Environmental Research 186 (2020) 109513

Contents lists available at ScienceDirect

environmental

Environmental Research

journal homepage: www.elsevier.com/locate/envres

Aquatic toxicity and mode of action of CdS and ZnS nanoparticles in four | f)
microalgae species et

Konstantin Pikula®"*, Neli Mintcheva®‘, Sergei A. Kulinich®“*, Alexander Zakharenko™",
Zhanna Markina®, Vladimir Chaika?, Tatiana Orlova™!, Yaroslav Mezhuev®,
Emmanouil Kokkinakis”, Aristidis Tsatsakis™', Kirill Golokhvast®"’

2 Far Eastern Federal University, Vladivostok, 690950, Russian Federation

P N.I. Vavilov All-Russian Research Institute of Plant Genetic Resources, Saint Petersburg, 190121, Russian Federation

€ Research Institute of Science and Technology, Tokai University, Hiratsuka, Kanagawa, 259-1292, Japan

9 Department of Chemistry, University of Mining and Geology, Sofia, 1700, Bulgaria

€ Department of Mechanical Engineering, Tokai University, Hiratsuka, Kanagawa, 259-1292, Japan

fA.V. Zhirmunsky National Scientific Center of Marine Biology, Far Eastern Branch, Russian Academy of Sciences, Vladivostok, 690014, Russian Federation
8 Mendeleev University of Chemical Technology of Russia, Moscow, 125047, Russian Federation

" Laboratory of Toxicology, School of Medicine, University of Crete, Heraklion, 71003, Greece

I1.M. Sechenov First Moscow State Medical University, Moscow, 119048, Russian Federation

I Pacific Geographical Institute FEB RAS, Vladivostok, 690014, Russian Federation

ARTICLE INFO ABSTRACT

Keywords:
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This study reports the differences in toxic action between cadmium sulfide (CdS) and zinc sulfide (ZnS) nano-
particles (NPs) prepared by recently developed xanthate-mediated method. The aquatic toxicity of the synthe-
Cds sized NPs on four marine microalgae species was explored. Growth rate, esterase activity, membrane potential,
Microalgae and morphological changes of microalgae cells were evaluated using flow cytometry and optical microscopy.
NanoPafmles . CdS and ZnS NPs demonstrated similar level of general toxicity and growth-rate inhibition to all used mi-
ZnS. This work was supported by the Russian . o . e el.
foundation for basic research (project number croalgae species, except the red algae P. purpureum. More specifically, CdS NPs caused higher inhibition of
19-05-50010) growth rate for C. muelleri and P. purpureum, while ZnS NPs were more toxic for A. ussuriensis and H. akashiwo
species. Our findings suggest that the sensitivity of different microalgae species to CdS and ZnS NPs depends on

the chemical composition of NPs and their ability to interact with the components of microalgal cell-wall. The
red microalga was highly resistant to ZnS NPs most likely due to the presence of phycoerythrin proteins in the
outer membrane bound Zn?* cations defending their cells from further toxic influence. The treatment with CdS
NPs caused morphological changes and biochemical disorder in all tested microalgae species. The toxicity of CdS
NPs is based on their higher photoactivity under visible light irradiation and lower dissociation in water, which
allows them to generate more reactive oxygen species and create a higher risk of oxidative stress to aquatic
organisms.

The results of this study contribute to our understanding of the parameters affecting the aquatic toxicity of
semiconductor NPs and provide a basis for further investigations.

1. Introduction carbon dioxide, aldehydes, water splitting, and reductive dehalogena-

tion of benzene derivatives (Xu et al., 2019). The separation of nano-

Metal-oxide and metal-sulfide nanoparticles (NPs), including cad-
mium and zinc sulfides (CdS and ZnS), are often used for oxidation of
organic matter during sewage water treatment owing to their photo-
catalytic properties (Belver et al., 2019; Mansour et al., 2020). More-
over, CdS and ZnS nanocrystals are known for their successful appli-
cations not only in pollutant removal but also for the reduction of

sized catalysts from the reaction mixture is often limited, which allows
such NPs to appear and accumulate in natural water bodies, presenting
serious threats to aquatic organisms (Kumari et al., 2019; Matos et al.,
2020).

Degradation of organic pollutants with semiconductor photo-
catalysts is based on their ability to initiate oxidation processes through
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the generation of reactive oxygen species (ROS) after photoexcitation
(Belver et al., 2019; Zhang et al., 2019). However, because of photo-
chemical processes and dissociation, these types of particles can release
toxic metal ions into the aquatic environment (Balmuri et al., 2017;
Bedia et al., 2019; Deng et al., 2019). Corrosion and low stability of
semiconductor NPs in aqueous media are considered important among
the most serious concerns restricting their use for water purification.
Therefore, safe and efficient photocatalyst must have high photo-
catalytic activity, high chemical stability, and low toxicity (Singh et al.,
2020).

Aquatic organisms are often used in toxicology and ecotoxicology
risk assessment studies due to their sensitivity, ubiquity, and simplicity
of cultivation. Several reports have demonstrated high aquatic toxicity
of cadmium and zinc-based semiconductor NPs. For example, toxic ef-
fect of cadmium selenide and zinc selenide NPs was demonstrated in
tests with planktonic crustacean Daphnia magna (Kim et al., 2010). Si-
milarly, toxicity of different types of CdS NPs was shown for bacterium
Vibrio fischeri, microalgae Raphidocelis subcapitata and Chlorella vulgaris,
for Daphnia magna (Silva et al., 2016). Importantly, the toxicity of these
NPs is not limited to planktons, bacteria, and microalgae but they are
also toxic for aquatic plants such as Spirodela polyrrhiza (Khataee et al.,
2014), while ZnS NPs were tested using clam Ruditapes decussatus
(Labiadh et al., 2017). Though a wide range of NPs have been tested for
their toxicity to different life forms but the mode of toxic action of
metal sulfide NPs is not fully understood yet.

This study aims to contribute to the above-mentioned area of re-
search by exploring the aquatic toxicity of CdS and ZnS NPs prepared
by a recently developed xanthate-mediated method using microalgae-
bioassay approach. Microalgae can be highlighted among aquatic test
organisms that are widely distributed in the ocean and represent the
initial trophic level of food chains (Perez-Garcia et al., 2011). Any
processes and substances affecting their population can cause con-
sequences for higher trophic levels, which is why investigating toxicity
effects on such species is very important in order to facilitate designing
of safer NPs and introducing of new regulations (Piperigkou et al.,
2016; Pikula et al., 2020a).

2. Materials and methods
2.1. Preparation and characterization of CdS and ZnS nanoparticles

CdS and ZnS NPs were synthesized in the University of Mining and
Geology, St. Ivan Rilski (Sofia, Bulgaria) (Mintcheva et al., 2019). Po-
tassium ethylxanthate, CoHsOCS,K (Acros organics, Geel, Belgium) was
used as a precursor and source of sulfide ions. In basic solution at
elevated temperatures, the xanthate anion is unstable and decomposes
to monothiol carbonate, alcohol, and hydrogen sulfide ion. The latter is
deprotonated to sulfide ion (S27) which can form metal sulfide NPs in a
controllable way.

The experimental procedure for preparation of CdS NPs is described
as follows: 40 ml of aqueous solution of potassium ethylxanthate
(0.400 g, or 0.0025 mol) and 0.200 g of KOH (0.0036 mol, Teocom,
Sofia, Bulgaria) dissolved in 5 ml of distilled H,O were mixed in a flask
and heated at 65 °C under continuous stirring for 1 h. The second so-
lution was prepared from 0.7712 g of Cd(NO3), (0.0025 mol, Teocom,
Sofia, Bulgaria) in 12 ml of H>O and then added drop-by-drop to the
xanthate solution. The resulting mixture was heated at 80 °C under
reflux for 3 h. Then it was cooled to room temperature and the formed
precipitate was separated by centrifugation and washed several times
with water and ethanol. The product was dried at 230 °C for 2 h in an
oven. The ZnS NPs were prepared under similar conditions. The only
difference was that the Cd(NO3), was replaced by 0.7438 g of Zn
(NO3)2'6H,0 (0.0025 mol, Teocom, Sofia, Bulgaria), while ZnS NPs
were prepared (Mintcheva et al., 2019).

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to characterize the obtained NPs, using
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Table 1
Microalgae cultivation and experimental conditions.

Parameters Cultivation conditions

Temperature 20 + 2°C

pH 8.0 * 0.2

Salinity 33 * 1%

Light intensity 300 pumol m~%s ™!, cool white fluorescent

Light cycle

Test type

Test chamber

Age of test organisms

Initial bioassay cell
density

Control/diluent water

Test endpoints

12:12 h light:dark

Flow cytometry

24-well plate

14-20 d, exponential growth phase
1-5 x 10° cells ml™*

f/2 medium/0.22 um filtered seawater

Test conditions (dye or marker/test duration/

emission filter)

Growth inhibition/ Propidium iodide/24 h, 96 h, 7 days/610 nm (FL1)
viability

Esterase activity

Membrane potential

Fluorescein diacetate/3 h, 24 h/525 nm (FL2)
3,3’-dihexyloxacarbocyanine iodide/6 h, 24 h/

525 nm (FL2)

Size Size calibration kit/96 h, 7 days/forward scatter of
blue laser (FSC)

JSM-6010PLLIS/LA and JEM 2100 tools (both from JEOL Ltd., Japan),
respectively. Phase identification of NPs was performed by X-ray dif-
fraction (XRD) analysis which was carried out with a Bruker D2 Phaser
instrument (Cu/Ni radiation, A = 0.154184 nm).

2.2. Microalgae bioassay

Microalgal cultures were originally isolated from the sea water
samples taken from Peter the Great Bay (Sea of Japan, Far-Eastern
Russia) and were provided by the Resource Collection Marine biobank of
the National Scientific Center of Marine Biology, Far Eastern Branch of
the Russian Academy of Sciences (NSCMB FEB RAS). The test-species
included two marine diatoms Attheya ussuriensis and Chaetoceros muel-
leri, a red algae Porphyridium purpureum (Drew and Ross, 1965), and a
Raphidophyte Heterosigma akashiwo (Hara and Chihara, 1987). Micro-
algae cells were cultured with Guillard's f/2 medium, as reported earlier
(Pikula et al., 2020b).

Both culturing of microalgae and toxicity tests were conducted
following the guidance of OECD No.201 (OECD, 2011) with minor
modifications (Table 1). For bioassays, algal cultures growing in the
exponential growth phase were used. For microalgae cultivation, 24-
well plates with CdS and ZnS NPs at concentrations of 1, 10, and
100 mg/1 were used. The wells with only f/2 medium were taken as a
control group. All assays for each concentration of NPs were conducted
in four replications. The volume of microalgae aliquots in each re-
plication was 2 ml.

Registration of cell death and biochemical changes of microalgae
cells after exposure to NPs were monitored in a flow cytometer
CytoFLEX (Beckman Coulter, USA) with the software package
CytExpert v.2.0. The toxic level assessment and determination of algal
biochemical changes were evaluated using specific fluorescent dyes
(Molecular Probes, USA). A blue laser (488 nm) of the CytoFLEX flow
cytometer was chosen as a source of excitation light since this wave-
length matches the absorption maximum of used dyes and their meta-
bolites. The emission filters were selected according to the maximum
emission of the dyes provided by the manufacturer (Molecular Probes,
USA). The chosen filters were used to record the fluorescence of each
dye and its metabolites. Each sample was measured at a flow rate of
100 pl/min for 30 s. The registration time for used endpoints were
selected according to the standard methods commonly used to assess
toxicity of a test substance in an aqueous system with microalgae model
organisms (Gao et al., 2011; Perry et al., 2011; Prado et al., 2012).

To determine the number of microalgae cells in each measurement,
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a homogeneous population of events was selected on the FSC/SSC dot
cytogram (forward scattering to side scattering ratio). The next stage
was to separate microalgae cells from the chosen population of events
by registering the fluorescence of chlorophyll a in the emission filter
FL3 (690 nm) of the CytoFLEX flow cytometer.

Cell viability was determined by staining with propidium iodide (PI)
according to the standard bioassay protocol (Crowley et al., 2016). The
mechanism of PI action is the incorporation between DNA or RNA base
pairs, whereupon the dye increases its fluorescence intensity by 20-30
times (Suzuki et al., 1997). Since PI is not able to penetrate intact
membranes of living cells, the cells with dramatically increased fluor-
escent intensity in the emission filter FL1 (610 nm), in comparison with
the control sample, can be regarded as dead cells. The calculation of
live microalgae cells was performed by identifying cells that have
chlorophyll an autofluorescence and by excluding dead cells. The 96 h
and 7 days half maximal effective concentration (ECso) of microalgae
growth-rate inhibition are one of the most common values used for
evaluation of cytotoxic effects in macroalgae bioassay (Zhao et al.,
2018; Nikitin et al., 2019).

Esterase activity of microalgae exposed to CdS and ZnS NPs was
evaluated using non-fluorescent lipophilic dye fluorescein diacetate
(FDA). Fluorescein diacetate can easily penetrate the microalgae cell
wall and then decompose through interaction with nonspecific esterases
inside the cell to form a brightly fluorescent constituent called fluor-
escein (Fontvieille et al., 1992). Thus, according to the intensity of
fluorescein fluorescence inside the cells, registered in the emission filter
FL2 (525 nm), the esterase activity of microalgae can be evaluated as a
sensitive endpoint of algal sublethal toxicity (Wang et al., 2016).
Changes of microalgae esterase activity are mostly caused by the defi-
ciency of enzyme action or by disruption of membrane integrity, and it
can be evaluated as a sensitive endpoint of algal sublethal toxicity
(Wang et al., 2016). The 3 h and 24 h registration points were chosen to
detect possible early metabolic response of the algae over short ex-
posure periods and dynamic change of that response, respectfully
(Prado et al., 2012).

Membrane potential of microalgae cells was assessed by a lipophilic,
positively charged fluorescent dye 3,3’-dihexyloxacarbocyanine iodide
(DIOCg), which is capable of binding to membranes (mitochondria and
endoplasmic reticulum) and other hydrophobic negatively charged cell
structures (Sabnis et al., 1997). In cases where the inner membrane of
the cell was more electronegative in comparison to medium (hy-
perpolarization, i.e. an increase in the membrane potential), the dye
will be absorbed. If the membrane potential increases and the cell be-
comes less electronegative compared to the medium (depolarization),
the dye will be removed from the cell (Grégori et al., 2003). Therefore,
the membrane potential change of microalgae cells affected by CdS and
ZnS NPs was registered in the emission filter FL2 (525 nm) and com-
pared with the control group. Changes of membrane potential can be
accompanied by changes of membrane elasticity, loss of lipid micro-
domains, and changes of ion permeability (Seong and Lee, 2017). In-
tegrity and normal operation of membranes are vital parameters for
organisms as they provide barriers and transportation functions. The
6 h and 24 h registration points were chosen to detect changes in
membrane potential of microalgae cells (Perry et al., 2011).

Before the assessment of growth-inhibition, esterase activity, and
membrane potential of each microalgae species, a series of preliminary
measurements were made to determine the optimal concentration of
fluorescent dyes and the optimal duration of staining as described in
our previous work (Pikula et al., 2019a). The results of this optimiza-
tion are summarized in Table 2. All the data of flow cytometric mea-
surement analysis were interpreted as the mean fluorescence intensity.

Morphological changes of microalgae cells were captured by an
optical microscope Axio Observer Al (Carl Zeiss, Germany).
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2.3. Statistical analysis

Statistical analyses were performed using the software package
GraphPad Prism 7.04 (GraphPad Software, USA). The one-way ANOVA
test was used for analysis. A value of p = 0.05 was considered statis-
tically significant.

3. Results
3.1. Characteristics of CdS and ZnS nanoparticles

The composition of metal sulfide samples was confirmed by powder
X-ray diffraction and energy-dispersive X-ray spectroscopy (EDX) data.
The XRD patterns demonstrated the cubic crystal phase of both CdS and
ZnS (Fig. 1). The peaks observed at 26 values of 26.5, 30.5, 43.9, and
52.0 were assigned to the reflection planes (111), (200), (220), and
(311) of cubic CdS (JCPDS 75-1546). The corresponding peaks of ZnS
are indexed for zinc blende type (JCPDS 05-0566). Based on the XRD
patterns, the average crystallite size was calculated to be 6.3 nm and
3.9 nm for CdS and ZnS, respectively. More specifically, the size was
found by using the Scherrer's equation, L = 0.9A/(B cos6), where L is
the coherence length, A is the wavelength of the X-ray radiation
(0.15406 nm), B is the full-width at half-maximum intensity (FWHM) of
the most intense peak, and 0 is the angle of diffraction. The relationship
between the coherence length (L) and the diameter of the spherical
crystallite (D) is known to be D = 41/3. The values of crystallites size
are in good agreement with those obtained from TEM analysis of both
nanomaterials and reported elsewhere, namely the average diameter of
CdS and ZnS crystallites is 7.0 nm and 4.2 nm, respectively (Mintcheva
et al.,, 2019). No peaks of impurities of other crystalline phases were
observed in the XRD patterns (Fig. 1), while presence of amorphous
products of ZnS hydrolysis cannot be excluded, as can be seen from EDX
results indicating lower sulfur content than expected. The EDX data of
CdS clearly show that the product consists of Cd and S with an atomic
ratio nearly of 1:1 (48.48:51.52 at. %, respectively) (Mintcheva et al.,
2019).

The surface morphology of CdS and ZnS NPs was studied by SEM
and TEM methods and the corresponding images are presented in Fig. 2
and Fig. 3. The SEM images demonstrate that both materials are quite
narrow in size distribution and consist of well-dispersed sphere-like
particles. The TEM images confirm that the nanocrystals are approxi-
mately monodispersed and have the estimated sizes in the range
5.0-9.0 nm and 2.6-5.6 nm for CdS and ZnS, respectively (Mintcheva
et al., 2019).

3.2. Results of microalgae-bioassay

We calculated the concentrations that caused 50% inhibition of
viability, esterase activity, and membrane potential and the results
were summarized in Table 3.

The growth rate of A. ussuriensis, H. akashiwo, and C. muelleri de-
creased significantly over time by both types of NPs. The diatom algae
C. muelleri demonstrated the highest sensitivity to both CdS and ZnS
after 96 h and seven days of exposure to their NPs (Table 3). For these
microalgae species, the calculated seven-day ECsy concentrations of
growth rate inhibition were 3.0 mg/l and 4.2 mg/1 for CdS and ZnS,
respectively. In contrast, the red algae P. purpureum demonstrated tol-
erance to ZnS, and the calculated ECso was 197.5 mg/1.

The esterase activity of microalgae species A. ussuriensis and H.
akashiwo decreased significantly after 3 h of exposure to NPs. However,
the effect was partly eliminated by 24 h of exposure. The esterase ac-
tivity of P. purpureum remained stable at the point of 3-h exposition
with both studied types of NPs, but the enzyme activity of the micro-
algae cells was significantly inhibited for 24 h exposure to CdS. The
esterase activity of C. muelleri maintained the same level even at high
NP concentrations.
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Table 2
Microalgae staining parameters.

Environmental Research 186 (2020) 109513

Species Growth inhibition/Vitality (Staining with PI) Esterase Activity (Staining with FDA) Membrane Potential (Staining with DIOCg)
Concentration, pM Staining duration, min Concentration, pM Staining duration, min Concentration, pM Staining duration, min

A. ussuriensis 7.5 5-30 5.0 28-32 0.5 20-30

H. akashiwo 15.0 10 5.0 26-34 0.5 20-30

C. muelleri 10.0 30 5.0 8-12 0.1 15-35

P. purpureum 40.0 5 15.0 18-28 1.5 15-25

(111)

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65 70
26 (deg)

Fig. 1. XRD diffraction patterns of as-prepared CdS and ZnS nanoparticles.

Membrane depolarization was registered for all tested microalgae
species affected by CdS NPs. Moreover, the depolarization effect in-
creased with time. ZnS NPs showed a lower impact on the electric
potential of microalgal cell membranes, and the influence noticeably
decreased by 24 h of exposure for all algal species.

The changes of microalgae cell size upon exposure to CdS and ZnS
nanomaterials, according to the data from flow cytometry analysis, are
represented in Fig. 4. Significant enlargement of cell size was detected
for C. muelleri at the concentration of 10 mg/1 of CdS (Fig. 4c) and for
red algae P. purpureum at the concentration of 100 mg/l of CdS
(Fig. 4d).

Visual observation by optical microscopy has shown the most no-
ticeable changes for the red algae P. purpureum (Fig. 5). Microscopy
observation of P. purpureum confirms enlargement of cell size caused by
the effect of CdS NPs (Fig. 5b), which is in accordance with the data of

flow cytometry (Fig. 4). Moreover, it was found that part of the red
algae cells changed their pigmentation after exposure to ZnS (Fig. 5c).

4. Discussion
4.1. Growth-rate inhibition and general toxicity

Following the aim of this research, here we compared two types of
semiconductor NPs in terms of their effect on the level of aquatic
toxicity. The growth-rate inhibition of microalgae can be considered as
a marker of general toxicity. The results of our previous work with the
same microalgae species (Pikula et al., 2019b) showed the following
trend in microalgae sensitivity to the standard reference toxicant po-
tassium dichromate, K,Cr,O, (from more sensitive to less sensitive
species):

P. purpureum > H. akashiwo > A. ussuriensis > C. muelleri

However, this trend was not confirmed for the ZnS and CdS NPs
tested in current study, suggesting different mode of action of metal
sulfide particles. C. muelleri was the most sensitive species to metal-
sulfide NPs both after 96 h and seven days of exposure (Table 3, Fig. 6).
In case of K»Cr505, microalgae cells were exposed to highly toxic Cr(VI)
from dichromate ions, Cr,0,2~ which are formed as a result of K,Cr,0,
dissociation in water (Jun-Fei and Shi-Li, 2019). In contrast, CdS and
ZnS nanocrystals are known to be slightly soluble in water (Chen et al.,
2020). Apparently, the difference in microalgae species sensitivity to
K,Cr,0, and metal sulfide NPs arises from different mechanisms of
uptake and interactions of Cr,0,>~ ions and NPs with biomolecules in
the microalgae cell-wall (Gabbasova et al., 2017).

The high toxicity of metal-ion-containing NPs and the possibility of
NPs to be taken up by microalgae cells with nutrition was shown in
bioassays with common test-species such as R. subcapitata (Bouldin
et al.,, 2008). Several reports demonstrated that individual NPs dis-
persed in water predominantly pass into the cell by non-phagocytic
processes (Zhao et al., 2016; Malejko et al., 2019). It is known that the
pore size of plant cell-wall is 5-20 nm (Ma and Yan, 2018). Thus, it can
be assumed that the studied CdS and ZnS NPs with the average sizes of
7.0 nm and 4.2 nm, respectively, could penetrate microalgae cells

Fig. 2. SEM images of samples (a) CdS and (b) ZnS.
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Fig. 3. TEM micrographs of samples (a) CdS and (b) ZnS.

through the pores of cell-walls and the general toxicity of both metal
sulfides may be explained by this process.

However, we also observed some differences in the behavior of NPs
towards the tested microalgae. In general, ZnS NPs were more toxic for
A. ussuriensis and H. akashiwo species, while for C. muelleri and P. pur-
pureum CdS NPs caused higher inhibition of growth rate (Table 3,
Fig. 6). Probably, the sensitivity of different microalgae species to CdS
and ZnS NPs depends on the chemical composition of NPs and their
ability to interact with the components of microalgae cell-wall. Thus,
the composition, size, and morphology of NPs are important for pene-
tration into the algae cells and responsible for the toxicity levels of NPs.

It is known that microalgal cell-wall is composed of lipids, poly-
saccharides, and glycoproteins, and can form different chemical bonds
with semiconductor NPs that depend on the nature of metal ion and
donor atoms in biomolecules (Kumar et al., 2016; Neagu et al., 2017). It
was previously reported that Zn?>* ions bind to oxygen- and nitrogen-
containing ligands more easily, while Cd>* ions prefer to coordinate to
sulfur-containing ligands (Wu et al., 2018). The main light-harvesting
pigment of the red microalgae P. purpureum is phycobilisome (Lee et al.,
2019) which consists of nitrogen-rich molecules of phycobiliproteins
(phycocyanin, phycoerythrin, and allophycocyanin) that can readily
interact with ZnS NPs (Zhang et al., 2017).

We observed that the treatment of P. purpureum with ZnS caused a
change in the algal cell pigmentation from red to olive green (Fig. 5¢).
This color change could occur as a result of the binding of zinc cations
to phycoerythrin proteins (MacColl et al., 1994). A well-known fact is
that red algae cells could change the number and composition of phy-
cobilisomes to adapt light-harvesting complex to changes in light wa-
velength (Chenu et al., 2017) or as a compensation to a lack of nitrogen
in the medium (Ruan et al., 2018).

Pigmental modification of P. purpureum is an important mechanism
of algal adaptation to a high concentration of zinc that prevents the
uptake of NPs and defends microalgae cells from their further toxic
influence. For this reason, the red algae P. purpureum had the highest
tolerance to ZnS, and microalgae cells did not reveal any changes of
growth-rate after a 96-h exposure to ZnS even at the highest used
concentration (100 mg/1) (Fig. 6a). This implies that they demonstrated
the lowest sensitivity to ZnS NPs in comparison to the other species
exposed for seven days (Fig. 6b). The higher ability of P. purpureum to
absorb metal ions and tolerance of the red microalgae to Zn>*, when
compared with the other microalgae species, have been already de-
monstrated (Schmitt et al., 2001).

Additionally, we found that the cells of P. purpureum showed a
significant enlargement after exposure to CdS NPs at high concentra-
tions (Figs. 4d and 5b). This effect could be explained by the disorder of
regulation between photosynthesis and carbon sequestration processes
(Launay et al., 2019). Thus, algae cells retain their ability to fix carbon
and accumulate organic matter, produced by photosynthesis, but lose

their capability for cell division. Such a disorder could be induced by
generation of reactive oxygen species (ROS) in the presence of CdS
rather than ZnS (Yu et al., 2018; Pikula et al., 2019c¢).

CdS nanocrystals have a direct and relatively narrow band gap of
2.4 eV (Wu et al., 2017) which provides remarkable ROS production
under visible light irradiation, especially at wavelengths shorter than
516 nm (Cheng et al., 2018). While, ZnS is known as a direct wide-gap
photocatalyst with a band gap of 3.54 eV for cubic structured particles
(Kim et al., 2020) which absorbs ultraviolet light with wavelength
below 350 nm (Lee and Wu, 2017). Moreover, ZnS is known for its
lower photocatalytic efficiency due to high charge-recombination rates
and lower resistance to photocorrosion (Chen et al., 2020).

Considering the experimental conditions during the illumination of
bioassay with a cool white fluorescent light (Table 1), the ROS pro-
duction and potential aquatic toxicity related to the oxidative damage
and disorders caused by free-radicals are expected to be higher for CdS
NPs when compared with their ZnS counterparts. Moreover, the stabi-
lity of CdS nanocrystals in water (log Ko, —31.42) is higher than that of
ZnS (log Ko, —26.02) because the solubility product of CdS is lower (e.g.
less Cd%™ and S?~ ions are formed in solution) (Chen et al., 2020). This
means that CdS NPs would remain for a longer time as CdS nanocrystals
in the surrounding media or inside the cell (if the NPs pass the cell
membrane). Therefore, they will keep their ability to produce ROS, the
latter species causing oxidative changes in the cell-wall substances or
the intracellular substrates. Thus, the light-induced activity of CdS can
contribute to the predominant oxidative mechanism of the CdS toxicity
for C. muelleri and P. purpureum species.

4.2. Esterase activity inhibition

For both types of NPs after 3 h of exposure to microalgae, a high
esterase activity inhibition was noticed (Table 3), which was probably
caused by the stimulation of ROS production in microalgae cells under
the influence of both CdS and ZnS nanocrystals (Pikula et al., 2019c).
Further partial dissociation of the NPs leads to reduced ROS production
rates and, subsequently, to lower esterase activity inhibition, as given in
Table 3 for all microalgae species after their treatment for 24 h. As
expected, the effect of more photoactive CdS NPs on the esterase ac-
tivity inhibition was higher for all microalgae species compared with
that of less photoactive ZnS. It is worth noticing a pronounced increase
of calculated ECs, concentrations in the esterase activity inhibition for
A. ussuriensis and H. akashiwo after 24 h of exposure to ZnS NPs
(Table 3). Probably, the influence of ZnS NPs on enzyme activity of
microalgae was lower because of the slow dissociation of ZnS nano-
crystals to Zn®* and S~ ions with time and reduced production of
ROS.
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Fig. 4. Changes in microalgae cell size after 96 h and seven days of exposure to CdS and ZnS nanoparticles. (a) A. ussuriensis, (b) H. akashiwo, (c) C. muelleri, and (d)

P. purpureum. *Significant change in microalgae cell size.
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Fig. 5. P. purpureum after 96 h of exposure to CdS and ZnS nanoparticles. (a) Control group, (b) the cells exposed to CdS, and (c) the cells exposed to ZnS.
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