
based on amplification of genomic DNA using a single
primer, or a combination of two or more primers, with
the length of 10 to 20 bp, frequently of a random
nucleotide sequence that renaturate to various regions
of the genome simultaneously. Products obtained in
the PCR reaction are separated electrophoretically on
agarose/polyacrylamide gel give characteristic
“genetic fingerprints” (DNA fingerprinting). The com-
parison of the profiles makes it possible to establish
the level of similarity between the obtained profiles of
DNA bands of the tested material with respect to the
positive and negative control [13,14].

RAPD-PCR test has been used successfully in
order to detect genetic damage in animals and plants
[15-18]. However, this study is the first one relating to
the use of RAPD-PCR technique with respect to bacte-
ria and the influence of oxide aluminum nanoparticles
on the genetic material of micro-organisms.

Little information is available on the destiny,
transport, and effects of nanomaterials including
metal-based particles such as nanosized Al,Os, in the
environment. Nanosized aluminum is currently being
used by the military and commercial industries in
many applications including coatings, thermites, and
propellants. The use of nanoaluminum in various
applications may cause a release of the oxidized form,
nano Al,Os;, into the environment. As utilization of
nanomaterials is on the rise, it is increasingly impor-
tant to determine their potential environmental
destiny and the effects [5,19].

This paper is a comparison between the effects on
genetic material of bacteria P. putida by the nanoparti-
cle form of aluminum oxide and the oxide of this
compound.

2. Materials and methods
2.1. Chemicals

Aluminum oxide nanoparticles (nano-Al,O3), nano-
powder <50 nm of specific surface of >40 m*/g, alumi-
num oxide of purity of >98%, and methyl
methanesulfonate (MMS) (positive control) were
obtained from Sigma-Aldrich Company. Initial solu-
tions of the tested compounds were prepared in
deionised water. Because of the tendency of aggregate
formation by the compounds, the obtained solutions
of the compounds were sonicated for 30 min using an
ultrasonic disintegrator of MDM-10 type (0.4 kW at a
frequency of 20 kHz). These solutions of nano-Al,O;
and Al,O3; were diluted (using a medium according to
ISO 107122-1994 test procedure for P. putida) in a
decreasing series with the ratio of geometric progres-
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sion of dilutions of g4 =10 obtaining solutions in the
concentration range 1,000-0.1 mg/L. MMS solution
was prepared at 10 mg/L.

2.2. Bacterial strains

Heterotrophic gram-negative rods of P. putida were
isolated from the activated sludge working in labora-
tory conditions, in Department of Biology, Faculty of
Environmental Engineering, Warsaw University of
Technology. Bacteria were isolated from the activated
sludge working in laboratory conditions. An aseptic
technique was used throughout the testing process.
Constant bacterial cultures were maintained through-
out the experimentation, and incubations for all tests
were conducted for 16 h at 37°C.

Bacterial cultures were then subjected to biochemi-
cal identification by API procedure. A Gram'’s stain
was implemented to determine whether the bacteria
were positive or negative. An oxidase test was per-
formed by adding bacterial smear to the filter paper
containing an oxidase reagent (a mixture of dimethyl-
4-phenylenediamine hydrochloride and a-naphthol).
Color development was observed within 1 min. A cat-
alase test was performed by adding one drop of 30%
hydrogen peroxide (Aflofarm, Pabianice, PL) to a slide
that contained bacterial smear. A bubbling reaction
was observed within 1 min. API 20 NE bacterial iden-
tification was performed according to the manufac-
turer’s instruction (bioMérieux, Durham, NC).

The selection of strain was based upon the ability
of these bacteria to degrade organic solvents. This
ability has been put to use in bioremediation, or the
use of micro-organisms to biodegrade oil [5,20,21].
The strains were multiplied in nutrient broth at a tem-
perature of 26°C for 18 h until the commencement of
the logarithmic growth phase. Cultures of bacteria of
optical density of 0.2 at A =610 nm were added to a
liquid medium containing defined concentrations of
the tested compounds. Samples were incubated in the
dark for 16 h at 26°C. Cultures obtained in this way
were used for DNA isolation.

2.3. Genomic DNA isolation

Genomic DNA was isolated from culture of P. put-
ida using a kit of “Genomic Mini” in accordance with
the manual enclosed by the manufacturer (A & A Bio-
technology). The isolation process is based on the abil-
ity of binding DNA to silica deposits in high
concentrations of chaotropic salt. The amount of DNA
material, isolated from the bacterial culture was estab-
lished by spectrophotometric measurements in the UV

1575

light at 260 nm wave length (nitric bases building
nucleic acids absorb light at this wavelength). For this
purpose, the researchers used camera “BioPhotometr”
from Eppendorf Company. The condition of DNA
amplification was optimized following the procedure
of Conte et al. [22] with some modifications. The
obtained DNA was stored for subsequent analysis in a
refrigerator at 4°C.

2.4. RAPD procedures

PCRs were performed in reaction mixtures of 25 pL
containing approximately 25ng of genomic DNA,
10 uM primer, 100 mM dNTPs (25 mM each), 10x reac-
tion buffer, and 1U or 2U of Taq DNA polymerase.
Sequences (5"—3") from primers 1-4 were presented
as follows:. TGCCGAGCTG (OPA 2); GTGATCGCAG
(OPA 9); GGGTAACGCC (OPA 10); and AG-
GTGACCGT (OPA 18). Amplifications were per-
formed in a DNA thermocycler (Mastercycler pro,
Eppendorf) programmed for 2 min at 94°C (the initial
denaturing step), 35 consecutive cycles each consisting
of 30s at 94°C (denaturing), 1 min at 31 or 33°C
(annealing), 2 min at 72°C (extension), and followed
by 1 cycle for 1 min at 72°C (the final extension step).
Control PCRs lacking genomic DNA were run with
every set of samples. After amplification, RAPD reac-
tion products were analyzed by electrophoresis on 1%
agarose gels in 1XTAE (40 mM Tris base, 20 mM acetic
acid and 1mM EDTA) buffer at RT. at 100V for
about 30-50 min. GeneRuler 1kb DNA Ladder (Fer-
mentas) was used as the molecular weight DNA stan-
dard. DNA bands were stained with ethidium
bromide, visualized and photographed under UV
light. The size of each amplification product was auto-
matically estimated using the GelDoc-It Imaging Sys-
tem (Ultra-Violet Products Ltd) analyzer system.
Digital processing of the images and computational
analysis was performed using Gelix One 1-D Analysis
Software (Biostep). Genetic similarity indexes for indi-
vidual primers were established, and their mean and
standard deviations were calculated.

2.5. Data analysis and processing

Genetic similarity index (S, %) between treated
samples and control bacteria was calculated as the
proportion of amplification products which were not
polymorphic with respect to the total number of
amplified products, 2x number of shared fragments/
the total number of fragments [22,23]. Genomic
template stability (GTS, %) was calculated as
100 — (100 a/n), where a is RAPD polymorphic
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profile detected in each sample treated and n is
the number of the total bands in the control.
Polymorphism observed in RAPD profiles included
disappearance of a normal band and appearance of a
new band in comparison to control RAPD profiles
[24,25], and the average was then calculated for each
experimental group exposed to different nano-Al,O3
and ALO; treatment. Changes in these values
were calculated as a percentage of their control
(set to 100%).

All amplifications were repeated twice, in order to
confirm the reproducible amplification of scored
fragments. Only reproducible and clear amplification
bands were scored for the construction of the data
matrix.

3. Results

Changes in the genetic material caused by the
impact of aluminum oxide nanoparticles and alumi-
num oxide on DNA isolated from bacteria P. putida
were evaluated using the RAPD-PCR technique. The
PCR reaction used primers: OPA 2, OPA 10, OPA 9,
and OPA 18. Photos of RAPD bands profiles are
shown in Fig. 1. The obtained bands were used for the
analysis of genetic stability of DNA (GTS, %) and the
degree of similarity between bands profile (S, %) with
relation to negative control, and the results are shown
in Fig. 1 and in Tables 1-5.

Primer OPA 2

MK-K+AB CDETFGHI1 J

Primer OFA 10

ME+K-A B CD E
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On the basis of RAPD profiles obtained for the
PCR, it was found that the aluminum oxide nanoparti-
cles can act genotoxically with P. putida bacteria. PCR
products obtained with the use of the primer OPA 2
demonstrated the most mutagenic action of aluminum
oxide nanoparticles. The obtained bands profiles were
different from the negative control from over 33.3%
(the concentration of 1,000 mg/L) to 9.1% (the concen-
tration of 0.1 mg/L) (Table 1). Additionally, it was
observed that the value of the degree of similarity (S)
of the genetic RAPD profile obtained for nano-Al,O;
with the concentration of 1,000 mg/L using the primer
OPA2 was largely similar to the positive control. The
obtained bands profile differed from the result
obtained for the positive control only by 12%. With
other concentrations, differences were already much
greater, within the limits of 28-36.4%. For the PCR
products obtained with the use of the primer OPA 9,
genetic similarity indexes with relation to the negative
control for samples of nano-Al,O; were 80% in all
concentrations tested (Table 2). In the case of the pri-
mer OPA 10 and OPA 18, the mutagenic effect of alu-
minum oxide nanoparticles was the lowest. RAPD
bands profiles for samples with nano-Al,Ozwere
almost identical to bands profiles of the negative con-
trol (Tables 3 and 4). The degrees of similarity (S) of
the obtained bands profiles for primers OPA 9, OPA
10, and OPA 18 were significantly different to the val-
ues obtained for the positive control. The differences

MK-KrABCDE

PAREIEIL e

Gt g oy punf P ey
R L O g =y ——

Primer OPA 9

FGHIIJ

Primer OPA 18

Fig. 1. RAPD profiles generated using primers OPA 2 (A), OPA 9 (B), OPA 10 (C), and OPA 18 (D) for genomic DNAs
extracted from bacteria P. putida exposed to negative control (K-), positive control (K+), and various concentrations of
nano-AlLO; (1,000 mg/L—A, 100 mg/L—B, 10 mg/L—C, 1 mg/L—D, 0.1 mg/L—E) and Al,O;3 (1,000 mg/L—F, 100
mg/L—G, 10 mg/L—H, 1 mg/L—I, 0.1 mg/L—]) for 16 h. M—GeneRuler 1 kb DNA ladder (10,000-250 kb).
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Table 1
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Degree of similarity of obtained profiles of P. putida bands in the presence of nano-Al,O; and Al,Osfor primer OPA 2

Primer OPA 2

Al,O3 nanoparticles Al,O3

Concentration [mg/L] Genetic similarity index (S) after 16 h Genetic similarity index (S) after 16 h
1,000 66.7 90.9

100 83.3 90.9

10 90.9 90.9

1 90.9 100

0.1 90.9 100

Positive control (MMS 10 mg/1) 54.5

Table 2

Degree of similarity of obtained profiles of P. putida bands in the presence of nano-Al,O; and Al,Osfor primer OPA 9

Primer OPA 9

Al,O5 nanoparticles
Concentration [mg/L]

Genetic similarity index (S) after 16 h

ALOs
Genetic similarity index (S) after 16 h

1,000 80.0
100 80.0
10 80.0
1 80.0
0.1 80.0
Positive control (MMS 10 mg/1) 50.0

80.0
80.0
80.0
80.0
80.0

Table 3

Degree of similarity of obtained profiles of P. putida bands in the presence of nano-Al,O; and Al,Osfor primer OPA 10

Primer OPA 10

Al,O5 nanoparticles
Concentration [mg/L]

Genetic similarity index (S) after 16 h

ALOs
Genetic similarity index (S) after 16 h

1,000 100
100 100
10 100
1 100
0.1 100

Positive control (MMS 10 mg/1) 44.4

100
100
100
100
100

ranged from 30% for OPA 9 (at all concentrations
tested) and OPA 18 (at the highest concentration
tested) to 55.6% for the OPA 10 (at all concentrations
tested).

Results of the analysis of the genetic stability of
DNA (GTS, %), which reflect changes in RAPD profiles,
showed that the average value of GTS in all concentra-
tions tested was smaller than in the negative control
(Table 5). The largest decrease in genetic stability
was found at the concentration of 1,000 mg/L—65%.

GTS value for nano-Al,O; at 100 mg/L was 73.4 and
77.5% with the concentration of 10 mg/L. In all other
concentrations, the value of GTS remained at the same
level of 80.3%. The data indicate that GTS, for
the concentration of 1,000 mg/L, to a large extent is
similar to the value obtained for the positive control
which is 41.7%.

The results also indicate that aluminum oxide in
the macro form is less mutagenic than the compound
in the nanoparticle form (Tables 1-4). RAPD profiles
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Table 4
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Degree of similarity of obtained profiles of P. putida bands in the presence of nano-Al,O; and Al,Osfor primer OPA 18

Primer OPA 18

Al,O3 nanoparticles
Concentration [mg/L]

Genetic similarity index (S) after 16 h

AlLO;
Genetic similarity index (S) after 16 h

1,000 80.0
100 80.0
10 80.0
1 87.7
0.1 87.5
Positive control (MMS 10 mg/1) 50.0

87.7
87.5
87.5
100
100

Table 5
Genetic stability (GTS, %) of P. putida in the presence of various concentrations of nano-Al,O3; and Al,O; after 16 h
1,000 mg/L 100 mg/L 10 mg/L 1 mg/L 0,1 mg/L
Negative Positive control Nano- Nano- Nano- Nano- Nano-

Primer control (MMS 10 mg/l) A1203 Ale3 A1203 A1203 A1203 A1203 A1203 A1203 A1203 A1203

OPA 2 100 333 333 83.3 66.7 83.3 83.3 83.3 83.3 100 83.3 100

OPA 9 100 50.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0

OPA 100 50.0 100 100 100 100 100 100 100 100 100 100
10

OPA 100 333 66.7 77.8 66.7 77.8 66.7 77.8 77.8 100 77.8 100
18

Mean 100 41.7 65.0 80.3 734 80.3 77.5 80.3 80.3 90.0 80.3 90.0

obtained from samples of Al,O3; showed greater simi-
larity compared to the negative control than the pro-
files from samples with nano-Al,Os. In the presence of
aluminum oxide, a smaller decrease in genetic stability
in all concentrations tested as compared with the alu-
minum oxide nanoparticles was observed.

4. Discussion

The analysis of profiles obtained in RAPD-PCR
reaction showed that the aluminum oxide nanoparti-
cles have the potential to cause changes in the genetic
material of bacteria. In the case of using nano-Al,O3
against P. putida with the primer OPA 2, the changes
in the genetic material increased with the increasing
concentration. The lowest genetic similarity indexes
(Tables 1 and 4) as well as the greatest decrease in
DNA genetic stability (Table 5) was obtained at the
concentration of 1,000 mg/L of nano-Al,O; as com-
pared with the negative control, which indicates a
high mutagenic action of the tested nanocompound in
this test concentration. A similar effect was observed
in studies conducted by Cenkci et al. on the influence
of various kinds of chemical compounds on bean
(Phaseolus vulgaris L.) seedlings. The study shows that

DNA damage increased with an increase in concentra-
tions of toxic chemicals [26], as well as indicates that
the researched compound generates a similar number
of mutations as MMS (positive control), whose muta-
genic action was confirmed in numerous publications
[14,27,28]. Modifications of RAPD patterns are possible
due to one or a combination of the following events:
DNA adducts, DNA breakage, and mutation (point
mutations and large rearrangements [13,14,17,24,26,28-
30]. In the case of samples using the remaining prim-
ers OPA 9, OPA10, and OPA 18, it was found that the
degree of genetic similarity (S), and GTS do not differ
much from the results obtained for the negative con-
trol. Some minor changes in the genome may indicate
that the presence of aluminum oxide nanoparticles
could lead to changes of a random nature [31]. More-
over, obtained in this study, RAPD profiles with a
similar degree of genetic similarity to the negative
control and a slight decrease in the genomic template
stability may prove the induction of mechanisms
responsible for DNA repair beyond a certain critical
level of damage, which for aluminum oxide nanoparti-
cles may be even less than the smallest used concen-
tration of 0.1 mg/L [17,28]. The results also show that
not every primer allows for obtaining reliable informa-
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tion. The smallest degrees of genetic similarity were
observed in RAPD profiles, which used the primer
OPA 2. This allows one to conclude that this primer
due to its sensitivity for detection and is the most
effective of all the primers used since it captures the
changes in the genetic material in a wide range of con-
centrations. The use of bigger number/combinations
of primers in the study increases the chances of detect-
ing mutations [28].

The research also proved that aluminum oxide
leads to smaller changes in genetic material than alu-
minum oxide nanoparticles (Tables 4 and 5). Similar
conclusions were obtained by Josko and Oleszczuk.
ZnO, TiO,, and Ni nanoparticles showed a completely
different toxicity from the same compounds in the tra-
ditional form in relation to plants. However, the
research by Chrzanowska and Zalteska-Radziwill dem-
onstrated that the zirconium oxide and aluminum
oxide have a much smaller impact on the bacteria P.
putida and Aeromonas hydrophila in the planktonic form
as well as in the biofilm form rather than the nanopar-
ticle form of these compounds. The obtained data
(and data from the subject-related literature) confirm
that the nano form of a given substance may exhibit
different properties and pose a much greater risk to
the environment than the same substance in a large
form [5,32,33].

The obtained results as well as data from literature
confirm that RAPD-PCR has been successfully used to
monitor the potential genotoxic effects of various
nanoparticles [10-12,34]. Although RAPD has been
shown to be a reliable, easy, quick, sensitive, and
reproducible assay and it may be used to detect a
wide range of DNA damage, it is recommended to
optimize the reaction thoroughly (primer concentra-
tion, concentration of DNA template, polymerase and
magnesium ions, and the parameters of the thermal
cycler, or electrophoresis). RAPD-PCR is also a quali-
tative method. The impact of different kinds of DNA
damage (e.g. strand breakage, modified bases, abasic
sites, oxidized bases, and bulky adducts) on RAPD
profiles can only be speculated unless amplicons are
analyzed (e.g. sequencing). Therefore, some more spe-
cific methods are needed to obtain quantitative data
[13,14,26,29,35].

5. Conclusions

The studies on the assessment of genotoxicity of
aluminum oxide nanoparticles (nano-Al,O;) with
respect to P. putida using RAPD-PCR allowed us to
draw the following conclusions:
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(1) The analysis of DNA bands indicated some
potential mutagenic action of aluminum oxide
nanoparticles;

(2) Of the four random primers used in research,
the greatest changes in DNA were observed for
the primer OPA 2. The lowest genetic similarity
indexes (66.7%) with respect to the negative
control were achieved at the highest concentra-
tion tested (1,000 mg/L) of the nanocompoud;

(3) These results were confirmed by the analysis of
the genetic stability of DNA (GTS, %). The low-
est mean value of GTS was obtained for the
concentration of 1,000 mg/L;

(4) The genetic similarity indexes and DNA
genetic stability (in the highest concentration
tested) were similar to the results obtained for
the positive control MMS. This allows us to
judge that the tested compound generates a
similar number of mutations as MMS;

(5) Genotoxicity of aluminum in its molecular
form was much weaker than the compound in
the nanoform;

(6) The RAPD method was successfully used in
order to evaluate the damage to DNA of bacte-
ria by the activity of aluminum oxide nanopar-
ticles.

It has been one of the first studies related to the
use of RAPD-PCR technique with respect to bacteria,
and the influence of the aluminum oxide nanoparticles
on the genetic material of micro-organisms. The
results obtained and data from subject-related litera-
ture indicate that nanoparticles can induce modifica-
tions of the genetic material, which are quite often
irreversible. This type of impact may be a threat not
only to micro-organisms, but also to entire ecosystems.
Hence, due to the extensive use of nanoparticles and
their presence in the elements of the environment,
there is a need for research at the molecular level on
the effects of these compounds on organisms.
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