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Ecotoxic Effects of Cerium Oxide Nanoparticles on Bacteria
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Abstract. In this study, the ecotoxic effects of cerium oxide nanoparticles (CeO2 NPs) on both gram positive
Bacillus subtilis and gram negative Escherichia coli bacteria were investigated. CeO, NPs were prepared in
synthetic water solutions having different water contents (low, median and high ionic strength and conductivity,
pH 5.5 and 6.5). Bacteria were exposed to CeO, NP solutions in absence and presence of light conditions for 1
h. Different NP concentrations (10, 100, 500 and 1000 mg/L) were used, and environmental scanning electron
microscopy imaging was performed for morphological examination of the bacteria. Results showed an
aggregation of NPs relating to both high NP concentrations and high ionic strength of the water solutions.
Regardless of the test condition, CeO, NPs highly inhibited the bacterial growth.
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Seryum Oksit Nanopartikiillerinin Bakteriler Uzerindeki Ekotoksik
Etkileri

Ozet. Bu calismada, seryumoksit nanopartikiillerinin (CeO, NP) gram pozitif Bacillus subtilis ve gram negatif
Escherichia coli bakterileri izerindeki ekotoksik etkileri incelenmistir. CeO, NPleri farkl igerige sahip (diisiik,
orta ve yiiksek iyonik gii¢ ve iletkenlik, pH 5,5 ve 6,5) sentetik su ¢6zeltileri iginde hazirlanmistir. Bakteriler
1s1kl1 ve 1s1ksiz ortamlarda CeO2 NPlerine 1 saat siireyle maruz birakilmigtir. Farkli NP konsantrasyonlar1 (10,
100, 500 and 1000 mg/L) kullanilmis ve gevresel taramali electron mikroskopi goriintiileme ile bakterilerin
morfolojik incelemesi yapilmistir. Sonuglar yiiksek NP konsantrasyonu Ve yiiksek iyonik giice bagh olarak
NPlerin agregasyona ugradigimi gostermistir. Test kosullarindan bagimsiz olarak CeO, NPleri bakteriyel
biiytimeyi yiiksek oranda inhibe etmistir.

AnahtarKelimeler: Bacillus subtilis, Escherichia coli, CeO; nanopartikiilii, inhibisyon, sentetik su ¢ozeltisi.

1. INTRODUCTION

Engineered nanoparticles (NPs) are used in almost
every field from imaging technology to food,
agriculture and cosmetics to the pharmaceutical
industry. Due to this intensive use, titanium dioxide
(TiOy), zinc oxide (Zn0O), cerium oxide (CeO,) and
silver NPs have the highest production volumes of
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100-1000 tons/year [1]. In addition to these metal
oxide NPs, cerium (Ce) with 0.0046% of rare
elements, is as abundant as copper (Cu) in the
earth's crust [2]. In Europe, the median Ce
concentration detected as 48.2 mg/kg, 66.6 mg/kg,
and 55 ng/L in soil, sediment and water,

©2016 Faculty of Science, Sivas Cumhuriyet University


https://orcid.org/0000-0001-5593-7966
https://orcid.org/0000-0003-3296-1247

Ozkaleli Akgetin, Erdem/Cumhuriyet Sci. J., Vol.40-2 (2019) 544-553

respectively [3]. European Union (EU)
Commission estimated the global production
amount of nano-CeO. around 10000 tons in 2012
[4]. A study by the Future Markets Company
predicted that the production of nano-CeO; in 2011
was between 7500 and 10000 tons [5]. According
to Statista, the price of CeO, was 98217 US-$/ton
in 2011, 5516 US-$/ton in 2018 and the predicted
price will be 308 US-$/ton in 2025 [6]. The
American Geological Survey Unit (USGS)
reported that 80% of the global CeO, production
potential was reported in China [7] and other
important nano-CeO. producer countries were
located in Asia, Australia and Europe [8].

CeO, NPs are employed in electronics and optics
[4, 9], polishing products [4, 10], exterior facade
paints [4], metallurgy [4], as fuel additives due to
its catalytic properties, wood coating material [11],
petroleum refinery, and in fluid catalytic cracking
[3]. Moreover, in medicine [12, 13], environmental
chemistry [2] and in removal of pollutants from
industrial wastewaters [14] CeO, NPs have been
employed. Dai et al. [14] used SiO,/CeQ; catalyst
(FesO4 magnetic core covered with SiO; in middle
layer and CeO, in outer layer) in catalytic
ozonation for acetylsalicylic acid degradation in
the aqueous solution and obtained 81% removal
efficiency within 1 hour.

As a result of high production volumes, high
amounts of NPs tend to release into receiving
environments. There are studies showing
TiOz, ZnO, Ag and CeO, NPs in surface waters,
wastewater treatment plant effluent and sludge,
sediments and landfill areas [15]. CeO, NP
concentrations estimated in treated wastewater was
between 0.003 and 1.17 pg/L, and in sludge was
between 0.53 and 9.10 mg/kg [16]. It is also
predicted that the increasing concentrations of NPs
in receiving environments may result in ecotoxicity
to organisms [15, 17, 18]. When CeO, NPs released
into the receiving environments, it is inevitable to
emerge in aquatic environments [16], and rapidly
undergo an aggregation/agglomeration and interact
with aquatic organisms [19, 20]. With this
interaction, microorganisms, algae and
macroinvertebrates, which are the basic building

blocks of ecological food web, are the first and
most exposed organisms to the ecotoxic effects of
NPs [21].

There are limited number of studies on the ecotoxic
effects of nano-CeO, particles to microorganisms
[3, 22-27]. Thill et al. [22] showed the effects of 7
nm particle sized CeO. NPs on gram (-)
Escherichia coli with an EC50 value of 5 mg/L.
Moreover, they depicted that CeO, — E. coli
interaction was directly by electrostatic attraction
to the negatively charged bacteria wall due to the
positively charged physiological pH value.
Pelletier et al. [23] presented inhibitions of E. coli
and Bacillus subtilis, and no effect on Shewanella
oneidensis under CeO, NP treatment. In the study,
different NP concentrations (50-150 pg/mL), NP
sizes (640 nm), pH and medium were used to
determine the effects of CeO, NPs. Dar et al. [24]
treated E. coli HB101 K12 strains with four
different sizes (3,5-6,5 nm) of CeO, NPs and
showed the inhibition of bacteria. The studies
showed the effect mechanisms of CeO, NPs on
bacteria mostly related to a direct contact with
bacterial cell wall [22, 25, 27], membrane
deformation [26], cell disintegration [27] and
release of free Ce(lll) [25]. The evaluation of those
studies revealed that the data on the ecotoxic
effects of CeO, NPs are still inadequate, and
especially the systems that represent real
environmental conditions need to be carried out.

In this study, the effects of CeO, NPs on E. coli and
B. subtilis were evaluated in terms of bacterial
inhibition and cell membrane deformation. The
real environmental conditions were partly fulfilled
and in order to simulate them, CeO, NPs were
prepared in synthetic water solutions (SWSs) with
different water contents (low, median and high
ionic strength and conductivity, pH 5.5 and 6.5).
Bacteria were treated in CeO, NP solutions under
dark and illuminated conditions. Different NP
concentrations (0, 1, 10, 50 and 100 mg/L) and
morphological examination were used to determine
the bacterial inhibition.
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2. MATERIALS AND METHODS
2.1. Preparation of Bacterial Cultures

E. coli bacteria were kindly gifted by Biology
Department of Akdeniz University. Frozen
bacterial culture of 1 mL was inoculated in 100 mL
LB Broth and incubated at 37°C for 18 h (ODgpo=
1.05). Lyophilized B. subtilis (ATCC6633)
bacteria were purchased from American Type
Culture Collection (ATCC, Wesel, Germany). A
pellet of lyophilized bacteria was inoculated in 100
mL of LB Broth at 37°C for 18 h (ODeg= 1.03).
After the incubation period, the cultures were
transferred into 2 mL eppendorf tubes and
centrifuged at 10,000 rpm for 5 min. Supernatants
were removed and the pellets were dissolved in
10% glycerol + 90% LB Broth media. The cultures
were stored at -20°C until upon use.

2.2. Nanoparticle Solutions and

Characterization

The CeO; NPs used in the experiments were
purchased (Alfa aesar, Karlsruhe, Germany). The
NPs were in 15- 30 nm size range and have 32- 40
m2/g of surface areas. A stock NP solution of 1000
mg/L was freshly prepared in SWSs with different
ionic strength (10, 50 and 100 mM), pH (5.5 and
6.5) and conductivity (0.6, 3 and 6 mS/cm). The
stock solution was then diluted to 10, 100 and 500
mg/L before the experiments. All test units were
continuously shaken at 100 rpm.

In order to characterize the NPs, size distribution
was calculated using dynamic light scattering
(DLS) technique in Dynapro Nano star particle
sizer (Wyatt Tech. Corp., CA, USA), particle size
analysis was performed by scanning electron
microscopy (SEM, Quanta FEG 250, FEl,
Hillsborough, OR, USA), zeta potential was tested
using NanoZS zetasizer (Malvern Panalytical Inc.,
Westborough, MA, ABD), and the structure of the
NPs was detected by energy dispersive X-ray
(EDX) spectroscopy (Apollo X AMATEK).

2.3. Bacterial Inhibition Analysis

Overnight grown bacteria of 1 mL was added into
49 mL of NP solutions and exposed to
environmental conditions  (different NP
concentrations, pH, ionic strength, conductivity,

and dark and light) for 1 h at 150 rpm. The used
light intensity was 2.1 mW/cm?. At the end of test
duration, serial dilutions were made and
bacteria+NP solutions of 100 pL was inoculated
into petri dishes. The petri dishes were incubated at
37°C for 24 h. The number of the colonies on petri
dishes were counted using a colony counter and
reported as CFU/mL. Inhibition tests were
triplicated and values were calculated as
percentages (%).

2.4. Morphological Examination

Environmental scanning electron microscopy (E-
SEM) imaging analysis was performed with FEI
Quanta250 FEG model E-SEM in Material
Research  Laboratory, Izmir Institute of
Technology. In fixation procedure: 2 mL of
samples were centrifuged at 6000 rpm for 10 min,
were washed in phosphate buffer solution (PBS,
pH 7.4). Washed sample was centrifuged again and
pellet was stored in PBS+cold ethanol (1:1 v/v) at
-4°C for 12 h. In E-SEM imaging, 100 pL of
sample was placed onto specimen stub and dried at
30°C for 15 min. Sample was then analyzed at 5 kV
high vacuum and 50000 magnification.

3. RESULTS AND DISCUSSION
3.1. Nanoparticle Characterization

The size of the CeO, NPs was measured by SEM-
EDX and DLS, and the zeta potential was measured
by zeta sizer. Figure 1a shows the SEM image of
the CeO2 NPs (100 mg/L in ultrapure water) with
agglomerated particle shapes. The average particle
size was calculated as 45+1.2 nm, which is almost
1.5 to 3 times larger than those of the retailer’s info.
EDX analysis was applied on three different areas
(yellow areas, Figure 1a), and the purity of NP
sample was shown in Figure 1b that the sample was
only composed of CeO: particles (Ce: 40.3+8.7%
and O: 55.9+£10.6%).

The particle size results obtained from DLS
method is given in Table 1. DLS method has been
effectively used in particle size measurements and
usually an optimum concentration of 50 mg/L has
been chosen [28, 29]. A 50 mL of NP concentration
prepared in 10 and 50 mM ionic strength, 0.6 and 3
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mS/cm conductivity, and pH 5.5 and 6.5 were used.
The measurements were obtained at time 24 h. Our
results show that the aggregated particle size was
strongly ionic strength and pH dependent. At lower
ionic strength (10 mM) and pH (5.5) values, the
particle size was 343+11 nm. However, when the
ionic strength (50 mM) and pH (6.5) increased,

Map data 512
MAG: 814 x HV: 20.0 kV WD: 11°

micrometer sized (14974242 nm) particles were
observed. Similar finding was also reported in
Kosyan et al. [30] that the CeO, NP size in the test
media was ranged between 192+62 nm and 1.5 pm.
Leung et al. [31] showed that size of the particle
was highly affected by the medium content.

(b)
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Figure 1. Scanning electron microscopy (SEM) (a) and energy dispersive X-ray (EDX) images (b) of

CeO; nanoparticles.

Table 1. The effect of ionic strength (IS), conductivity (Cond.) and pH on CeO; nanoparticle

size (Nanoparticle concentration: 50 mg/L)

Measurement Conditions

IS: 10 mM, Cond.: 0.6 mS/cm, pH: 5.5
IS: 50 mM, Cond.: 3 mS/cm, pH: 5.5
IS: 10 mM, Cond.: 0.6 mS/cm, pH: 6.5
IS: 50 mM, Cond.: 3 mS/cm, pH: 6.5

Particle Size (nm)
343+ 11
1259 + 224
463 + 54
1497 £ 242

The zeta potential values of CeO, NPs used in this
study were measured as 8.9 mV and 2.1 mV at pH
5.5 and 6.5, respectively. The pH, ionic strength,
natural organic matter and etc. of the aquatic
environment can highly effect the surface charge of
nano-CeQ; particles. Especially the surface charge
of CeO, NPs can be negative or positive due to the
pH of the solution [3, 4]. In our study, CeO, NPs
were positively charged. According to studies, at
low pH values CeO, NPs were positively charged
and at high pH values they were negatively
charged, and their isoelectric point is pH 8 [32, 33].
Buettner et al. [34] reported that CeO, NPs’
isoelectric point is between pH 6.5

and 8.1, Berg et al. [35] noted that value as pH 6.71.

3.2. Bacterial Inhibition

The antibacterial effects of CeO2 NPs on B. subtilis
is depicted in Figure 1. High ionic strength and
conductivity showed high negative effect on B.
subtilis. Especially at 1000 mg/L NP concentration,
100 mM ionic strength, and 6 mS/cm conductivity
under dark condition, maximum inhibition results
were calculated as 64% and 68% at pH 5.5 and 6.5,
respectively (Fig 2A and 2C). When 2.1 mW/cm?
of light intensity was applied, the highest
inhibitions were resulted from highest NP
concentration and ionic strength conditions. The
most antibacterial results were calculated as 92%
and 95% at pH 5.5 and 6.5 in presence of light,
respectively (Fig 2B and 2D).
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Al-Shawafi et al. [36] studied the antimicrobial
activity of CeO, NPs synthesized with different
molar ratios of Ce(NO3)3.6H.0 and CeH12N4 (1:20,
5:20, 7:20, 12:20 and 20:20) on E. coli and B.
subtilis (bacteria), and Saccharomyces cerevisiae
(yeast). CeO, NPs with 12:20 ratio showed an
inhibitory effect of 67% on B. subtilis, where NPs
with 5:20 ratio displayed >70% inhibition on E.
coli. The least antimicrobial result was obtained
from NPs with 20:20 ratio on S. cerevisiae (45%).
Krishnamoorthy et al. [36] showed that the
antibacterial effect of CeO, NPs on B. subtilis, E.

100

coli, Salmonella typhimurium and Enterococcus
faecalis can be attributed to membrane stress.

In this study, the optimization of the variables that
could affect the extraction efficiency was carried
out by monitoring the recovery. Recovery for each
variable was calculated according to the following

formula.
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Figure 2. The inhibition effect of CeO2 NPs on B. subtilis bacteria (A: Dark, pH 5.5; B: Light, pH 5.5; C: Dark, pH

6.5; D: Light, pH 6.5).

In Figure 3, the antibacterial effects of CeO, NPs
on E. coli are given. The results from dark and light
conditions clearly showed that illumination has a
negative impact on bacteria. It is a well-known
phenomenon that when CeO, NPs are illuminated
with a light source (especially UV light), reactive
oxygen species (ROS) can be formed. ROS then
may disrupt cell membrane and cause stress on
bacteria [38]. The most antibacterial result in
absence of light was calculated as 52% when test
conditions of 10 mM ionic strength, 500 mg/L NP

concentration, pH 5.5 were applied. (Fig 3A).
However, when light was used, the inhibition
increased to 98-99% at test conditions of 50 mM
ionic strength and 100-1000 mg/L NP
concentration (Fig 3B). At pH 6.5, higher
antibacterial effect was observed under dark that
the inhibition of bacteria increased to 78% (50 mM,
1000 mg/L) (Fig 3C). On the other hand, lower
inhibition values were calculated from illuminated
samples that highest result was 84% (50 mM, 100
mg/L) (Fig 3D).
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Agarwal et al. [39] showed a 94% inhibition in the
growth of E. coli after 9 h of visible light exposure.
Thill et al. [22] reported the antibacterial effect of
CeO NPs (size: 7 nm) dispersed in water on E. coli
and showed an electrostatic affinity between
positively charged NPs and the negatively-charged
outer membrane of bacteria. They conclude that
cytotoxic effect of CeO2 NPs on E. coli was due to

the close contact of NPs and bacteria, and oxidative
response. Thill et al [22] and He et al. [40] have
also suggested that changing the exposure media
may reverse the cytotoxic effect of CeO, NPs on E.
coli, since surface charge density is largely
responsible for antibacterial effect.
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Figure 3. The inhibition effect of CeO, NPs on E. coli bacteria (A: Dark, pH 5.5; B: Light, pH 5.5; C:

Dark, pH 6.5; D: Light, pH 6.5).

In Figure 4, E-SEM images of CeO, NPs and B.
subtilis+CeO, NPs are given. Both samples were
treated in 100 mg/L of NP concentration, pH 5.5,
50 mM of ionic strength, and 3 mS/cm of
conductivity at 23£1.2°C under light (light
intensity: 2.1 mW/cm?). The E-SEM image of
CeO, NPs clearly shows that high NP
concentration and high ionic strength lead to an
aggregation/agglomeration of NPs. The NP size
distribution was varied between 35 nm and 3.5 pm
(Fig 4A). The bacteria + CeO, NP image was

analyzed, a direct contact, more specifically an
adsorption of CeO, NPs onto bacteria, was
observed. The deformed bacteria were hidden
under CeO; NPs and their different sizes were
shown with red crosses in Figure 4B. The
aggregated bacteria + NP size was varied between
65 nmand 6 pm. Similar results were also reported
in the literature that CeO, NPs had a direct contact
with bacterial cell wall [22, 25, 27]. This direct
contact mostly resulted in membrane deformation
[26] and cell disintegration [27].
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Figure 4. E-SEM images of CeO, NPs (A) and B. subtilis+ CeO, NPs (B) (Condition: NP concentration:
100 mg/L, pH: 5.5, ionic strength: 50 mM, conductivity: 3 mS/cm, temperature:23+1,2°C and light

intensity: 2.1 mW/cm?)

4. CONCLUSION

The present study examined the potential
ecotoxicity of CeO, NPs on B. subtilis and E. coli
bacteria. Regardless of the test conditions, CeO;
NPs exhibited growth inhibition on both two
bacteria. Higher growth inhibitions of bacteria in
absence of light were observed compared to the
those from literature. This may be attributed to
cellular adsorption due to different ionic strength
and high NP concentrations. In presence of light,
similar results were obtained in this study that high
bacterial inhibitions were resulted from high ionic
strength and high NP concentration test conditions.
The effects of pH varied on bacterial inhibition. It
was shown that B. subtilis was more susceptible at
pH 5.5 and E. coli was more sensitive at pH 6.5.
The coverage of CeO2 NPs on bacteria was clearly
seen from E-SEM images, and it is suspected that
cell damage was mainly caused by the membrane
deformation.

As a conclusion of this study, the results suggest
that bacteria-NP interaction is the most important
factor in explaining the ecotoxic effect of CeO>
NPs on B. subtilis and E. coli. However, it is still
not clear whether this inhibition effect of CeO, NPs
can be directly attributed to cellular adsorption.
Therefore, further investigations need to be
conducted to understand the interaction of NPs
with bacteria, the main mechanism of growth

inhibition of bacteria, and the fate of NPs in the
receiving environments.

In general, CeO, NPs have been used in several
sectors due to their excellent properties. Based on
the results from the literature, many studies have
focused on the synthesis of CeO, NPs and few of
them have defined the factors leading the ecotoxic
effects. The synthesis technique of the CeO, NPs
should be highly efficient, economic, and practical
without creating any ecotoxic effects. In overall,
more researches need to be focused on
environmental- friendly synthesis approaches and
a life cycle assessment should be applied on all
newly synthesized NPs.
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