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Introduction

Metal nanoparticles are currently one of the most researched materials in the field of science
and technology. These materials are up to one hundred nanometers in size and differ from
ordinary metals in their unique physical and chemical properties.

The use of metal nanoparticles in biomedicine is one of the most promising areas of theire
application. For example, gold nanoparticles can be used to diagnose and treat cancer. Gold
nanoparticles can be coated with various molecules that can target and interact with cancer
cells, allowing cancer to be detected and staged. Silver nanoparticles can be used as antimi-
crobial agents, since silver has a high activity against bacteria and fungi. Also, silver nanopar-
ticles can be used to treat wounds, as they promote rapid healing and prevent infections.

Metal nanoparticles are also applied in other industries e.g. to produce electronics, improve
the properties of materials, manufacture catalysts, and many other things that are used both in
everyday life and in the production and improvement of technological processes. This article
discusses the use of metal nanoparticles of silver (AgNPs), zinc (ZnNPs), titanium oxide
(TiO,NPs), and gold (AuNPs) in biomedicine and other fields.

Keywords: green biosynthesis, nanoparticles, nanometals, microorganisms.

Nanoparticles are currently increasingly cap- sity compared to chemical analogs [1-3]. The
turing scientific spaces with their diverse and technologies for obtaining nanoparticles with
practical properties. Their main features are physical and chemical methods are very time-
the size and shape, which result in the diver- consuming but recent discoveries make it pos-

© Institute of Molecular Biology and Genetics, NAS of Ukraine, 2023

© Publisher PH "Akademperiodyka" of the NAS of Ukraine, 2023

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited

170


mailto:wirn@ukr.net

«Greeny synthesis of metal nanoparticles. Application and future perspective

sible to speed up this process thanks to the
«green» method of obtaining nanoparticles
using biological agents, such as bacteria, fun-
gi, algae, etc. [4]. Microorganisms and bio-
logical systems play an important role in the
production of nanoparticles of various metals.
The use of living organisms in this area leads
to the rapid development of nanoparticle pro-
duction technologies due to their properties of
forming elementary metal particles and an
environmentally friendly way of their extrac-
tion, since this process does not require the use
of toxic substances that can enter the environ-
ment [1-3].

Some of the plants produce nanoparticles of
palladium and platinum. For example, nano-
platinum is synthesized by leaves of the
Doipyros kaki plant, and the leaves of Gardenia
jasminoides and Glycine max reduce elemental
palladium; the fruits of the Musa paradisica
plant and the bark of the Pinus resinosa and
Cinnamom zeylanicum plants produce palla-
dium nanoparticles, and the bark of the Pinus
resinosa plant is able to reduce platinum from
its salts to elementary nanoparticles [1, 7].

Due to the ability of microorganisms to
quickly accumulate biomass and synthesize
biologically active substances, they can be
candidates for obtaining metal nanoparticles
in laboratory conditions, and later in indus-
try [1, 3].

Microorganisms such as bacteria, fungi,
yeast, and algae, most of which are capable of
synthesizing nanoparticles, are the main bioob-
jects used in green synthesis. The main prin-
ciple of the synthesis is the reduction of metal
ions to nanoparticles [5].

Various microbes have been reported to
synthesize nanoparticles of silver, gold, and

other metals. Silver and gold are given much
more attention compared to others. Nanopar-
ticles of these metals have been used in various
fields and are biocompatible and low toxic.
This makes them excellent drug delivery sys-
tems and carrier material for sensors in diag-
nostic tools [6].

Thus, bacteria of the genera Bacillus,
Pseudomonas, Lactobacillus, Klebsiella, Cory-
nebacterium, Staphylococcus, Enterobacter act
as biocarriers for silver nanoparticles; fungi of
the genera Cladosporium, Fusarium, Tricho-
derma, Penicillium, Aspergillus, Phaenero-
chaete; Candida yeast; and algae of the genus
Plectonema [7]. ZnO nanoparticles are pro-
duced by bacteria of the genera Aeromonas,
Lactobacillus, Enterococcus and Bacillus;
fungi of the genera Aspergillus and Fusarium;
algae of the genera Marine, Caulerpa, Hypnea
and Sargassum [8, 9].

Nanoparticles of titanium dioxide TiO, can
be synthesized by bacteria genera Bacillus,
Aeromonas, Lactobacillus and Halomonoas;
fungi of the genera Aspergilllus, Volvariella,
Saccharomyces, Streptomyces and Lecanora [5].

Bacteria of the genera Bacillus, Pseudo-
monas, Rhodococcus, Rhodopseudomonas,
Ureibacillus and Nocardia can be producers
for gold nanometal; fungi of the genera Fusa-
rium, Colletotrichum, Yarrowia and Neuro-
spora; algae of the genera Shewanella, Sargas-
sum and Plectonema [7, 9].

The fungus Fusarium oxysporum, yeast
Schizosaccharomyces pombe and Candida gla-
brata are also used for the synthesis of cad-
mium sulfide nanoparticles [1, 7].

Cobalt nanoparticles are recovered with
the help of the bacterium Pyrobaculum is-
landicum, and nanometal lead is produced
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from the bacterium Desulfovibrio desulfuri-
cans [7].

Plants and their parts are also often used for
the synthesis of metal nanoparticles. Thus, the
leaves of Argemone maxicana, Acalypha in-
dica, Mangifera indica, Cassia fistula, Catha-
ranthus roseus, Clerodendrum inerme, Mur-
raya koenigii, Aloe vera, Piper betle, Ocimum
tenuiflorum, Coleus aromaticus and Apiin are
often used for silver synthesis; fruits of plants
Emblica officinalis, Carica papaya and
Tanacetum vulgare; the bark of the Cinnamon
zeylanicum plant; and seeds of plants Jatropha
curcas and Syzygium cumini [1, 3, 7].

ZnONPs are synthesized by the plants
Calotropis gigantean, Abrus precatorius, Aloe
barbadensis, Cassia auriculata, Acalypha in-
dica, Parthenium hysterophorus, Camellia
sinensis, Calotropis procera, Musa balbisiana,
Citrus paradise and Medicago sativa [8, 9].

TiO,NPs are produced by Azadirachta
indica, Murraya koenigii, Psidium guajava,
Syzygium cumini L, Nyctanthes arbortristis,
Eclipta prostrata, Jatropha curcas L, Sola-
num trilobatum L, Citrus reticulata, Aloe
vera, Trianthema portulacastrum, Chenopo-
dium quinoa, Curcuma longa, Cathranthus
roseus, Olanum trilobatum L. and Medicago
sativa L. [5].

Gold nanoparticles are produced by the
leaves of the plants Murraya koenigii, Aloe
vera, Apiin, Camellia sinensis, Eucalyptus
camaldulensis, Pelargonium and Azadirachta
indica; fruits of plants Emblica officinalis and
Tanacetum vulgare; flowers of the Nyctanthes
arbortristis plant; and seeds of the Cuminum
cyminum plant [7]. In the literature, there is
information on the synthesis of AuNPs using
such plants as Crassocephalum rubens, Cornus
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mas, Punica granatum, Papaver somniferum,
Galaxaura elongata, Mimosa tenuiflora,
Anacardium occidentale, Aloe vera, [10, 12]
AuNPs are also obtained using Stenotropho-
monas maltophilia bacteria, Rhodopseudomonas
capsulate, Pseudomonas putida, Pseudomonas
fluorescence, Deinococcus radiodurans,
Actinobacter spp. [12].

«Green» biotechnologies for the pro-
duction of metal nanoparticles

Nanoparticles can be gathered by different
methods of green synthesis. Frequently, scien-
tists use plant extracts that synthesize nano-
metals intracellularly or extracellularly. To
produce intracellular NPs, it is necessary to
cultivate plants in organic media full of metal-
lic ions. The extracellular production of
nanoparticles can be conducted with different
plant extracts of leaves, flowers, fruits, efc.
[10, 11]. Much attention should be paid to the
source of the active substances — the extracts
of various parts of a plant or different plants
contain different biologically active substan-
ces. For example, these compounds may have
antioxidant properties and reduce gold ions to
metallic gold [10]. Nanoparticles can also be
gathered by the culture liquid of bacteria.
Metallic ions firstly are retained on the surface
or inside microbial cells, and after that reduced
to nanoparticles with the help of the enzymes
[12, 13].

Silver nanoparticles

For example, silver nanoparticles can be syn-
thesized by bacteria, fungi, algae, and plants.

Bacterial cells can produce nano-sized sil-
ver in a short period, giving them a certain
geometric shape and influencing size. For in-
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stance, the bacteria strain Bacillus sp. GP-23
from marine soil was inoculated into a flask
with LB broth which was incubated at 37 °C
for 24 hours. After that, the supernatant from
the synthesis was obtained by centrifugation
at 6000 rpm for 10 min. Later 100 ml of the
resulting solution were moved to a 250 ml
Erlenmeyer flask, and the concentration was
adjusted to 1 mM AgNO;. To avoid a photo-
lytic reaction, the reactant was stored in dark-
ness. Silver ions were added to the mixture,
and after 24 hours of incubation, the color
changed from pale yellow to dark brown and
showed an absorption peak at 420 nm, a peak
characteristic of AgNPs. The color change took
place because of the action of a certain surface
plasmon resonance (SPR) of the AgNPs. The
particle size was measured by detecting the
linear profile of individual spherical particles
in the 12-20 nm range, confirmed by HRTEM
micrographic images [14].

Fungi have the ability to synthesize metallic
nanoparticles thanks to their bioaccumulating
forces of metals and their tolerance, high intra-
cellular binding, and absorption capacity [15].
So, Reishi mushrooms were used to produce
silver nanoparticles in a short period and with-
out great costs. Then 20 ml of Reishi mushroom
extract are diluted to 100 ml with distilled
water. Subsequently, 15 mg of AgNOj; salt are
put into the solution and left on a magnetic
stirrer to reduce Ag" ions. The change of a
mixture color from transparent to reddish-
brown means that the reduction from Ag* to
Ag® was successful. The final product has to
be washed with ethanol and dried in order to
remove unreacted waste. The UV emission
spectrum is the observed peak in the absorption
band 400460 nm, corresponding to AgNPs.

TEM images indicate that the biosynthesized
AgNPs are dispersed, but agglomeration bet-
ween some particles also occurred. The partic-
les had a spherical shape, and the average par-
ticle size ranged from 9 to 21 nm [16].

The plant extracts were obtaned to synthe-
size the metallic silver nanoparticles. They have
potential advantages over microorganisms
thanks to the ease of scale-up, less biohazard,
environmentally friendly, and complex cell
culture maintenance process. However, it has
a serious drawback, it is necessary to prepare
a plant extract. Besides, it matters the place and
the time of the plant material collection. For
example, plant S. spinosa has the ability to
obtain silver nanoparticles. The plant material
was collected and dried at 37 °C for 48 hours.
The dried substance is then crushed in a mortar.
10 ml of distilled water was added to 0.2 g of
plant powder and the solution was boiled for
5 minutes and then cooled. The cooled mixture
was filtered with the help of filter paper. An
aqueous solution of 1 mM silver nitrate was
added to the plant extract of S. spinosa in a
ratio of 9:1. Subsequently, it was constantly
rotated in a stirrer at room temperature at
27 £ 2 °C for 6 h. The experiment was re-
peated three times. At first, the S. spinosa ex-
tract was yellow, but after interaction with
aqueous AgNOj; solution and being stirred at
room temperature, the color changed to red
with time, meaning that with time, the color
intensity increases confirming the reduction of
Ag ion and the formation of AgNPs [17].

The use of microalgae to synthesize
nanoparticles is a new approach that considers
microalgae as reducing and blocking agents to
make NPs. This technology also has many
additional stages of extract preparation which
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was proven by the research about silver
nanoparticles production with the help of algae
C. aeroterrestrica strain BA_Chlo4. Microalgal
biomass was centrifuged at 4700 rpm for
10 min after cultivation for 15 days to collect
the biomass. Then distilled water was used to
wash it four times. After the wash, the resulting
product was freeze-dried by a freeze dryer for
2 days. The dried biomass was then mixed with
sterilized glass beads and stirred for 5 min to
get an algal powder, 500 mg of which were
dissolved in 500 mL of distilled water and
boiled at 60 °C for 30 min in a water bath. The
sample was cooled to room temperature and
then filtered. The filtrate was centrifuged at
4700 rpm for 10 minutes to remove residual
algae and stored at 4 °C. The AgNPs synthesis
was conducted by mixing 90 mL of 103 M
silver nitrate with 10 mL of aqueous algae
extract. The mixture was left under fluorescent
light for 24 hours at room temperature. The
solution first had no color and then turned
golden yellow after 24 hours. After the incuba-
tion AgNPs were collected by centrifugation
at 13000 rpm for 30 minutes and washed three
times with distilled water. Some of the washed
samples were freeze-dried for 68 hours for
biological interests. AgNPs were hexagonal
with a nanometer diameter of 14.5 + 0.5 nm
and a maximum wavelength of 404.5 nm.
FTIR and GC-MS analysis demonstrated that
proteins and polysaccharides acted as blocking
and reducing agents for AgNPs [18].

Zinc oxide nanoparticles

Green synthesis zinc oxide nanoparticles imple-
ment biological substances like plants, fungi,
bacteria, and algae to replace chemical reactants
to reduce the product and process toxicity.
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The process of synthesis of ZnONPs with
bacteria proves the diversity of the application
of pathogenic strains in the latest technologies
for the production of different materials.
S. aureus strain ATCC 29213 was first culti-
vated in LB broth and then centrifuged at
10,000 g for 10 minutes to remove the sedi-
ment. The supernatant was separated and used
for the production of ZnONPs. Then, the cul-
ture solution was mixed with 1 mM
Zn(0,CCH3), in an orbital shaker at 250 rpm
and 37 °C for the biomimetic synthesis of
ZnONPs. The synthesis of nanoparticles was
monitored by visual methods of the culture
medium color change. After some time, the
solution was centrifuged at 3,500 g for 10 mi-
nutes to remove any media components, and
the nanoparticles were gathered by centrifuga-
tion at 25,000 g for 30 minutes. The synthe-
sized ZnONPs were washed several times by
centrifugation and dispersed in water to re-
move residual zinc ions and excess media
components. In the end, the obtained nanopar-
ticles were freeze-dried and stored at 0 °C
until further experiments. ZnO nanoparticles
were irregularly shaped, ranging from 10 to
50 nm. Lyophilized ZnONPs powder
(10 pg ml-1) was dispersed in acetate buffer
by ultrasound and used to measure UV-vis
which showed the characteristic absorption
peak of ZnO NPs at a wavelength of approxi-
mately 373 nm. The absorption spectrum of
ZnONPs also indicates a narrow distribution
of nanosized particles [19].

Fungi are used as an alternative to bacteria
because of their tolerance, and better capacity
to bioaccumulate metals, as they produce en-
zymes, facilitate the growth process, economic
viability, and easy management of the biomass.
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Therefore, A. niger mushrooms are the raw
material used for the zinc oxide nanoparticles
synthesis. A. niger is grown on a liquid me-
dium at 200 rpm and a temperature of 37 °C.
The mycelium is then separated and 5 mM zinc
nitrate is added and cultivated at 200 rpm at
32 °C for 2 days. A color change from yello-
wish to a colorless liquid is noticed after
48 hours. A white precipitate forms at the bot-
tom of the flask, showing the recovery process.
The white sediment is precipitated by cen-
trifugation at 10,000 rpm for 10 min. The
biosynthesized ZnONPs have a peak at 320 nm
and size from 84 to 91 nm and are spherical
in shape, which is proved by SEM analy-
sis [20].

Seaweeds can as well be used as biofacto-
ries for nanoparticle synthesis. Thus, S. muti-
cum was taken as the example for the forma-
tion of ZnONPs due to the polysaccharides
that they produce. Dried seaweed powder was
added to 100 ml of distilled water, heated to
100 °C, and filtered. 50 ml of the aqueous
solution was mixed with a 2 mM solution of
zinc acetate dihydrate (Zn(Ac),-2H,0) and
kept for 3—4 hours in a water bath while stir-
ring at 70°C. The white solid was collected
using centrifugation at 4000 rpm for 10 min
and thoroughly washed with distilled water
and then dried at 100 °C. ZnONPs were ob-
tained by heating ZnO §. muticum at 450 C for
4 hours. The ZnONPs formation was observed
by the color change of the solution from dark
brown to white. ZnONPs have a hexagonal
structure with particle sizes ranging from 3 nm
to 57 nm [21].

Zinc oxide nanoparticles can be synthesized
by plant extracts. For instance, the leaf extract
of G. pentaphylla was used to produce ZnO

nanoparticles. 0.2 M zinc acetate dihydrate was
added to 50 ml of the extract of the leaves
using a magnetic stirrer at 60 °C for 1 hour.
When the reaction was done, the light-yellow
solution was cooled to room temperature. The
yellow extract was subjected to centrifugation
at 8000 rpm for 20 min, then washed with
distilled water and methanol to remove impu-
rities, and at the end dried at 80 °C. The pow-
der was dried in a muffle at 350 °C for 3 hours.
ZnONPs synthesized by G. pentaphylla leaf
extract showed a high absorption peak at
351 nm with an average size of 36 nm and a
hexagonal structure [22].

Gold nanoparticles

The production of gold nanoparticles is a fair-
ly simple process that does not require an in-
crease in temperature and pressure.
Biosynthesis occurs when the HAuClI, salt
solution is combined with the prepared plant
extract and mixed to initiate the AuNPs syn-
thesis process. A change in the color of the
resulting solution indicates the formation of
nanoparticles [12]. It is known from the lite-
rature that a solution of Au (IIT) (1 mM
HAuCl,) was used for the synthesis of gold
nanoparticles and cultivated at different tem-
peratures (25-37 °C) and pH (2.5-8.5).
Observe the change in color of the suspension,
the absorption spectrum of the suspension, and
the size and shape of the particles [12].

For instance, D. radiodurans obtained from
cell culture were washed three times with de-
ionized water followed by incubation with
1 mM Au(III) solution at 32 °C and pH 7.0 for
8 hours. The resulting purple solution was
centrifuged at 8000 x g for 10 min to separate
and collect the cell pellet and supernatant,
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respectively. The cell pellet was washed with
deionized water until the supernatant became
colorless. Supernatants were combined, filtered
using 0.22 um syringe filters, and then dialyzed
against ultrapure water for 48 hours with agi-
tation. Bacterial pellets and dialyzed superna-
tant were frozen at —20 °C for 12 h, respec-
tively, and then transferred to —80 °C for 12 h
and lyophilized. Purified purple powders from
the supernatant were used to characterize
AuNPs [23].

A solution of gold chloride (1 mM HAuCly)
was added to the suspension of the cell mass
of Stenotrophomonas maltophilia and culti-
vated at 25 °C for 24 hours, while a color
change from light yellow to cherry red was
observed, which indicates the accumulation of
gold nanoparticles. The spectra thus obtained
revealed a strong absorption at almost 530 nm
after 8 hours of incubation. Spherical gold
nanoparticles approximately 40 nm in diameter
were formed [24].

Titanium dioxide nanoparticles

Chemical methods for the synthesis of TiO,
nanoparticles have been found as environmen-
tally toxic because the synthesis involves high
temperature and pressure, leading to limita-
tions in the mass production of TiO,. Thus,
green nanotechnology has been explored as an
alternative and environmentally friendly ap-
proach for the synthesis of TiO, nanoparticles
because it uses reducing agents obtained from
biological sources and the same reducing agent
can be used to synthesize many metal com-
pounds. In addition, the use of plants, their
waste, fruit extract, and microorganisms used
in the synthesis reduces the use of toxic and
expensive chemicals [25]. Thus, environmen-
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tally friendly synthesis methods are vital to
obtaining stable nanoparticles of suitable size
and able to disperse with low energy consump-
tion [26].

Titanium dioxide nanoparticles (TiO,NPs)
are obtained from Carica papaya Shell ex-
tracts. 65 ml of 0.2 M titanium isopropoxide
were placed in triple distilled water. 15 ml of
Carica papaya Shell extracts were gradually
added dropwise to the solutions at 85 °C using
a magnetic stirrer for 5 hours at pH 11. The
resulting mixtures were centrifuged at
15,000 rpm for 15 minutes. It was then dehy-
drated at 55 °C for 5 hours and calcined at
455 °C to obtain TiO, nanoparticles. The ab-
sorption spectrum was recorded at 350 nm [27].

There is also information on environmen-
tally friendly biosynthesis of TiO, by isolated
halophilic marine bacteria Halomonas sp.
RAM2. The seed culture of Halomonas sp.
was prepared under optimal conditions
(NaCl = 5 %, pH = 8,30 °C) at 120 rpm for
48 hours. 20 ml of 0.025 M TiO, were added
to the culture supernatant obtained after cen-
trifugation of the culture liquid at 6000 rpm
for 15 min, stirred at room temperature for
1 hour, and then heated at 60 °C for 30 minu-
tes. Biosynthesized TiO, nanoparticles were
centrifuged, washed several times with metha-
nol and distilled water, and then dried [28].

Titanium oxide nanoparticles are also pro-
duced with the help of Trigonella foenum leaf
extract. 15 ml of leaf extract were added to a
0.5 M solution of titanium oxysulfate and
stirred for 15 min. Next, 1M sodium hydroxide
was added dropwise until the pH reached 8.
The precipitate was washed with deionized
water to remove excess sodium hydroxide
scale, and then the washed precipitate was
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filtered and dried at 700 °C for 3 h. High tem-
perature ensures the formation of well-crystal-
line nanoTiO, with a resolution of about
100 nm [29].

Silver nanoparticles and their use

Silver nanoparticles (AgNPs) are clusters of
silver atoms with a diameter of 1 to 100 nm
and are of great interest to scientists as anti-
microbial agents in the medical field.

Silver nanoparticles are obtained by various
methods, namely chemical, physical and bio-
logical. In particular, chemical methods of
production are more popular, although they are
more dangerous from the point of view of
ecology [30]. Moreover, obtaining metal
nanoparticles by conventional methods is as-
sociated with the toxic substances that pollute
the environment [30—32]. The safest method
of obtaining metal nanoparticles remains the
biological method with the help of various
biological agents.

Silver nanoparticles are often used in vari-
ous fields of biomedicine due to the manifesta-
tion of antimicrobial properties since there is
a problem of resistance of various microorga-
nisms to antibiotics. Silver nanoparticles have
antimicrobial properties against a variety of
gram-negative and gram-positive bacteria [33].
In addition, elemental silver has also been
shown to exhibit antifungal, antibacterial, and
antiviral effects [34].

Biomedical applications of silver nanopar-
ticles can be effective due to the use of
nanoparticles synthesized by biological me-
thods that minimize toxicity and maintain sta-
bility. However, the application of silver
nanoparticles is not limited to their antimicro-
bial potential but also promotes the obtaining

and development of new biomedical products.
For example, AgNPs are used to deliver me-
dicinal substances, optical probes, orthopedic
materials, as well as disinfectant sprays, ban-
dages, catheters, efc. [30, 35].

It has been found that changing the size,
surface, and shape of AgNPs affects the cell
membrane and cell organelles, so it can be
used to reduce pathogenicity and increase drug
sensitivity [30, 36].

There is a lot of information that AgNPs-
based nanosystems have been tested as addi-
tional nanocarriers of various anti-inflamma-
tory, antioxidant, antimicrobial and antitumor
agents for effective drug delivery [4, 30].

There are also literary data that many cyto-
toxic agents are used to treat cancer, but their
effectiveness has not yet been fully proven and
studied [37, 38]. Therefore, it is very important
to create innovative, affordable and safe alter-
native methods of cancer treatment. There is
an opinion that AgNPs can be effective in
cancer therapy [37, 38].

Silver nanoparticles, due to their shape and
properties, are considered very potential for
the possible treatment of leukemia and cance-
rous tumors of the mammary glands, lungs,
liver, prostate, skin, efc. Many sources claim
that AgNPs can be used as antitumor agents
due to their antiproliferative and apoptosis-
inducing properties [37, 38]. It has been de-
monstrated that properly selected silver nano-
particles can integrate inside target cells and
reprogram them to trigger apoptosis [37, 38].

There is also a problem of contamination
with biofilms and various bacteria in the water
lines of dental facilities, which leads to envi-
ronmental pollution [19]. The authors [39]
investigated the possibility of disinfecting such
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systems using a disinfectant with nanosilver,
which had a spherical shape and dimensions
from 3 to 5 nm and were connected to a sta-
bilizing polymer. After treatment, there was no
stabilizing polymer, and the AgNPs particle
size varied from 50 to 200 nm. The surface
transformation of the dominant particles of
silver nanoparticles before disinfection from
AgO to AgCl was also observed. AgNPs are
found to adsorbed on the surface of biofilms
and are toxic to bacteria. It is also shown that
AgNPs are transformed depending on the con-
ditions in which they are [39].

There are studies using AgNPs as an anti-
bacterial additive to bone cement made of
polymethyl methacrylate [40, 41]. Bone ce-
ment is used to attach joint prostheses during
joint replacements [40, 41].

Bandages with silver nanoparticles signifi-
cantly shorten the healing time of wounds to
3 days and increase the rate of cleaning of
infected wounds. It is also interesting that side
effects of dressings with AgNPs were not ob-
served [40, 42, 43]. Thus, these results clearly
show the advantages of dressings with nanosil-
ver in healing the surface of burn wounds.

Zinc nanoparticles and their use

Zinc nanoparticles are often used in various
fields like electronic, textile, rubber, pharma-
ceutical, and cosmetic industries, and these
nanoparticles can also be a part of photoca-
talysis [44]. ZnO was approved for safe
(GRAS) material so that these nanoparticles
can be a part of a component for food packa-
ging [45, 46]. Zinc ions have antimicrobial
activity since these nanoparticles can have an
effect on the integrity of the bacterial cell,
especially the development of reactive oxygen
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species (ROS) by accumulating them and
blocking important metabolic pathways in
microbial cells [47].

Zinc nanoparticles are highly toxic to cer-
tain bacteria, but almost do not affect human
cells [48]. There are also data that showed a
wide antibacterial effect against major food
pathogens, such as E. coli O157:H7, Salmo-
nella, Listeria monocytogenes, and Staphylo-
coccus aureus, especially when they reduce
the particle size [49].

Also, ZnO nanoparticles showed a great
tendency to deactivate cancerous T cells (ap-
proximately 28—-35x) in comparison to healthy
cells. What’s more, the cell’s activation state
has been observed to contribute to nanoparticle
toxicity, when resting T cells demonstrate cor-
responding resistance, whilst cells stimulated
via the T cell receptor and CD28 costimula-
tory pathway indicate greater toxicity which
provokes a direct connection with the level of
activation. The toxicity occurrence is reported
relating to the involvement of generated ROS,
as cancer T cells generate higher induced le-
vels than regular T cells. Besides, ZnONPs
activate apoptosis in Jurkat T cells [50].

Elemental zinc may be seized by various
biological, chemical, or physical methods. The
most universally used mode is the application
of biological agents such as stabilizers or re-
ducers to produce nanoparticles.

ZnONPs are also effective in the generation
of elements for solar panels in the shape of
nanowires, they are also part of field and light
resistors and photodiodes [44, 51].

Zn0O nanoparticles have an impressive an-
tibacterial effect and also can absorb electro-
magnetic radiation (ultraviolet, microwave,
infrared, and radio frequency). By giving this
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characteristic to glass, plastics, synthetic fibers,
and paint, it is possible to obtain new, more
functional materials with improved properties,
such as protection from ultraviolet rays in
sunglasses, creams, ointments, efc. Some com-
ponents consisting of ZnO nanoparticles can
be a part of infrared sensors [52].

Nanoparticles of ZnO have exceptional
compatibility with tissues and living cells,
although it takes some time for them to dis-
solve, attach to bioligands, and reach the tar-
get. The depot of highly dispersed zinc powder
created in the body can ensure the slow entry
of the trace elements into the body in doses
close to physiological, which can be one of the
ways to obtain a long-term therapeutic effect,
for instance, in ethanol addiction, since chronic
alcohol intoxication is one of the main factors
of the development zinc deficiency [53].

It is seen from the studies that the ZnO
nanoparticles’ properties are extremely effec-
tive in case of UV radiation arising from a
typical band gap or visible radiation due to
ZnO defects in metal and organic molecule
detection methods. A luminescence method for
dopamine detection — one of the important
catecholamine neurotransmitters obtained from
the amino acid tyrosine and is crucially impor-
tant in homeostasis and clinical diagnosis — is
based on (3-aminopropyl) triethoxysilane
(APTES) capped with luminescent ZnONPs
[54]. Cu2* is known as a common environmen-
tal toxin, but it is used as a trace component
in biological systems. Luminescent ZnO nano-
particles are used as Cu?" sensors thanks to
their luminescence quenching [55].

Furthermore, an important aspect of these
nanoparticles is their antibacterial and antifun-
gal activity, which proves the antimicrobial

properties of the substance. Steady and con-
centration-dependent antioxidant activity was
recorded for ZnNPs-Alt [56].

Scientists have reported that the ZnO quan-
tum dots (QDs) can be carriers for plasmid
DNA delivery. This polycation-modified ZnO
QDs-DNA nano-complex may facilitate the
adequate transmission of plasmid DNA into
COS-7 cells [57].

ZnO is valuable as a treatment for different
skin problems, in cosmetics such as diaper rash
powder or barrier creams, hemimorphite
cream, shampoos with anti-dandruff effect, and
antiseptic ointments. In addition, it is part of
a tape with zinc used by athletes to avoid in-
juries of soft tissue while training [58, 59].

TiO; nanoparticles and their use

The green synthesis of titanium oxide nanopar-
ticles is an economical, non-toxic, and harm-
less technique. TiO,NPs themselves can be
used in cosmetic products as UV filters. Since
TiO, is not only a UVA filter but also an ex-
tremely effective UVB filter, it exhibits the
highest versatility among all sunscreen pro-
ducts [60, 61]. Calendula (MG), a strong an-
tioxidant, protects the skin and acts as an anti-
aging agent. Scientists confirmed that biosyn-
thesized MG-mediated TiO, nanoparticles
(NPs) produce bioactive compounds that have
reducing and blocking effects. Remedial plants
showed their antibacterial activity against
24 mm Salmonella gallinarum for MG-TiO,
NPs of methanol (MGM) and ethanol extract
of calendula (MGE), showing moderate inhi-
bition but no zones against Paeruginosa aeru-
ginosa [9, 62].

Today, domestic and industrial debris have
a lot of risky and unsafe substances, like toxic
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dyes and nitroarene compounds polluting the
environment. These dyes and other harmful
substances hardly solute in water and are high-
ly stable, which justifies the threat to marine
life [63]. Some scientists declare that green-
synthesized TiO2 nanoparticles are commonly
used to reduce dyes and compounds by pho-
tocatalytic reaction [64—67]. The TiO, oxide
photocatalysts are really impressive photo-
catalysts to purify water. The G-TiO, nanopar-
ticles were studied for their catalytic potential
against the process of the photocatalytic deg-
radation of the dye. Degradation of methylene
blue under UV light in 120 minutes showed
96 % success.

Green TiO, nanoparticles were also tested
for their antibacterial properties to inhibit
gram-positive and gram-negative bacteria, al-
though gram-positive ones are less reactive
because of their structure.

The antibacterial effects of G-TiO, nanopar-
ticles were investigated for gram-positive
Staphylococcus aureus (ATCC 6538) and
gram-negative bacteria Escherichia coli
(ATCC 8739) and were compared with the
gentamicin and mulberry extract. Thus, the
bactericidal effect of G-TiO, is 29 % less than
the same results of gentamicin, but 40 % more
than the effect from the mulberry extract.
Therefore, the catalytic and microbial proper-
ties of G-TiO, nanoparticles make them a
promising solution for water reclamation and
biomedical treatment [68].

Numerous studies have shown how TiO,
nanoparticles can be implemented for antibac-
terial objectives to kill pathogens like E. coli,
Pseudomonas aeruginosa, S. Aureus, A. hydro-
phila, S. pyogenes, E. faecalis, S. faecalis,
Y. enterocolitica, B. subtilis, Enterococcus hi-
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rae and Bacteroides fragilis under the ultra-
violet light [69—71]. While TiO,NPs contact
bacterial cells, ROS are generated which reduce
adhesion causing the death of bacteria, disin-
tegration of cell walls, and gene expression.

The antiviral properties of TiO, nanocol-
loids were investigated against Newcastle virus
(NDV), which showed viral inhibition at a
minimum dose of 6.25 pg/ml. TiO,-NCs break
up the lipids in the viral envelope by G-Sol,
damaging the glycoprotein spikes and blocking
the adhesion, terminating infection. This can
be stated as a promising clue of titanium
nanoparticles as the active component of NDV
infections treatment. Titanium nanoparticles
may become a good contestant for the creation
of novel antiviral medications [72].

Germs may be neutralized by TiO, under
illumination with the help of its photocata-
lytic properties. Hydroxyl radicals and ROS
formed on the illuminated TiO, surface oxidize
polyunsaturated phospholipid components of
the cell membrane of the microbe [73]. An
impressive TiO,NPs antimicrobial film main-
tains the quality and ensures the protection of
food on food packaging which makes the abi-
lity to use nanoparticles of TiO, in the food
industry [74].

Innovative porous titanium dioxide (TiO,)
nanoparticles improved by polyethyleneimine
(PEI) can be created to analyze the titanium
dioxide photocatalytic properties to get ultra-
violet (UV) radiation-induced drug delivery.
Paclitaxel, a poorly water-soluble anticancer
drug, was covered with those porous TiO,NPs.
PEI on the surface of this complex can close
off the way to stop the hasty drug release
maintaining tolerable circulation time to target
cancer cells. Above all, UV irradiation time
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can adjust the amount of drug released from
the multifunctional porous TiO, nanoparticles
to further control the anticancer effect. This
porous TiO, nanoparticle shows a sequence of
stimulated drug release and cancer cell targe-
ting [75].

Titanium dioxide nanoparticles (TiO,NPs)
have proven to be effective and can be widely
used in agriculture, in particular for the treat-
ment of soils contaminated with heavy metals
among other known NPs. According to pre-
vious reports, NPs have both antagonistic and
synergistic effects on heavy metal accumula-
tion and plant growth under different environ-
mental conditions [76].

However, the impact of TiO, nanoparticles
can also harm crops. For example, a large
number of these nanoparticles can cause a
decrease in leaf growth, the amount of carbon
absorption by the stem and leaves, and the
presence of TiO,NPs can lead to lipid pero-
xidation and a decrease in overall plant deve-
lopment. But at the same time, in some plant
species, the presence of TiO, nanoparticles
increases the content of thymoquinone due to
the genetic increase of metabolic pathways in
the plant and triggers enzyme activity.
Therefore, depending on the plant’s specific
perception of titanium dioxide nanoparticles,
the effect of treatment and the subsequent
course of using the solution or additives may
change [77].

Nanoparticles have several novel and at-
tractive properties that can be used for the
sorption of heavy metals from domestic, se-
wage, or industrial wastewater in treatment
technologies. Nanomaterials are effective due
to their small size, high specific surface area,
and morphological features that have made

these materials suitable for use in separation
technology. TiO, nanoparticles have attracted
a lot of attention due to their unique chemical
and physical properties, such as strong oxida-
tion and reduction ability, good permeability,
and special optical/electrical properties. It is a
good semiconductor that is mainly known in
the world in various fields of application. In
addition, TiO, nanoparticles have various ap-
plications in the food industry, personal care
products, pathogen inactivation in wastewater
treatment, and many construction materials
such as tiles, paints, and plasters [78].

Gold nanoparticles and their use

Gold nanoparticles are impressively stable
in vivo, efficiently uptaken by cells, and gene-
rally used to deliver chemical components.
According to scientists, gold nanoparticles
(GNPs or AuNPs) have great efficiency and
low toxicity. Gold nanostructures have a great
variety such as gold nanoparticles, nanoclus-
ters (AuNCs), nanocages, nanorods (AuNRs),
nanostars, nanoshells, and even nanoplates.
AuNPs controlled geometrical and optical
properties, as well as chemical interaction, give
them a prioritizing position for biomedical
purposes [79].

Some studies reported that gold nanopar-
ticles tend to penetrate through the blood-brain
barrier. Earlier the scientists proved the inhibi-
tion of nanogold (AuNPs) of the B-amyloid
peptides accumulation and the f-amyloid ag-
gregates reduction. AuNPs also demonstrated
blockage of acetylcholinesterase and butyryl-
cholinesterase, so they strengthen the anti-
Alzheimer effect. Gold nanoparticles diminish
neuroinflammation and enhance motor dyna-
mics in Parkinson’s-induced mice [80-83].
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Quantum Gold (QG) acts like an endotoxin
antagonist by decreasing inflammation and
stopping (re)initiation of chronic disease, and
as a result, the wound bed turns from an in-
flammatory to a proliferative phase [84].
A similar gold nanocomposite may be modified
into bifunctional quantized gold (QG) to attach
to LPS without affecting the catalysis of the
inner core.

Lesion healing after hemostasis can be
problematic due to sickness. Thus, platelet-like
particles (PLPs) are usually aggregated with
antibacterial gold to create nanogold compo-
sites (NGCs) to stimulate the curing. These
NGC PLPs imitate the platelets’ shape, induce
thrombus contraction, demonstrate some anti-
bacterial capability, and have all chances to
stop post-traumatic blood loss and infection
[85].

The use of gold nanoparticles as new anti-
microbial agents was revealed to become a
viable alternative to current techniques of li-
miting or preventing the spread of many patho-
genic species. These nanoparticles can strong-
ly prohibit the growth of pathogenic gram-
positive or gram-negative bacteria such as
Staphylococcus saprophyticus and Bacillus
subtilis or Escherichia coli and Pseudomonas
aeruginosa relatively [86], it is also known
about the inhibition of the growth of patho-
genic Klebsiella pneumonia by green synthe-
sized AuNPs [87]. The antibacterial effect was
stronger in the case of P. aeruginosa, which
may be a consequence of the electrostatic in-
teraction between positively charged nanopar-
ticles and negatively charged surfaces of mi-
crobial cells [88].

Scientists stated that gold nanoparticles
have a great effect on curing rheumatoid ar-
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thritis. Results have revealed that AuNPs
(15 nM, 25 pg/kg) improves the inflammatory
mediators shaping and oxidative stress forma-
tion in collagen-induced arthritis (CIA) rats
[89]. What causes rheumatoid arthritis (RA)
is yet unexplained, but inflammatory mediators
like TNF-a, IL-1B, COX-2, and nitric oxide
(NO) are in charge of the destruction of ar-
ticular cartilage.

Last studies proved the potential of the
combination of curcumin particles and glucose
nanogold (20 ul per 1 ml medium) to lessen
tumor hypoxia and enhance the radiosensiti-
vity of breast cancer stem cells, which can
provide a chance for the development of new
highly active cells that have high efficiency
and low toxicity of radiosensitizers [90].
Besides, there is a possibility of the use of
AuNPs in alternative phytochemical delivery
vehicles for the treatment of cancerous di-
seases to decrease the side effects of radiation
and chemotherapy [91].

Molecules/structures on the outer cell layer
can be labeled with Au nanoparticles con-
nected to specific antibodies against these mo-
lecules/structures. In contrast to immunostai-
ning, only particular antibody-conjugated Au
nanoparticles are meant to track individual
particles, so after attaching to the cell, the
particle labels that are on the cell membrane
can be diluted [92].

AuNPs present great biocompatibility and
exhibit unique structural, electronic, magnetic,
optical, and catalytic properties that have
brought attention to this topic for the creation
of biosensors, chemosensors, and electrocata-
lysts [93, 94]. Thus, NPs in general, and
AuNPs, in particular, offer attractive properties
in the role of DNA hybridization labels [95]
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with interest in the emergence of sensitive
electrochemical gene sensors.

AuNPs can greatly adsorb DNA due to their
broad surface area and high surface free ener-
gy. The negative charges from citrate adsorp-
tion (used in most manufacturing processes)
enhance the electrostatic adsorption between
AuNPs and DNA strands. DNA can also be
immobilized on AuNPs with special func-
tional groups like thiols that can strongly in-
teract with AuNPs [96].

The colorimetric use of AuNPs in detection
can be a really promising analytical approach
to the recognition and determination of bio-
molecules like enzymes, amino acids, peptides
and proteins, nucleic acids, and inorganic ions.
The key procedure is based on the interparticle
lengths being shorter than the diameter of the
average AuNPs, so the color turns from red to
blue, which is clear to see with the naked eye.
The label combined with the sensors usually
is split into two strategies: red-shift and blue-
shift of absorption, resulting in aggregation
and disaggregation of AuNPs. To record the
results, you can use a UV spectrophoto-
meter [97].

Conclusions

Metal nanoparticles currently play a funda-
mental role in various fields of production and
human activity. The question of their safe re-
ceipt and disposal after use is especially acute.
Thanks to the latest research, metal nanopar-
ticles are implemented even in the everyday
life of people, and we encounter them more
often than we imagine. Nanoparticles of zinc,
titanium, silver, and gold are used in the fields
such as medicine and biomedicine, virology
and microbiology, optics, chemical industry,

cosmetic industry, agriculture, electronics, tex-
tile, rubber, pharmaceutical industry, and waste
disposal. In the current realities, when the
economic use of resources is reasonable, there
should be economically profitable and «green»
types of production of nanoparticles for the
above industries. However, this wide spectrum
of application of nanoparticles is not fully
examined and requires further studies to use
metal nanoparticles appropriately with the
desired result and their further utilization.

REFERENCES

1. El-Seedi HR, El-Shabasy RM, Khalifa SAM, et al.,
and Guo W. Metal nanoparticles fabricated by green
chemistry using natural extracts: biosynthesis,
mechanisms, and applications. RSC Adv. 2019;
9(42):24539-59.

2. Brar KK, Magdouli S, Othmani A, et al., and Pan-
dey A. Green route for recycling of low-cost waste
resources for the biosynthesis of nanoparticles (NPs)
and nanomaterials (NMs)-A review. Environ Res.
2022; 207:112202.

3. Siddiqi KS, Husen A, Rao RAK. A review on bio-
synthesis of silver nanoparticles and their biocidal
properties. J Nanobiotechnology. 2018; 16(1):14.

4. Karthik CS, Manukumar HM, Ananda AP, et al.,
and Krishnamurthy NB. Synthesis of novel benzo-
dioxane midst piperazine moiety decorated chitosan
silver nanoparticle against biohazard pathogens and
as potential anti-inflammatory candidate: A mo-
lecular docking studies. Int J Biol Macromol. 2018,;
108:489-502.

5. Sadowski Z, Maliszewska Ih, Grochowalska B, et al.,
and Kozlecki T. Synthesis of silver nanoparticles
using microorganisms. Materials Science-Poland.
2008; 26(2):419-24.

6. Sadowski Z. Biosynthesis and Application of Silver and
Gold Nanoparticles. Silver Nanoparticles [Internet].
2010; Available from: http://dx.doi.org/10.5772/8508.

7. Punjabi K, Choudhary P, Samant L, et al., and
Chowdhary A. Biosynthesis of Nanoparticles: A Re-

183



I. M. Voloshyna, L. O. Lastovetska, A. A. Zurnadzhian ef al.

10.

11.

12.

13.

14.

15.

16.

17.

view. International J of Pharmaceut Sciences Re-
view and Research. 2015; 30(1):219-26.

Mirzaei H, Darroudi M. Zinc oxide nanoparti-
cles: Biological synthesis and biomedical ap-
plications. Ceramics International. 2017;
43(1):709-14.

Voloshyna IM, Shkotova LV, Skorokhod SO, et al.,
and Zholobak NM. Lactobacillus bacteria: biologi-
cal and therapeutic properties. Mikrobiol Z. 2019;
81(6):131-46.

Timoszyk A, Grochowalska R. Mechanism and An-
tibacterial Activity of Gold Nanoparticles (AuNPs)
Functionalized with Natural Compounds from
Plants. Pharmaceutics. 2022; 14(12):2599.
Sathishkumar P, Gu FL, Zhan Q, et al., and Mohd
Yusoff AR. Flavonoids mediated ‘Green’ nanomate-
rials: A novel nanomedicine system to treat various
diseases — Current trends and future perspective.
Materials Lett. 2018; 210:26-30.

Mikhailova EO. Gold Nanoparticles: Biosynthesis
and Potential of Biomedical Application. J Funct
Biomater. 2021; 12(4):70.

Borowik A, Butowska K, Konkel K, et al., and
Piosik J. The Impact of Surface Functionalization
on the Biophysical Properties of Silver Nanoparti-
cles. Nanomaterials (Basel). 2019; 9(7):973.
Gopinath V, Velusamy P. Extracellular biosynthesis
of silver nanoparticles using Bacillus sp. GP-23 and
evaluation of their antifungal activity towards Fu-
sarium oxysporum. Spectrochim Acta A Mol Biomol
Spectrosc. 2013; 106:170—4.

Dzhagan V, Mazur N, Smirnov O, et al., and Va-
lakh M. SERS application of Ag nanoparticles syn-
thesized with aqueous fungi extract. J Nanopart Res.
2023; 25(3):37.

Aygiin A, Ozdemir S, Giilcan M, et al., and Sen F.
Synthesis and characterization of Reishi mushroom-
mediated green synthesis of silver nanoparticles for
the biochemical applications. J Pharm Biomed Anal.
2020; 178:112970.

Pirtarighat S, Ghannadnia M, Baghshahi S. Green
synthesis of silver nanoparticles using the plant
extract of Salvia spinosa grown in vitro and their
antibacterial activity assessment. J Nanostruct
Chem. 2019; 9(1):1-9.

184

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Hamida RS, Ali MA, Almohawes ZN, et al., and
Bin-Meferij MM. Green Synthesis of Hexagonal
Silver Nanoparticles Using a Novel Microalgae
Coelastrella aeroterrestrica Strain BA Chlo4 and
Resulting Anticancer, Antibacterial, and Antioxidant
Activities. Pharmaceutics. 2022; 14(10):2002.
Rauf Mohd A, Owais M, Rajpoot R, et al., and
Zubair S. Biomimetically synthesized ZnO nanopar-
ticles attain potent antibacterial activity against less
susceptible: S. aureus skin infection in experimental
animals. RSC Adv. 2017; 7(58): 36361-73.
Kalpana VN, Kataru BAS, Sravani N, et al., and
Devi Rajeswari V. Biosynthesis of zinc oxide
nanoparticles using culture filtrates of Aspergillus
niger: antimicrobial textiles and dye degradation
studies. Open Nano. 2018; 3:48-55.

Azizi S, Ahmad MB, Namvar F, Mohamad R. Green
biosynthesis and characterization of zinc oxide
nanoparticles using brown marine macroalga Sar-
gassum muticum aqueous extract. Mater Lett. 2014;
116:275-7.

Singh K, Singh J, Rawat M. Green synthesis of zinc
oxide nanoparticles using Punica Granatum leaf
extract and its application towards photocatalytic
degradation of Coomassie brilliant blue R-250 dye.
SN Appl Sci. 2019; 1(6):1-8.

LiJ, Li Q, Ma X, et al., and Hua Y. Biosynthesis of
gold nanoparticles by the extreme bacterium Deino-
coccus radiodurans and an evaluation of their anti-
bacterial properties. Int J Nanomedicine. 2016;
11:5931-44.

Nangia Y, Wangoo N, Goyal N, et al., and Suri CR.
A novel bacterial isolate Stenotrophomonas malto-
philia as living factory for synthesis of gold nanopar-
ticles. Microb Cell Fact. 2009; 8:39.

Singh J, Kumar S, Alok A, et al., and Kim K-H. The
potential of green synthesized zinc oxide nanopar-
ticles as nutrient source for plant growth. J Clean
Prod. 2019; 214:1061-70.

Subhapriya S, Gomathipriya P. Green synthesis of
titanium dioxide (TiO,) nanoparticles by Trigonella
foenum-graecum extract and its antimicrobial prop-
erties. Microb Pathog. 2018; 116:215-20.

Saka A, Shifera Y, Jule LT, et al., and Ramaswa-
my K. Biosynthesis of TiO, nanoparticles by Cari-



«Greeny synthesis of metal nanoparticles. Application and future perspective

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

caceae (Papaya) shell extracts for antifungal ap-
plication. Sci Rep. 2022; 12(1):15960.

Metwally RA, EI Nady J, Ebrahim S, et al., and
Ghozlan HA. Biosynthesis, characterization and
optimization of TiO, nanoparticles by novel marine
halophilic Halomonas sp. RAM2: application of
natural dye-sensitized solar cells. Microb Cell Fact.
2023; 22(1):78.

Leopold LF, Coman C, Clapa D, et al., and Co-
man V. The effect of 100-200 nm ZnO and TiO,
nanoparticles on the in vitro-grown soybean plants.
Colloids Surf B Biointerfaces. 2022; 216:112536.
Mishra J, Kour A, Amin DS, Panda JJ. Biofabri-
cated smart-nanosilve: Promising armamentarium
for cancer and pathogenic diseases. Colloid and
Interface Sci Communications. 2021; 44:100459.
Calderon-Jiménez B, Johnson ME, Montoro Bus-
tos AR, et al., and Vega Baudrit JR. Silver Nanopar-
ticles: Technological Advances, Societal Impacts, and
Metrological Challenges. Front Chem. 2017; 5:6.
Lee SH, Jun BH. Silver Nanoparticles: Synthesis
and Application for Nanomedicine. /nt J Mol Sci.
2019; 20(4):865.

Anil Kumar S, Abyaneh MK, Gosavi SW, et al., and
Khan MI. Nitrate reductase-mediated synthesis of
silver nanoparticles from AgNOj;. Biotechnol Lett.
2007; 29(3):439-45.

Fayaz AM, Balaji K, Girilal M, et al., and Venkete-
san R. Biogenic synthesis of silver nanoparticles
and their synergistic effect with antibiotics: a study
against gram-positive and gram-negative bacteria.
Nanomedicine. 2010; 6(1):103-9.

Prasher P, Sharma M, Mudila H, et al., and Dua K.
Emerging trends in clinical implications of bio-
conjugated silver nanoparticles in drug delivery.
Colloid and Interface Sci Communications. 2020;
35:100244.

Radhakrishnan VS, Reddy Mudiam MK, Kumar M,
et al., and Prasad T. Silver nanoparticles induced
alterations in multiple cellular targets, which are
critical for drug susceptibilities and pathogenicity
in fungal pathogen (Candida albicans). /nt J Nano-
medicine. 2018; 13:2647-63.

Viasceanu GM, Marin S, Tiplea RE, et al., and
Andronescu E. Silver nanoparticles in cancer ther-

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

apy. Nanobiomater in Cancer Therapy. 2016;
7:29-56.

Mishra J, Kour A, Amin DS, Panda JJ. Biofabri-
cated smart-nanosilver: Promising armamentarium
for cancer and pathogenic diseases. Colloid and
Interface Sci Communications. 2021; 44:100459.
Gitipour A, Al-Abed SR, Thiel SW, et al., and Tolay-
mat T. Nanosilver as a disinfectant in dental unit
waterlines: Assessment of the physicochemical
transformations of the AgNPs. Chemosphere. 2017;
173:245-52.

Chaloupka K, Malam Y, Seifalian AM. Nanosilver
as a new generation of nanoproduct in biomedical
applications. Trends Biotechnol. 2010; 28(11):
580-8.

Alt V, Bechert T, Steinriicke P, et al., and Schnet-
tler R. An in vitro assessment of the antibacterial
properties and cytotoxicity of nanoparticulate silver
bone cement. Biomaterials. 2004; 25(18):4383-91.
Huang Y, Li X, Liao Z, et al., and Luo Q. A rando-
mized comparative trial between Acticoat and
SD-Ag in the treatment of residual burn wounds,
including safety analysis. Burns. 2007; 33(2):161-6.
Kamal Kumar V, Muthukrishnan S, Rajalakshmi R.
Phytostimulatory effect of phytochemical fabricated
nanosilver (AgNPs) on Psophocarpus tetragonolo-
bus (L.) DC. seed germination: An insight from
antioxidative enzyme activities and genetic simila-
rity studies. Current Plant Biology. 2020; 23:100158.
Uikey P, Vishwakarma K. Review of zinc oxide
(ZnO) nanoparticles applications and properties.
International J of Emerging Technology in Com-
puter Science & Electronics (IJETCSE). 2016;
21(2). ISSN: 0976-1353.

Fortunati E, Puglia D, Armentano 1, et al., and
Kenny JM. Multifunctional antimicrobial nanocom-
posites for food packaging applications. Food Pre-
servation. 2017; 265-303.

Arrieta MP, Peponi L, Lopez D, et al., and Ken-
ny JM. An overview of nanoparticles role in the
improvement of barrier properties of bioplastics for
food packaging applications. Food Packaging. 2017,
391-424.

Fang Y, Wen X, Yang S, et al., and Ge W. Hydrother-
mal Synthesis and Optical Properties of ZnO Nano-

185



I. M. Voloshyna, L. O. Lastovetska, A. A. Zurnadzhian ef al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

structured Films Directly Grown from/on Zinc Sub-
strates. J Sol-Gel Sci Technol. 2005; 36(2):227-34.
Reddy KM, Feris K, Bell J, et al., and Punnoose A.
Selective toxicity of zinc oxide nanoparticles to
prokaryotic and eukaryotic systems. App! Phys Lett.
2007; 90(213902):2139021-3.

Jones N, Ray B, Ranjit KT, Manna AC. Antibacte-
rial activity of ZnO nanoparticle suspensions on a
broad spectrum of microorganisms. FEMS Micro-
biol Lett. 2008; 279(1):71-6.

Malik J. ZnO Nanoparticles: Growth, Properties,
and Applications. Research. 2015; 2.

Nafchi AM, Nassiri R, Sheibani S, et al., and
Karim AA. Preparation and characterization of bi-
onanocomposite films filled with nanorod-rich zinc
oxide. Carbohydr Polym. 2013; 96(1):233-9.
Rohova M, Kovalenko V, Tkachenko V, et al., and
Voloshyna I. Green biosynthesis of zinc nanoparti-
cles. ICAMS Proceedings of the International Con-
ference on Advanced Materials and Systems, 2022;
457-60.

Glushchenko NN, Skalny AV. Zinc nanoparticles
toxicity and biological properties. Actual Problems
Transport Med. 2010; 3(21):118121.

Zhao D, Song H, Hao L, et al., and Lv Y. Lumines-
cent ZnO quantum dots for sensitive and selective
detection of dopamine. Talanta. 2013; 107:133-9.
Ng SM, Wong DS, Phung JH, et al., and Chua HS.
Integrated miniature fluorescent probe to leverage the
sensing potential of ZnO quantum dots for the detec-
tion of copper (II) ions. Talanta. 2013; 116:514-9.
Zhang L, Ding Y, Povey M, York D. ZnO nanofluids-
A potential antibacterial agent. Prog Nat Sci. 2008;
18(8):939-44.

Zhang P, Liu W. ZnO QD@PMAA-co-PDMAEMA
nonviral vector for plasmid DNA delivery and bio-
imaging. Biomaterials. 2010; 31(11):3087-94.
Hughes G, McLean NR. Zinc oxide tape: a useful
dressing for the recalcitrant finger-tip and soft-tissue
injury. Arch Emerg Med. 1988; 5(4):223-7.
Voloshyna IM, Shkotova LV. The use of probiotic
microorganisms in cosmeceuticals. Biopolym Cell.
2022; 38(1):3-8.

Pfliiecker F, Biienger J, Hitzel S, et al., and Dril-
ler H. Complete photo protection: Going beyond

186

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

visible endpoints. SOFW-journal. 2005; 131(7):
20-30.

Morganti P. Use and potential of nanotechnology in
cosmetic dermatology. Clin Cosmet Investig Der-
matol. 2010; 3:5-13.

Gul H, Javed HMA, Awais M, et al., and Galal AM.
TiO, nanoparticles functionalized with marigold for
antioxidant role to enhance the skin protection.
Biomass Conv Bioref. 2022.

Valentin L, Nousiainen A, Mikkonen A. Introduction
to Organic Contaminants in Soil: Concepts and
Risks. Emerging Organic Contaminants in Sludges.
Springer: Berlin/Heidelberg, Germany. 2013; 24:1—
29.

Sankar R, Rizwana K, Shivashangari KS, Raviku-
mar V. Ultra-rapid photocatalytic activity of Azadi-
rachta indica engineered colloidal titanium dioxide
nanoparticles. Appl Nanosci. 2014; 5(6):731-6.
Pelaez M, Nolan NT, Pillai SC, et al., and Diony-
siou DD. A review on the visible light active tita-
nium dioxide photocatalysts for environmental ap-
plications. App! Catal B Environ. 2012; 125:331-49.
Valencia S, Vargas X, Rios L, et al., and Marin JM.
Sol-gel and low-temperature solvothermal synthesis
of photoactive nano-titanium dioxide. J Photochem
Photobiol A Chem. 2012; 251:175-81.

S Muniandy S, Mohd Kaus NH, Jiang Z-T, et al.,
and Lee HL. Green synthesis of mesoporous anatase
TiO, nanoparticles and their photocatalytic activi-
ties. RSC Adv. 2017; 7(76):48083-94.

Shimi AK, Ahmed HM, Wahab M, et al., and
Rane KP. Synthesis and Applications of Green Syn-
thesized TiO, Nanoparticles for Photocatalytic Dye
Degradation and Antibacterial Activity. J of Nano-
materials. 2022; 2022:1-9.

Tsuang YH, Sun JS, Huang YC, et al., and Wang CC.
Studies of photokilling of bacteria using titanium di-
oxide nanoparticles. Artif Organs. 2008; 32(2):167-74.
Jayaseelan C, Rahuman AA, Roopan SM, et al., and
Siva C. Biological approach to synthesize TiO,
nanoparticles using Aeromonas hydrophila and its
antibacterial activity. Spectrochim Acta A Mol Bio-
mol Spectrosc. 2013; 107:82-9.

Subhapriya S, Gomathipriya P. Green synthesis of
titanium dioxide (TiO,) nanoparticles by Trigonella



«Greeny synthesis of metal nanoparticles. Application and future perspective

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

foenum-graecum extract and its antimicrobial pro-
perties. Microb Pathog. 2018; 116:215-20.
Akhtar S, Shahzad K, Mushtaq S, et al., and Fazal-
ul-Karim SM. Antibacterial and antiviral potential
of colloidal Titanium dioxide TiO, nanoparticles
suitable for biological applications. Materials Re-
search Express. 2019; 6(10):105409.

Alrousan DM, Dunlop PS, McMurray TA, Byrne JA.
Photocatalytic inactivation of E. coli in surface
water using immobilised nanoparticle TiO, films.
Water Res. 2009; 43(1):47-54.

Othman SH, Abd Salam NR, Zainal N, et al., and
Talib RA. Antimicrobial Activity of TiO, Nanoparticle-
Coated Film for Potential Food Packaging Applica-
tions. International J of Photoenergy. 2014; 2014:1-6.
Wang T, Jiang H, Wan L, et al., and Wang S. Poten-
tial application of functional porous TiO, nanopar-
ticles in light-controlled drug release and targeted
drug delivery. Acta Biomater. 2015; 13:354—63.
Lian W, Yang L, Joseph S, et al., and Pan G. Utili-
zation of biochar produced from invasive plant
species to efficiently adsorb Cd (II) and Pb (II).
Bioresour Technol. 2020; 317:124011.

Irshad MA, Nawaz R, Rehman MZU, et al., and Tasl-
eem S. Synthesis, characterization and advanced sus-
tainable applications of titanium dioxide nanoparticles:
A review. Ecotoxicol Environ Saf. 2021; 212:111978.
Edmiston PL, Gilbert AR, Harvey Z, Mellor N.
Adsorption of short chain carboxylic acids from
aqueous solution by swellable organically modified
silica materials. Adsorption. 2018; 24(1):53—63.
Dykman L, Khlebtsov N. Gold nanoparticles in
biomedical applications: recent advances and per-
spectives. Chem Soc Rev. 2012; 41(6):2256-82.
Hu K, Chen X, Chen W, et al., and Guan YQ. Neu-
roprotective effect of gold nanoparticles composites
in Parkinson's disease model. Nanomedicine. 2018,;
14(4):1123-36.

Lee H, Kim Y, Park A, Nam JM. Amyloid-P aggrega-
tion with gold nanoparticles on brain lipid bilayer.
Small. 2014; 10(9):1779-89.

Gao N, Sun H, Dong K, et al., and Qu X. Gold-
nanoparticle-based multifunctional amyloid-f in-
hibitor against Alzheimer’s disease. Chemistry.
2015; 21(2):829-35.

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

.Xue J, Liu T, Liu Y, et al., and Ling L. Neuroprotec-
tive effect of biosynthesised gold nanoparticles
synthesised from root extract of Paconia moutan
against Parkinson disease - In vitro & In vivo mod-
el. J Photochem Photobiol B. 2019; 200:111635.
Yeh LC, Chen SP, Liao FH, et al., and Lin SY. The
Bioactive Core and Corona Synergism of Quantized
Gold Enables Slowed Inflammation and Increased
Tissue Regeneration in Wound Hypoxia. Int J Mol
Sci. 2020; 21(5):1699.
Sproul EP, Nandi S, Chee E, et al., and Brown AC.
Development of biomimetic antimicrobial platelet-
like particles comprised of microgel nanogold com-
posites. Regen Eng Trans! Med. 2020; 6:299-309.
Muthuvel A, Adavallan K, Balamurugan K, Krish-
nakumar N. Biosynthesis of gold nanoparticles using
Solanum nigrum leaf extract and screening their free
radical scavenging and antibacterial properties.
Biomed Prev Nutr. 2014; 4(2):325-32.
Annamalai A, Christina VL, Sudha D, et al., and
Lakshmi PT. Green synthesis, characterization and
antimicrobial activity of Au NPs using Euphorbia
hirta L. leaf extract. Colloids Surf B Biointerfaces.
2013; 108:60-5.
Bindhu MR, Vijaya Rekha P, Umamaheswari T,
Umadevi M. Antibacterial activities of Hibiscus
cannabinus stem-assisted silver and gold nanopar-
ticles. Mater Lett. 2014; 131:194-7.
Khan MA, Khan MJ. Nano-gold displayed anti-in-
flammatory property via NF-kB pathways by sup-
pressing COX-2 activity. Artif Cells Nanomed Bio-
technol. 2018; 46(sup1):1149-58.
Yang K, Liao Z, Wu Y, et al., and Hu C. Curcumin
and Glu-GNPs Induce Radiosensitivity against
Breast Cancer Stem-Like Cells. Biomed Res Int.
2020; 2020:3189217.
Cai Y, Zhang J, Chen NG, et al., and Chen M. Re-
cent Advances in Anticancer Activities and Drug
Delivery Systems of Tannins. Med Res Rev. 2017,
37(4):665-701.
Sperling RA, Rivera Gil P, Zhang F, et al., and
Parak WJ. Biological applications of gold nanopar-
ticles. Chem Soc Rev. 2008; 37(9):1896-908.
. Castaiieda MT, Alegret S, Merkoci A. Electroche-
mical Sensing of DNA Using Gold Nanoparticles.

187



I. M. Voloshyna, L. O. Lastovetska, A. A. Zurnadzhian ef al.

Nanobiomaterial Application in Electrochemical
Analysis. 2007; 19(7-8):743-53.

94. Guo S, Wang E. Synthesis and electrochemical ap-
plications of gold nanoparticles. Anal Chim Acta.
2007; 598(2):181-92.

95. Merkogi A, Aldavert M, Marin S, Alegret S. New
materials for electrochemical sensing V: Nanopar-
ticles for DNA labelling. 7rAC Trends in Analytical
Chemistry. 2005; 24(4):341-9.

96. Li Z, Jin R, Mirkin CA, Letsinger RL. Multiple
thiol-anchor capped DNA-gold nanoparticle conju-
gates. Nucleic Acids Res. 2002; 30(7):1558-62.

97. Qin L, Zeng G, Lai C, et al., and Yi H. “Gold rush” in
modern science: Fabrication strategies and typical
advanced applications of gold nanoparticles in sensing.
Coordination Chemistry Reviews. 2018; 359:1-31.

«3ejieHMi» CMHTE3 MeTAJIEeBUX HAHOYACTHHOK.
3acTocyBaHHsI i Maii0yTHi mepcneKTUBH

I. M. Bonommna, JI. O. JlacToBenbka,
A. A. 3ypuamxan, JI. B. IllkotoBa

HanowacTku MertaniB Hapasi € OMHAMH 3 HAWOUTBII J0-
CIIJDKyBaHUX MarepialliB B ramy3i Hayku 1 TexHiku. Lli
METaJId MalTh PO3MIPH JI0 CTa HAHOMETPIB 1 BiIpi3Hs-
FOTBCS BiJl 3BUYAHUX METANIB CBOIMH YHIKaIbHUMH (i-
3HYHUMH Ta XIMIYHUMH BIACTHBOCTSIMH.

188

BukopucranHs HaHOYACTOK METAJIB Y OIOMETUITHHI €
OITHAM 13 HAWTIEPCTIIEKTUBHIIIINX HAIPSIMIB IX 3aCTOCYBaH-
Hs1. Tak, HanpHKIIa/], HAHOYACTKH 30JI0Ta MOYKHA BUKOPHC-
TOBYBATH TS AIarHOCTUKY Ta JIIKyBaHHI paKy. HaHodacTku
30JI0Ta MOXYTh OyTH IOKPHTI Pi3HUIMH MOJIEKYIaMH, SIKi
MOXKYTb HAI[UTIOBATHCS HA PAKOBI KIIITHHU Ta B3aEMOJISTH
3 HUMH, JIO3BOJISIFOYM BUSIBJISITH PaK 1 J[iarHOCTYBAaTH HOTO.
Hanowactku cpibina MO)KHa BUKOPHCTOBYBATH SIK aHTH-
MiKpOOHi 3aCO0H, OCKLUIBKH CPi0I0 Ma€e BUCOKY aKTHBHICTh
mpotu OakTepii i rpubOKiB. Takok HAHOUACTKH Cpidia
MO>KHa BHKOPHCTOBYBAaTH JUISl JTIKyBaHHS PaH, OCKUIbKH
BOHU CHPUSIIOTH IIBUIKOMY 3arO€HHIO Ta 3alo0iraroTh
THQEKITSIM.

MeraJieBi HAHOYACTKH TAKOXK BUKOPUCTOBYIOTHCS B IHIIHMX
rajry3sX IPOMHCIIOBOCTI. Tak, 3 HIX MOXKHA BUTOTOBIISITH
€JIEKTPOHIKY, ITOKpPAIIyBaTH BIACTUBOCTI MarepiaiB, BU-
TOTOBJIATH KaTali3aTopH Ta 6araro iHILIOro, 0 BUKOPHC-
TOBYETHCS SIK y 1MOOYTI, TaK 1 y BUPOOHHUITBI Ta BIOCKO-
HaJICHH] TEXHOJIOTIYHUX TpoIieciB. Y 1Iiif crarTi 006roBo-
PIOETHCSI BUKOPHCTAaHHSI METAJIEBUX HAHOYACTOK cpibia
(AgNPs), muaky (ZnNPs), oxcuny tutany (TiO,NPs) i
3o5ota (AuNPs) y OioMenuITHI Ta 1HIMNX TaTy35X.

Kawo4doBi caoBa: «3emeHuid» 0ioCHHTE3, HaHOYAC-
TUHKH, HAHOMETAJIH, MiKPOOPTaHi3MH.
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