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Abstract

Although doping of various rare earth elements such as samarium on zinc oxide nanoparticles (ZnO NPs) can noticeably
improve their photocatalytic performance, it may enhance their toxicity to living organisms. Thus, the toxic impacts of samar-
ium-doped ZnO NPs (Sm/ZnO NPs) on different organisms should be carefully evaluated. In this study, an eco-toxicological
experimentation system using the green microalga Chlorella vulgaris was established to determine the potential toxicity
of ZnO and Sm/ZnO NPs synthesized by polymer pyrolysis method. Accordingly, growth parameters, oxidative stress bio-
markers, and morphological features of the algal cells were analyzed. Both ZnO and Sm/ZnO NPs induced a concentration-
dependent cytotoxicity by reducing the cell growth, decreasing photosynthetic pigment contents, and causing deformation in
the cellular morphology. Moreover, generation of excessive H,0,, increased activity of superoxide dismutase and ascorbate
peroxidase, and reduction in total phenolic and flavonoid contents were observed. Catalase activity was inversely influenced
by the NPs in a way that its activity significantly increased at the concentrations of 20 and 25 mg L™! of ZnO NPs, but was
lessened by all supplemented dosages (5-25 mg L™") of Sm/ZnO NPs. Altogether, the obtained results revealed that Sm-

doping can play a significant role in ZnO NP-induced toxicity on C. vulgaris cells.

Keywords Chlorella vulgaris - ZnO nanoparticles - Samarium doping - Oxidative stress - Cytotoxicity - Antioxidant

enzymes

Introduction

ZnO nanoparticles (NPs) have acquired extensive interest
in different industrial and biomedical fields due to their
exceptional properties such as antimicrobial, antioxidant,
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and anticancer activities, along with low cost and low tox-
icity (Mishra et al. 2017). Furthermore, ZnO NPs possess
wide band gap and high exciton binding energy, as well as
excellent optical, electronic, and catalytic properties, mak-
ing them the multifunctional materials for various industrial
utilizations (Farooqi and Srivastava, 2016). The widespread
manufacture of ZnO NPs and their post-use release in the
environment affect ecosystem health. Consequently, the
exposure risks of ZnO NPs to various organisms, especially
aquatic organisms, are of particular concern. Previous stud-
ies have shown that ZnO NPs could be regarded as a threat
to aquatic microorganisms through the formation of Zn**
ions, which in turn generate reactive oxygen species (ROS)
(Krzyzewska et al. 2016). It has been reported that differ-
ent properties of ZnO NPs including size, shape, aggrega-
tion, and concentration can play a significant role in their
hazardous activity in aquatic ecosystems (Krzyzewska et al.
2016; Peng et al. 2017). Furthermore, ZnO NPs have been
proven to be toxic to various algal species at different con-
centrations. For instance, it has been identified that ZnO
NPs (ECs, 1.94 mg Zn L™") were more toxic than bulk ZnO
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(ECs, 3.57 mg Zn L") to marine chlorophyte Dunaliella
tertiolecta (Manzo et al. 2013). The cytotoxicity evaluation
of ZnO NPs with two hydrodynamic sizes (487.5 +2.55 nm
and 616.2 +38.5 nm) towards freshwater algae Scenedes-
mus obliquus at low exposure concentrations (0.25, 0.5, and
1 mg L™!) indicated that the smaller-sized ZnO NPs repre-
sented more toxicity. The released Zn>* ions, ROS genera-
tion, and cell membrane damage, as well as adsorption and
internalization of the NPs, were assumed to be contributed
in the toxicity of algae cells (Bhuvaneshwari et al. 2015).
A recent study has demonstrated that ZnO NPs not only
can significantly inhibit Microcystis aeruginosa growth by
imposing oxidative stress but also have a secondary effect
caused by the release of intracellular toxins to the aquatic
environment (Tang et al. 2018). Although a number of stud-
ies have already been conducted on the impact of NPs to
aquatic microorganisms, it is quiet crucial to improve the
information about the NP environmental risks to develop
new strategies for their application.

Modifications of ZnO NPs, such as doping with dif-
ferent elements, offer an effective method to enhance
and control some of their physicochemical proper-
ties. Particularly, doping various rare earth elements
(REEs) on ZnO can noticeably improve their efficiency
for various applications (Sin et al. 2013). Considering
their wide optical band gap, REEs like Sm, Pr, Eu, Gd,
and Nd can be applied as dopants to improve the nano-
structure’s electrical and optical properties (Kayani
et al. 2020). It has been reported that Sm doping of
ZnO nanomaterials not only enhanced the magnetic
and optical properties but also led to the noticeable
antibacterial activity. Moreover, it was suggested that
Sm/ZnO can be considered as an appropriate candidate
for application in tumor removal, pneumonia infection
control, and malignant diseases treatment (Kayani et al.
2020). Another study has also revealed that applica-
tion of Sm as dopants to ZnO NPs caused enhanced
photoluminescence and antibacterial efficiency (Ravi-
chandran et al. 2017). Remarkably, the synthesized
Sm-doped spherical-like ZnO hierarchical nanostruc-
tures showed tremendous photocatalytic degradation
of 2,4-dichlorophenol in comparison to the pure ZnO
and commercial TiO, under visible light irradiation.
Another advantage of these nanostructures is their easy
separation and recycling capability, introducing them as
promising structures for applications in environmental
cleanup procedures (Sin et al. 2013). Although prefer-
able benefits are expected from synthesis and modifica-
tion of these types of NPs, there are serious concerns
about their hazardous impacts on human health and the
environment (Mahjouri et al. 2020). Hence, in addition
to the physicochemical properties of the synthesized

NPs, their biocompatibility and environmental safety
should be carefully evaluated.

Microorganisms, as the main inhabitants of aquatic
ecosystems, play foremost roles in primary productivity,
nutrient cycling, and decomposition. It has been reported
that microbial plankton communities in the aquatic
environment are more vulnerable to NP toxicity. By causing
cell and DNA damage as well as affecting reproduction,
the toxicity of NPs can lead to adverse consequences in
the environment (Zhu et al. 2019). On the other hand,
the hazardous effects of NPs on microorganisms may
have consequences on higher trophic levels, and hence
it is crucial to determine the effect of NPs and their
toxicity mechanisms on microorganisms. While the
physiological and biological functions of microorganisms
are adversely influenced by NPs, they also can accumulate
and detoxify NPs (Gong et al. 2011; Nazari et al. 2018).
Among the freshwater microalgae, Chlorella vulgaris
has been commonly used as a model in eco-toxicological
experiments (Xia et al. 2009). On account of its availability,
culture requirements, and ease of use, C. vulgaris has
been preferred to be applied in the experiments studying
different types of potential toxicants (Silva et al. 2009).
A number of previous studies have been evaluated the
toxicity of ZnO NPs to this microalga. C. vulgaris treated
with 50-300 mg L~! of ZnO NPs for 24 h and 72 h showed
a considerable decrease in the viability in dose and time-
dependent manners. Besides, the changes detected in some
biochemical markers such as the activity of SOD, GSH,
LPO, and LDH confirmed the toxicity of ZnO NPs towards
the algae (Suman et al. 2015). An investigation based on the
chiral perturbation approach showed that ZnO NPs caused
drastic changes in the amount of ROS in C. vulgaris and
both released Zn?* ions and the NPs contributed to the
toxicity (Zhou et al. 2014). In another investigation, ZnO
NPs induced the antioxidant defense system of C. vulgaris
cells and the cell membrane and organelle damages, as well
as oxidative stress were mentioned as the basic reasons for
toxicity of the NPs to the algal cells (Saxena et al. 2021).
To the best of our knowledge, this is the first report on the
toxicity of Sm/ZnO NPs to microalga.

In this study, we conducted an eco-toxicological survey system
using green microalga C. vulgaris to assess the toxic potential of
pure and Sm/ZnO NPs synthesized by polymer pyrolysis method.
First, the synthesized NPs were characterized by the combination
of several techniques such as transmission electron microscopy
(TEM), field emission scanning electron microscopy (FESEM),
X-ray diffraction (XRD), energy dispersive X-ray (EDX), and
dynamic light scattering (DLS). Subsequently, the impacts
of pure and Sm/ZnO NPs on the green microalga C. vulgaris
were analyzed by assessing growth parameters, oxidative stress
biomarkers, and morphological features.
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Materials and methods

Synthesis and characterization of pure
and Sm-doped ZnO NPs

Zn0O and Sm/ZnO nanoparticles were synthesized by using
polymer pyrolysis method (Khatamian et al. 2012). At first,
0.8 mmol Zn(CH;COO0),-2H,0 was dissolved in 2 mL
dilute nitric acid (2 mol L"), and then 1.6 mmol citric
acid was added to the solution and stirred for 2 h. The pH
was adjusted to 67 with dilute ammonia. Successively,
the monomers of acrylamide (0.3 g) were supplemented to
the clear solution. After stirring for 20 min, the obtained
solution was placed in a water bath and heated to 80 °C.
Afterward, polymerization occurred by addition of AIBN
initiator (CgH,,N,) which resulted in a transparent polymeric
resin with no precipitation. Finally, the obtained gel was
dried at 100 °C for 24 h, then heated at 300 °C for 10 h and
calcined at 550 °C for 5 h. Sm/ZnO NPs were produced by
the same process with an extra step, which was the addition
of 0.06 mmol of Sm,0j; into the Zn salt solution and stirring
for another 2 h to acquire 15% Sm-doped ZnO NPs.

Structural and morphological characterization of the
pure and Sm/ZnO NPs were determined by a combina-
tion of several techniques. The structure, average size,
morphology, and elemental composition of the synthe-
sized NPs were examined by XRD (Siemens D500, Ger-
many), TEM (JEOL JEM- 2200FS, Japan), and FESEM
(Hitachi S-4200, Japan) equipped with EDX. Average
hydrodynamic diameters and zeta potential of the syn-
thesized NPs were determined using DLS technique
(Nanotrac Wave, Microtrac, USA).

Algal culture and treatments

The green microalga C. vulgaris CCAP 211/11B was
obtained from Drug Applied Research Center of Tabriz
University of Medical Sciences. For maintaining a stock
culture, 50 mL of the algal cells was added to 200 mL
of fresh, sterile BG-11 medium (pH 7) in 500-mL Erlen-
meyer flasks (Rippka et al. 1979). The cultures were kept
under cool white fluorescent lights (illumination inten-
sity 5000 1x, photoperiod 16-h light and 8-h dark) with
constant shaking at 25 °C and subcultured every 15 days.
Toxicological experiments were directed in the exponen-
tial growth phase of algal cultures at day 7 of culture by
using 100-mL Erlenmeyer flasks containing 50 mL of algal
cell suspension. According to our preliminary experimen-
tal data, the NPs concentrations higher than 25 mg L™
caused extreme algal cell death. Therefore, the cells were
treated with different concentrations of ZnO and Sm/
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ZnO NPs including 0, 5, 10, 15, 20, and 25 mg L™! and
kept at the abovementioned condition. Three independent
experiments as different replicates for analyzing the effect
of each concentration of the NPs were conducted. After
24 h of incubation, algal cells were collected and stored
at — 80 °C until use in different assays.

Scanning electron microscopy of algal cells

Scanning electron microscopy was used to observe the mor-
phological modifications of treated cells. After 24 h of expo-
sure to ZnO and Sm/ZnO NPs (20 and 25 mg L1, 25 mL
of the cell suspensions were centrifuged and the acquired
pellets were washed with BG-11 medium for several times
to eliminate the unbound NPs. Subsequently, the treated and
untreated algal cells were spread on a piece of aluminum
foil and kept at —20 °C for 24 h and then were freeze-dried
for 1 h. Finally, the gold-sputtered samples were examined
through FESEM (MIRA3 FEG-SEM) (Nazari et al. 2018).

Determination of cell growth

For analyzing the growth rate of algal cells, cell density was
monitored using cell counting by a hemocytometer. Measur-
ing the number of algae cell in the culture media after 0, 6,
8, and 24 h of exposure to the pure and Sm-doped ZnO NPs
was achieved with a light microscope. Microscopic counts
of the algal cells were repeated 3 times for each treatment
of the NPs.

Measurement of photosynthetic pigments

To measure chlorophyll a, chlorophyll b, and carotenoids,
0.05 g (fresh weight) of treated and untreated algal cells
were first crushed in liquid nitrogen and then homogenized
in 1 mL of absolute methanol and stored for 24 h in dark-
ness. After centrifuging for 10 min at 5000 g, the absorbance
of the supernatant was determined at 470, 653, and 665 nm.
The photosynthetic pigment content was calculated accord-
ing to the following equations (Siikran et al. 1998).

C, = 15.654405 — 7.340A 453

C,.. = 1000A,;, — 2.860C, — 129.2C, /245

Quantification of hydrogen peroxide formation

Hydrogen peroxide (H,0,) content was evaluated by a spec-
troscopy method (Velikova et al. 2000). Accordingly, 0.05 g
(fresh weight) of algal cells was crushed in liquid nitrogen
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«Fig. 1 Scanning electron microscopy and transmission electron
microscopy images of the synthesized NPs show the hexagonal-
shaped NPs. TEM images of ZnO (a) and Sm/ZnO NPs (b). FESEM
images of ZnO (c¢) and Sm/ZnO NPs (d). In the FESEM images, “D”
represents diameter of the NPs. EDX spectra of ZnO (e) and Sm/ZnO
NPs (f). XRD patterns of ZnO (g) and Sm/ZnO NPs (h)

and mixed with 1 mL of trichloroacetic acid (TCA, 0.1%)
solution in a pre-cooled mortar and then was centrifuged at
10,000 g for 15 min at 4 °C. Subsequently, 0.5 mL of as-
prepared supernatant, 0.5 mL of potassium phosphate buffer
(10 mM, pH 7), and 1 mL of potassium iodide reagent (1 M)
were mixed and stored for 15 min at 25 °C. The absorbance
of the reaction mixtures was measured at 390 nm and H,0,
amount was determined as pg/g FW (fresh weight) using a
standard curve.

Determination of antioxidant enzymes activities

For the determination of antioxidant enzyme activities, a
quantity of 0.05 g (fresh weight) of cells was homogenized
in liquid nitrogen and 0.05 M phosphate buffer (pH=7).
After centrifugation at 10,000 g for 15 min at 4 °C, the
supernatant was used for analyzing protein concentration as
well as ascorbate peroxidase (APX), superoxide dismutase
(SOD), and catalase (CAT) activities. Total protein content
was measured by Bradford method (Bradford 1976). SOD
activity was investigated by inhibiting the photochemical
reduction of nitro blue tetrazolium (NBT) by algal extract
containing the enzyme according to the method described
by Winterbourn et al. (Winterbourn et al. 1976). One unit
of SOD was defined as the quantity of the enzyme inhib-
iting 50% of NBT reduction. Assessment of CAT activity
was performed based on absorbance of the reaction solu-
tion containing 1.5 mL TS buffer (citrate—phosphate-borate)
with pH=7, 25 pL of algal extract, and 50 pL of hydrogen
peroxide at wavelength of 240 nm for 3 min (Obinger et al.
1997). One unit of CAT activity was considered as equal to
the amount of enzyme required to reduce 1 pmol of hydro-
gen peroxide per minute. APX activity was calculated using
the method stated by Boominathan and Doran (Boominathan
et al. 2002). The amount of enzyme needed for the oxidation
of 1 pmol ascorbic acid/min was determined equal to the one
unit of activity.

Measurement of total phenol and flavonoid content

The total phenol content of algal extracts was calculated
using Folin-Ciocalteu reagent. For determining total phe-
nol content, the methanolic extract of the algal cells (100
pL) was mixed with distilled water (2.5 mL) and then Folin
reagent was added (100 pL). After 6 min, 150 pL of sodium
carbonate 20% was added to the solution. After 30 min,
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absorbance of samples was read at 760 nm (Meda et al.
2005).

The total flavonoid content of the extracts was quantified
by a colorimetric method reported by Chang et al. (2002).
At first, 2 g of aluminum chloride (AICl;) was dissolved
in 100 mL of methanol. Then, 500 puL of methanol solu-
tion containing aluminum chloride was added to 500 pL of
the methanolic extract of algal cells. After 1 h, the mixture
absorbance at 415 nm was recorded (Chang et al. 2002).

Statistical analysis

Statistical analysis was carried out by using a one-way
analysis of variance (ANOVA) and means were compared
using Duncan’s multiple range tests at 5% level (SPSS16).
All assays were conducted in triplicate. The results were
expressed as mean + standard error (SE). A 7 test was used
to compare the means of two groups of experiments.

Results and discussion
Physicochemical characteristics of the NPs

TEM micrographs of the synthesized ZnO and 15% Sm/
ZnO NPs by the polymer pyrolysis method showed the hex-
agonal-shape of NPs with the particle sizes of 1545 nm
and 15-35 nm, respectively. FESEM images confirmed that
hexagonal-shaped ZnO and Sm/ZnO NPs are aggregated
(Fig. 1a, b). The EDX patterns of the NPs displayed the
existence of Zn and O elements in ZnO NPs structures as
well as Zn, O, and Sm elements in Sm/ZnO NPs construc-
tions. No impurity was evident in the elemental analysis
of the samples (Fig. 1c, d). XRD patterns of pure and Sm-
doped ZnO NPs exhibited main peaks representing a typi-
cal hexagonal wurtzite structure for the synthesized NPs
(Fig. le, f). There were no diffraction peaks of Sm or other
impurities in the XRD patterns revealing that Sm>" ions are
successfully doped on the ZnO structure. The observed dif-
fraction peaks of the pure ZnO nanopowder were similar
to those of hexagonal wurtzite ZnO (PCPDF79-0207). By
adding Sm, a residual phase of Sm was notably detected
by XRD (Fig. 1f). For identifying the behavior of NPs in
the aqueous phase, their hydrodynamic particle size, poly-
dispersity index (PDI), and zeta potential were measured
in distilled water by DLS technique (Fig. 2). The average
hydrodynamic diameter of ZnO and Sm/ZnO NPs were
determined to be 63.97 nm and 81.6 nm, respectively. Sm
has more water coverage because of positive charges, and
as a consequence, the size of Sm/ZnO NPs was recognized
slightly larger than ZnO NPs. Zeta potential for the synthe-
sized NPs were measured as — 14 mV and —9.54 mV for
ZnO and Sm/ZnO NPs, respectively. Higher quantities of
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Fig.2 DLS analysis determined the particle size distribution and zeta potential of ZnO (a, ¢) and Sm/ZnO NPs (b, d)

zeta potential for both NPs confirmed the stability of NPs
in the suspension. Additionally, both NPs showed low PDI
values, i.e., 0.30 for ZnO NPs and 0.48 for Sm/ZnO NPs,
demonstrating their good dispersion in water media. Accord-
ing to the characteristics of the produced NPs including low
size and good colloidal stability, they could be suitable for
the purposes of the current study.

Growth and morphology of C. vulgaris

Growth responses of C. vulgaris to the different
concentrations of pure and Sm-doped ZnO NPs (5-25 mg
L~!) were quantified using cell number (x 10°) per milliliter
of medium after the exposure periods of 6, 18, and 24 h
(Fig. 3a, b). In the control medium, cell number increased
noticeably over the period of experiment. However, addition
of the NPs to the culture media resulted in declining the
growth of algal cells. Cell number lessened with the rising
concentrations of both ZnO and Sm/ZnO NPs. Application
of 25 mg L™! of the NPs caused a rapid and significant
decrease in cell number which was 70% for ZnO NPs and
78% for Sm/ZnO NPs after 24 h. Comparable results of the
hazardous effect of ZnO NPs on C. vulgaris growth have
been formerly reported (Zhou et al. 2014; Liu et al. 2018).
ROS production and the released Zn>* ions have been
considered as the main reasons for cell and bacterial death in
the studies evaluating ZnO NP toxicity. It has been reported
that dissolution of ZnO NPs can affect the metabolism of
cells and disrupt the function of the enzymatic system

resulted in deterring cell growth and death (Carofiglio
et al. 2020). According to the available data, REEs have
been generally considered to be low toxic, but excessive
REEs in the environment can act as pollutants and have
adverse effects on different organisms (Goecke et al. 2015).
It has been suggested that REEs can affect the growth of
cells by nutrient depletion or disturbing the integrity of the
biological membrane (Yuan et al. 2009; Kurvet et al. 2017).
On the other hand, doping with REEs has been confirmed
as a beneficial strategy to modify the antimicrobial
properties of ZnO NPs (Carofiglio et al. 2020). It has been
reported that Sm/ZnO NPs showed enhanced antibacterial
efficiency compared with the undoped ZnO NPs. Doping
of Sm on ZnO NPs can cause more release of Zn>* ions,
which can interact with the membrane of the exposed cells
(Ravichandran et al. 2017; Kayani et al. 2020).

Our FESEM microscopic observations of control
cells indicated an intact surface morphology (Fig. 4a, b).
FESEM micrographs of treated C. vulgaris cells with both
ZnO and Sm/ZnO NPs showed noticeable accumulation
of the NPs on the cell surface (Fig. 4d, f). The algal cells
treated with 25 mg L™! of ZnO NPs for 24 h displayed
surface deformations (Fig. 4c). In comparison, treated
cells with 25 mg L™! of Sm/ZnO NPs revealed robust cell
lysis and injury as well as notable distortions in shape
(Fig. 4e). Similar results have been already reported by
Saxena et al. (2021) on C. vulgaris cells under exposure
of 5 mg L™! of ZnO NPs. Direct contact and aggrega-
tion of NPs on the external surface of algal cells possibly
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result in the particle-induced toxicity (Zhou et al. 2014).
It is supposed that the adsorption of some metal oxide
NPs on cell wall could be one of the possible mechanisms
triggering the particle’s toxicity to algal cells (Hoecke
et al. 2009; Ma et al. 2015). Indeed, the direct interfacial
interactions likely cause physical damages of the cell wall
and cell membrane, and consequently lead to cell defor-
mation as well as growth inhibition (Chen et al. 2012;
Zhao et al. 2016). Moreover, the algal cells and NP hetero-
aggregations might indirectly influence the harmfulness by
reducing the accessibility of light, which is known as the
shading effect (Ma and Lin, 2013; Cheloni et al. 2016).
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Photosynthetic pigment content

Toxicity of ZnO and Sm/ZnO NPs were further analyzed by
quantifying the photosynthetic pigments (chlorophyll a, b,
and carotenoids). Exposure to low concentrations of ZnO
NPs did not affect chlorophyll a and b contents in C. vulgaris
cells, while high concentrations of ZnO NPs could signifi-
cantly decrease the amounts of chlorophyll a and b (Fig. Sa,
¢). In contrast, all applied concentrations of Sm/ZnO NPs
considerably decreased the amounts of chlorophyll a and
b in comparison to the control sample, except for the con-
centration of 5 mg L~! for chlorophyll a quantity (Fig. 5b,
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«Fig.4 Effect of pure and Sm/ZnO NPs on the morphology of C. vul-
garis cells. FESEM images of the control cells (a, b), algal cells after
exposure to 25 mg L™! of ZnO NPs (¢, d), and Sm/ZnO NPs (e, f).
The yellow arrows represent the agglomeration of NPs on the cell
surfaces

d). Similarly, the total carotenoid content was reduced with
exposure to 20 and 25 mg L™! of ZnO NPs, although signifi-
cant decreases were detected in all Sm/ZnO NP-treated cells,
compared to the control sample (Fig. Se, f). The effects of
two types of NPs on the pigment contents were further com-
pared using a #-test. All the calculated ¢ values (all higher
than 5.87) were greater than the critical ¢ value, and thus
there was a significant difference between the means of two
groups of treatments (df =4, p <0.01). In other words, the
applied concentrations of Sm/ZnO NPs had higher signifi-
cant effects than the identical concentrations of ZnO NPs
on the decrease of photosynthetic pigments in treated algae
cells. Decrease of chlorophyll content in some algal cells has
been reported after exposure to different concentrations of
ZnO NPs (Djearamane et al. 2019; Kaliamurthi et al. 2019;
Saxena et al. 2021). Based on the outcomes of our study,
Sm-doping enhanced the effects of ZnO NPs on declining
the chlorophyll and carotenoid contents. In the same way, it
has been reported that treatment of Microcystis aeruginosa
with 5 and 10 mg L™' Nd** caused a significant drop in the
chlorophyll a content after 8 days of exposure compared to
the control sample (Yingjun et al. 2011). Molecular-based
analysis of the toxicity of cerium oxide NPs to the freshwater
alga Chlamydomonas reinhardtii revealed a downregulation
of photosynthesis with related impacts on energy metabo-
lism (Taylor et al. 2016). Photosynthetic pigments such as
chlorophyll a, b, and carotenoids are efficient indicators of
photosynthetic capacity in algal cells. Therefore, a reduc-
tion in the amount of these pigments indicates the decrease
in photosynthetic efficiency which later can lead to growth
arrest as was evident in our experiments.

Hydrogen peroxide content

To estimate the oxidative stress induced by ZnO and
Sm/ZnO NPs, H,0, level was measured in treated and
untreated cells of C. vulgaris (Fig. 6a, b). According to
the obtained results, the highest amounts of H,0, were
observed in the algal cells exposed to 25 mg L™! of ZnO
and Sm/ZnO NPs. Actually, the general toxic characteris-
tic of different metal-based NPs is their ability to increase
the generation of ROS, which subsequently results in oxi-
dative stress. Therefore, the determination of ROS levels
such as measuring H,O, content can be used for analyzing
the effect of NPs on the oxidative stress in phytotoxi-
cological studies (Mahjouri et al. 2018). Based on our
results, it can be suggested that the excessive production
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of H,0, in the algal cells exposed to high concentrations
of ZnO and Sm/ZnO NPs led to induction of oxidative
stress permitting subsequent deterioration of photosyn-
thetic efficiency and reduction in algal growth.

The response of enzymatic and non-enzymatic
antioxidant defense systems

Oxidative stress induced by the different concentrations of
ZnO and Sm/ZnO NPs (5-25 mg L™!) were assessed by
measuring the SOD, CAT, and APX activities in C. vulgaris
cells (Fig. 7). After 24 h of exposure, SOD activity was sig-
nificantly increased in the algal cells treated with 10-25 mg
L~! of ZnO NPs compared to the control samples. Similarly,
high concentrations of Sm/ZnO NPs (15-25 mg L™!) aug-
mented the SOD activity in comparison to the control cells.
A total of 25 mg L™! of ZnO NPs and Sm/ZnO NPs led to
a 2.6- and 1.9-fold increase in SOD activity, respectively
(Fig. 7a, b). APX activity also varied considerably depend-
ing on the increase in the concentration of ZnO NPs. The
treatments of 10-25 mg L' of ZnO NPs caused 1.7-2.1
times rise in the APX activity compared to the control
samples. However, the highest APX activity of algal cells,
approximately threefold higher than the control samples, was
observed after exposure to 20 and 25 mg L™! of Sm/ZnO
NPs (Fig. 7c, d). CAT activity analysis in the treated algal
cells with ZnO NPs indicated that the applications of both
concentrations of 20 and 25 mg L™ led to higher enzyme
activity in comparison to the control samples. However, a
significant concentration-dependent decline (p < 0.05) in the
CAT activity was observed in C. vulgaris cells treated with
5-25 mg L~! of Sm/ZnO (Fig. 7e, f).

Non-enzymatic antioxidants such as phenolics and fla-
vonoids have also been reported to play substantial roles in
the detoxification of metal and NP-induced ROS (Michalak
2006; Poborilova et al. 2013). According to our results, a
significant decline in total phenolic contents was detected in
the algal cells treated with 15-25 mg L™! of ZnO NPs com-
pared to the control cells (Fig. 7g). However, the concentra-
tions of 10-25 mg L~! of Sm/ZnO NPs caused more drastic
reduction in the total phenolic contents in comparison to
the control cells (Fig. 7h). The experiments designated a
statically significant effect of 10-25 mg L™! of ZnO NP
treatments on the total flavonoid contents. In comparison,
flavonoid contents extremely decreased after exposure to the
all applied dosages of Sm/ZnO NPs (Fig. 71, j).

Different types of stress are responsible for the induc-
tion of defense mechanisms including enzymatic and non-
enzymatic antioxidant defense systems in algae. Algal
cells possess several enzymes such as CAT, SOD, and
APX to overcome these stresses by scavenging and elimi-
nating the ROS (Ahmad et al. 2018). The results of the
antioxidant enzyme activity assays showed that oxidative
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Fig.5 Effects of ZnO (a, c, e) and Sm/ZnO NPs (b, d, f) on the photosynthetic pigment contents in C. vulgaris after 24 h of exposure

stress was augmented by increasing the concentrations
of both ZnO and Sm/ZnO NPs in C. vulgaris cells. The
stimulated activity of SOD and APX by ZnO and Sm/ZnO
NPs in C. vulgaris suggested the dynamic role of these
enzymes in depolluting ROS. It seems that the elevated
SOD activity led to an excessive H,O, generation, which
subsequently enhanced APX activity inside the cells.
A similar procedure has been reported for C. vulgaris
exposed to ZnO NPs. For example, an oxidative stress
induction evaluated by SOD activity has been reported
in C. vulgaris cells treated with 300 mg L~! of ZnO NPs
for 72 h (Suman et al. 2015). In the case of CAT, the algal
cells responded inversely to ZnO and Sm/ZnO NPs. Sig-
nificant elevation of CAT activity was found in the cells

treated with ZnO NPs, while reduced activity of CAT
was evident in the cells exposed to Sm/ZnO NPs. The
difference of CAT response in the algal cells treated with
Zn0 and Sm/ZnO NPs can be ascribed to the possibility
of the disruption of defense mechanisms because of Sm
dopant. In addition, CAT biosynthesis was possibly inhib-
ited under the oxidative stress caused by Sm/ZnO NPs.
The decline of CAT activity was suggested to be a general
response to the stress probably as a consequence of the
inhibition of enzyme production or an alteration in the
assembly of the enzyme sub-units (Qureshi et al. 2007).
Considering that APX has higher affinity for H,O, than
CAT, and thus they most probably act as distinct parts of
different protective strategies towards scavenging of H,0,
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during stress conditions caused by ZnO and Sm/ZnO NPs.
It seems that APX may have a more essential function
throughout the stressful circumstances (Fazelian et al.
2019). Disruption in non-enzymatic defense mechanism
was also identified in C. vulgaris cells as an outcome of
Zn0 and Sm/ZnO NPs exposure. Induced reduction in the
non-enzymatic compounds in C. vulgaris cells by ZnO
and Sm/ZnO NPs is in accordance with previous reports
on the different NP phytotoxicity (Navarro et al. 2008;
Mahjouri et al. 2018). Our results established that expo-
sure of the algal cells to ZnO and Sm/ZnO NPs triggered
a drastic oxidative stress in C. vulgaris cells. Although
the enzymatic defense system was engaged as an essential
part of protective mechanism, it was obviously not suf-
ficient and accumulation of ROS caused oxidative dam-
ages by disruption in the enzymatic and non-enzymatic
defense systems.
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Conclusion

Because algae are one of the most important microor-
ganisms in the aquatic food chain, the negative impacts
of pollutants on their structure and function may have
subsequent adverse effects on higher trophic levels. The
present study has been designed to investigate the eco-
toxicological behavior of pure and Sm-doped ZnO NPs
to the green microalga C. vulgaris as a model biosystem.
Exposure to both ZnO and Sm/ZnO NPs caused a con-
centration-dependent cytotoxicity confirmed by reducing
the cell growth, decreasing amount of photosynthetic pig-
ments, inducing cellular deformation, and changes in the
antioxidant enzyme activities. Altogether, the obtained
results confirmed the higher toxicity of Sm-doped ZnO
NPs to algal cells in comparison to the undoped coun-
terparts. Further investigations are needed to explore the



Environmental Science and Pollution Research (2022) 29:32002-32015

32013

=Y

SOD activity (U/mg protein)

(o)

APX activity (U/ng protein)

(4]

CAT activity (U/mg protein)

rQ

Phenol (mg GA/g FW)

o

0.35
0.30 -
0.25 -
0.20 -
0.15
0.10
0.05

0.00

0.0050

0.0045 -
0.0040 -

0.0035
0.0030
0.0025
0.0020

0.0015 -
0.0010 -

0.0005
0.0000

0.014

0.012 4

0.010
0.008
0.006
0.004
0.002
0.000

4.0
35

2.5

1.5

1.0
0.5

Flavonoid (mg QE/g FW)

3.0 4

2.0 4

0.0 +

b
a
a a a
b
| I
0 5 10 15 20 25
ZnO NPs (mg/L)
d
a
b ab ab
1 c
1 P I
0 5 10 15 20 25
ZnO NPs (mg/L)
f
a a
b b b
0 5 10 15 20 25
ZnO NPs (mg/L)
h
a a
I b i b
0 5 10 15 20 25
ZnO NPs (mg/L) j
4 a a
1 I i b b b
0 K] 10 15 20 25

ZnO NPs (mg/L)

SOD activity (U/mg protein)

APX activity (U/ng protein)

CAT activity (U/mg protein)

Phenol (mg GA/g FW)

Flavonoid (mg QE/g FW)

0.14
0.12
0.10 -
0.08 -
0.06 -
0.04

0.02

0.00

0.0030 -
0.0025 -
0.0020 -
0.0015 -
0.0010 -
0.0005 -

0.0000 -+

0.009
0.008 -
0.007
0.006 -
0.005 -
0.004 -
0.003 -
0.002 -
0.001 -

3.5 -
3.0 4
25 -

2.0

S
h S
L

a a
a
b b
| I I
0 5 10 15 20 25
Sm/ZnO NPs (mg/L)
a a
b
ab 2
b D I I
) I : . . '
0 5 10 15 20 25

Sm/ZnO NPs (mg/L)

1
Sm/ZnO NPs (mg/L)

20 2

n
n

ab
b b
I I | |
0 5 10 15 20 25

Sm/ZnO NPs (mg/L)

a
b b
I |
I | |
0 5 10 15 20 25

Sm/ZnO NPs (mg/L)

be
c
10

@ Springer



32014

Environmental Science and Pollution Research (2022) 29:32002-32015

«Fig.7 Effect of ZnO and Sm/ZnO NPs on the response of enzymatic
and non-enzymatic antioxidant defense systems. Activity of SOD (a,
b), APX (c, d), and CAT (e, f) enzymes as well as content of pheno-
lics (g, h) and flavonoids (i, j) in treated C. vulgaris cells after 24 h of
exposure

mechanisms of ZnO and Sm/ZnO NPs toxicity. Moreover,
their environmental fate and behavior in the aquatic eco-
system should be determined carefully.
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