Chemosphere 288 (2022) 132536

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

ELSEVIER journal homepage: www.elsevier.com/locate/chemosphere

t.)

Check for

Toxicity of a-AgoWO4 microcrystals to freshwater microalga Raphidocelis | e
subcapitata at cellular and population levels

Cinthia Bruno de Abreu™"™", Renan Castelhano Gebara *", Larissa Luiza dos Reis®",

Giseli Swerts Rocha ¢, Lays de Oliveira Goncalves Alho®", Lais Mendes Alvarenga“,
Luciano Sindra Virtuoso , Marcelo Assis ¢, Adrislaine da Silva Mansano *", Elson Longo °,
Maria da Graca Gama Melao *

@ Department of Hydrobiology, Federal University of Sao Carlos (UFSCar), Rodovia Washington Luis, Km 235, 13565-905, Sao Carlos, SP, Brazil

b post-Graduate Program in Ecology and Natural Resources (PPGERN), Federal University of Sao Carlos (UFSCar), Rodovia Washington Luts, Km 235, 13565-905, Sao
Carlos, SP, Brazil

¢ Department of Hydraulic and Sanitation (NEEA/CRHEA/SHS), Sao Carlos School of Engineering, University of Sao Paulo, Avenida Trabalhador Sao-Carlense 400,
13560-970, Sao Carlos, SP, Brazil

d Chemistry Institute - Federal University of Alfenas (UNIFAL-MG), Gabriel Monteiro da Silva, 700, Centro, 37130-000, Alfenas, MG, Brazil

€ Center for Development of Functional Materials (CDMF), Federal University of Sao Carlos - (UFSCar), P.O, Box 676, 13565-905, Sao Carlos, SP, Brazil

HIGHLIGHTS

o a-AgoWO4-R (rod) was more toxic than a-AgoWO4—C (cube) to R. subcapitata.

e At 96 h, there was total population growth inhibition at the highest concentrations.
e Both microcrystal shapes altered the cellular complexity of R. subcapitata.

e 0-AgoWO, exposure led to decreased chlorophyll a fluorescence at all concentrations.
o a-Ag;WO,4-R induced ROS production at the highest concentration (31.76 pg L™1).

ARTICLE INFO ABSTRACT

Handling Editor: Willie Peijnenburg Silver-based materials have microbicidal action, photocatalytic activity and electronic properties. The increase in
manufacturing and consumption of these compounds, given their wide functionality and application, is a source

Keywords: of contamination to freshwater ecosystems and causes toxicity to aquatic biota. Therefore, for the first time, we

ROS evaluated the toxicity of the silver tungstate (a-AgaWOy), in different morphologies (cube and rod), for the

sﬂor%)gyceae microalga Raphidocelis subcapitata. To investigate the toxicity, we evaluated the growth rate, cell complexity and

Eco(fsxicigy size, reactive oxygen species (ROS) production and chlorophyll a (Chl a) fluorescence. The a-AgaWO4 — R (rod)

Silver microparticles was 1.7 times more toxic than a-AgaWO4—C (cube), with IC;¢ and ICsg values of, respectively, 8.68 + 0.91 pg Lt

Growth inhibition and 13.72 + 1.48 pg L™! for a-Ag;WO, — R and 18.60 + 1.61 pg L1 and 23.47 + 1.16 pg L™! for a-AgoWO4—C.
The release of silver ions was quantified and indicated that the silver ions dissolution from the a-AgaWO4 — R
ranged from 34 to 71%, while the Ag ions from the a-AgoWO4-C varied from 35 to 97%. The a-AgoWO4-C
induced, after 24 h exposure, the increase of ROS at the lowest concentrations (8.81 and 19.32 g L™Y), whereas
the a-AgaWOy4 — R significantly induced ROS production at 96 h at the highest concentration (31.76 pg L™1). Both
microcrystal shapes significantly altered the cellular complexity and decreased the Chl a fluorescence at all tested
concentrations. We conclude that the different morphologies of a-AgaWO4 negatively affect the microalga and
are important sources of silver ions leading to harmful consequences to the aquatic ecosystem.
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1. Introduction

Recently, silver-based materials have drawn attention due to their
excellent antimicrobial properties (Nobre et al., 2019; Penha et al.,
2020). The high production of these materials increases the availability
in the environment presenting a health risk to aquatic ecosystems
leading to damage to different species of organisms, such as bacteria
(Fabrega et al., 2009), microcrustaceans (Sgrensen et al., 2016), fish
(Griffitt et al., 2011), aquatic plants (Varga et al., 2018) and microalgae
(Kleiven et al., 2019; Ribeiro et al., 2015; Sendra et al., 2017). Among
these materials, the silver tungstate (a-AgaWO4) is a multifunctional
material with physical and chemical properties relevant for different
functions (Laier et al., 2020). Silver tungstates are widely used in the
microbial (Nobre et al., 2019; Macedo et al., 2019; Laier et al., 2020;
Alvarez-Roca et al., 2021) and antitumor activity (Lin et al., 2012; Assis
et al., 2019), sensors (Silva et al., 2014; Muthamizh et al., 2015, Silva
et al., 2016), magnetic materials (Assis et al., 2020) and photocatalysts
areas (Arumugam et al., 2020; Ayappan et al., 2020; Cruz et al., 2020;
Dai et al., 2010; Macedo et al., 2019).

This composite has been widely studied in fighting antibiotic resis-
tant bacteria and fungi, such as Staphylococcus aureus (MRSA) and
Candida albicans (Foggi et al., 2017a, 2017b). Besides that, this com-
posite has the potential for gas detection and luminescence (Penha et al.,
2020), and even to decontaminate organic dyes in polluted waters
through photocatalysis (Macedo et al., 2018). Since a-AgaWO4 becomes
the focus of many studies, it is essential to know its impact on the
environment, especially in aquatic environments.

The activity of a-AgaWOy is related to its size, morphology, compo-
sition and surface structure (Laier et al., 2020; Assis et al., 2021). Among
these factors, the morphology of the compound is a major one because it
is the surface that determines the number of active sites, which conse-
quently significantly alters its properties (Macedo et al., 2018). Another
crucial factor to be considered, regarding its toxicity, is the amount of
ions released by the a-AgoWO,4. Zhao et al. (2012) emphasizes the
importance of evaluating the Ag release as a result of particle surface
changes in ecotoxicity studies, because the toxicity is often caused by the
interaction of Ag ions with biological molecules, such as proteins and
enzymes (Navarro et al., 2008). In relation to the environmental con-
centration threshold determined by the Environmental Agencies, it
corresponds only to the ionic silver level. The ionic silver concentration
limit in the United States is 3.2 pg L1, in Canada 0.1 pg L™}, in Australia
and New Zealand 0.05 pg L™}, and in Scotland 0.1 pg L™ (Kwak et al.,
2015). The World Health Organization (2011) determined that the ionic
silver limit up to 0.1 mg L™ in drinking water poses no health risks
(Lalau et al., 2020). In Brazil, the National Council for the Environment -
CONAMA 357/05 (BRASIL, 2005) sets a limit of up to 0.01 mg L' of
silver in freshwater.

Microalgae are essential in aquatic ecosystems as they are primary
producers, producing oxygen for the maintenance of life of other or-
ganisms (Ribeiro et al., 2015; Wang et al., 2016) . As they are at the base
of aquatic food webs, damage to these organisms can impact higher
trophic levels and the entire ecosystem (Munawar et al., 1989). Espe-
cially for microalgae, it is widely known and discussed in the literature
that silver-based materials can cause toxicity and adverse effects, such as
oxidative stress, DNA damage and growth inhibition (He et al., 2012;
Huang et al., 2016; Lekamge et al., 2020; Rogers et al., 2018; Sgrensen
et al., 2016). Furthermore, silver ions are extremely toxic to aquatic
organisms, as they interact with biological molecules, compromising
their functions (Odzak et al., 2017), in particular photosynthetic
organisms.

In this study, we aimed to investigate the toxicity caused by two
morphologies of a-AgaWOy4, cube (a-AgaWO4-C) and rod (a-AgaWO4 - R)
on the microalgae Raphidocelis subcapitata. This species is a cosmopol-
itan Chlorophyceae widely used in ecotoxicological studies due to its
sensitivity to several contaminants (Gebara et al., 2020; Mansano et al.,
2017; Reis et al., 2021). Moreover, it responds quickly to environmental
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changes (Almeida et al., 2019). We evaluated the toxicity of the isolated
composites from multiple endpoints at the population (growth rate),
morphological (cell complexity and size) and intracellular level (Chl a
fluorescence and ROS production). This is the first study reporting the
effects of a-AgoWOy, in different morphologies for an aquatic organism.
Understanding the toxicity mechanism of these compounds on a primary
producer provides relevant information for the proper and cautious use
of silver-based materials. In addition, our results are useful in guiding
norms and resolutions with safe thresholds for freshwater ecosystems.

2. Material and methods
2.1. Synthesis and characterization of a-AgaWO4

The samples of a-AgaWO4 were synthesized by the coprecipitation
(CP) method in aqueous medium, both to form rod and cube morphol-
ogies (Macedo et al., 2018). For a-AgoWO4 - R, two solutions were
prepared: (i) 1.10~3 mol of Na;WO04-2H,0 (Sigma-Aldrich, 99.9% pu-
rity) in 100 ml of distilled water and (ii) 2.1072 mol of AgNO3 (Cen-
nabras, 99.8% purity) in 100 ml of distilled water. Both were heated to
70 °C and then solution (ii) was added to solution (i) under magnetic
stirring. After that, the formation of a white precipitate was observed,
which was left under stirring for 10 min. The precipitate was then
separated by centrifugation (1 min-4400 rpm), washed five times with
distilled water until pH ~ 7, and dried for 12 h at 60 °C. To obtain the
a-AgaWO04-C, 1 g of sodium dodecyl sulfate (Sigma-Aldrich, 99% purity)
was added to the solution (i) before adding solution (ii). The samples
were characterized by X-ray diffraction (XRD) using a D/Max-2500PC
diffractometer (Rigaku) with Cu Ka radiation (A = 1.5406 A) and the
morphologies of the samples were observed by field emission scanning
electronic microscopy (FE-SEM) operated at 10 kV (Supra 35-VP, Carl
Zeiss). The hydrodynamic size, polydispersity index (PdI) and zeta po-
tential of the particles were measured in exposure medium and in ul-
trapure water at 0 h and 96 h by dynamic light scattering (DLS) using
Zetasizer Nano ZS90, Malvern.

2.2. Silver concentrations and ion release

The silver concentrations in a-AgoWO4 test solutions used in the
toxicity tests (Tables S1 and S2, Supplementary material) were deter-
mined by inductively coupled plasma mass spectrometry (ICP-MS Per-
kinElmer NexION, 2000), where the limits of quantification and
detection were 0.0084 and 0.0028 pg L™}, respectively. To detect the
free silver ions, each sample was centrifuged (Eppendorf 5702 R, Ger-
many) at 4400 rpm for 60 min using a 3 kDa Amicon centrifugal filter
(Merck Millipore, Darmstadt, Germany) to remove a-AgaWO4 particles
or agglomerates. The filtered volumes were subsequently quantified
using ICP-MS and therefore the fraction <3 kDa was considered dis-
solved Ag.

2.3. Algae culture and toxicity tests

The R. subcapitata inoculum was obtained from the Department of
Ecology and Evolutionary Biology (DEBE, Federal University of Sao
Carlos - UFSCar, Sao Carlos - SP, Brazil) and cultivated in culture me-
dium CHU-12 (Chu, 1942) (Table S3, Supplementary material) at 25 +
1 °C, with light intensity (=130 pmol photon m~2s~! LED light) and 12
h/12 h of light/dark photoperiod. The room temperature was
24.5-25 °C and the pH values were around 7-8.5 and did not vary by
more than 1.5 units. The particles were dispersed in ultrapure water
using a bath sonicator (Ultra cleaner 1400 Unique) for 30 min and
subsequently, were used to prepare test solutions. The algal cultures in
the exponential growth phase were inoculated in a concentration of 1 x
10° cells ml~! in 500 ml polycarbonate erlenmeyers containing 250 ml
of test solutions. R. subcapitata was exposed for 96 h to concentrations of
0.00, 8.81, 19.32, 27.78, 32.87 and 36.25 ug L7 for a-AgaWO04-C and
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0.00, 4.11, 5.84, 10.55, 10.67 and 31.76 pg L7! for a-AgoWO4-R. These
concentrations were chosen based on preliminary tests. The toxicity
tests followed the OECD (2006) guidelines, and 3 tests were performed,
each one with triplicates for control and treatments.

2.4. Flow cytometric analysis

For algal cell counting, 1.8 ml samples were fixed with formaldehyde
buffered with borax (1% final concentration) at room temperature. In
the following step, the samples were frozen in liquid nitrogen and stored
at —20 °C until analysis. For ROS analysis, 495 pL of each sample and 5
pL of DCFH-DA (2',7'-Dichlorofluorescein diacetate, Sigma Aldrich)
diluted in dimethylsulfoxide (10* pM) were aliquoted, with a final
concentration of 10 pM. After that, the samples were kept in the dark for
60 min and immediately analyzed by flow cytometry. Cell density and
ROS measurements were performed in a FACSCalibur cytometer (Becton
Dickinson, San Jose, CA, USA) with a 15 mW argon-ion laser (488 nm
excitation), using 6 pm fluorescent beads as an internal standard (Flu-
oresbrite carboxylate microspheres; Polysciences, Warrington, Penn-
sylvania, USA). The cells of R. subcapitata were identified using the
parameter side scatter (SSC-H) versus red fluorescence (FL3-H), ac-
cording to Sarmento et al. (2008), and for relative ROS, the parameters
FL3-H and FL1-H (green fluorescence) were used. The relative values of
FL3-H (Chl a fluorescence), SSC-H (cell complexity), and FSC-H (cell
size) of R. subcapitata were calculated using the measurements of the
fluorescent beads, as described in Mansano et al. (2017). The data were
analyzed in FlowJo V10 software. Equations (1) and (2) were used to
calculate the relative ROS (Hong et al., 2009). The relative growth rates
(RGR) were determined using equation (3) (Bao et al., 2011), where N is
the cell density at time t; Ny is the initial cell density and t is the exposure
time. Thus, growth inhibition % was calculated by comparing the pop-
ulation growth rates of controls (considered 100%) with the treatments.
The percent inhibition in yield (%ly) was calculated for each treatment
replicate according equation (4) (OECD, 2011), where Y is mean value
for yield in the control group and Yt is the value for yield for the
treatment replicate.

FL1-Hiejative = log (FL1-H of samples) / log (FL1-H of beads) (eq. 1)

ROSrelalive (%) = (FLI‘Hrelalive [treatments] /FL1-H relative [control group]) X 100(GQ-
2)

RGR = (N=No) Treatment /(Nt=No) control (eq. 3)

%I, = (Yc - Y1) / Ye X 100 (eq. 4)

2.5. Data analysis

The inhibitory concentrations (IC;o and ICsp) based on relative
growth rates were calculated by non-linear regression logistic curves
using Statistica 7.0 software (Statsoft Inc, 2004). Statistical analyses
were performed in the SigmaPlot software version 11.0 (Systat, 2008).
To assess the differences between control and treatments, normal
distributed data were analyzed with one-way ANOVA, followed by
Dunnett’s post-hoc multiple comparison test. For non-normal data,
Kruskal-Wallis test and multiple comparisons with Dunn’s test were
performed. Statistical significance level was defined as p < 0.05.

3. Results and discussion
3.1. Characterization of particles and ion release
The characterization of a-AgaWO4 particles by XRD is shown in Fig

S1 Supplementary Material. For both a-AgoWO4 - R and a-AgaWO4—C
samples, the phase of a-AgoWO4 with an orthorhombic structure was
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obtained, according to the Inorganic Crystal Structure Database (ICSD)
file no. 293487 (Cavalcante et al., 2012). This structure belongs to the
spatial group Pn2n, and is formed by Ag ([AgOxl, x = 2, 4, 6 and 7) and
W ([WOg]) complexes clusters. (Assis et al., 2018, 2019). No additional
phases were observed, showing that the material obtained has a high
purity.

FE-SEM images of the samples are shown in Fig. 1. For a-AgaWO4-C,
the homogeneous formation of microstructured cubes was observed,
with an average length of 0.83 + 0.21 pm and an average width of 0.75
=+ 0.17 pm. For a-AgaWO4-R, the homogeneous formation of rods with a
hexagonal face were obtained, with an average length of 1.22 + 0.10 pm
and an average width of 0.23 + 0.70 pm.

The data of microparticle characterization in culture medium and in
ultrapure water are summarized in Tables S4 and S5 (Supplementary
material). The hydrodynamic diameter of particles dispersed in the
culture medium ranged from 589 to 1475 nm for a-AgaWO4—C and from
202 to 735 nm for a-AgaWO4 - R. The results of the zeta potential, at 0 h
and 96 h for both microparticles, showed a tendency for rapid aggre-
gation and incipient instability. On average, the values found did not
exceed —10 mV. Suspensions considered stable in aqueous solutions
have zeta potential values higher +30 mV and below —30 mV (Stensberg
etal., 2011). In our study, we found slightly negative values and close to
zero which confirms the electrostatic instability (Lodeiro et al., 2017;
Kleiven et al., 2018, 2019). The PdI values were higher than 0.510 +
0.22 for a-AgoWO4-C and higher than 0.421 + 0.07 for a-AgoWO4-R,
which indicated that the microparticles formed
aggregates/agglomerates.

We observed that the free silver ion release from the samples varied
(Fig. 2). The dissolution of silver ions from increasing concentrations of
a-AgaWO4 - R followed a sigmoidal behavior (Fig. 2A), while the Ag ions
from the a-AgaWO4-C had an increasing linear trend (Fig. 2B). For
a-AgoWO4—C the fraction of dissolved silver ions in the suspension
ranged from 34.24% (which corresponds to 5.24 pg Ag L7, at the
concentration of 32.87 ug L™ to 71.22% (corresponds to 2.95 pg Ag
L7}, at the concentration of 8.81 pg L™Y) (Table S1, Supplementary
material). For a-AgaWO4 — R, the fraction of dissolved silver ions in the
suspension ranged from 35.52% (5.25 pg Ag L! at concentration 31.76
pg L1 to 96.66% (corresponding to 4.55 pg Ag L1 at concentration
10.67 pg L™Y) (Table S2, Supplementary material).

The ion dissolution of the particles is related to the surface area, size,
shape, structure and it is dependent on the methodology used in the
synthesis, functionalization, and medium in which they were dispersed
(Lopes et al., 2014; Lekamge et al., 2020). There are discussions about
the importance of particle size, in which very small particles have
greater dissolution, due to the surface area, i.e., nano-sized particles
compared to micro-sized particles have a greater surface area and
greater ion dissolution (Beer et al., 2012; Dobias and Bernier-Latmani,
2013; Sendra et al., 2017). However, our data highlight that even
though they are microcrystal, there was a large amount of silver ion
released from the treatments and the a-AgoWO4 particles were impor-
tant sources of free silver ion, causing toxicity to the algal cells, as dis-
cussed in the following topics.

Toxicity of a-AgoWO,4 microparticles.

3.1.1. Growth inhibition

The a-AgaWO4 - R and a-AgosWO4—C caused negative effects on the
relative growth rates of R. subcapitata (Fig. 3). After 96 h of exposure to
a-AgaWO04-C, the population growth was significantly decreased in
concentrations of 27.78 ug L™}, 32.87 pg L™! and 36.25 pg L} (Dun-
nett’s test, p < 0.05) (Fig. 3A). Regarding the a-AgoWO4 — R, the algae
growth was significantly reduced at the concentrations of 10.55 pg L2,
10.67 pg L ™! and 31.76 pg L~ when compared to the control (Dunnett’s
test, p < 0.05) (Fig. 3B). We observed a relationship between availability
of silver ions released from microcrystal and growth inhibition. Fig. 3C
and D shows the silver ion concentrations in each a-AgaWO4-C and
a-AgaWO4 — R treatment, respectively.
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Fig. 1. FE-SEM images of a-AgoWO,4-C (A) and a-AgaWO4 — R (B).
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The percent of yield inhibition (%ly) are summarized in Table S6 and
S7 (Supplementary material). According to the OECD, this parameter is
calculated based on biomass and is required by some countries to meet
regulatory aspects, therefore considered as an additional variable. In this

study, we observed the significant increase (Dunnett’s test, p < 0.05) of
percent inhibition in yield (%ly) in the a-AgoWO4-C and a-AgoWO4 - R
treatments when compared to the control group, like the results found
by Sohn et al. (2015).
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The ICy and ICsg values were, respectively, 18.60 & 1.61 pg L™* and
23.47 +1.16 pg L1 for a-AgaW04-C, and 8.68 + 0.91 pg L™ and 13.72
+ 1.48 pg L™! for a-AgoWO, — R, showing a higher toxicity of the rod of
1.7 times in comparison to the a-AgaWO4—C morphology. The higher
toxicity of a-AgoaWO4 — R can be explained by the existing differences in
the shape and surfaces of each compound. These surfaces are closely
related to the number of active sites and consequently to their properties
(Laier et al., 2020).

In the theoretical study by Macedo et al. (2018), it is detailed that
a-AgoWO4 has differences in the surface energy of the facets that make
up each microcrystal morphology. The cubic morphology has a combi-
nation of surfaces (010), (100) and (001) and is obtained by using so-
dium dodecyl sulfate (SDS), which is responsible for stabilizing the
surfaces (100) and (001). In addition, the use of SDS prevents the
emergence of the predominant surface of the hexagonal rod-like
morphology (010), (001) and (101). The different surfaces between
the samples are (101) for a-AgaWO4 - R and (100) for a-AgoWO4—C. The
surface (101) has 4 vacant clusters on its surface ([AgOs.3V,],
[Ag0s.2V,] and two [WOs. V,]) while the surface (100) has 3 vacant
clusters on its surface ([Ag03.3V,], [Ag0s5.2V,] and one [WOs. V,]).
These clusters represent the centers of surface activity of these surfaces,
they are considered as their active sites, and influence the ability of
materials to interact with the alga and the release of silver ions. The
difference in these surfaces of sample explains the greater toxicity of
a-AgoWOy - R in inhibiting the growth of R. subcapitata as the greater
number of active sites of this compound are closely related to the sur-
face. Thereby, we highlight the importance of considering the surface
properties and particle shapes in evaluating their toxicities. Regarding
biological studies for growth inhibition effects, the a-AgoWO4 was
evaluated as a microbicidal agent, where the minimum inhibitory con-
centration (MIC) and the minimum fungicidal concentrations (MFC)
were reported with values of 62.5 pg ml~! for C. albicans (Foggi et al.,
2017a). Another study evaluated the ability of a-AgaWO4 to fight
C. albicans, with a MIC/MFC value of 7.81 pg ml~* (Foggi et al., 2017b).
Comparing these growth data with our results, we found that a-AgoWO4
was substantially more toxic to R. subcapitata than to the fungus. In
addition, comparing the ICsy values of the microparticles with other
studies, we found that a-AgaWO4 (cubic and rod) affected R. subcapitata
growth more than the smaller particle sizes. For example, Ribeiro et al.
(2015), when evaluating the toxicity of silver nanoparticles (AgNPs),
found ICs-72 h value for R. subcapitata of 32.40 pg L~1. Sohn et al.
(2015) observed that R. subcapitata exposed to silver nanowires
(AgNWs) and AgNPs showed ICs0-72 h values of 2.57 mg L™! and 0.74
mg L™}, respectively. All these values are higher than the IC50-96 h for
a-AgaWO4—C and a-AgaWO4 — R calculated in our study, which points
out that the a-AgaWOy, even as a microcrystal, has a higher toxicity to
R. subcapitata than that found for nanoparticles in the above cited
studies. This result can be explained because the a-AgaWO,4 semi-
conductor has a high capacity to produce ROS (OH* and O,H*), which
leads to a high oxidative stress for living organisms (Assis et al., 2019).

The IC50-96 h calculated based on the concentration of free Ag from
o-AgaWO,~C and a-Ag; WO, - R were 3.94 pg Ag L™ and 4.76 pg Ag L%,
respectively. These values are consistent with the ECsg values described
in the literature for R. subcapitata exposed to dissolved Ag, for example,
the ECsg of 3.6 pg L ™! reported by Sekine et al. (2015). Thus, the toxicity
of both microparticles in our study can be explained by the release of
Ag" ions. It is important to note that in Brazil the CONAMA determines
10 pg L~! of ionic silver as an adequate threshold to maintain freshwater
quality (BRASIL, 2005). Our results show that concentrations of ionic
silver from microcrystals lower than those established by Brazilian
legislation can impact freshwater microalgae. This reinforces the
importance  of investigating the toxicity of functional
microparticle-based materials to aquatic organisms, especially organ-
isms that make up the base of the trophic chain, because the aquatic
ecosystem can be an important fate for the microcrystals and the ions
released by them.
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3.1.2. ROS measurements

After 24 h of exposure to a-AgoWO4-C, we observed a significant
increase in the amount of relative ROS in algal cells exposed to con-
centrations of 8.81 and 19.32 pg L™! (Dunnett’s test, p < 0.05). At 96 h,
the relative ROS decreased significantly at concentrations of 8.81,
19.32, and 27.78 pg Lt (Dunnett’s test, p < 0.05) (Fig. 4A). For
a-AgoWOy - R, at 96 h there was a significant reduction in intracellular
ROS content at concentrations 10.55 and 10.67 pg L~! (Dunnett’s test, P
< 0.05) and a significant increase at the highest concentration tested
(Dunnett’s test, p < 0.05) when compared to the control. (Fig. 4B).

The formation of intracellular ROS can be induced in the presence of
light, that is, mediated by photocatalytic properties of the materials
(Nadia von Moss and Slaveykova, 2013; Vale et al., 2016). Therefore, we
can state that the ROS production by microalgae was induced by
exposure to a-AgoWOy. Foggi et al. (2017a) reported that ROS can in-
fluence the cell death of C. albicans exposed to a-AgaWO4. Thus, the
authors considered the ROS production an important route of toxicity.

We observed that significant relative ROS production was closely
linked with growth inhibition at the highest concentration (31.76 pg
L™Y) of a-Ago;WO4-R. ROS can act as signaling molecules and alter gene
expression, besides causing modifications in nucleic acids, proteins and
lipids, and cell damage (Okamoto et al., 2003), and, therefore, we sug-
gest that ROS generation was responsible for the total growth inhibition
after 96 h exposure. High levels of ROS, when the antioxidant limit of
the cell is exceeded, can cause disorderly oxidation of biological and
cellular molecules, leading to oxidative stress with changes in cell
structure (Halliwell and Gutteridge, 1999), cell disruption, and death
(Nadia von Moss and Slaveykova, 2013; Taylor et al., 2015; Vale et al.,
2016). According to Okamoto et al. (2003), the formation of ROS in
autotrophs is a serious risk, because a source of O ,-is the reduction of a
single electron of molecular oxygen by the electron transport chain. In
addition, mitochondria and chloroplasts are vulnerable to oxidative
damage.

However, microalgae have antioxidant mechanisms that are acti-
vated when excessive ROS production occurs, as reported by Lekamge
et al. (2019). These researchers observed the activation of antioxidant
enzymes when R. subcapitata was exposed to particles with silver.
Moreover, it was reported that Chlorella vulgaris could continue photo-
synthesis at high concentrations of silver nanoparticles, because it was
able to activate antioxidant enzymes and detoxify the reactive oxygen
species (Qian et al., 2016). This may explain the reduction of relative
ROS at some concentrations after 96 h of microcrystal exposure. The
Chlorophyceae exposed to a-AgaWO4 may have activated these antiox-
idant mechanisms and decreased ROS content at concentrations of 8.81,
19.32, and 27.78 pg L™! for a-Ag;WO,4~C and 10.55 and 10.67 pg L™ for
a-AgoWO4-R (Fig. 4A and B). This significant reduction in ROS is
corroborated by the growth data, where no complete inhibition at these
same concentrations were observed. We emphasize that we did not
evaluate and quantify these antioxidant enzymes, but they were possibly
activated due to the stress state caused by the microcrystal.

3.1.3. Cell complexity, size and chlorophyll a fluorescence

For R. subcapitata exposed to a-AgaWO4— C, we verified morpho-
logical changes when compared to the control (Fig. 5A). There was a
significant reduction (Dunnett’s test, p < 0.05) in cell complexity
(SSC-H) at concentrations of 8.81 and 19.32 pg L™ and a significant
increase (Dunnett’s test, p < 0.05) at concentrations of 27.78, 32.87, and
36.25 pg L7L. For a-AgaWO4- R, there was a significant increase (Dun-
nett’s test, p < 0.05) in cell complexity (SSC-H) at the highest concen-
tration (31.76 pg L™1) and a reduction in other concentrations, which
were also statistically significant (Dunnett’s test, p < 0.05). There were
no statistically significant differences for cell size (FSC-H) exposed to
a-AgoWO4— C and a-AgaoWO4- R.

The increase in complexity observed in some concentrations of
a-AgaWO4- C (27.78, 32.87, and 36.25 pg L™1) and at the highest con-
centration of a-AgaWOy - R is probably a result of the internalization of
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ionic silver, as already observed for other metals (Gebara et al., 2020).
Almeida et al. (2019) reported that cell granularity changes may
represent detoxification mechanisms through the immobilization of
toxic elements inside the cell. Specifically, for the highest concentration
of rod microparticle (31.76 pg L), the cell complexity results corrob-
orate the relative ROS and growth inhibition data for this treatment,
indicating that ion internalization (observed by increased -cell
complexity) was directly related to the significant increase in ROS and
complete inhibition of cell growth. On the other hand, reduced cell
complexity was associated with significantly reduced ROS, for
a-AgaWO,—C (at concentrations 8.81 and 19.32 pg L) and a-AgaWOy, -
R. This is a strong indication that the cells exposed to the different
microcrystal morphologies activated defense mechanisms, with reduced
cell complexity, relative ROS reduction, and no complete inhibition of
cell growth.

Regarding Chl a fluorescence (FL3-H) for both microparticle mor-
phologies, there was a statistically significant reduction (Dunnett’s test,
p < 0.05) in FL3-H at all concentrations tested (Fig. 5A and B). This
reduction possibly indicates that exposure to o-AgoWO,4 affected
pigment synthesis. Sendra et al. (2017) highlighted that fluorescence
measured with FL3 detector can be used as an indicator in assessing the
physiological state of algal cells and also pointed out that the reduction
in FL3 is related to impairment in pigment synthesis of cells exposed to
contaminants. Thus, we assume that the decreased Chl a production may
have caused consequences to the microalga photosynthetic perfor-
mance, contributing to population growth inhibition.

4. Conclusion

Our results showed that both morphologies of a-AgoWO4 caused
population growth inhibition, changes in cell morphology (cell
complexity) and, at the intracellular level, induced ROS production and
reduced Chl a fluorescence. The a-AgoWO4 — R showed greater toxicity
to algal cells than a-AgoWO4-C, caused by differences in the surface
energy of each crystal, which are closely related to the number of active
sites. In addition, silver ions are important sources and seem to be
responsible for the toxicity, deserving attention, because the limit set by
legislation for ionic silver in aquatic ecosystems is higher than the
concentration of silver that caused toxicity for freshwater alga. We
emphasize that particle shape is an intrinsic and essential aspect in
assessing the toxicity of microparticle-based functional materials,
because its reactivity is also conditioned by morphology and surface
area. Considering that the aquatic ecosystem is an important fate of
contaminants, we highlight the importance of this investigation in
providing subsidies for a better understanding of the toxicity of
a-AgaoWO4 and the potential risks that compounds in different mor-
phologies may pose to microalgae, supporting regulatory actions to
establish safe thresholds for these compounds and silver ions.
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