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Abstract—Under a single 4 hour inhalation exposure to aerosol containing an aqueous suspension of calcium
oxide nanoparticles (CaO) in an actual concentration of 6.68 mg/m?, the accumulation of calcium increased
in the lungs (by 1.52 times), in the brain (by 1.55 times) and in the liver (by 1.25 times) relative to the control,
while exposure to a microdispersed analog in a concentration of 6.37 mg/m? resulted in an increase in the
indicator only in the brain (by 1.27 times). At the same time, the calcium concentration in the brain of animals
in the experimental group is higher than in the comparison group (by 1.22 times). After exposure to CaO
nano- and microparticles a subarachnoid hemorrhage in the brain tissues was found. The development of
pathomorphological changes in the form of lymphoid tissue hyperplasia, eosinophilia, acute arterial pleth-
ora, and hemorrhagic lung infarcts, as well as the hydropic and hyaline-drop dystrophy of parenchymal liver
tissue was observed only after exposure to CaO nanoparticles. The identified features of the bioaccumulation
and pathomorphological changes under inhalation exposure to CaO nanoparticles demonstrate that the stud-

ied nanomaterial has a higher level of toxicity in comparison to its microdispersed analog.

DOI: 10.1134/S1995078019050148

INTRODUCTION

The widespread introduction of nanomaterials is
expected to have a significant impact in different fields
of human economic activities, which will lead to
improvement and even revolutionary changes in many
technologies and industries [1]. These prediction are
associated with the unique physical and chemical
properties of nanomaterials due to their small size,
high surface area, shape, surface charge, etc. At the
same time, the inherent properties of nanomaterials
determine their high penetrating ability, which can
result in an increase in their toxic properties when they
enter the human body at all stages of production and
consumption of products [2].

Calcium oxide nanoparticles (CaO) are among
these materials. Due to their antibacterial properties,
they are used in medicine as a part of antibacterial
drugs, in the food industry as a component of food
packaging, and in water purification processes [3—5].
As well, CaO nanoparticles are used as components in
fire-retardant materials, bio-fuel systems, and in
cleaning territories from contamination with chemical
weapons components [5, 6].

It is known that the damaging effect of CaO
nanoparticles on organs and tissues is manifested

when they are ingested orally [7], which indicates their
ability to penetrate the epithelial barrier of the gastro-
intestinal tract. In addition, it is possible that CaO
nanoparticles can overcome the hematoencephalic
barrier [8]. There are data on the ability of the studied
nanoparticles to produce reactive oxygen species
(ROS) [9], which can further destroy the cell wall of
bacteria by reacting with the carbonyl group in the
peptide bonds of polyunsaturated phospholipids,
which are one of the components in any cell wall [9].
CaO nanoparticles destroy cell membranes via inter-
action with the amide structures of the proteins
included in their composition [9]. Subcutaneous
introduction of the studied nanomaterial into rats for
3 months led to degeneration and necrosis of liver and
kidney tissues and hemorrhages in the kidneys and
brain [8]. The toxicity of CaO nanoparticles for the
aquatic organisms Cyprinus carpio and Danio rerio
was revealed: the concentration at which 50% of spe-
cies in the exposed groups died (LCsy) was 235 and
260 mg/dm?3, respectively, and 100% of the species
died at 280 and 400 mg/dm?, respectively [10, 11].
Due to the wide range of applications in various
industries, the toxic properties of CaO nanoparticles,
as well as a lack of information about their inhalation
toxicity, it is particularly relevant to perform research
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Fig. 1. An REM image of (a) CaO nanoparticles and (b) microparticles.

aimed at compiling the toxicological and hygienic
characteristics of this nanomaterial when it enters the
body via inhalation.

MATERIALS AND METHODS

Nanodispersed CaO powder (Calcium oxide,
CAS 1305-78-8, no. NG04S0O1704) produced by
Nanografi (Turkey) was used as a test sample. For
comparative analysis, a microdispersed CaO powder
(Calcium oxide, CAS 1305-78-8, no. 229539) pro-
duced by Sigma Aldrich (United States) was used.

The CaO particle size was estimated with scanning
electron microscopy (SEM) on a high-resolution
s-3400N scanning microscope (HITACHI, Japan).The
particle shape and surface properties were determined
by image analysis with the universal ImageJ-Fili soft-
ware.
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The experiment was performed on mature male
Wistar rats weighing 250—300 g in accordance with
GOST 32646-2014, the requirements of the Ethical
committee of the Federal Scientific Center for Medi-
cal and Preventive Health Risk Management Technol-
ogies and the Guidelines for the care and use of labo-
ratory animals [12]. Experimental animals (n = 36)
were randomly assigned to an experimental group
(n = 12), a comparison group (n = 12), and a control
group (n = 12). Experimental group animals were sub-
jected to one-time 4-hour inhalation exposure to
aerosol containing an aqueous suspension of nanodis-
persed CaO, comparison group animals were exposed
under the same conditions to a spray containing an
aqueous suspension of microdispersed CaO. Animals
were exposed to aerosols in an inhalation system with
integrated software using a chamber for the whole
body (TSE Systems GmbH, Germany). To generate
aerosols, aqueous suspensions of nano-sized CaO and
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Fig. 2. (Color online) An isometric three-dimensional reconstruction of the surface of (a) CaO nanoparticles and (b) microparticles .

its microdispersed analogue at a concentration of
125 mg/cm? were used. Control group animals were
kept in similar conditions for the period of the experi-
ment; however, they were not exposed to inhalation of
these substances. The animals were not fed during the
exposure period. After the inhalation exposure, the
observation period for animals was 14 days to deter-
mine the possible delayed toxicity of a substance. The
characteristics of the air flow in the chamber were as
follows: the air inflow was 10 dm3/min (oxygen con-
centration of at least 19%, carbon dioxide at least 1%);
the feed rate of aqueous suspensions of nano- and
microdispersed CaO was 0.4 cm?/min; air outflow was
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10 dm3/min; pressure fluctuations inside the chamber
were equal to 0.4 mbar; the temperature in the cham-
ber was 22—25°C throughout the experiment. Air
sampling from the chamber to determine the concen-
tration of the tested substances was carried out on an
AFA-KhP-10-1 filter throughout the entire exposure
time with a feed rate of 2 dm?/min. The actual con-
centration of nanosized CaO in the air of the inhala-
tion chamber was 6.68 mg/m?; that of the microdis-
persed CaO was 6.37 mg/m?.

At the end of the observation period the animals
were removed from the experiment via cervical dislo-
cation. To study the calcium bioaccumulation, the
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Table 1. Calcium bioaccumulation in the organs of Wistar rats after one-time inhalation exposure to an aerosol containing
an aqueous suspension of nano-and microdispersed calcium oxide (p < 0.05)

Calcium concentration in the organ, mmol/dm?

Animal group Indicator
lungs kidneys brain liver blood
Control group | Mean value (M *+ m) 2.02 £0.31{1.00 £ 0.19|1.46 £ 0.33(3.59 £ 0.41|0.18 = 0.03
Comparison | Mean value (M * m) 2.02 £ 0.55]0.86 = 0.10| 1.86 £ 0.14|3.39 = 0.30(0.19 £ 0.04
group Intergroup difference with control (p) 0.998 0.141 0.021 0.285 0.553
Multiplicity of differences with lower 1.00 1.17 — 1.06 -
control higher — — 1.27 — 1.07
Experiment | Mean value(M %= m) 3.07 £0.48|1.05+ 0.21{2.26 + 0.23|4.47 £ 0.18 |0.17 = 0.03
group Intergroup difference with control (p) 0.001 0.686 0.0004 0.001 0.575
Multiplicity of differences with lower — — — — 1.05
control higher 1.52 1.05 1.55 1.25 —
Intergroup difference with comparison 0.004 0.064 0.002 <0.0001 0.359
group (p)
Multiplicity of differences lower — — — — 1.13
with a comparison group higher 1.52 1.22 1.22 1.32 —

lungs, liver, kidneys, brain, and blood were extracted
from six animals from each group. The samples were
subjected to thermal ashing in a muffle furnace for 9 h
at a temperature of 450—500°C. Quantitative determi-
nation of the calcium content in the samples was car-
ried out by photometry with the Arsenazo I1I indicator
reagent using a Konelab 20 biochemical automatic
analyzer (ThermoFisher, Finland) at a wavelength of
650 (640—670) nm.

A histological study of the Iungs, liver, kidneys and
brain was performed in six animals of each experimen-
tal group. The extracted organs were fixed in a 10%
solution of buffered neutral formalin. Dehydration of
fixed tissue pieces was performed in an Excelsior ES
automatic histological processor (Thermo Scientific,
Germany). Histological preparations were made from
paraffin sections 3-4 microns thick, staining with
hematoxylin and eosin according to a conventional
technique in a Varistain Gemini ES staining robot
(Thermo Scientific, Germany). Micrographs were
made using a Mikroskopkamera AxioCam ERc 5s
camera (Carl Zeiss, Germany).

The study results were mathematically processed
using parametric statistical methods, preliminary
evaluation of whether the results agreed with the nor-
mal distribution law, calculation of the sample mean
(M) and standard error (m), and testing the hypothesis
of matching sample means using the Student’s t-test.
Differences in the results were considered statistically
significant at p < 0.05.

RESULTS AND DISCUSSION

According to the SEM results, the average particle
size of the native CaO nanopowder was 343.10

NANOTECHNOLOGIES IN RUSSIA  Vol. 14

10.15 nm, which is 19.24 times smaller than this
parameter for micropowder particles (6600 £ 600 nm)
(Fig. 1). At the same time, a large proportion of nano-
powder particles (more than 55%) had a size of up to
100 nm. When analyzing images obtained by the REM
method, we found that the coefficient of roundness
(sphericity) of CaO nanoparticles of up to 100 nm was
0.92 = 0.03, which significantly differed from this
indicator for particles larger than 100 nm (0.77 £ 0.04)
that are part of the nanopowder (p < 0.0001). The
shape of particles of up to 100 nm was close to spheri-
cal. The sphericity coefficient of CaO microparticles
was 0.79 *+ 0.08, which was significantly lower by
1.17 times (p = 0.003) than this indicator for nanopar-
ticles. The shape of microparticles was close to cubic.
During the three-dimensional reconstruction of CaO
nanoparticles, it was found that their surface did not
contain significant changes in its structure, which
allowed us to consider them as being smooth (Fig. 2).
The surface of the particles of the microdispersed ana-
log is rough with an average roughness of 0.15 *
0.07 um (Fig. 2).

When studying the bioaccumulation of the tested
substances, it was found that after a one-time inhala-
tion exposure to nanodispersed CaO for 4 hours, the
concentration of calcium increased in the lungs, brain,
and liver of experimental animals by 1.52 (p = 0.001),
1.55 (p = 0.0004) and 1.25 times (p = 0.001), respec-
tively, in comparison with the values of this indicator
in control group animals. Similar changes were
observed when comparing the experimental and com-
parison groups: the concentration of calcium in the
lungs, brain, and liver after exposure to nanodispersed
CaO was higher than when exposed to a microdis-
persed analog in 1.52 (p = 0.004), 1.22 (p = 0.020) and
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Fig. 3. (Color online) Micrographs of histological prepara-
tions of Wistar rats brain tissues (hematoxylin—eosin stain-
ing, scale 400 : 1): (a) experimental group; (b) comparison
group; (c) control group.

1.32 times (p < 0.0001), respectively. In animals
exposed to CaO microparticles, the concentration of
calcium relative to control increased only in the brain
by 1.27 times (p = 0.021) (Table 1).

Comparative assessment of pathomorphological
changes in the studied organ tissues made it possible to
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establish similar changes in the brain in the form of a
subarachnoid hemorrhage not recorded in animals
from the control group in comparison with animals of
the experimental and comparison groups (Fig. 3). We
observed hyperplasia of lymphoid tissue associated
with the wall of the bronchi and blood vessels, eosino-
philia, acute plethora, hemorrhagic heart attacks in
Iung tissues (Fig. 4), and severe hydropic and hyaline
droplet dystrophy in parenchymal tissue of the liver in
animals exposed to CaO nanoparticles, in contrast to
the comparison and control groups (Fig. 5).

The studied CaO sample is a nanomaterial since
more than 55% of the particles included in the powder
belong to the nanoscale fraction. The established
parameters of the size, shape, and surface character of
the nanoparticles confirm their high degree of pene-
tration and, therefore, suggest a more pronounced
toxicity relative to the micro-sized analog. According
to the results of the bioaccumulation study, it was
found that during the inhalation, nano- and micro-
particles of CaO accumulate in the brain, while the
degree of accumulation is more pronounced in the
nanomaterial, which, unlike the micromaterial, also
accumulates in the lungs and liver. A pathomorpho-
logical change in the form of subarachnoid hemor-
rhage was found in the brain of animals of both
exposed groups, which coincides with the results
obtained earlier [8]. One of the mechanisms of sub-
arachnoid hemorrhage may be related to the accumu-
lation of calcium in the arteries [13]; however, in the
presented experiment, the presence of calcium in the
brain vessels was not established by histological
research methods. The reason for the development of
subarachnoid hemorrhage in this case is probably
associated with a possible violation of the functions
performed by tight contacts [14] and/or pericytes [15]
in the blood—brain barrier. A more in-depth study is
required to determine the exact mechanism of effects
produced by CaO nanoparticles on the brain. Acute
hyperemia and hemorrhagic infarcts recorded in the
lung tissues of the experimental group of animals indi-
cate a violation of blood circulation. In addition, the
Ilymphoid tissue of the lungs of the animals in the
experimental group was subject to hyperplasia, which
probably developed during the inflammatory process
caused by the action of ROS [16, 17] produced by CaO
nanoparticles. ROS generation may be the basis of the
mechanism of dystrophic changes established in the
liver parenchymal tissue. ROS inhibit the action of
sodium—potassium adenosine triphosphatase [18],
while Ca?* ions entering the cell displace K* ions. An
excess of Ca®" ions in the cytosol activates the calcium
pump, with which the cell attempts to eliminate the
excess Ca’" through the endoplasmic network [19],
where water and ions accumulate, leading to the
expansion of the tubules and cisterns of this organelle,
which, in turn, causes hydropic dystrophy [20]. Devel-
oping hyaline-drop dystrophy of hepatocytes is proba-

2019



502 ZAITSEVA et al.

Fig. 4. (Color online) Micrographs of histological prepara-
tions of Wistar rats lung tissues (hematoxylin—eosin stain-
ing, scale 100 : 1): (a) experimental group; (b) comparison
group; (c) control group.

bly a manifestation of perverted protein synthesis,
which may indicate the inflammatory response devel-
opment in the liver parenchyma [20] to the production
of ROS. Pathomorphological changes have been
found in the liver parenchymal tissue in the form of
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Fig. 5. (Color online) Micrographs of histological prepara-
tions of Wistar rats liver tissues (hematoxylin—eosin stain-
ing, scale 200 : 1): (a) experimental group; (b) comparison
group, (c) control group.

hepatocyte degeneration after exposure to CaO
nanoparticles [8], which is consistent with the results
obtained in this study, as well as necrosis, the develop-
ment of which is natural for dystrophies and, in this
case, is most likely due to a longer exposure period.

NANOTECHNOLOGIES IN RUSSIA  Vol. 14 Nos. 9—-10 2019
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CONCLUSIONS

As a result of these studies, it was found that Cao
nanoparticles under a one-time inhalation exposure
had a more pronounced accumulation in comparison
with the microdispersed analog; they accumulated in
the brain, lungs, and liver of Wistar rats. The action of
CaO nano- and microparticles caused comparable
pathomorphological changes in the brain tissue; how-
ever, the nanomaterial had a greater degree of toxicity,
which is manifested via changes in lung and liver tis-
sues that were not established under exposure to
micro-sized CaO. It is necessary to consider this result
in order to increase the effectiveness of preventive
measures for working people and populations who are
exposed to CaO nanoparticles, which are inhaled
during production and consumption of products.
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