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Abstract

Cerium oxide nanoparticles (CeO,NPs) possess unique physicochemical properties that
make them promising compounds for medical and industrial applications. However, varia-
tions in synthesis methods, particle size, and surface characteristics may influence their
potential toxicity. This study provides a comparative analysis of CeO,NPs synthesized
via three methods (citric, dextran, and uncoated modifications) to evaluate their toxic-
ity, antioxidant mechanisms, and genoprotective potential using a panel of Escherichia
coli-based lux-biosensors. Our data indicate that all of the tested CeO,NPs exhibit high
biocompatibility with no significant toxicity or genotoxicity at physiological concentrations
(10~4-10~2 M). The citrate-modified nanoparticles demonstrated pronounced catalase-
mimetic activity, acting as the most effective scavengers against hydrogen peroxide. Con-
versely, the dextran-modified nanoparticles exhibited the highest antimutagenic potential,
reducing dioxidine-induced DNA damage by over 56%. Thus, beyond establishing bio-
compatibility, this study highlights the potential of using specific CeO,NP modifications

) MECE SN RE S for targeted therapy depending on the oxidative pathway involved. This suggests their

Academic Editor: Andrea Salis potential for application as antioxidant and antimutagenic agents in both human and

Received: 28 February 2026 Vetermary medicine.

Revised: 20 March 2026
Accepted: 28 March 2026 Keywords: biosensors; nanoparticles; cerium; biotesting; toxicity; nanotoxicology;

Published: 31 March 2026 antioxidants; molecular microbiology; biosensing techniques; Escherichia coli

Correction Statement: This article has

been republished with a minor change.
The change does not affect the scientific

content of the article and further details 1. Intl‘oduction

are available within the backmatter of . . . .. .
Nanomaterials represent a rapidly developing and promising field of research, as they
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possess unique physicochemical properties and have a wide range of applications. In recent
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years, research on cerium oxide nanoparticles (CeO,NPs) has shown promising results in
Licensee MDPI, Basel, Switzerland.

o , biomedical applications due to their antioxidant and anticancer properties [1,2]. The high
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activity, which distinguishes them from classical antioxidants [4]. Most antioxidants become
depleted in the process of reactive oxygen species (ROS) scavenging, but cerium oxide can
cycle between the Ce** and Ce*" oxidation states. CeO(III) is rapidly oxidized to CeO(IV)
by ROS, and thus CeO(I1I) successfully scavenges ROS. CeO(IV) is slowly reduced again
by ROS, reverting to CeO(Ill) and leaving oxygen vacancies in the CeO crystal lattice,
which becomes even more reactive toward ROS. Thus, the cyclic switching of CeO between
the 3+ and 4+ states can continuously exhaust ROS [5-8], so CeO,NPs hold promise
for the development of drugs for the treatment of a wide range of diseases associated
with oxidative stress, which is of great importance for several somatic diseases [9-11].
Moreover, these effects were repeated when using several forms containing nanocerium.
For example, polyethylene glycol (PEG)-based nanocerium has been shown to improve
and accelerate wound healing in rat studies [12]. Dextran-coated nanoceria, citrate-coated
nanoceria, and uncoated nanoceria, synthesized from cerium(IlI) nitrate aqueous solution
at a nanoparticle concentration of 1072 M and a size of up to 10 nm, also showed wound
healing properties, stimulating the proliferation and metabolism of human cell cultures
involved in wound repair (mesenchymal stem cells, keratinocytes, and fibroblasts) up to
2.5-fold [13-18]. In a systematic review, Xue et al. [19] summarized information on various
forms of CeO, nanoparticles that have been used in wound healing materials over the past
decade. In addition, nanocerium also shows promise in the treatment of somatic diseases
not associated with common etiopathogenetic roots [17-25].

At the same time, there are concerns that the presence of nanoceria in the human
body, either through their use as a drug or because of industrial pollution, could have
negative effects. Data on possible negative effects were collected through years of study-
ing CeO, nanoparticles with various coatings, sizes, concentrations, and other physical
factors [26-29]. Depending on their size, aggregation, and synthesis method, nanoparticles
can exhibit both antioxidant and prooxidant properties [4,25,28]. Given their ability to
penetrate cell membranes and their potential impact on nuclear DNA, one could suggest
that these particles may cause mutagenic effects [30-33]. Thus, it is crucial to continue
studying the potential toxicity of CeO, nanoparticles and the mechanisms underlying it to
avoid adverse effects from CeO, use.

For a long time, toxicity and oxidative stress assessment was conducted using sev-
eral well-known methods: (1) Chemical or physical methods—these evaluate only indi-
rect chemical reactions that are loosely related to the complex life of a living organism;
(2) Cell culture methods—these evaluate the responses of specific types of differenti-
ated or undifferentiated progenitor cells, which can vary [26]; and (3) Laboratory animal
studies—these increase the cost and cumbersome nature of the study and raise ethical
concerns [34].

Therefore, increased research is being conducted on relatively simple and easy-to-
maintain living organisms. Most often, toxicity to living organisms is studied using
model objects such as the crustacean Artemia salina [34,35], the nematode Caenorhabditis
elegans [36,37], the aquatic midge Chironomus riparius [37], the microalgae Pseudokirchneriella
subcapitata [38], and the earthworm Eisenia fetida [39].

Biotesting using bacterial biosensors may be a good alternative to the use of an-
imals [40]. Bacteria adapt quickly to their environment, allowing them to detect and
respond to environmental changes such as fluctuations in chemical concentrations and
temperature [41]. This makes bacteria some of the most suitable biological reporters that
convert corresponding chemical signals into a readable signal. Bacterial biosensing is
typically two-pronged: biological sensing elements (microbial cells) that can selectively
identify the target chemical and produce signals related to its concentration, and physical
devices that convert and detect optical, electrochemical, and thermodynamic signals [42].
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The advantages of using bacterial biosensors include low cost, speed of analysis, sensitivity,
and the ability to detect not only the presence or absence of toxicity, but also to suggest
the mechanism by which it occurs (damage to DNA, proteins, membranes, oxidative
stress, etc.) [43]. Previously, we successfully and repeatedly used bacterial lux-biosensors
based on E. coli to study the positive and negative biological properties of both newly
synthesized substances and natural compounds including nanoparticles [40,44,45]. The
biosensor strains used in these studies harbored bacterial luciferase genes under the control
of bacterial promoters specifically induced by various chemicals or cellular stress.

The aim of this study was to investigate the biological effects of cerium oxide
nanoparticles (CeO,NPs), synthesized by three different methods (C-1—citric nanocerium;
C-2—dextran nanocerium; and C-3—uncoated nanocerium), using bioassay methods and a
set of bacterial lux-biosensors to determine their overall toxicity, pro-/antioxidant status,
and pro-/antimutagenic properties in bacteria.

This study used three types of CeO,NPs obtained with different methods:
1—precipitation from aqueous solutions of cerium(Ill) nitrate hexahydrate and citric acid
in a 1:1 ratio, with the size of the synthesized nanoparticles being mainly 3—4 nm [14,15,17];
2—using the same cerium nitrate and dextran formulation at a 1:2 initial ratio (Ce2D, with
a particle size of mainly 1-3 nm) [16,17]; and 3—the thermal decomposition of cerium
carbonate obtained by precipitation from nitrate aqueous solution (the best fraction of the
CeO;,-1I sample was used, which had a particle size of up to 10 nm (mainly 6-9 nm)) [13].
The choice of these types and sizes of CeO,NPs and the concentrations studied were based
not only on previously obtained positive results, but also on the results of a systematic
review proving that CeO,NPs with sizes up to 10 nm at doses < 5 mg/kg show no signs of
toxicity [46].

2. Results
2.1. Cerium Oxide Nanoparticle Characteristics

Figure 1 shows the transmission electron microscopy (TEM) micrographs and elec-
tronograms of three variants of CeO, nanoparticles.

The overview and magnified microimages of TEM samples C-1 and C-2 show that the
nanocerium particles stabilized by citrate and dextran were smaller than 5 nm. Sample
C-3 (nanocerium without a stabilizing coating) had a high tendency to agglomerate, which
highlights the advisability of using nanoparticle stabilizing excipients. The particles that
made up the agglomerate were finely dispersed and crystalline. Chaotically oriented
nanocrystallites of 6-10 nm size were visible in the agglomerate, and individual non-
polymerized finely dispersed nanoparticles <5 nm were also present. The location of the
diffraction maxima on the annular electrogram of all three samples (Figure 1c) corresponded
to the phase CeO;. The blurriness of the rings in the electron diffraction patterns also
indicates the finely dispersed structure of the nanoceria samples. As can be seen from the
nanoparticle distribution data (Figure 1d), the average crystallite size was 2.9 £ 0.9 nm
(mostly 2—4 nm) for sample C-1, 2.4 = 0.8 nm for C-2 (mostly 2-4 nm), and 7.0 £ 2.1 nm for
C-3 (mostly 6-9 nm).

The resulting data obtained 12 months after the synthesis of nanoparticles were well-
aligned with the previously obtained TEM and X-ray diffraction findings in our previous
studies [13-16] (Figure 2). The results of the X-ray diffraction analysis (Figure 2b) indicate
the presence of only one phase in the sample: cerium(IV) oxide with a face-centered cubic
lattice (space group Fm-3m). The size of the coherent scattering region was on average
2.7 (0.4) nm for C-1, 2.4 (0.5) nm for C-2, and 9.1 (3) nm for C-3.
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Figure 1. TEM images of CeO, C-1 (citric nanocerium), C-2 (dextran nanoceriumy), and C-3 (uncoated
nanocerium). (a) Overview image; (b) enlarged image (ruler size 20 nm); (c) electronogram; (d) particle
size distribution. On TEM, the organic coat is not visible, only the core of the nanoparticles.
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Figure 2. Characterization of nanoparticles after synthesis: C-1 (citric nanocerium), C-2 (dextran
nanocerium), and C-3 (uncoated nanocerium). (a) TEM images of CeO,NPs at maximum magnifica-
tion (ruler size 5 nm); (b) X-ray diffraction. The data were partially published [13-16].

The results of dynamic light scattering are presented in Figure 3.
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Figure 3. Dynamic light scattering data for cerium dioxide samples C-1, C-2, and C-3, examined
12 months after synthesis: the particle sizes with hydrodynamic diameter (a) and C-potential (b).

In sample C-1, individual particles were found to be 35 nm (10-60 nm) in size (93%)
and to form aggregates ranging from 100 nm to 6000 nm in diameter at a low (-potential
(1151 mV).

In sample C-2 (dextran nanocerium), individual particles of size 8—15 nm (58% of NPs)
and aggregates of 20-50 nm diameter (36%) were detected. Large agglomerates with an
average size of 5165 nm at 5% were also identified. The native sample had a (-potential of
—7.4mV (84%) and 40 mV (16%).

According to the results of dynamic light scattering, the colloidal solution C-3 con-
tained agglomerates of 100-300 nm at a low (-potential (7.4 £ 8.9 mV), indicating instabili-
ties in nanoparticles.

2.2. CeONP Toxicity Assessment Using Biosensor Test

The abbreviated names of the cerium nanoparticle samples and their concentrations

are presented in Table 1.

Table 1. Tested nanoparticles and their concentrations in the samples.

. Nanoparticle Sizes, nm (According to Synthesis and
No. Short n. Substance Concentration TEM Data) Characterization
1 C1-2 1072M <5
2 C1-3 Citric nanocerium 103 M <5 [14,15,17]
3 Cl1-4 1074 M <5
4 C2-2 102M <5
5 C2-3 Dextran nanocerium 1073 M <5 [16,17]
6 C2-4 1074 M <5
i -3 —

7 C3-3 Uncoated 10— M 69 .
8 C3-4 nanocerium 1074 M 6-9
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2.2.1. Fluorescent Biosensors

Incubation of the fluorescent E. coli strain XL1-Blue eGFP with cerium nanoparticles
demonstrated no significant negative effect on fluorescence (Figure 4a) or bacterial culture
growth (Figure 4b). Maximum fluorescence and OD600 values were selected over 120 min
of incubation. The degrees of fluorescence suppression and bacterial culture growth in the
presence of nanoparticles were assessed after 120 min in the experiment, as this is when the
culture density typically peaks.
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Figure 4. Maximum fluorescence (a) and optical density at 600 nm (OD600) (b) of the E. coli XL1-Blue
eGFP strain in the presence of CeO,NPs. “*” indicates statistically significant differences from the
control (two-tailed Student’s f-test, Bonferroni-corrected p < 0.05).

Some samples induced fluorescence insignificantly, but a statistically significant sup-
pression of fluorescence was observed only in the C1-2 sample. A significant, albeit slight,
decrease in culture density was also observed only in the C1-2 sample.
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The percentage of fluorescence inhibition was 82.4 £ 1.8% for 0.15 g/L zinc sulfate and
43.4 £ 5.3% for 0.1 g/L zinc sulfate (positive controls). For the test substances, it ranged
from 0 to 12.6%, with a maximum value of 12.6 £ 0.9% observed for sample C1-2.

The percentage of growth inhibition (turbidity) was 95.5 £ 7.2% for 0.15 g/L zinc
sulfate and 70.4 =+ 6.3% for 0.1 g/L zinc sulfate (positive controls). For the test substances,
it ranged from 0 to 20.7%, with a maximum value of 20.7 & 3.4% observed for sample C1-2.

It can be concluded that none of the studied samples significantly inhibited fluores-
cence, and only one inhibited the growth of the E. coli XL1-Blue eGFP strain.

When testing cerium oxide nanoparticles with another fluorescent strain, E. coli XL1-
Blue FusionRed, a slight stimulating effect on bacterial culture fluorescence (Figure 5a) and
growth (Figure 5b) was observed for most of the samples.
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Figure 5. Maximum fluorescence (a) and optical density at 600 nm (OD600) (b) of E. coli XL1-Blue
FusionRed in the presence of CeO,NPs. “*” indicates statistically significant differences from the
control (two-tailed Student’s t-test, Bonferroni-corrected p < 0.05).

However, sample C1-2 (citrate cerium nanoparticles at the maximum studied con-
centration) demonstrated the ability to suppress fluorescence (by 16 £ 1.5%), and sample
(C2-2 also inhibited culture growth by 19 & 2.7%, although this effect was not statistically
significant (p > 0.05).
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Moreover, the fluorescence suppression rate was 23 & 3.2%, and the growth suppres-
sion rate (turbidity) was 87.8 + 7.1% for 0.3 g/L zinc sulfate (positive control).

Thus, testing with fluorescent biosensors showed that only cerium citrate at a concen-
tration of 10~2 M exhibited mild toxicity.

2.2.2. Luminescent Biosensors

The luminescence of E. coli XL1-Blue pNK3751 decreased slightly when incubated
with cerium citrate nanoparticles at all concentrations studied (Figure 6a). Samples C1-2
suppressed fluorescence by 17.7 £ 2.6%, C1-3 by 24.8 &+ 3.5%, and C1-4 by 13.8 &+ 1.0%
relative to the control. The “dextran” and “uncoated” cerium nanoparticle samples had
no significant effect on the luminescence levels, with one exception: sample C2-2 slightly
stimulated luminescence. None of the studied nanoparticles had an inhibitory effect on the
growth of the E. coli XL1-Blue pNK3751 bacterial culture (Figure 6b).

18,000 -~ 16,166

| 3 14,941 14,982 13,968
16,000 14,992 13,334 13,981 14,121

14,000 - % 12,189 =

—
N
o
S
(=)

|
—

2

—_

(=]

o

o

(=)
|

a2

8000 -

6000 -
2803 2558

* *

Maximal luminescence, RLU

'S

o

o

(=)
Il

2000

0 - : :
Control ZnSO, ZnSO, C12 C13 Cl14 C22 C23 (C2-4 C3-3 C3-4
0.1g/L 0.15g/L

@
0.120 -

0.086 0.081
0.100 - . 0.076

0.080 0.066

0.057 I
0.060

0D600

0.040
0.020

*

0.016
0.020 -

0.000 - ; y - b
Control ZnSO, 7ZnSO, C1-2 C13 Ci14 C22 (C23 (C24 C33 (C34
0.1g/L 0.15g/L

(b)

Figure 6. Maximum luminescence (a) and density (b) of E. coli XL1-Blue pNK3751 in the presence
of CeO;NPs. “*” indicates statistically significant differences from the control (two-tailed Student’s
t-test, Bonferroni-corrected p < 0.05).

A possible mechanism underlying the bioluminescence stimulation observed for the
constitutive biosensor E. coli XL1-Blue pNK3751 in the dextran-coated sample C2-2 at the
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highest concentration (10~2 M) is that dextran, as a glucose polymer, serves as both a
carbohydrate source for E. coli and as a substrate for luciferase oxidation.

In contrast, citric nanocerium slightly suppressed luminescence, which may result
from a decrease in the medium’s pH caused by citrate, thereby reducing luciferase enzyme
activity. Another potential inhibitory mechanism of citrate involves the chelation of metal
ions in the bacterial cell wall, leading to the diminished uptake of essential nutrients from
the medium [47].

Similar results were obtained using another strain with constitutive luminescence: E.
coli MG 1655 (pXen7-lux). All samples induced bacterial luminescence slightly except for
high-concentration cerium citrate (C1-2, 10~2 M), which suppressed it (Figure 7a).
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Figure 7. Maximum luminescence (a) and density (b) of the E. coli strain MG 1655 pXen7-lux in the

>x17

presence of CeO,NPs. indicates statistically significant differences from the control (two-tailed

Student’s t-test, Bonferroni-corrected p < 0.05).

Almost all of the “citrate” cerium nanoparticles exhibited a slight bacteriostatic effect,
reducing the optical density of the E. coli MG 1655 (pXen7-lux) bacterial culture compared
to the control (Figure 7b). Sample C3-3 also demonstrated this effect.

https://doi.org/10.3390/ijms27073179


https://doi.org/10.3390/ijms27073179

Int. J. Mol. Sci. 2026, 27, 3179

10 of 25

The maximum bioluminescence inhibition of the E. coli strain MG 1655 (pXen7-lux) by
CeO,NPs was 17.14 £ 2.25% (for sample C1-2), although the difference was not statistically
significant. Meanwhile, inhibition by ZnSO4 was 15.75 £ 1.03% in the same test. However,
significant growth inhibition with CeO,NPs was demonstrated in samples C1-3, C1-4,
and C3-3 (34.63 £ 0.76%, 24.46 £ 2.78%, and 23.50 + 3.13%, respectively), while ZnSO,
inhibited growth by 30 % 8.5%.

The results demonstrate that 50% inhibition of culture growth, as measured by ODg
or complete luminescence inhibition, was not reached at any concentration of cerium oxide
nanoparticles. Consequently, the minimum luminescence inhibition concentration (MLIC)
was also not reached at any tested concentration.

Thus, testing the cerium nanoparticle samples using fluorescent and luminescent bac-
terial biosensor strains showed that, overall, most of the samples did not exhibit significant
toxicity. The highest concentration of cerium citrate tested (1072 M (C1-2)) demonstrated
a suppressive effect on the emission of all biosensors (both fluorescence and lumines-
cence). The biosensors also showed a slight bacteriostatic effect for some of the CeO,
nanoparticles tested.

2.3. Prooxidant Activity of CeO,NPs

Prooxidant activity was assessed based on the ability of the tested CeO,NP samples to
induce or increase luminescence in strains with stress-inducible promoters. Antioxidant
activity was assessed based on the ability of the samples to reduce the induction caused by
the test inducer and was calculated as a percentage of induction suppression. The effects
were tested using two models: hydrogen peroxide and methyl viologen, a superoxide anion
radical generator.

When testing cerium nanoparticles using the E. coli biosensor strain MG1655 (pKatG-
lux), it was shown that none of the tested nanoparticle samples, at any concentration,
exhibited a prooxidant effect arising from their ability to generate peroxides (Figure 8§,
Table 2).

300,000
250,000
— Control
2 4 —C12
= 200,000
o y —C13
5 —C1d
£ 150,000
2 —_—C22
g —C23
<= 100,000
= c24
Cc33
50,000
y ; C34
. A S & — —-—-"""_' H202
U £ T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120
Time, min

Figure 8. Effect of the studied CeO,NP samples on the bioluminescence of the E. coli biosensor strain
MG1655 p(KatG-lux). H,O, curve significantly differed from the control (two-tailed Student’s t-test,
Bonferroni-corrected p < 0.05) in the timeframe of 10-120 min.
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Table 2. Maximum luminescence induction factors for the E. coli strain MG1655 (pKatG-lux) in the
presence of CeO,NPs. *—p < 0.05 (Student’s t-test).

Sample H,0, C1-2 C1-3 C14 C2-2 C2-3 C2-4 C3-3 C34
Maximal
induction 17.2+£0.11*% 0.03 £ 0.07 0.34+0.03 0.5+ 0.09 0.5+0.11 0.6 £ 0.05 0.7 £0.02 0.8+£0.01 0.3 £0.04

factor

Testing using the lux-biosensor E. coli strain MG1655 (pSoxS-lux) revealed the ab-
sence of prooxidant (superoxide anion generation) properties in the studied nanoparticles

(Table 3).
Table 3. Maximum luminescence induction factors for E. coli strain MG1655 (pSoxS-lux) in the
presence of CeO,NPs.
Sample VMe‘hyl Cc1-2 C13 C1-4 Cc22 C23 C2-4 C3-3 C34
iologen
Maximal
induction 13.8 £0.11 0.05 £+ 0.02 0.03 +£0.01 0.03 £ 0.02 0.06 +0.01 0.03 +£0.01 0.01 £ 0.007 0.04 £ 0.005 0.01 £ 0.007

factor

In both tests, in no sample did the induction factor exceed 2. This value is considered
the threshold for toxicity in biosensor tests on these strains, based on genotoxicological
studies [48].

Thus, it can be concluded that the studied samples do not possess prooxidant activity,
and that this activity is not affected by the presence of coatings, nanoparticle size, or
concentration, within the limits of this study.

2.4. Antioxidant Activity of CeO,NPs

When studying the ability of the synthesized cerium nanoparticles to protect cells from
oxidative stress, it was found that the studied samples possessed statistically significant
antioxidant activity against peroxide, although in most cases, this was to a lower level
than that of model antioxidants. The model antioxidant in this test system is typically
considered to be x-tocopherol, exhibiting approximately 70% activity, or ionol, with activity
up to 93% [49]. Sample C1-2 was the most active, with an activity of 65.6% and the highest
concentration of cerium citrate nanoparticles (Figure 9). The C3-3 sample was the second
most potent antioxidant. The minimum protective activity (25.7%) against peroxide was
exhibited by a sample of the same “citrate” cerium diluted by 10 times (CI-3, 10~3 M).

The antioxidant activity of CeO,NPs against the superoxide generator (methyl vi-
ologen) was low (Figure 10). The maximum protective effect was demonstrated by the
“citrated” cerium sample (C1-2; 19.8 + 0.4%), while the minimum was found for the
“uncoated” cerium (C3-3; 5.7 £+ 0.2%).

Thus, all of the uncoated nanocerium samples and the studied nanocerium composites
demonstrated a statistically significant antioxidant effect. Using tocopherol as a control
antioxidant yielded more accurate activity characteristics across groups than methyl vi-
ologen. However, the values differed only in absolute values, repeating themselves for
the maximum and minimum antioxidant activity. As expected, the maximum antioxidant
effects were obtained at the maximum concentration of the smallest nanocerium citrate
composites. Uncoated nanocerium exhibited relatively weak activity against the superoxide
anion radical. However, uncoated nanocerium tended to exhibit the greatest antioxidant
activity against hydrogen peroxide, suggesting its effectiveness against the most damaging
peroxide-lipid component causing oxidative stress.
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Figure 9. Antioxidant activity of CeO,NPs against hydrogen peroxide. All values significantly
differed from zero, with zero defined as the absence of protective activity (p < 0.05, Student’s -test).
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Figure 10. Antioxidant activity of CeO,NPs against methyl viologen (a superoxide anion radical
generator). All values significantly differed from zero (indicating no protective activity) (two-tailed
Student’s ¢-test, Bonferroni-corrected p < 0.05).

2.5. Promutagenic and Antimutgenic Activity of CeOyNPs

Using the bioluminescent E. coli strain MG1655 (pRecA-lux), the complete absence of
promutagenic effects due to DNA damage was demonstrated for all of the studied CeO,
nanoparticle samples (Table 4).

Table 4. Maximum luminescence induction coefficients of the E. coli strain MG1655 (pRecA-lux) in

the presence of CeO,NPs.
Sample Dioxidine C1-2 C1-3 C1-4 C2-2 Cc2-3 C2-4 C3-3 C3-4
Max
induction 15.0 £ 0.05 0.07 4 0.005 0.09 +0.03 0.3 +0.002 0.3 +0.003 0.5+0.01 0.7 £0.05 0.4 £ 0.005 0.2 £ 0.005
factor I
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The antimutagenic (antigenotoxic) activity of CeO, nanoparticles ranged from
56.2 + 1.3% for C2-4 to 5.8 + 1.6% for C1-2 (Figure 11), with all values significantly
differing from the control (p < 0.05, assessment based on initial luminescence values)
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Figure 11. Antigenotoxic activity of CeO,NPs against the model toxicant dioxidine. All values signif-
icantly differed from zero (indicating no protective activity) (two-tailed Student’s t-test, Bonferroni-
corrected p < 0.05).

On average, “dextran” cerium exhibited stronger antimutagenic activity compared
to CeO, synthesized by other methods. However, there were no statistically significant
intergroup differences.

3. Discussion

The toxicity of CeO; particles against living organisms can be determined by a number
of factors, including the concentration and size of the nanoparticles, their physicochemical
properties, particle behavior in solutions, and their ability to agglomerate. In this study,
we compared CeO; nanoparticles synthesized using three different methods, each with a
different particle size: up to 5 nm “dextran” nanocerium and “citrate” nanocerium, and
6-9 nm on average “uncoated” nanocerium [13-17]. Thus, the nanoparticle sizes were
within the limits recommended by other researchers who have studied and confirmed
the positive effects of nanocerium and its composites with no signs of toxicity [46]. An
additional goal of this study was to determine the possible biological activity of nanoceria
synthesized using several methods during storage for up to 12 months at room temperature.

Low toxicity. Overall, the bioassays using bacterial biosensors showed that, at the
selected physiological concentrations, the CeO,NPs did not exert a significant, reliable
toxic effect on the biosensor microbial strain cells. These data are consistent with the
results obtained by other researchers when testing CeO,NPs in model organisms, which
also demonstrated absent or insignificant toxicity. For example, Villa et al. [28] found no
significant effect on the luminescence of the Gram-negative bacterium Aliivibrio fischeri
using the Microtox® bioassay; the percentage of inhibition was below 20% for bacteria
exposed to all CeO,NPs. Uncoated and carbohydrate-coated CeO; nanoparticles at a
concentration of 200 mg x L~! were not toxic to Vibrio fischeri NRRL B-11177, Daphnia
magna, or Danio rerio [50].

3.1. Antibacterial Activity

Of all the samples studied, the cerium citrate nanoparticles at the highest concentration
tested (10~2 M) most often demonstrated the ability to suppress the fluorescence and
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growth of biosensor bacterial strains. This is likely due to the direct adsorption of positively
charged nanoparticles to the bacterial cell wall and thus replicates the results of other
studies. Cheng et al. [51] showed that chitosan-coated CeO; nanozymes not only exhibited
good ROS scavenging capacity but also exhibited antibacterial activity. When evaluating
the antibacterial activity of the CeO,-H;O, system on the model bacterium E. coli, it was
found that CeO; alone at a concentration of 0.25 mg/mL induced a weak antibacterial
effect [52]. CeO,NPs dispersed in an aqueous solution exhibited antibacterial activity
against Pseudomonas aeruginosa, with minimum bactericidal concentrations for the ATCC
reference strain and clinical isolate being 50 pg/mL and 200 pg/mL [53].

It is worth considering that the antibacterial effect of CeO,NPs may be stronger for
Gram-negative E. coli than for Gram-positive strains. This may be due to the fact that Gram-
positive bacteria have a thick outer peptidoglycan layer that contains linear polysaccharide
chains with short peptides, which together form a rigid structure that is difficult for CeNPs
to penetrate. In addition, a probable mechanism is the higher absorption of CeO,NPs on the
cell wall [54]. Positively charged CeO,NPs can displace divalent cations that stabilize the
lipopolysaccharide of the outer membrane, increasing its permeability [55]. The dependence
of the growth inhibition rate of E. coli HB101 K-12 on the size and concentration of CeO;NPs
was shown by Dar et al. [56] for four different-sized CeO, samples. Weak to moderate
antibacterial activity against various bacterial strains was shown by Butt et al. [57] for CeO,
nanoparticles obtained using an aqueous extract of Cassia glauca. In our previous work, the
antimicrobial activity of citrate-stabilized CeO,NP solutions of varying concentrations was
assessed against strains of Bacillus subtilis, Bacillus cereus, Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli, Proteus vulgaris, Candida albicans, and Aspergillus brasielensis [58].
Nanocerium had a significant effect on the number of E. coli, exhibiting a bacteriostatic
effect that was most pronounced at concentrations of 1072-1073 M.

3.2. Antioxidant Activity

All of the nanocerium samples studied herein exhibited good antioxidant activity
against peroxide stress, and their effectiveness was not significantly different from those
produced using the nanocerium synthesis method. The obtained data are in good agreement
with the results of other studies. For example, it has been shown that CeO, nanoparticles
reduced oxidative damage caused by H,O, in primary osteoblasts [2], bone marrow stem
cells [32], retinal photoreceptors, liver diseases [59], and cardiomyopathy [60].

Moreover, the nanoparticles were more effective against oxidative stress caused by
hydrogen peroxide than that caused by a superoxide anion radical inducer. Thus, for the
“citrate” cerium sample C1-2, the protective activity against peroxide was 65.6%, while that
against superoxide was only 19.8%.

The catalase-mimetic activity of the CeO, nanoparticles we studied (inactivation of
H,0,) is likely due to their lower Ce>* content and, consequently, the higher Ce** surface
content. It has been shown that a high Ce®*"/Ce** ratio of surface Ce atoms imparts
superoxide dismutase (SOD) mimetic activity, while a lower Ce3* /Ce** ratio leads to
catalase mimetic activity [61]. This is consistent with the relatively low antioxidant activity
of the CeO, nanoparticles synthesized in this study against the superoxide anion radical,
i.e., their low activity as an SOD mimetic.

In addition to the Ce3* /Ce** ratio, the insignificant protective properties of the studied
CeO, nanoparticles against the superoxide anion radical may likely be due to interaction
with the phosphate buffer in which the samples were diluted. Singh et al. [62] investigated
the change in the activity of nanozymes upon their dispersal in biologically relevant buffers
and found that CeO,NPs lost their SOD-like activity when dispersed in a phosphate buffer
(pH7.4).
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3.3. Lack of Prooxidant and Genotoxic Properties at Biocompatible Concentrations

In this study, the lack of prooxidant properties displayed by the CeO, nanoparti-
cles can be explained by their crystal lattice structure, as CeO,NPs have been shown
to be prooxidants rather than antioxidants depending on their aggregation state, and
chronic exposure to aggregates has been associated with elevated ROS levels by other
researchers [25]. Suspending the nanoparticles in phosphate buffer also contributes to a
decrease in the prooxidant activity of CeO, due to the affinity of surface Ce* for phosphate
anions, which occupy surface oxygen vacancies, forming CePOj. This compound modifies
the nanocerium surface and blocks the redox cycle between Ce®" and Ce**. Increasing the
concentration of cerium citrate nanoparticles resulted in enhanced antioxidant properties
against peroxide, but also in toxicity (albeit not exceeding the level of the model toxicant).
Pulido-Reyes et al. (2015) [38] showed that the percentage of surface Ce3* correlated with
toxicity and was the main factor explaining the observed toxic effect of nanocerium on the
green algae Pseudokirchneriella subcapitata.

The complete absence of a genotoxic effect, determined using the E. coli biosensor
strain MG1655 (pRecA-lux), may indicate that the nanoparticles synthesized in this study
do not penetrate the cell and do not mediate indirect genotoxicity. This mechanism involves
CeO,NPs adsorbing to the cell surface, inactivating proteins, and thus entering the cell,
where they inactivate cellular enzymes. This leads to the release of hydrogen peroxide,
damaging vital structures such as DNA, RNA, and proteins.

3.4. Antigenotoxic (DNA-Protective) Effects

Simultaneously, we discovered that CeO,NPs exhibit antimutagenic properties against
the prooxidant mutagen 1,4-dioxide 2,3-quinoxaline dimethanol (dioxidine). Thus, we can
assume that the mechanism of CeO,NPs’ antimutagenic action is similar to that of their
antioxidant action against hydrogen peroxide, i.e., CeO,NPs protect DNA from damage
caused by ROS. The “dextran” CeO,;NPs, which were the smallest, on average exhib-
ited slightly higher antimutagenic activity against dioxidine compared to other samples.
Moreover, the level of protection increased as the nanoparticle concentration decreased
(33.7-56.2%). Thus, bioassays using bacterial biosensors demonstrated the low toxicity
of the studied CeO,NPs, their antioxidant activity against hydrogen peroxide, and their
DNA-protective activity against oxidative damage. No prooxidant or genotoxic properties
were detected for CeO,NPs.

Thus, the absence of significant differences in biosensor performance when co-
cultured in differently synthesized nanocerium particles allows for the selection of the
simplest and most technologically advanced method for substrate synthesis to create a
biomedical product.

Limitations and Prospects

The authors recognize that all research studies have limitations, and that the emergence
of new answers simultaneously creates new questions, which in turn create future research
avenues. This research was carried out over 612 months following the synthesis and
physicochemical characterization of the nanoparticles. We did not conduct an exhaustive
full-fledged dynamic monitoring of the physical and chemical state of the nanoparticles
and their solutions during this time, based on the assumption that, in such a relatively short
period, at a relatively stable temperature of around 21 °C and without exposure to chemical
or physical agents, the physical and chemical characteristics would remain stable. However,
the authors understand that to use the substances under study as pharmaceuticals, it
would be very useful to study the effects of parameters such as time, pH, temperature,
storage conditions, and the Ce®"/Ce** ratio in order to understand the storage of the
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final drug product, its colloidal stability, and its properties related to redox processes. We
wish to underscore that the main purpose of this study was to investigate the biological
effects of CeO,NPs synthesized previously by different methods, using a set of different
bacterial biosensors to determine their overall toxicity, pro-/antioxidant status, and pro-
/antimutagenic properties. Our future research will focus on the nanoceria stability during
long-term storage and the creation of biomedical products.

Limitations of the bacterial biosensor bioassay method include the lack of a means for
CeO; to penetrate bacterial cells with a sufficiently dense cell wall (unlike, for example,
animal cells), which precludes assessing potential damage to intracellular components. On
the other hand, during the preliminary screening of various synthesized particles of this
class, this method can immediately eliminate samples with obvious toxicity, allowing for
further, more detailed study of samples that show no toxic effects.

The results of the bioassay using cerium dioxide nanoparticles provide optimism
for further study to assess the potential clinical application of cerium nanocomposites
in human and veterinary medicine. The demonstrated biocompatibility of CeO,NPs,
combined with their pronounced antioxidant and antigenotoxic activity, provides the basis
for the development of innovative therapeutic approaches for the treatment of diseases
associated with oxidative stress. Promising applications include neuroprotection in stroke
and traumatic brain injury, treatment of chronic wounds and diabetic ulcers, treatment of
inflammatory liver diseases, and ophthalmic treatment of retinal degenerative diseases.

The unique ability of CeO,NPs to mimic the activity of endogenous antioxidant en-
zymes (superoxide dismutase, catalase) while maintaining their regenerative properties
makes them ideal candidates for the development of long-term therapeutic systems. Fur-
ther development in this area can be aimed at creating functionalized nanoparticles with
improved bioavailability, targeted delivery, and controlled release of active compounds,
which could revolutionize treatment approaches for a wide range of pathologies.

4. Materials and Methods

4.1. Nanocerium Synthesis
4.1.1. Citric Nanocerium, C-1

Solutions of cerium(Ill) nitrate and citric acid (50 mL) were mixed, with the
Ce(NO3)3-6H,O:citric acid molar ratio being 1:1. To the continuously mixed 3 M aqueous
ammonia, a solution of cerium(IIl) nitrate and citric acid was added rapidly. The final
mixture was stirred for 12 h. To the solution obtained, an excess of isopropanol was added,
and the mixture was refluxed to form a white precipitate. The precipitate was further
washed with isopropanol several times and dried in air at 60 °C. Nanoceria solution was
prepared by dispersing the powder in distilled water. The nanoparticles obtained by this
method were predominantly 3—4 nm in size, according to the diameter of the inorganic
CeO; core [14,15].

4.1.2. Dextran Nanocerium, C-2

A mixed solution with a total volume of 50 mL (prepared with distilled water)
was prepared that contained cerium(Ill) nitrate hexahydrate (Ce(NOj3)3-6H>0O, 99.99%,
LANHIT, Russia, Moscow; molecular weight 434.23 326.13 anhydrous) and dextran
(Mr = 6000 Da, abcr GmbH, Karlsruhe, Germany) at a mass ratio of cerium(III) nitrate
hexahydrate to dextran of 1:2 (Ce2D). To the continuously stirred solution, 3 M aqueous
ammonia (analytical-grade, Khimmed, Russia, Moscow) was added dropwise over a period
of 3 h, maintaining the pH at 7.5-8.0. After the pH stabilized, the mixture was stirred for
a further 2 h. Then, aqueous ammonia was added until the pH reached 12, followed by
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additional stirring for 24 h. The nanoparticles obtained by this method were predominantly
1-2 nm in size, according to the diameter of the inorganic CeO, core [16].

4.1.3. Uncoated Nanocerium, C-3

The cerium dioxide nanoparticle powder (C-3) [13] was synthesized through the ther-
mal decomposition of cerium carbonate obtained by precipitation from a nitrate aqueous
solution, according to the following reaction equations:

2Ce0, + 6HNO; +H,0, — 2Ce(NO3); + Oy + 4H,0 (1)
2Ce(NO3)3 + 3(NH4)2CO3 — Cez(CO3)3 + 6NH4NO3 (2)
Cey(CO3)3 — 2Ce0O, + 3CO, 3)

The initial synthesis of the starting cerium nitrate solution was carried out using
calcined cerium oxide with a purity of 99.99% (LANHIT, Moscow, Russia) and nitric
acid grade “OSCh 18-4” (70-70.2 wt%, SigmaTek LLC, Moscow, Russia). Immediately
after precipitation, the resulting cerium(III) carbonate precipitate was filtered and washed
with double-distilled water at room temperature until a negative test for nitrate ions was
achieved. The precipitate was air-dried at 20 °C; then, the dried cerium(III) carbonate was
transferred to a quartz cuvette and calcined in a muffle furnace at 450 °C for two hours.
Next, cerium dioxide powder was dissolved in distilled water to form a 0.1 M suspension,
which was dispersed and sedimented for 72 h to obtain finely dispersed particles in the
upper third of the fraction. According to transmission electron microscopy and X-ray
diffraction analysis, the nanoparticle size did not exceed 10 nm, with a typical range of
69 nm. This synthesis technology has proven to be optimal under production conditions,
ensuring the best tissue regenerative activity and biocompatibility [13].

4.2. Cerium Oxide Nanoparticle Characterization

In this study, we used three types of nanoceria, synthesized according to the protocols
detailed in our previous research [13-16].

The structure and size of cerium oxide nanoparticles was studied via transmission
electron microscopy (TEM) using a JEM 2100 (JEOL, Akishima, Japan) microscope at the
maximum accelerating voltage of 200 kV. TEM studies were performed at the National Uni-
versity of Science and Technology MISIS (Moscow, Russia). TEM allowed us to determine
the morphology of nanoparticles without their shell (coating).

The particle sizes with shells and (-potential were recorded using the dynamic light
scattering method (DLS) on a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).

X-ray diffraction images of the powders were obtained at room temperature using a
Rigaku Ultima IV CoK« X-ray diffractometer at diffraction angles ® from 10 to 120°.

The present biomedical study was performed on nanoceria samples synthesized
12 months before the start of the study; all three samples were stored at room tempera-
ture. Re-examining the nanoceria samples using TEM with an electron diffraction pattern
(Figures 1 and 2), DLS, and C-potential (Figure 3) gave us the opportunity to compare
the results obtained with those from 12 months ago [13-16] to confirm the stability of
the results and to estimate the storage life of the nanoscale samples, which is crucial for
drug creation.

Before the present study, the nanocerium samples were dispersed in bidistilled water
to the required concentration and treated in a UZ-bath. Sample concentrations were
studied using inductively coupled plasma-mass spectrometry (Elan DRC-e, Perkin Elmer,
Madrid, Spain).
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This work is a continuation of consistent research devoted to the development of a new
type of regenerative drug based on redox-active cerium-containing nanomaterials. In our
previous works, we synthesized and studied nanocerium obtained via different synthesis
techniques, as well as to evaluate the influence of various CeO, concentrations on cells
involved in skin structure regeneration (human mesenchymal stem cells, keratinocytes,
and fibroblasts) in order to select the most optimal nanoceria variants with the best biomed-
ical [13-17]. These studies also determined the non-cytotoxicity of CeO,NPs in a wide
range of concentrations (1072-10-¢ M = 0.000001-0.01 mol/L) and established the most
optimal range of nanoceria concentrations for further development of the regenerative
agent. In this work, the best CeO,NPs and their best concentrations were used.

4.2.1. Bacterial Strains
Bioluminescent E. coli Strain

Bioluminescent E. coli MG1655 strains carry plasmids with lux-CDABE reporter genes
placed under the control of genotoxic and oxidative stress promoters and the ampicillin
resistance gene bla. The E. coli MG1655 pXen7-lux strain carries a constitutive, constantly
expressed promoter and is used to detect general toxicity or the effect of test substances on
the bioluminescence process itself. The latter eliminates false-positive results when testing
on inducible biosensors of the same series. The E. coli MG1655 pRecA-lux strain with
the SOS-inducible PrecA promoter detects the penetration of DNA-damaging agents into
cells; the E. coli MG1655 pKatG-lux and E. coli MG1655 pSoxS-lux strains, with promoters
inducible by peroxides and superoxide, respectively, detect the occurrence of oxidative
stress [40].

The RecA protein catalyzes homologous pairing and strand exchange of DNA
molecules necessary for DNA recombinational repair. The RecA promoter is partially
active in the absence of stress, and when DNA defects that block replication, such as single-
strand breaks and pyrimidine dimers, occur, the SOS regulon repressor LexA is inactivated,
and also, RecA transcription directly correlates with the amount of DNA damage [63].

KatG is an enzyme with catalase and peroxidase activity [64]; its transcription is
enhanced upon the penetration of peroxides into the cell, and this directly correlates with
the intracellular concentration of hydrogen peroxide [40].

SoxS is a transcriptional activator of the superoxide response regulon, which comprises
at least 10 genes, including the superoxide dismutase gene sodA [65]. Transcription at this
promoter is induced by an increase in the concentration of superoxide anions and nitric
oxide in the cell [40].

The E. coli XL1-Blue pNK3751 bioluminescent strain expresses the genes encoding
the enzymes comprising the bacterial autonomous bioluminescence system [66]. The iLux
operon is under the control of the tac promoter, which ensures high levels of expression.
The iLux vector (ilux pGEX(-)) (pNK3751) used in this study was purchased from Addgene
(Plasmid #107879, Watertown, MA, USA). Colony selection was performed using the
selective antibiotic ampicillin.

Fluorescent E. coli Strains

E. coli XL1-Blue eGFP and E. coli XL1-Blue FusionRed are E. coli XL1-Blue bacterial
strains expressing the green fluorescent protein eGFP gene (Ex 488 nm, Em 507 nm) [67]
and red fluorescent protein FusionRed gene (Ex 580 nm, Em 608 nm) [68], respectively.
The strains were obtained by transforming bacteria with the pQE-30 expression vector
(Qiagen, Venlo, The Netherlands), into which the fluorescent protein genes were cloned
at the BamHI and HindlII restriction sites. Colony selection was carried out using the
selective antibiotic ampicillin. Expression of fluorescent proteins was under the control of
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the T5 promoter, which has a basal level of expression and synthesis of fluorescent protein
in the cell occurs continuously, without induction.

4.2.2. Cultivation Conditions

Bioluminescent strains of E. coli MG1655 and fluorescent strains of E. coli XL1-Blue
were inoculated in 5 mL of lysogeny broth (LB, Miller’s formulation) (10 g/L peptone,
10 g/L NaCl, 5 g/L yeast extract) with the addition of ampicillin 125 pug/mL [69] and
incubated in a Biosan ES-20 thermoshaker at 37 °C and 200 rpm. The next day, 5 mL of
fresh LB with ampicillin was added to the overnight culture, then incubated at 37 °C for
1-1.5 h and 0.5 h before the experiment, and diluted to a density of 0.05 McFarland units;
culture turbidity was measured using a DEN-1B densitometer (Biosan, Riga, Latvia).

4.2.3. Assessment of CeO,NP Overall Toxicity Using Bacterial Biosensors

To determine the toxicity of the studied nanoparticles, the constitutively lumines-
cent fluorescent strains E. coli XL1-BLue eGFP and E. coli XL1-Blue FusionRed and the
bioluminescent strains E. coli XL1-BLue pNK3751 and E. coli MG1655 pXen7-lux were
used. The toxicity of the nanoparticles was assessed based on the degree of decrease in
fluorescence/luminescence intensity and the growth of bacterial strains in the presence of
nanoparticle solutions. If a decrease in culture turbidity (OD600) was observed while the
luminescence level remained unchanged, the effect was considered bacteriostatic.

A volume of 180 uL of the overnight culture of the biosensor strains, prepared as
described in Section 4.2.2. Cultivation Conditions, and 20 pL of the Ce nanoparticle solution
were added to the wells of a Greiner 96 Flat-Bottom 96-well microplate (Greiner Bio-One,
Kremsmiinster, Austria). For the positive controls, 20 puL of the model toxicant (ZnSOy)
solution at a final concentration of 0.1 g/L was added to the wells instead of nanoparticles.
To monitor the dose dependence of fluorescence suppression on the bacteriostatic concen-
tration, ZnSOy solution was added at concentrations 2 and 3 times higher than the working
concentration (0.2 and 0.3 g/L). A volume of 20 uL of phosphate buffer (solvent control)
was added to the wells of the negative control. The microplate was placed in a FLUOstar
Omega multimode plate reader (BMG Labtech, Ortenberg, Germany) with a thermostat and
incubated at 37 °C and 200 rpm (double orbital). A blank for measuring the fluorescence
and optical density (OD600) of the culture (160 uL LB with ampicillin and 40 puL distilled
water) was used. To determine the effect of nanoparticle concentrations on E. coli growth
curves, the optical density of the cultures was measured every 10 min at a wavelength
of 600 nm and temperature of 37 £ 0.2 °C using a FLUOstar Omega instrument before
measuring the fluorescence/luminescence. Bioluminescence and fluorescence intensities
were also measured every 10 min. To measure the fluorescence of E. coli XL1-Blue eGFP,
FLUOstar Omega fluorescent (Aex/Aem) 485-12/520-10 filters were used; to measure the
fluorescence of E. coli XL1-Blue FusionRed, 544-10/590-10 filters were used. Since ZnSOy4
and the tested nanoparticles also fluoresce at the above-mentioned wavelengths, to calcu-
late the intrinsic fluorescence of the E. coli XL1-BlueeGFP and E. coli XL1-Blue FusionRed
strains, the fluorescence values with the culture and the substance were subtracted from
the fluorescence values with the nutrient medium and the substance.

For constitutive strains, the suppression of luminescence (S") was calculated using the
following formula:

st = (1 - E‘*) % 100 4)

C

where L. is the luminescence/fluorescence intensity of the sample containing the test
substance (in relative light units, RLU), and L. is the luminescence/fluorescence intensity
of the control sample (in RLU).
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Since the tested nanoparticles affect the turbidity of the culture, to calculate the intrinsic
turbidity of the constitutive strains, the luminescence values for the culture medium and
the corresponding nanoparticle solutions were subtracted from the turbidity values for the
culture and nanoparticle solutions.

Growth inhibition (S¢) was calculated using the following formula:

OD¢
SC = (1 — 600) x 100 (5)
OD200

where ODg,,—optical density of a sample with a testing substance at 600 nm;
ODyg,,—optical density of control sample.

Conclusions regarding toxicity were drawn by comparing nanoparticle-induced
growth inhibition values (measured by ODgg) with MICs (the minimum inhibitory con-
centration required to inhibit 50% of strain growth), as well as by assessing the complete
fluorescence or luminescence inhibition concentration of the biosensors [70,71].

4.2.4. Pro-/Antioxidant and DNA-Disruptive/-Protective Activity Assessment
of CeO,NPs

The genotoxic and prooxidant properties of cerium nanoparticles, as well as their
protective properties, were studied using the inducible E. coli strains MG1655 (pRecA-lux),
MG1655 (pKatG-lux), and MG1655 (pSoxS-lux).

The genotoxicity and prooxidant properties of the nanoparticles were determined by
inducing fluorescence in the biosensor strains in their presence. For this purpose, 180 pL of
an overnight E. coli MG1655 culture and 20 pL of the nanoparticle solution were added to
the wells of a Greiner 96 Flat-Bottom 96-well microplate (Greiner Bio-One, Kremsmiinster,
Austria). Negative control wells were supplemented with 20 uL of phosphate buffer
(solvent control) instead of nanoparticles.

To assess protective activity, 160 pL of an overnight E. coli MG1655 culture, 20 uL of
nanoparticle solution, and 20 pL of inducers were added to the wells of the plate: oxidative
stress inducers included hydrogen peroxide and methyl viologen at a final concentration of
400 puM in the plate; the genotoxic stress inducer was dioxidine (1,4-dioxide 2,3-quinoxaline
dimethanol) at 9 pM. To monitor the dose dependence of the induction coefficient on
inducer concentration, inducers were added at half the working concentration: hydrogen
peroxide and methyl viologen at a concentration of 200 uM, and dioxidine at 4.5 pM.

The SOS response induction factor (I) was calculated using the following formula:

Le
I= L 1 (6)
where L, is the luminescence intensity of the sample with the inducer (nanoparticles) (RLU);
L. is the luminescence intensity of the control sample (RLU).
Protective activity (P, %) was calculated using the following formula:

P= (1—%) x 100 7)

C

where Ie and I. are the luminescence induction coefficients in the presence and absence of
nanoparticle solutions, respectively.

4.3. Statistical Analysis

Normality of data distribution was assessed using the Shapiro-Wilk test. For compar-
isons between each nanoparticle-treated group and the corresponding control, a two-tailed
Student’s t-test for independent samples (parametric) was used. Equality of variances was
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assessed using Levene’s test, and if violated, Welch’s correction was applied. To control
the family-wise error rate in the presence of multiple comparisons, p-values were adjusted
using the Bonferroni correction.

All results are presented as the mean + standard error of the mean (SEM; n > 3
replicates per time point) with Bessel’s correction. Statistically significant differences
(p < 0.05) are marked with asterisks (*).

To calculate the error of the average percentage of suppression and the induction
coefficient, the error propagation formula for the ratio of two means was used, with
subsequent conversion to percentages if necessary.

2

SEM, SEM, 2

SEMmhibitmnloo X TP + DLV etrl (®)
&Xp ctrl

Standard error of the mean of protective activity (SEMp) was calculated using the
following formula:

2 2
SEMp = 100 x \/(11()()) x SEM;. + (M) x SEM{. ©9)

2
c 12

where [e—mean experimental induction value; I—mean control induction value SEM I¢;
and SEM I.—corresponding standard mean errors.

5. Conclusions

CeO; nanoparticles synthesized using three different methods demonstrated compara-
ble biological effects. All were nontoxic and, therefore, biocompatible. They demonstrated
good antioxidant properties against hydrogen peroxide (especially “citrate” cerium) and
moderate activity against the superoxide anion radical. High DNA-protective activity
was also noted. At the tested concentrations, the CeO,NPs demonstrated the complete
absence of prooxidant and genotoxic effects. Together, these findings confirm the need
for further research in this area and suggest significant potential for the development of
pharmaceuticals using nanocerium composites for human and veterinary medicine.
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