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Abstract

The present work investigates the toxic effect of bicomponent ZnO-ZnFe,O4 nanoparticles,
which are the main active component of the domestic antifouling coating, on marker indi-
cators of Mediterranean mussel (Mytilus galloprovincialis) hemolymph cells (hemo-
cytes) under in vitro experimental conditions. The following indicators were evaluated:
mortality, cellular composition and production of reactive oxygen species. In the experi-
ment, hemocytes were incubated for 1 and 2 hours in 1 mL of sterile seawater containing
nanoparticles of different concentrations: 0.03, 0.3 and 3 mg/mL. The data were analyzed
using the flowing cytometry. It was shown that ZnO-ZnFe,O, nanoparticles had an effect
on the cellular composition of the hemolymph: the proportion of agranulocytes decreased
and hour exposure to 0.03 mg/mL nanoparticles reduced the level of production of reactive
oxygen species by 2.5 times compared to the control (p < 0.05). Incubation of hemocytes
with a maximum concentration of nanoparticles (3 mg/mL) led to cell death within 1 hour
after exposure. No acute toxic effects on hemocytes with the use of 0.03 mg/mL and
0.3 mg/mL of zinc oxide and zinc ferrite nanoparticles were observed.
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AHHOTANNSA

HccnenoBaHo TOKCHYECKOE JIEHCTBHE OMKOMIOHEHTHBIX HaHouacTul] ZnO-ZnFe,O,,
SIBJISFOIIMUXCSI OCHOBHBIM JICHCTBYIOIIMM KOMIIOHEHTOM OTEYECTBEHHOTO IPOTHBOO O-
pacTarIero MOKPhITHS, Ha MapKEPHBIC MOKA3aTeIH KICTOK reMOTUMQbI (TeMOIIUTHI)
cpemm3eMHOMOpckoit munun (Mytilus galloprovincialis) B 35KCTIEpAMEHTAIBHBIX YCIOBHSIX
in vitro. OTICHUBAJINCH CIEIYIOMNE ITOKA3aTeIH: CMEPTHOCTh, KIETOUYHBIA COCTaB M IIPO-
IYKOWs akKTUBHBIX (OPM KHCIIOpona. B skcnepuMeHTe TeMOIUTH WHKYOHpOBaIM B Tede-
Hue 1 12 4 B 1 MJI CTEpUIIBHON MOPCKOM BOJIBI, COIEPIKAIIE HAHOYACTHULIBI B Pa3IMUHBIX
koHneHTparuax: 0.03, 0.3 u 3 mr/mu. [laHHBIE aHAM3UPOBAIH C MMOMOIIBI0 METOA MPO-
TOYHOM LMTOMETPUU. YCTAHOBJIEHO, UTO JedcTBUE HaHodacTull ZnO-ZnFe,O, oxazaino
BJIMSIHAC Ha KJICTOYHBIH COCTAB TeMOJUM(bI: CHIDKAIACh I0JI arpaHyJIOLlUTOB, BO3ASHCT-
Bue 0.03 mMr/mMi HaHOYACTHIl IIPU YaCOBOW MHKYOAI[MM CHUXKAJIO YPOBEHb MPOAYKIUH aK-
TUBHBIX ()OPM KHCIOPOJa B 2.5 pasza MO CPaBHEHHUIO ¢ KOHTPOJIbHOH mpoboit (p < 0.05).
WHuKkyOarus reMOIMTOB ¢ MaKCHMalbHOM KOHIIGHTpaIue HaHoYacTHIl (3 Mr/Mir) mpuBelna
K THOETH KJIETOK yke depe3 1 4 mocie Bo3neiicTBrsa. OCTPOro TOKCHIECKOTO BO3ICHCTBHS
Ha reMouuTsl Tipu puMeHeHnd (.03 mr/mi u 0.3 MT/MIT HAHOYACTHII OKCHIA ITUHKA U (ep-
pUTa IIIHKA HE HAOII0aOCh.

KaroueBrble cioBa: HaHO4YaCTHULBbI, CPCAUZCMHOMOPCKAasA MU, TEMOLUTHI, ADK

Baarogapuoctu: cuHTe3 HaHouactHll (ZnO-ZnFe,O4) ObUT BHITONTHEH B paMKax
BhImosrHeHHs poekta PH® Ne 21-13-00498 «3Oxomnorndeckn Oe3omacHble H BEICOKO3(Ddek-
THUBHBIE TPOTHBOOOPACTAIONINE IIOKPHITHSI HAa OCHOBE OWKOMIIOHEHTHBIX HAHOYACTHI]
METaJUIOB ¥ UX OKCHAOB». OIeHKa TOKCHYHOCTH HAHOYACTHIl Ha OPTaHW3M MUIWNH (aHATU3
MapaMeTpoB TEMOIIMTOB) MPOBOJAMIICS 3a cueT cpenctB rocizaganus OUI[ MubIOM
Ne 121102500161-4 «3ak0OHOMEPHOCTH OpTraHU3aIlMM UMMYHHOM CHCTEMBI NPOMBICIOBBIX
THIPOOHOHTOB W MCCIIeIOBaHKE BIMSHUS (aKTOPOB BHEIIHEH cpesbl Ha (YHKIMOHWPOBa-
HHUE UX 3alIUTHBIX CUCTEM.

Jns uuTupoBanns: BrusHue OMKOMIOHEHTHBIX HaHO4YacTull ZnO-ZnFe,O, Ha TeMOLIUTHI
cpenm3eMHOMOpcKoit munuu (Mytilus galloprovincialis) B yCIOBUSIX SKCIIEPUMEHTA in Vitro /
M. C. Ilogonbckas [u np.] // Dxkomoruyeckasi 6€30MacHOCTh MPUOPEKHOI U 11enb(OBOI 30H
mopst. 2023. Ne 1. C. 124-136. EDN BPTQRT. d0i:10.29039/2413-5577- 2023-124-136
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Introduction

Biofouling is a natural process involving the attachment of micro- and macro-
organisms to various substrates in the aquatic environment . Moreover, habitation
of fouling organisms on the surfaces of hydraulic structures causes significant
damage to shipping, oil platforms and industry as a whole [1, 2]. Global damage
from marine fouling currently exceeds $50 billion per year [3]. The main task of
antifouling coatings is to prevent the formation of a biological film, which is the first
stage of biofouling [4]. At the same time, such coatings must be safe with respect
to non-target organisms. Antifouling coatings widely used in the past were based
on such biocides as tributyltin and copper, which proved to be highly toxic to ma-
rine organisms and were disallowed [5-7].

One of the innovative methods of protection against biofouling is the use of
coatings based on metal oxide nanostructures [8]. The most commonly used nano-
particles are of such metals as zinc, aluminum, iron, titanium, silver and copper,
as well as their oxides [9]. These nanoparticles have proven antibacterial, anticor-
rosive and antifouling properties [10].

Their low toxicity to aquatic organisms is an important quality of new antifoul-
ing components. Nevertheless, the data available in the publications are insufficient
to make an unambiguous conclusion about the toxicity of nanoparticles to marine
organisms. It is known that the toxicity of nanoparticles depends on the type of
metal, size, shape and surface charge of the particles [11]. Among possible me-
chanisms of the toxic effect of nanoparticles on the organisms of hydrobionts,
it is possible to single out the production of reactive oxygen species (ROS), which
is a consequence of the disproportionately large surface area of nanoparticles [12].
ROS overproduction, which exceeds the ability of cells to provide antioxidant pro-
tection, causes oxidative stress, which leads to disturbances in the structure of
the cell membrane, mitochondria, and oxidation of proteins and DNA [13, 14].
Thus, a study of aluminum oxyhydroxide (boehmite) exposure to nanoparticles
revealed no acute toxicity to Daphnia magna (Straus, 1820) [15]. At the same time,
the study of titanium dioxide nanoparticles showed the ability of nanoparticles
to accumulate in the bodies of daphnia [16]. The impact of copper oxide nano-
particles led to the behavior disorder of the mollusk Scrobicularia plana (da Costa,
1778) [17]. Also, the impact of zinc oxide nanoparticles had a negative influence
on the development of marine fish Oryzias melastigma larvae (McClelland, 1839)
[18].

Currently, the development of antifouling coatings based on nanoparticles
is considered to be a promising area. Previously, a new antifouling paint com-
ponent was created, which contained ZnO-ZnFe,0, nanoparticles obtained

Y Korobkov, V.A., Levin, V.S., Lukoshkov, A.V. and Serebrenitsky, P.P., 1981. [ Underground Tech-
nology]. Leningrad: Sudostroenie, 240 p. (in Russian).
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by electrical explosion of twisted zinc and iron wires in oxygen-containing atmos-
phere. ZnO nanoparticles are able to absorb visible light and inhibit the growth
of microorganisms due to the photocatalytic process [19]. The composition is
a domestic development and has proven antifouling properties [20], but there is
no data on its safety in relation to marine organisms. Since the method we use
to obtain nanoparticles is quite original [21], and, as we know, the particles of
the studied composition were obtained for the first time, detailed studies of their
physical and chemical properties, as well as the mechanisms of biological action,
provide the subject for our future research.

Bivalve molluscs are convenient model objects to study the effect of nano-
particles, as they lead an attached mode of life and are filter-feeding organisms
[22]. The functional state of molluscs is assessed by morphological and physiologi-
cal parameters of hemolymph cells, hemocytes, which, in turn, are cellular im-
munity effectors [23]. The cellular immune response is based on the production of
reactive oxygen species (ROS) by hemocytes, phagocytosis and encapsulation of
foreign substances [24, 25]. Mollusc hemocytes react to the action of stimuli with
arespiratory burst, which represents a sharp increase in the production of ROS
by cells that cause oxidative stress in pathogenic organisms [26]. Hemocytes are
a generally accepted model to assess the physiological state of molluscs [6].

Studying the toxicity of new paint components based on nanoparticles, deter-
mining acceptable concentration ranges, and understanding the effect of nanopar-
ticles on immune system effectors form a relevant objective. In connection with
the above, the purpose of this work is to evaluate the toxic effect of ZnO-ZnFe,0,
nanoparticles on the functional parameters of hemocytes of the hemolymph of
the bivalve mollusc Mytilus galloprovincialis.

Materials and Methods

Mature, four years old mussels (M. galloprovincialis) weighing 12.9 + 2.3 g,
57.8 £ 1.8 mm in size, were selected in the amount of 210 pieces in the Sevastopol
coastal area (water temperature 15-20 °C, salinity 17-18 PSU, oxygen content 7.2—
8.5 mg/L). The mussels were delivered to the laboratory in plastic containers
with no water. The molluscs were acclimated to laboratory conditions in aquaria
with a stocking density of 3—5 L per individual for 7 days. The conditions close
to the point of material collection were maintained in the aquaria: temperature
23.3 £ 0.1 °C; salinity 18.2 + 0.02 PSU; pH 8.1 £ 0.01; oxygen ontent 7.7 + 0.1 mg/L.
The oxygen content and water temperature were monitored using a portable oxy-
gen meter with a temperature sensor S7300D (Ohaus, USA). Salinity and pH were
controlled using a portable conductometer-salinometer senslON 5 HACH (USA)
and pH-meter ST2100-F (Ohaus, USA). Throughout the experiment, including the
period of acclimation to laboratory conditions, the water was changed daily to
remove metabolites while maintaining the salinity value. The molluscs were fed
with a mixture of microalgae Tetraselmis viridis (strain IBSS-25 from the
collection of the IBSS FRC Department of Biotechnology and Phytoresources)

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2023 127



at a rate of 5-10 mL of the mixture for every 50 L of aquarium water. After accli-
mation, the hydrobionts were divided into 7 groups of 30 individuals in each group
(one control group, three groups with incubation for 1 hour (groups 1.1, 1.2, and 1.3),
three groups with incubation for 2 hours (groups 2.1, 2.2, and 2.3).

The effect of nanoparticles on mollusk hemocytes was studied under in vitro
conditions. For this purpose, hemolymph was taken with a sterile syringe from
the adductor muscle of 10 individuals and combined into one sample. To obtain
hemocytes, the composite sample was washed three times in sterile sea water
by centrifugation (500 g, 5 min). The pellet was used for further analysis. All work
on washing and preparing cells for analysis was carried out at +4 °C to prevent cell
adhesion.

In the experiment, the cells were incubated in 1 mL of sterile sea water con-
taining nanoparticles. Each sample contained 1-10° cells/mL. Different concentra-
tions of bimetallic ZnO-ZnFe,O, nanoparticles synthesized under the Russian
Science Foundation project were used: 0.03 (the concentration is 10 times lower
than the active one), 0.3 (the active concentration of the developed antifouling mix-
ture) and 3 (the concentration is 10 times higher than the active one) mg/mL. Cells
were incubated in a thermoshaker with cooling for microtubes (Biosan TS-100C)
at +4 °C and 1,000 rpm. One part of the hemocyte samples in the range of the stu-
died concentrations of nanoparticles (groups 1.1 (the concentration of nanoparticles
in the sample is 0.03 mg/mL), 1.2 (0.3 mg/mL), and 1.3 (0.03 mg/mL)) was incu-
bated for 1 h, the other one (groups 2.1 (the concentration of nanoparticles
in the sample is 0.03 mg/mL), 2.2 (0.3 mg/mL), and 2.3 (0.03 mg/mL)) — for 2 h.
A sample of hemocytes in sea water without nanoparticles served as a control.
After incubation, the cells of the experimental samples were washed from nanopar-
ticles in sterile sea water by centrifugation (500 g, 5 min).

Analysis of the functional parameters of hemocytes was carried out on a flow
cytometer Cytomics FC 500 (Beckman Coulter, USA), equipped with a single-
phase argon laser (wavelength 488 nm). For analysis by flowing cytometry, a sus-
pension was prepared with a concentration of hemocytes (1-2)-10° cells per 1 mL.

To identify the types of hemocytes, the prepared suspension of hemolymph
cells was stained with the dye SYBR Green I (SGI). The final concentration of SGI
in the sample makes 10 pumol/L. Stained cells were incubated for 40 min
in the dark at +4 °C. The content of DNA in hemocytes was analyzed on the basis
of histograms of the dye fluorescence distribution in channel FL1 using the pro-
gram Flowing Software 5.2. The abscissa axis on the histogram of the dye fluores-
cence distribution displayed the DNA content in the cells, and the ordinate axis —
the number of cells.

The ability of hemocytes to spontaneous production of ROS was evaluated
based on the assessment of the fluorescence intensity of the 2-7-dichloro-
fluorescein-diacetate (DCF-DA) dye. Then, 1 mL of hemocyte suspensions were
incubated with 10 pl of DCF-DA solution for 40 min in the dark. The final dye
concentration in the sample made 10 pmol/L. The dye fluorescence was analyzed
in channel FL1.
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Hemocyte survivorship rate was determined using propidium iodide (PI), a
fluorescent dye for nucleic acids. 10 pl of PI solution (Sigma Aldrich) was added
to 1 mL of hemocyte suspension and incubated in the dark for 40 min at 4 °C.
The proportion of dead cells in the total number of hemocytes was estimated from
PI fluorescence histograms in channel FL2 of the cytometer.

When processing the results, the normality of the distribution was controlled
using the Kolmogorov—Smirnov test. Differences among the groups were analyzed
using RStudio software version 4.1.0.

The distribution of functional parameters of hemocytes did not obey the nor-
mal distribution law, so the data were analyzed using the nonparametric Mann—
Whitney test. The results are expressed as mean + standard error of the mean.

Results

Significant differences between the control (hemocyte sample in sea water
without nanoparticles) and experimental (hemocyte samples with different concen-
trations of nanoparticles and incubation time (groups 1.1, 1.2, 1.3, 2.1, 2.2 and 2.3)
groups of hemocytes in terms of the number of dead cells were not detected,
although there was a tendency to-
wards an increase in their number as
a result of exposure to nanoparticles
(Fig. 1).

Since the dye enters the cells
through the damaged membrane,
the absence of data on the diagram
at the maximum concentration
(3 mg/mL) indicates that the hemo-
lymph cells were destroyed and died
right after the first hour of exposure
and were removed by other hemo-
cytes through phagocytosis.

Fig. 2 and 3 show the effect of
nanoparticles on the size and granu-
larity of mussel hemolymph cells.
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Fig. 1. Effect of ZnO-ZnFe,O, nano-
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particles on the mortality of Mediterra-
nean mussel (M. galloprovincialis) he-
mocytes. K — control; 1.1 — incubation 1 h,
concentration 0.03 mg/mL; 1.2 — incuba-
tion 1 h, concentration 0.3 mg/mL; 1.3 —
incubation 1 h, concentration 3 mg/mL;
2.1 — incubation 2 h, concentration
0.03 mg/mL; 2.2 — incubation 2 h, con-
centration 0.3 mg /mL; 2.3 — incubation
2 h, concentration 3 mg/mL

No significant differences revealed
among the groups may indicate that
the nanoparticles present in the sam-
ples did not have any significant
effect on the size and granularity
of hemocytes. However, there was
a tendency towards a decrease
in the size of agranulocytes with
an increase in the concentration of
nanoparticles.
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Fig. 2. Effect of ZnO-ZnFe,0, nanoparticles on the relative size of hemocytes
of Mediterranean mussel (M. galloprovincialis): a — that of agranulocytes;
b — that of granulocytes. For the other nomenclatures see Fig. 1
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Fig. 3. The effect of ZnO-ZnFe,0, nanoparticles on the relative granularity of
Mediterranean mussel (M. galloprovincialis) hemocytes: a — that of agranulo-
cytes; b — that of granulocytes. For the other nomenclatures see Fig. 1
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As a result of the incubation of hemocytes with nanoparticles, there were slight
changes in the level of relative granularity of hemocytes: the values of lateral scat-
tering in agranulocytes increased with an increase in the concentration of nanopar-
ticles, while in granulocytes, on the contrary, there was a tendency to an increase
in the level of the cytoplasm granularity depending on the concentration (Fig. 3).
At the same time, changes in the values of side scattering between the control and
experimental groups were not significant.

Nanoparticles affected the spontaneous production of ROS by hemolymph
cells significantly. The fluorescence intensity of agranulocytes and granulocytes
stained with DCF-DA fluorescent dye decreased depending on the concentration of
nanoparticles in the medium (Fig. 4). The production of ROS by agranulocytes
decreased by 2.5 times from 182.3 + 69.7 relative fluorescence units (RFU)
in the control sample to 72.1 + 28.2 RFU in a sample with an hourly incubation
containing nanoparticles with the concentration of 0.03 mg/mL (p < 0.05).
An increase in the production of ROS was observed only during a two-hour incu-
bation when both populations of cells were exposed to nanoparticles with the con-
centration of 0.3 mg/mL. Nevertheless, the changes were statistically insignificant.

Discussion

The results of the work indicate that the active concentration of nanoparticles
(0.3 mg/mL) did not have any significant effect on the hemocytes of the Mediterra-
nean mussel M. galloprovincialis. No significant differences in the functional pa-
rameters of cells were revealed between the control and experimental groups.
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Fig. 4. The effect of ZnO-ZnFe,0, nanoparticles on DCF-DA fluorescence
intensity of the Mediterranean mussel (M. galloprovincialis) hemocytes:
a — in agranulocytes, relative fluorescent units, RFU; b — in granulocytes, RFU.
For the other nomenclatures see Fig. 1
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There was a tendency towards an increase in the proportion of granulocytes and
a decrease in the proportion of agranulocytes. A slight increase in cell size and gra-
nularity was also observed. The concentration of nanoparticles 10 times lower
than the active one (0.03 mg/mL) also had no significant effect on the functional
parameters of mussel hemocytes. At the same time, exposure to nanoparticles dur-
ing one-hour incubation reduced the level of the production of ROS by 2.5 times
compared to the control sample. Incubation of hemocytes with a concentration of
nanoparticles 10 times higher than the active one (3 mg/mL) led to cell death
as early as 1 h after exposure.

It is known that hemocytes of bivalve molluscs play an important functional
role in the organism, being responsible for cell-mediated immunity through phago-
cytosis and production of cytotoxic molecules of various nature [23]. During
the incubation of hemocytes with nanoparticles, there was a tendency to increase
the size and degree of granularity of hemocytes, which may indicate active phago-
cytosis of nanoparticles. In this case, the formation of phagosomes with nanopar-
ticles led to an increase in the heterogeneity of the content of the hemocyte cytop-
lasm and, as a consequence, to an increase in the lateral scattering index. Changes
in the shape of cells containing different amounts of nanoparticles also affected
the amount of sample direct scattering. Intense absorption of nanoparticles by he-
mocytes is likely to be able to reduce the overall phagocytic capacity of hemocytes,
which can lead to the weakening of the innate immune system of bivalves [27].
Similarly to our results, the effect of Ag and TiO, nanoparticles on the hemolymph
of the oyster Crassostrea virginica also led to a decrease in cell phagocytosis
after 2 h of exposure [28].

An increase in the concentration of nanoparticles in the one-hour incubation
group led to a decrease in the production of ROS, while in the two-hour group,
on the contrary, it induced the production of ROS (Fig. 4). Since nanoparticles are
able to independently generate ROS, an increase in ROS content in cells should
be considered as the development of oxidative stress in hemocytes [29, 30].
It is also known that nanoparticles taken up by hemocytes can affect immune func-
tions such as phagocytosis and production of ROS [31]. At the same time, it was
revealed that phagocytosis of foreign particles causes an increase in the production
of ROS [32]. Mitochondria are the main source of ROS [33]. The production of
ROS by hemocytes is an important protective function of the innate immunity of
bivalves. Once inside the cell, nanoparticles can depolarize the mitochondrial
membrane and disrupt its functions [29]. In response to this exposure, mitochon-
dria increase the production of ROS, causing oxidative stress [34]. As it is known,
phagocytosis is an energy-consuming process, and this can also be the cause of
ROS generation [35]. Previously, a study of the effect of carbon soot nanopar-
ticles on hemocytes of the mussel M. galloprovincialis under in vitro conditions
for 0.5-4 h (1-10 pg/mL) also showed an increase in the production of ROS
in the cell [23]. On the contrary, in another study by the same researcher devoted
to the effect of TiO, and SiO, nanoparticles on the mussel hemocytes, no signifi-
cant toxic effect on the cell was revealed [36]. When mussel hemocytes were ex-
posed to TiO, nanoparticles, a significant increase in the production of ROS
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and a decrease in the membrane potential of mitochondria, which were observed
when exposed to maximum concentrations, were noted [35].

Conclusion

Thus, it can be concluded that the toxicity of nanoparticles mainly depended
on their concentration and time of exposure. The results showed that an acute toxic
effect occurred with a concentration of 3 mg/mL, at which cell death took place
within an hour of incubation. In groups 1.1, 1.2 and 1.3 with hourly incubation,
a decrease in the production of ROS was observed, and in groups 2.1, 2.2 and 2.3
with two-hour incubation, on the contrary, it increased, which may indicate
the mechanisms of cell adaptation to stress. No specific cell response was observed
when exposed to nanoparticles with concentrations of 0.03 and 0.3 mg/mL, which
makes it possible to use such concentrations in the aquatic environment.
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