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CHARACTERISTICS OF NANOMETRIC PARTICLES OF
METAL OXIDES

Introduction. This mini-review examines the mechanisms of
damage to bacterial biofilms (BB) by particles of metals (Au, Ag,
Fe, Cu, Zn, Mg) and their oxides (AuO, SiO, Fe203, Ag20, CuO,
TiO2, ZnO, and MgO). Emphasis is placed on the mechanism
which includes the formation of reactive oxygen species that
affect the redox state of the bacterial cell and, as a result, its death.
The mechanism of the antibacterial action of particles, ZnO, as
well as their effect on the porosity and degree of swelling of the
apatite-biopolymer composite, were considered in more detail.
Due to the emergence of antibiotic resistance of bacterial
biofilms, it has become increasingly difficult to treat them
effectively.

Materials and Methods. An analytical review of scientific
publications was conducted using official databases. The
scientific research method was employed to achieve the objective.

Results. The study showed that nanoparticles of metal oxides
could have a detrimental effect on bacterial biofilms using various
mechanisms of antibacterial action, including oxidative stress,
biofilm inhibition, inhibition of protein synthesis and DNA
damage, damage to metabolic pathways, penetration through the
cell membrane, and interaction with the cell wall and membrane.

Conclusion. To further utilize nanoparticles of metal oxides
(copper, gold, silver, titanium, and iron), the primary mechanisms
of their influence on the structure of bacterial biofilms (BBs) were
studied based on papers published in the world’s scientific
literature. NPs have different classifications and differ in
chemical composition and physical parameters, such as nanosize
and surface-to-volume ratio.
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XAPAKTEPUCTHUKA
OKCHIIB METAJIIB

HAHOMETPUYHHUX YACTHHOK

Beryn. B MiHI-OTIIAAI pO3MIIAHYTO MEXaHI3MHU TTOIIKOKEHHS
6akrepianpaux OiorutiBok (BB) HanouacTnHkamu metamiB (Au, Ag,
Fe, Cu, Zn, Mg) Tta ix oxcumis (AuO), (SiO), (Fe203), (Ag20),
(Cu0), (TiOy), (ZnO) i (MgO)). 3pobieHO aKIEHT, 30KpeMa, Ha
MEXaHi3M, KU BKJIIOYA€E YTBOPEHHS aKTUBHHUX (OPM KHCHIO, SIKi
BIUIMBAIOTh Ha OKCHJHO-BIJHOBIIOBAJIBHUI cTaH OakTepiaibHOi
KIITHHY 1 SIK HACTIOK — Ti 3aru0eni. Bimbln geTaibHO PO3TIIAHYTO
MeXaHi3M aHTubOakTepianpHOi mii 9acTHHOK, ZNO, a TakoX iX BIUTUB
Ha TIOPHCTICT Ta CTYIIHb HaOpSKaHHSA amaTUT-O0i0MOITIMEPHOTO
KOMIIO3UTY.

BakrepianpHi 0iOTUTIBKH — 1€ CKJIaAHI (POPM MIKpOOPTaHi3MiB,
o0 MOXYTh OyTH TPHKPIIUIEHI 0 TOBepxHI abo 3axoBaHi y
MO3aKJITHHHOMY MaTpukci. Marpuns OIOIUIIBKH, IO OTOYYE
Oakrepii, poOUThH IX CTIHKMMHU 10 aHTUOIOTHUKIB Ta Ne3iH}ikyrounx
XiMiYHHX 3aco0iB. Yepe3 mOSABY aHTHOIOTHKOPE3UCTEHTHOCTI
OakTepialbHUX O10TUTIBOK CTAJIO BaXKKO JIIKYBaTH iX €()eKTHBHO.

Marepiann Ta MeToAM. AHATITHYHUI OIJISI HAYKOBHX
myOmiKamii BUKOHAHO 3 BUKOPUCTAHHAM OQimiiHuX 0a3 qanux. Jis
JOCSITHEHHSI TIOCTABJIEHOI METH BHKOPHCTOBYBABCS HAayKOBO-
TIOUTYKOBUI METOJ TOCTIKEHHS.

Pe3yabTaTH Ta iX 06roBopennsi. JJociiKeHHS TOKa3aIIo, o0
HAaHOYACTUHKHM OKCHIIB METaJiB MOXYTh 3IyOHO BIUIMBaTH Ha
OakTepiaibHy OIOIUIIBKY 3a JIONIOMOTOK0 TaKHUX MeEXaHIi3MiB

aHTuOaKkTepiadpbHOl Jii: OKHCIIOBaNBbHUHA CTpec, 1HriOyBaHHs
010IUTIBKM, MPHUTHIYCHHS CUHTE3y Oinka Ta momkomkeHHs JJHK,
NOIIKOJUKEHHS 10 METa0ONIYHMX LUISXiB, NPOHHKHEHHS 4epes3
KIITHHHY MeMOpaHy, B3a€MOJisi 3 KJIITHHHOIO CTIHKOIO Ta
MeMOpaHOIo.

BucHoBkn. 3 METO  MOJANBIIOrO  3aCTOCYBaHHS
HAHOYACTHHOK OKCHIIB MeTaniB (Mifmi, 3070Ta, cpibia, TUTaHY,
3amiza) Oyno BHBYCHO Ha OCHOBI OITyOJIKOBaHMX B CBITOBIH
HAYKOBIH JIiTepaTypi AOCIiIKEHh OCHOBHI MEXaHI3MH IX BIUIMBY Ha
crpykrypy bb. HU matoth pizHy knacudikaliiro, BiApi3HSIIOTbCS 3a
XIMIYHUM CKJIAZIOM Ta (i3MYHUMHU NapaMmeTpamMH: HAHOPO3MIpH,
CIIBBIHOIIICHHS TOBEPXHI 10 00’ €My .

KurouoBi ciioBa: 0akrepii, 6i0rutiBku, 6akTepiaibHi 010IUTIBKH,
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Abbreviations
BB — bacterial biofilms
NM — nanomaterials

NPs — nanoparticles

NsM — nanosized material

NOM - nanoscale of metal oxides
ROS - reactive oxygen species
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Infectious complications associated with
surgical intervention during implantation are
usually due to the formation of bacterial biofilms
(BB). A BB is an association of microorganisms in
which microbial cells are concentrated in the
middle of a self-created extracellular matrix [1].
Such a bacterial biofilm can interact not only with
the implant’s surface but also penetrate the
surrounding tissues and joints. Currently, one of the
promising directions for combating such biofilms is
the use of nanoparticles of metals (Au, Ag, Fe, Cu,
Zn, Mg) and their oxides, such as (AuO), (SiO),
(Fe203), (Ag20), (CuO), (TiO2), (ZnO) and
(MgO), which are being thoroughly studied [2, 3, 4].
Nanomaterials (NM) based on nanoparticles
(NPs) represent a new class of important materials
that are being developed increasingly for use in
scientific research and applications related to
various areas of human activity. At the same time,
it is necessary to remember the difference between
true NM and nanosized material (NsM). According
to the recommendations of special EU institutions,
the size of the particles of true NM in one of its
dimensions should not exceed 100 nm. The
properties of NsM are practically limited by this
dimensional parameter, while for true NMs, the
dominant parameter is the surface-to-volume ratio
(SIV  parameter), which brings additional,
qualitatively new properties [5]. In particular, the
nanosize of metal oxides (NOM), due to the high
value of the S/V parameter, leads to more effective
interaction with cells, which makes them universal
for strategic effects on BB. The action of such
materials is characterized by complex mechanisms
that act simultaneously to prevent the generation of
genomic mutations of bacteria and suppress their
growth [6].

Recent advances in the field of nanotechnology,
particularly the ability to create highly ordered
nanoparticles of metals, have led to the development
of new approaches for using them as antibacterial
agents. Studies have shown that preparations based
on NPs can be used as effective antimicrobial agents
and materials in medicine [7, 8].

According to some scientists (V.F. Marievskyi,
B.O. Movchan, Y.G. Gogotsi, Rodney M. Donlan,
J. William Costerton), a particularly promising
direction in the fight against biofilms of such
microorganisms as E coli, S aureus, P. aeruginosa
is the use of nanosized metal oxides [9, 10].

Bacterial biofilms are universal. They can cause

many problems in various fields of activity: water
purification processes, food technologies, and
implantology. Biofilms can infect medical devices.
Formation of BB is a complex process that begins
with the attachment of the bacterium to a living or
non-living surface and leads to the formation of
microcolonies — three-dimensional structures that
peel off from the surface after maturation. Such
biofilms are resistant to antibiotics, disinfectant
chemicals, phagocytosis, and other components of
the body's innate and adaptive defense system [8].

Despite numerous scientific studies on the
efficacy of metal oxide nanoparticles against BB,
there are still many unanswered questions that
require further scientific inquiry and justification.
The effectiveness of NPs after entering the biofilm
of certain bacteria remains inconclusive. Scientists
note that a larger number of studies on the impact
of NOM on biofilms are needed to generalize the
results and provide substantiated practical
recommendations [8, 11, 12].

This article aims to analyze modern research on
the classification and characteristics of NOM, as
well as the study results on the mechanism of their
influence on the destruction of bacterial cells and
their biofilms.

Research material and methods

To achieve the goal, an analytical review of
scientific publications was conducted using official
databases, employing scientific research methods.

Research results

Six main mechanisms of the antibacterial effect
on BB are presented in Fig. 1.

The membrane and cell wall are among the main
stable cell barriers for bacteria, which enable the
adsorption of nanoparticles. The primary component
of Gram-positive bacteria is teichoic acid, which
facilitates the distribution of NPs along the chain of
phosphate molecules, preventing their aggregation
[16]. Gram-positive bacteria possess a thick
peptidoglycan wall and pores that allow the
penetration of smaller molecules that can damage the
cell wall of the bacterium, eventually leading to its
death [17].

Gram-negative bacteria, on the other hand,
possess a higher concentration of lipopolysaccharides,
lipoproteins, and phospholipids, which lead to a
negatively charged cell wall, thereby improving the
interaction with NPs. BBs are likely to establish a
barrier that inhibits the penetration of small molecules
[18, 19].
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Figure 1 — The main mechanisms of the antibacterial effect of nanoparticles of metal oxides

The primary mechanism by which nanoparticles
can damage biofilms is through oxidative stress
induced by reactive oxygen species (ROS). Bacteria
can maintain a balance in ROS generation under
normal conditions. However, contact with certain NPs
can disturb this balance, causing an excess of ROS,
which eventually alters the redox state of molecules
and contributes to cellular oxidation [20].

Upon penetrating the cell wall, NPs tend to release
ions and generate ROS through diffusion. Metal ions
can bind to negatively charged functional groups of
the cell membrane, such as phosphate and carboxyl
groups, disrupting its integrity and ultimately causing
the death of the bacterial cell [16, 21, 22].

Another well-known mechanism of antimicrobial
action of metal nanoparticles is DNA damage and the
inhibition of protein synthesis. Typically, NPs cause
the breakdown of ribosomal subunit proteins,
enzymes, and other proteins synthesized in bacterial
cell membranes. In several studies, degradation,
compression, and fragmentation of bacterial DNA
were observed, leading to a decrease in the
physiological activity of genes [23, 24]. A study
utilizing zinc oxide (ZnO) against E. coli DNA
demonstrated this, where researchers found that NPs
caused the most destruction at 10 regions of the
bacterial genome. Moreover, the presence of NPs
altered gene expression, ribosome composition,
molecular structural activity, and RNA modification
[25].

It has been shown that silver NPs [10] damage
bacterial DNA by upregulating various antioxidant
genes, ATP pumps, and genes encoding metal
transport in S.aureus and E.coli bacteria. The
researchers concluded that silver nanoparticles cause
depletion of the antioxidant capacity of bacteria. The

metabolic pathways of bacteria are not isolated but are
complexly integrated into the activity of cells since
their main role is to support the growth and
reproduction of bacteria. It has been observed that
when entering a bacterial cell, NPs cause changes in
metabolism, which leads to cell membrane damage
and causes oxidative stress, and bacterial death [26,
27]. It has also been suggested that NPs can directly
regulate and damage the metabolic processes of
bacterial target proteins to affect bacterial adhesion
and the formation of bacterial biofilms [27]. One of
the mechanisms of the antibacterial effect of
nanoparticles during interaction with BB is the
interaction with the extracellular matrix, which
provides access to any chemical molecule of the
agent to the bacterium and, thus, causes cell damage
[28].

When in contact with bacteria, nanoparticles can
affect the speed of bacterial adhesion, causing damage
to biofilms, which is explained by the processes of
metabolic inhibition by released metal ions. Despite
numerous studies, the specific mechanisms of the
impact of NPs on BB have not yet been fully
determined [29].

Substances consisting of two elements, one of
which is oxygen, are called oxides. Almost all
chemical elements (except Helium, Neon, and Argon)
form oxides [30].

According to their chemical properties, oxides are
divided into three groups (Fig. 2):

- basic, which form salts when interacting with
acids and acid oxides, and react with amphoteric
oxides and hydroxides;

- acidic, which form salts when interacting with
bases, basic oxides, amphoteric oxides, and
hydroxides;
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Figure 2 — Chemical properties of metal oxides [30]

- amphoteric, which correspond to amphoteric
hydroxides, and which form salts when interacting
with acids, bases, acidic and basic oxides.

NPs of metal oxides, such as Cu20, Fe203,
MgO, Ag20, Au203, and ZnO, are of particular
interest (Table 1).

NPs of copper oxide (CuO) have been shown to
regulate the levels of cholesterol, sugar, and uric
acid in the blood, as well as maintain the balance of

intestinal microflora by inhibiting the growth of
yeast microorganisms [31, 32]. CuO NPs are
characterized by significant biological activity
against antibiotic-resistant strains of
microorganisms; they are less toxic than the macro-
dispersed form of the metal [33]. However, their
use in medicinal products requires further research
on bioavailability and biocompatibility.

Table 1 — Effect of nanoparticles of metal oxides on bacterial microflora

Nanoparticle

Mechanism of action

Types of bacteria inhibited

Damage to nucleic acids, disruption of biochemical processes | Pseudomonas spp, E. coli,

Cuz0 [34] K. pneumonia , P. vulgari
Destruction of the cell wall (membranes, proteins, and lipids)
y o . hyl
no slows down gene replication in bacteria [16, 51] Staphylococeus aureus
MgO Destroy cells with the help of intracellular biomolecules [31] | S. aureus

Auz03 Antibacterial action [49]

S. aureus, E. coli

The mechanism of action is aimed at cell division and

Escherichia coli i

Al . . . .

9:0 disruption of ROS, destroying the cell [44, 45]. Pseudomonas aeruginosa
Fe,O3 Associated with ROS disruption of bacterial cells [51] B. subtilis, E. coli
TiO; Photocatalyst for disinfection, antibacterial action [28] Lactobacillus acidophilus,

P. aeruginosa, E. coli, S. aureus

The antimicrobial mechanism of zinc oxide
(ZnO) is based on its ability to damage the
integrity of the cell membrane, slow down the
replication of genes in bacteria, prevent the
formation of biofilms, and reduce the
hydrophobicity of the cell surface. The
antibacterial effect of these nanoparticles is

largely determined by their size, which is a
decisive factor in their penetration through the
nanosized pores on the surface of the bacterial
cell. It has been shown that ZnO NPs exhibit
activity against cancer cells. This fact is explained
by mechanisms based on ROS production, ZnO
toxicity, and induction of apoptosis [16, 34].
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Let us consider in more detail the mechanisms of
their antibacterial action in contact with a microbial
cell drawing on the example of ZnO nanoparticles. It
should be noted that today several main mechanisms
for the damaging effect of ZnO NPs on microbial
cells are known [35, 36]. Those can be classified as
physical and chemical [37]. The physical process
involves the electrostatic interaction of ZnO particles
with bacterial cells, which leads to mechanical
damage to the cell plasma membrane due to
increased surface tension and depolarization. The
degree of such interaction is determined by the
features of the cell wall structure and thus is the main
factor that determines the antimicrobial activity of

Gram-negative
Peein Flagelum
Pilus

Mm Capsule

Outer membrane (OM)
: B* — Peptidoglycan (PG)
\ Cytoplasmic membrane (CM)
HIRPATI

Endotoxin LPS Periplasmic space

certain NPs (Fig. 3). After the penetration of ZnO
nanoparticles into the cell, chemical interactions
occur with the formation of ROS and the release of
Zn2+ ions, as well as the leakage of intracellular
fluid, which causes the death of the bacterial cell [38,
39]. It's also noteworthy that recent studies have
shown interesting results [37, 40], indicating that the
introduction of nanostructured ZnO particles into an
apatite-biopolymer composite increases its porosity
and degree of swelling. Moreover, samples with
ZnO content are less conducive to swelling in a
neutral environment (pH 7.3) than in an acidic
environment (pH 4.5).

Gram-positive

Outer membrane (OM) 'g’
Peptidoglycan (PG) 2

Cytoplasmic membrane (CM) M-&J-u.u.}.

Lipoteichoic acid

Figure 3 — Various types of interactions of ZnO materials with bacterial cells [36]

Magnesium oxide (MgO) nanoparticles are
important antimicrobial agents, in particular, they
can produce reactive oxygen species [41, 42]. NPs of
magnesium oxide, physically connected to the cell
surface, cause dysfunction of the integrity of the cell
membrane, which results in its leakage, and also
destroy cells with the help of intracellular
biomolecules of irreversible oxidation. In addition,
some studies have shown that in the absence of lipid
peroxidation and ROS, magnesium oxide NPs
generate a high antibacterial effect [43].

Iron oxide (Fe203) nanoparticles, unlike other
nanoparticles, exhibit high ferromagnetism and
reduced oxidative sensitivity. Due to the presence of
Fe ions, iron oxide nanoparticles are non-toxic and
biocompatible materials, which have drawn
considerable attention. The stability of cells can

also be directly affected by the formation of free
radicals [41].

NPs of silver oxides (Ag20) are used as an
antibacterial agent in the composition of compounds
such as silver nitrate, and silver sulfadiazine, as well
as in the form of a finely dispersed powder for the
treatment of infectious, dental diseases, and burn
wounds [44]. Silver oxide NPs affect almost all
viruses,  bacteria, and some  eukaryotic
microorganisms [45, 46]. Despite silver's wide range
of practical applications, from medical dressings to
covering surgical devices, its toxicity is also known
in the case of high concentrations, often resulting in
adverse health consequences, which include
permanent skin pigmentation (argyria), loss of
vision, organ destruction, inflammation, and changes
in the number of blood cells [47, 48].
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The action of gold oxide NPs (Au203) as
antimicrobial agents is primarily based on their
electrostatic interaction with the negatively
charged bilayer of the cell membrane. Studies
have suggested and confirmed that anionic gold
oxide particles are not toxic, while cationic ones
are toxic [49].

Titanium oxide NPs (TiO2) are an alternative to
traditional chemical disinfectants, which are more
toxic. TiO2 is an inexpensive, highly efficient,
stable, non-toxic substance and, as such, would be of
particular value for water treatment systems in

CONCLUSIONS / BACHOBKH

To further use nanoparticles of metal oxides
(copper, gold, silver, titanium, iron), the main
mechanisms of their influence on the structure of
BBs were studied based on papers published in the
world scientific literature. NPs have different
classifications and differ in their chemical
composition and physical parameters, as well as their
surface-to-volume ratio. Relatively low toxicity to
the cells of the human body, low cost, effective
inhibition of the growth of a wide range of bacteria,

developing countries [50]. The antimicrobial
properties of TiO2 NPs can be used in industry to
increase the safety of food products, hygiene, and
cosmetics by photocatalytic disinfection of the
antimicrobial nanocrystalline surface TiO2 coating
capable of destroying microorganisms resistant to
ultraviolet radiation [51].

Application of a nanocrystalline TiO2 coating on
the surface of orthodontic products, toothbrushes,
and dental implants showed effective antibacterial
activity against Lactobacillus acidophilus [51].

and the ability to prevent not only the formation of
BB, but even to destroy spores, makes them
promising for use in industry and medicine as
antibacterial agents in conditions of the rapidly
growing resistance of microorganisms to antibiotics
[3, 43]. Analysis of modern research has shown that
NPs of metal oxides demonstrate high efficiency in
the processes of combating microbial biofilms, as
well as (using the example of ZnO) to influence the
porosity and degree of swelling of apatite-
biopolymer composites.
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