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Wide implementation of nanomaterials in various economic activities and associated contamination of environmental 

objects create health risks for workers and general population. Nanoparticles have physiochemical properties that are dif-
ferent from their micro-sized analogues, which may cause more pronounced negative effects upon intake. In this regard, 
assessment of safety of nanoindustry products is an urgent hygienic problem and the basis for developing recommendations 
aimed at minimizing health risks. 

The aim of the study was to assess potential hazards of a nanomaterial for human health using zinc oxide nanoparti-
cles (ZnO NPs) as an example. 

Potential hazard of ZnO NPs was assessed using a set of indicators based on implementation of the predictive-
analytical procedure in accordance with MR 1.2.2522-09. 

The analysis of ZnO NPs properties indicates that they belong to nano-sized particles (from 6 to 100 nanometers). 
During cell membrane penetration, ZnO NPs were shown to stimulate greater production of free radicals that cause damage 
to supramolecular structures. They transform proteomic profile and metabolic reactions changing the expression of proteins 
that regulate the integrity of cytoskeleton, nuclear matrix and apoptotic process, which leads to cell death. Cellular and mo-
lecular changes are manifested through morphofunctional tissue impairments in tissues organs where ZnO NPs bioaccumu-
late (the liver, kidneys and lungs). Negative effects are manifested as redox imbalance, cytolysis, impaired filtration proc-
esses, weaker cellular immunity and, as a consequence, developing inflammatory, dystrophic and necrotic processes. Imple-
mentation of the predictive-analytical procedure showed that ZnO NPs are potentially highly hazardous for human health 
(according to the hazard coefficient D = 2.102). 

High potential hazard for human health indicates that it is necessary to investigate remote and specific effects of ZnO 
NPs in order to perform complete hygienic assessment of their safe levels. This will allow achieving more effective develop-
ment of preventive measures aimed at minimizing health risks caused by ZnO NPs for workers and general population. 

Keywords: nanoparticles, zinc oxide, potential hazard, human health, criterion analysis, predictive-analytical proce-
dure, character assessment, toxicity. 
 

 
At present, new materials are being im-

plemented quite actively into various eco-
nomic activities all over the world. In the Rus-
sian Federation, transition to advanced sci-
ence-intense design technologies and high-tech 
production based on using them are fixed as a 

top priority trend in the country development 
for the next decade in accordance with 
“…priority trends in scientific and technologi-
cal development…”1. 

Nano-sized substances are a good exam-
ple of a new material that can support this 

__________________________ 
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transition. Replacement of micro-sized mate-
rials with nano-sized ones in products allows 
improving their mechanical, electrical, opti-
cal, thermodynamic and other properties [1]. 
This is achieved due to nanoparticles (NPs) 
having smaller sizes, greater specific surface 
area and porosity. 

Advanced physiochemical properties of 
nanoindustry products ensure high demand for 
them, which makes for rapid growth in produc-
tion volumes. This involves higher NPs levels 
in environmental objects due to their emissions 
during manufacturing, use and utilization of 
nano-products. Given that, there is a growth in 
health risks for workers and general population 
associated with exposure to nanoparticles.  

Nanoparticles are able to penetrate 
through body protection barriers much more 
effectively as compared with their micro-sized 
chemical analogues due to their smaller sizes. 
They also spread in the body and accumulate 
in various organs more effectively [2]. Nano-
particles more actively enter chemical reac-
tions in their further interaction with biological 
structures due to their large specific surface 
area. Among such reactions, it is noteworthy 
to mention lipid peroxidation, which leads to 
greater generation of free radicals, disrupted 
metabolic processes and damage to cellular 
ultrastructures [2]. 

Given all the above-mentioned, assess-
ment of NPs safety for human health is an ur-
gent hygienic task and basis for developing 
recommendations aimed at minimizing health 
risks for general population and workers who 
consume nanoindustry products or deal with 
manufacturing them. 

A criterion analysis can be used as an ap-
proach to predicting potential health hazards 
posed by NPs. It focuses on various indicators 
obtained on the basis of available literature 
data on properties of nanoparticles and their 
peculiar effects on biological systems. Predic-
tion results allow establishing a range of fur-
ther studies necessary for developing scientifi-
cally grounded hygienic recommendations 
aimed at health risk minimization.   

Zinc oxide (ZnO) NPs are a nanomate-
rial, which is being actively used in eco-

nomic activities. It is employed as a compo-
nent in various industries including chemical 
and pharmaceutical industry (drug delivery, 
antibiotics, and anti-diabetic drugs) [3], elec-
tronic industry (light-emitting UV-range de-
vices, solar batteries, gas sensors, electrical 
energy storage systems, and transistors), ag-
riculture (as a component in fertilizers, ex-
tranutrition for agricultural crops and forage 
for farm animals) [4, 5], food industry (as a 
preservative or a component in food packag-
ing) [6, 7] and textile industry (as a compo-
nent in textiles with UV-protection, anti-
bacterial and anti-fungi properties, with pro-
tection against microwaves and electromag-
netic radiation) [8]. The annual global pro-
duction volume of ZnO NPs reaches 33,400 
tons, which means the material is produced 
in massive quantities (production volume > 
1000 tons per year) [9]. A wide range of eco-
nomic activities where products containing 
ZnO NPs are used and high volumes of their 
production as well as these NPs penetrating 
environmental objects (ambient air, drinking 
water, and foods) from emissions and dis-
charge make it possible to assume large-
scale exposure to them for workers and gen-
eral population. 

In this regard, assessment of potential 
hazards posed by ZnO NPs for human health 
is an urgent hygienic problem and the basis 
for developing recommendations aimed at 
minimizing health risks for workers and gen-
eral population. 

This study continues the cycle of re-
search works accomplished at the Federal 
Scientific Center for Medical and Preventive 
Health Risk Management Technologies and 
aimed at assessing safety of new materials, 
nano-sized particles included, for human 
health [10, 11]. 

The aim of this study was to assess po-
tential hazards of a nanomaterial for human 
health relying on available literature data and 
using zinc oxide nanoparticles (ZnO NPs) as 
an example 

 Materials and methods. The study was 
accomplished in conformity with methodical 
approaches described in the Methodical guide-
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lines MR 1.2.2522-092. Information sources 
were selected according to the criteria stipu-
lated in the Methodical guidelines in require-
ments to employed information resources 
(item 4.4). Information about ZnO NPs was 
grouped in several functional blocks that de-
scribed physical, physiochemical, molecular-
biological, cytological, physiological, toxico-
logical, and ecological properties.  

A partial hazard quotient (Dk) was calcu-
lated for each functional block as a ratio of the 
summated intensity of nanomaterial characters 
included into a functional block to their sum-
mated maximum possible intensity taking the 
weighing function into account per the follow-
ing formula: 
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where k is the serial number of a functional 
block; 

i is the serial number of a character; 
N is the total number of characters in a 

block; 
Ri is estimation of a character intensity in 

scores; 
max
iR is the maximum possible score esti-

mate for a given character; 
φi is the value of the ‘weighing function’ 

for the i-th character depending on its rank.  
A potential hazard quotient (D) of ZnO 

NPs for human health was calculated as a 
square root of the summated values of partial 
hazards identified for each block and raised to 
the second power per the following formula: 
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where Dk is the value of a partial hazard of a func-
tional block, k is the serial number of a block. 

A level of potential hazard (low, medium, 
or high) was established depending on a calcu-
lated value of the quotient D. 

Statistical significance of accomplished 
calculations was established using the as-
sessment incompleteness coefficient (U)  
per ratios of the sums of the weighing func-
tions for uncertain and known characters of 
ZnO NPs: 
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where U is the assessment incompleteness co-
efficient; 

ui is the coefficient that is equal to ‘1’, if 
the i-th character is assumed to be uncertain 
(information is unavailable) and ‘0’ in any 
other assessment; 

φi  is the value of the ‘weighing function’ 
for this character.  

The accomplished estimations were  
considered significant at the U coefficient  
value < 0.250. 

Results and discussion. We estimated 
physiochemical properties of ZnO NPs and pe-
culiarities of their interactions with biological 
systems. As a result, we established that ana-
lyzed data covered particles from practically the 
whole nano-sized range (6~100 nanometers) 
with predominant shapes being close to spheri-
cal3, 4. When introduced into a water medium, 
ZnO NPs seem poorly soluble (0.0029 g/dm3 at 
20 °С) and form small aggregates, which is 
evidenced by a growing hydrodynamic size by 
more than twofold against particle sizes in a 
powder-like nanomaterial4 [12]. Poor solubility 
in water may indicate the chemical is more 
likely hydrophobic than hydrophilic.  

__________________________ 
 

2 MR 1.2.2522-09. Metodicheskie rekomendatsii po vyyavleniyu nanomaterialov, predstavlyayushchikh potentsial'nuyu opas-
nost' dlya zdorov'ya cheloveka; utv. Glavnym gosudarstvennym sanitarnym vrachom RF 1 iyulya 2009 g. [Methodical guidelines on 
identifying nano-materials that are potentially hazardous for human health; approved by the RF Chief Sanitary Inspector on July 1, 
2009]. GARANT.RU: information and legal portal. Available at: https://www.garant.ru/products/ipo/prime/doc/4088803/?ysclid
=m35rww92ox710213070 (September 02, 2024) (in Russian). 

3 Tsink nanooksid 40 nm [Zinc nano-oxide 40 nanometers]. Osobo chistye veshchestva. Available at: https://
ochv.ru/magazin/product/cink-nanooksid (August 12, 2024) (in Russian). 

4 Zinc oxide. Merck. Available at: https://www.sigmaaldrich.com/TR/en/product/aldrich/544906 (August 12, 2024). 
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A study [13] reported that ZnO NPs solu-
bility reached the peak within 6 hours in arti-
ficial fluids that simulated gastric (рН 1.5), 
intestinal (рН 6.8) and plasma (рН 7.4) media 
and amounted to ~ 24, 0.2 and 2.8 % respec-
tively. Solubility was ~ 9, 12 and 2 % respec-
tively in these media obtained from rats as 
established in an ex vivo experiment. Pre-
sumably, a lower proportion of dissolved NPs 
in gastric fluid in an ex vivo experiment is due 
to its higher рН value (3.2). Higher solubility 
in intestinal fluid is assumed to be associated 
with gastric fluid present in it, which results 
in lower рН in comparison with an artificial 
medium. 

A medium’s pH value is a factor that in-
fluences adsorption capability of ZnO parti-
cles. When a pH value changes from acidic to 
neutral, ZnO NPs adsorption capability grows 
for such dyes as acid fuchsin and Congo red. 
Transition to an alkaline medium decreases the 
adsorption capability. When pH grows from 3 
to 6, adsorption of malachite green goes down. 
Values of the indicator reached 3307 mg/g, 
which proves high adsorption capability of 
ZnO NPs [14]. 

A study [15] reported some effects pro-
duced by a medium pH on a surface charge 
of ZnO NPs. The zeta-potential is positive in 
a neutral medium. When pH reaches 10.1, a 
charge becomes zero and then turns into 
negative as a pH value grows further. ZnO 
NPs are charged negatively in fluids that 
simulate the body internal environment (рН 
1.5–7.4) [13]. 

ZnO NPs charge has an influence on their 
biological introduction. In an in vivo experi-
ment, negatively charged ZnO NPs are ab-
sorbed into the blood stream in larger quanti-
ties than positively charged ones after oral 
administration [16]. Having penetrated the 
blood stream, NPs are carried over the whole 
body and are accumulated in the liver, kid-
neys, and lungs. Elevated zinc levels were also 
established in the liver and kidneys in an ex-
periment on mice orally exposed to ZnO NPs 
daily for 13 weeks and in an experiment on 
rats after inhalation exposure [12, 17]. These 

findings show that ZnO NPs are able to pene-
trate through the gut-vascular and blood-air 
barriers in the body. 

At the cellular-molecular level, mem-
branes are a biological system barrier, which 
ZnO NPs encounter first. Upon contact with a 
cell membrane, ZnO NPs induce reorganiza-
tion of lipid components, which results in 
breaking its integrity as evidenced in an  
in vitro study on cellular lines of human and 
mice melanoma [18https://pubmed.ncbi.nlm.nih. 
gov/34235764/]. Lipid destruction can also be 
due to peroxidation by free radicals produced 
by ZnO NPs [19]. 

A study [20] reported ZnO NPs to be 
able to penetrate through cell membranes by 
an endocytosis-like pathway. Having pene-
trated a cell, they spread through cytoplasm 
and are localized in lysosomes, vesicles and 
nucleus due to intracellular transportation 
[20–22]. There is a decline in mitochondrial 
potential of exposed cells, which results in 
excessive production of free radicals, reactive 
oxygen species included [21]. 

Excessive generation of intracellular 
free radicals initiates damage to su-
pramolecular structures, such as DNA and 
proteins. Oxidative damage to DNA was 
confirmed in an in vivo study in rat brain 
cells after daily oral exposure to ZnO NPs 
for 7 days [23]. The study results showed 
increased levels of malonic dialdehyde and 
decreased levels of superoxide dismutase, 
glutathione, and catalase, which is typical for 
developing redox imbalance. Simultane-
ously, a study that used the comet assay as a 
research method established a longer and 
more intensive ‘tail’, which was a sign of 
DNA fragmentation. Use of the method 
yielded comparable results in an in vitro 
study where DNA damage was confirmed in 
Scaphechinus mirabilis sperm [24]. 

ZnO NPs are able to interact with amino-
acid residues in proteins (glycin, phenyl 
alanine, arginine, aspartic acid, glutamine,  
and asparagine) forming a hydrogen, electro-
static or metal-acceptor bond with them [25]. 
Amino-acids associated with NPs undergo 
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oxidative changes under exposure to free radi-
cals, which is evidenced by enhanced protein 
carbonylation in Deinococcus radiodurans 
bacteria exposed to nano-sized ZnO [26]. 

Oxidative damage to proteins stimulates 
changes in the proteome profile and metabolic 
processes. A study performed on Saccharomyces 
cerevisiae yeast [27] reported disrupted ex-
pression of proteins that regulated carbon me-
tabolism, biosynthesis of co-factors, amino-
acids, fatty acids, purines, pyrimidines, nu-
cleosides, and nucleotides. This may impair 
antioxidant activity, energy metabolism, and 
cell membrane stability and result in DNA and 
protein damage. 

Changes in protein expression and dis-
rupted metabolism can lead to changes in mor-
phology and cell death. In a study [28], carci-
noma cells of human alveoli basal epithelium 
transformed after exposure to ZnO NPS 
changing their shapes from prolate to spheri-
cal. Cell death caused by exposure to ZnO NPs 
can follow the apoptosis pathway. Exposure of 
HepG2 human liver cancer cells resulted in a 
decline in mitochondria membrane potential, 
which, in its turn, induced greater Bax protein 
expression and lower Bcl2 expression [19]. 
A growing Bax / Bcl2 ratio is evidence of ac-
tivated apoptosis. 

Another cell death pathway can be associ-
ated with affected cytoskeleton and nuclear 
matrix morphology. Vital capacity of GC-01 
spermagonia cell line was established to de-
cline after exposure to ZnO NPs [29]. The 
study results confirmed multidirectional 
changes in expression of α-tubulin, β-tubulin, 
F-actin and β-actin. This indicates that cy-
toskeleton integrity was broken due to changes 
in expression of microtubule and microfila-
ment proteins. A change in nucleus morphol-
ogy was established, which was combined 
with increased expression of nuclear matrix 
proteins SUN1, LAP1 and lamin А/С support-
ing an organelle structure. 

Damage done by ZnO NPs at the cellu-
lar-molecular levels may cause organotoxic 
effects. An in vivo study established that  
exposure to ZnO NPs caused morphofucn-

tional impairments in liver, kidney, and lung 
tissues. ZnO NPs hepatotoxicity was also 
confirmed in experiments on rats after intrap-
eritoneal exposure for 21 days at the dose of  
2 mg/kg/day. In comparison with the control 
rats, the following histological and histo-
chemical alterations were demonstrated in the 
hepatic tissues of rats exposed to ZnO NPs: 
sinusoidal dilatation, Kupffer cells hyperpla-
sia, lobular and portal triads inflammatory 
cells infiltration, necrosis, hydropic degenera-
tion, hepatocytes apoptosis, anisokaryosis, 
karyolysis, nuclear membrane irregularity, 
glycogen content depletion and hemosiderosis 
[30]. In another study [31], elevated alanine 
aminotransferase (ALT) and aspartate ami-
notransferase (AST) activity was established 
in serum of rats after intraperitoneal injec-
tions of ZnO NPs for 7 days at the dose of 
25 mg/kg/day. This may result from liver dys-
function.  

Nephrotoxic effects of ZnO NPs were 
confirmed after oral exposure for 14 days at 
the dose of 1000 mg/kg/day. Biochemical 
blood tests established higher creatine and urea 
nitrogen levels indicating kidney dysfunction. 
Pathomorphological changes were manifested 
as tubular epithelial cell necrosis [32]. 

One-time intratracheal exposure to 20 µg 
of ZnO NPs resulted in higher levels of malo-
nic dialdehyde (MDA), higher lactate dehy-
drogenase (LDH) activity and weaker antioxi-
dant activity (AOA) in mice bronchoalveolar 
lavage fluid [33]. Developing inflammation 
was established in lung tissues. 

Results of in vivo studies established 
some specific effects of ZnO NPs, such as 
immunotoxicity. A decline in NK-cell (natural 
killers) activity was found in mice after oral 
administration of 750 mg/kg/day dose of ZnO 
NPs for 2 weeks, which indicates immunosup-
pression [34]. Weaker cellular immunity can 
be confirmed by lower expression of pro- and 
anti-inflammatory cytokines established in ex-
posed mice. 

An average lethal dose of ZnO NPs 
amounts to > 2000 mg/kg of body weight upon 
oral exposure (hazard class 3 in accordance 
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with the State Standard GOST 12.1.007-765); 
> 1,79 mg/dm3 upon inhalation exposure  
(hazard class 2); > 2000 mg/kg upon percu-
taneous exposure (hazard class 3)6.  

We have created a descriptive master ta-
ble that provides data on estimated intensities 
of identified ZnO NPs characters (Table). 

We obtained the overall potential hazard 
value (D) for ZnO NPs, which equaled 2.102, 
by calculating ‘partial’ hazard (Dk) for each 
block in the Table. 

This resulting potential hazard value D is 
within the range of 1.780–2.449, which is es-
timated as ‘high potential hazard’.  

 

Estimated intensities of ZnO NPs characters   

Character Rank
Weighing 
function  
value () 

Character  
description 

Estimation 
of character 
intensity(R) 

Short description of 
ZnO NPs provided 

in a source 
Source 

1 2 3 4 5 6 7 
Block 1. Physical properties  
Size 1 2 6–100 nanometers 2 Size is 6–100 

nanometers 
[footnotes 3 and 4, 

12–24, 26–34] 

Particle shape 1 2 Close to spherical 2 Size is 6–90 
nanometers 

[footnote 3, 16, 
21–23, 28, 33, 34]

Block 2. Physiochemical properties 
Solubility in water 1 2 Poorly soluble 3 Size is < 100 

nanometers [footnote 4] 

Solubility in body fluids 2 1 Poorly soluble 2 

Size is 28.2 
nanometers, 

hydrodynamic size 
is 1976 nanometers 

[23] 

Charge 1 2 Negative 3 

Size is 28.2 
nanometers, 

hydrodynamic size 
is 1976 nanometers 

[13] 

Adsorption capability 3 0.75 High 4 
Size is10 nm, 

specific surface 
area is 26.9 m2/g 

[14] 

Resistance to aggregate 
formation 3 0.75 Low 0 

Size is 40 nm, 
hydrodynamic size 

is 201.8 nm, 
specific surface 
area is 60 m2/g 

[12] 

Water repellence 4 0.5 Rather 
hydrophobic 3 Size is < 100 

nanometers [footnote 4] 

Adhesion to surfaces 5 0.3125 Unknown 3 - - 

Free radical generation 2 1 Established 4 Size is 90 nm, 
spherical shape  [21] 

Block 3. Molecular and biological properties 

Interaction with DNA 1 2 Established 4 

Size is 30 nm, 
hydrodynamic size 

is 272 nm, 
spherical shape  

[23] 

 
__________________________ 
 

5 State Standard GOST 12.1.007-76. Sistema standartov bezopasnosti truda. Vrednye veshchestva. Klassifikatsiya i 
obshchie trebovaniya bezopasnosti: Mezhgosudarstvennyi standart, utv. postanovleniem Gos-standarta SSSR ot 10 marta 
1976 g. № 579 [The system for work safety standards. Adverse chemicals. Classification and general safety requirements: Inter-
state standard, approved by the order of the USSR State Standard on March 10, 1976 No. 579]. GARANT: information and legal 
support. Available at: https://base.garant.ru/3922227/ (August 28, 2024) (in Russian). 

6 Zinc oxide. Merck. Available at: https://www.sigmaaldrich.com/TR/en/product/aldrich/544906 (August 12, 2024). 
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E n d  o f  t h e  T a b l e  
 

1 2 3 4 5 6 7 

     

Size is 40–50 nm, 
hydrodynamic size is  

200 nm, specific surface 
area is 58 m2/g 

[24] 

Size is 1 nm (simulated 
with a computer program) [25] Interaction with proteins 3 0.75 Established 4 

Size is < 100 nm [26] 
Size is 15 nm, specific 
surface area is 65 m2/g [18] 

Size is 30 nm, 
hydrodynamic size is 

267 nm 
[19] Interaction with 

membranes 2 1 Established 4 

Size is 95 nm, 
hydrodynamic size is 

262 nm, variable shapes 
[20] 

Block 4. Cytological properties 
Size is 95 nm, 

hydrodynamic size is 
262 nm, variable shapes 

[20] 

Size is 90 nm, spherical 
shape [21] Intracellular localization 2 1 

Localized in 
organelles and 

cytoplasm 
4 

Size is 30–50 nm, 
hydrodynamic size is 

284.76 nm, spherical shape 
[22] 

Transforming impact  
on cells 1 2 Established 4 

Nano-spheres: size is  
6–38 nm, hydrodynamic 

size is 183–505 nm, 
specific surface area is  

7–90 m2/g, spherical shape; 
Nanorods: size (diameter / 

length) is 6–7 nm /  
8–19 nm, hydrodynamic 

size is 481–593 nm, 
specific surface area is  
37–88 m2/g, cylindrical 

shape 

[28] 

Transformation of the 
proteome profile and 
metabolic processes 

3 0.75 Established 4 
Size is < 70 nm, 

hydrodynamic size is  
60–150 nm 

[27] 

Size is 30 nm, 
hydrodynamic size is  

267 nm 
[19] 

Cytotoxicity 1 2 Death of 
unchanged cells 4 

Size is 88 nm, specific 
surface area is 12 m2/g [29] 

Block 5. Physiological properties 
Size is 40 nm, 

hydrodynamic size is  
201.8 nm, specific surface 

area is 60 m2/g 

[12] 

Size is 20–70 nm,  
spherical shape [16] 

Penetration through 
body protection barriers 4 0.5 Established 4 

Size is 20 nm [17] 
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E n d  o f  t h e  T a b l e  
 

1 2 3 4 5 6 7 
Size is 40 nm, 

hydrodynamic size is  
201.8 nm, specific surface 

area is 60 m2/g 

[12] 

Size is 20–70 nm,  
spherical shape [16] 

Bioaccumulation 2 1 Accumulates in 
some organs 3 

Size is 20 nm [17] 
Makes protective 
barriers more penetrable 
for other toxicants 

3 0.75 Unknown 3 - - 

Acute toxicity 1 2 Hazard class 2 4 Size is < 100 nm [footnote 4] 
Size is 35 nm [30] 

Size is 20–50 nm, 
hydrodynamic size is 

 169.2 nm 
[31] 

Size is 50 nm [32] Chronic toxicity 1 2 
Toxic for  

warm-blooded 
animals 

4 

Size is 12.9 nm, 
hydrodynamic size is  

304 nm, spherical shape 
[33] 

Specific toxic effects 1 2 Established 4 Size is 29–79 nm,  
spherical shape  [34] 

Block 6. Ecological properties 

Global production 
volume 1 2 

Produced in 
large-scale 
volumes 

4 - [9] 

Possible exposure scales 1 2 
General 

population at the 
national level 

4 - [9] 

Bioaccumulation in 
organisms 2 1 Unknown 2 - - 

Bioaccumulation in 
environmental objects 3 0.75 Unknown 3 - - 

 
We have not been able to find any infor-

mation about the following ZnO NPs charac-
ters: adhesion to surfaces; ability to make pro-
tection barriers more penetrable for other toxi-
cants; accumulation in organisms and 
environmental objects. The assessment incom-
pleteness coefficient (U) was equal to 0.079, 
which is within the range of 0–0.250 and allow 
considering the accomplished assessment to be 
significant. 

Analytical assessment of aggregated data 
confirms that the analyzed ZnO particles fall 
within the nano-sized range, that is, below 100 
nanometers. Smaller particle sizes than those 
of micro-sized chemical analogues (more than 
100 nanometers) can ensure more pronounced 

introduction, spread over the body and bioac-
cumulation of ZnO NPs. Solid nanoparticles 
are known to be able to spread evenly in the 
lungs upon inhalation exposure and their high-
est levels are observed in the bronchi whereas 
the greatest proportion of РМ10 particles is de-
posited in upper airways mucosa [35]. 

We should mention established pH effects 
on ZnO NPs introduction. The results obtained 
by investigating how NPs behave in liquid 
media simulating gastric fluid, intestinal fluid 
and plasma make it possible to conclude that 
solubility grows as a pH value declines. How-
ever, solubility was not above 24 and 12 % of 
the total amount of particles in artificial and 
natural media respectively. Given that, we can 
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assume that both solid NPs and Zn2+ ions 
make their contributions to bioaccumulation 
and toxic processes initiated by ZnO NPs. NPs 
surface charge depends on pH since the zeta-
potential goes down as pH values grow. ZnO 
NPs absorption into the blood stream increases 
as a charge declines. 

Upon penetration into the body, ZnO NPs 
interact with macromolecules and su-
pramolecular structures. ZnO NPs are able to 
produce oxidative effects on cell structures by 
stimulating greater generation of free radicals. 
Damage to these structures and disruption of 
their normal functioning determines cytotoxic 
effects of the analyzed nanomaterial including 
its impact by changing the proteome profile 
and metabolic processes. This can ultimately 
lead to cell death. Exposure to ZnO NPs in-
duces changes in expression of microtubule 
and microfilament proteins, nuclear matrix and 
apoptosis regulators, which results in cell 
death. 

When we consider peculiar interactions 
between ZnO NPs and biological systems at 
the tissue-organ level, we should mention 
growing zinc levels in the liver, kidneys and 
lungs of exposed animals both upon oral and 
inhalation exposure. Bioaccumulation in these 
organs and cytotoxic properties determine 
development of negative effects initiated by 
ZnO NPs. Hepatotoxicity is manifested 
through cytolytic effects (increased ALT and 
AST activity) and developing pathomor-
phological changes. Hepatocytes with 
changed nucleus sizes and prone to apoptosis 
are detected in parenchymal tissue. Inflamma-
tory, dystrophic and necrotic processes de-
velop in the liver. Morphofunctional changes 
found in the kidneys involve disrupted filtra-
tion (growing creatine and urea nitrogen) and 
developing epithelial necrosis. Toxic effects 
produced by ZnO NPs on the lungs are mani-
fested through developing redox imbalance 

(growing MDA levels and weaker AOA), cy-
tolysis (growing LDH activity in bronchoal-
veolar lavage fluid), and tissue inflammation. 
Given the aforementioned peculiarities of 
bioaccumulation and morphofucntional im-
pairments, we can assume the liver, kidneys 
and lungs to be primary targets under expo-
sure to ZnO NPs. 

Negative impact on cells determines im-
munotoxic expression of ZnO NPs. Simulta-
neous decrease in NK-cell activity and lower 
production of pro- and anti-inflammatory cy-
tokines were established in mice exposed to 
ZnO NPS. These results are evidence of lym-
phocyte death and imbalance between pro- and 
anti-inflammatory cytokine systems, which 
may stimulate immunosuppression.  

Conclusion. We have established high 
potential hazard of ZnO NPs for human 
health based on implementation of the predic-
tive-analytical procedure (D = 2.102). The 
obtained assessment is supported by the 
whole set of known properties of zinc oxide 
particles from the whole nano-sized range 
(6~100 nanometers) and has statistical sig-
nificance (U = 0.079). The results of the pre-
sent study indicate that it is necessary to in-
vestigate remote and specific toxic effects of 
ZnO NPs (genotoxicity, teratogenic effects, 
embryotoxicity, and gonadotoxicity) in order 
to perform complete hygienic assessment of 
their safe levels for particles of different sizes 
within the nano-sized range. This will allow 
achieving more effective development of sci-
entifically grounded preventive measures 
aimed at minimizing health risks caused by 
ZnO NPs for workers and general population 
who manufacture and consume products con-
taining this nanomaterial. 
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