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ABSTRACT

Nanoparticles are molecules, whose dimensions are below 100 nm; they are of colloidal parti-
cle size and are often smaller than eukaryotic cells and bacteria. Their increasingly common
application might cause their release into sewage and the induction of toxic reactions, among
others, in micro-organisms participating in wastewater treatment. The aim of this study was
to compare the ecotoxicity of commercial nanoparticles of aluminum oxides and zirconium
oxides, in relation to two bacterial strains Pseudomonas putida and Aeromonas hydrophila. These
bacteria have an ability to form biofilms, as they are present in planktons and participate in
wastewater treatment. The study also includes the assessment of aluminum oxide (Al2O3)
and zirconium oxides’ (ZrO2) ecotoxicity in order to compare their harmfulness with the
nanoparticular form. It has been found that aluminum and zirconium nano-oxides were more
harmful to bacteria compared to aluminum and zirconium oxides. Biofilm-forming bacteria
were more resistant than planktonic bacteria to the influence of both types of compounds.
Aluminum nano-oxide proved to be more toxic than zirconium nano-oxide in relation to both
species of bacteria. Nanoparticles appeared to be less toxic towards bacteria with EPS. A.
hydrophila strain showed lower sensitivity than P. putida to the studied nanoparticles.

Keywords: Aluminum nano-oxide; Zirconium nano-oxide; Ecotoxicity; Biofilms; Planktonic
bacteria

1. Introduction

Nanoparticles are structures in which at least one
of two dimensions does not exceed 100 nm. These
particles are characterized by specific properties such

as: high surface-to-volume ratio, mechanical strength,
chemical reactivity, an ability to create aggregates, and
diffusivity. These properties can simultaneously lead
to the increase in their bioavailability and toxicity
[1–3]. Owing to their chemical and physical properties,
nanoparticles have become an attractive material for
commercial and technological use [4–7]. It has been
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estimated that investment expenditures in the field
of nanotechnology worldwide rose fivefold from 825
million dollars in the year 2000 to 4.1 billion dollars
in 2005 [8].

The intensive growth of nanotechnology triggers
the increase of nanoparticle content in sewage and
waste, which as a consequence makes them enter
the surface waters and water intended for human
consumption [9].

Nanoparticles can have some negative influence
on micro-organisms participating in wastewater
treatment and water conditioning. This impact
might be clearly observed in appliances in which
micro-organisms form biological membranes—bio-
films, i.e. in different types of biofilters. A biofilm is
a complex of micro-organisms, attached to solid sur-
faces, capable of producing exopolysaccharides
(EPS) which among other things protects them
against a disadvantageous influence of environmen-
tal conditions [9,10].

In the literary sources there is little data concern-
ing the negative impact of nanoparticles on micro-
organisms in wastewater treatment, and if so it
mainly concerns free-floating micro-organisms, the
so-called bacterioplankton including nitrifying
micro-organisms.

Choi’s studies demonstrated that during waste-
water treatment, the nano-silver with a concentra-
tion of 1mg/L inhibited the growth of autotrophic
nitrifying bacteria by about 80% [11]. In turn, the
research conducted by Zheng proved that zinc oxide
nanoparticles had a disadvantageous influence on
biological processes of nitrogen and phosphorus
removal as well as on denitrifying bacteria and
micro-organisms responsible for phosphorus elimi-
nation, the so-called PAO (polyphosphate accumulating
organisms). Nitrogen removal efficiency decreased
from 81.5 to 75.6% and 70.8%, with concentrations
of 10 and 50mg/L nano-ZnO, respectively. These
results indicate that zinc oxide nanoparticles lead to
the disruption of activated sludge functioning [12].

This study presents the research on the influence
of aluminum oxide nanoparticles (nano-Al2O3,
<50 nm) and zirconium oxide nanoparticles (nano-
ZrO2, <100 nm) on the survival of two bacterial
strains which are capable of biofilm formation. Little
information is available on the fate, transport, and
effects of nanomaterials, including metal-based parti-
cles such as nano-sized Al2O3 and ZrO2, in the envi-
ronment. Nano-sized aluminum is currently being
used by the military and in commercial industries in
many applications including coatings, thermites, and
propellants. The use of nano-aluminum in various
applications may cause a release of the oxidized form, T
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nano-Al2O3, into the environment. As utilization of
nanomaterials is on the rise, it is increasingly important
to determine their potential environmental fate and the
effects [13]. Recently, such issues as preconcentration
and separation of trace elements and organic com-
pounds in the sample solutions by means of nanoparti-
cles ZrO2 have been discussed in various literary
sources. These nanoparticles have unique properties, so
they are promising solid-phase extractants and have
contaminant scavenging mechanisms [14,15]. Therefore,
the explosion of nanotechnology applications makes it
inevitable that nano-Al2O3 and nano-ZrO2 will be
released into domestic and industrial waste streams.
These nanoparticles exert toxic effects on micro-
organisms, so their release into wastewater systems
may adversely affect the microbial communities found
in biological treatment processes [9].

The ecotoxicity of these compounds has been
determined in relation to the bacteria in biofilm and to
those remaining in mid-water (planktonic). Also, the
influence of nanoparticular forms of aluminum oxide
and zirconium oxide on micro-organisms has been
compared to the effect of their “macro” forms.

2. Materials and methods

2.1. Chemicals

Aluminum nano-oxide, Al2O3, nanopowder
<50 nm with a specific surface area >40m2/g, and zir-
conium nano-oxide ZrO2, nanopowder <100 nm with a
specific surface area ≥25m2/g, were obtained from
Sigma-Aldrich. The stock solutions of nano-oxides and
oxides (Sigma-Aldrich) with a concentration of 1,000
mg/L were prepared in deionized water. Because
nanoparticles are able to form aggregates, the stock
dispersion was sonicated (0.4 kW, 20 kHz) for 30min
to break aggregates before being diluted to the expo-
sure concentrations. The stock solutions were diluted
(using the medium with respect to the procedures of
tests) in descending order with a geometric series of
quotient q = 2 to obtain final 1,000–0.48mg/L.

2.2. Bacterial strains

Heterotrophic gram-negative rods of Pseudomonas
putida and Aeromonas hydrophila were isolated from the
activated sludge working in laboratory conditions in
the Department of Biology, Faculty of Environmental
Engineering at Warsaw University of Technology.
Bacteria were isolated from the activated sludge work-
ing in laboratory conditions. Aseptic technique was
used throughout the testing process. Constant bacte-
rial cultures were maintained throughout the experi-
mentation and incubations for all tests were
conducted for 48 h at 37˚C.

Bacterial cultures were then subjected to biochemi-
cal reaction. A gram stain was implemented to deter-
mine whether the bacteria were positive or negative.
Oxidase test was performed by adding bacterial smear
to filter paper containing oxidase reagent (a mixture of
dimethyl-4-phenylenediamine hydrochloride and
α-naphthol), and color development was observed
within 1min. Catalase test was performed by adding
one drop of 30% hydrogen peroxide (Aflofarm, Pabia-
nice, PL) to a slide that contained bacterial smear.
Bubbling reaction was observed within 1min. API 20
NE bacterial identification was performed according
to manufacturer’s instruction (bioMérieux, Durham,
NC).

The selection of strains was based upon the ability
of these bacteria to be used as xenobiotics, as the
source of carbon and energy, and their adhesive
capacity and biofilm formation capacity in compliance
with quorum sensing [16–20]. The strains were
multiplied in nutrient broth at a temperature of 26˚C
for 18 h until the commencement of the logarithmic
growth phase.

2.3. Removal of the loosely bound EPS surface layer

The EPS components contained in biofilm that can
be readily removed are defined as “loosely bound
EPS.” Those EPS that need special removal processes
are defined as “tightly bound EPS.” Sheng’s procedure

Table 2
Effect of aluminum nano-oxide and aluminum oxide on planktonic A. Hydrophila cells

Sample type

Range of
concentration
tested [mg/L]

Planktonic bacteria

P. putida

EC50 NOEC EC50 NOEC EC50 NOEC
24 h 24 h 48 h 48 h 72 h 72 h
[mg/L]

Nano-Al2O3 1,000 – 0.48 >1,000 <0.48 228.57 (±13.71) <0.48 16.33 (±0.81) <0.48
Al2O3 >1,000 <0.48 >1,000 <0.48 111.21 (±5.56) <0.48
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was applied in the experiments, allowing the extrac-
tion of the loosely bound EPS layer and maintaining
cell viability. Biofilms were smoothly scraped off the
polystyrene plates and suspended in 5mL 1% phos-
phate buffered saline (PBS, 8 g NaCl, 0.2 g KH2PO4,
1.11 g Na2HPO4 0.2 g KCl). A 30-s vortex was
performed to mix biofilm fragments with PBS. The
biofilm suspension was vortexed at the maximum
speed for 1min, then centrifuged at 4˚C, 4,000 g, for
20min. The pellets were resuspended in 5mL of 1%
PBS, vortexed, and centrifuged again. Pellet
resuspension, vortexing, and centrifugation were
repeated two times [9].

2.4. Studying the effects of nanoparticles on biofilms

Cultures P. putida and A. hydrophila in the loga-
rithmic growth phase were diluted with nutrient
broth to optical density OD600 in the range of 0.1–
0.15, inserted into the wells in polystyrene plates (96
well) 25 μL in each, and incubated at a temperature
of 26˚C for 48 h. Biological membranes started to
form in the wells. After 24 h the wells were rinsed
three times with 0.9% NaCl in order to remove the
unattached cells. Aluminum and zirconium nano-
oxides with concentrations of 1,000–0.48mg/L were
inserted in the rinsed plates. Wells with medium
were considered a negative control. Prepared plates
were protected by a cover.

After a given period of incubation, the plates
were rinsed with distilled water, and the each well
was filled with ethanol 250 μL for cell preservation
and incubated at room temperature for 15min. After
alcohol was removed and cells dried at 37˚C, 250 μL
of 0.1% crystal violet solution was added to each
well in order to stain the bacterial cells [21–23].
After 15min, the plates were rinsed with water and
each well was filled with 250 μL of 33% acetic acid
solution. The next step was to measure the absor-
bance at a wavelength of λ = 570 nm in the wells.
The absorbance value equalled the density of cells
after they were released from the foundation. The
measurement was performed with a Bio-Rad micro-
plate reader. The above-mentioned procedure was
also applied to evaluate the impact of the aluminum
and zirconium oxides in their “macro” on the bacte-
ria in both biofilm types.

2.5. Studying the effects of nanoparticles on biofilm
bacteria without loosely bound EPS

Following the isolation of loosely bound EPS
(look section 2.4.) the obtained residue of P. putida T
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and A. hydrophila sustained in 1% PBS was inserted in
the wells in polystyrene plates (96 well) containing
specified concentrations of aluminum nano-oxide and
zirconium nano-oxide. The samples were incubated at
26˚C for 24–72 h. The measurements of the optical
density of the samples with a wavelength of
λ = 600 nm were performed to evaluate the biofilm bac-
teria growth without EPS. The above procedure was
also used to evaluate the influence of aluminum and
zirconium oxides on bacterial growth.

2.6. Studying the effects of nanoparticles on planktonic
bacteria

The plate wells with a broth base with specified
concentrations of aluminum nano-oxide and zirco-
nium nano-oxide were filled with bacterial suspension
of optical density OD600 amounting to 0.1–0.15. The
cultures were incubated at 26˚C for 24–72 h. The mea-
surements of the optical density of the samples were
performed with a wavelength of λ = 600 nm in order to
evaluate bacterial growth. The above procedure was
also used to evaluate the influence aluminum and zir-
conium oxides on bacterial growth.

The experiment was repeated 10 times and the results
constitute the arithmetic mean of the measurement
values. Additionally, represented in the results was the
initial turbidity of the samples following the addition of
Al and Zr oxides and nanoparticles and the absorbance
measurement with a wavelength of λ = 600 nm.

2.7. Calculation procedures

2.7.1. Bacterial growth inhibition

Bacterial growth inhibition was determined on the
basis of the following formula:

I ¼ Bc � Bn

Bc � B0
� 100

where I—percentage of inhibition; Bc—optical density
of suspension in 1mL of control sample after time t;
Bn—optical density of suspension in 1mL of the
sample examined after time t; and B0—optical density
of suspension in 1mL of control sample after time t0.

2.7.2. Calculation of concentrations EC50 and no
observed effect of concentration (NOEC)

Effect of concentrations (EC50-t) were calculated
using probit analysis [24]:

EC50 ¼ Nlg
5� �yþ b�x

b

where Nlg—antilog; �y—the average probit correspond-
ing to the percent inhibition of growth or other effect
for each concentration, as:

1

k

Xk

i�1

yi

k—number of levels included in the calculations, yi—
probit corresponding to the percentage effect for i con-
centration, 5—probit constant value corresponding to
50% of the effect, and �x—the mean value of logarithms
of particular concentrations, calculated according to
the formula:

1

k

Xk

i�1

xi

xi—logarithm of i concentration and b—regression
coefficient, calculated according to the formula:

b ¼
Pk

i¼1 xiyi � �x
Pk

i¼1 yiPk
i¼1 x

2
i � �x

Pk
i¼1 xi

Table 4
Effect of aluminum nano-oxide and aluminum oxide on planktonic P. putida cells

Sample type

Range of
concentration
tested [mg/L]

Planktonic bacteria

P. putida

EC50 NOEC EC50 NOEC EC50 NOEC
24 h 24 h 48 h 48 h 72 h 72 h
[mg/L]

Nano-Al2O3 1,000 – 0.48 >1,000 <0.48 59.08 (±3.54) <0.48 3.34 (±0.20) <0.48
Al2O3 >1,000 <0.48 >1,000 <0.48 61.39 (±3.06) <0.48
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NOEC was determined with single-factor analysis of
variance (ANOVA, p < 0.05) and Tukey’s test [25].

3. Results and discussion

The results of the examination of the influence of
aluminum and zirconium nanoparticles on P. putida
and A. hydrophila biofilms and planktonic forms are
presented in Tables 1–8. All the compounds analyzed
showed a negative effect on micro-organisms and the
obtained effective concentrations revealed their diver-
sified susceptibility to the nanocompounds studied.

On the basis of a colorimetric test with crystal
violet, which is used for assessing the influence
of the studied compounds on the biofilm from
bacterial strains, it was demonstrated that in the
presence of aluminum nano-oxide, the concentration
values of EC50 after 72 h were within the range of
709.68–480.63mg/L for A. hydrophila (Table 1) and
P. putida (Table 3), respectively.

The analyzed strains proved to be less susceptible
to the influence of zirconium nano-oxide. The deter-
mined effective concentration values after 72 h
amounted to 651.67mg/L for P. putida (Table 7) and
1,000mg/L for A. hydrophila (Table 5). The NOEC
value after 72 h for A. hydrophila amounted to <0.48
mg/L as is the case with P. putida (Tables 5 and 7).

The nanoparticles proved to be more toxic
towards the biofilm bacteria without extracellular
envelope EPS. P. putida without the loosely bound
EPS proved to be sensitive to nano-Al2O3—EC50–72 h

was 10.75mg/L (Table 3). This compound was less
toxic to A. hydrophila—EC50–72 h amounting to 102.62
mg/L. The NOEC was <0.48mg/L for both bacterial
strains. Zirconium nano-oxide was less toxic than
nano-Al2O3 in comparison to the biofilm bacteria
without EPS. The effective concentration after 72 h for
P. putida was 28.32mg/L (NOEC < 0.48mg/L)
(Table 7) and 530.75mg/L (NOEC < 0.48mg/L) for A.
hydrophila (Table 5).

The planktonic bacteria proved to be more
susceptible to the influence of nanoparticles than the
biofilm bacteria. EC50 value of aluminum nano-oxide
for P. putida after three days was 3.34mg/L (Table 4).
A slightly lower susceptibility towards these bacteria
was demonstrated by nano-ZrO2. The effective
concentration value which was obtained in the study
was 14.53mg/L (Table 8). A. hydrophila strain showed
lower susceptibility to the nanoparticles studied. The
specified EC50 values after 72 h were 16.33mg/L for
aluminum nano-oxide (Table 2) and 172.06 mg/L for
zirconium nano-oxide (Table 6). Values of the highest
concentrations not causing harmful effects (NOEC) for T
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the two nanocompounds were below 0.48mg/L for
both P. putida and A. hydrophila (Tables 2, 4, 6, and
8).

Data from the literary sources also indicate that
the biofilms can be up to 1.000 times more resistant
to toxicants than the planktonic cells [25,26]. Choi
pointed out that the concentration of nano-silver
inhibiting the growth of Escherichia coli in the bio-
film form was fourfold higher (38mg/L) than the
concentration inhibiting bacterial growth in the
planktonic form [26]. Furthermore, it was indicated
that silver nanoparticles at the concentration of
228 μg/L caused bacterial growth in the biofilm
form, but they turned out to be toxic to the plank-
tonic bacteria, causing the reduction of the number
of bacteria by over 80% [27].

Bacterial resistance to the influence of harmful
substances might result from the specific biofilm
structure and can be regulated by a number of spe-
cific mechanisms. It appears that this results from
the biofilms’ cells surrounded by extracellular poly-
saccharide EPS [25,26]. Exopolysaccharide reduces
diffusion of antimicrobial substances into the bio-
film. As the biofilm grows, the participation of poly-
saccharide components increases in its envelope,
which also increases the number of free functional
groups and contributes to the protection of micro-
organisms. Following the removal of the loosely
bound EPS, cells of the micro-organisms in the bio-
film became more susceptible to the influence of
nano-Al2A3 and nano-ZrO2 in comparison to the
bacterial cells in the biofilm with EPS.

In the experiments with titanium dioxide nano-
particles conducted by Liu et al. it was pointed out
that the biofilm-forming bacteria with EPS were
more resistant to the influence of nanoparticles
rather than the biofilm’s micro-organism without
EPS. The number of heterotrophic bacteria of the
biofilm with EPS in the presence of TiO2 nanoparti-
cles was about 102 cfu/mL, and without EPS was
only <10 cfu/mL [28].

The research conducted in this paper demon-
strated the protective action of EPS. Furthermore,
high resistance of the bacteria in biofilm to the influ-
ence of chemical substances results, among other
reasons, from the reduction of the cell dimensions,
the inhibition of physiological processes, the pro-
duction of enzymes catalyzing the decomposition of
harmful substances, and the increased production of
antioxidants (e.g. glutathione). It is also assumed
that some of them might modify the structure of
antibacterial substances, thus changing their proper-
ties [9,29,30].
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3686 N. Chrzanowska and M. Załęska-Radziwiłł / Desalination and Water Treatment 52 (2014) 3680–3689



T
ab

le
8

E
ff
ec
t
o
f
zi
rc
o
n
iu
m

n
an

o
-o
x
id
e
an

d
zi
rc
o
n
iu
m

o
x
id
e
o
n
p
la
n
k
to
n
ic

P
.
pu

ti
da

ce
ll
s

S
am

p
le

ty
p
e

R
an

g
e
o
f

co
n
ce
n
tr
at
io
n

te
st
ed

[m
g
/
L
]

P
la
n
k
to
n
ic

b
ac
te
ri
a

A
.
hy

dr
op
hi
la

E
C
5
0

N
O
E
C

E
C
5
0

N
O
E
C

E
C
5
0

N
O
E

24
h

24
h

48
h

48
h

72
h

72
h

[m
g
/
L
]

N
an

o
-Z
rO

2
1,
00

0
–
0.
48

>
1,
00

0
<
0.
48

24
5.
91

(±
12

.2
9)

<
0.
48

14
.5
3
(±
0.
72

)
<
0.
48

Z
rO

2
>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

T
ab

le
7

E
ff
ec
t
o
f
zi
rc
o
n
iu
m

n
an

o
-o
x
id
e
an

d
zi
rc
o
n
iu
m

o
x
id
e
o
n
P
.
pu

ti
da

b
io
fi
lm

S
am

p
le

ty
p
e

R
an

g
e
o
f

co
n
ce
n
tr
at
io
n

te
st
ed

[m
g
/
L
]

B
io
fi
lm

-f
o
rm

in
g
b
ac
te
ri
a

P
.
pu

ti
da

w
it
h
E
P
S

P
.
pu

ti
da

w
it
h
o
u
t
E
P
S

E
C
5
0

N
O
E
C

E
C
5
0

N
O
E
C

E
C
5
0

N
O
E
C

E
C
5
0

N
O
E
C

E
C
5
0

N
O
E
C

E
C
5
0

N
O
E
C

24
h

24
h

48
h

48
h

72
h

72
h

24
h

24
h

48
h

48
h

72
h

72
h

[m
g
/
L
]

[m
g
/
L
]

N
an

o
-Z
rO

2
1,
00

0
–
0.
48

>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

65
1.
67

(±
39

.1
0)

<
0.
48

>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

28
.3
2
(±
1.
69

)
<
0.
48

Z
rO

2
>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48

>
1,
00

0
<
0.
48
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The obtained results also indicate that the studied
nanocompounds are more toxic than the same
compounds in their “macro” forms (Tables 2–8). It has
been found that nano-ZrO2 is more toxic over the test
time (24, 48, and 72 h) on bacteria than the ZrO2 oxide.
It might have resulted due to different properties of
nanoparticles such as: high surface-to-volume ratio, a
high chemical reactivity, an ability to form aggregates,
diffusivity, and mechanical strength. Therefore,
nanocompounds can show a different mechanism of
action and can pose greater danger to the environment
than the same substance in its “macro” form [31].

4. Conclusions and summary

The conducted studies concerning the ecotoxicity
of the two types of zirconium (nano-ZrO2) and alumi-
num (nano-Al2O3) nano-oxides for P. putida and A. hy-
drophila in biofilms and planktonic forms allowed
formulating the following conclusions:

� Aluminum nano-oxides and zirconium nano-
oxides had harmful influences on P. putida and
A. hydrophila in planktonic and biofilm forms;
nano-Al2O3 proved to be more toxic.

� The planktonic bacteria were more susceptible
to the influence of both the compound types
than the biofilm forming bacteria; biofilms are
tolerant to nano-Al2O3 and ZrO2 treatment.
After the removal of loosely bound extracellu-
lar polymeric substances (EPS), the viability of
wastewater biofilms was reduced.

� Toxicity of aluminum oxide (Al2O3) and zirco-
nium oxide (ZrO2) in molecular forms was def-
initely lower than in the case of the nano
forms.

This research confirmed the data found in literary
sources and showed that the presence of nanoparticles
might negatively influence the communities of
micro-organisms participating in biological processes
of wastewater treatment by lowering the effectiveness
of the pollutants’ removal. It is important to use
biofilm-forming bacteria to estimate the influence of
nanoparticles on wastewater treatment systems, as
they show different susceptibility to nanoparticles
than planktonic bacteria.

It was found that nano forms of the tested com-
pounds were posing greater risks to environment than
the same compounds in the “macro” form. Therefore,
available ecotoxicity data about compounds in their
“macro” forms cannot be used to assess the harmful-
ness of their nano form counterparts.

This study increased the ecotoxicological knowl-
edge and database in relation to the effect of aluminum
nano-oxide and zirconium nano-oxide on micro-organ-
isms. Test results can be used in the safety data sheets.

It is also important to study the interaction mecha-
nism of nanoparticles with microbial cells on the
molecular level because of the small dimensions of
these compounds.
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