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ARTICLE INFO ABSTRACT

Keywords: Model experiments under laboratory conditions were carried out to assess the accumulation tendency of Zr from
Nanoparticle a silica-zirconia core-shell nanoparticles, synthesised for the assay. Acute exposition tests were conducted with
Silica@zirconia Daphnia magna and Danio rerio and the accumulation tendency of the nano and the molecular form was
22;2:;21::;;‘1 compared. Significant elevation of Zr was found in the tissue of the test organisms treated by the NP compared to
Danio rerio the control, however, the retention of zebrafish was lower than that of the daphnids. Increased level of bio-

concentration factor and the strong correlation of the redundancy analysis data suggest accumulation tendency
in D. magna, yet long-term experiments are required to prove and further assess the environmental risk of food-
chain bioconcentration. The BCF results were under the REACH limit for the D. rerio groups indicating the low
short-term accumulation tendency of Zr from the NP. However, Zr level was significantly higher in zebrafish
individuals originating from the SiO2@ZrOy NP exposed treatments compared to the groups supplemented by the
same concentration of ZrOCl,, which did not result in the elevation of Zr in fish tissue. The trace element ho-

meostasis of D. rerio was not affected by the acute SiO,@ZrO, NP exposition and no lethality occurred.

1. Introduction

The unique feature of manufactured nano-sized materials is widely
utilized in the field of industry, human and animal medicine, agriculture
and fabrication of electronics — among many other areas (Lee et al.,
2011; Mansha et al., 2016; Ullah et al., 2017; Shaalan et al., 2016; Vance
etal., 2015; Zhang et al., 2016; Indoria et al., 2020). The most prevailing
inorganic nanoparticles (NPs) are the metallic based ones, such as Ag,
Al503, Au, CeOy, SiOy, TiO; or ZnO (Asharani et al., 2011; Forgacs et al.,
2018; Jain et al., 2006; Mahmoud et al., 2017; Pant et al., 2013), but in
the global market silver and titanium have the broadest range of ap-
plications (Zweck et al., 2008). The widespread utilization of NPs re-
quires the thorough evaluation of their potential health and
environmental risk posing directly or indirectly by their processing and
usage. The release of these materials into the environment will even-
tually lead to their accumulation in the different biotic and abiotic
components of the aquatic and terrestrial ecosystem resulting them to be
considered as emerging pollutants (Johnston et al., 2010; Mukherjee

* Corresponding authors.

and Weaver, 2010; Richardson, 2009). Emitted NPs reaching surface
and underground water, soil and sediment will ultimately appear in the
food web by bioaccumulation and bioconcentration presenting health
concern to humans, as well.

The main issue is that the particle size may result in different
behaviour of the NPs compared to the conventional form of the same
material causing unpredictable environmental risk (Williams et al.,
2019). It was stated, that the unique feature of these materials being
advantageous in the field of application and providing them high market
potential is exactly which causes the unknown health-related problems
(Hougaard et al., 2011). However, determining their effect, transport
routes and fate in environmental media is rather complex and depending
on such factors as the physical and chemical characteristics of the
manufactured NPs, volume and nature of their application, as well as the
way of emission (Kammer et al., 2012; Laborda et al., 2016; Petersen
et al., 2016). Still, it is crucial to estimate and determine the toxico-
logical degree and effect of engineered nanomaterials as their use in
commercial products is likely to increase continuously (Williams et al.,
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2019).

Since nanotoxicology, as a new field of toxicology was proposed in
2004 (Donaldson et al., 2004), several methods of evaluating the po-
tential adverse effect of man-made NMs have been presented. However,
there is still no standardized protocol available in regulations for their
complex assessment (Shrivastava et al., 2019). Both in vitro and in vivo
studies are essential to be performed, as well as ecotoxicological aspects
must be determined (Arora et al., 2012). Even mathematical and
computer-based techniques are developed to predict the interactions of
disposed NPs with different biological systems such as their trans-
formation trends under oxidative circumstances (Escorihuela et al.,
2018; Grammatikopoulos et al., 2019; Yan and Xie, 2013). Toxicological
studies using test organisms are also proposed for the investigation of
the accumulation tendency of engineered NMs and the importance of
model experiments are highlighted for the deeper understanding of their
transport routes in aquatic media (Turan et al., 2019; Zhang et al.,
2019). Turan et al. in their review published in 2019 concluded, that
among all the research assessing the different properties, application
and toxicity of NPs, only a few have focused on their end-life and
associated consequence of their invasion into the aquatic environment
(Turan et al., 2019). Based on such predicting factors as in-use stocks,
production volumes and fate mechanism, a probabilistic model esti-
mated TiO» to be in the surface waters in an average concentration of
2.2 ug L’l, and AgNP of 1.5 ng L~! (Bundschuh et al., 2018; Sun et al.,
2016), emphasising the true concern of aquatic release. Wetlands are not
just the most sensitive ones of the Earth’s ecosystems but also are the
bassinet of high-risk pollution since contaminants can find their way
easily via water to get access into the food web and reach higher trophic
levels (Harangi et al., 2017; Herman et al., 2020a). Modelling the food
chain of these populations under laboratory conditions provide an
important possibility to gain experimental data on NP toxicity.

The proper ecotoxicological experiments require not only the applied
method to be carefully chosen, but also the test organism (Danabas et al.,
2020; Rand, 1995). Daphnia species are very commonly applied organ-
isms in acute and chronic toxicology studies due to their favourable
features such as sensitivity to the chemical and physical alteration of the
surrounding water, simple and inexpensive raise, rapid reproduction
(Araujo et al., 2019; Lu et al., 2018; Zhang and Hamza, 2019). In the last
few years, these zooplankton organisms were successfully applied in
assessments attributed to NP toxicology where behavioural, physiolog-
ical, biochemical changes, retention tendency and lethality were usually
determined (Pakrashi et al., 2017; Xiao et al., 2016, 2015). Danio rerio,
commonly known as zebrafish, is not only a long-applied indicator or-
ganism in aquatic toxicology but its use as a model is recently proposed
for screening the toxicity profile of NMs and to determine their feedback
(Pecoraro et al., 2017b). The size of the larval and adult zebrafish, the
rapid maturation and growth, the transparency of the embryos and their
rather surprising genetic similarity to humans resulted in the use of
Danio rerio as an excellent indicator of environmental pollution studies
and also as animal model system for NP toxicity assays (Brundo and
Salvaggio, 2018; Jia et al., 2019). In latter, its application is growing
exponentially in recent years where hatching-related parameters are
determined, as well as embryo toxicity tests are carried out to reveal
developmental disorders and pathology analysis in organs upon NP
exposition (Asharani et al., 2011; Brundo et al., 2016; Brundo and Sal-
vaggio, 2018; Chakraborty et al., 2016; Chen et al., 2011b; Paatero et al.,
2017; Pecoraro et al., 2018, 2017a).

Nanoscale range zirconia particles are utilized in biomedicine as
dental fillings, implants and hip replacements as well as they are
promising as large catalysts to be used in drug targeting and delivering
systems, for loading and labelling thus personalizing medicine (Catauro
et al., 2008; Hisbergues et al., 2009; Kohal et al., 2013; Srinivas and
Buvaneswari, n.d.). The application of ZrO, NPs as drug nanocarriers is a
rather new approach (Karthiga et al., 2019), thus very little is known
about their ecotoxicology compared to other, more widely applied and
investigated NMs (Karthiga et al., 2019). There are information in the
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literature regarding some biological, biochemical and human toxico-
logical effects of ZrO, NPs such as cell cytotoxicology (Abd El-Ghany and
Sherief, 2016; Gusarov et al., 2006), but only a few article considers its
route, behaviour and fate upon environmental release. However, it was
found by Zateska-Radziwiltt and Doskocz that the nano-compound form
of Zr was more toxic for the studied aquatic crustaceans than its mo-
lecular form. Authors highlighted the importance of further assessing
the hazard of Zr NPs on water-based ecosystems by establishing model
experiments for the complex determination of exposure related effects.
Karthiga et al. also investigated the ecotoxicology of Zr containing NPs
where the development of zebrafish embryos was assessed upon
contamination (Karthiga et al., 2019). In their paper developmental
embryonic toxicity was revealed together with hatching disabilities as
well as the malformation of Danio reiro embryos and larvae were both
observed in some cases leading to their mortality.

The potential biomedical application of Zr containing nanocarriers
for therapeutic vaccination is a novel approach (Nagy et al., 2016).
While several literature data are available regarding the aquatic and
terrestrial ecotoxicological effects of some inorganic nanoparticles, less
information is found about the Zr containing ones. Since no previous
research has described the accumulation tendency of Zr containing NP
used in biomedicine, the aim of the present work is to investigate the
retention of Zr released from therapeutic silica-zirconia core-shell NPs
by aquatic organisms of Daphnia magna and Danio rerio. The model ex-
periments were conducted under laboratory circumstances where the
bioaccumulation of NP form was compared with the molecular ZrO,.

2. Materials and methods
2.1. Synthesis of SiO2@ZrOz nanoparticles

The silica-zirconia core-shell nanoparticle used in present study is
described by Naszalyi Nagy et al. in 2020 as a high capacity and versatile
nanocarrier with the prospect of cancer immunotherapy application
(Nagy et al., 2020). While details can be found in the above publication,
we briefly summarize the steps of the preparation as follows.

2.1.1. Synthetic details of the silica core (batch SiOz) (Stober, Fink, and
Bohn 1968)

250 ml of absolute ethanol (freshly opened, LiChrosolv, gradient
grade for liquid chromatography, water content <0.1 %, Merck) was
poured in a tall form glass beaker. Stirring was set to 300 rpm, 9.5 ml of
ammonia solution was added (freshly opened, 32%, EMPURA, Merck)
and the mixture was covered with parafilm for 5 min. 10 ml of
tetraethyl-orthosilicate (TEOS, freshly opened, 99%, obcr) was then
quickly added to the stirred beaker. The beaker was closed with parafilm
and stirring continued till next day. Then ethanol was added to the
translucent sol. The temperature was set to 70 °C and stirring continued
for 1.5 h without covering the beaker. After cooling down the sol was
stored refrigerated.

2.1.2. Synthetic details of the zirconia deposition on the silica cores
(batches SiO>@Zr0; I and II)

For the first batch (SiO2@Zr0O I) 45 ml of S13 was diluted to 450 ml
in a three-necked round bottom flask with LiChrosolv ethanol. Septa
were put into necks with needles through them. The flask was heated to
55 °C under argon flow and continuous stirring. 50 ml ethanol was put in
a dropping funnel adjusted to one of the side-necks. It was also purged
with argon. 1.6 ml of TBOZ was put in a plastic syringe (under Ar flow)
and mixed to the ethanol in the funnel. Then dropwise addition of TBOZ
solution started (~1 drop/s). The reaction was stopped two hours later
and aged in a fridge for 3 days (Kim et al., 2009).

The second, parallel batch (SiO2@ZrO2 II) was prepared with the
same procedure. The batches were united after confirmation of the
identical particle size distribution (SiO2@ZrO3 I + II).
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2.1.3. Dialysis of the nanoparticles

Cold, quick and basic dialysis was used. 6 * 150 ml of SiO2@ZrOz I
+ II were filled into cellulose membrane tubes (CelluSep H1 membrane,
high grade, flat width 46 mm, MWCO 3500 Da, Interchim). The tubings
were closed with closures and 450-450 ml of them dialysed against 5 *
5-5 L pure water (Sartorius arium 611, 18.2 Q.cm) basified with 1 M
KOH to a pH of 8-9 and precooled to 4 °C.

2.2. Characterization of SiO2@ZrO2 nanoparticles

Morphological investigations of the NPs were performed using a
JEOL JEM-2200FS transmission electron microscope operated at 200 kV
with Cs corrector. Diluted samples were dropped and dried on holey
carbon coated copper grids (200 mesh).

FTIR absorption spectrum was measured using a Perkin-Elmer
Frontier MIR Spectrometer equipped with a deuterated triglycine sul-
fate (DTGS) detector and a single reflection attenuated total reflection
(UATR) unit (SPECAC “Golden Gate”) with diamond ATR element. At 4
cm ! resolution 32 scans were measured.

As the analysis of the samples confirmed that the two batches had
very similar physico-chemical properties, they were mixed together, and
the solid content, pH and zeta potential of the resulting sample was
measured, which was named SiO,@ZrO5 I + II.

Sample SiO2@ZrO; I + II was used for the retention tests. It was
stored in the fridge at 4-8 °C prior to the experiments and manipulated
at room temperature.

2.3. Experimental setup

The following concentration of treatments were applied for both the
experiments with SiO,@ZrO; nanoparticles and with ZrOCl,. Control
treatment contained only tap water.

control: no supplementation

treatment 1: supplemented with 0.50 pg ml~*
treatment 2: 5.0 pg ml~!

treatment 3: 10 pg ml~?

treatment 4: 20 pg ml ™!

Treatment concentrations were chosen based on the expected level of
application of the synthesised NPs as drug delivery systems as well as a
recent publication of Karthiga et al. (2018) investigating the effect of
zirconium oxide nanoparticles on the embryonic development of
zebrafish (Karthiga et al., 2019).

For treatments with Zr nanoparticles, the solution of the SiO,@ZrO,
I + IT silica-zirconia core-shell nanoparticle sample was used in water.
Treatments with ZrOCl, were prepared using solutions of solid zirconia
oxychloride 8 hydrate (Scharlau).

Daphnia magna were collected from an artificial pond and reared
isolated under laboratory conditions prior to their experimental usage.
The trials were set in 4 L volume plastic tanks with 6 g of D. magna (wet
weight) in each. Tanks were filled with continuously aerated tap water
with a constant temperature of 22 + 2 °C. A 16-8 h of light-dark illu-
mination was provided for the model culture of zooplankton. Each
treatment was set in triplicate (n = 3) and the plastic containers were
arranged in a completely randomized design. After the 72 h of treatment
D. magna was harvested by plankton net of 150 pm mesh size and rinsed
with ultrapure water (Millipore MilliQ) to avoid surface contamination
of the experimental media.

Juvenile D. rerio individuals (zebrafish) were purchased for research
purposes at 60 days post hatch and were kept for 48 h in tap water at 23
+ 2 °C prior to the experiments. Rectangular, 40 L volume glass aquaria
were used for the trials where the five treatments were set in triplicate
and in a randomized design. In each aquarium 10 zebrafish juveniles
were placed, with gender equality. The initial individual wet body
weight was 0.260 + 0.04 g and size homogeneity were tested by ANOVA
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where no significant difference (p > 0.05) occurred among the treat-
ments. Aerated tap water was used as a rearing media with an oxygen
concentration maintained by individual piped filters. Treatments were
added to tap water and the experiment lasted for 96 h in 16-8 h
(light-dark) illumination. Most important water quality parameters
were monitored during the trial and found to be the following:

water temperature (HACH HQ30D): 22.85 + 1.28 °C

dissolved oxygen (HACH HQ30D): 7.51 + 0.51 mg L™*

oxygen saturation: 88.94 + 4.43 %

e pH (HACH HQ30D): 8.57 + 0.03

e nitrogen species (HACH DR3900): 0.23 + 0.13 mg L ™! of NH3" and
0.01 + 0.01 mg L™! of NOy~

Fish received no feed during the experiment. Aquarium were
checked daily for dead individuals. After the trial period D. rerio in-
dividuals were collected by fish net and were rinsed with ultrapure
water to reduce the positive error in the analytical results. The sacrificed
procedure was by physical methods suggested in the AVMA Guidelines
on Euthanasia for fish reported by the American Veterinary Medical
Association. Fish samples were kept frozen prior to the further labora-
tory analyses.

2.4. Sample preparation and Zr analysis

D. magna samples were dried in glass beakers in a drying cabinet
until constant weight (12 h) and digested in the same vessels by adding
5 ml 65% (m/m) HNO3 and 1 ml of 30% (m/m) Hy0, (both reagent
grade, Merck, Hungary) on an electric hot plate. Samples were then
diluted with 1% (v/v) nitric acid (reagent grade, Merck and Milli-Q
water) in volumetric flasks of 25 ml and kept refrigerated prior to
elemental analysis.

Zebrafish individuals were dried until constant weight in a drying
cabinet (24 h) and digested with the mixture of 5 ml 65% (m/m) HNOs
and 1 ml of 30% (m/m) Hy0- in glass beakers on an electric hot plate.
Samples were then diluted with 1% (v/v) nitric acid (reagent grade,
Merck and Milli-Q water) in volume calibrated plastic (PP) test tubes of
10 ml and were stored in refrigerator until the analysis. The dry weight
of both zooplankton and fish samples were determined on analytical
balance (Precisa 360 ES).

Elemental concentration was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES 5110 Vertical Dual
View, Agilent Technologies). Auto sampler (Agilent SPS4), Meinhard®
type nebulizer and double pass spray chamber were used as well as a
five-point calibration procedure was applied (ICP VI, Merck). Certified
reference material (ERM-BB422, fish muscle) was treated along with the
test organisms to verify the chosen elemental analytical method. The
recoveries of the measured elements were within 10 % of the certified
values for the metals. The wavelengths and measuring parameters were
chosen based on the cookbook of the ICP Expert software.

2.5. Evaluation of experimental data

The statistical analysis of experimental data was carried out in SpSS/
PC+ software package. ANOVA was used to compare the Zr concen-
tration results in the applied treatments, as well as the bioconcentration
factors and elemental analytical data. The homogeneity of variance was
verified by Levene test and significant differences were evaluated by
Tukey multi-comparison test where difference was considered to be
statistically significant when p < 0.05. Redundancy analysis (RDA) was
performed in Canoco for Windows 4.5 to investigate the interaction
between the studied species (zooplankton and fish) and their environ-
mental background (rearing media): water to D. magna and water to
D. rerio. This test was first mentioned by Rao in 1964, but gained wider
use after the publication of Braak & Prentice in 1988 (Ter Braak, 1988;
Rao, 1964). It has been used — among others — in environmental
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assessment and monitoring studies as well as to evaluate the interaction
between inorganic contaminants and test organisms regarding aquatic
toxicology (Fehér et al., 2013; Herman et al., 2020a; ter Braak and
Verdonschot, 1995; Varga et al., 2020). The bioconcentration factor
(BCF) for D. magna and D. rerio was calculated by dividing the Zr content
measured in the organisms (Corganism, Mg kg’1 dry weight) by the same
concentration values of the rearing water media (Corganism, Mg L™Y): BCF

= Corganism/ Cuwater
3. Results
3.1. Characterization of the prepared SiO2@ZrOz I + II sample

The large volume synthesis of the silica-zirconia core—shell nano-
particles were performed in two batches. Before merging it was made
sure that they were of identical characteristics.

The size of the particles was monitored throughout the synthesis by
dynamic light scattering (DLS) technique (Fig. 1). It showed slight in-
crease after the deposition of zirconia on the surface of silica cores. The
resulting mean diameter and size distribution were identical for the two
batches. We experienced a second increase in mean size when the par-
ticles were transferred into water. This latter was due to the completion
of zirconia shell crystallization and also due to a larger hydration sphere
of the oxide surface in water than in ethanol. Small amount of aggre-
gates were observed (6% in volume of the total nanoparticle volume).

The FTIR analysis of the samples (Fig. 2) confirmed the formation of
identical zirconia shells around the silica core in the two batches
(Si02@ZrOz I and SiO,@ZrOz II). After dialysis into water, we
observed the increase of intensity of hydrogen carbonate vibrational
bands at 1640 cm™! in comparison to the bicarbonate species’ vibra-
tional bands at 1560-1320 cm ™ '. The pH, DLS volume mean size (nm),
zeta potential (mV) and solid content (mg ml™ D of SiO,@ZrO, I+ IT are
summarized in Table 1. The TEM analysis of the prepared material
showed the spherical morphology of the particles presenting a rough
surface with some spurs. The formation of some aggregates is also
visible.

3.2. Retention of Zr from SiO2@ZrO2 nanoparticles in Daphnia magna
and Danio rerio

The quantitative measurement results proved that the level of Zr
increased in parallel with the concentration of the added SiO,@ZrO,
NPs, as indicated in Fig. 3A. In the control group, no Zr was observed
above the limit of detection of the ICP-OES instrument, while the highest
concentration was detected in treatment 4 (20 pg ml~1). Thus, signifi-
cant difference was observed, showing a rapid uptake of Zr in the 72 h of
exposition period. Neither vitality nor lethality of zooplankton was
observed to be different in the experimental groups suggesting that the

- Volume size distribution functions
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Fig. 1. Progress of DLS size distribution of the nanoparticles during synthesis.
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Zr retention did not cause the acute toxicity of the daphnids.

A constrained ordination procedure of RDA was used to determine
the effects of environmental variables and model species regarding the
Zr level (Fig. 3B). The correlation between the Zr concentration of the
rearing media and the concentration of the same elements in D. magna
was 0.962, while the species-environment correlation was 0.981. The
cumulative percentage variance for the species data revealed to be 96.2
and 100.0 for the species-environmental relation. The strong correlation
between the Zr content of the rearing media and Daphnia organisms
shows cause-effect relationship further proving the retention of the
nanoparticle in the 72 h of acute toxicity test.

As indicated in Fig. 4A, SiO,@ZrO; NPs gained access to the tissues
of zebrafish individuals in all treatments compared to the control, as
statistically proven difference occurred between the control and the
exposed groups (p = 0.004; F = 4.491). The level of measured Zr in
D. rerio, however, was lower in dry weight than found in D. magna or-
ganisms. RDA was applied to evaluate the interaction between the
rearing media and the indicator organism of D. rerio (Fig. 4B). The
correlation between the Zr concentration of the rearing media and the
concentration of the same element in D. rerio was 0.773, while the
species-environment correlation was 0.879. The cumulative percentage
variance for the species data revealed to be 96.2 and 100.0 for the
species-environmental relation. Statistics indicate correlation between
the exposition media and the zebrafish individuals, yet in a lower extent
compared to the investigated zooplankton organisms.

The calculated BCFs of the test organisms (Table 2) also prove the
higher occurrence of Zr in D. magna compared to D. rerio. According to
the statistical analysis, significant difference was found between treat-
ment 1 and the other experimental groups in both cases: the highest BCF
values were observed in the groups where NPs exposition was the lowest
(supplemented by 0.50 pg ml~! SiO,@Zr0O,). Treatment 3 (supple-
mented by 10 pg ml~! SiO,@ZrO,) and 4 (supplemented by 20 pg ml~!
Si02@Zr03) did not differ statistically from each other.

3.3. Elemental content of SiO2@ZrO, nanoparticle supplemented Danio
rerio

The multielement technique provided the opportunity to analyse the
quantity of the most important macro and micro elements in fish tissues.
As indicated in Table 3, the elemental concentration of the treatments
showed no significant difference according to the ANOVA test either
between the treatments or compared to the control (p > 0.05). Results
suggest that the elemental homeostasis of zebrafish individuals was not
negatively affected by the short-term exposition of Zr containing NPs via
water.

3.4. Retention of Zr from ZrOCly in Danio rerio

The Zr level of zebrafish samples treated by ZrOCl, in analogous
concentration to the NP study provided a completely different accu-
mulation pattern. No significant difference was observed between the Zr
content of the experimental groups (p > 0.05): low levels were deter-
mined with high standard deviation suggesting no retention of Zr in
zebrafish individuals from the ZrOCl, treatments (Fig. 5.)

Results of the Zr retention from the molecular form are demonstrated
by the BCF indicated in Table 4: no accumulation of the Zr from ZrOCl,
was observed, and data are lower in each treatment compared to the
ones determined for SiO,@ZrO5 NPs.

3.5. Growing performance of D. reiro

Fig. 6 indicates the average final wet body weight (WBWj¢) of D. reiro
individuals. Compared to the average initial WBW; (0.260 + 0.04 g) of
the test organisms, no significant different occurred either in the
SiO,@ZrOy NP supplemented groups or in the ZrOCly supplemented
ones (p > 0.05). The same is concluded when comparing the treated
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Fig. 2. FTIR spectra of silica and silica-zirconia core—shell nanoparticles in ethanol (A) and in water (B).

Table 1
Characterization results of the synthesized Zr nanoparticles.

Sample pH  DLS volume mean Zeta potential Solid content
size (nm) (mV) (mg/ml)
SiOy 38+14
Si0,@Zr0, I 51 + 14
Si0,@ZrO, 1T 51 +15
Si0,@ZrO, I 85 68 +2494% -19+1 0.72 + 0.03
+1I

groups to the control: no statistically proven difference is observed (p >
0.05). The survival of the fish individuals was 100% in each aquarium.

4. Discussion

The industrially controlled, favourable properties of nanomaterials
enable their novel commercial application that can directly or indirectly
led to their environmental release. Nanocarriers are a relatively new and
promising approach for the safe delivery of therapeutic drug products.
Zirconia has been studied lately as a material for biomedical applica-
tions and as a potential platform for vaccine delivery in nanoparticle
form (Huang et al., 2018; Nagy et al., 2020). However, the complex
ecotoxicological investigation of Zr containing NPs is yet to be carried
out.

Zirconia and its salts are not considered to be particularly hazardous
to the environment. While land plants do not tend to accumulate,
aquatic plants are shown to adsorb dissolved Zr compounds. However,
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assays conducted with aquatic vertebrates proved low toxicity of Zr: 96-
hr LC50 >20 mg L' and 96 h minimal stress concentration >20 mg L™},
according to Couture et al (Couture et al., 1989). Zirconia as a NP
component thus can be considered a promising initiative from envi-
ronmental point of view since the element itself does not pose a
particular risk to the terrestrial or aquatic ecosystem. At the same time,
it was recently shown that the human and ecotoxicology of engineered
nanomaterials are dependent of several molecular and physicochemical
mechanisms which influence their interaction with cells thus determine
their overall potential hazardous features (Huang et al., 2017).

Present study focuses on the aquatic toxicology of Zr containing NPs
by adsorption experiments conducted under laboratory conditions. The
result proves that retention of Zr from the nanoparticle form occurs in
zooplankton via water. D. magna is a key species in fresh and brackish
water habitats, being primary consumer and prey of many planktivorous
fishes; in the early stages of ontogeny, D. magna is the exclusive feed of
some species. Our findings correlate well with the conclusions of Zate-
ska-Radziwitt and Doskocz who published an article in 2015 regarding
the ecotoxicology of Zr nanoparticles in aquatic invertebrates (Zaleska-
Radziwilt and Doskocz, 2016). The research group did not determine the
accumulation tendency contrary to the present study, but a toxicology
test was conducted on different protozoans (Tetrahymena thermophila,
Thamnocephalus platyurus and Daphnia magna) and the greatest effect of
Zr containing NPs was observed on D. magna, where long treatment
period resulted in biodiversity change. However, no organoleptic dif-
ference was observed in acute toxicity tests, compared to the control
group. Our findings support their conclusion regarding the possible
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Fig. 3. A. The concentration of Zr in D. magna treated by SiO,@ZrO, core-shell NPs (mg kg™~ 4 SD, n = 3) B: Redundancy biplot of rearing water and D. magna
regarding the Zr concentration (Solid arrow: elemental concentration of water, dashed arrow: elemental concentration of D. magna. Squares with numbers indicate
experimental groups) Control: no supplementation; 1: supplemented by 0.50 pg ml~! Si0,@ZrO,; supplemented by 5.0 pg ml~! SiO,@ZrO,; 3: supplemented by 10

pg ml~! Si0,@ZrOy; 4: supplemented by 20 pg ml~! Si0,@ZrO,,
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Fig. 4. A. The concentration of Zr in Danio rerio treated by SiO,@ZrO, core-shell NPs (mg kg~ + SD, n = 3) B: Redundancy biplot of rearing water and D. rerio
regarding the Zr concentration (Solid arrow: elemental concentration of water, dashed arrow: elemental concentration of D. rerio. Squares with numbers indicate
experimental groups) Control: no supplementation; 1: supplemented by 0.50 pg ml~! Si0,@ZrOs; supplemented by 5.0 pg ml~! SiO,@ZrOy; 3: supplemented by 10
pg ml~! §i0,@ZrOs; 4: supplemented by 20 pg ml~! SiO,@ZrO,,

Table 2
Bioconcentration factors of the test organisms treated by SiO>@ZrO, core-shell
NPs.
Model organism Treatment BCF
Daphnia magna 1 1081
2 259.3
3 199.8
4 157.1
Danio rerio 1 11.76
2 2.298
3 0.9111
4 0.6788
Table 3
Elemental content of Danio reiro supplemented by SiO,@ZrO, core-shell NPs.
mg kg™! Control 1 2 3 4
+ SD
Ca 9285 + 10614 + 10280 + 8670 + 582 9068 + 494
607 457 1158
Cu 1.359 + 1.094 + 1.205 + 1.053 + 1.069 +
0.1008 0.05298 0.1160 0.09026 0.03507
Fe 19.93 + 17.48 + 19.75 + 19.45 + 24.35 +
1.847 0.7608 3.015 1.750 4.939
K 4086 + 3839 + 3999 + 3480 + 3571 +
3209 129.1 404.1 199.0 79.51
Mg 455.7 + 416.9 + 416.9 + 379.9 + 368.7 +
35.26 11.86 39.69 23.82 10.79
Mn 0.959 + 0.617 + 0.600 + 0.574 + 0.502 +
0.114 0.084 0.083 0.074 0.043
Na 1175 + 1165 + 1199 + 1048 + 1119 +
92.38 53.96 108.0 61.33 24.76
P 7474 £ 7648 + 7636 + 6785 + 6943 +
584.1 222.3 802.4 398.3 241.7
S 2764 + 2593 + 2681 + 2378 + 2439 +
215.6 119.7 219.4 157.6 45.62
Sr 25.52 + 25.89 + 25.98 + 23.59 + 18.99 +
2.718 1.842 3.372 2.747 2.772
Zn 68.75 + 64.05 + 65.74 + 58.85 + 55.95 +
4.717 3.524 4.541 3.541 6.755

harmful effect of Zr containing NPs to aquatic ecosystems since signifi-
cant adsorption of Zr was observed in the daphnids after the 72 h of
treatment period.

Experiments conducted with zebrafish suggest a lower accumulation
tendency of Zr from the NP form, as smaller concentration calculated to
dry weight was found in the fish tissues compared to the zooplankton
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Fig. 5. The concentration of Zr in Danio rerio treated by ZrOCl, (mg kg~ + SD,
n = 3) Control: no supplementation; 1: supplemented by 0.50 pg ml~! ZrOCly;
supplemented by 5.0 g ml~! ZrOCly; 3: supplemented by 10 pg ml~! ZrOCly; 4:
supplemented by 20 pg ml~! ZrOCl,,

Table 4
Bioconcentration factors of the Danio rerio treated by ZrOCl,,
Model organism Treatment BCF
Danio rerio 1 2.280
2 0.1460
3 0.1290
4 0.05200

organisms. However, a significant increase of Zr was determined in
zebrafish individuals from the higher dosage treatments than those from
the control. The retention of Zr was therefore confirmed by the results in
D. rerio, yet at a smaller level than in D. magna. The observation was
further confirmed by the RDA results. Correlation was found between
the Zr content of the rearing medium and the zooplankton organism as
well as the zebrafish individuals, but the correlation was stronger in the
retention route of water to D. magna. The decreased extent of correlation
can be explained by the fact that different exposure routes result in
different accumulation efficiency. Daphnia organisms keep a constant
whole-body exchange with their surrounding water media as well as
being filter feeders, daphnids ingest very small particles: even NP
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Fig. 6. The average wet weight (mean =+ SD, n = 10) of the D. reiro individuals
in the SiO,@ZrO, and ZrOCl, treatments. (Blue dashed line indicates the
average individual wet weight of the fish: 0.260 + 0.04 g). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

aggregates under 70 um is readily taken up by them (Xiao et al., 2015). It
was shown that the accumulation of NPs usually occurs in the acute
time-period of 24-72 h, indicating that the retention tendency in
zooplankton organisms is quite fast. In contrast, aquatic vertebrates
have more involved excretion routes to efficiently remove toxic metals
from their body resulting in the lower accumulation of elements with
adverse effects (Kawasaki et al., 1982). Metal retention also occurs in
certain organs in higher levels than in others which contribute to a small
extent to the total fish body weight (Herman et al., 2021b; Wg and Gr,
1997).

Our model experiment further supports the results of Karthiga et al.
by evaluating the exposure and retention level of Zr containing NPs.
Their research group published the first results in 2018 regarding the
ecotoxicology of Zr containing NP by evaluating its effect on the em-
bryonic development of zebrafish. The group did not carry out accu-
mulation study but conducted exposition experiments in similar dosage
to present work and found developmental deformities, hatching delay,
malformation and even mortality among the direct effects (Karthiga
et al., 2019). The observed adsorption of Zr in zebrafish tissues in pre-
sent work provides explanation to the negative impact they concluded.
Cyto-toxicological processes may arise even at lower uptake level due to
the particle size, which is known to contribute NP toxicity (Jiang et al.,
2008).

Bioaccumulation factor is successfully used in the assessment of the
environmental load caused by different organic and inorganic contam-
inants to numerically express the retention level of pollutants. If certain
limitations of the method are considered, it can be applied for hazard
regulation, prediction and to compare the accumulation tendency of the
compounds. Fish species can be applied effectively for bioconcentration
studies due to the lipid-content of their organs, body fluids and tissues
(Adolfsson-Erici et al., 2012; Harangi et al., 2017; Herman et al., 2021b).
The BCF data calculated for the treatments suggest that D. magna uptake
the Zr content of the NPs in a much higher level compared to the
zebrafish individuals. Zooplankton species, however, tend to eliminate
elements rapidly, thus BCF calculation itself is not completely appro-
priate for risk assessment. Exoskeleton shedding, for instance, is a
known excretion route for daphnids to reduce toxic metal body content
and even to regulate the level of essential elements during their molting
process. Bioconcentration is still an important indicative in estimating
the persistence of chemicals in the aquatic environment and its careful
application can improve the ability of environmental health protection
(Trowell et al., 2018).
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It was also found that the gained BCF values are the highest in the
first treatments of the experiments conducted with D. magna, while the
increasing level of Zr NPs added resulted in the decreasing values of BCF.
Similar phenomena were observed for the zebrafish exposures, that the
higher dose of treatments lowered the BCF results. This finding also
correlates with the conclusion of Karthiga et al. (2018) as they stated,
that the lower the concentration of the Zr nanoparticle, the higher the
posed hazard to the living organisms (Karthiga et al., 2019). Concen-
tration dependent toxicity has already been observed for other NPs.
Nagqvi et al. (2010) studied the dosage- and time-affected impact of iron
oxide nanoparticles and found that more cell toxicity is observed at
lower exposition levels (Naqvi et al., 2010).

It was found that inorganic NPs affected the trace element homeo-
stasis of living organisms. Abdelhalim et al. investigated the distribution
of elements in rat tissues after the in vivo treatment of the animals by
gold NPs and statistically proven alteration was observed in the
elemental level of the GNP exposed animal tissues of liver, kidney, heart
as well as blood compared to the control (Wang et al., 2012). Amara
et al. studied the elemental content of rat brain after ZnO NP treatment
and reported a decreased Fe and Ca level compared to the non-treated
animals (Amara et al., 2015). In the acute toxicity assay Zr elevated in
the tissue of zebrafish exposed to Zr NPs, yet no significant change in the
trace element homeostasis was observed of the organisms as the con-
centration of the measured elements remained constant.

Our results further suggest that Zr from the molecular form was
either not available to D. rerio, or being a vertebrate of higher trophic
level, have more developed excretion routes compared to the
zooplankton species since no statistically proven difference was found
between the treatments and the control when ZrOCl; was added to the
rearing media of zebrafish. Our observation is in correlation with the
finding of Zaleska-Radziwilt and Doskocz (2015) who carried out the
first time in the literature an ecotoxicological study on Zr containing NPs
and found that the nano form had higher toxicity for crustaceans
compared to the molecular form of the same compound. This observa-
tion is further proved by present retention study suggesting that the
dissolved salt form of Zr is posing less hazard to the aquatic ecosystem,
than Zr containing NPs. The increased surface area of the nano form
results in different properties which determine the magnitude of
bioavailability and possible environmental risk. However, in contrast to
ZrO,, TiO5 NPs did not show statistical difference in accumulation
tendency compared to the ionic titanium to zebrafish eleutheroembryos
in acute toxicity tests (Oliver et al., 2015). The assessment of potential
ecological hazard is therefore quite complex since nanomaterials show
distinct adsorption behaviour in the aquatic model organisms. While
both the ionic form of Ti and Zr are considered to be non-toxic, for
instance, the NP form of the two elements show different retention
tendency. Titanium is considered to be a safe bio-implant and only a few
reports conclude its adverse effect, as well as the TiO; NP was observed
to be non-accumulative. In contrast, Zr as an ionic compound is known
to have very low environmental hazard, yet the NP form shows retention
tendency in aquatic organisms. Based on the BCF values the adsorption
of Zr from the core shell NP in zebrafish individuals in all treatments was
below that of the 100 regulated in REACH, but was significantly higher
compared to the BCF values calculated for the same exposition level of
the molecular form. Also, the retention of NP ZrO, was significantly
elevated in the zooplankton experiments. For the safe manufacturing
and application of the presented Zr core-shell NP as a biomedical
product, more extensive experiments are required to map the environ-
mental aspects of the released material.

5. Conclusion

The thorough investigation of the environmental and health con-
cerns of engineered NPs is an emerging task of nanotoxicology due to the
extending worldwide utilization of these materials. The ecotoxicological
effects of NPs are usually studied by different indicator species where
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mortality is the most applied endpoint of the experiments. However, the
exact determination of their retention tendency in tissues and body
fluids provide further information regarding their toxic mechanisms.
Our findings suggest that the NP form of ZrO, poses no acute toxicity to
the chosen aquatic indicator organisms, however, adsorption of the
element was found in both D. magna and D. reiro. No bioaccumulation
was proved for the vertebrates, but statistically higher concentration of
Zr was qualitatively measured in the tissues of zebrafish treated by the
same exposition doses of the NP compared to the molecular form. The
limited knowledge of the ecotoxicology of Zr containing NPs are
expanded by present study, however, the long-time effect is important to
be further investigated. In contrast to the medium to no toxicity of Ti
containing NPs in short term tests, the long-term assay proved the
concentration- and time-affected inhibition of zebrafish growth, resulted
in decreased liver weight ratio as well as the histopathologic alteration
of the gills was observed. Even the translocation of Ti in different organs
was concluded (Chen et al.,, 2011a). In order to gain deeper under-
standing of the environmental hazard of emitted Zr containing NPs long-
term experiments are to be conducted and the biochemical mechanisms
should be carefully assessed.

Compliance with Ethical Standards

All experiments and procedures were performed in compliance with
relevant laws and institutional guidelines and the appropriate institu-
tional committee have approved them. Animal experiments were carried
out in accordance with the EC Directive 86,/609/EEC.

CRediT authorship contribution statement

Zsofi Sajtos: Data curation, Formal analysis, Investigation, Writing —
original draft, Writing — review & editing. Milan Fehér: Conceptuali-
zation, Formal analysis, Writing — review & editing. Aron Molnar: Data
curation. Laszlé Stiindl: Funding acquisition, Supervision. Livia
Naszalyi Nagy: Data curation, Formal analysis, Writing — review &
editing. José C. Martins: Formal analysis. Sandor Harangi: Method-
ology, Validation. Istvan Magyar: Data curation, Formal analysis.
Krisztina Fehér: Conceptualization, Investigation, Methodology, Su-
pervision, Writing — review & editing. Edina Baranyai: Conceptuali-
zation, Investigation, Methodology, Supervision, Writing — review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The research was supported by the EU and co-financed by the Eu-
ropean Regional Development Fund under the project GINOP-2.3.2-15-
2016-00008. We acknowledge the Agilent Technologies, Inc. and the
Novo-Lab Ltd. (Hungary) for providing the MP-AES 4200 and the ICP-
OES 5100 instruments for the elemental analysis. This project has
received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant
agreement No 703374. E.D. acknowledges FWO-Vlaanderen for a
fellowship (FWO-SB fellowship). K.F. acknowledges the support of the
Jénos Bolyai Research Scholarship of the Hungarian Academy of Sci-
ences (BO/004333/18/7) and the New National Excellence Program of
Debrecen University (GNKP-20-4 Bolyai+). This research was supported
by the National Research, Development and Innovation Office of
Hungary (grant NKFI/OTKA NN 128368).

Environmental Nanotechnology, Monitoring & Management 16 (2021) 100572
References

Abd El-Ghany, O.S., Sherief, A.H., 2016. Zirconia based ceramics, some clinical and
biological aspects: Review. Fut. Dental J. 2, 55-64. https://doi.org/10.1016/j.
£dj.2016.10.002.

Adolfsson-Frici, M., Akerman, G., McLachlan, M.S., 2012. Measuring bioconcentration
factors in fish using exposure to multiple chemicals and internal benchmarking to
correct for growth dilution. Environ. Toxicol. Chem. 31, 1853-1860. https://doi.
org/10.1002/etc.v31.810.1002/etc.1897.

Amara, S., Slama, I.B., Omri, K., Ghoul, J.E., Mir, L.E., Rhouma, K.B., Abdelmelek, H.,
Sakly, M., 2015. Effects of nanoparticle zinc oxide on emotional behavior and trace
elements homeostasis in rat brain. Toxicol. Ind. Health 31, 1202-1209. https://doi.
org/10.1177/0748233713491802.

Araujo, G.S., Pavlaki, M.D., Soares, A.M.V.M., Abessa, D.M.S., Loureiro, S., 2019.
Bioaccumulation and morphological traits in a multi-generation test with two
Daphnia species exposed to lead. Chemosphere 219, 636-644. https://doi.org/
10.1016/j.chemosphere.2018.12.049.

Arora, S., Rajwade, J.M., Paknikar, K.M., 2012. Nanotoxicology and in vitro studies: the
need of the hour. Toxicol. Appl. Pharmacol. 258, 151-165. https://doi.org/10.1016/
j-taap.2011.11.010.

Asharani, P.V., lianwu, Y., Gong, Z., Valiyaveettil, S., 2011. Comparison of the toxicity of
silver, gold and platinum nanoparticles in developing zebrafish embryos.
Nanotoxicology 5, 43-54. https://doi.org/10.3109/17435390.2010.489207.

Brundo, M.V., Salvaggio, A., 2018. Zebrafish or Danio rerio: A new model in
nanotoxicology study. In: Recent Advances in Zebrafish Researches. https://doi.org/
10.5772/intechopen.74834.

Brundo, M.V., Pecoraro, R., Marino, F., Salvaggio, A., Tibullo, D., Saccone, S.,
Bramanti, V., Buccheri, M.A., Impellizzeri, G., Scuderi, V., Zimbone, M.,

Privitera, V., 2016. Toxicity evaluation of new engineered nanomaterials in
zebrafish. Front. Physiol. 7 https://doi.org/10.3389/fphys.2016.00130.

Bundschuh, M., Filser, J., Liiderwald, S., McKee, M.S., Metreveli, G., Schaumann, G.E.,
Schulz, R., Wagner, S., 2018. Nanoparticles in the environment: where do we come
from, where do we go to? Environ. Sci. Eur. 30 (1) https://doi.org/10.1186/512302-
018-0132-6.

Catauro, M., Raucci, M., Ausanio, G., 2008. Sol-gel processing of drug delivery zirconia/
polycaprolactone hybrid materials. J. Mater. Sci. - Mater. Med. 19, 531-540. https://
doi.org/10.1007/5s10856-007-3065-y.

Chakraborty, C., Sharma, A.R., Sharma, G., Lee, S.-S., 2016. Zebrafish: A complete
animal model to enumerate the nanoparticle toxicity. J. Nanobiotechnol. 14, 65.
https://doi.org/10.1186/512951-016-0217-6.

Chen, J., Dong, X., Xin, Y., Zhao, M., 2011a. Effects of titanium dioxide nano-particles on
growth and some histological parameters of zebrafish (Danio rerio) after a long-term
exposure. Aquat. Toxicol. 101, 493-499. https://doi.org/10.1016/j.
aquatox.2010.12.004.

Chen, T.-H., Lin, C.-Y., Tseng, M.-C., 2011b. Behavioral effects of titanium dioxide
nanoparticles on larval zebrafish (Danio rerio). Mar. Pollut. Bull. 63, 303-308.
https://doi.org/10.1016/j.marpolbul.2011.04.017.

Couture, P., Blaise, C., Cluis, D., Bastien, C., 1989. Zirconium toxicity assessment using
bacteria, algae and fish assays. Water Air Soil Pollut. 47, 87-100. https://doi.org/
10.1007/BF00469000.

Danabas, D., Ates, M., Ertit Tastan, B., Cicek Cimen, I.C., Unal, 1., Aksu, O., Kutlu, B.,
2020. Effects of Zn and ZnO nanoparticles on Artemia salina and daphnia magna
organisms: toxicity. Accumul. Elimin. Sci. Total Environ. 711, 134869. https://doi.
org/10.1016/j.scitotenv.2019.134869.

Donaldson, K., Stone, V., Tran, C.L., Kreyling, W., Borm, P.J.A., 2004. Nanotoxicology.
Occup. Environ. Med. 61, 727-728. https://doi.org/10.1136/0em.2004.013243.
Escorihuela, L., Martorell, B., Rallo, R., Fernandez, A., 2018. Toward computational and
experimental characterisation for risk assessment of metal oxide nanoparticles.

Environ. Sci. Nano 5, 2241-2251. https://doi.org/10.1039/C8EN00389K.

Fehér, M., Baranyai, E., Simon, E., Barsony, P., Sziics, L., Posta, J., Stiind], L., 2013. The
interactive effect of cobalt enrichment in Artemia on the survival and larval growth
of barramundi, Lates calcarifer. Aquaculture 414-415, 92-99. https://doi.org/
10.1016/j.aquaculture.2013.07.031.

Forgdcs, A., Moldovan, K., Herman, P., Baranyai, E., Fabidn, 1., Lente, G., Kalmar, J.,
2018. Kinetic model for hydrolytic nucleation and growth of TiO2 nanoparticles.
J. Phys. Chem. C 122, 19161-19170. https://doi.org/10.1021/acs.jpcc.8b04227.

Grammatikopoulos, P., Sowwan, M., Kioseoglou, J., 2019. Computational modeling of
nanoparticle coalescence. Adv. Theor. Simul. 2, 1900013. https://doi.org/10.1002/
adts.201900013.

Gusarov, V.V., Almyasheva, 0.V., Garabadzhiu, A.V., Kozina, Yu.V., Litvinchuk, L.F.,
Dobritsa, V.P., 2006. Investigation of an influence of cytotoxicity of zirconium oxide
(Zr02) and a solid solution (ZrO2) and a solid solution (Zr0.98Eu0.201.98) on the
basis there of which has nanocrystals on L-41 cell line.

Harangi, S., Baranyai, E., Fehér, M., Toth, C.N., Herman, P., Stiindl, L., Fabian, I.,
T6thmérész, B., Simon, E., 2017. Accumulation of metals in juvenile carp (Cyprinus
carpio) exposed to sublethal levels of iron and manganese: survival, body weight and
tissue. Biol. Trace Elem. Res. 177, 187-195. https://doi.org/10.1007/s12011-016-
0854-5.

Herman, P., Fabian, I., Kalmar, J., 2020a. Mesoporous silica-gelatin aerogels for the
selective adsorption of aqueous Hg(II). ACS Appl. Nano Mater. 3, 195-206. https://
doi.org/10.1021/acsanm.9b01903.

Herman, P., Fehér, M., Molndr, A., Harangi, S., Sajtos, Z., Stiindl, L., Fabian, L.,
Baranyai, E., 2021. Iron and manganese retention of juvenile zebrafish (Danio rerio)
exposed to contaminated dietary zooplankton (Daphnia pulex)—a model
experiment. Biol. Trace Elem. Res. 199, 732-743. https://doi.org/10.1007/512011-
020-02190-z.


https://doi.org/10.1016/j.fdj.2016.10.002
https://doi.org/10.1016/j.fdj.2016.10.002
https://doi.org/10.1002/etc.v31.810.1002/etc.1897
https://doi.org/10.1002/etc.v31.810.1002/etc.1897
https://doi.org/10.1177/0748233713491802
https://doi.org/10.1177/0748233713491802
https://doi.org/10.1016/j.chemosphere.2018.12.049
https://doi.org/10.1016/j.chemosphere.2018.12.049
https://doi.org/10.1016/j.taap.2011.11.010
https://doi.org/10.1016/j.taap.2011.11.010
https://doi.org/10.3109/17435390.2010.489207
https://doi.org/10.5772/intechopen.74834
https://doi.org/10.5772/intechopen.74834
https://doi.org/10.3389/fphys.2016.00130
https://doi.org/10.1186/s12302-018-0132-6
https://doi.org/10.1186/s12302-018-0132-6
https://doi.org/10.1007/s10856-007-3065-y
https://doi.org/10.1007/s10856-007-3065-y
https://doi.org/10.1186/s12951-016-0217-6
https://doi.org/10.1016/j.aquatox.2010.12.004
https://doi.org/10.1016/j.aquatox.2010.12.004
https://doi.org/10.1016/j.marpolbul.2011.04.017
https://doi.org/10.1007/BF00469000
https://doi.org/10.1007/BF00469000
https://doi.org/10.1016/j.scitotenv.2019.134869
https://doi.org/10.1016/j.scitotenv.2019.134869
https://doi.org/10.1136/oem.2004.013243
https://doi.org/10.1039/C8EN00389K
https://doi.org/10.1016/j.aquaculture.2013.07.031
https://doi.org/10.1016/j.aquaculture.2013.07.031
https://doi.org/10.1021/acs.jpcc.8b04227
https://doi.org/10.1002/adts.201900013
https://doi.org/10.1002/adts.201900013
https://doi.org/10.1007/s12011-016-0854-5
https://doi.org/10.1007/s12011-016-0854-5
https://doi.org/10.1021/acsanm.9b01903
https://doi.org/10.1021/acsanm.9b01903
https://doi.org/10.1007/s12011-020-02190-z
https://doi.org/10.1007/s12011-020-02190-z

Z. Sajtos et al.

Hisbergues, M., Vendeville, S., Vendeville, P., 2009. Zirconia: Established facts and
perspectives for a biomaterial in dental implantology. J. Biomed. Mater. Res. B Appl.
Biomater. 88B, 519-529. https://doi.org/10.1002/jbm.b.31147.

Hougaard, K.S., Fadeel, B., Gulumian, M., Kagan, V.E., Savolainen, K.M., 2011. Chapter
21 - Developmental toxicity of engineered nanoparticles. In: Gupta, R.C. (Ed.),
Reproductive and Developmental Toxicology. Academic Press, San Diego,
pp. 269-290. https://doi.org/10.1016/B978-0-12-382032-7.10021-9.

Huang, Y.-W., Cambre, M., Lee, H.-J., 2017. The toxicity of nanoparticles depends on
multiple molecular and physicochemical mechanisms. Int. J. Mol. Sci. 18, 2702.
https://doi.org/10.3390/ijms18122702.

Huang, Z., Wang, Z., Li, C., Yin, K., Hao, D., Lan, J., 2018. Application of plasma-sprayed
zirconia coating in dental implants: study in implants. J. Oral Implantol. 44,
102-109. https://doi.org/10.1563/aaid-joi-D-17-00020.

Indoria, S., Singh, V., Hsieh, M.-F., 2020. Recent advances in theranostic polymeric
nanoparticles for cancer treatment: A review. Int. J. Pharm. 582, 119314. https://
doi.org/10.1016/j.ijpharm.2020.119314.

Jain, P.K,, Lee, K.S., El-Sayed, I.H., El-Sayed, M.A., 2006. Calculated absorption and
scattering properties of gold nanoparticles of different size, shape, and composition:
applications in biological imaging and biomedicine. J. Phys. Chem. B 110,
7238-7248. https://doi.org/10.1021/jp0571700.

Jia, H.-R., Zhu, Y.-X., Duan, Q.-Y., Chen, Z., Wu, F.-G., 2019. Nanomaterials meet
zebrafish: Toxicity evaluation and drug delivery applications. J. Control. Release
311-312, 301-318. https://doi.org/10.1016/j.jconrel.2019.08.022.

Jiang, J., Oberdorster, G., Elder, A., Gelein, R., Mercer, P., Biswas, P., 2008. Does
nanoparticle activity depend upon size and crystal phase? Nanotoxicology 2, 33-42.
https://doi.org/10.1080/17435390701882478.

Johnston, B.D., Scown, T.M., Moger, J., Cumberland, S.A., Baalousha, M., Linge, K., van
Aerle, R., Jarvis, K., Lead, J.R., Tyler, C.R., 2010. Bioavailability of nanoscale metal
oxides TiO2, Ce02, and ZnO to fish. Environ. Sci. Technol. 44, 1144-1151. https://
doi.org/10.1021/es901971a.

Karthiga, P., Ponnanikajamideen, M., Samuel Rajendran, R., Annadurai, G.,
Rajeshkumar, S., 2019. Characterization and toxicology evaluation of zirconium
oxide nanoparticles on the embryonic development of zebrafish, Danio rerio. Drug
Chem. Toxicol. 42, 104-111. https://doi.org/10.1080/01480545.2018.1523186.

Kawasaki, L.Y., Tarifefio-Silva, E., Yu, D.P., Gordon, M.S., Chapman, D.J., 1982.
Aquacultural approaches to recycling of dissolved nutrients in secondarily treated
domestic wastewaters—I Nutrient uptake and release by artificial food chains. Water
Res. 16, 37-49. https://doi.org/10.1016/0043-1354(82)90051-3.

Kim, J.M., Chang, S.M., Kim, S., Kim, K.-S., Kim, J., Kim, W.-S., 2009. Design of SiOz/
ZrO, core-shell particles using the sol-gel process. Ceram. Int. 35, 1243-1247.
https://doi.org/10.1016/j.ceramint.2008.06.003.

Kohal, R.J., Bachle, M., Att, W., Chaar, S., Altmann, B., Renz, A., Butz, F., 2013.
Osteoblast and bone tissue response to surface modified zirconia and titanium
implant materials. Dent. Mater. 29, 763-776. https://doi.org/10.1016/j.
dental.2013.04.003.

Laborda, F., Bolea, E., Ceprid, G., Gomez, M.T., Jiménez, M.S., Pérez-Arantegui, J.,
Castillo, J.R., 2016. Detection, characterization and quantification of inorganic
engineered nanomaterials: A review of techniques and methodological approaches
for the analysis of complex samples. Anal. Chim. Acta 904, 10-32. https://doi.org/
10.1016/j.aca.2015.11.008.

Lee, J.E., Lee, N., Kim, T., Kim, J., Hyeon, T., 2011. Multifunctional mesoporous silica
nanocomposite nanoparticles for theranostic applications. Acc. Chem. Res. 44,
893-902. https://doi.org/10.1021/ar2000259.

Ly, K., Qiao, R., An, H., Zhang, Y., 2018. Influence of microplastics on the accumulation
and chronic toxic effects of cadmium in zebrafish (Danio rerio). Chemosphere 202,
514-520. https://doi.org/10.1016/j.chemosphere.2018.03.145.

Mahmoud, W.M.M., Rastogi, T., Kiimmerer, K., 2017. Application of titanium dioxide
nanoparticles as a photocatalyst for the removal of micropollutants such as
pharmaceuticals from water. Current Opinion in Green and Sustainable Chemistry, 6
Photocatalysis 2017 6, 1-10. https://doi.org/10.1016/j.cogsc.2017.04.001.

Mansha, M., Qurashi, A., Ullah, N., Bakare, F.O., Khan, I., Yamani, Z.H., 2016. Synthesis
of In203/graphene heterostructure and their hydrogen gas sensing properties.
Ceram. Int. 42, 11490-11495. https://doi.org/10.1016/j.ceramint.2016.04.035.

Mukherjee, B., Weaver, J.W., 2010. Aggregation and charge behavior of metallic and
nonmetallic nanoparticles in the presence of competing similarly-charged inorganic
ions. Environ. Sci. Technol. 44, 3332-3338. https://doi.org/10.1021/es903456e¢.

Nagy, L.N., Polyak, A., Mihaly, J., Szécsényi, A., Szigyarto, 1.C., Czégény, Z.s., Jakab, E.,
Németh, P., Magda, B., Szabd, P., Veres, Z., Jemnitz, K., Bertdti, 1., Joba, R.P.,
Trencsényi, G., Balogh, L., Béta, A., 2016. Silica@zirconia@poly(malic acid)
nanoparticles: promising nanocarriers for theranostic applications. J. Mater. Chem. B
4, 4420-4429. https://doi.org/10.1039/C6TB0O1102K.

Nagy, L.N., Dhaene, E., Szigyartd, 1.C., Mihaly, J., May, Z., Varga, Z., Van Driessche, .,
Martins, J.C., Fehér, K., 2020. An unsought and expensive way to make gold
nanoparticles on the way to the development of SiO2@ZrO2 nanocarriers for cancer
vaccination. J. Mol. Liq. 311, 113307. https://doi.org/10.1016/j.
molliq.2020.113307.

Nagvi, S., Samim, M., Abdin, M., Ahmed, F.J., Maitra, A., Prashant, C., Dinda, A.K., 2010.
Concentration-dependent toxicity of iron oxide nanoparticles mediated by increased
oxidative stress. Int. J. Nanomed. 5, 983-989. https://doi.org/10.2147/1JN.S13244.

Oliver, A., Munoz-Olivas, R., Sanz Landaluze, J., Rainieri, S., Camara, C., 2015.
Bioaccumulation of ionic titanium and titanium dioxide nanoparticles in zebrafish
eleutheroembryos. Nanotoxicology 9, 835-842. https://doi.org/10.3109/
17435390.2014.980758.

Paatero, 1., Casals, E., Niemi, R., Ozliseli, E., Rosenholm, J.M., Sahlgren, C., 2017.
Analyses in zebrafish embryos reveal that nanotoxicity profiles are dependent on

Environmental Nanotechnology, Monitoring & Management 16 (2021) 100572

surface-functionalization controlled penetrance of biological membranes. Sci. Rep.
7, 8423. https://doi.org/10.1038/541598-017-09312-z.

Pakrashi, S., Tan, C., Wang, W.-X., 2017. Bioaccumulation-based silver nanoparticle
toxicity in Daphnia magna and maternal impacts. Environ. Toxicol. Chem. 36,
3359-3366. https://doi.org/10.1002/etc.3917.

Pant, H.R., Pant, B., Sharma, R.K., Amarjargal, A., Kim, H.J., Park, C.H., Tijing, L.D.,
Kim, C.S., 2013. Antibacterial and photocatalytic properties of Ag/Ti02/ZnO nano-
flowers prepared by facile one-pot hydrothermal process. Ceram. Int. 39,
1503-1510. https://doi.org/10.1016/j.ceramint.2012.07.097.

Pecoraro, R., Marino, F., Salvaggio, A., Capparucci, F., Di Caro, G., laria, C., Salvo, A.,
Rotondo, A., Tibullo, D., Guerriero, G., Scalisi, E.M., Zimbone, M., Impellizzeri, G.,
Brundo, M.V., 2017a. Evaluation of chronic nanosilver toxicity to adult zebrafish.
Front. Physiol. 8 https://doi.org/10.3389/fphys.2017.01011.

Pecoraro, R., D’Angelo, D., Filice, S., Scalese, S., Capparucci, F., Marino, F., laria, C.,
Guerriero, G., Tibullo, D., Scalisi, E.M., Salvaggio, A., Nicotera, 1., Brundo, M.V.,
2018. Toxicity evaluation of graphene oxide and titania loaded nafion membranes in
zebrafish. Front. Physiol. 8 https://doi.org/10.3389/fphys.2017.01039.

Pecoraro, R., Salvaggio, A., Marino, F., Caro, G.D., Capparucci, F., Lombardo, B.M.,
Messina, G., Scalisi, E.M., Tummino, M., Loreto, F., D’Amante, G., Avola, R., Tibullo,
D., Brundo, M.V., 2017b. Metallic nano-composite toxicity evaluation by zebrafish
embryo toxicity test with identification of specific exposure biomarkers. Curr.
Protoc. Toxicol. 74, 1.14.1-1.14.13. https://doi.org/10.1002/cptx.34.

Petersen, E.J., Flores-Cervantes, D.X., Bucheli, T.D., Elliott, L.C.C., Fagan, J.A., Gogos, A.,
Hanna, S., Kagi, R., Mansfield, E., Bustos, A.R.M., Plata, D.L., Reipa, V.,
Westerhoff, P., Winchester, M.R., 2016. Quantification of carbon nanotubes in
environmental matrices: current capabilities, case studies, and future prospects.
Environ. Sci. Technol. 50 (9), 4587-4605. https://doi.org/10.1021/acs.est.5b05647.

Rand, G., 1995. Fundamentals of aquatic toxicology: effects, environmental fate, and risk
assessment [WWW Document]. undefined. URL /paper/Fundamentals-of-aquatic-
toxicology%3A-effects%2C-fate%2C-Rand/
603766875a4ec970c6333e088cec427a471bd352 (accessed 9.30.20).

Rao, C.R., 1964. The use and interpretation of principal component analysis in applied
research. Sankhya: Indian J. Stat., Series A (1961-2002) 26, 329-358.

Richardson, S.D., 2009. Water analysis: emerging contaminants and current issues. Anal.
Chem. 81, 4645-4677. https://doi.org/10.1021/ac9008012.

Shaalan, M., Saleh, M., El-Mahdy, M., El-Matbouli, M., 2016. Recent progress in
applications of nanoparticles in fish medicine: A review. Nanomed. Nanotechnol.
Biol. Med. 12, 701-710. https://doi.org/10.1016/j.nano.2015.11.005.

Shrivastava, M., Srivastav, A., Gandhi, S., Rao, S., Roychoudhury, A., Kumar, A.,
Singhal, R.K., Jha, S.K., Singh, S.D., 2019. Monitoring of engineered nanoparticles in
soil-plant system: A review. Environ. Nanotechnol. Monit. Manage. 11, 100218.
https://doi.org/10.1016/j.enmm.2019.100218.

Srinivas, M., Buvaneswari, G., n.d. A Study of in Vitro Drug Release from Zirconia
Ceramics 7.

Sun, T.Y., Bornhoft, N.A., Hungerbiihler, K., Nowack, B., 2016. Dynamic probabilistic
modeling of environmental emissions of engineered nanomaterials. Environ. Sci.
Technol. 50, 4701-4711. https://doi.org/10.1021/acs.est.5b05828.

ter Braak, C.J.F., Verdonschot, P.F.M., 1995. Canonical correspondence analysis and
related multivariate methods in aquatic ecology. Aquat. Sci. 57, 255-289. https://
doi.org/10.1007/BF00877430.

Ter Braak Cajo J.F., 1988. CANOCO - A Fortran Program for Canonical Community
Ordination by Partial Detrended Canonical Correspondence Analysis (Version 2.1).

Trowell, J.J., Gobas, F.A.P.C., Moore, M.M., Kennedy, C.J., 2018. Estimating the
bioconcentration factors of hydrophobic organic compounds from biotransformation
rates using rainbow trout hepatocytes. Arch. Environ. Contam. Toxicol. 75, 295-305.
https://doi.org/10.1007/500244-018-0508-z.

Turan, N.B., Erkan, H.S., Engin, G.O., Bilgili, M.S., 2019. Nanoparticles in the aquatic
environment: Usage, properties, transformation and toxicity—A review. Process Saf.
Environ. Prot. 130, 238-249. https://doi.org/10.1016/j.psep.2019.08.014.

Ullah, H., Khan, 1., Yamani, Z.H., Qurashi, A., 2017. Sonochemical-driven ultrafast facile
synthesis of SnO2 nanoparticles: Growth mechanism structural electrical and
hydrogen gas sensing properties. Ultrason. Sonochem. 34, 484-490. https://doi.org/
10.1016/j.ultsonch.2016.06.025.

Vance, M.E., Kuiken, T., Vejerano, E.P., McGinnis, S.P., Hochella, M.F., Rejeski, D.,
Hull, M.S., 2015. Nanotechnology in the real world: Redeveloping the nanomaterial
consumer products inventory. Beilstein J. Nanotechnol. 6, 1769-1780. https://doi.
org/10.3762/bjnano.6.181.

Varga, T., Sajtos, Z., Gajdos, Z., Jull, A.J.T., Molnar, M., Baranyai, E., 2020. Honey as an
indicator of long-term environmental changes: MP-AES analysis coupled with 14C-
based age determination of Hungarian honey samples. Sci. Total Environ. 736,
139686. https://doi.org/10.1016/j.scitotenv.2020.139686.

von der Kammer, F., Ferguson, P.L., Holden, P.A., Masion, A., Rogers, K.R., Klaine, S.J.,
Koelmans, A.A., Horne, N., Unrine, J.M., 2012. Analysis of engineered nanomaterials
in complex matrices (environment and biota): General considerations and
conceptual case studies. Environ. Toxicol. Chem. 31, 32-49. https://doi.org/
10.1002/etc.723.

Wang, L., Zhao, Y., Yu, X., Zhang, Y., 2012. Fas ligand (FasL) and Fas-associated death
domain (FADD) were elevated in decidual stromal and glandular epithelial cells in
spontaneous early miscarriage women. AJMR 6, 2252-2257. https://doi.org/
10.5897/AJMR11.293.

Wg, W., Gr, L., 1997. Bioavailability of biologically sequestered cadmium and the
implications of metal detoxification. Mar. Ecol. Prog. Ser. 147, 149-157. https://doi.
org/10.3354/meps147149.

Williams, R.J., Harrison, S., Keller, V., Kuenen, J., Lofts, S., Praetorius, A., Svendsen, C.,
Vermeulen, L.C., van Wijnen, J., 2019. Models for assessing engineered


https://doi.org/10.1002/jbm.b.31147
https://doi.org/10.1016/B978-0-12-382032-7.10021-9
https://doi.org/10.3390/ijms18122702
https://doi.org/10.1563/aaid-joi-D-17-00020
https://doi.org/10.1016/j.ijpharm.2020.119314
https://doi.org/10.1016/j.ijpharm.2020.119314
https://doi.org/10.1021/jp057170o
https://doi.org/10.1016/j.jconrel.2019.08.022
https://doi.org/10.1080/17435390701882478
https://doi.org/10.1021/es901971a
https://doi.org/10.1021/es901971a
https://doi.org/10.1080/01480545.2018.1523186
https://doi.org/10.1016/0043-1354(82)90051-3
https://doi.org/10.1016/j.ceramint.2008.06.003
https://doi.org/10.1016/j.dental.2013.04.003
https://doi.org/10.1016/j.dental.2013.04.003
https://doi.org/10.1016/j.aca.2015.11.008
https://doi.org/10.1016/j.aca.2015.11.008
https://doi.org/10.1021/ar2000259
https://doi.org/10.1016/j.chemosphere.2018.03.145
https://doi.org/10.1016/j.ceramint.2016.04.035
https://doi.org/10.1021/es903456e
https://doi.org/10.1039/C6TB01102K
https://doi.org/10.1016/j.molliq.2020.113307
https://doi.org/10.1016/j.molliq.2020.113307
https://doi.org/10.2147/IJN.S13244
https://doi.org/10.3109/17435390.2014.980758
https://doi.org/10.3109/17435390.2014.980758
https://doi.org/10.1038/s41598-017-09312-z
https://doi.org/10.1002/etc.3917
https://doi.org/10.1016/j.ceramint.2012.07.097
https://doi.org/10.3389/fphys.2017.01011
https://doi.org/10.3389/fphys.2017.01039
https://doi.org/10.1021/acs.est.5b05647
https://doi.org/10.1021/ac9008012
https://doi.org/10.1016/j.nano.2015.11.005
https://doi.org/10.1016/j.enmm.2019.100218
https://doi.org/10.1021/acs.est.5b05828
https://doi.org/10.1007/BF00877430
https://doi.org/10.1007/BF00877430
https://doi.org/10.1007/s00244-018-0508-z
https://doi.org/10.1016/j.psep.2019.08.014
https://doi.org/10.1016/j.ultsonch.2016.06.025
https://doi.org/10.1016/j.ultsonch.2016.06.025
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.1016/j.scitotenv.2020.139686
https://doi.org/10.1002/etc.723
https://doi.org/10.1002/etc.723
https://doi.org/10.5897/AJMR11.293
https://doi.org/10.5897/AJMR11.293
https://doi.org/10.3354/meps147149
https://doi.org/10.3354/meps147149

Z. Sajtos et al.

nanomaterial fate and behaviour in the aquatic environment. Curr. Opin. Environ.
Sustainab. 36, 105-115. https://doi.org/10.1016/j.cosust.2018.11.002.

Xiao, Y., Vijver, M.G., Chen, G., Peijnenburg, W.J.G.M., 2015. Toxicity and accumulation
of Cu and ZnO nanoparticles in Daphnia magna. Environ. Sci. Technol. 49,
4657-4664. https://doi.org/10.1021/acs.est.5b00538.

Xiao, Y., Peijnenburg, W.J.G.M., Chen, G., Vijver, M.G., 2016. Toxicity of copper
nanoparticles to Daphnia magna under different exposure conditions. Sci. Total
Environ. 563-564, 81-88. https://doi.org/10.1016/j.scitotenv.2016.04.104.

Yan, L.-T., Xie, X.-M., 2013. Computational modeling and simulation of nanoparticle self-
assembly in polymeric systems: Structures, properties and external field effects.
Progr. Polym. Sci. Topical Issue on Polymeric Self-Assembly 38, 369-405. https://
doi.org/10.1016/j.progpolymsci.2012.05.001.

Zatgska-Radziwitt, M., Doskocz, N., 2016. Ecotoxicity of zirconium oxide nanoparticles in
relation to aquatic invertebrates. Desalin. Water Treat. 57, 1443-1450. https://doi.
org/10.1080/19443994.2014.996014.

10

Environmental Nanotechnology, Monitoring & Management 16 (2021) 100572

Zhang, J., Hamza, 1., 2019. Zebrafish as a model system to delineate the role of heme and
iron metabolism during erythropoiesis. Mol. Genet. Metab. Recent Adv. Heme
Biosynth. Porphyrias 128, 204-212. https://doi.org/10.1016/j.
ymgme.2018.12.007.

Zhang, Y., Wu, B., Xu, H., Liu, H., Wang, M., He, Y., Pan, B., 2016. Nanomaterials-
enabled water and wastewater treatment. Nanolmpact 3-4, 22-39. https://doi.org/
10.1016/j.impact.2016.09.004.

Zhang, M., Yang, J., Cai, Z., Feng, Y., Wang, Y., Zhang, D., Pan, X., 2019. Detection of
engineered nanoparticles in aquatic environments: current status and challenges in
enrichment, separation, and analysis. Environ. Sci. Nano 6, 709-735. https://doi.
org/10.1039/C8EN01086B.

Zweck, A., Bachmann, G., Luther, W., Ploetz, C., 2008. Nanotechnology in Germany:
from forecasting to technological assessment to sustainability studies. J. Cleaner
Prod. 16, 977-987. https://doi.org/10.1016/j.jclepro.2007.04.016.


https://doi.org/10.1016/j.cosust.2018.11.002
https://doi.org/10.1021/acs.est.5b00538
https://doi.org/10.1016/j.scitotenv.2016.04.104
https://doi.org/10.1016/j.progpolymsci.2012.05.001
https://doi.org/10.1016/j.progpolymsci.2012.05.001
https://doi.org/10.1080/19443994.2014.996014
https://doi.org/10.1080/19443994.2014.996014
https://doi.org/10.1016/j.ymgme.2018.12.007
https://doi.org/10.1016/j.ymgme.2018.12.007
https://doi.org/10.1016/j.impact.2016.09.004
https://doi.org/10.1016/j.impact.2016.09.004
https://doi.org/10.1039/C8EN01086B
https://doi.org/10.1039/C8EN01086B
https://doi.org/10.1016/j.jclepro.2007.04.016

	The retention of Zr from potential therapeutic silica-zirconia core–shell nanoparticles in aquatic organisms
	1 Introduction
	2 Materials and methods
	2.1 Synthesis of SiO2@ZrO2 nanoparticles
	2.1.1 Synthetic details of the silica core (batch SiO2) (Stöber, Fink, and Bohn 1968)
	2.1.2 Synthetic details of the zirconia deposition on the silica cores (batches SiO2@ZrO2 I and II)
	2.1.3 Dialysis of the nanoparticles

	2.2 Characterization of SiO2@ZrO2 nanoparticles
	2.3 Experimental setup
	2.4 Sample preparation and Zr analysis
	2.5 Evaluation of experimental data

	3 Results
	3.1 Characterization of the prepared SiO2@ZrO2 I ​+ ​II sample
	3.2 Retention of Zr from SiO2@ZrO2 nanoparticles in Daphnia magna and Danio rerio
	3.3 Elemental content of SiO2@ZrO2 nanoparticle supplemented Danio rerio
	3.4 Retention of Zr from ZrOCl2 in Danio rerio
	3.5 Growing performance of D. reiro

	4 Discussion
	5 Conclusion
	Compliance with Ethical Standards
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


