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Abstract

Background: In recent years, nanoparticles have gained increasing popularity over traditional
physicochemical methods for fighting pathogenic microorganisms. Due to their unique
properties, cerium oxide nanoparticles (CeO, NPs) have recently emerged as a promising
candidate for biomedical applications.

Objectives: This study aimed to investigate the antibacterial effects of CeO, NPs prepared using
alginate, following the disc diffusion method.

Methods: For this purpose, four bacterial strains were used in this study: two Gram-positive
[Bacillus subtilis (PTCC 1365) and Staphylococcus aureus ATCC 25923] and two Gram-negative
[Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 9027]. The minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values were
measured using the microdilution method, and the anti-biofilm activity of the synthetic material
was also assessed.

Results: The results demonstrated the inhibitory effects of the synthesized nanoparticles on gram-
positive bacteria, with significant growth inhibition observed in S. aureus and B. subtilis, after
exposure to CeO, NPs.

Conclusion: CeO, NPs synthesized by alginate exhibited significant antibacterial effects against
Gram-positive bacteria and could disrupt biofilm structure and prevent further biofilm formation.
The findings highlight the potential of CeO, NPs synthesized by alginate as a novel antibacterial
and anti-biofilm therapeutic agent.
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Background
The development of antibiotic-resistant bacteria has
become a severe popular health concern in recent years (1-
3). Despite the development of new antibiotics, bacterial
infections are increasingly difficult to treat due to the
evolution of resistance mechanisms (4,5). As a result, there
is growing interest in exploring alternative approaches such
as nanotechnology to combat bacterial infections (6-8).
Nanoparticles have gained increasing attention as a
promising alternative to traditional physicochemical
methods for fighting pathogenic microorganisms (9-12).
The effects of nanoparticles depend on their concentration,
composition, size, and chemical and physical properties.
Other influencing factors include the source plant species,
the plant’s growth stage, and the method of fabrication
(13-15). Although bulk materials exhibit constant
physical properties, this is not true at the nanoscale. Size-

dependent properties such as quantum confinement in
semiconductor particles, surface plasmon resonance in
some metallic particles, and superparamagnetization in
magnetic materials have been detected (16-19). During
green synthesis, living organisms such as plants, algae, and
bacteria, as well as their ingredients are utilized as reducing
agents to prepare nanoparticles. Microorganisms, in
particular, are among common sources due to their high
environmental compatibility, lower energy consumption,
and cost-effectiveness (20-23). Microorganisms can
carry out their vital processes independently of organic
substances and minerals as energy resources. These
organisms exhibit high resistance to metals, and when
they are exposed to metal ions, they can facilitate the
generation of nanoparticles. Metal nanoparticles possess
unique physical and chemical properties that make them
valuable bioactive agents in medicine, with applications
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in optics, catalysts, and antimicrobial therapies (24-26).
Cerium oxide (CeO,, also known as ceria) is a metal oxide
belonging to the lanthanide group, which can exhibit
two oxidation states, cerium (III) and cerium (IV), in a
single cycle due to its high oxidation-reduction potential.
Alginate, a polysaccharide composed of a-L-guluronic
acid (G) and B-D-mannuronic acid (M) units linked by
al->4 bonds, exists in various sequential arrays such as
MMMMM, GGGGG, and MGMGMG. In recent years,
alginate has been widely used for storing and transferring
various drugs and bio-molecules in medicine (27-29).
Cerium oxide nanoparticles (CeO, NPs) have emerged
as a promising candidate for biomedical applications due
to their unique properties, including high antioxidant
activity, which allows to effectively scavenge reactive
oxygen species (ROS) (30-33). Additionally, CeO, NPs
have displayed antibacterial and anti-biofilm properties,
making them attractive alternatives to conventional
antibiotics,  especially  against  antibiotic-resistant
pathogenic bacterial strains (34). The mechanism of
action of CeO, NPs is thought to involve the induction
of oxidative stress in the cell membrane components of
microorganisms. During this process, a valence change
occurs on the surface of CeO, NPs, where Ce**is reduced
to Ce’*by gaining an electron (35,36). In the present study,
we utilized alginate to synthesize CeO, NPs and investigate
their antimicrobial properties.

Materials and Methods

Materials

1,1-Diphenyl-2-picrylhydrazyl (DPPH) and butylated
hydroxyanisole (BHA) were purchased from Sigma
Chemicals Co. (St. Louis, MO, USA). Chloramphenicol
antibiotic was obtained from Padtan Teb (Iran), ethanol
from Taghtir Khorasan (Iran), and safranin from Daya
Exir (Iran). Other reagents were obtained from Merck
(Germany). All materials with a purity of 95% or higher
were used.

Synthesis of Cerium Oxide Nanoparticles
Ce(NO,),.6H,O was reacted with alginate sodium (200
mL). In the next step, the CeOz-alginate mixture was
dried at 100 'C, and finally, the purified synthesized CeO,
NPs were obtained by heating the mixture to 450 °C, and
brownish-color pellets were collected after the synthesis
process.

Measurement of Antioxidant Activity of Cerium Oxide
Nanoparticles

The antioxidant activity of biosynthesized CeO, NPs was
measured using the DPPH assay (20). To perform this
experiment, 1 mg of DPPH powder was dissolved in 16.9
mL of ethanol, and the resulting solution was kept in a
dark place for 30 minutes. Different concentrations of
CeO, NPs were then added to ethanolic DPPH solution
in equal volumes. After incubation for 30 minutes at
room temperature, the absorbance of the samples was
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measured at 517 nm. In this experiment, BHA was
used as a standard antioxidant material. All tests were
conducted in triplicate.

Kirby-Bauer Disc Diffusion Assay

All experiments were performed in triplicate using Gram-
negative (Escherichia coli ATCC 25922 and Pseudomonas
aeruginosa ATCC 9027) and Gram-positive (Bacillus
subtilis ATCC 1365 and Staphylococcus aureus ATCC
25923) bacteria strains (Persian Type Culture Collection,
Iran). Blank discs were loaded with CeO, NPs at a dose
of 300 pg/mL. A bacterial suspension (OD,, =0.01) was
equally cultured on Muller-Hinton agar medium (Merck,
Germany). Antibiotic discs and discs soaked in distilled
water were placed on the plate as positive and negative
controls, respectively. The plates were incubated at 37
°C in for 24 hours. After this period, the inhibition zone
around each disc was measured using a ruler (37).

Determination of Minimum Inhibitory Concentration
and Minimum Bactericidal Concentration

The micro broth dilution method was used to determine
the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC). In this
method, a 24-well microplate (SPL Life Sciences, China)
was used to prepare various nanoparticle concentrations
(0, 25, 50, 75, 100, 125, and 300 pg/mL). The microplate
was then placed in an incubator (ParsAzma, Iran) for 24
hours at 37 °C. Chloramphenicol antibiotic (Padtan Teb,
Iran) was used as a positive control. The first well in which
no growing was observed was designated as the MIC.

For MBC determination, wells containing nutrient agar
were inoculated with bacteria showing no growth in the
previous step. The plate was then incubated at 37°C for
24 hours. Colony formation confirmed the viability of
bacteria, while the absence of colony growth indicated
that the bacteria were killed at that concentration (i.e.,
MBC) (38). All experiments were performed in triplicate.
The MBC/MIC ratio was also calculated as a marker
of antibacterial activity. An MBC/MIC ratio of<4 is
indicative of a bactericidal agent, while an MBC/MIC
ratio >4 suggests that the agent is bacteriostatic (39).

Investigating Biofilm Generation and Anti-biofilm
Effects of Cerium Oxide Nanoparticles

The capacity of biofilm formation by each bacterial
strain (B. subtilis, S. aureus, E. coli, and P. aeruginosa) was
determined using a modified microtiter plate method.
First, 180 uL of Tryptone Soy Broth (TSB) medium
(Merck, Germany) was added to each well of a 96-well
microplate, followed by 10 uL of sterile distilled water in
each well. Then, 10 pL of the bacterial suspension was
added to each well so that the final volume in each well
reached 200 pL. The first wells, which contained only TSB
culture medium (200 pL) without bacteria, served as the
negative control. Then, the microplate was incubated at
37 °C for 48 hours. Afterward, the content of microplates
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was discarded, and the wells were washed three times
with deionized water. Then, 200 pL of 95% ethanol
(Taghtir Khorasan, Iran) was added to each well for 15
minutes to stabilize the biofilm, followed by 200 puL of
0.025% safranin (Daya Exir, Iran) applied for 10 minutes
to stain the biofilm. The supernatant was discarded, and
the microplate was washed three times with deionized
water and allowed to be dried. Finally, the content of each
well was dissolved in 200 uL of 33% glacial acetic acid
(Merck, Germany), and after 15 minutes, the absorbance
of the wells was measured at 492 nm (40).

The modified microtiter plate method was also used to
examine the anti-biofilm properties of CeO, NPs against
B. subtilis, S. aureus, E. coli, and P. aeruginosa. First, 180
uL of TSB culture was added to all wells, followed by
10 pL of CeO, NPs in each well. Subsequently, 10 uL of
the bacterial suspension was added to each well. For the
negative control, the wells in the first row of the microplate
were enriched with TSB medium (180 pL), bacterial
suspension (10 pL), and distilled water (10 pL). The
blank well contained only 200 uL of TSB culture medium.
Afterward, the microplate was incubated at 37 °C for 24
hours. The fixation and staining of bacteria were carried
out as described in the previous section (40).

Effects of Cerium Oxide Nanoparticles on Pre-formed
Biofilm

To investigate the effects of CeO, NPs on pre-formed
biofilm, 10 pL of the bacterial and 180 uL of TSB medium
were mixed and added to all wells of a 96-well microplate.
After 24 hours incubation at 37 °C, the microplate was
removed, and 10 uL of CeO, NPs were added to each
well, resulting in final concentrations of 0, 25, 50, 75,
100, 125, and 300 pg/mL. After three hours of additional
incubation, the contents of the wells were withdrawn, and
the wells were washed with distilled water. Ethanol and
safranin were used for fixation and staining, respectively,
as discussed previously. The dye was solved in acetic
acid, and its absorbance was recorded by enzyme-linked
immunosorbent assay (ELISA) reader (BioRad, USA) at
492 nm. The biofilm inhibition percentage was calculated
using the following formula (41):

Percentage inhibition of biofilm formation=[[OD492
positive control / OD492 biocide] x 100] - 100

Statistical Analysis

All experiments were performed in triplicate, and the
results were analyzed using SPSS software and the ANOVA
test. A P value of<0.05 was considered statistically
significant. The data are presented as mean =+ standard
deviation.

Results

Antioxidant Activity Assay

The antioxidant capacity of biosynthesized CeO, NP
was assessed by evaluating their free radical scavenging
activity using DPPH assay (Figure 1). The data from the
DPPH assay confirmed that the CeO, NPs synthesized by
alginate can remove free radicals significantly (P<0.001).
The CeO, NP inhibited the DPPH free radicals in a dose-
dependent manner, with an IC, value of 125 pg/mlL,
indicating the concentration at which 50% of free radicals
were scavenged.

The Finding of Disc Diffusion Assay

The diameters of the non-growth halo of S. aureus and B.
subtilis exposed to CeO, NPs synthesized by alginate were
13.33£0.1 and 12.66+0.1 mm, respectively. However, E.
coli and P, aeruginosa were resistant to nanoparticles, and
no halo zone was formed around the discs (Figure 2 and
Table 1).

Minimum Bactericidal Concentration and Minimum
Inhibitory Concentration Results
The average MICs of CeO, NPs synthesized by alginate for

mCeO2-NP  BHA
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Figure 1. Anti-oxidant Activity of CeO, NPs Synthesized by Alginate
Using DPPH Assay. Note. CeO2 NPs: Cerium oxide nanoparticles; DPPH:
1,1-Diphenyl-2-picrylhydrazyl. BHA was used as a standard antioxidant in
this experiment

Figure 2. Disk Diffusion Assay. Note. NP: CeO, NPs synthesized by alginate; C-: Negative control; GM: Gentamicin; 1: Escherichia coli, 2: Pseudomonas

aeruginosa; 3: Staphylococcus aureus; 4: Bacillus subtilis
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S. aureus and B. subtilis were 125+ 00 and 150+ 00 pg/mL,
respectively, while the MBCs were 175+00 and 175+00
ug/mL, respectively. There was no significant difference
between the MIC of CeO, NPs synthesized by alginate and
chloramphenicol against B. subtilis and S. aureus (P<0.5).
The MBC/MIC ratio is presented in Table 2.

The MBC/MIC ratio indicated that CeO, NPs
synthesized by alginate exhibit bactericidal activity against
B. subtilis and S. aureus.

Investigation of Biofilm Formation

The phenotypic examination of biofilm formation by the
titration microplate method exhibits that B. subtilis, S.
aureus, E. coli, and P. aeruginosa establish strong biofilm.
As shown in Table 3, all bacterial strains (i.e., B. subtilis,
S. aureus, E. coli, and P. aeruginosa) could form strong
biofilms.

Effects of Cerium Oxide Nanoparticles on Biofilm
Inhibition

Biofilm generation was evaluated in the various
concentrations of CeO, NPs. The average absorption at
492 nm was calculated after three repetitions to assess the
nanoparticles’ capacity to inhibit biofilm formation. The
results showed that light absorption inversely correlated
with the concentration of nanoparticles, in contrast to
the positive control, indicating a reduction in biofilm
formation in the presence of CeO, NPs.

As observed in Figure 2, biofilm formation decreased
with increasing concentrations of CeO, NPs, as evidenced
by a decline in absorbance. This indicates a lower biofilm
formation activity at higher concentrations of CeO
NPs. Moreover, after complete inhibition of biofilm
formation at certain concentrations, absorption slightly

Table 1. Results Obtained From Disk Diffusion Test

Alginate-mediated synthesis of CeO2 NPs and its biomedical uses

increased compared to the control, but this increase was
not statistically significant and could be attributed to the
presence of nanoparticles. According to Figure 3, the
biofilm inhibitory effects of CeO, NPs for B. subtilis and S.
aureus were similar; however, CeO, NPs had no significant
anti-biofilm effects on E. coli and P. aeruginosa.

According to Figure 3, CeO, NPs could not remove
biofilm already made by Gram-negative strains. However,
at elevated concentrations, CeO, NPs could remove the
biofilm formed by Gram-positive strains. As shown
in Figure 3, from the minimal biofilm-eradicating
concentration downward, light absorption slightly
increased compared to the control, which could be due to
the presence of nanoparticles. As illustrated in Figure 4,
at the same concentration, CeO, NPs were more effective
in removing biofilm formed by B. subtilis compared
to S. aureus.

Discussion
In recent years, some notable developments have emerged
in nanotechnology, highlighting the applications of
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Figure 3. The Effect of CeO, NPs on the Reduction of Biofilm Formation.
Note. CeO, NPs: Cerium nanoparticles

Material Escherichia coli

Pseudomonas aeruginosa

Staphylococcus aureus Bacillus subtilis

ATCC 8739 ATCC 9027 ATCC 6538 ATCC 6633
Nanoparticle (300 pg/mL) - - 13.33+0.1 mm 12.77+0.1 mm
Gentamicin (10 pg) [positive control] 21+0.2 mm 20.62+0.1 mm 29+0.2 mm 25.56+0.3 mm

Note. —: No activity.

The diameter of the reticence zone was dignified with a ruler, and the data were reported in millimeters (mm).

Table 2. MIC, MBC, and MBC/MIC Ratios of CeO, NPs Produced by Alginate (ug/mL) Against 4 ATCC Bacteria

CeO, NPs Chloramphenicol
Bacteria
MIC (mg/mlL) MBC (mg/mL) MBC/MIC ratio MIC (pg/mL) MBC (pg/mlL) MBC/MIC Ratio
Escherichia coli ATCC 8739 - - - 75+00 100+00 1.33 (+)
Pseudomonas aeruginosa ATCC 9027 - - - 100+00 125+00 1.25(+)
Staphylococcus aureus ATCC 6538 125+00 175+00 1.4 (+) 100+ 00 125+00 1.25 (+)
Bacillus subtilis ATCC 6633 150+00 175+00 1.16 (+) 100+00 100+00 1(+)
Note. CeO, NPs: Cerium oxide nanoparticles; MBC: Minimum bactericidal concentration; MIC: Minimum inhibitory concentration; (+): Bactericidal; —: No
activity.
Table 3. Optical Absorption (OD,,,) of 4 ATCC Bacterial Strains Forming Biofilms Over 48 Hours
. . Escherichia coli Pseudomonas aeruginosa Bacillus subtilis Staphylococcus aureus
Bacterial Strains and Control ATCC 25922 ATCC 9027 PTCC 1365 ATCC 25923 Control
Mean 2.103+0.0011 2.593+0.0013 1.711+0.0009 1.867 £0.0015 0.338

Avicenna ] Med Biochem, 2024, Volume 12, Issue 2 | 101



Mousaiyan et al

12 4

&
s 10 A
c
8
g 8
o
£
o4 3
E R
E i
o 4 }
a2 ? . i
0 | P
25 | 50 | 75 |100|125|150| 175|200 | 225 | 250 0
2t E. coli o|o|jo0ojo0ojO0O|lO0O|O|j]O|0O0]O]|O0]|0O
\'P. aeruginosa | 0 0 0 0 0 0 0 0 0 0 0 0
# B. subtilis 0|[0|0| 0| 0| 0| O] O |073]244|531(9.27
wS. aureus 0|0|O0| 0| 0| 0| O] 0 |0.27]126/2.84/6.63

Nanoparticle concentration (ug/mL)

Figure 4. The Percentage of Removal of Biofilm Formed in the Presence
of Various Concentrations of CeO, NPs. Note. CeO, NPs: Cerium
nanoparticles

nanoparticles in many areas, especially in medicine (42-
44). Nanomaterials with anti-bacterial and anti-fungal
properties are useful not only in medicine but also in food
preservation and packaging. In metal oxide nanoparticles,
CeO; has received greater attention due to its distinctive
effects such as free radical cleaning activity and a broad
range of other features (45,46). The biomedical applications
of ceria nanoparticles seem quite promising, and research
has highlighted their potential use as therapeutic agents
to combat diseases characterized by excessive free radical
generation and oxidative stress (47-50). The experiments
in this study demonstrated that CeO, NPs synthesized by
alginate successfully slowed the growth of Gram-positive
bacteria. Furthermore, the nanoparticles demonstrated
anti-biofilm formation activity, effectively reducing
biofilm production by these bacterial species.

The antibacterial and anti-biofilm properties of CeO,
NPs have been extensively studied in recent years.
However, the synthesis of CeO, NPs using natural
polymers such as alginate is a relatively new approach that
offers several advantages over traditional methods (51,52).
In this research, we demonstrated the antibacterial and
anti-biofilm activity of CeO, NPs produced by alginate.

In this study, the antibacterial efficacy of CeO, NPs
synthesized via alginate was observed against both
Gram-positive and Gram-negative bacterial strains. The
nanoparticles likely exerted their antibacterial effect
through multiple mechanisms, including the generation
of ROS, disruption of bacterial cell membranes, and
interaction with bacterial enzymes and DNA. The
unique surface properties of CeO, NPs, facilitated by
alginate stabilization, might enhance their interaction
with bacterial cells. Furthermore, alginate, known for its
inherent antimicrobial properties, could synergize with
the nanoparticles to boost antibacterial activity. This dual
effect suggests that CeO, NPs synthesized with alginate
are potentially effective antibacterial agents against both
Gram-positive and Gram-negative bacteria.

Biofilm formation is a critical factor in chronic
infections, and traditional antibacterial agents often fail
to penetrate biofilms effectively. CeO, NPs synthesized

using alginate demonstrated promising anti-biofilm
properties, likely due to their ability to disrupt biofilm
matrix integrity and inhibit bacterial adhesion. The
anti-biofilm mechanism could involve the nanoparticles
interfering with quorum sensing, a communication
process essential for biofilm development. Additionally,
ROS generation by the nanoparticles may disrupt biofilm
structure and inhibit bacterial growth within biofilms.
The biocompatibility and non-toxic nature of alginate
further enhance the appeal of this approach for preventing
biofilm-associated infections (53-55).

Importantly, the CeO, NPs synthesized by alginate were
found to be non-toxic to human cells, indicating their
plausible safety for medical applications. Furthermore, the
alginate-mediated synthetic method used in the current
study offers a cost-effective and environment-friendly
way of producing these nanoparticles, making them an
attractive alternative that warrants further development
and testing. The strong antibacterial and anti-biofilm
activity of CeO, NPs synthesized by alginate can be of
particular interest to microbiologists and specialists
in infectious diseases, as well as professionals in other
medicinal fields. For example, CeO, NPs synthesized
by alginate can be used as coatings for medical implants
to prevent bacterial colonization and reduce the risk
of implant-related infections. These nanoparticles can
also be incorporated into wound dressings to promote
wound healing and prevent bacterial infections (56,57).
Moreover, CeO, NPs can be employed as drug delivery
systems, providing targeted delivery of antimicrobial
agents to bacterial cells. Overall, given that nanoparticles
have a high surface area-to-volume ratio, they form an
ideal system for drug delivery.

Conclusion

The results of this study revealed that CeO, NPs
synthesized by alginate have significant antibacterial
activity against Gram-positive bacteria. This antibacterial
capacity was dose-dependent, with higher concentrations
of CeO, NPs leading to greater inhibition of bacterial
growth. Furthermore, CeO, NPs exhibited significant anti-
biofilm activity against S. aureus and B. subtilis. Biofilms
are problematic for their role in bacterial resistance
to antibiotics and other antimicrobial agents, making
infections caused by these microorganisms difficult to
treat. However, CeO, NPs synthesized by alginate in
this study were effective in disrupting biofilm structure
and preventing further biofilm formation. The findings
demonstrated the significant potential of CeO, NPs
synthesized by alginate as a potential novel antibacterial
and anti-biofilm therapeutic agent. Further research is
required to assess the safety and effectiveness of these
nanoparticles in vivo and to assess their applicability to be
used in clinical settings.
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