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Abstract

Silica nanoparticles (SINP) are the most produced nanomaterials due to their variety of
applications. When released to environments, surface water bodies are their main final
sink. SINP toxicity is still inconclusive and may vary according to particle properties such
as their size. We analyzed the size-related effects of SiNP (22 and 244 nm) on mortality,
life history traits, and oxidative stress in the cladoceran Ceriodaphnia reticulata. The
smaller SiNP (LC5072n: 105.5 pg/ml) were more lethal than the larger ones (LC5072r >500

pug/ml). The 22 nm-sized SiNP decreased the number of molts and neonates, increased
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superoxide dismutase and inhibited glutathione S-transferase activities, while larger
SiNP did not exert substantial effects on the organisms at the tested concentrations. In
conclusion, SINP toxicity depended on their size, and this information should be
considered for regulatory purposes and to the development of safe-by-design

nanoproducts to ultimately guarantee the environment protection.

Keywords: Silica nanoparticles; Nanotoxicity; Microcrustacean; Mortality; Life history

traits; Oxidative stress

1. Introduction

Nanotechnology industry is continuously increasing and diversifying due to nanopatrticles
(NP) unigue characteristics (Salem et al., 2022). Silica nanoparticles (SiNP) are the most
widely produced ones with an estimated global consumption of more than four million
tons per year (IHS, 2021). Due to their particular properties like variable size,
hydrophobicity, large pore volume, and economic synthesis, they have a wide variety of
applications such as drug delivery, biomedicine, food, biotechnology, pesticides,
personal care products, environmental remediation, wastewater purification,
semiconductors, and ceramics (Akhter et al.,, 2022). Although SiNP are usually
considered biocompatible, they have been proved to exert oxidative stress,
inflammation, autophagy, fibrosis, deregulation of cellular energetics, and apoptosis in

human models (Huang et al., 2022; Liu and Sayes, 2022).

The SINP are released to the environment throughout their entire life cycle, and surface
water are their main final sink. Accordingly, their predicted environmental concentrations
range is approximately between 0.12 and 2.6 pg/L (Wang et al., 2016; Wang and
Nowack, 2018), although empirical data on environmental concentrations are currently
lacking. Despite that little is known about their potential toxic effects on non-target
organisms, some reports showed that SINP exerted deleterious effects on freshwater

biota such as algae, crustaceans, mussels, and fish (Ale et al., 2021; Book and



Backhaus, 2022). Cladocerans have been widely used as model non-target organisms
as they are highly sensitive to contaminants, and are ubiquitous in freshwater systems
where they constitute intermediate links in trophic networks contributing to nutrients and
energy cycling (Ferdous and Muktadir, 2009; Mano and Tanaka, 2016). SiNP
ecotoxicological studies in Cladocera are controversial since, while some studies affirm
that they are safe (Book et al., 2019; Karimi et al., 2019; Lapin et al., 2018; Rivero Arze
et al., 2021), others reported lethal and sublethal effects such as bioaccumulation,
genotoxicity, behavior, growth, and reproduction (Kim et al., 2021; Maia et al., 2023;
Puerari et al., 2021; Shariati et al., 2020; Vicentini et al., 2017). Since the available
reports were mainly focused on Daphnia magna, such information should be
complemented with sublethal effects on more sensitive and representative species of
holotropical regions. Despite oxidative stress has been pointed as the main SINP
mechanism of action (Ale et al., 2021; Book and Backhaus, 2022), to the best of our
knowledge, there are no reports of this mechanism in crustaceans. The analysis of a
battery of biomarkers gives an early response to contaminants which, complemented

with mortality and life history traits, constitutes an integrated response.

As nanotoxicity widely depends on intrinsic (defined when being synthesized) and
extrinsic properties (environmental conditions), SiNP toxicity have shown to vary
according to their external charge, shape, size, and pore size (Book et al., 2019; Huang
etal., 2022; Zhu et al., 2019). Particularly, their size has been pointed as one of the most
determining characteristics, being the smaller SiNP, the more toxic due to their higher
surface-volume ratio, which usually implies greater reactivity, and therefore, greater
toxicity. Moreover, it has been reported that smaller NP are more likely to penetrate
biological membranes and then exert cytotoxicity (Clément et al., 2013; Liu and Sayes,
2022). However, this hypothesis needs to be studied in greater depth because some
controversial results have been achieved. Such information is a very important input for

the safe-by-design approach in nanotechnology industry. Having stated that, the aim of



this study was to analyze the size-related effects of SINP on mortality, life history traits,

and oxidative stress in Ceriodaphnia reticulata (Jurine).

2. Materials and Methods

2.1 Silica nanopatrticles

Small SiNP (22 nm-sized) were purchased from LUDOX® (TM-50 colloidal silica). The
bigger ones, (244 nm-sized) were synthetized through Stéber method (Stéber et al.,
1968; Thomassen et al., 2010). Briefly, tetraethylorthosilicate was added dropwise to a
stirred solution of ultrapure water, absolute ethanol, and ammonium hydroxide. The
concentration of reagents used determines the size of the particles. The solution was
stirred overnight at room temperature. The obtained suspension of 244 nm-SiNP and the
commercial 22 nm-SiNP were dialyzed using cellulose membranes (MEMBRA-CEL
MD44 14x100) against distilled water until a neutral pH was reached. The particles were
washed twice with absolute ethanol, once with deionized water, and then centrifuged
(10,000 g). Finally, the SINP were suspended in distilled water. SINP were characterized
through transmission electron microscopy (TEM), Scanning electron microscopy (SEM),
and Fourier transform infrared spectroscopy (FT-IR), obtained over the range of 4000—
500 cm using an FTIR-Raman Nicolet iS 50 (Thermo Scientific). The zeta potential of
SINP was estimated through a Zetasizer Nano-Zs (Malvern Instruments, UK) using

polycarbonate capillary cells (DTS1070, Folded Capillary cell).

Stock solutions were prepared in ultrapure water before each bioassay and stored in
darkness to prevent any prior transformation (e.g., agglomeration or aggregation). SiNP
were sonicated (5 min, 40kHz) and vortexed to properly resuspend them before
aliquoting to prepare stock solutions. Dissolved oxygen (DO, mg/L), conductivity (us/cm),
and pH were measured (Hanna multiparameter portable meter) at the beginning and the

end of the bioassays.

2.2 Test organisms



Ceriodaphnia reticulata individuals were collected from a lake of the Parana River basin
and cultured under laboratory conditions for two months in order to obtain ten
consecutive generations. The neonates for the toxicological experiments were
developed from a parthenogenetic female isolated from the initial stock culture. The
culture conditions were 12/12 day/night photoperiod, 21+1 °C, in dechlorinated and
aerated tap water (pH: 7.1, conductivity: 700 ps/cm, total hardness: 180 mg/L CaCOs,
alkalinity 120 mg/L CaCO3, 39 mg/L Ca**, 20 mg/L Mg**, 146 mg/L HCOs"). Culture water
was changed three times a week and the organisms were fed with Tetradesmus obliquus

(Turpin) MJ Wynne (before Scenedesmus obliquus) every other day.

The strain of T. obliquus was also isolated from a lake of the Parana River basin. The
axenic culture was grown in Detmer modified medium for green algae (Watanabe, 1960)
(KH2PO4: 50, KCI: 50, MgSO4-7H,0: 360, Ca (NOs)2-4H,0: 360, ClsFe*: 5, H3BOs, 2.86,
C4HsOs: 5, MnCl;-4H20: 1.81, Cl,Cu: 0.05, ZnS0O4-7H,0: 0.23 mg/L), at 25 °C with warm-
white LED light (2600 Ix) and constant aeration. At the exponential growth phase, the
culture was cropped and algae were resuspended in sterile distilled water and stocked

in darkness at -4 °C.

2.3 Acute toxicity

To obtain the lethal concentration 50 (LC50) of each SiNP size (22 and 244 nm), acute
toxicity tests were performed according to APHA, (2017) with some maodifications. C.
reticulata neonates (< 24 h) were exposed to five concentrations of SiNP (10, 50, 100,
150, and 500 pg/ml) plus a control (0 pg/ml). Each treatment was 4 times replicated with
five organisms each in 50 mL beakers. Culture conditions were the same as described
before. The beakers were kept in an orbital shaker during experiments to simulate slow
natural water movements (50 rpm) and prevent NP precipitation (Karimi et al., 2019).

Mortality, determined as immobility after a stimulus, was recorded at 24, 48, and 72 h.

2.4 Life history traits and oxidative stress



Adults of C. reticulata (6 days old) were exposed during 72 h to two sublethal
concentrations of both SiNP sizes. These concentrations were selected according to the
LC50 values (50 and 100 pg/ml) plus a control. Five replicates of 250 ml with 30
organisms each were maintained under the same laboratory conditions as described
before. Adult molts and neonates were daily removed. Molt number and neonate number
(offspring) and size were recorded as life history response variables. At the end of the
experiment, the adults were collected in pools of 30 organisms (1 per replicate) and

stored at -80 °C.

For enzyme extraction, each pool of organisms was homogenized in 0.1 M sodium
phosphate buffer, pH 6.5 containing 20% (v/v) glycerol, 1.4 mM dithioerythritol, and 1
mM EDTA. The homogenates were centrifuged at 4 °C at 20,000 g for 30 min, and the
supernatant was stored at —80 °C to then assess all oxidative stress determinations
(Bacchetta et al., 2014). Superoxide dismutase (SOD) activity was estimated by its ability
to inhibit the epinephrine autoxidation (Misra and Fridovich, 1972); catalase activity
(CAT) was determined following Beutler, (1982) adapted for microplate
spectrophotometer; and glutathione S-transferase activity (GST) was measured using 1-
chloro-2,4-dinitrobenzene (CDNB) as substrate according to Habig et al., (1974) with
modifications for microplate assays. Lipid peroxidation (LPO) was estimated through the
formation of thiobarbituric reactive substances (TBARS) according to Yagi, (1976).
Briefly, a solution of trichloroacetic acid (TCA) 20% and butylhydroxytoluene (BHT) 4%
was added to the samples, and they were centrifuged at 3200 g for 5 min. Then,
thiobarbituric acid (TBA) 0.7% was added and the samples were placed in a heat bath
at 100 °C for 1 h before measuring. All measurements were performed in triplicate and

expressed in terms of the sample protein content (Bradford, 1976).

2.5 Statistical analysis

Prior to analysis homogeneity of variances and normality were checked when

appropriate through Levene and Kolmogorov-Smirnov tests, respectively.



The means of physicochemical variables (oxygen, pH, and conductivity) were compared
between treatments and through time with repeated measured analysis of variance (RM-
ANOVA, Tukey post-test), with R studio package “rstatix” (Kassambara, 2020). The
LC50 for each SiNP (22 and 244 nm) was estimated based on the mortality data at 24,
48, and 72 h when possible through Probit analyses (Finney, 1971) performed with the
“drc” R studio package (Ritz et al., 2015). The means of neonate and molt number of C.
reticulata exposed to each SINP (22 and 244 nm) at each observation time (24, 48, and
72 h) were compared to control through ANOVA (Dunnett post-test) after checking model
assumptions. The control means of neonates and molts were compared through time
(24, 48, and 72 h) with RM-ANOVA (Tukey post-test). The enzymatic activities and LPO
means of C. reticulata exposed to each SiNP (22 and 244 nm) were compared to control

through ANOVA (Dunnett post-test).

3. Results

3.1 Silica nanopatrticles

The SiNP characterization is shown in Figure 1. TEM (Figs. 1. a. and b.) and SEM (Figs.
1. c. and d.) images show spherical particles with a mean diameter of 22 + 3 nm for the
smaller SINP (Fig. 1. e.) and 244 + 10 nm in case of the bigger SiNP (Fig. 1. f.). The Z
potential analysis of both the 22 and 244 nm SiNP showed a highly negative charge of -
33.0 £ 0.7 mV and -29.6 £+ 1.6 mV, respectively, at neutral pH. For further
characterization, a FTIR analysis of 22 nm-SiNP and 244 nm-SiNP was performed (Fig.
1. g.). The spectra of both colloidal SINP revealed the asymmetric vibration band of Si—
O and Si —OH at 1071 and 970 cm™, respectively, and the symmetric vibration peak of

Si—O at 785 cm (Baudou et al., 2020).

The physicochemical variables of exposure media did not vary significantly between
treatments or through time (RM-ANOVA p > 0.05) (DO: 8.9 + 0.03 mg/L; conductivity:

696.4 + 5.1 ps/cm; pH: 7.1 + 0.4).



3.2 Acute toxicity

The smaller SiNP (22 nm) were more toxic than the biggest ones (244 nm) (Fig. 2). The
LC5072n of SINP-22nm was 105.2 pg/ml, while that of SiNP-244nm was >500 pg/ml
(Table 1). However, it is worth noting that a decrease in the mortality percentage of the
smaller SiINP was observed at 500 pg/ml which may be related to NP agglomeration at

high concentrations.

3.3 Life history traits and oxidative stress

The molt number of C. reticulata adults exposed to the smaller SiNP (22 nm) significantly
decreased when compared to control after 48 h of exposure both at 50 and 100 pug/ml
(ANOVA, p = 0.01). The number of molts significantly decreased after 48 h in organisms
exposed to 100 pg/ml of the bigger SiNP (244 nm) (ANOVA, p = 0.002) (Fig 3. a.). The
neonate number of C. reticulata exposed to the smaller SINP for 48 h significantly
decreased compared to control in both tested concentrations (ANOVA, p = 0.012) (Fig.
3. b.). The neonate body size was not significantly affected by the SiNP (Fig. 3. c.). Both
molt and neonate number decreased significantly in time in controls (RM-ANOVA, p <

0.001 and 0.001 respectively) (Figs. 3. a. b.).

The SOD activity significantly increased in C. reticulata organisms exposed to 100 pg/ml
of the smaller SiNP (22 nm) for 72 h compared to control (ANOVA, p = 0.025) (Fig. 4 a.).
The GST activity was inhibited significantly by the smaller SiINP at 100 pg/ml (ANOVA,
p = 0.016) (Fig. 4. c.). However, no differences were found in the case of LPO levels.
The bigger SiNP (244 nm) did not significantly affect neither the antioxidant enzymes nor

exert oxidative damage in lipids in C. reticulata under the tested concentrations (Fig. 4).

4. Discussion

4.1 Silica nanoparticles



Two different sizes of SiNP were studied. TEM and SEM images and size distribution
analysis (Fig. 1) clearly exhibit spherical nanoparticles with a main diameter of 22 and
244 nm, respectively. The obtained Z potential values indicate that the negatively
charged particles repel each other, resulting in highly stable SiNP suspensions. The
greater absolute value of negative Z potential obtained for smaller particles compared to
the large particles can be attributed to the fact that smaller particles are more influenced
by the Brownian motion tending to collide with other particles and producing an increment

of the surface charge (Jiang et al., 2009; Nakatuka et al., 2015).

4.2 Acute toxicity

The smaller SINP (22 nm) exerted higher lethality in Ceriodaphnia reticulata than the
bigger ones (244 nm). This agrees with several studies such as Clément et al., (2013),
Kim and Choi, (2008), and Lee et al., (2009), who reported that Daphnia magna mortality
was SiNP-size dependent, being the smaller particles the more toxic. Size is considered
one of the most determining properties of NP toxicity. It is usually attributed to the higher
surface-volume ratio of smaller NP, which increases the particles surface energy and
thereby their reactivity (Jiang et al., 2009). Moreover, smaller NP can easily penetrate
biological membranes and exert cytotoxicity (Liu and Sayes, 2022; Santo et al., 2014).
This can also be related to the fact that a smaller NP size implies a higher number of NP

in the same mass, as discussed by Hull et al., (2012) and Kennedy et al., (2015).

4.3 Life history traits and oxidative stress

When C. reticulata was exposed to the 22 nm-sized SiNP for 48 h, a significative
decrease in molt and neonate numbers was observed. Accordingly, several studies
reported that SINP may cause impairments in growth and reproduction in D. magna (Kim
et al., 2021; Puerari et al., 2021; Vicentini et al., 2017). The authors argued that it could
be due to swimming and feeding behavior alterations and SiNP accumulation (Kim et al.,

2021; Maia et al., 2023; Yang et al., 2014) which can affect the energy availability to
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cope with the exposure stress. On the other hand, the larger SiNP only significantly
affected the molt number at the higher tested concentration (100 pg/ml), showing to be
less toxic than the smaller ones which is in congruence with the observed in the mortality

assay.

The smaller SiNP induced an antioxidant enzymatic response in C. reticulata, while the
biggest SINP did not affect these endpoints at the tested concentrations. This agrees
with the observed for mortality and life history traits, showing that oxidative stress could
have been the main mechanism of toxicity. SINP effects in oxidative stress were not
previously reported in crustaceans but in other organisms such as fish and humans (Ale
et al.,, 2021; Liu and Sayes, 2022). In the present study, the SiNP-22nm exerted an
increase in the SOD activity of C. reticulata. In concordance, Kim et al., (2010) reported
that titanium oxide NP enhanced SOD activity in D. magna, and this effect was highly
dependent on the particle size. Also, the activation of SOD activity was reported for
Artemia salina exposed to iron oxide (Zhu et al., 2017) and magnetic silver NP (Demarchi
et al., 2020), and for the marine copepod Centropages ponticus exposed to nickel oxide
NP (Djebbi et al., 2021). Nevertheless, other studies founded that SOD activity was
inhibited in A. salina exposed to silver nanowires (An et al., 2019) and in freshwater
shrimp Macrobrachium rosenbergii exposed to titanium dioxide NP (Guo et al., 2023).
Mansano et al., (2018) reported that copper oxide NP induced reactive oxygen species
(ROS) generation in the neotropical cladoceran C. silvestrii. SOD constitutes the first
barrier of the antioxidant defense system as catalyze the degradation of ROS to prevent
oxidative damage (Marklund and Marklund, 1974). As the main toxicity mechanisms for
SiNP has reported to be oxidative stress, partly through the generation of ROS (Ale et
al., 2021), the SOD activity activation evidenced in the present study may have
prevented C. reticulata from oxidative damage, as oxidative damage in lipids were not

observed.
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The GST is a group of enzymes that act in the detoxification system, as catalyze the
conjugation of reduced glutathione with xenobiotics, therefore GST levels are usually
related with organisms susceptibility to contaminants (Habig et al., 1974). The smaller
SiNP inhibited the GST activity of C. reticulata. This effect was also reported for D.
magna exposed to copper and zinc oxide NP (Mwaanga et al., 2014) and for A. salina
exposed to stannic oxide NP (Gambardella et al., 2014). However, an increase in GST
activity was reported for D. magna exposed to titanium oxide NP (Kim et al., 2010) and
for the marine copepods C. ponticus and Tigriopus japonicus exposed to nickel oxide
NP (Djebbi et al., 2021) and sunscreens with zinc oxide NP (Wong et al., 2020),
respectively. Although SiNP induced an antioxidant response in C. reticulata, this did not
trigger oxidative damage in cell membranes, since no effects were observed in LPO
levels. However, this response may imply changes in energy allocation as observed in

the reduction of growth and reproduction.

5. Conclusion

The SINP induced mortality, oxidative stress, and affected life history traits of C.
reticulata. As SiNP ecotoxicity depended on their size, being the smaller ones the most
toxic, this study highlights the relevance of assessing the effects of different
nanoparticles intrinsic properties in sensitive non-target organisms such as cladocerans.
The importance of this study lies in the fact that it is the first one evaluating oxidative
stress generated by SiNP in crustaceans, therefore further investigations are highly
encouraged. This piece of information is crucial for regulatory purposes and contributes
to the develop of safe-by-design nanoproducts to ultimately guaranteed the environment

protection.
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Fig. 1 Transmission electron microscopy (TEM) of a. 22 and b. 244 nm SiNP. Scanning
electron microscopy (SEM) of ¢. 22 and d. 244 nm SiNP. Relative frequency histogram
of e. 22 and f. 244 nm SiNP. g. Fourier transform infrared spectroscopy (FT-IR) of SiNP

of 22 and 244 nm
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Fig. 2 Dose response curves (48 h) from C. reticulata acute toxicity test for SINP of 22

and 244 nm
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Fig. 3 Mean values and standard deviation of C. reticulata a. molt number, b. neonate
number, and c. neonate size at 24, 48, and 72 h of exposure to SiNP of 22 and 244 nm.
* indicate significant differences from control. Letters indicate differences between

controls over time
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Fig 4. Mean values and standard deviation of antioxidant enzyme activities a.
Superoxide dismutase (SOD) (U SOD/mg prot.), b. Catalase (CAT), and c. Glutathione-
s-transferase (GST) (U/mg prot.), and d. Lipid peroxidation levels (LPO) (nmol
TBARS/mg prot.) in C. reticulata exposed to SINP of 22 and 244 nm for 72 h. * indicate

significant differences from control
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Table 1 Lethal concentrations 50 (LC50) and their confidence intervals (Cl) for C.

reticulata exposed to SiNP (22 and 244 nm) during 24, 48, and 72 h

LC50 (ug/ml) Cl (95%)
24 h 122.5 110.3-134.6
SINP-22 nm 48 h 109.6 94.8-124.4
72h 105.2 94 -116.5
SiNP-244 nm > 500 -
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Highlights

¢ Silica nanoparticles (SiNP) toxicity depends on intrinsic properties such as size
e 22 nm SiNP are more lethal than 244 nm SiNP

e 22 nm SiNP impair growth and reproduction of Ceriodaphnia reticulata

e 22 nm SiNP cause oxidative stress in C. reticulata





