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Abstract—The entrance of Pt marker nanoparticles (NPs) into the hydrosphere leads to association with uni-
cellular algae Chlorella (the bioaccumulation factor reaches 10000). There is a significant elimination time
(¢, =7 days) even with single contamination of the hydrosphere. Pt NPs, entering the hydrosphere, accu-
mulate in the organism Daphnia magna Straus in large numbers (bioaccumulation factor of 1000—2000),
starting from the first day, which can be dangerous for consumers of a higher trophic level. The accumulation
of NPs occurs both in the digestive tract and on the surface of the body (7, = 3 h). The accumulation of NPs
during transmission through the food chain with chlorella contaminated with nanoparticles exceeds accumu-
lation from the environment by 4 times, which is associated with the preliminary accumulation of NPs by
food (chlorella) and absorption by Daphnia of NPs in a concentrated form. NPs accumulate in fish from the
environment (bioaccumulation factor of up to 2500) and along the food chain (bioaccumulation factor of up
to 350). Purification from NPs during accumulation along the food chain occurs much more slowly than in
the series with the accumulation of NPs from the environment. When using fish products contaminated with

NPs, such organs and tissues as skin, muscles and skeleton are of greatest risk.

DOI: 10.1134/82635167622020148

INTRODUCTION

Currently, due to the numerous ways of releasing
nanomaterials into the environment, their impact on
ecosystems and human health is growing [1—3]. It has
been established that in addition to the toxic effect on
bacteria [4—6], lower and higher plants [7—9], some
nanoparticles (NPs) based on metals and the metal
ions released from them can be adsorbed in aquatic
organisms and transferred through the food chains of
the aquatic ecosystem. Adsorption, which signifi-
cantly depends on the surface properties of NPs, is the
first and most important step in the interaction
between NPs and aquatic-animal species. After
adsorption, NPs can accumulate on the cell surface or
pass into the intracellular medium by diffusion or
endocytosis [10—12].

NP adsorption induces cell-wall damage and
causes severe acute toxicity in freshwater and marine
algae: Raphidocelis subcapitata, Phaeodactylum tricor-
nutum, Chlorella sp., Dunaliella tertiolecta [13, 14].
The attachment of NPs (NP TiO,, Al,O;, multi-
walled carbon nanotubes) to the outer surface
of Daphnia magna, Ceriodaphnia dubia, Artemia
salina, and Danio rerio is observed during the first 48 h
from the onset of exposure and accumulation in the
intestine, lipid vesicles, phagocytes, followed by a
decrease in their content occurs after 48 h of expo-
sure [15—17]. The concentration in Daphnia magna

increased with increasing concentration of TiO,
NPs in the environment [18]. The rate of removal of
Ag NPs in Daphnia is much lower than that of Ag ions,
which indicates the slower elimination of Ag NPs
[19]. When Ceriodaphnia dubia were exposed for 6 h to
dispersed media with different concentrations (1—
50 mg/L) of Fe,O; NPs, the maximum accumulation
of NPs was observed at a concentration of 20 mg/L
[20]. When nekton organisms, such as fish Danio rerio,
are exposed to dispersed systems of TiO, NPs with
concentrations of 0.1 and 1.0 mg/L, they can bioaccu-
mulate NPswith a bioaccumulation coefficient (BAC) of
25.38 and 181.38, respectively [21]. However, after
25 days of carp (Cyprinus carpio) exposure to dispersed
systems of TiO, NPs with concentrations of 3 and
10 mg/L, the concentration dependence of the BAC
was not so pronounced, and it was equal to 675 and
595, respectively [22].

Upon accumulation in certain species of phyto-
plankton and zooplankton, NPs are transferred along
the food chain, which leads to significant biomagnifi-
cation: the transfer of quantum dots from algae has
been verified (Pseudokirchneriella subcapitata) to zoo-
plankton (Ceriodaphnia dubia) after their treatment by
algae [23]; CdSe quantum dots accumulating in bacte-
ria (Pseudomonas aeruginosa) are transferred to Tetra-
hymena thermophila [24]; a high content of Au NPs in
species of the primary trophic level of the food chain
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leads to a high content of Au in the primary
consumer Daphnia magna [21]; the use of contami-
nated Artemia salina as food for goldfish (Carassius
auratus) led to the accumulation of CuO and ZnO
NPs in the intestines, gills, and liver [25]. Along with
this, the negative biomagnification of TiO, NPs was
revealed in a simplified food chain due to the depura-
tion of TiO, NPs from contaminated feed [21]. In
addition, the three-level trophic transfer of quantum
dots along the aquatic food chain has been demon-
strated [26]. The ingestion of food contaminated with
NPs may represent their main route through the food
web [21—26], which is a potential route for NPs to
enter the human food chain.

Thus, NPs can accumulate in aquatic organisms
and be transported to various trophic levels, including
algae, fish, and benthic animals. However, there are
still some conflicting results regarding the biomagnifi-
cation of NPs in the aquatic environment that require
further study.

EXPERIMENTAL

Pt NPs in the form of an aqueous colloidal solution
with a concentration of 50 mg/dm? were obtained at
the Laboratory of New Materials and Advanced Tech-
nologies, Siberian Institute of Physics and Technology
of Tomsk State University. The colloidal solutions of
NPs were obtained by laser ablation in distilled water
from metal ingots high purity [27]. To determine the
average NP size, a Zetasizer Nano ZS (USA) analyzer
and Phillips CM-12 (France) transmission electron
microscope were used. The specific surface area was
measured by the BET method (Brunauer-Emmett-
Teller method) (TriStar 3000, USA). To determine the
concentration of the ionic fraction in the suspension,
a SOLAAR S2 atomic absorption spectroscope (USA)
was used. The concentration of the Pt element in the
samples of biological objects was determined by
inductively coupled plasma mass spectrometry (Elan
DRC-e spectrometer, USA). The optical density of
the algal-cell suspension was determined with an IPS-3
suspension density meter (Europolitest, Russia).

The tested disperse systems (DS) of Pt NPs were
created according to the method developed by us by
diluting the initial colloidal solution with a concentra-
tion of 50.0-mg/dm? cultivation medium and subse-
quent ultrasonic redispersion (ultrasonic power
30 W/L) for 5 min [2]. The cultivation medium for
algae was 10% Tamiya medium; for Daphnia magna
and Cyprinus carpio, it was drinking water, aerated, in
accordance with regulatory documents [28]. Based on
previous studies of the stability and toxicity of DS [29],
a Pt NP concentration of 1.0 mg/dm? was chosen for
the work.

The test organisms Chlorella vulgaris Beijer and
Daphnia magna Straus were purchased from LLC
Europolitest (Russia). Cyprinus carpio (weight 3—5 g,
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one litter) juveniles were provided by LLC Tomsk sci-
entific and production fish-breeding complex (Rus-
sia). The conditions of caring for the test organisms
before and during the experiment met the require-
ments of standard bioassay procedures: photoperiod
of 12/12, pH 7.0—8.2, and an O, content of 26 mg/L
[30]. 10% of the cultivation medium was replenished
daily.

The accumulation studies included two phases:
accumulation and purification. The samples for quan-
titative determination of the Pt concentration in the
test organisms were taken in the accumulation phase
for chlorella at the end of days 1, 2, 3, 4, 5, 10, and 20
of cultivation; for Daphnia, at the end of days 1, 5, 10,
20, and 28; and for the fish, at the end of 1, 5, 10,
20 days. In the purification phase, they were taken at
the end of days 1 and 7 after transfer to a medium free
of NPs.

The chlorella suspension was concentrated by
threefold separation with washing with the cultivation
medium and final centrifugation for 15 min at
1600 rpm. The precipitate was dried on filter paper.
Samples with a fresh weight of ~1 g were submitted for
analysis. A total of 33 samples.

Daphnia crustaceans were collected using a sieve,
rinsed from above with cultivation water and dried on
a gauze napkin for 5 min, after which they were col-
lected in a test tube and weighed. Samples with a wet
weight of ~1 g were submitted for analysis. There was
a total of 42 samples.

After being caught, the juvenile fish were anesthe-
tized with tricaine solution and decapitated. To assess
the integral accumulation, homogenization was per-
formed. To assess the accumulation in fish organs, a
tissue homogenate was dissected and prepared. Sam-
ples with a fresh weight of ~1 g were submitted for
analysis. There was a total of 55 samples.

At the same time, studies were carried out using the
same scheme with a cultivation medium free of NPs.

Statistical processing of the obtained data was car-
ried out in the programs Statistica 10 and Excel 2010.

RESULTS AND DISCUSSION

The results presented in the work refer to a part of
the process of the translocation of nanomaterials in
the environment, i.e., translocation in the food chain
of aquatic organisms (Fig. 1).

The marker NPs used in the study were character-
ized by the following indicators: average LF size of
Aso = 5 nm, specific surface area of S, = 15 m?/g, and
the concentration of the ionic fraction in the suspen-
sion did not exceed 0.2%.

Accumulation of Pt NPs by chlorella. The question
of the dispersity of accumulated particles was not con-
sidered, since many publications show the accumula-
tion of NPs, in particular, in various biological objects
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Fig. 1. Scheme of the study of the translocation of NPs in the environment.
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Fig. 2. Content of Pt in the chlorella fraction according to ICP-MS data (a) and the dynamics of the optical density of the algae
suspension Chlorella during cultivation in the control (/) and experimental environment (2) (b).

[23—25]. In the work performed, the accumulation of
Pt in the form of NPs is evidenced by both its low sol-
ubility and, accordingly, the practical absence of the
ionic form, and accumulation in muscle and skeletal
tissues even when it enters through the gastrointestinal
tract.

When cultivating unicellular algae Chlorella in a
dispersed system of Pt NPs, the concentration of the
Pt element increased to 570 + 96 ug/g after 24 h
(Fig. 2a). As the exposure time increased, the Pt con-
centration in chlorella decreased and after 20 days was
106 £ 18 ug/g.

One of the most important parameters for assessing
the accumulation of NPs by aquatic organisms from
the environment is the bioaccumulation factor (BAF),

NANOBIOTECHNOLOGY REPORTS

which reflects the ratio of the concentration of the
substance in the test organism to the concentration of
the substance in the cultivation medium of the test
organism [31, 32] and is calculated by the formula:
BAF = C,,/C,, where C, is the concentration of a
chemical element in chlorella and C,, is the concentra-
tion of a chemical element in the cultivation medium.

Taking into account the initial concentration of Pt
NPs equal to 1 mg/L (1 pug/mL), one would expect a
BAC range from 100 to 600; however, in reality, a
number of processes occur that significantly change
this indicator.

The contact of NPs with the aquatic environment
when they enter the ecosystem leads to a complex
No. 2
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chain of physical-chemical rearrangements of the DS
structure, one of the most important links of which is
aggregation followed by the sedimentation or flotation
elimination of NPs from the habitat of aquatic organ-
isms into bottom sediments or onto the surface of
water bodies. The processes of NP elimination, along
with the concentration parameters, are determined by
a number of factors: the electrolyte composition of the
medium, temperature, pH of the medium, particle
charge, degree of aeration, etc. [33].

In addition, the processes of the uptake of NPs by
chlorella cells during the first 24 h of cultivation (the
concentration in the medium decreases from 1.0 to
0.005 mg/L) make a significant contribution. The
subsequent addition of NP suspensions to the test sys-
tem cannot fully compensate for this change.

It is extremely difficult to estimate the stability of
DS by the calculation method, especially when its
polyelectrolyte composition is typical for natural
aquatic environments. Due to the instability of the dis-
persed system of Pt NPs, according to the principles of
the globally agreed system of hazard classification and
labeling of chemicals [34], when determining the
BAC, it is necessary to carry out calculations taking
into account the effective concentration of the pollut-
ant in the medium, which is calculated as the geomet-
ric mean of the initial and final concentrations of NPs
for the exposure period.

However, studies [29] showed that calculation of
the effective concentration by the formula C¢ =(C" x
CfM172 where C'™ and C'™ are the initial and final
concentrations, respectively, are possible only with the
single introduction of NPs. In the case of the repeated
introduction of NPs in the concentration C™" (intro-
duction at higher concentrations is unacceptable,
since short-term effects of increased concentrations

on test organisms are possible) in the first days C/ =
(CnCin(g=24Ke))1/2 = (Cing=12Ke The elimination coeffi-
cient (K,) is the coefficient of the exponential-approx-
imation equation C, = Cye %’ of the graph of a
decrease in the concentration of suspended NPs
during settling, where C,, is the initial concentration of
NPs, and ¢ is the exposure time in hours. This indica-
tor, which characterizes the stability of DS, the effec-
tive concentration of the effect of dispersed NPs, and
the possible time of their effect on the test organism,
must be determined experimentally. According to
[29], this value for the used disperse systems of Pt NPs
1.0 mg/L is: in the cultivation medium for chlorella,
0.0144 h~'; in the cultivation medium for Daphnia,
0.0201 h7!; and in the cultivation medium for fish,
0.0261 h—'.

For subsequent i = (n — 1) day C" = ((C,-ﬁ_'} + Cin x

K.,)C/™)'2, where C"} is the final concentration in
the previous days, K., is the coefficient of replace-
ment of the cultivation medium in fractions of the vol-
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ume. Then the average concentration for the period
n > 1 day can be calculated using the formula

sz[d%”“[FwE
i=2

An alternative is multiple (during each day) sam-
pling of the culture, their purification from test organ-
isms, measurement of the NP concentrations in the
medium by the method of mass spectrometry and
integration of the obtained values. However, this leads
both to a violation of the cultivation conditions and to
a significant increase in the cost of obtaining results.

Another important source of error in determining
the BAF is the growth of chlorella during exposure. At
low amounts of NPs introduced into the medium,
algal cells of subsequent generations are “diluters” that
do not associate NPs in the same amounts as the cells
of the first generation. Thus, it is necessary to take into
account the growth rate of chlorella and correct both
the determined concentration of NPs adsorbed by
chlorella and the BAF value.

Figure 2b shows the growth dynamics of chlorella
determined by the standard method for measuring the
absorbance of a suspension [35].

It is clearly seen that the duration of the exponen-
tial growth phase is three days. In this phase of expo-
nential growth of a culture in the control medium, the
coefficient of average specific growth u = InC/¢
amounted to 0.71. When cultivating Chlorella vulgaris
Beijer in the dispersion medium of Pt NPs, the aver-
age specific-growth coefficient increases to u = 1.04,
which indicates the stimulating effect of Pt NPs in the
exponential growth phase.

Based on the obtained data and by applying the
specified correction, it is possible to calculate the
main indicators of bioaccumulation: k,, is the coeffi-
cient of the rate of purification of test organisms after
transfer to an environment free of NPs, and 7, , is the
“half-purification” time, i.e., the period during which
the concentration of associated NPs decreases by
2 times:

1
1V
+C" K )C"Y J :

_ ln(Cchl,tl/ Cchl,tz) In2

“ t2 - tl ’ kcl .

The results obtained after 1 and 7 days of washing
show that the purification process slows down over
time. On the first day k, = 0.16/day, f, , = 4.2 days, in
the interval 1-7 days k., = 0.10/day, #,, = 7.0 days.
This may be due to the rapid initial purification of the
culture from NPs that are weakly bound to the cell
surface.

The coefficient of the NP accumulation rate (k,,) is
calculated by the formula

12 =

— Cchl kcl .
C,(1—e™")

up
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Since C,,; and C,, change during the accumulation
phase, the values of the coefficient are also not con-
stant (Table 1).

The kinetic bioaccumulation factor (BAF,) is cal-
culated by the formula

k
BAF, = -,

cl

The difference in the BAF values should be noted.
The maximum value of BAF is 9400 = 1800, while
BAF, on the second day of exposure reaches a value of
31000 % 5800. This fact may reflect the potential abil-
ity of the chlorella culture to accumulate a significant
amount of NPs. The implementation of this possibil-
ity is limited by a decrease in the passive sorption of
NPs due to the saturation of binding loci, a slowdown
in the growth of chlorella beyond the exponential
growth phase, and, possibly, a limited number of NPs
that can exist in the free state for a long time under
natural conditions. At the same time, the high level of
accumulation of Pt NPs already on the first day of
exposure indicates the great significance of this pro-
cess in the possible transfer of NPs along the food
chain.

Accumulation of Pt NPs by Daphnia from the cultiva-
tion medium. In this and subsequent series of experi-
ments, the Pt content was measured under control
conditions without the introduction of NPs. In all
cases, the concentration of Pt recorded in the test
organisms did not exceed the value 0.0002 =
0.0004 ug/g of weight.

Upon incubation in a medium containing Pt NPs,
the concentration of the Pt element in Daphnia crus-
taceans increased to the maximum after 5 days to
1680 £ 96 ug/g. On subsequent days, the concentra-
tion decreased to 860 * 45 ug/g after 28 days (Fig. 3a).
The decrease in the Pt concentration in Daphnia crus-
taceans from days 10 to 28 of exposure is partly due to
its loss during two or three molts that occurred during
this time, with excretion through the digestive tract,
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Table 1. Value of the accumulation coefficient (k,,), kinetic
(BAF,) and static (BAF) bioaccumulation factors of Pt NPs
in the test system Chlorella

Exposure, days kyp BAF, BAF
1 750 £ 140 | 7000 = 1300 | 710 + 140
2 3300 £ 620 | 31000 £ 5800 | 5900 + 1100
3 1900 £ 360 | 18000 %+ 3300 | 4800 = 920
4 2400 £ 450 | 22000 %+ 4200 | 7700 £+ 1500
5 1000 + 200 | 9500 % 1800 | 4000 £ 750
10 1500 &+ 290 | 14000 % 2700 | 9400 % 1800
20 31060 | 2900 £ 560 | 2600 %+ 490

and with the birth of juveniles, which were not sent for
analysis.

The results obtained after one day of washing show
that the purification of Daphnia from accumulated Pt
NPs is very fast: k, = 5.2/day (0.2/h), t, , = 0.13 days
(3.2 h).

This indicates the accumulation of NPs on the sur-
face of the body and in the digestive tract of Daphnia
and their fairly rapid washing out upon the transition
to a medium free of NPs. In addition, there is the fac-
tor of the adhesion of NPs to the exoskeleton,
described in [36] for TiO, NPs. This can be confirmed
by the overall balance of accumulated Pt per day of
incubation: with a Daphnia weight of ~50 mg and fil-
tration up to 10 dm? liquids per day of 1 g of Daphnia
from a medium with a concentration of 1 mg/dm? can
absorb no more than 200 ug of Pt. Exceeding this
value indicates the process of adhesion.

The main indicators of bioaccumulation are also
not constant and depend on the duration of exposure
(Table 2).

Thus, NPs entering the hydrosphere accumulate in
the bodies of Daphnia magna in large quantities
already on the first day after entering the habitat and
reach a maximum concentration within one week.
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Fig. 3. Content of Pt in the test organism Daphnia magna Straus during cultivation in a dispersed system of Pt NPs with a con-

centration of 1.0 mg/L (a) and when fed with food (b).
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Table 2. Value of the accumulation coefficient (k,,), kinetic
(BAF,) and static (BAF) bioaccumulation factors from Pt
NPs in Daphnia magna test organisms

Exposure, days kyp BAF, BAF
1 12000 =920 | 940 £ 170 | 840 % 160
5 5700 % 2300 | 2300 £ 420 | 2000 + 380
10 2300 % 1100 | 1100 £ 200 | 1000 £ 200
20 7000 £ 1300 | 1300 &+ 240 | 1200 £+ 230
28 5600 £ 1100 | 1100 £ 190 | 960 £ 180

The amount of accumulated NPs (approximately
2000 times concentrated) may pose a danger to con-
sumers of a higher trophic level, and such accumula-
tion should be taken into account when assessing the
possible impact of objects of the nanoindustry on the
adjacent area.

Accumulation of Pt NPs by Daphnia feeding on con-
taminated algae. In this experiment, a suspension of
chlorella grown over 24-h cultivation in a dispersed
system of Pt NPs with a concentration of 1.0 mg/dm?
was used as food for Daphnia. After washing off
Tamiya medium and free NPs (as indicated above),
the chlorella concentrate was diluted with cultivation
water to an optical density of 0.300 units, which corre-
sponds to 1.7 X 107 cells/mL suspension. The expo-
sure of Daphnia was carried out in 2-L containers at a
rate of 1 L of cultivation medium per 25 Daphnia.
20 mL of feed suspension was added per liter.

Based on the average chlorella-cell diameter of
2.5 um, the indicated number of cells per milliliter of
suspension, and the Pt concentration of 600 pg/g of
chlorella, ~1.6 pg of Pt per liter of cultivation medium
was introduced into the test system at a single feeding
(1.6 x 102 g/g medium).

24 h after the intake of NPs in the form of food with
contaminated algae, the Pt concentration in the body
of Daphnia was 5.44 £ 0.91 ug/g and increased to
12.83 *+ 2.16 ug/g after 5 days of feeding (Fig. 3b).
Thus, on the first day, the BAF amounted to 3400,
which exceeds bioconcentration from the environ-
ment.

The purification-rate coefficient is k£, = 0.7/day
(0.03/h), 1, , = 1 day, which is significantly less than

207

when entering directly from the environment. This
indicates the possible transition of NPs from the gas-
trointestinal tract (GI tract) to tissue and difficult
cleansing after transfer to an intact environment.

The main indicators of bioaccumulation depend-
ing on the duration of exposure are given in Table 3.

The data obtained are consistent with the biocon-
centration data presented in [22]. Thus, for Au NPs
with a diameter of 4 and 18 nm, accumulation was
shown for four days with a BAF of 6641 and 10207
[37]. However, the calculations given here for bioaccu-
mulation from contaminated algae Selenastrum capri-
cornutum do not stand up to criticism without taking
into account the amount of NPs introduced with the
algae.

We note the complexity of modeling these pro-
cesses as applied to NPs. Under incubation condi-
tions, several processes take place simultaneously:

—the consumption of NP-contaminated Chlorella
cells by Daphnia, determined by the coefficient of tro-
phic activity;

—transition of a part of the NPs into Daphnia tis-
sues (active and passive);

—ejection from the body of Daphnia of a part of
NPs with waste products (k,);

—decrease in the specific concentration of NPs in
the biomass of Daphnia, associated with dilution of the
growing biomass (k,).

In addition, the processes of the purification of
chlorella cells from NPs, determined by . chlorella,
and the transition of NPs into the cultivation medium
with subsequent aggregation-sedimentation elimina-
tion proceed. This creates significant difficulties for
modeling and suggests (as the optimal one) the way of
direct measurement of these quantities to assess the
potential risks of NPs entering the environment.

Accumulation of Pt NPs by fish from the cultivation
medium. The experiment on BAF estimation in juve-
niles of Carpio was carried out according to the stan-
dard procedure [31]. After 24 h of incubation in the
experimental medium containing Pt 5 nm in size at a
concentration of 1 mg/L, the concentration of the Pt
element in the fish body increased insignificantly, up
t0 0.7 £ 0.1 pug/g. The maximum increase in the con-
centration was observed after 10 days: up to 51.7 *+

Table 3. Values of the bioaccumulation parameters of Daphnia NPs Pt 5 nm from the cultivation medium (av) and along
the food chain (fc) from chlorella contaminated with nanoparticles

Exposure, days Kyp av Kyp te BAF,, BAFg
12000 =+ 920 15000 =+ 1200 840 + 160 3600 =+ 600
5 5700 =+ 2300 18000 * 1500 2000 =+ 380 8000 =+ 1300
10 2300 + 1100 7000 =+ 930 1000 + 200 4600 + 760
20 7000 =+ 1300 1900 + 650 1200 + 230 420 + 120
28 5600 + 1100 6600 + 970 960 =+ 180 1900 =+ 530
NANOBIOTECHNOLOGY REPORTS ~ Vol. 17 No.2 2022
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Fig. 5. Distribution of Pt over organs and tissues in the test organism Cyprinus carpio.

10.0 ug/g (Fig. 4a). The subsequent decrease in the
concentration to 18.8 + 3.2 ug/g may be associated
with the activation of protective mechanisms that pre-
vent the accumulation of heavy metals.

The effective average daily concentration was cal-
culated for each period, taking into account daily
replenishment of the solution by 10% and a complete
change in the solution once every 10 days. Simultane-
ously with each sampling of Carpio the analysis of
samples of the cultivation water was carried out. Based
on the obtained data, the purification rate was k,; =

5/day (0.1/h), t, , = 0.3 days (6.73 h).

The purification of Carpio from the accumulated
LF passes very quickly. Possibly, the predominant
accumulation of NPs occurs on the skin and in the
digestive tract of Carpio, and in the phase of purifica-

NANOBIOTECHNOLOGY REPORTS

tion, they are rather quickly washed away upon transi-
tion to a medium free from NPs. This assumption is
confirmed by the results of analysis of accumulation in
the organs and tissues of Carpio (Fig. 5).

The main indicators of bioaccumulation depend-
ing on the duration of exposure are given in Table 4.

Accumulation of Pt NPs by fish feeding on contami-
nated Daphnia. In the used contamination model of
Carpio according to the food chain, the source of NPs
was Daphnia aged 4—6 days after 24-h cultivation in a
dispersed system of Pt NPs. The concentration of
Daphnia-associated NPs was 3063 £ 582 ug/g.

Carpio. The NPs were kept in cultivation water at a
rate of 3 L of water per 1 g of wet weight of fish. Every
day, 10% of the cultivation water was replaced with
fresh water. Feeding was carried out in the volume of
No. 2
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Table 4. Value of the accumulation coefficient (k,,), kinetic
(BAF,) and static (BAF) bioaccumulation factors of Pt NPs
from the environment in the test organisms Cyprinus carpio

Exposure, days kyp BAF, BAF
7+1 3+1 3+1
5 1100 £ 200 | 420 £ 80 430 £ 60
10 5800 £ 1200 | 2300 £ 470 | 2400 + 440
20 1100 =200 | 450 %90 450 =90

Table 5. Value of the accumulation coefficient (k,,), kinetic
(BAF,) and static (BAF) factors of bioaccumulation of Pt
NPs along the food chain in test organisms Cyprinus carpio

Exposure, days kyp BAF, BAF
490 £ 100 | 630+ 130 | 340 £70
5 150 £ 30 190 £40 | 190 %40
10 66 + 13 87 £ 17 87 £ 17
20 220 %+ 40 290 £60 | 290 £ 60
28 55+11 72 £ 14 72 £ 14

1—2% of the wet weight of the fish. Such a volume of
feed allows a constant weight of the fish to be main-
tained [31]. Based on the concentration of NPs accu-
mulated in Daphnia, the mass of Daphnia used for
feeding, and the volume of water, the concentration of
Pt NPs in the model was 0.02 mg/L (0.02 pg/g of
medium).

24 h after the intake of NPs in the form of food, the
Pt concentration in the fish homogenate increased to
6.8 £ 1.4 ug/g followed by a decrease and re-growth up
t0 5.9 + 1.2 ug/g on the 20th day (Fig. 4).

Despite a significant difference in the concentra-
tions of NPs introduced into the medium by the indi-
cated methods (1.0 mg/L in DS and 0.02 mg/L in
Daphnia), the accumulated concentration in fish dif-
fers not so significantly: the maximum recorded values
are 51.7 and 6.8 ng/L, respectively.

Purification from NPs in this experiment was
much slower than in the series with the accumulation
of NPs from the medium. The purification-rate coef-
ficient (k) is 0.8/day (0.03/h), #,, = 0.9 days (21.7 h),
which is 3 times slower than in the experiment on the
accumulation of NPs from the medium. The main
indicators of bioaccumulation depending on the dura-
tion of exposure are given in Table 5.

Distribution of Pt NPs in the tissues and organs of
Carpio upon accumulation from the cultivation medium.
Both after the first day of exposure and in subsequent
periods, the distribution of accumulated Pt over tis-
sues was uneven (Fig. 5). If we consider accumulation
on the first day as a model of the emergency release of
nanomaterials, then the danger of using and manufac-
turing livestock feed decreases in the following order:
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gastrointestinal  tissues—gills—skin—muscles—skele-
ton. With prolonged exposure, the danger decreases in
the following order: gastrointestinal tissues—gills—
muscles—skeleton—skin.

CONCLUSIONS

It has been established that the introduction of Pt
NPs into the habitat of aquatic organisms leads to
accumulation with chlorella with a coefficient close to
10000 (9400 % 1800).

The accumulation of Pt from the environment in
crustaceans and fish is approximately the same
(PBA,,.x = 2000 * 380 and 2400 * 440, respectively).
But when transferred through the food chain, there is
a higher level of accumulation of NPs in Daphnia
(BAF,,,, = 8000 £ 1300), than in Carpio (BAF,,,, =
340 = 70), which is apparently associated with the
accumulation of NPs in their food, chlorella.

After the accidental release of nanomaterials into
the environment, to cleanse fish from NPs, exposure
to clean water for at least three days is necessary.
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