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Abstract Nowadays, nanotechnology is one of the
most dynamically developing and most promising
technologies. However, the safety issues of using
metal nanoparticles, their environmental impact on
soil and plants are poorly understood. These studies
are especially important in terms of copper-based
nanomaterials because they are widely used in agri-
culture. Concerning that, it is important to study the
mechanism behind the mode of CuO nanoparticles
action at the ultrastructural intracellular level. It is
established that the contamination with CuO has had a
negative influence on the development of spring
barley. A greater toxic effect has been exerted by the
introduction of CuO nanoparticles as compared to the
macrodispersed form. A comparative analysis of the
toxic effects of copper oxides and nano-oxides on
plants has shown changes in the tissue and intracel-
lular levels in the barley roots. However, qualitative
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changes in plant leaves have not practically been
observed. In general, conclusions can be made that
copper oxide in nano-dispersed form penetrates better
from the soil into the plant and can accumulate in large
quantities in it.
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Introduction

Today nanotechnology is one of the most dynamically
developing and most promising technologies.
Nanoparticles (1-100 nm in size) can linger for a
long time in the environment. They can also be
absorbed and moved between organisms of different
trophic levels undergoing biodegradation and bioac-
cumulation along the food chain (Ma et al. 2010;
Morgalev et al. 2010; Anjum et al. 2013; Keller et al.
2013; Kulizhsky et al. 2013; Conway et al. 2014;
Rajput et al. 2019, 2020).

Nanoparticles size directly affects their behavior,
transport and fate in the environment. Nanoparticles
that are of small diameter can be highly mobile, which
could enhance their bioavailability compared to larger
particles (Darlington et al. 2009; Guzman et al. 2006;
Lecoanet et al. 2004; Phenrat et al. 2009). In contrast
to a large number of studies focusing on their toxic
effect of heavy metals in macrodispersed form (more
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than 100 nm) on soil, plants and microbiota, there are
not enough comprehensive studies on the toxicity of
metal nanoparticles (Oberdorster et al. 2007; Kahru
and Ivask 2013; Hu et al. 2014). The safety issues of
using metal nanoparticles, their environmental impact
are especially important in terms of copper-based
nanomaterials, because they are widely used in the
production of biocides in agriculture, for the wood
protection and as antifouling agents (Navratilova et al.
2015; McVay et al. 2019). The accumulation of CuO
nanoparticles in soil and groundwater can potentially
lead to their accumulation in plant tissues. Copper
oxides in the form of nanoparticles are not only toxic
to plants, but also to human cells (Assadian et al.
2017). Cu®" jons released from the surface of metal
oxide nanoparticles are the main reason for their high
toxicity to living organisms (Gabbay et al. 2006;
Gunawan et al. 2011). Large amounts of Cu®>" can be
released from copper oxide nanoparticles both in
suspension and in the cell medium (Gunawan et al.
2011). Copper nanoparticles can catalyze the produc-
tion of free radicals and the Fenton reaction damaging
lipids, proteins and nucleic acids (Hansch and Mendel
2009; Ivask et al. 2010; Festa and Thiele 2011;
Hartwig 2013).

Recent studies indicated that the negative effects in
toxicity of copper salts or ions compared to copper
nanoparticulates were not fully caused by released Cu
ions from the particles, but primarily induced nanopar-
ticle specific (Griffitt et al. 2009; Gomes et al. 2011;
Julich and Gith 2014). The impact of CuO nanopar-
ticles on agricultural plants caused changes in the
structure of roots and leaves at the tissue and cellular
levels negatively affecting plant growth and develop-
ment, germination, photosynthesis, transpiration rate,
crop yield and quality.

Shaw and Hossain (2013) reported significant
inhibition in seed germination below 0.5 mM nano-
CuO treatment. Study conducted by Zuverza-Mena
et al. (2015) on CuO nanoparticles reduced more than
50% seed germination of cilantro (Coriandrum
sativum). It is reported that the exposure to 100 and
500 mg L™ copper nanoparticles reduced photosyn-
thetic rate, plant biomass and transpiration rates of
Cucurbita pepo in hydroponically grown (Musante
and White 2012). In soil, 200 mg kg~' CuO nanopar-
ticles reduced leaf starch content, total sugar, reducing
sugar and affected agronomical traits of Origanum
vulgare (Du et al. 2018). Similar studies with H.

@ Springer

sativum indicated that the high concentration of CuO
nanoparticles reduced root and shoot length, affected
stomatal aperture and root morphology, reduced
metaxylem number, affected chloroplast and mito-
chondrial ultrastructure (Rajput et al. 2018a, b).

The application of CuO nanoparticles deformed
stomatal aperture of Oryza sativa and Lactuca sativa
and severely affected net photosynthetic activities by
affecting PS 1II reaction centers, and might cause a
decrease in electron transport, thylakoid number per
granum, photosynthetic rate, transpiration rate and
stomata conductance (Costa and Sharma 2016; Xiong
et al. 2017). These studies were carried out at the
anatomical and histological levels (organs and tis-
sues). They were limited only by morphological
parameters and did not consider ultrastructural
changes in plants. In this regard, it is important to
study the mechanism behind the mode of action of
CuO nanoparticles at the ultrastructural intracellular
level.

Materials and methods
Soil preparation and plant growth

To study the toxic effect of Cu with different particle
sizes on the structure of root cells and barley leaves,
Haplic Chernozem was used in model experiment.
Soil samples (layer 0-20 cm) were collected at the
Specially  Protected Natural Territory  “Per-
sianovskaya steppe” in Rostov Region (Russia). The
experiment was carried out in plastic vessels with a
closed drainage system, each of which was filled with
2 kg of soil. The experimental design included
unpolluted soil (control) and experimental variants
with soil contamination of CuO in macrodispersed and
nano-dispersed forms (nano-CuQ) at doses of 300 and
2000 mg/kg.

The dose of 300 mg/kg CuO nanoparticles in the
soil corresponds to the level of soil pollution with Cu
in Rostov region (Russia) (Minkina et al. 2017). A
dose of 2000 mg/kg Cu is critical for crops (Dmi-
trakov and Dmitrakova 2006). Using such a dose of
metal allows identifying the mechanisms of its trans-
formation in the soil and the associated toxic effect on
plants.

To saturate the soil, reference CuO compounds
were used in a macrodispersed form (particle size
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3-5 mm, analytical-grade reagent, CuO, divalent
copper oxide, State Standards 16539-79) and in a
nano-dispersed form (particle size—Iless than
30-50 nm, CAS-1317-38-0, Alfa Aesar, USA).

The seeds of two-row barley spring barley (Hor-
deum sativum distichum) of the Ratnik variety, which
is one of the most significant and widely used food
crops in the world (Arendt and Zannini 2013), were
sown 8 months after copper oxide had been applied. It
was shown this time is enough for the transformation
of copper compounds in soil (Bauer et al. 2018). This
species is used as a bioindicator to assess the effects of
the content and accumulation of heavy metals. Vege-
tative growth of plants took place under natural light;
the lowest field moisture capacity was maintained in
the soil. The experiment was conducted three times.

Plant sampling and preparation for anatomical
and ultrastructural observation

To study the toxicity of copper to morphometry of
spring barley and cells ultrastructure, plants were
selected at the booting stage. At this phase, barley is
very sensitive to water deficiency, nutrients and other
factors for life.

To conduct light-optical and electron microscopic
studies, fragments were exsected from the central part
of the second or third leaf (2 x 2 mm) and the middle
part of the root (2 mm). Root samples were collected
from the root hair zone. Samples were fixed in a 2.5%
solution of glutaraldehyde in phosphate buffer (pH
7.4) for 2 h in a vacuum at room temperature. After
being washed twice with sucrose phosphate buffer, the
samples were fixed with a 1% solution of OsO,4 for 2 h
at room temperature. Then, the plant tissue was
dehydrated in a graded series of ethanol of increasing
concentrations (50%, 70%, 96%, respectively). Before
being placed in 96% alcohol, the samples were kept in
a 70% alcoholic uranyl acetate for 12 h in the cold
(+ 4 °C). Then, they were washed off uranyl acetate
and placed in absolute ethanol and acetone to continue
dehydration three times for 15 min each time. Leaf
cuttings were impregnated with resin in a series of
solutions of Epon and acetone of increasing concen-
trations with a further immersion in Epon. The
polymerization was carried out in a thermostat at a
temperature of 37 °C (1 day), 60 °C (2 days). All
stages of tissue preparation for morphological obser-
vation (contrasting, dehydration, encapsulation by

polymerization, preparation and staining of semi-thin
sections for light-optical study) were performed using
standard methods (Usatov et al. 2004, Fedorenko et al.
2018).

To perform light-optical observation, semi-thin
sections with 0.5-1 um thickness were additionally
stained with methylene blue and examined using a
LOMO light-optical microscope (Russia) at magnifi-
cations of x100 and x400. Ultrathin sections were
obtained with Leica EM UC6 Ultramicrotome (Ger-
many) and were additionally contrasted with lead
citrate. The study was carried out using a transmission
electron microscopy (TEM) (Tecnai G2, Phillips,
Holland) in the Centre of Collective Usage “Modern
Microscopy” of Southern Federal University. To
X-ray spectral analysis (TEM-EDX) sample, slices
were prepared with 150 nm thickness, fitted on a
nickel mesh and not stained with lead citrate.

Elemental analysis of barley plant sections was
performed by energy-dispersive X-ray spectroscopy
(TEM-EDX) using FEI Tecnai G2 F20 transmission
electron microscope with an EDAX (Apollo XLT
model) at an accelerating voltage of 200 kV and a
Fischione Instruments Model 3000 STEM detector in
Microanalysis Shared Resource Center at Skolkovo
Technology Park. To perform the measurements, an
image area containing segments most saturated with
electron-dense material was selected.

Morphometric analysis of light-optical images
included the calculation of the area and the average
number of cells per unit area of the leaf tissue, the
average thickness of the leaf plate, the cut area of the
root, the cut area of the central cylinder and the total
cut area of the conducting tissues. Quantitative
analysis of electron diffraction patterns took into
account the average number of plastids per unit area of
the leaf tissue, the average number of plastids per cell,
as well as a visual analysis of the electron-dense
sediment in the intercellular space and vacuoles. To
measure cell fragments, Olympus Soft Imaging Solu-
tion iTEM automated microimage analysis system
was used.

The mathematical processing of experimental data
was carried out using MS Excel and Statistica 10
software. The reliability of the data was evaluated by
Student’s ¢ test.
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Results

The application of CuO in macrodispersed and
(nano)dispersed forms influenced the growth and
development of spring barley. Visual observations
showed that at a dose of Cu 300 mg kg™ ' in the
macrodispersed or (nano)dispersed forms, no notice-
able changes in plant height were observed. At the
same time, in variants with a higher dose of metal
(2000 mg kg™ "), a significant decrease in plant height
occurred. Soil pollution by copper not only affected
the morphological parameters of barley, but also
caused changes in the tissues and cells of plants.

Roots
Control

Light-optical studies have shown that the control
samples of spring barley have the anatomical structure
of the root typical of monocotyledonous plants
(Tutayuk 1972). The outermost layer of the root is a
single layer of epidermis. The epidermal cells are live,
on the periphery, they are elongated and form root
hairs (Fig. 1a). Cells of the cortex are under the
epidermis layer. The innermost layer of the cortex
forms the endoderm. Endoderm cells are located in
1-2 layers and are closely adherent to each other.
Their outer walls are thin, and inner and radial (side)
walls are significantly thickened. Among the cells of
the endoderm, there are single cells with unthickened
walls, rich in contents (passage cells).

The central cylinder that occupies about 20% of the
total root section in the control sample consists of a
pericycle and conducting tissues (Fig. 1a). Pericycle
cells are larger, slightly elongated along the radius.
Behind the pericycle, there is the parenchymal tissue
with the conducting elements being immersed into.
The vessels of xylem rays have narrower gaps toward
the periphery and larger toward the center. Between the
xylem rays in the upper part, there are sections of the
phloem composed of sieve tubes with companion cells.

Morphometric analysis has shown that the average
cortical cell size is 430 umz, the average number of
cells per 1 mm? is 3773 and the ratio of conducting
tissue area to the total section area is 0.17 (Table 1).

Electron microscopic analysis has shown that the
control plant roots have normal ultrastructural char-
acteristics in the cells, with intact cell walls, a large
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central vacuole, granular reticulum (Fig. 2a), mito-
chondria (Fig. 2a insert) and the nucleus.

CuO contamination

The anatomical root structure of the barley samples
grown in the soil contaminated with copper oxide has a
number of significant differences compared to the
control samples. The outermost layer of the root is a
single layer of epidermis. The epidermal cells are live,
and on the periphery, they are elongated and form root
hairs (Fig. 1b, ¢). However, in contaminated samples,
they are shorter and thicker than in the control, which
reduces the surface area.

In the control samples, there is a rather large
intercellular space between the parenchyma cells, and
in the contaminated ones, there is very little intercel-
lular space. Parenchyma cells are closely adjacent to
each other. Therefore, with the same cell sizes in
contaminated samples of cells, there is more per unit
area.

Cells of the primary cortex are below the epidermis
layer. Compared with the control, contaminated
samples demonstrate a significant reduction of this
layer that ranges from one to four layers of cells
depending on the copper oxide dose. Endoderm cells
are arranged in 1-2 layers and are closely adherent to
each other. Their cell walls also have an uneven
thickness increasing toward the center.

The central cylinder that occupies on average a
significantly larger area of the total root section than
that in the control sample consists of a pericycle and
conducting tissues (Table 1). Moreover, the absolute
total area of conducting tissues in all experimental
samples is significantly less than in the control.
Pericycle cells are arranged in one layer, slightly
elongated along the radius and have thin shells.
Behind the pericycle, there are the cells that form the
conducting tissues. The vascular bundles in the
contaminated samples, as well as in the control, are
built according to the radial type, but the radial
symmetry is not well-defined. Xylem cells are
arranged in groups in the form of rays (2—4 pieces)
that radiate from the periphery to the center.

Morphometric analysis has shown that the average
cortical cell size of contaminated samples is on
average less than that in the control samples, while
the number of cells per unit area is approximately the
same (Table 1).
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a

Fig. 1 Cross section of barley root under various levels of soil
contamination with copper oxides: a control, b 300 mg/kg CuO,
¢ 2000 mg/kg CuO, d 300 mg/kg nano-CuO, e 2000 mg/kg

Nano-CuO contamination

The anatomical root structure of the barley samples
grown in the soil contaminated with nano-copper

nano-CuO. RH root hairs, Ep epidermis, En endoderm, Pc
pericycle, CC central cylinder

oxide has several significant differences compared to
the structure of roots in both the control samples and
those grown under CuO contamination. Similarly, to
CuO-contaminated samples, the outermost epidermal
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Table 1 Cytomorphometric characteristics of the root tissue cells of barley grown in soil with various levels of CuO and nano-CuO

contamination

Experiment variants Average number

Average cell

The total cross-sectional area of The ratio of the conducting tissue

of cells per 1 mm? size (um?) the conducting tissues (m?) area to the total root cut area
Control 3773 £+ 43 430 + 37 31,560 + 294 0.17
CuO 300 mg/kg 4171 £ 58 169 £ 19 20,070 £+ 135 0.42
CuO 2000 mg/kg 3246 + 42 147 £ 12 30,714 £ 201 0.31
nano-CuO 300 mg/kg 3882 + 49 175 £ 18 22,868 + 123 0.45
nano-CuO 2000 mg/kg 3143 + 43 152 £ 23 39,275 4+ 328 0.28

layer has live cells with occasional root hairs (Fig. 1d,
e). Root hairs are much shorter and less dense than in
control.

The cortical cells below the epidermis layer are
severely reduced compared to the control samples but
are more developed than in the samples contaminated
with copper oxide. At a dose of 300 mg/kg of copper
nano-oxide, the core layer is approximately the same,
while at 2000 mg/kg, it is more developed. The cells
of this layer are, on average, larger than in the samples
contaminated with copper oxide at the same levels
(Table 1). The variants with copper nano-oxide con-
tamination demonstrate large intercellular spaces of
the aerenchyma in the core layer (Fig. le).

Leaf
Control

Analysis of leaf tissue cells of barley plants grown
under zero contamination has shown that mesophyll
does not demonstrate a distinct division into columnar
and spongy parenchyma. Plants are characterized by
an orderly organization and uniform localization of
cells in the leaf chlorenchyma (Fig. 3a). Parenchyma
cells are located in 4-5 rows between the epidermal
layers. They are rounded, rarely highly elongated,
elliptical in shape. Parenchyma cells adhere closely to
each other forming compact groups with the number
of cells up to 8-10 units. The free space between
separate compact groups is the intercellular space.
Along the sagittal plane of the leaf plate, groups of
cells forming conducting bundles are observed. The
stomata are located on both sides of the leaf plate.
Morphometric analysis has revealed that the aver-
age area of the parenchyma cell is 260 um?, the
average number of cells per 1 mm? is 1693 units, the
average thickness of the leaf plate is 194 um and the
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ratio of the parenchyma area to the section area of the
leaf is 0.65 (Table 2).

Electron microscopic analysis of control leaf sam-
ples has shown that the parenchyma cells generally
have the ultrastructure typical of higher plants
(Fig. 4a). The cells contain an average of 9.8 chloro-
plasts (Table 2) that are oval in shape and surrounded
by a double membrane. Their matrix has an insignif-
icant electron density, against which membrane
structures are clearly visible. Inside the chloroplasts,
there is a well-developed membrane system repre-
sented by stroma thylakoids and grana thylakoids.
Grana are well extended; the number of thylakoids is
15-30 units. Plastoglobules and starch grains are rare.
Mitochondria are ellipsoidal or bean-shaped and look
moderately swollen and, in general, adhere closely to
plastids. Their matrix has a slightly lower electron
density than plastids and contains a certain number of
flattened and drop-shaped cristae. The nucleus is
round in shape, and nuclear chromatin is evenly
distributed throughout the nucleoplasm. The cyto-
plasm is located along the cell wall and adheres
closely to it. The central part of the cell is occupied by
a large vacuole.

CuO and nano-CuO contamination

The structure of the mesophyll cells of the samples
grown under both types of contamination (copper
oxide and nano-oxide) is generally similar to the
structure and localization of the cells of the control
samples, while there are certain quantitative differ-
ences (Fig. 3b, c). The parenchyma does not demon-
strate a distinct division into columnar and spongy.
The cells in this layer are round, arranged in several
rows and grouped around the vascular bundles. The
intercellular space of this tissue is better defined
compared to that of the control samples. A quantitative
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Fig. 2 Central cylinder cell of a barley root: a control, d nano-
CuO contamination, ¢ CuO contamination. CW cell wall,
V vacuole, M mitochondria, N nucleus, Pr proplastid, N nucleus.

assessment has showed significant differences in the
average size of parenchyma cells (the higher the
contamination, the smaller the cells), in the number of
cells per unit area (the number of cells per unit area
increases with the increase in pollution levels)
(Table 2).

The average thickness of the leaf plate and the ratio
of the parenchyma area to the total area of the leaf also
correspond to the level of contamination: The higher
the pollution, the “worse” the indicators. At the same
levels of contamination with copper oxide and nano-
oxide, the average cell size, the number of cells per
unit area and the ratio of parenchyma area to section

A fragment of a barley root cell under contamination with
b nano-CuO and ¢ CuO. Arrows—electron-dense substance

area of a leaf are larger for samples grown under
copper nano-oxide contamination, while the thickness
of a leaf plate is greater for samples with copper oxide
contamination (Table 2).

Electron microscopic study has shown that the
parenchyma cells of a barley leaf grown under
contamination with copper oxides and nano-oxides
are round in shape, the cytoplasm is located along the
cell wall and a large vacuole—in the center (Fig. 4c).
The vacuole content in the samples contaminated with
copper oxide in a macrodispersed form either appears
transparent or has an electron-light dispersed content
uniformly scattered throughout the vacuole. In the
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Fig. 3 Cross section of barley leaf: a control; b 300 mg/kg CuO, ¢ 2000 mg/kg CuO, d 300 mg/kg nano-CuO, e 2000 mg/kg nano-
CuO. Ep epidermis, CB conducting bundles

samples contaminated with copper nano-oxide, par- inclusions grouped in the center of the vacuole which
enchyma cell vacuoles contain electron-dense are probably deposits of copper nano-oxide
compounds.

@ Springer



Environ Geochem Health

Table 2 Cytomorphometric characteristics of parenchyma cells of barley leaf grown in soils with various levels of Cu oxides and

nano-oxides contamination

Experiment variants Average number Average cell

The leaf plate

The ratio of the parenchyma  The number of

of cells per 1 mm?  size (um?) thickness (um) area to the leaf section area  plastids per cell
Control 1693 £ 26 260 + 23 194 +£9 0.65 9.8 + 0.87
CuO 300 mg/kg 2302 + 38 175 £ 19 102 £ 8 0.43 7.7 £ 0.63
CuO 2000 mg/kg 2432 + 31 146 + 16 94 + 7 0.43 6.1 £ 0.56
nano-CuO 300 mg/kg 2750 + 41 234 + 27 94 +7 0.60 6.5 + 0.64
nano-CuO 2000 mg/kg 3078 + 39 168 + 21 87 + 8 0.56 5.7 £ 054
The number of plastids per leaf parenchyma cell Discussion

under all types of contamination is less than in the
control sample (Table 2). Chloroplasts in the variants
contaminated with both copper oxide and nano-
dispersed metal forms are elongated, oval and sur-
rounded by a double membrane. Their matrix has an
insignificant electron density, against which mem-
brane structures are clearly visible. The membrane
system represented by stroma thylakoids and grana
thylakoids is adequately developed but is still worse
than the one in the control.

Thylakoid grana stacks are shorter in length, in
number and in total occupy a smaller volume in the
chloroplast. In the variant with copper oxide contam-
ination, grana thylakoids and stroma thylakoids are
oriented along the long axis of the chloroplast
(Fig. 4d), whereas in the variant contaminated with
copper nano-oxide, the membrane system looks more
chaotic; in individual chloroplasts, the grana stacks are
oriented in different directions (Fig. 4d, e inserts).
Starch grains are small and extremely rare. The
number and size of plastoglobules are approximately
the same in both variants of the experiment and
significantly larger than in the control samples.
Mitochondria in the variant under copper oxide
contamination look condensed and contain a dense
matrix and numerous moderately swollen cristae
(Fig. 4d insert). Spiral-like membrane formations—
lysed material—are found near mitochondria in the
cytoplasm. This indicates pathological processes in
the cell. In the variant under nano-oxide contamina-
tion, mitochondria are larger, the matrix is enlight-
ened, cristae are flattened and evenly distributed
throughout the stroma (Fig. 4e) and lysed material is
not found.

TEM has proved that copper contamination in the
form of oxide and nano-oxide has caused ultrastruc-
tural changes in the main cellular organelles in the
root, which in turn has led to changes in the tissue
level. This is one of the reasons for the violation of
radial transport and the movement of mineral nutrients
from the roots to the stem (Perevolotskaya and
Anisimov 2018). It should be noted that the degree
of root trichome degradation has also depended on the
level of pollution; the stronger the pollution, the less
developed the trichomes. Some previously conducted
studies showed that excess copper could also cause
damage to cell membranes as a result of copper
binding to sulfhydryl groups in membrane proteins
(Rico et al. 2011; Rajput et al. 2018b). It was indicated
that Cu accumulation occurred either through the
apoplastic pathway, or it could be associated with
carbohydrate fractions, pectin and cell wall proteins.
Thus, the plant root cell wall was found to be the site of
highest Cu localization.

The present TEM studies have confirmed the
presence of electron-dense material on the cell walls
and in the plasmolemma of barley root cells under both
types of contamination. TEM-EDX methods have
allowed detecting the presence of copper in the
elemental composition of the electron-dense material
(Fig. 5). Within the areas containing the electron-
dense precipitate, measurements have shown K and L
series spectral lines corresponding to Cu atoms. The
measurements obtained in this study are consistent
with the results of other authors who carried out
studies on heavy metal absorption in hydroponic rice
using X-ray diffraction analysis and identified elec-
tron-dense material in the root structures as Cu
deposits (Peng et al. 2015).
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Fig. 4 Barley leaf parenchyma cell: a control; b, d CuO
contamination; ¢, e nano-CuO contamination. Chl chloroplast,
V vacuole, M mitochondria, N nucleus, CW cell wall, Pr

Ultrastructural studies of barley leaves have
revealed changes in the main cellular organelles under
the contamination of barley with copper oxide and
nano-oxide. In general, the cellular ultrastructure of
the test samples indicates a decrease in metabolic
processes. Being compared on the degree of contam-
ination, all variants have demonstrated approximately
the same intensity of nonspecific changes in
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peroxisome, 7G thylakoid grana, TS thylakoid stroma, * spiral
membrane formations, arrow electron-dense inclusions

ultrastructure. The system of intercellular cells in the
samples contaminated with oxides is more developed
than in the samples with nano-oxide contamination.
This allows for more intensive processes of water and
gas exchange. The number and size of chloroplasts in
the cells have decreased compared to the control with
both variants of contamination. Both variants with
copper contamination have also demonstrated the
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Fig. 5 Electron microscopic image of barley root cells grown under contamination with: a CuO, b nano-CuO (STEM mode).
Spectrogram of the selected area. Table of chemical elements detected

disorganization of the membrane systems of grana and
stroma thylakoids. The state of mitochondria has
changed. The destructive changes detected in these
organelles are obviously associated with a decrease in
the level of metabolic processes responsible for
ensuring plant growth. The number of plastoglobules
has increased, and the number and size of starch grains
in plastids have decreased (copper oxides- and nano-
oxide-contaminated variants); spiral-shaped mem-
brane formations (variant contaminated with copper
oxide) and electron-dense material in central vacuoles
(variant contaminated with copper nano-oxide) have
been observed. X-ray spectral analysis has shown the
presence of copper atoms in them (Fig. 6).

The presence of copper is likely to be associated
with the direct entry of both copper oxide nanoparti-
cles and copper ions into the cell on dissolving metal

nanoparticles. The dissolution of nanoparticles
depends both on their nature and on such indicators
as particle size, surface area and the properties of the
medium. Large amounts of Cu?* can be released from
copper oxide nanoparticles both in suspension and in
the cell medium (Gunawan et al. 2011). Copper oxide
nanoparticles and Cu®" ions located in the extracel-
lular space can pass through the cell membrane and
enter the cytoplasm through endocytosis and through
copper transport proteins (or copper transporter pro-
teins), respectively (Hou et al. 2017).

Copper localization on cell walls and vacuoles can
be the main reason for the high copper detoxification
in plants (Rajput et al. 2018b; Minkina et al. 2019).
The study suggested 70-90% Cu was accumulated in
cell wall of perennial herb (Athyrium yokoscense)
(Nishizono et al. 1987). Similarly, accumulation of Cu
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Fig. 6 Electron microscopic image of barley leaf cells grown under contamination with copper nano-oxide (STEM mode).
Spectrogram of the selected area. Table of chemical elements detected

in the parenchyma cells was observed in the vacuoles occurred either through the apoplastic pathway or it
and cell walls in studies conducted on Eichhornia could be associated with the carbohydrate fractions,
crassipes (Vesk et al. 1999) and Avicennia marina pectin and cell wall proteins (Krzestowska et al. 2010).
(MacFarlane and Burchett 2000). Accumulation of Cu The deposition of xenobiotics penetrated into the cell
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in vacuoles, which is a relatively safe and remote place
from cytoplasmic processes, can significantly reduce
their toxic effect (Kvesitadze et al. 2005). The changes
we have noted in chloroplasts, mitochondria and
peroxisomes were also found by other researchers to
occur in the leaves of Origanum vulgare, along with
severe damage to organelles and the disappearance of
starch grains (Ouzounidou et al. 1992; Panou-
Filotheou et al. 2001). They considered the toxicity
of Cu to reduce the number and volume of chloro-
plasts, the content of chlorophyll and, therefore, to
reduce the intensity of the photosynthesis process. The
plants treated with Cu solutions demonstrated an
increase in the number of plastoglobules (Zhang et al.
2010). The structures located in chloroplasts were
active centers that synthesize and process proteins
under stress. Plastoglobules create a functional meta-
bolic link between the inner and thylakoid membranes
and play a key role in the mechanism of protection
against oxidative stress (Ytterberg et al. 2006).

Conclusion

The influence of heavy metals, contamination with
copper oxide in macro- and nano-dispersed forms
studied as an example, has had a negative influence on
the development of spring barley. A greater toxic
effect has been exerted by the introduction of CuO
nanoparticles as compared to the macrodispersed
form. A comparative analysis of the toxic effects of
copper oxides and nano-oxides on plants has shown
changes in the tissue and intracellular levels in the
roots of barley. However, qualitative changes in plant
leaves under the influence of copper in macro- and
nano-dispersed forms have not practically been
observed.

Taking into account cytomorphometric, ultrastruc-
tural data and data on the copper content in plants, in
general, conclusions can be made that copper oxide in
nano-dispersed form penetrates better from the soil
into the plant and can accumulate in large quantities in
it.

One of the main mechanisms of copper oxide
nanoparticle toxicity is assumed to be oxidative stress
caused by the dissolution of copper oxide nanoparti-
cles entering the cell. Further, more research is
required to identify reasons for the detected

differences in sorption behavior between nanopartic-
ulate copper and copper ions.
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