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The use of metal nanoparticles in agriculture opens the prospects for increasing the efficiency
and sustainability of agricultural production. This technology makes it possible to apply min-
iature metal particles, such as nanosilver, nanomanganese, nanocopper, nanozinc, efc., with
maximum precision and targeting. The prospects of using metal nanoparticles include such
aspects as increasing soil fertility, protecting plants from pests and diseases, effective water
management, enhancement of the nutritional quality of plants, improvement of seed and ger-
mination, sensor technologies for monitoring, and reducing negative environmental impact.
With the need to ensure safety and take into account the environmental impact, the use of
metal nanoparticles has the potential to transform agriculture, ensuring sustainable production
growth and reducing its environmental footprint.

Keywords: agriculture, nanotechnology, nanoparticles, nanometals, microorganisms, green

biosynthesis.
Introduction

At present, the rapid development and use of
nanotechnology in agriculture, medicine, bio-
logy and other fields, the topic of studying
metal nanoparticles for their practical use be-
comes increasingly relevant and promising.
Nanotechnology is a branch of science that
deals with nanomaterials, helps overcome size
limitations and can change the view of science
world. The interaction of nanomaterials with

plants has not been fully elucidated. There are
various and often conflicting reports on the
uptake, translocation, accumulation, biotrans-
formation, and toxicity of nanoparticles in
various plant species. One of the nanomateri-
als most frequently studied as an antibacterial
agent is silver nanoparticles (AgNPs) [1]. The
use of such metals as zinc, copper, iron, and
manganese is important for the agricultural
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industry. They are transition metals involved
in important biological processes in plants.
These metals are the cofactors of metallopro-
teins acting as regulatory elements. Excess or
deficiency of these metals can have a strong
impact on the photosynthetic functions of the
plant. Therefore, the use of nanoparticles of
these metals is of great importance for the
plant development [2, 3].

There are two main methods of nanoparticle
synthesis (i.e., top-down and bottom-up me-
thods), which are used to produce nanomateri-
als of appropriate size, shape, and functiona-
lity [4]. However, traditional physicochemical
methods create environmental and biological
hazards due to the toxic reducing agents used
during the process. Thus, to meet the increas-
ing demand for an environmentally sustainable
technology for the production of metal
nanoparticles, the biomimetic or “green” syn-
thesis methods using biological molecules or
whole organisms have been utilized as an en-
vironmentally friendly approach [5, 6].

The use of plant cell cultures for biological
synthesis of metal nanoparticles is a rapidly
developing area of research in bionanotechno-
logy. Frequent attempts to use nanoparticles in
agriculture are explained by a number of prob-
lems with traditional methods of seed treat-
ment, such as chemical sterilization of seeds
[7]. Traditionally used organic sterilants have
such significant disadvantages as high con-
sumption, toxicity and the ability of pathogens
to adapt to and withstand sterilants. It is be-
lieved that the use of protectors based on metal
nanoparticles may be promising for the applica-
tion of nanotechnology in the field of pre-
sowing seed treatment. Furthermore, nanopar-
ticles can be used as components of new fer-

84

tilisers in the agricultural industry, plant protec-
tion products, and herbicides [8—10].

Today, nanoparticles are widely used all
over the world. They are famous for their
unique physico-chemical and biological pro-
perties. They also have a number of advan-
tages compared to the traditional preparations:
can provide a complete wetting of the surface
of plants, are completely absorbed by plants,
do not delaminate under the influence of heat
and light, are not washed away in the rain, their
working solution can be stored for years, re-
maining active [11].

Various studies show that nanoparticles can
affect plants at the biochemical, physiological
and molecular levels [3]. Iron, zinc, copper,
manganese and other elements in a nanosized
state can contribute to the growth and develop-
ment of plants. Nanosized metals show a high
bactericidal activity, low toxicity and do not
accumulate in the human body [12].

Silver nanoparticles

Silver nanoparticles (AgNPs) are the particles
ranging in size from 2 to 100 nm containing
about 20—-15,000 silver atoms. They are used in
medicine to treat wounds and burns and in ag-
riculture. Studies of the antimicrobial properties
of silver nanoparticles against various patho-
gens, such as viruses, fungi, and some types of
bacteria, confirmed their effectiveness [13—15].
The mechanism of action of silver nanoparticles
is associated with their accumulation on the
membrane of microorganisms and the formation
of pores, causing the changes in the permeabi-
lity of a cell wall and suppression of cellular
respiration. They have been shown not only to
have antibacterial effects, but also to inhibit the
growth of fungi such as Candida (C. albicans,



The influence of metal nanoparticles on plants

C. glabrata, C. parapsilosis, C. tropicalis, etc.)
[13, 14]. It was also shown that colloidal solu-
tions containing silver nanoparticles can in-
hibit the growth of Aspergillus, Penicillium and
Trichoderma sp. [15].

Nanosilver is characterized by a high effi-
ciency in eliminating bacterial infections [16].
Silver ions get involved in many processes at
the molecular level in bacterial cells, which
leads to the inhibition of their growth and even
death [16]. The use of AgNO; as a source of
silver for the disinfection of plant tissues is
quite common, but the use of nAg is a new
method. It was shown [17] that nAg has the
same efficiency as AgNO;. Namely, it can sup-
press the development of more than 600 dif-
ferent microorganisms. Nano Ag is characte-
rized not only by antibacterial, but also by
antiviral and antifungal effects [18, 19]. In
addition, the application of AgNPs in properly
selected concentration does not have a negative
effect on the growth or reproduction of plants
in cultures in vitro. It was found that AgNPs
have a good effect on barley germination and
growth. The seeds treated with AgNPs at con-
centrations of 6 and 8 mg/dm3 had fewer in-
fected grains, which led to larger sprouts and
roots and increased the content of chlorophyll
and B-carotene in the plant [20, 21].

Silver nanoparticles (AgNPs) are among the
most well-known nanoparticles whose effects
have been investigated. Obviously, the effect
of AgNPs on higher plants depends on the
species and age of the plants, the size and
concentration of the nanoparticles, the experi-
mental conditions such as temperature, and the
duration and method of exposure. Because of
the above-mentioned properties, nanosilver is
of particular interest. In the nanoscale state,

silver shows a sharp increase in catalytic and
biological activity [22]. Thus, the use of
nanosilver allows researchers to reduce its
concentration by several orders of magnitude,
while maintaining the level of bactericidal
properties. AgNPs with a size of 9-15 nm are
the most effective in eliminating pathogenic
microorganisms [23].

There are also literature sources concerning
the effect of 10-100 nm AgNPs, which were
synthesized by the green method using
Berberis lycium Royle extract, to increase the
yield of Pisum sativum L. Pea seeds were
soaked, and seedlings were sprayed on the
leaves with AgNPs of 0, 30, 60 and 90 uM.
The positive effect of silver nanoparticles ap-
plied to P. sativum was found. High yields of
pea cultivars were reported for the plants trea-
ted with AgNPs of 60 uM, indicating that this
concentration of silver nanoparticles is optimal
for maximum yield [24].

Carica papaya callus extract was also used
for the synthesis of silver nanoparticles [25].
Later, the bioactive AgNPs were produced us-
ing the callus extracts of Solanum incanum L.,
Taxus yunnanensis, Citrullus colocynthis and
Pyrenacantha grandiflora [26-29]. In general,
the plant cell cultures are a promising source
of reducing agents, as they are characterized
by simpler and faster biomass growth com-
pared to plants. The green synthesized silver
nanoparticles have excellent bactericidal effect
as compared to those produced by traditional
chemical and physical methods [30].

Manganese nanoparticles

Manganese (Mn) is an essential trace element
that plays many functional roles in plant me-
tabolism. Manganese acts as an activator and
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cofactor of numerous metalloenzymes in
plants. Due to its ability to easily change its
oxidation state in biological systems, Mn plays
an important role in a wide range of enzyme-
catalyzed reactions, including redox reactions,
phosphorylation, decarboxylation, and hydro-
lysis [31].

The main function of Mn in plants is at-
tributed to its role as a central substituent of
the water-splitting complex in the photosystem
IT reaction center. In addition, MnSOD (super-
oxide dismutase (SOD)), which detoxifies re-
active oxygen species (ROS), is present in
mitochondria. Mn is also bound by germine
and germine-like proteins, which are located
in cell walls and catalyze the production of
hydrogen peroxide (H,0O,) from oxalate. H,O,
contributes to the defense against pathogens
as a signal, as an antimicrobial agent, and as
a lignification inducer. There are several en-
zymes (for example, decarboxylases and de-
hydrogenases inthe tricarboxylic acid cycle;
phenylalanine-ammonia-lyase in the synthesis
process of the secondary metabolite of shi-
kimic acid) that do not bind Mn, but are acti-
vated in its presence [32].

MnO has attracted the interest of many
researchers due to its action and electromag-
netic characteristics [33]. Various methods for
the synthesis of MnO have been developed,
such as the self-reactive microemulsion, depo-
sition and solid reaction [34-36]. However,
the use of natural products for the recovery
and stabilization of metallic Mn in nanopar-
ticles is more environmentally friendly, inex-
pensive and easier compared to the above
methods [37-39].

MnO nanoparticles were successfully syn-
thesized by the biosynthesis method using a
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green tea extract as a stabilizer and a reducing
agent [35]. The MnONPs synthesized from tea
were characterized by several methods, pro-
ving that they had bioactive groups. MnONPs
synthesized from green tea inhibited the de-
velopment of Escherichia coli, Klebsiella
pneumoniae, and Pseudomonas aeruginosa.
The combination of MnONPs with antibiotics
increases the effectiveness of antibiotics
against gram-negative bacteria. The biosyn-
thesis of MnO can be considered as promising
for the development of recent antimicrobial
agents [35].

MnO nanoparticles are mainly produced by
bacteria in the environment [40]. In recent
studies, phytoextracts have been used in the
production of Mn nanoparticles [38, 41].
However, the physiological and toxicological
effects of various Mn nanoparticles on agri-
cultural crops are relatively less known. The
studies were carried out on the synthesis of
manganese oxide nanoparticles (MnONPs)
using an onion extract. This extract was shown
to be effectively used for production of the
oval crystalline Mn,0O; nanoparticles
(MnONPs) with a size of 22-39 nm

MnONPs were found significantly affect
chlorophyll and antioxidant profiles at the
concentration of 20 mgx1-1. And conversely,
at the concentration of <40 mgxI-!, the priming
had a significant effect on a phenolic acid
profile of leaves and a phytohormone profile
in seedling of watermelon. However, the ob-
served physiological results of the watermelon
seed treatment by MnONPs were specific to
the genotype and concentration-dependent.
The results of this study in total demonstrated
that the green synthesized MnO nanoparticles
can be a safer seed treatment agent compared
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to widespread analogues KMnO, and Mn,0;
for increasing watermelon yield at the optimal
effective concentration. However, further re-
search is needed on the precise influence of
seed treatment by MnONPs on the total agri-
cultural production, including its role in pro-
viding resistance to the various abiotic and
biotic stresses for other horticultural crops
[42]. The effect of NPs as nanofertilizers on
the plant may also differ depending on the
method of application.

One of the few studies that researched
MnNPs found that shoots and grain spraying
resulted in a higher Mn content in shoots and
grain, and a lower content of nitrate nitrogen
in a soil, and a higher P content in a soil and
shoots compared with the application of
MnNPs to a soil for wheat. These results indi-
cate that the application of MnNPs through
leaves may have a more intense effect on nutri-
ent composition in wheat. In addition, the in-
fluence of Mn nanoform through the soil can
affect plants, unlike the influence of mass or
ionic Mn [32].

Copper nanoparticles

Recently, copper (Cu), nickel (Ni), zinc (Zn),
etc. have been used to synthesize NPs instead
of noble metals such as gold and silver which
are rare and expensive. NPs of copper oxide
(CuO) have a wide range of applications in
various fields and are used in the catalytic,
optical, superconducting and magnetoresistive
materials and solar energy conversion [43—
50]. CuONPs also have antimicrobial, anti-
diabetic, anticancer and biocidal properties.
CuONPs are non-toxic and have an antimi-
crobial efficacy in combating plant diseases,
a photocatalytic activity for a dye waste treat-

ment, and many other environmental applica-
tions [48].

Copper deficiency and toxicity in the soil
can affect plant physiology by altering photo-
chemical and biochemical processes within the
plant. Copper sulphate is widely used in crop
production despite its toxic effects. To reduce
the impact of toxicity on the plant, it is advi-
sable to use copper nanoparticles (CuNPs).
CuNPs in the recommended dose improved
the pigment content and antioxidant activity
in the plant and have no toxic effects, including
morphological and/or physiological changes
[41, 51].

A lack of copper negatively affects the plant
reproduction. Pollen grains are formed in
smaller quantities, while cereals are characte-
rized by empty grain spikelets. In appearance,
the lack of copper can also be noticed on the
leaves, namely, white spots appear on the ed-
ges, and the leaves curl into a “tube”. In ge-
neral, the growth and development of the plant
slow down [52]. Copper in excess has a toxic
effect on plants, and oversaturation of copper
also causes an iron deficiency. A growth slows
down, and the leaves are covered with brown
spots from below. Such areas become vulne-
rable to diseases [53].

In the literature [53], there are the studies
in which a biologically oriented process of
a green synthesis of copper oxide nanoparticles
(CuONPs) was considered using Morus alba
leaves extract as a reducing agent. Seedlings
of Brassica oleracea var. botrytis and Solanum
lycopersicum were exposed to CuONPs in
a sandy environment. The exposure of 100 and
500 mg/l of CuONPs to the plant resulted in
a significant decrease in the total content of
chlorophyll and sugar in the two plants studied,
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while 10 mg/l ofNPs slightly increased the
content of pigment and sugar only in tomato
plants. The enhancement of lipid peroxidation,
electrolyte leakage, and antioxidant enzyme
activity was observed depending on the dose
when plants were exposed to CuONPs. The
lignin deposition was observed in the roots of
both plants treated with the highest concentra-
tion of CuONPs [53, 54].

Perhaps, more active accumulation of NPs
by tomato plants compared to cauliflower was
associated with the difference in root morpho-
logy. The first study of Cu nanoparticles
(CuNPs) action against fungi was reported by
Giannousi et al [55]. Ever since in various
studies the antifungal effect of Cu was ob-
served and CuNPs began to be considered a
sustainable treatment option for fungal dis-
eases [56, 57]. In addition, CulNPs have seve-
ral advantages, for example, they are cheap
and highly available, and their production in
the form of nanoparticles is economical.
Therefore, there are many studies on the use
of CuNPs for the effects on phytopathogenic
fungi [58-61].

The methods of chemical synthesis in-
clude the chemical reduction [62—65],
whereas the biological synthesis with va-
rious plant extracts is widely used due to its
naturalness and non-toxicity to the environ-
ment [55, 62, 66]. Finally, the commercial
nanoparticles that are effective and readily
available have also been analyzed regarding
the inhibition of phytopathogenic fungi:
Aspergillus (A. flavus, A. fumigates, A. niger,
A. terreus) and Fusarium oxysporum,
Cladosporium musae, etc. [65, 67, 68].

In general, small nanoparticles are between
10 and 30 nm in size and more easily penetrate
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through the cell membrane, causing a rupture
and a leakage of cell contents [69, 70].
Something similar happens with Cu nanopar-
ticles of medium size (from 40 to 70 nm).
However, when their size increases, their pe-
netration into the cell membrane becomes
more difficult and inhibition of the growth and
development of pathogen colonies decreases
[60, 66]. Meanwhile, large Cu nanoparticles
(from 80 to > 100 nm) inhibit the growth of
mycelium and spores, thus demonstrating their
antifungal ability [65, 71].

Another decisive factor in inhibiting the
growth of phytopathogenic fungi is the con-
centration of Cu nanoparticles. Up to date,
various concentrations (e.g., low, medium,
and high ones) have been analyzed on phy-
topathogenic fungi. For example, low con-
centrations of Cu nanoparticles were ana-
lyzed against F. oxysporum at 0.1, 0.25 and
0.5 ppm. Although the lowest concentration
(0.1 uM) promoted a severe oxidative stress
in mycelia, the highest concentration
(0.5 uM) showed an antifungal activity
against F. oxysporum [66].

In addition, Cu nanoparticles have antifun-
gal activity at medium concentrations (for
example, 5, 10 and 20 ppm). They showed a
significant antifungal activity against F. oxys-
porum and Phytophthora cactorum, which
were inhibited by increasing the incubation
time for different concentrations. To give ano-
ther example, the doses of 5-35 uM were used
against Rhizoctonia solani, F. oxysporum,
F. redolens, P. cactorum, Fasciola hepatica,
Grifola frondosa and Sparassis crispa, sho-
wing antifungal ability of Cu nanoparticles at
the concentration of 35 ppm. In this case, there
was neither the growth of mycelia nor the
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development of the studied pathogens [72].
The highest concentration of CuNPs (450 uM)
was used against Fusarium sp. showing excel-
lent antifungal activity [73]. Another study was
conducted with four different high doses (i.e.,
50, 100, 500 and 1000 uM) against Botrytis
cinerea, Alternaria alternata, Monilinia fruc-
ticola, Colletotrichum gloeosporioides,
Fusarium solani, F. oxysporum. In this study,
CuNPs showed a toxic activity at all concen-
trations, and at the highest concentration of
1000 uM, they inhibited all phytopathogens
[69]. In general, Cu nanoparticles exhibit the
antifungal ability by affecting the phytopatho-
gen intracellularly and extracellularly. There-
fore, copper nanoparticles are the excellent
option for the control and treatment of various
diseases of agronomic importance.

Zinc nanoparticles

Zinc (Zn) is an important micronutrient re-
quired for the normal metabolic functioning
of living organisms [74]. Zinc plays an impor-
tant role in plant metabolism, as it is a com-
ponent of more than 300 enzymes. Without
zinc, the synthesis of nucleic acids does not
occur, as it activates RNA and DNA polyme-
rases, and the general synthesis of proteins is
also disrupted. Zinc increases plant resistance
to drought, heat, and cold. A lack of zinc in
various parts of plants leads to the accumula-
tion of phenolic compounds, which have a
negative effect on the plant and reduce its re-
sistance to disease [75]. In addition, Zn defi-
ciency leads to a decrease in various meta-
bolic processes, such as the growth and, ulti-
mately, the yield [76, 77].

Fertilizers in the nanoscale (1-100 nm)
significantly enhance the effect points due to

their reduced volume, which, as a result of
rotation, can improve the contact and absorp-
tion of trace elements when fertilizing crops
[78]. The exogenous application of nanoferti-
lizers has proven its effectiveness, as they
provide nutrition of crops in a stable and es-
tablished mode instead of conservative ferti-
lizations [79, 80].

NPs can be absorbed by leaves and trans-
ferred to all plant tissues through aerial organs
and cellular structures [81]. The application of
ZnONPs is one of the most effective options
for significantly increasing agricultural yields
worldwide under the stressful conditions.
ZnONPs can change the agricultural and food
industries with several innovative tools to re-
solve the oxidative stress symptoms caused by
abiotic stress. In addition, the effects of
ZnONPs on physiological, biochemical and
antioxidant activities in various plants have
been properly researched [82].

Researches have shown that the environ-
mentally compatible synthesis of ZnO
nanoparticles using Senna occidentalis leaf
extract functioned as a natural reducing
agent and stabilizer. The use of phytosyn-
thesized nanoparticles as the nanopriming to
enhance a germination and metabolic acti-
vity of germinating Pusa basmati (Oryza
sativa L.) rice seeds is an alternative to the
traditional hydropriming. The nanopriming
can be further used as a technique to im-
prove zinc content in rice seeds, which in-
creases its nutritional value and also sup-
ports a rapid germination [83].

The researches demonstrate that zinc oxide
nanoparticles (ZnONPs) positively regulate the
plant resistance to various environmental
stresses. However, up to date, the limited in-
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formation has been obtained regarding the role
of ZnONPs in the regulation of salinity stress
in plants [77, 84]. In these studies, a role of
ZnONPs in the regulation of tomato salt endur-
ance was investigated (Lycopersicon esculen-
tum Mill.). The tomato plants were subjected
to the salinity stress with NaCl (150 mM)
during transplantation 15 days after sowing.
The foliar application of ZnONPs at different
levels, namely, at 10, 50 and 100 mg/l in the
presence/absence of NaCl (150 mM) was car-
ried out 25 days after sowing and the sampling
was carried out 35 days after sowing. The
results of the study showed that a foliar spray-
ing of ZnONPs significantly increased a shoot
length and a root length, a biomass, a leaf area,
chlorophyll content and photosynthetic proper-
ties of tomato plants in the presence/absence
of salinity stress. In addition, the application
of ZnONPs mitigates the negative effects of
salinity stress on a tomato growth, and also
increases the protein content and an activity
of antioxidant enzymes such as peroxidase
(POX), superoxide dismutase (SOD), and cat-
alase (CAT) under the salt stress conditions.
Besides, ZnONPs play an important role in
reducing NaCl toxicity in tomato plants.
Therefore, ZnONPs can be used to improve
the growth performance and the mitigation of
NaCl-induced adverse effects in tomato [85].

Conclusion

The use of metal nanoparticles such as silver,
copper, iron, manganese and zinc in agriculture
will open up new opportunities to improve
yields, production efficiency, resource conser-
vation and environmental friendliness.
A unique feature of metal nanoparticles, name-
ly low toxicity, plays a key role in their use in
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the agricultural sector. The biogenic metals,
due to their extremely high activity and the
size corresponding to the size of living cells,
are more effectively and safely perceived by
plants as micronutrients. As a result, the rates
of application of vital trace elements are sig-
nificantly reduced and the risk of possible
negative environmental consequences from
overdosing fertilizers is reduced.

The prospects of the metal nanoparticles
use include such aspects as:

— increase of soil fertility: the addition of
metal nanoparticles helps to increase the soil
fertility by improving chemical processes and
mineral metabolism, contributing to yields;

— protection of plants from pests and di-
seases: metal nanoparticles can create antimic-
robial coatings that help to control pests and
diseases;

— efficient water management: the use of
nanoparticles helps to optimize water storage
and use, especially in conditions of moisture
deficit;

— improvement of the nutritional quality of
plants: metal nanoparticles can serve as a
source of trace elements and fertilizers, provi-
ding plants with essential nutrients;

— improved seed and germination: treating
seeds with nanoparticles helps to increase their
viability and germination, contributing to hi-
gher yields;

—reduced environmental impact: the use of
nanoparticles can help to reduce the need for
chemical pesticides and fertilizers, contributing
to sustainable agriculture.

Given the growing need for sustainable and
efficient agriculture, the use of metal nanopar-
ticles can be a key innovation strategy to
achieve these goals.
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BminB HAHOYACTOK METAJIB HA POCIUHHA

1. M. Bonommuna, FO. M. Hetsra, 1. B. Heuaroxk,
B. I'. Xomenko, JI. B. llIkotoBa

BukoprcTaHHS HAHOYAaCTOK METAJIB B CUTHCHKOMY TOCIIO-
JAPCTBI BiJIKPUBA€E TCPCIICKTHBU IS 30UTBIICHHS eek-
THUBHOCTI Ta CTIHKOCTI CUTbCHKOTOCIIONAPCHKOTO BUPOOHH-
rBa. L[5 TeXHOMIOTIS JO3BOIISIE 3aCTOCOBYBATH MiHIaTIOPHI
YaCTHHKH METaJliB, TaKi sSIK HAHOCPiOIo, HAaHOMapraHellpb,
HAHOMI/Ib, HAHOIIMHK TOIIO, 3 MAKCHMaJIbHOIO TOYHICTIO
Ta CpsAMOBaHICTIO. [lepcreKTHBY BUKOPHCTAHHS HaHO9aC-
TOK METaJIIB BKJIIOYAIOTH TaKi aCHeKTH sIK: 30UIbIICHHS
POMFOYOCTI TPYHTY, 3aXUCT POCIIHH BiJT IIKITHUKIB Ta XBO-
poO, eeKTHBHE YIPaBITiHHSI BOAHUM PEXHMOM, ITiJBH-
IICHHS [TOKMBHOCTI POCJIMH, MTOKPAIIICHE HACIHHS Ta MPOo-
POCTaHHS, CEHCOPHI TEXHOJIOTII JUTI MOHITOPHHTY, 3MEH-
LIICHHS HETaTHBHOT'O BIUIMBY Ha HABKOJIMILIHE CEPEIOBHILIC.
3 HeoOXiIHICTIO 3a0e3neueHHs Oe3NeKH Ta ypaxyBaHHIM
BIUIMBY Ha HABKOJIMIIIHE CEPEOBHILIE, BUKOPUCTAHHS Ha-
HOYACTOK METAaJIiB Ma€ MOTEHIIIaNl IEPETBOPUTH CiITbChKE
rOCIIO/IaPCTBO, 3a0€3MeUy 04N CTIHKHUIA picT BUPOOHHUIITBA
Ta 3HIDKCHHS HOT0 EKOJIOTIYHOTO BiTOUTKY.

KnmouyoBi caoBa: ciibcbke rocrogapcTBo, HaHOTEX-
HOJIOTi1, HAHOYACTKH, HAHOMETAJIH, MIKpPOOpraHi3MH, 3e-
JIeHni GiocuHTE3.
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