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At present, it is quite relevant to get better insight into parameters and peculiarities of deleterious effects produced by 

copper oxide nanoparticles (CuO NPs) on the respiratory organs under inhalation exposure. This will help develop more 
effective prevention measures. 

The aim of this study was to assess peculiarities of bioaccumulation and toxic effects produced by CuO NPs on the 
respiratory organs as opposed to their micro-sized analogue in experimental modeling of inhalation exposure for preven-
tion purposes.  

We established physical properties of the tested materials. Experimental studies were accomplished on Wistar rats. 
The experimental animals underwent a single 4-hour inhalation exposure to a concentration of ~4 mg/m3; a subchronic 
inhalation exposure to a concentration of 1.2–1.4 mg/m3; a single intratracheal exposure to a dose of 0.005 grams per 
one rat. We examined peculiarities of NPs bioaccumulation, their influence on the cellular population of the bronchoal-
veolar lavage fluid (BALF), development of pathomorphological disorders in tissues, and the lung mass in comparison 
with the micro-sized analogue.  

CuO NPs, as opposed to their micro-sized analogue, are smaller in size, have smaller hydrodynamic diameters, 
greater specific surface area and greater total pore volume; these properties determine their greater permeability. Bioac-
cumulation in the lungs, which was identified for NPs and MPs, is comparable under a single inhalation exposure. Under 
chronic exposure, NPs tend to bioaccumulate more intensively. A single intratracheal exposure induces more apparent 
changes in the BALF cellular population. Exposure to NPs causes emphysema, edema, and erythrocyte exudation in the 
lungs whereas these effects are not identified under exposure to MPs. 

Therefore, CuO NPs tend to accumulate more intensively and have more deleterious toxic effects on the respiratory 
organs (the lungs) than their micro-sized chemical analogue under a single intratracheal exposure (0.005 grams per one rat) 
and subchronic inhalation exposure (1.2 mg/m3). The study results should be considered when developing activities aimed at 
preventing negative health outcomes in the respiratory organs under inhalation exposure to the analyzed nanomaterial. 

Keywords: copper (II) oxide, nanoparticles, microparticles, inhalation exposure, bioaccumulation, toxic effect, cellu-
lar phagocytic activity, Wistar rats. 
 

 
At present, higher quality of products 

with a simultaneous decrease in production 
costs is a challenging task tackled within many 
various economic activities. Use of nanoparti-
cles (NPs) in products and technological pro-
duction processes is a possible way to solve it 

[1]. NPs are objects with different shapes sizes 
of which fall within 1–100 nanometers range 
at least in one dimension. Small diameters of 
NPs result in the quantum-size effect due to 
which nanomaterials have better adsorption 
activity and reactivity than their microsized 
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chemical analogies as well as electric, optical, 
magnetic, mechanic and thermodynamic prop-
erties not typical for the latter [2–5]. 

Copper oxide (II) (CuO) nanoparticles are 
an example of such nanomaterial. According 
to the Research and Markets analysis, the 
global nano copper oxide market size reached 
US$ 122.77 million in 2021. Looking forward, 
the publisher expects the market to grow four-
fold and reach US$ 486.62 million by 2027, 
exhibiting a compound annual growth rate of 
25.8 % [6]. This growth is determined by ac-
tive CuO NPs implementation in electrical in-
strument engineering due to their unique con-
ductivity able to ensure high productivity of 
semiconductor devices, batteries, and microe-
lectronics [6]. In addition to that, CuO NPs are 
applied in medicine as components of antim-
icrobial and anticancer drugs [7]; cosmetology, 
in personal care products [8]; agriculture, as 
components of fertilizers and pesticides [9, 
10]; aerospace industry, as a fuel combustion 
catalyst [11]; and in structural elements of 
aerospace applications [12]. 

According to research results reported in 
literature, CuO NPs are able to produce some 
toxic effects, which make them potentially 
hazardous for human health. Experiments on 
biological models gave evidence of their abil-
ity to induce free radical oxidation [13] that 
changes protein expression thereby disrupting 
cellular metabolism [14] and affecting func-
tions and morphology of organ tissues [15]. As 
a rule, these deleterious effects are more ap-
parent when produced by NPs as opposed to 
their microsized chemical analogues. 

Active use of potentially hazardous CuO 
NPs in various economic activities facilitates 
their penetration into the environment, first of 
all, ambient air. This creates risks of health 
harm for humans under exposure to airborne 
NPs. According to the Guide R 2.1.10.1920-04, 
the respiratory organs are the primary target 

under acute and chronic inhalation exposure to 
microsized CuO1. Hence, we can assume that 
the respiratory organs are the target ones under 
inhalation exposure to CuO NPs as well. 
Given all the above-stated, it seems quite rele-
vant to get better insight into parameters and 
peculiarities of deleterious effects produced by 
copper oxide nanoparticles (CuO NPs) on the 
respiratory organs under inhalation exposure 
as opposed to their microsized chemical ana-
logue. This will help develop more effective 
prevention measures. 

In this study, the aim was to assess pe-
culiarities of bioaccumulation and toxic effects 
produced by CuO NPs on the respiratory or-
gans as opposed to their micro-sized analogue 
in experimental modeling of inhalation expo-
sure for prevention purposes. 

Materials and methods. In this study, we 
tested commercial samples of powder CuO 
NPs and microparticles (MPs) manufactured 
by Sigma Aldrich (USA). The following 
physical properties of the tested materials were 
examined: sizes in a powder-like state; hydro-
dynamic diameters in a water suspension; spe-
cific surface areas; total pore volumes. Particle 
sizes were identified using scanning electronic 
microscopy (SEM) with JSM-63090LV micro-
scope (JEOL, Japan); hydrodynamic diameters 
were established by dynamic light scattering 
with Horiba LB-550 (Horiba, Japan) and Mi-
crotrac S3500 (Microtrac, USA) particle size 
analyzers; specific surface areas and total pore 
volumes were identified with ASAP 2020 
(Micromeritics, USA) analyzer as per Brun-
auer – Emmett – Teller and Barrett – Joyner – 
Halenda methods respectively2.  

We conducted a series of experiments to 
assess bioaccumulation and deleterious effects 
of the tested materials on the respiratory or-
gans. The experiments were conducted on 
Wistar rats weighing 185 ± 20.4 grams. The 
rats were kept in polyethylene cages under 

__________________________ 
 
1 Guide R 2.1.10.1920-04. Human Health Risk Assessment from Environmental Chemicals. Moscow, The Federal Center 

for State Sanitary and Epidemiological Surveillance of the RF Ministry of Health, 2004, 143 p. (in Russian). 
2 Gregg S.J., Sing K.S.W. Adsorption, surface area, and porosity, 2nd ed. Academic Press, 1982, 303 p.; Barrett E.P., Joy-

ner L.G., Halenda P.P. The determination of pore volume and area distributions in porous substances. I. Computations from 
nitrogen isotherms. Journal of American Chemical Society, 1951, vol. 73, no. 1, pp. 373–380. DOI: 10.1021/ja01145a126 
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23 °C approximately and relative air humidity 
~ 47 %; light and dark phases interchanged 
each other each 12 hours. The rats had free 
access to food and water, apart from exposure 
hours. The experiments were approved by the 
Ethics Committee of the Federal Scientific 
Center for Medical and Preventive Health Risk 
Management Technologies. We simulated 
acute and subchronic inhalation exposure to 
CuO NPs and MPs. Targeted effects produced 
by these chemicals on the lungs were investi-
gated using one-time intratracheal introduc-
tion. Three groups of animals were created for 
each experiment: the test group was exposed 
to CuO NPs; the reference group, CuO MPs; 
the control group was kept under the same 
conditions but was not exposed to the tested 
materials. 

Inhalation exposures to CuO NPs and 
MPs were carried out in a whole-body cham-
ber (TSE Systems GmbH, Germany). An aero-
sol was generated by inputting CuO NPs and 
MPs water suspensions in the concentration of 
125 mg/cm3 into the inhalation system injec-
tor. Air circulation in the inhalation chamber 
was maintained during all experiments by air 
inflows and outflows at the speed of 10 dm3 
per minute, which allowed total air renewal 
over 10 minutes. Actual concentrations of the 
tested materials were identified using Dust-
Track 8533 (TSI Inc, USA) aerosol analyzer; 
air samples were taken from the chamber at 
the speed of 2 dm3 per minute during 5 min-
utes prior to the beginning of an exposure, and 
2 and 4 hours after it started. 

Acute inhalation toxicity was simulated in 
accordance with the State Standard GOST 
32646-20143. Each experimental group was 
made of 6 animals. The prepared suspensions 
were input into the inhalation system at the 
speed of 0.4 cm3 per minute, which allowed 

achieving the maximum possible concentration 
of the tested materials in the chamber equaling 
~ 4 mg/m3. The exposure was a single one and 
lasted for 4 hours. 

Sub-chronic inhalation exposure was car-
ried out in accordance with the Methodical 
guidelines MU 1.2.2635-104. Each experimen-
tal group was made of 10 rats. The prepared 
suspensions were input into the chamber at the 
speed of 0.1 cm3 per minute to create NPs and 
MPs concentrations of one fourth of the 
maximum possible one (1.2–1.4 mg/m3). The 
exposure lasted for 28 days 6 hours each day. 

Rats that underwent a one-time exposure 
were kept under observation for 14 days to es-
tablish death or some delayed toxic effects. 
The observation period completed, the animals 
were euthanized by cervical dislocation fol-
lowed by immediate decapitation and removal 
of the lungs. The same procedure was applied 
to rats that underwent multiple exposures 
24 hours after the last one. The mass of the 
removed lungs was identified using EW-1500i 
laboratory scales (AND, Japan). NPs and MPs 
bioaccumulation was comparatively analyzed 
by measuring copper levels using atomic ab-
sorption spectrometry with AAnalyst 400 spec-
trometer (PerkinElmer, USA). 

Pathomorphological changes in lung tissues 
under multiple inhalation exposure were identi-
fied with AxioLab A1 microscope (CarlZeiss, 
Germany) by examining lung slices 3–4 µm 
thick painted with hematoxylin and eosin. 

An experiment aimed at investigating cel-
lular and phagocytic activity due to targeted 
effects of CuO Nps and MPs on the respiratory 
organs was conducted by a one-time intratra-
cheal introduction in accordance with the Me-
thodical guidelines MR No. 01-19/24-175. 
Each experimental group was made of 10 ani-
mals. The experimental suspensions were based 

__________________________ 
 
3 GOST 32646-2014. OECD guidelines for the testing of chemicals. Acute Inhalation toxicity – acute toxic class (АТС) 

method. Moscow, Standartinform, 2019, 28 p. (in Russian). 
4 MU 1.2.2635-10. Mediko-biologicheskaya otsenka bezopasnosti nanomaterialov [Biomedical assessment of nanomate-

rials safety]: Methodical guidelines. Moscow, The Federal Center for Hygiene and Epidemiology of the RF Sanitary Service, 
2010, 122 p. (in Russian). 

5 MR No. 01-19/24-17. Metodicheskie rekomendatsii po ispol'zovaniyu kletochnykh sistem «invitro» i «in vivo» dlya 
uskoreniya gigienicheskoi reglamentatsii malorastvorimykh promyshlennykh aerozolei [Methodical guidelines on using 
cellular systems in vitro and in vivo to accelerate hygienic standardization of poorly soluble industrial aerosols]. Ekaterin-
burg, 1995, 28 p. (in Russian). 
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on 0.9 % sterile isotonic sodium chloride solu-
tion (0.9 % NaCl) and contained the tested ma-
terials in the concentration of 0.013 g/cm3. 
They were introduced intratracheally into the 
rats in a volume of 0.4 cm3 per animal. Each 
animal received 0.005 grams of a tested mate-
rial. The rats were euthanized 24 hours after 
the exposure and the bronchoalveolar lavage 
(BAL) fluid was sampled. Smears to investi-
gate the cellular population of the sampled 
BAL fluid were prepared as per conventional 
procedures. Cell count was accomplished us-
ing microscopy with an immersion system and 
magnification 900х. 

The research results were statistically ana-
lyzed to detect any differences between the ex-
perimental groups using Mann – Whitney  
U-test in STATISTICA 10. The differences were 
considered statistically significant at a р ≤ 0.05. 

Results and discussion. Our examination 
of physical properties established CuO NPs 
sizes to be equal to 45.86 nanometers and this 

was 304.99 times smaller than sizes of the mi-
crosized analogue (13,987 nanometers)  
(Figure 1). An average hydrodynamic diameter 
of CuO NPs in a water suspension equaled 
307.40 nanometers and this was 106.60 times 
smaller than that of CuO MPs (32,770 nano-
meters) (Figure 2). The CuO NPs specific sur-
face area was 9.61 times greater than that of 
CuO MPs and equaled 17.70 m2/g against 
1.84 m2/g. The total pore volume of CuO NPs 
was 0.056 cm3 per g, which was 9.33 bigger 
than that of CuO MPs (0.006 cm3 per g). 

We did not observe any deaths or visible 
deterioration of the experimental rats’ state 
due to toxic effects of the tested materials after 
a one-time exposure or during the observation 
period after multiple exposures. CuO NPs and 
MPs bioaccumulation was comparable in lung 
tissues (copper levels being ~ 1.4 times higher 
against the control group) without any statisti-
cally significant differences between the test 
and reference groups (Table 1). 

 

 
Figure 1. SEM image of CuO particles: а is nanoparticles, b is microparticles 

 
                                                            а                                                                                                 b 

Figure 2. Measuring hydrodynamic diameters of CuO particles in water suspension: а is nanoparticles, 
 b is microparticles 

а b
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T a b l e  1   
Copper levels in rats’ organs after a one-time inhalation exposure to CuO NPs and MPs  

(р ≤ 0.05) 
Copper level in the lungs, M ± m, µg/g Experiment Exposure to NPs Exposure to MPs Control 

One-time inhalation exposure 15.93 ± 3.69* 16.55 ± 4.31* 11.50 ± 2.53 
Sub-chronic inhalation exposure 17.10 ± 1.99*^ 11.64 ± 0.30* 9.70 ± 0.56 

Note: * means statistically significant difference from the control group, ^ means statistically significant dif-
ference from the reference group. 

 
Cellular and phagocytic activity in rats’ 

airways had significant differences from the 
control group 24 hours after exposure to CuO 
NPs. In particular, levels of segmented neutro-
phils were 2.51 times higher (р < 0.001); alveo-
lar macrophages, 4.11 times higher (р < 0.001); 
levels of monocytes were 6.00 times lower  
(р < 0.001); lymphocytes, 10.68 times lower  
(р < 0.001); segmented neutrophils to alveolar 
macrophages ratio, 1.79 times lower (р < 0.01). 
The structure of cellular population was differ-
ent from the control after exposure to CuO 
MPs as well since relative segmented neutor-
phil count was 2.51 times higher (р < 0.001); 
alveolar macrophages count, 1.59 times higher 
(р < 0.01); monocytes count, 2.59 times lower 
(р < 0.001); lymphocytes count, 4.65 times 
lower (р < 0.001). Comparative analysis re-
vealed that cellular and phagocytic activity 
under exposure to NPs was different from ef-
fects produced by exposure to MPs since rela-
tive alveolar macrophages count was 2.58 
times higher in the former case (р < 0.001), 
relative monocyte count was 2.31 times lower 
(р < 0.001), lymphocytes count was 2.30 times 

lower (р < 0.001) and segmented neutrophils 
to alveolar macrophages ratio was 2.52 times 
lower (р < 0.001). The results of investigating 
cellular and phagocytic activity are given 
in Table 2. 

Sub-chronic exposure did not result in any 
animal deaths or deterioration of their health. 
Exposure to CuO NPs created elevated copper 
levels in the lungs, which were 1.76 times 
higher than in the control group (p < 0.05); 
exposure to MPs, 1.2 times higher (p < 0.05) 
against the control. Copper levels were 1.45 
times higher after exposure to NPs (p < 0.05) 
than in the reference group after exposure to 
MPs (Table). Histological examination estab-
lished lymphoid hyperplasia in bronchi walls, 
acute inflammation in the bronchi, inflamma-
tion foci in interstitial tissues, disseminated 
vasculitis, brown pigmentation of macro-
phages, emphysema foci, and erythrocyte exu-
dation into alveolar lumen and edema in rats’ 
lungs after exposure to CuO NPs. Similar ex-
posure to CuO MPs did not result in emphy-
sema, edema, or erythrocyte aggregates in the 
alveoli (Figure 3). 

T a b l e  2   
The cellular population structure in 100 cells in smears of rats’ bronchoalveolar swabs 24 hours 

after intratracheal instillation of water suspensions with CuO NPs and MPs (р ≤ 0.05) 
The cellular population structure, M ± m Parameter Exposure to NPs Exposure to MPs Control 

Segmented neutrophils, % 75.6 ± 0.45* 75.5 ± 0.37* 30.1 ± 2.82 
Monocytes, % 3.2 ± 0.25*^ 7.4 ± 0.58* 19.2 ± 1.67 
Alveolar macrophages, % 15.2 ± 0.93*^ 5.9 ± 0.32* 3.7 ± 0.40 
Lymphocytes, % 4.4 ± 0.54*^ 10.1 ± 0.35* 47.0 ± 0.86 
Segmented neutrophils / alveolar macrophages 
ratio, a.u. 5.21 ± 0.44*^ 13.13 ± 0.69 9.34 ± 1.49 

Note: * means statistically significant difference from the control group, ^ means statistically significant dif-
ference from the reference group. 
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Figure 3. Microphotos of histological specimens of rats’ lungs after multiple inhalation exposure to CuO NPs and 
MPs, painted with hematoxylin-eosin: (а) the test group, areas with emphysema and hemorrhages, magnification 

100х; (b) the test group, alveolar edema, magnification 200х; (c) the test group, the green arrow shows 
macrophages with brown pigment in a bronchial wall, magnification 400х; (d) the reference group, magnification 

100х; (e) the control group, magnification 100х 

Pathomorphological changes in lung tis-
sues caused by multiple inhalation exposure to 
the tested materials are also accompanied with 
a lower mass of the organ. Under exposure to 
NPs, mass of the lungs was 1.6 times lower 
(р < 0.05) (2.1 ± 0.1 g); under exposure to 
MPs, 1.9 times lower (р < 0.05) (1.8 ± 0.1 g) 
against the control group without any statisti-
cally significant differences between the test 
and reference groups. 

By analyzing and generalizing the results 
of the accomplished investigations, we estab-
lished that the tested CuO sample was a nano-
material judging by particle sizes, specific sur-
face area, and the total pore volume and had 
physical properties obviously different from 
those of its microsized chemical analogue. 
Stability of the CuO NPs nano-sized phase is 
known to directly depend on electrostatic re-

pulsive force between the particles, which 
tends to decline as pH moves towards 6 [16]. 
Presumably, electrostatic repulsive force is 
weaker in a water medium with pH 7 and this 
makes NPs be drawn to each other and ag-
glomerate. This is evidenced by measurements 
of hydrodynamic diameters by dynamic light 
scattering (DLS), according to which CuO 
NPs have 6.7 times greater sizes in a water 
medium against the same indicator in a native 
powder identified by SEM. Physical properties 
typical for CuO NPs imply their greater per-
meability and, consequently, greater ability to 
bioaccumulate and produce more deleterious 
toxic effects as opposed to MPs. 

Bioaccumulation, which was identified 
for NPs and MPs, is comparable under a single 
inhalation exposure that created elevated cop-
per levels in rats’ lungs; this is likely due to 
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shirt exposure duration. This is further evi-
denced by investigating bioaccumulation un-
der sub-chronic exposure when copper levels 
in the lungs were higher after exposure to NPs 
as opposed to their microsized chemical ana-
logue. Similar changes were reported by other 
authors in their study accomplished on mice. 
The experiment established growing levels of 
the tested chemical element in the lungs during 
the entire exposure to CuO NPs [17]. NPs 
penetrate the lungs and then are able to move 
into the airways epithelium by transcytosis 
penetrating the interstitial tissues and thus get-
ting access to blood and lymph circulation. 
This allows them to reach various organs and 
systems in the body [18]. Given that, we can 
assume that CuO NPs are more toxic than CuO 
MPs. This is evidenced by targeted effects on 
the lungs under intratracheal NPs and MPs in-
troduction; as a result, it was established that 
CuO NPs had greater influence on the struc-
ture of cellular population as opposed to MPs, 
which manifested itself through higher relative 
alveolar macrophage count and lower mono-
cyte and lymphocyte count. Overall, greater 
levels of alveolar macrophages and segmented 
neutrophils detected under exposure to NPs are 
rather typical for a developing neutrophilic 
variant of acute inflammation6 [19, 20]. This 
may induce inflammation in lung and bronchi 
tissues under multiple inhalation exposure 
such as pneumonia, bronchitis, and vasculitis. 
The pathway of this inflammation is presuma-
bly associated with oxidative stress induced by 
effects of intracellular free radicals, generation 
of which is facilitated by exposure to CuO NPs 
[13, 21, 22]. This process stimulates greater 
activity of pro-inflammatory cytokines that 
induce an inflammatory reaction [23]. Inflam-
mation in the lungs is accompanied with lym-
phoid hyperplasia [24, 25]. A more apparent 
decrease in segmented neutrophils to alveolar 
macrophages ratio is observed in the cellular 
population of the BAL fluid under exposure to 

CuO NPs as opposed to their microsized 
chemical analogue. This difference is due to a 
growing relative alveolar macrophage level 
and a neutrophil level remaining steady. The 
alveolar macrophage level is known to depend 
on a number of particles that have penetrated 
the lungs and, given a dose is the same, the 
smaller a particle diameter, the higher is this 
level7. Given that, when much smaller NPs 
penetrate the lungs, the body needs to make 
clearance more effective and this is achieved 
by reinforced mobilization of alveolar macro-
phages and neutrophils. In addition to that, 
growing numbers of these cells allow distribut-
ing a cytotoxic burden due to a smaller number 
of particles absorbed by one cell7. 

Greater toxicity of CuO NPS as opposed 
to CuO MPs is evidenced under multiple inha-
lation exposure. Lungs of rats exposed to NPs 
have obvious signs of developing emphysema, 
erythrocyte aggregates in alveolar lumen, and 
edemas; all this was not found after exposure 
to microsized particles. Emphysema detection 
is in line with the results reported in a study 
accomplished by a team of authors and involv-
ing experiments on rats. In these experiments, 
animals underwent an inhalation nose-only 
exposure to the tested nanomaterial [26]. This 
pathology typically develops under elevated 
activity of alveolar macrophages and neutro-
phils in lung tissues [27, 28]. Serine pro-
teinases, including neutrophil elastase (NE), 
cathepsin G and proteinase 3 (PR3), are re-
leased from azurophil granules of a neutrophil 
into the extracellular space; they are able to 
induce tissue lesions [28]. Alveolar edema ac-
companied with blood exudation into alveolar 
lumen can result from disrupted blood circula-
tion [29] caused by poorer blood vessel per-
meability due to metabolic syndrome [30]. The 
identified pathomorphological changes are ac-
companied with a declining mass of the lungs.  
We have not found any data in published 
works on effects produced by CuO NPs on 

__________________________ 
 
6 Hawkins E.C., DeNicola D.B., Kuehn N.F. Bronchoalveolar lavage in the evaluation of pulmonary disease in the dog 

and cat. State of the art. J. Vet. Intern. Med., 1990, vol. 4, no. 5, pp. 267–274. DOI: 10.1111/j.1939-1676.1990.tb03120.x 
7 Katsnelson B., Alexeyeva О., Privalova L.I., Polzik Е. Pneumoconiosis: pathogenesis and biological prophylaxis. 

Ekaterinburg, Urals Branch of RAS Publ., 1995, 328 p. (in Russian). 
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masses of organs under inhalation exposure; 
however, this aspect was investigated in ex-
periments on rats that involved multiple oral 
exposures. As reported in a study [31], mass of 
the lungs with inflammatory changes in them 
went down against the same indicator in the 
control group. 

Conclusion. The study results indicate 
that CuO NPs accumulate in the lungs under 
acute and sub-chronic inhalation exposure in 
concentrations of ~ 4 mg/m3 and 1.2–1.4 mg/m3 
respectively. Bioaccumulation, which was 
identified for NPs and MPs, is comparable un-
der a single inhalation exposure; this is likely 
due to short exposure duration. This is evi-
denced by sub-chronic inhalation exposure 
when NPs tend to accumulate in the lungs 
more intensively as opposed to MPs since 
copper levels are 1.45 times higher in the for-
mer case. CuP NPs are more toxic for the res-

piratory organs than their microsized chemical 
analogue. This fact is evidenced by more in-
tensive development of inflammation estab-
lished as per changes in the cellular population 
structure in the BAL fluid. Greater toxic ef-
fects of CuO NPs on lung tissues are evi-
denced by occurring emphysema, edema, and 
erythrocyte aggregates in alveoli under sub-
chronic inhalation exposure; all these adverse 
outcomes were not identified under exposure 
to MPs. The study results should be considered 
when developing activities aimed at prevent-
ing negative health outcomes in the respiratory 
organs (the lungs) under inhalation exposure to 
the analyzed nanomaterial. 
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