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ABSTRACT

The widespread exposure of metallic nanoparticles to the aquatic ecosystem and its adverse impact on
human life is the colossal concern worldwide. In view of this, this context was investigated to analyze
microscopically the bioaccumulation and localization of magnetite (Fe30,4) nanoparticles in the cellular
organelles of rainbow trout (Oncorhynchus mykiss, Walbaum, 1792) in aquatic conditions. Initially,
Fe304 nanoparticles were absorbed on to Elodea (Elodea canadensis) and fed to molluscs (Melanopsis prae-
morsa). Fish were fed with the same molluscs, and then the intestines and liver were examined using
light and transmission electron microscopy. Results showed that nanoparticles were present in the cyto-
plasm and other organelles of cells (mitochondrion and lysosome) by absorbing through microvilli of the
epithelial cells of the tunica mucosa in the intestine. Further, nanoparticles passed through the vessels of
the lamina propria of the tunica mucosa and reached to the sinusoids of the liver via blood circulation. It
was then accumulated from the endothelium of the sinusoid to the cytoplasm of liver hepatocytes and to
mitochondria and lysosome. The accumulation of nanoparticles in the epithelial cells, cytoplasm, mito-
chondria, and lysosome revealed the degree of transparency of the pattern with slight hesitation. In sum-
mary, this investigation contributed towards the understanding of the physiological effects of Fe304
nanoparticles on 0. mykiss, which ascertains essentiality for sustainable development of nanobiotechnol-
ogy in the aquatic ecosystem.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

used in biomedical, food, agriculture, and electronic industries
due to their unique physico-chemical attributes (Prakash et al.,

In view of the advancement in nanotechnology sector, the
applications of nanomaterials in disparate industries have grown
rapidly over the past few years. Metallic nanoparticles are widely
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2016; Arul et al, 2017; Reddy et al., 2018; Magdalane et al,,
2019; Kaviyarasu et al., 2020). Also, previous studies showed that
nanomaterials-based antioxidant therapies have an important role
against environmental induced oxidative stress (Eftekhari et al.,
2018). Iron oxide nanoparticles, particularly magnetite (Fe3O4)
are one of the extensively used metallic nanomaterials in pharma-
ceutical and agricultural industries due to their super paramag-
netic properties (Remya et al, 2015). In addition, studies also
reported its versatile role in the remediation of soil and groundwa-
ter, removal of pollutants from water, treatment of chlorinated sol-
vents, and prevention of dental caries (Lei et al, 2018).
Unfortunately, the enormous release of Fe3O, nanoparticles in
the environment and its uncontrolled toxicity for the aquatic
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ecosystem are the colossal concern. As a matter of fact, iron oxide
nanoparticles are known to enter the water via effluent discharge
and pose a significant risk to aquatic organisms. Recent studies
reported toxicity of iron oxide nanoparticles in diversified aquatic
animals viz. Danio rerio (Zheng et al., 2018), Labeo rohita (Remya
et al., 2015), Oncorhynchus tshawytscha (Srikanth et al.,, 2017),
Daphnia magna (Keller et al., 2012), Brachionus rotundiformis
(Mashjoor et al., 2018), and Artemia salina (Zhu et al., 2017). How-
ever, the toxicity assessment of iron oxide nanoparticles on other
aquatic animals is scarce or still undetermined.

Rainbow trout (Oncorhynchus mykiss, Walbaum, 1792) is one of
the most important fishes grown widely worldwide for diversified
commercial purposes (Ahmadov et al., 2018a). Metal oxides
nanoparticles easily pass physiological barriers causing glu-
tathione depletion, lipid peroxidation, lysosomal/mitochondrial
toxicity, and subsequently apoptosis and mutations (Kaloyianni
et al., 2020; Radwan et al., 2020). Prior investigations demon-
strated that nanoparticles had altered the physiological and bio-
chemical traits of O. mykiss by affecting its vital organs. The
exposure of titanium dioxide nanoparticles showed certain bio-
chemical changes in the brain of O. mykiss (Ramsden et al,
2009). Likewise, the dose-dependent toxicity of carbon nanotubes
caused alterations in the rate of ventilation and gill pathologies of
0. mykiss (Smith et al., 2007). In general, metallic nanoparticles
interact with the aquatic ecosystem at different stages of the life
cycle and change the biochemical balance of the organisms (Xia
et al., 2013). Current studies indicate that effect of iron oxide
nanoparticles in the living system is not completely benign. Toxic-
ities of these nanoparticles are species-dependent mechanism
which certainly emphasizes to understand their detrimental
impact on the aquatic ecosystem (Ates et al., 2016). Thus, in order
to assess further the toxicity of iron oxide nanoparticles on the
aquatic organism and fill the gap of the research, the present con-
text was investigated to evaluate the effect of Fe304 (20-30 nm)
nanoparticles into the food chain and analyze its possible bioaccu-
mulation in various cellular organelles of O. mykiss at the ultra-
structural level.

2. Materials and methods
2.1. Food chain design

The first component of the food chain in this investigation was
Elodea (Elodea canadensis; Family - Hydrocharitaceae) aquatic
plant. This plant plays an important role in the formation and sta-
bility of ecosystems in both saltless and marine water basins. The
plant plays the role of habitats of invertebrates, insects, and fishes
in the water, organizes their nutritional resources, weakens water
movement, accelerates the deposition of dust, soil, and clay parti-
cles in the water, and promotes the movement of nutrients in the
food chain.

Freshwater snail (Melanopsis praemorsa; Family - Melanopsi-
dae) was used as the second component of the food chain in this
study. The water environment must be rich in oxygen for the
snail’s survival and normal growth. Therefore, these snails grow
better and generate in the phytoplankton-rich waters. M. prae-
morsa is mainly fed by small-scale fractions with extracts of green
algae. When stored in the aquarium, they have an active move-
ment. Hence, this snail species was chosen for this investigation.

At different stages of the experiment, 1-year old O. mykiss
females (13.26 + 0.15 g) were obtained from Gabala fish
farm (Gabala city, Azerbaijan) and maintained in Institute of
Zoology of ANAS (Baku city, Azerbaijan). The length, mass,
fullness, cavity fertility, and sexual maturity coefficients of
fries and sires used in the experiment were determined
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according to the methodology of ichthyology
Kiiriim, 2007).

(Emre and

2.2. Duration of study

The main phase of the research was conducted from January
2017 to March 2018 at the Gabala salmon farming factory, Repub-
lic of Azerbaijan. Experiments were carried out as per the approval
from the Ethics Committee of Azerbaijan Medical University (Min-
istry of Health of Azerbaijan Republic).

2.3. Nanoparticles used

Magnetite (Fe304) nanoparticles (purity 98%) of 20-30 nm in
size were purchased from Skyspring Nanomaterials Inc., USA. Stock
solutions (0.1% w/v) of Fes04 nanoparticles were prepared by mix-
ing its appropriate amount in sterile double distilled water.

2.4. Nanoparticles exposure design

The toxicity of Fes04 nanoparticles exposure to 0. mykiss was
designed as per the methodology of Ahmadov et al. (2018a). Ini-
tially, E. canadensis was kept in 0.1% (w/v) aqueous solution of
Fe304 nanoparticle for 3 days. Nanoparticles were thus adsorbed
on the surface of the plant and were accumulated in the stem,
leaves, and other organs. O. mykiss was fed with M. praemorsa con-
taining Fe;04 nanoparticles, which was also fed with E. canadensis.
Experiments were carried out in 3 aquariums (1 control and 2
tests) with 60 L of water. The temperature of water was set
between 10 and 12 °C while pH was maintained between 7.6 and
8.2. Each aquarium contains six fish. In the control aquarium, O.
mykiss was fed with molluscs separated from shells. In the test
aquarium, 0. mykiss was fed with molluscs which were fed earlier
with E. canadensis. Daily feeding ration constituted ~10% of body
mass for 3 days. After the finishing period, morphology as well as
the anatomy of internal organs (intestines and liver) of O. mykiss
was observed.

2.5. Microscopic analyses of tissues and nanoparticles
bioaccumulation analysis

0. mykiss from the control and the test aquariums were sacri-
ficed and the abdominal area was dissected using a sterile scalpel.
Araldite-Epon blocks were made from materials using general
methods (Kuo, 2007). The semi-thin (1-2 pm) sections from the
blocks took on EM UC7 (Leica, Germany) ultra-microtome, stained
with methylene blue, azure II, and mainly with a fixer or toluidine
blue were observed under light microscope Primo Star (Zeiss, Ger-
many) and images of required portions were shot with EOS D650
(Canon, China) digital camera (D’Amico, 2005).

Prepared and unstained sections of 50-70 nm thickness from
the same blocks were studied on JEM-1400 (JEOL, Japan) transmis-
sion electron microscope (TEM) at a voltage of 80-120 kV and elec-
tronograms were made. The intestine and liver of each fish were
taken and fixed in 0.1 M phosphate buffer (pH — 7.4) containing
2.5% glutaraldehyde, 2% paraformalaldehyde, 4% sucrose, and
0.1% picric acid. The fixed samples were observed under TEM. Sam-
ples were post fixed in 1% osmium tetraoxide solution within 2 h
after being left in the same fixer for one day. The morphometric
analysis of the image was performed on electronograms using
the computer program. The TEM imaging platform was developed
by Soft Imaging Solutions Gmbh (Olympus, Germany).

The histograms obtained during the study of electronograms
were taken from ultra-thin sections made of non-stained prepara-
tions by “Intensity Profile” computer software. The length (nm) of
structures drawn in horizontal direction and the digits showing
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gray color patterns in the vertical direction (grey value) were pro-
vided. It should be noted that the intensity of the image in the elec-
trograms depends on the degree of gray color, the weakest
intensity being black and the highest intensity represents white
colour. These indicators allow determining accurately the place
of accumulation of nanoparticles in the cells.

3. Results

Initially, signs for morphological changes in fish of both groups
were identified. The average length and average weight of the fish
in the control group were measured as 11.8 cm and 13.2 g, respec-
tively. On the other hand, the average length and average weight of
the fish in test group were measured as 12.4 cm and 16.6 g, respec-
tively (Figure not shown).

Fig. 1A shows all the layers of the intestinal wall and lumen of O.
mykiss observed under a light microscope. The wall of the small
intestine of the rainbow trout, as in other vertebrates, is composed
of mucous membranes, sub-mucosal base, muscle, and serous
mucosa. The main structural element of the mucous membrane
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is the intestinal microvillus. Fig. 1B-D shows various layers in sep-
arate large magnifier (as shown in the scale images) and their his-
tological structure. Fig. 1B shows that tunica mucosa itself consists
of different types of cells and layers. The epithelial layer of the
intestinal villus is composed of cylindrical enterocytes (indicated
by stars) and goblet cells (indicated by arrows). The epithelial layer
encloses a lamina propria (indicated by flowers). Fig. 1C shows the
magnified image of the sub-mucous layer between the mucous and
the muscular layers. Fig. 1D shows muscle and serous layers of the
intestinal wall. Images of the semi and ultrathin sections obtained
in this context clearly showed that there was a layer of muscle.
Ultra-structurally, the apical surface of enterocytes (shown in
Fig. 1C and D) facing the intestinal mouth contains cytoplasmic
protrusions - microvilli, which repeatedly increases the absorption
surface. The latter combines with the glycocalyx cover to form a
marginal edge, which is also visible under a light microscope. In
the apical part of the outer surfaces of enterocytes, intercellular
connections are formed in the presence of dense, adhesive, and
desmosomes (indicated by arrowheads in Fig. 1D). It should be
noted that there is a terminal web composed of cortical cytoskele-

Fig. 1. Light-optical (A-B) and ultrastructural (C-F) characteristics of the small intestinal wall of O. mykiss. BB - brush border; E - enterocyte; EC - endothelial cell; FCF -
fascicle collagen fibers; G - goblet cell; GC - granular cells; IV - intestinal villus; LIT - lumen intestine tenue; Lym - lymphocytes; MM - muscularis mucosae; S - serosa; SM -

sub-mucosa; TMus - tunica mucosa; TM - tunica muscularis; TW - terminal web.
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tal elements and organelles dominated by mitochondria in the api-
cal parts of the cytoplasm of enterocytes. As shown in Fig. 1D, the
bulk of the sub-cellular the base consists of bundles of type III col-
lagen fibres with a diameter of less than 70 nm. Results include
fibrocytes and granular cells. The enlarged form of osmophilic
granules of granular cell framed in Fig. 1D suggests that the shape
and structure of mammals are similar to those of obstructed cell
granules. It should be noted that during the trichrome staining of
semi-thin sections, staining of glycoproteins enclosing type III col-
lagen fibres, glycosaaminoglycans, and cellular elements included
in the structure of main substance in the form of bright fuchsino-
philic stripes causes a sharp difference of sub-mucosal base from
the surrounding structures. Between the basal surface of the ente-
rocytes and the special surface elements of the surrounding villi,
there is a continuous basal surface. Starting from the basal surface
of the enterocytes, lymphocytes are located between the entero-
cytes at different levels (Fig. 1E).

Electron microscopic image of the muscle layer in the mucosa of
the intestinal wall of O. mykiss is illustrated in Fig. 2. In fractions
perpendicular to the longitudinal axis of the small intestine, the
muscular cord located directly around the sub-mucosal base is
composed of a circular layer of internal circular smooth muscle
cells (Fig. 2B) and a circular outer longitudinal plain muscle cells
(Fig. 2B) consist of an organized longitudinal layer. Between the
layers of the muscular membrane of the small intestine are struc-
tures belonging to the myoentorial nerve and vascular sheaths,
surrounded by elements of connective tissue (indicated by snow-
flakes in Fig. 2A and B). These sheaths, along with the muscular
membrane, are involved in the nourishment and innervations of
other muscles. The surface of the small intestine facing the peri-
toneal cavity is covered with a serous membrane surrounded by
mesothelial cells belonging to the single-layered squamous epithe-
lium. Structurally, the trout contains a special layer of serous mem-
brane in the serous layer (between the mesothelial cells and the
superficial longitudinal plain muscle cells) composed of connective
tissue elements (Fig. 2C).

Fig. 2. Structural elements of the muscular and serous membranes of the small
intestine of O. mykiss. A - semi-thin section stained by methylene blue, azure Il and
fuchsin, B and C - electronograms of ultra-thin sections stained by uranyl acetate
and pure lead citrate. CLTM - circular layer tunica muscularis; ELSMC - external
longitudinal smooth muscle cell; Er - erythrocytes; ICSMC - internal circular
smooth muscle cell; LLTM - longitudinal layer tunica muscularis; LV - lymphatic
vessels; N — nucleus; SLP - serosal lamina propria; SM - sub-mucosa.

3261

Saudi Journal of Biological Sciences 27 (2020) 3258-3266

The structure (layers) of the intestinal wall of 0. mykiss was also
observed under TEM. Changes in the structures involved in the for-
mation of the small intestinal wall of trout under the influence of
Fe;04 nanoparticles are presented in Fig. 3A. Fig. 3A illustrates
the mucous and sub-mucous layers of the intestinal wall which
showed goblet and epithelial cells. The electrogram shows an
increase in the number of enterocytes in the wall of the small
intestine, the nuclei of which are deformed to varying degrees,
and the number of mononuclear cells surrounded by unpainted
areas on all sides. At the marginal edges of the apical surfaces of
enterocytes, there is a significant reduction in the number of
microvilli compared to the control. In addition, a large number of
myelin-like structures were also observed in the immediate vicin-
ity of the villi. Fig. 3B shows the epithelial cells, goblet cells, lamina
propria, and microvilli. In the enlarged form of the marginal edge
(Fig. 3B), it is clear that myelin-like structures are directly related
to the plasmolemma surrounding the microvilli. In conclusion, it
should be noted that under the influence of Fe304 nanoparticles,
along with various changes in the wall of the small intestine, there
is a violation of the integrity of the phospholipid layer of mem-
brane structures.

Fig. 3. Ultrastructural characteristics of changes in the structural elements of the
wall of the small intestine (A) and the apical part enterocytes (B) of O. mykiss under
the influence of Fe;04 nanoparticles. BB - brush border; E - enterocyte; G - goblet
cell; LIT - lumen intestine tenue; Lym - lymphocytes; MLS - myelin-like structures;
TW - terminal web.
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The movement and accumulation of Fe304 nanoparticles in O.
mykiss was observed using TEM. The TEM analysis showed the pen-
etration of Fes04 nanoparticles into the epithelial cells of mucosa
of the intestine (Fig. 4A) as well as diffusion in their cytoplasm
(Fig. 4B). In addition, Fe;04 nanoparticles were also found within
the mitochondria and lysosomes (Fig. 4C and D). The accumulation
of nanoparticles in the epithelial cells, cytoplasm, mitochondria,
and lysosome is shown in Fig. 4E-H which revealed the degree of
transparency of the pattern with little hesitation (5600-5650).

Fig. 5A and B exhibit the passage of nanoparticles through the
basal membrane of the epithelial layer of the tunica mucosa to
the connective tissue being in lamina propria, the endothelium of
vessels, and finally to erythrocytes (Fig. 5A and B). The degree of
transparency of the pattern was revealed with slight hesitation
(5600-5650) in the intestine (Fig. 5C and D).

Light microscopic images of semi-thin sections of the fish liver
(1 um) are presented in Fig. 6A which clearly showed hepatocytes,
sinusoids, and veins. Fig. 6A shows a central vein containing a large
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number of blood-forming elements with a wide lumen in the clas-
sical hepatic lobule. Sinusoidal capillaries are located between the
hepatic trabeculae around the central vein. In addition, TEM
images of the indicated liver sections are presented in Fig. 6B. Sig-
nificant changes in hepatocytes under the influence of Fe304
nanoparticles are the detection of symptoms characteristic of
steatosis in the peripheral parts of the classic particles (Fig. 6C
and D). Ultrastructurally, granular osmophilic remnants and
myelin-like structures are found in the lumen of steatotic vacuoles
located in the cytoplasm of hepatocytes. In addition, due to the
action of nanoparticles in the cytoplasm of hepatocytes, ribosomes
are separated in granular endoplasmic reticulum cisterns and the
amount of secondary lysosomes is increased. The fact that the
diameters of steatotic vacuoles are small compared to the size of
the nuclei and mainly located in the periportal areas of classical
particles suggests that the effect of Fes0, nanoparticles leads to
the development of acute toxic microvesicular steacytosis in the
liver parenchyma.

Line profile 1 of Baliq_bag_Fe304_009
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Fig. 4. TEM images of Fe;04 nanoparticles accumulation in (A) epithelial cells, (B) cytoplasm, (C) mitochondria, and (D) lysosome of intestinal walls of O. mykiss as well as
graphical representation for bioaccumulation of nanoparticles in (E) epithelial cells, (F) cytoplasm, (G) mitochondria, and (H) lysosome of intestinal walls of 0. mykiss.
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Fig. 5. TEM images of Fe304 nanoparticles accumulation in (A) endothelial cells of vessels in lamina propria and (B) erythrocytes of O. mykiss as well as graphical
representation for bioaccumulation of nanoparticles in (C) endothelial cells of vessels in lamina propria and (D) erythrocytes of O. mykiss.

Fig. 6. Morphological characteristics of the structural elements of the liver O. mykiss in normal conditions (A and B) and exposure to Fe3;04 nanoparticles (C and D). SV -
central vein; EC - endothelial cell; Er - erythrocyte; H — hepatocyte; HT - hepatic trabecula; Lym - lymphocytes; MLS - myelin-like structures; N - nucleus; PS - periportal
space (zone 1); PSD - perisinusoidal space Disse; S - sinisoid; SV - steatotic vacuoles (microvesicles).

Fig. 7A shows the presence of Fe;O, nanoparticles in the
endothelium of the sinusoids between hepatocytes of rainbow
trout’s liver (Fig. 7A). Additionally, nanoparticles were found in
the nucleus and cytoplasm (Fig. 7B) as well as mitochondria and
lysosomes of hepatocytes (Fig. 7C and D). Thus, nanoparticles along
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with nutrients were absorbed through the intestines of fish and
entered the blood. It then passed to the liver’s hepatocytes by enter-
ing blood through sinusoids. The degree of transparency of the
nanoparticles recorded in different parts of the liver of O. mykiss
at a certain fluctuation (5250-5650) is presented in Fig. 7E-H.
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Fig. 7. TEM images of Fe;0,4 nanoparticles accumulation in (A) endothelium of sinusoid, (B) hepatocytes, (C) mitochondria, and (D) lysosome of O. mykiss as well as graphical
representation for bioaccumulation of nanoparticles in (E) endothelium of sinusoid, (F) hepatocytes, (G) mitochondria, and (H) lysosome of intestinal walls of O. mykiss.

4. Discussion

Fishes are pivotal aquatic organisms that are generally known
to play a pivotal role in the food chain of the aquatic ecosystem.
Due to their unique characteristics to respond against low doses
of xenobiotics and accumulate various toxicants, they are consid-
ered model organisms for disparate eco-toxicological studies. The
exposure of metallic nanoparticles in the aquatic system alters
the morphological and physiological nature of fishes as a result
of its toxicity. Therefore, bioaccumulation, distribution, and site-
specific localization of toxic nanoparticles in fishes are colossal
areas of interest at present.

Previously, it was shown that nanoparticles entered the first
trophic level of the food chain (E. canadensis) and accumulated in
their bodies. Detection of nanoparticles by TEM in organs of mol-
luscs fed with plants exposed to nanoparticles revealed their tran-
sition from elodea to molluscs (Ahmadov et al., 2018a). In the
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present study, the exposure of Fe304 (20-30 nm) nanoparticles
into the food chain of O. mykiss showed not only its possible bioac-
cumulation in various organs but also physiological alteration in
the ultra-structural level. Iron-based nanoparticles have shown
toxic impact on various organisms of the aquatic ecosystem in
the past. Ates et al. (2016) investigated the chronic influence of
Fe,05 structures on the bioaccumulation, elimination, hematology,
and immunological responses of Oreochromis niloticus which
revealed immunotoxic effects along with significant reduction in
serum glucose and increment in glutamic oxaloacetic transami-
nase, glutamic pyruvic transaminase, and lactate dehydrogenase
levels. In another study, Zhu et al. (2017) demonstrated the effect
of varying doses of Fe;0, nanoparticles on the cyst and larval
stages of Artemia salina and concluded its toxicity on the organisms
of the aquatic ecosystem.

Mitochondria and lysosome are important source/target of free
radicals and most of the disease (Ahmadian et al., 2016, 2017).
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Xenobiotics-induced toxicities are related to the alterations in the
function of these organelles including electron transfer chain (Fard
et al., 2016). Therefore, investigation of mitochondria/ lysosomes,
pro-inflammatory mediators, antioxidant defense and nuclear
factor-kappa B signaling pathway as biomarkers of exposure to
environmental pollutants including nanoparticles can simplify
the application of a quick preventive responses in the ecosystems
(Mandegary et al., 2013; Ahmadian et al., 2018; Caixeta et al.,
2020; Radwan et al., 2020). In addition, endocytosis is considered
as the prime mechanism for the accumulation of nanoparticles in
mitochondria and lysosome of cells (Zhang et al., 2016).

In the food chain, the dispersion and transfer of nanoparticles
from one trophic level to the other is mainly due to the digestive
system (intestines), but there may be cases where the nanoparti-
cles are in direct contact with the water organisms. Therefore, it
is important to study the effects of nanoparticles on the organisms
which form the food chain, regardless of the path they go through.
Microscopic images of this context showed that Fe304 nanoparti-
cles can accumulate in their intestines and liver after feeding O.
mykiss with M. praemorsa. Results of this investigation confirmed
that if fish were fed with nanoparticles-exposed M. praemorsa,
the toxic nanoparticles could accumulate in their bodies.
Ahmadov et al. (2018b) determined that Fes04 nanoparticles had
a catalytic influence on spermatozoid acrosomes, accelerated the
energy process, and increased the spermatozoids activities, which
led to an enhancement in the fertilization rate of O. mykiss. In a like
manner, Ozgiir et al. (2018) estimated significant reduction in the
spermatozoa velocities of 0. mykiss due to the exposure of Fe304
nanoparticles. In another study, Campos-Garcia et al. (2016) exam-
ined the histopathological changes in O. niloticus gills due to the
exposure of carbon nanotubes. Findings illustrated dislocation as
well as hyperplasia of the epithelial cells, and disarrangement of
the capillaries.

5. Conclusions

In a nutshell, TEM analysis showed the bioaccumulation of
Fes0, nanoparticles in various cellular organelles of O. mykiss
and exhibited physiological alterations at ultra-structural level.
Microscopic images illustrated that Fe304 nanoparticles can accu-
mulate in the intestine and liver of O. mykiss after feeding with
M. praemorsa. Since fishes are the prime sources of food for
humans, the transfer of toxic nanoparticles to the human body at
subsequent trophic levels may pose specific health risks. Therefore,
one of the main approaches of modern nanotechnology-based eco-
logical research will be to understand the pathways of nanoparti-
cles passage in the food chain and identify the paramount factors
influencing the mechanism for avoiding such drastic health
concern.
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