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Transformation of nutrients to their nano-form, such as selenium (Se) engineered nanonutrients (Se-ENNs),
is expected to enhance the absorption of the nutrients into fish and increase the efficiency of the feed.
However, dissolution, aggregation, and release of ENNs from the feed matrix may decrease the efficiency
of the Se-ENNSs. In this study, we provided fish feed supplemented with Se-ENNs which do not aggregate
or dissolve and the particles are also not released from the feed matrix. As a proof of principle, we
compared the toxicity of a diet containing Se-ENNs of two different sizes (60 nm and 120 nm) with diets
containing ionic Se. The adverse effects were measured by monitoring the survival rate,
acetylcholinesterase (AChE) levels and swimming behavior of zebrafish over 21 days of feeding with either
the Se-ENNs or ionic Se supplemented fish diets. The number size distribution of the 60 nm Se-ENNs in
the diet was similar to that in MilliQ water, while the size distribution of the 120 nm Se-ENNSs in the diet
was slightly wider. lon and particle release from Se-ENNs containing diets in the exposure media was not
observed, indicating the stability of the particles in the feed matrices. To determine toxicity, zebrafish
(Danio rerio) were nourished using a control diet (without Se and Se-ENNSs), Se (sodium selenite) containing
diets (with 2.4 or 240 mg Se per kg feed) and Se-ENNs containing diets (with 2.4 or 240 mg Se-ENNs of
60 or 120 nm per kg feed) for 21 days. Both sizes of Se-ENNs were taken up in the fish, however only the
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Environmental significance

Nanotechnology offers a novel opportunity for the aquaculture industry to apply nanomaterials as nutrients, so-called engineered nanonutrients (ENNs).
For example, the application of selenium (Se)-ENNs in feed has been reported to improve the final weight and antioxidant status of fish. The challenge is
that ENNs in the matrices of feed may undergo dissolution, aggregation, and release which decrease the efficiency of the ENNs. Moreover, like the
challenge of the application of other nanomaterials in the food industry, the usage of Se-ENNs may be hampered by the unknown toxicity profile of the
particles. In this study, we provided a fish diet supplemented with Se-ENNs. The Se-ENNs in the matrix of the feed are stable against dissolution,
aggregation, and release over time. Our study for the first time provided a fish diet containing stable Se-ENNs as nutrients with no adverse effects on
swimming behavior and on AChE activity in zebrafish, displaying no effects at a dose that is lethal in the case of ionic Se.
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120 nm Se-ENNSs were detected in the brains of fish. Zebrafish fed with Se-ENNs supplemented diets (60
and 120 nm) showed normal swimming behavior compared to the control. No significant alteration was
determined in the AChE activity of the fish fed with the Se-ENNs supplemented diet. In contrast, feeding
the zebrafish with a diet containing 240 mg kg* Se led to lethal effects. These observations clearly depict
the potential benefits of using Se-ENNSs as nutrients in fish feed.

Introduction

Aquaculture is a rapidly growing worldwide industry, which
plays an essential role to assure food security by contributing
to the total global fish production (47% in 2016)." Since the
late 1980s, wild-caught fishery production reached a relatively
steady state, while aquaculture production has continued to
grow, thereby keeping pace with the increasing demands for
fish consumption." Therefore the aquaculture sector holds
great promise in supporting FAO's goal of a world without
hunger and malnutrition.> However, the growth of
aquaculture is not without various challenges. For instance,
to produce fishmeal the aquaculture industry sector is
increasingly harvesting oceanic stocks. This practice
increases, causing significant pressure on oceanic resources,
and potentially hampering the development of a sustainable
aquaculture sector.®” To this end, there is an urgent need for
sustainable and novel feed ingredients to decrease the
demand for fishmeal, for example by increasing the
absorption and assimilation efficiency of the nutrients in the
feed. These novel ingredients could also support the
aquaculture industry to contend against nutritional
deficiencies in fish caused by the lack, excess or improper
balance of (micro)nutrients present in fish feed for example.’

Nanotechnology is one potential novel and innovative
technology that allows the production and functionalization
of nanomaterials and can facilitate the sustainable growth of
aquaculture. For example, transforming nutrients to their
nano-form, so-called engineered nanonutrients (ENNs), can
enhance the absorption of the nutrients into fish, rather than
the nutrients passing unused through the fish digestive
system,®’” thereby increasing the uptake efficiency of the
nutrients.® For instance the addition of iron ENNs to a
regular fish diet was shown to positively affect the growth of
young carp (Labeo rohita), as well as improvements in the
hematological and immunological parameters, compared to
conventionally added iron.® Thus, ENNs may boost the
efficiency of nutrient uptake and they may be an important
resource for a more sustainable aquaculture industry.
However, addition of ENNs in feed is a challenging task due
to the possible particle dissolution and release from the
formulated feeds and/or particle aggregation which can
decrease the absorption and efficiency of the ENNs.’

One key nutrient for optimal fish growth is selenium (Se),
with fish requiring dietary concentrations of 0.1-0.5 mg of Se
per kg of dry weight (dw)."® Importantly, Se has a narrow
window of essentiality from being an essential nutrient to a
toxic compound.’ A moderate level of this nutrient is
essential for immune functioning, for example against
oxygen-derived radicals, while an elevated concentration of Se
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generates oxidative stress in fish."”> When Se levels exceed 3
mg kg™ dw, storage capacity is overloaded and the excess of
Se can cause an adverse response. Toxicity of Se is likely to
be related to its prooxidant ability to catalyze the oxidation of
thiol groups and prevent the generation of superoxide.'*'*
For example, Han et al.,'” reported that exposure to dietary
Se significantly decreased the serum superoxide dismutase
(SOD) activities of crucian carp (Carassius auratus gibelio).

An increasing number of studies on Se-ENNs show that
these ENNs have potential as a nutritional supplement in fish
food.'®?* For example, a basal diet supplemented with Se-
ENNs improved the final weight, relative weight gain rate,
antioxidant status, and muscle Se concentration of crucian
carp and common carp (Cyprinus carpio)."”** Dietary uptake
of Se-ENNs also improved the systemic and mucosal immune
status as well as stress resistance of red sea bream (Pagrus
major)."® However, the previous studies aimed to monitor
only the benefit of supplementing Se-ENNs to fish diet
without considering the time-resolved stability of the Se-
ENNs in the feed with regard to particle aggregation, release
and dissolution, as well as the possible adverse effects of the
Se-ENNs to target fish. The adverse effects of Se-ENNs are
still unknown. This restricts the application of these
materials in feed. In addition, there are generic challenges
surrounding the application of nanomaterials as a whole in
the food industry, mostly due to public fears about their
safety, and a feeling that the use of nanomaterials is
tampering with nature.”®> Amongst others, Se-ENNs may
induce a different mode of biodistribution in comparison to
ionic Se based on the nano-specific properties of the particles
such as small size and large surface area.”* Therefore, it is
possible that Se-ENNs reach targets inside fish that cannot
be reached by ionic Se. To the best of our knowledge, no
study is available that has quantified the bioaccumulation of
Se-ENNs in particulate form in fish tissues.

The main objective of this study was to provide a fish diet
supplemented with Se-ENNs as nutrients and evaluate the
stability of the particles in the feed matrix against
dissolution, aggregation and release over time. The toxicity of
formulated diets containing Se-ENNs was compared with
diets containing ionic Se in zebrafish (Danio rerio). We expect
that the adsorption capacity of zebrafish is higher for smaller
particles,* thus we applied two sizes of Se-ENNs, 60 and 120
nm. To determine the adverse effects of Se-ENNs we
evaluated the swimming behavior and the
acetylcholinesterase (AChE) activity. Acetylcholine functions
as an activator in the peripheral nervous system and has a
major role in the enhancement of sensory perceptions in the
central nervous system. This is thus a sensitive biomarker to
determine safe levels versus excessive Se- and Se-ENNs levels

This journal is © The Royal Society of Chemistry 2020
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in the diet. Fish behavior is an ecologically relevant indicator,
widely studied and often becoming evident at concentrations
at which other sub-lethal effects are not visible yet.>
Impaired swimming of fish can alter a number of other
essential ecological functions such as food acquisition,
grouping, predator avoidance and reproduction.”’ In the
current study two synthesized Se-ENNs with different size
were imbedded in fish feed. The stability of the Se-ENNs
against dissolution, particle release and aggregation in the
diets was monitored. Thereupon, the homogeneity of the Se-
ENNs distribution in the diet was confirmed and the
formulated feed was used to feed zebrafish for 21 days. The
behavior of the treated fish was monitored using an in-house
developed 3-dimensional monitoring system. The particle
number and size distribution of the particles in the brain
tissue®® were measured because the brain is considered as a
target location for some nanomaterials.>® Moreover, sub-
lethal adverse effects in the brain can easily be reflected in
swimming behavior.*

Materials and methods
Chemicals

All used chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, Germany) in ACS purity. Sodium selenite was
used as a control to supplement the feed with Se.
S-Acetylthiocholine-iodide (ASChI, 98%) and 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB) were applied to determine the
AchE activities. Selenous acid (98%) was used for the
synthesis of Se-ENNs. Deionized water was prepared using
reverse osmosis (Aqual 25: Tisnov, Czech Republic). The
MilliQ (MQ) water was provided using a MQ Direct QUV,
equipped with a UV lamp (Aqua Osmotic, Tisnov, Czech
Republic).

Synthesis of Se-ENNs

The 60 nm Se-ENNs were synthesized using a chemical
reduction process. Briefly, poly(vinylpyrrolidone) (denoted as
PVP, Mw = 10000 Da, 10 wt%) was dissolved in MQ water
(49.6 mL) followed by addition of selenous acid (0.4 mL, 1.0
M). The mixture was then vigorously stirred at room
temperature (first solution). The second solution was
prepared from MQ water (44.2 mL) and ascorbic acid (0.8
mL, 1.0 M), and used as a reducing agent. The second
solution was added dropwise at a rate of 0.8 mL min™" to the
first solution. The synthesized Se-ENNs were collected by
centrifugation at 10000 RCF (Eppendorf centrifuge 5417R,
Hamburg, Germany) at 10 °C for 10 min and subsequently
washed three times with MQ water.

To synthesize the 120 nm Se-ENNs, PVP (M,, = 10000 Da,
10 wt%) was dissolved in MQ water (49.2 mL) followed by the
addition of ascorbic acid (0.8 mL, 1.0 M) as reducing agent.
The mixture was then stirred vigorously at room temperature.
A second solution was prepared from MQ water (44.6 mL)
and selenous acid (0.4 mL, 1.0 M). The second solution was
added dropwise at a rate of 0.8 mL min~" to the first solution.

This journal is © The Royal Society of Chemistry 2020
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The synthesized ENNs were collected by centrifugation at
10000 RCF for 10 min and washed three times with MQ
water.

Characterization of the Se-ENNs dispersions

Dispersions of the Se-ENNs in MQ water were tip sonicated
for 5 min using a SONOPULS ultrasonicator (Bandelin
Electronic, Berlin, Germany). After sonication, the
hydrodynamic size and { potential of the ENNs in the
dispersion were immediately measured using a Zetasizer
Nanodevice (Malvern Panalytical, Netherlands). Scanning
electron microscope (SEM) images of the Se-ENNs
dispersions in MQ water were obtained using MAIA 3 SEM
(TESCAN Company, Brno, Czech Republic) operated at an
accelerating voltage 5 kV to determine the size and shape of
the particles. The number concentration and the size
distribution of the Se-ENNs were measured using single-
particle inductively coupled plasma mass spectrometry
(spICP-MS). All spICP-MS measurements were performed on
a PerkinElmer NexION 300D ICP-MS operating in a single-
particle mode, using the conditions in Table S1 (ESIt). Both
samples of Se-ENNs in MQ water and internalized in tissues
were pictured at room temperature using a SEM Magellan
400L equipped with an energy dispersive spectroscopy (EDS)
detector Octane Elect Super (EDAX)" (S2, ESI{).

Diet formulation

Commercial zebrafish feed (GEMMA MICRO zebrafish diet,
Nederweert, the Netherlands) was used in the current study.
The percentage of the different components in the diets
based on information provided by the manufacturer are
reported in Table S2 (ESIt). To prepare the experimental diets
the feed was oven-dried (30 °C) for 6 h to reach a constant
weight. Subsequently, the feed was powdered and oven-dried
again under the same conditions. A stock solution (100 mg
L") of the Se-ENNs was prepared in MQ water followed by
sonication in a bath sonicator (35 kHz frequency, DT 255,
Bandelin electronic, Sonorex digital, Berlin, Germany) for 10
min. An aliquot of the Se-ENNs dispersion was sprayed on
commercial feed pellets to reach final concentrations of 2.4
and 240 mg Se-ENNs per kg feed (Table 1). The first
concentration (2.4 mg kg ') was selected to represent the fish
required dietary concentration of Se (optimal level). This
concentration is the highest recommended Se concertation
in fish diet, although it is different from fish to fish.**** The
240 mg kg™' was chosen because it is a lethal concentration
of Se to fish.** We selected these two concentrations because
they represent exposure concentrations at which dietary
uptake of Se may have effects on fish. The Se-ENNs
supplemented feed was slowly mixed for 1 h and oven-dried
for 30 min. The supplemented diets were covered by a 3.3%
gelatine solution and sieved through a mesh to obtain <1
mm granules. The granules covered with a thin gelatin layer
were oven-dried at 40 °C for 2 h and then kept in airtight
containers at —20 °C. The negative and positive control diets
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were prepared using the same procedure except that the
spraying with Se-ENNs was replaced by spraying with MQ
water or with a sodium selenite solution as a Se stock. For
the positive controls, the final concentration of Se in the feed
was 2.4 and 240 mg per kg feed (Table 1).

Release experiments

To measure the amount of Se released from the formulated
diets, release experiments were performed. Briefly, 1 g of
each diet was dispersed in 100 ml of MQ water and stirred
for 72 min using a magnet stirrer. Aliquots of the suspension
were taken after 6, 12, 24, 36, 48, 60 and 72 min and
centrifuged according to the method reported previously® to
separate the dissolved Se from particulate Se. The time of
sampling was arbitrarily selected to cover the duration of the
feeding process based on personal observations. The total
concentration of the Se in the supernatant was measured
using ICP-MS (PerkinElmer NexION 300D ICP-MS,
Birmingham, UK).

Exposure experiments

All zebrafish experiments were performed with the approval
of the ethics committee of the Research Center of
Aquaculture and Biodiversity of Hydrocenoses, the University
of South Bohemia in Ceske Budejovice, Czech Republic
(MSMT-6744/2018-4). Zebrafish were obtained from the
Research Facility at the Faculty of Fisheries and Protection of
Waters, the University of South Bohemia, Vodnany, Czech
Republic. Adult zebrafish were acclimated to experimental
conditions for 14 days before the start of the experiment. The
experiment was performed in 40 L glass aquaria and the fish
were fed with a diet of commercial fish feed (the same feed
was used to prepare the formulated feed) twice a day (1.5%
body weight). Nine fishes were kept in each aquarium, with
three replicates per treatment. The aquaria were filled with
aged tap water and aerated using air pumps. The
physicochemical conditions of the exposure media are
reported in ESIT (S4). During the exposure, fish were fed their
respective treatment feed and the remaining feed was
removed from the aquaria after 30 min. The aquaria were
cleaned and the water was changed three times during the
exposure period.

View Article Online
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Characterization and quantification of Se and Se-ENNs in the
samples

To measure the total mass of the Se in the samples (feed,
feces, exposure media and tissues), the samples were
digested for 60 min with HNO; (65%) at 130 °C followed by 2
h of additional digestion with HClO, at 170 °C on a heating
block. The total mass concentrations of Se in the solutions
were measured using ICP-MS (PerkinElmer NexION 300D
ICP-MS, Birmingham, UK). The isotope *°Se was measured
with a plasma flow of 15 L min™" and a nebulizer gas flow of
1L min"

The extraction of Se-ENNs from tissues was carried out
following the method reported in our previous study.® This
allowed us to measure the size and number concentration of the
particles using spICP-MS. The operational parameters of the
spICP-MS are summarized in Table S1 (ESIf). We used gold
nanoparticles (RM-8013, Boulder, CO, USA) consisting of
spherical 60 nm particles with a mass concentration of 50 mg
L™ as reference materials to operate the spICP-MS. A dispersion
of Se-ENNs in MQ water was used as a control to evaluate
whether the particle extraction approached altered the Se-ENNS,
according to the method reported in our previous study.>

Analysis of the swimming activity

The exposure experiments were arranged independently in
triplicates for each treatment group (Se and Se-ENNs).
Swimming behavioral analysis of fish was performed 24 h
before the start of the exposure, and at days 10 and 20 of the
exposure by measuring the swimming speed of the fish (see
S5, ESIT). A non-invasive system for small tank monitoring
was applied to measure the swimming distance of fish using
a 3D/near infrared camera linked to a computer for real time
data recording (see S5, ESIT).

Determining the acetylcholinesterase (AChE) activity

The  AChE activity ~ was using a
spectrophotometrical assay and the Ellman's reaction.’® The
gills and brain tissue were homogenized in 0.05 M Tris-HCI
buffer (pH 8). The homogenate was centrifuged at 10 000 RCF
for 20 min at 4°C and the supernatant was removed to
determine the AChE activity as described by Roex et al.,*’
Briefly, the activity of AChE was determined in a suspension
containing ASChI and DTNB at a final concentration of 0.3
mM and 1 mM, respectively. The absorbance was determined

measured

Table 1 Concentrations of Se and experimental purpose of each treatment applied in this study

Treatment Containing

Used as

Control No Se-ENNs and no Se
2.4-Se 2.4 mg selenite per kg feed

240-Se 240 mg selenite per kg feed
2.4-Se-ENN-60 2.4 mg of 60 nm Se-ENNs per kg feed
240-Se-ENN-60 240 mg of 60 nm Se-ENNs per kg feed

2.4-Se-ENN-120
240-Se-ENN-120

2.4 mg of 120 nm Se-ENNs per kg feed

2328 | Environ. Sci.: Nano, 2020, 7, 2325-2336

240 mg of 120 nm Se-ENNs per kg feed

Control

Positive control 1 where we do expect optimal Se levels
Positive control 2 where we expect toxicity

Feed-1 60 nm

Feed-2 60 nm

Feed-3 120 nm

Feed-4 120 nm

This journal is © The Royal Society of Chemistry 2020
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at 402nm during 4 min using UV-vis spectroscopy (Agilent
8453 UV/vis, Markham, Canada). The AChE activity is
presented as the percentage of the average activity as
compared to the negative controls.

Data analysis

The statistical analysis was performed using Sigmaplot
version 14 and SPSS v 19. For the behavioral data a repeated

View Article Online
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measures ANOVA was conducted. The Shapiro-Wilk's test
was used to test for normality, and Cochran's and Hartley's
were used to test the assumption of normality and
homoscedasticity, respectively. To compare the differences
between adsorption of Se by zebrafish and inhibition of the
AChE activity between tissues we applied t-test. To determine
the signification differences between treatments and
swimming behavior we used ANOVA followed Duncan's
multiple range tests. The Kruskal-Wallis test and the
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Fig. 1 a) Scanning electron microscope images of the Se-ENNs. b) The aggregation profile of the Se-ENNs over 24 h time in MQ water measured
using dynamic light scattering. c) The dissolution profile of the particles in MQ water over 24 h measured using spICP-MS. d) Number size

distribution of the particles in MQ water measured using spICP-MS.
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Friedman ANOVA were used to analyzing the swimming
speed. All data is presented as mean + standard error (SE).

Results and discussion
Characterization of the synthesized Se-ENNs

The Se-ENNs were characterized with regard to their
properties and the stability of the particles was monitored
over time. The SEM pictures shows that the particles are
spherical and no aggregates of particle in MQ water were
observed (Fig. 1a). The hydrodynamic size (nm) and the SEM
measured size are reported in Table S3 (ESIt). Analysis of the
homoaggregation over time showed that the particles are
stable over the 24 h of measurement (Fig. 1b). The EDX map
and the results of the analysis (spectrum) of the particles in
MQ water are reported in Fig. S4 and S5 (ESIf). The
dissolution profile of the particles in MQ water is shown in
Fig. 1c. The percentage of dissolved Se was less than 1% of
the total Se-ENNs for both particles in MQ water over 24 h of
incubation time, showing that the particles were stable
against dissolution in MQ water. The spICP-MS data for the
size distribution of the particles in MQ water showed that the
sizes of the particles are normally distributed. This confirmed
that very low particle aggregation in MQ water occurred
(Fig. 1d).

Characterization of the Se-ENNs in the fish diet

We synthesized 60 nm and 120 Se-ENNs to determine the
influence of particle size on their absorption to the gut
epithelium in the fish body. We assumed that, due to its
smaller size, the 60 nm particles have a higher absorption
rate compared to the 120 nm particles.”® To assure a
homogenous distribution of the Se-ENNs and Se in the
prepared diets, 6 random samples from each diet were
analyzed to measure the total mass concentration of the Se
(Table 2). The low variance within and across treatments
indicates that the Se-ENNs and Se ions were indeed
homogeneously distributed in the feed.

The number size distribution of the particles in the feed
was measured using spICP-MS (Fig. 2a). The number
concentration of Se particles in the 2.4-Se and 240-Se samples
was lower than the detection limit of the instrument (0.01 pg
L"), indicating that no Se particles were formed in these

Table 2 Total mass concentration of Se in each diet (n = 6 samples per diet)
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feeds. The number size distribution of Se-ENNs in 2.4-Se-
ENN-60 and 240-Se-ENN-60 was similar to the number size
distribution of Se-ENNs in MQ water. The size distribution of
the Se-ENNSs in 2.4-Se-ENN-120 and 240-Se-ENN-120 was wider
than the size distribution measured for 120 nm Se-ENNs in
MQ water, implying that the particles in these formulations
may have slightly aggregated due to the influence of the feed
matrices as compared to the same particles in MQ water. The
influence of food matrices on the size distribution of ENNs
has been previously reported for silica nanomaterials,***
which highlights the importance of considering feed matrices
on embedded ENNs.

The release of the Se-ENNs and Se ions from the feed in
the exposure media was investigated over 72 h. No particles
could be measured in the exposure media in all treatments.
The concentration of the dissolved Se in the exposure media
over 72 h is illustrated in Fig. 2b. The highest Se release was
observed for 2.4-Se and 240-Se. The Se releases from Se-ENNs
supplemented diets were low (Fig. 2b) regardless of the size
and quantity of the particles in the diet. A previous study
using zinc oxide ENNs used the same procedure as we
applied in the current study, and they also reported a low
zinc release from the feed.*'

Fish survival

The survival of the zebrafish in the control group (fish fed
with no Se and Se-ENNs) and fish fed with any of the feeds
containing ENNs was 100% during the exposure period. As
previously reported, PVP is not toxic to zebrafish,** thus we
did not perform a PVP exposure test in this study. In
addition, no mortality was observed in fish fed with diet
containing 2.4 mg Se. However, there was significantly higher
mortality rate (5 fish after 10 days treatment) in fish fed with
diet contain 240 Se compared to the control group. Our
results are comparable to some previous studies. For
example, a concentration of 9.60 mg Se per kg feed (wet
weight) modified the behavior of striped bass and caused
death to all fish within 78 d.**> Mortality due to the exposure
to 26 mg of Se per kg feed (dw) was also observed in
Sacramento splittail.** Our data showed that the application
of a high concentration of Se in its nano-form does not cause
mortality in fish as it is reported for Se ions.

Treatment Nominal mass (mg kg™ feed) Measured total mass + SD (mg kg feed)
2.4-Se 2.4 2.7+£0.5
240-Se 240 221 +17
2.4-Se-ENN-60 2.4 1.6 +0.4
240-Se-ENN-60 240 197 + 16
2.4-Se-ENN-120 2.4 1.8+ 0.6
240-Se-ENN-120 240 213 +19

2.4-Se: 2.4 mg selenite per kg feed, 240-Se: 240 mg selenite per kg feed, 2.4-Se-ENN-60: 2.4 mg of 60 nm Se-ENNs per kg feed, 240-Se-ENN-60:
240 mg of 60 nm Se-ENNs per kg feed, 2.4-Se-ENN-120: 2.4 mg of 120 nm Se-ENNSs per kg feed, 240-Se-ENN-120: 240 mg of 120 nm Se-ENNs per

kg feed.

2330 | Environ. Sci.: Nano, 2020, 7, 2325-2336

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0en00240b

Published on 19 June 2020. Downloaded by Universiteit Leiden / LUMC on 3/15/2021 1:18:47 PM.

View Article Online

Environmental Science: Nano Paper
60 - 400+
d 2.4-Se-ENN-60 240-Se-ENN-60
50
300
> 40+ >
[&] [&]
= =
L 30 9 200
o (o
o (4
L 204 L
100+
10
0 . . . . ; 0 . . ; ; . .
0 20 40 60 80 100 0 20 40 60 80 100 120
Hydrodynamic diameter [nm] Hydrodynamic diameter [nm]
0 4 Se-ENN.120 2807 240-5e-ENN-120
100
210+
3% %)
C C
S 60+ 8 140
(on (o
) o
L 40 w
70-
20
0 0 ;

0 20 40 60 80 100 120 140
Hydrodynamic diameter [nm]

b —[0~-2.4-Se —~O— 240-Se —~/\— 2.4-Se-ENN-60 240-Se-ENN-60
—{>—2.4-Se-ENN-120 —(O— 240-Se-ENN-120

100+ o—=0
3 oO—
= o—
o)) T
=5 /O
c o

10 —
2 ® e——9
© o—
= /
c Poi
©
£ | Y o—p g2
— -

WL ===
(O] i} A
U) /1

0.1

0 6 12 18 24 30 36 42 48 54 60 66 72 78

Time [min]

0 20 40 60 80 100 120 140 160
Hydrodynamic diameter [nm]

C 50-
p<0.05
40 |
[~ i
g [
3 30-
< T
o i
(O] -
320
X
10
0 T T
240-Se 240-Se-ENN-120

Fig. 2 a) The size distribution of the Se-ENNs in the fish feed measured by spICP-MS. b) Se released from the fish feed in the exposure media over
72 h duration. c¢) Percentage of Se recovery, showing the adsorption of Se by zebrafish (Danio rerio). 2.4-Se: 2.4 mg selenite per kg feed, 240-Se:
240 mg selenite per kg feed, 2.4-Se-ENN-60: 2.4 mg of 60 nm Se-ENNs per kg feed, 240-Se-ENN-60: 240 mg of 60 nm Se-ENNs per kg feed,
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Absorption of Se and Se-ENNs in fish

To determine the amount of Se and Se-ENNs adsorbed by
fish, we measured the total mass concentration of the Se (ug
kg™") in the diets and in the feces of the fish. The
concentrations of the measured Se in feces compared to the
Se concentrations in the diet were calculated and reported as
the percentage Se recovery in Fig. 2c. The data showed that
no Se was recovered in the feces of fish fed with diets

This journal is © The Royal Society of Chemistry 2020

containing 2.4-Se, 2.4-Se-ENN-60, 240-Se-ENN-60 and 2.4-Se-
ENN-120. This indicates that the Se-ENNs in the diets might
be absorbed by fish because the spICP-MS measurement
showed that there are no detectable Se-ENNSs in the exposure
media 30 min after feeding. The recovery of the Se for 240-Se
was 34% and 25% for 240-Se-ENN-120. This indicates that
not all of the Se and Se-ENNs in these diets were absorbed by
the fish. This also shows that the absorption of the SE-ENNs
is significantly (ANOVA, p < 0.05) higher than the absorption
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of Se. The absorption of the Se-ENNs with the smaller
particle size (60 nm) was higher than the absorption of the
Se-ENNs with the bigger particle size (120 nm). This finding
supports our hypothesis that the size of ENNs influences the
absorption of these materials, which is in agreement with
previous studies showing that the adsorption capacity of
zebrafish is higher for smaller particles.>”

Determining Se-ENNs in the brain of treated fish

Previous studies reported that some nanomaterials might
end up in the brain of fish.>>**?° Internalization of particles
in the brain may cause some long-term behavioral adverse
effects, which could appear in time points longer than the
duration of the experiment in this study. Using spICP-MS we
could only detect and quantify the number of 120 nm Se-
ENNs in the brain of fish fed with 240-Se-ENN-120, indicating
the penetration of these particles in the brain, while the
smaller sized Se-ENNs (60 nm) were not detectable in the
brain. The number size distribution of the 120 nm particles
in the brain (Fig. 3) shifted toward a smaller particle size in
comparison to the number size distribution of the particles
in MQ water, with a second peak at around 105 nm. This
could be associated with selective uptake of Se-ENNs in the
brain and/or dissolution of the particles whether in the brain
or in other tissues before reaching the brain. The Se-ENNs
are stable in the exposure media for the duration of the
treatment. However, they might undergo transformations
such as dissolution and interaction with biomolecules after
entering the fish body,*> which may lead to their assimilation
as reported for other ENNs (the released Se from the particles
can be incorporated into existing biological pathways).*>*
Previous studies reported that metallic nanomaterials
dissolve to a certain extent in organisms' tissues as a
function of particle size.*>**> Thus, two explanations can
be put forward for our findings. First, the transformation
(e.g. dissolution) of the 60 nm Se-ENNG is different compared
to the transformation of the 120 nm Se-ENNs in the fish
body. As a result, this variation led to the observed difference

100+
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Fig. 3 The number size distribution of the Se-ENNs in the brain of
zebrafish (Danio rerio) fed with a 120 nm Se-ENNs containing diet.
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between the biodistribution of the ENNs in the fish body.
Second, the 60 nm particles underwent dissolution and the
resulting smaller sized particles entered the brain. However,
their size might be lower than the detection limit of the
SpICP-MS for Se-ENNs (~30 nm).

Behavioral changes of the treated fish

Changes in swimming behavior was used as an endpoint to
investigate adverse effects of Se-ENNs. We excluded the fish
fed with 240-Se (the diet containing 240 mg kg™* Se) because
of the observed high mortality rate in this treatment. The
results are based on the average swimming distance of all
replicates per second before the exposure and at days 10 and
20 of the exposure. Zebrafish, which were fed with Se-ENNs
supplemented diets or the 2.4-Se diet showed a normal
swimming behavior compared to the control (Fig. 4). Chronic
dietary Se exposure has been reported to alter the behavioral
and physiological responses in adult zebrafish.'® Abnormal
swimming behavior was reported in juvenile bluegill after
exposure to waterborne Se (0.64 mg Se per L)>* and in white
sturgeon®* after exposure to dietary Se (41 mg Se per kg diet)
for 8 weeks. Our findings showed that the swimming
performance is normal in fish fed with diets containing
nano-form of Se (Se-ENNs) at a level which was comparable
to the level at which Se was lethal when not provided in a
nano-form. This suggests that dietary uptake of Se-ENNs
causes no behavioral alteration in fish compared to the
dietary uptake of their traditional counterparts.

Determining AChE activities in treated fish

In neurotoxicity, AChE activity is used as an indicator of
exposure to Se.”” Here, we determined the activity of AChE in
the brain and gills, as target organs, to determine the
possible oxidative stress induced in fish fed with the
formulated diets. The AChE activity in the fish fed with 240-

2.0
— Q R
@151 %2/%’
S
S, —
o
£ 1.04 E}
=
£
(/;) 0.5 -m-control-m-24-Se
— i~ 2.4-Se-ENN-60-[1— 240-Se-ENN-60
—[]—2.4-Se-ENN-120—[0— 240-Se-ENN-120
0.0 T T T

0 10 20
Time of exposure [day]

Fig. 4 Swimming behavior of zebrafish (Danio rerio) exposed to Se
and Se-ENNs within different diets. No significant differences were
observed between treatments (P > 0.05). 2.4-Se: 2.4 mg selenite per
kg feed, 2.4-Se-ENN-60: 2.4 mg of 60 nm Se-ENNs per kg feed, 240-
Se-ENN-60: 240 mg of 60 nm Se-ENNs per kg feed, 2.4-Se-ENN-120:
2.4 mg of 120 nm Se-ENNs per kg feed, 240-Se-ENN-120: 240 mg of
120 nm Se-ENNSs per kg feed.
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Se was not determined due to the lethal effect observed in
this treatment. There was no significant alteration in the
AChE activity of the fish (brain and gills) fed with the Se-
ENNs supplemented diet. AChE activity in the gills of fish fed
with 2.4-Se supplemented diet decreased significantly (ztest,
p < 0.05) in comparison to the control (Fig. 5b). A previous
study, which investigated the oxidative stress in fish after
exposure to waterborne Se for 4 weeks,”” reported that AChE
activity was inhibited in the brain and muscle tissues of the
exposed fish. The authors of this study suggested that
waterborne Se exposure can significantly inhibit AChE
activity.

The inhibition of the AChE activity in gills could be due to
the release of the Se from the feed followed by the uptake of the
waterborne Se through the gills. Fish gills have tight junctions,
which make the uptake of particles through gills unlikely to
happen even if there were any undetectable freely available Se-
ENNGs in the exposure media.*>***° Our study for the first time
indicated that Se in nano-form does not inhibit AChE activity, as
observed for the non-particulate form in the gills.

Conclusion

In this study, we provided fish diets containing a nano-form
of Se (Se-ENNs) with two different particle sizes (60 and 120
nm) and investigated whether the modified diets cause
mortality and adverse effects on swimming behavior and
AChE activity to zebrafish after long term feeding. The Se-
ENNs were stable against aggregation and dissolution in the
exposure media. The release of the Se-ENNs from the
formulated diets was low, indicating the stability of the diets
in the exposure media. Both the Se-ENNs, 60 and 120 nm
were absorbed in the fish body, but the smaller sized
particles were found to have a higher extent of absorption
than the larger ones. The spICP-MS data showed that the 120
nm Se-ENNs could penetrate the brain barrier and
accumulate in the brain. Nevertheless, zebrafish fed with Se-

This journal is © The Royal Society of Chemistry 2020

ENNs containing diet, regardless of the particle size of the
SE-ENNs, showed no abnormal swimming behavior over 21
days of exposure. On the contrary, fish fed with a diet
containing 240 mg Se per kg feed showed mortality only after
roughly one week of treatment. Moreover, the inhibition of
AChE activity in the brain and gills of fish fed with diets
containing 2.4 mg Se compared to a diet containing Se-ENNs
indicated no impacts of Se-ENNs on AChE activity, and
potentially limited impacts on the nervous system in general.
This study presents important findings for designing safer
nanomaterials, not only for use within aquaculture, but
potentially also for other application in other foods.
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