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Abstract: Selenium nanoparticles (SeNPs) can mitigate cadmium (Cd*) toxicity in crop cultivation and
aquaculture. This study investigates the impact of SeNPs on Cd-induced toxicity in Chlamydomonas reinhardtii,
a model organism, aiming to mitigate Cd damage in crops. SeNPs were synthesized using sodium
carboxymethyl cellulose (CMC) as a dispersant and vitamin C to reduce H2SeO3. Characterization by
transmission electron microscopy (TEM) and nanoparticle granulator revealed uniform, stable spherical
SeNPs. Cd?" and SeNPs of varying concentrations were introduced into culture media of wild type (CC125mt+)
and cell wall defect type (CC400mt+) Chlamydomonas reinhardtii. Growth curves, photosynthetic pigment
content, enzyme activities (T-SOD and CAT), MDA content, and ROS levels were assessed. Fluorescence
induction kinetics, QA oxidation kinetics, and Cd?* content in cells were measured to evaluate SeNPs' effect on
Cd toxicity. Results showed SeNPs exacerbated Cd? toxicity in CC125mt+ by inhibiting growth and increasing
catalase activity, indicating enhanced oxidative damage. SeNPs intensified PSII damage by Cd?*" and increased
intracellular Cd?" content, possibly exacerbating toxicity. SeNPs had no effect on Cd?* toxicity in CC400mt+.
Overall, SeNPs exacerbated Cd? toxicity in wild type CC125mt+ but not in cell wall defective CC400mt+. These
findings caution against indiscriminate use of nano-selenium to mitigate Cd damage, stressing the importance
of careful target selection, dosage, and range considerations.

Keywords: SeNPs; cell wall; enhanced toxicity; selenium doses; nanomaterial safety

1. Introduction

The safety of Marine environment affects all aspects of human life. Microalgae is the most
important primary producer in the water environment ecosystem, which is widely existed in the
water environment and plays an important role in maintaining the stability of the ecosystem. Heavy
metal pollutants entering the water environment through various ways will cause physiological
changes in their growth process. Microalgae are the lowest nutrient level in the water environment,
and they accumulate harmful substances such as heavy metals into the life network, so it is urgent to
solve the problem of heavy metal pollution of microalgae.

Cadmium, a toxic element, may contribute bad influence to aquatic plants. Cadmium stress
causes oxidative stress in microalgae. Excessive Reactive Oxygen Species, such as superoxide anion
free radicals (O2'), hydroxyl radicals (OH-), and hydrogen peroxide (H202), generated from oxidative
stress, can lead to lipid peroxidation in microalgae, damage the structures of protein and nucleic acid,
interfere the synthesis of photosynthetic pigments, inhibit photosynthesis and respiration and finally
cause loss of normal growth and metabolism function of microalgae and change the composition of
microalgae species[1]. In addition, the photosynthetic system of algae will also be adversely affected
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by cadmium stress. The basic processes of energy conversion and carbon assimilation in
photosynthesis occurs in Chloroplast.The thylakoid membrane in Chloroplast is a lipid bilayer
membrane required for energy conversion during photosynthesis. Photosystem I (PSI), Photosystem
II (PSII), ATP synthase complex and cytochrome b6f complex (Cyt b6f) are the four membrane-bound
supramolecular complexes which directly participate in photosynthesis. The toxic effect of cadmium
on microalgae is mainly manifested as the inhibition of the reaction center and electron transport of
PSII. This inhibition causes toxicity to both the electron donor side and the electron acceptor side of
PSII, ultimately inhibiting photosynthesis[2].

Selenium is one of the most important microelement for human and animals. Selenium is an
important component of glutathione peroxidase, which is closely related to antioxidant and
immunity in vivo. Selenium can remove free radicals and inhibit the production of Reactive Oxygen
Species[3-5]. Lack of selenium may lead to cardiovascular disease, accelerated aging, compromised
immune systems and other problems, but consuming too much may bring toxic reactions. There are
a number of clinical studies show that selenium has the function of alleviating heavy metal toxicity
in plants[6-8] and animals[9,10]. However, the range between nutritional and toxic doses of inorganic
and organic selenium in nature is narrow, which brings difficulties in the practical application of
selenium. Research has shown that zero-valent elemental SeNPs have unique physical and chemical
properties, showing high biological activity, good bioavailability, and low acute toxicity[11,12].
SeNPs have been found being able to scavenge free radicals and chelate metal ions, thus altering the
pathway of cell protection and effectively improving the toxicity induced by cadmium chloride. In
addition, SeNPs also has certain therapeutic effects on anticancer [13-15], anti-inflammatory [16],
antibacterial[17], antiviral[18] and therapeutic effects on Alzheimer's disease[19]. Many studies have
shown that nanomaterials can reduce the cytotoxicity of cadmium to algae[20] and inhibit the
accumulation of cadmium in algae [21].

Nanomaterials can reduce the accumulation of cadmium in organisms within a certain
concentration, but nanomaterials themselves can also cause oxidative stress in organisms [22-25].

Some research suggest that the shading effect, generation of reactive oxygen species, membrane
damage and disintegration of pigments are the main reasons for nanoparticle toxicity to algae
cells[26]. These toxic effects particularly affect the photosynthetic system of algae, including
decrement of chlorophyll content[27] and disturbance of light reaction[28]. Therefore, it is very
important to grasp the concentration of cadmium in the study of alleviating cadmium toxicity by
nanomaterials.

The manufacture methods of SeNPs are mainly divided into chemical synthesis and
biosynthesis.The chemical method is fast and efficient in preparation which is generally to reduce
selenium dioxide, selenite or selenate with reducing agent, and introduce dispersant or stabilizer in
the nucleation stage of the reaction to control the particle size within the nanometer range. Commonly
used reducing agents are ascorbic acid, sodium sulfite, sodium thiosulfate, glutathione, hydrazine,
etc., dispersant or stabilizer carbohydrates, proteins, polyphenols and so on. The preparation of
SeNPs is usually done by polysaccharide soft template method. Commonly used polysaccharide soft
template media mainly include chitosan[29,30], sodium carboxymethyl cellulose[31], sdium lauryl
sulfate[32] et al. Sodium carboxymethyl cellulose (CMC) is a water-soluble polyanionic compound,
which is widely and most used cellulose in the world. After rigorous biological and toxicological
studies and experiments, FAO and WHO have approved the use of pure CMC in food products. Due
to its safe and reliable nature, the amount of CMC is not restricted by the national food hygiene
standard ADI. CMC is widely used in the food industry because of its good emulsification and
dispersibility [33]. In the pharmaceutical industry, it is used as a drug carrier, and in the daily
chemical industry, it is used as a binder and anti-reagglutination agent, etc.

Microalgae are the most important primary producers in the aquatic ecosystem. They exist
widely in the water environment and play an important role in maintaining the stability of the
ecosystem[34]. As the source of the food chain, microalgae easily introduce toxic substances or
secondary metabolites from the environment into the food chain [35]. However, the study on
microalgae as the research object to explore the toxic effects of SeNPs on cadmium pollution is still
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lacking. Chlamydomonas reinhardtii is a low grade plant with high light utilization efficiency and
abundant nutrients. It is sensitive to toxins, small in size and fast in reproduction, so it is widely used
in scientific research as a Model organism [36]. SeNPs has strong particularity compared with
traditional selenium because of its nanometer structure. Therefore, the study of the effect of SeNPs
on cadmium toxicity in algae cells is not only a new research direction in the field of environmental
science and ecotoxicology, providing theoretical basis for reducing cadmium damage in crops, but
also a new idea in the field of materials science to evaluate the biological effects of SeNPs.

2. Materials and Methods

2.1. Preparation and Property Determination of Sodium Carboxymethyl Cellulose - SeNPs Particles (CMC-
SeNPs)

2.1.1. Preparation of CMC-5eNPs

Ten millilitres Se(IV) reserve solution (0.01 mol/L) and 10 mL CMC (0.5%(w/w)) reserve solution
were mixed and stirred for 30 min, 10 mL Vitamin C (Vc¢) reserve solution (0.07mol/L) was added for
reduction, and the solution was dissolved to 100 mL with ultra-pure water, and then stirred for 30
min until a stable red solution was obtained. That is, sodium carboxymethyl cellulose - SeNPs system.
The final concentrations of each component in the reaction system were CMC 0.5%o (w/w), Se(0) 0.001
mol/L, Vc 0.007 mol/L. The samples were stored at 4°C for future use. The preparation of CMC-SeNPs
is as Figure 1 shows.

HO HO

H,SeO; + 2HO — Se +2HO + 3H,0

HO OH (0] 0

Figure 1. Preparation principle of SeNPs.

2.1.2. Property Determination of CMC-SeNPs

Transmission electron microscopy (TEM) characterization and energy dispersive spectroscopy
(EDS) analysis: After the preparation of the SeNPs system solution, 10 pL sample was dropped on
the carbon-supported copper net, and after standing for 2 min, the excess sample solution on the
copper net was absorbed by filter paper. After the copper net sample was dried naturally, the
transmission electron microscopy (FEI Tecnai G2 F30) was used for observation under the accelerated
voltage of 300 kV. The image acquisition detector was HAADF probe, and EDS was used for element
analysis.

Characterization of SeNPs by dual wavelength method: The scanning pattern of the following
components was determined after the baseline correction of the UV-VIS spectrophotometer: (1)
CMC+Vc+H25e0s; (2) CMC+V; (3) VetrHz2SeOs; (4) V; (5) Curve scanning is performed on the CMC.
Two millilitres sample solution was added to the cupola and it was put into the sample room. Full
wavelength scanning (UV3150, Shimadzu, Japan) at 200 ~ 800nm with step size of 1 nm was
performed. The reaction system was quickly timed after mixing. In the experiment, 410 nm and 490
nm were selected as the measurement wavelengths of SeNPs solution. The absorbance of the system
at 410 nm and 490 nm was tracked and measured by UVvisible spectrophotometer (UV5300,
Shanghai Yuan Analysis Instrument Co., LTD.) within 6 h. The ratio of A410 to A490 was used to
judge the change of particle size over time, and the ratio of absorbance of the two sites (A410/A490)
was used as the basis to characterize the change of particle size of the product.

Particle size determination and Zeta potential analysis of SeNPs: Two millilitres SeNPs solution
was added into the sample pool, and the outer wall of the sample pool was kept dry. The particle size
was determined using Marvin Zetasizer Nano ZS90. Then Two millilitres SeNPs solution was added


https://doi.org/10.20944/preprints202407.1646.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 July 2024 d0i:10.20944/preprints202407.1646.v1

4

into the potential pool, and the preceding steps above were repeated. Samples were taken in
triplicates.

2.2. Strain and Culture

Chlamydomonas reinhardtii were purchased from the Chlamydomonas Genetic Center of Duke
University and the Chlamydomonas Genetic Center of Minnesota as wild type CC125mt+
(hereinafter referred to as "CC125") and cell wall defect type CC400mt+ (hereinafter referred to as
"CC400") respectively. The purpose to choose these two kind of Chlamydomonas reinhardtii is that
CC400 are more likely to ingest substances and the wild type are used as contrast. The culture of
Chlamydomonas reinhardtii was performed using TAP (Tris-Acetate-Phosphate) liquid medium. TAP
solid medium containing 1.5% agar was used for subculture and preservation of algae pure culture.
The cell culture of Chlamydomonas reinhardtii was based on the culture method of Harris[37], that is,
wild type CC125 and cell wall defective type CC400 were cultured respectively. On the 3rd day of
logarithmic growth of Chlamydomonas reinhardtii in TAP liquid medium, the strain was inoculated
onto solid medium and the initial cell count was controlled to 5x104/mL. After inoculation, the culture
bottle was placed in an artificial climate incubator with white light at 25°C and 100 pmol/m?/s for
alternating light and dark (14 h light: 10 h dark), and the culture was shaken every 6 hours.

2.3. Determination of EC50

Based on the semi-maximum effect concentration (EC50) value of Chlamydomonas reinhardtii
growth, Cd? concentration was identified as 30, 40, 50, 60, 70, 80 (umol/L), SeNPs concentration was
0.02, 0.1, 0.5, 1, 5, 10 (umol/L). Chlamydomonas reinhardtii were inoculated in TAP liquid culture
medium at logarithmic stage (the third day), and the initial cell number was controlled to be
consistent. The corresponding groups were added with different concentrations of Cd?* or different
concentrations of SeNPs. After algal cells were inoculated , 2 mL cell culture medium was sampled
every 24 h in aseptic operation, and the absorbance value was measured at 680 nm by optical density
method[38]. Measure was taken continuously for 4 days and the biomass of Chlamydomonas reinhardtii
was calculated. (CK: algal fluid, but no Cd?* and SeNPs).

2.4. Measurement of Growth Curves

There are four groups involved in this procedure : Control group, Cd? intervention group,
SeNPs intervention group and Cd? and SeNPs combined intervention group. According to the EC50
concentration of Cd?* obtained in the previous step, the Cd* concentration in this step was
determined. According to the SeNPs obtained in the previous step, the EC50 concentration of the two
kinds of algae was selected from low to high 5 concentrations to determine the growth curve.
Chlamydomonas reinhardtii cells were inoculated in the logarithmic phase (day 3) of TAP liquid culture
medium to control the same initial cell number, and Cd?* and different concentrations of CMC-SeNPs
were added to the corresponding groups. After inoculation of algae seeds, 2 mL was sampled every
24 h in aseptic operation. The absorbance value was determined at 680 nm by optical density method
for 4 consecutive days.

2.5. Determination of Chlorophyll Content

After Chlamydomonas reinhardtii have been cultivated for 72h, 0.4 mL algae fluid (liquid contains
a mixture of SeNPs algae) was taken to mix with 1.6 mL 80% acetone, and the mixture were shocked
vortically after blending, then it was stood at 4 °C, dark place away from light for 24 h. After that, the
sample was centrifuged at 4 °C in 5000 RPM centrifugal for 5 min. Then 200 pL supernatant was taken,
80% acetone was used as reference solution, and the light absorption values at 663 nm, 646 nm and
470 nm were measured by enzyme label.
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2.6. Oxidative Stress and Inflammation

After Chlamydomonas reinhardtii cells were treated as described in the “strain and culture”
subsection, 10 mL of the algae cell liquid cultured for 72 hours was transferred to a 15 mL centrifuge
tube and centrifuged at 6000 rpm for 10 min in a frozen centrifuge at 4°C. After centrifugation, the
supernatant was quickly removed, and 1 mL of 0.05mol /L phosphoric acid buffer with pH 7.0 pre-
cooled at 4°C was added. The cells were re-suspended by shaking and transferred to a 2 ml centrifuge
tube with a pipetting gun. The cells were broken in an ultrasonic cell fragmentation apparatus under
the condition of ice bath for 5 s each time and 10 s at intervals for 5 min. The supernatant is absorbed
and transferred to another 2 ml centrifuge tube, and it is stored at 4°C for testing after being
centrifuged at 4°C and 3500 rpm for 5 min. Protein concentration in the supernatant was measured
using a BCA Protein Assay Kit (Beyotime Biotechnology). Similarly, T-SOD, MDA, CAT and ROS
were assayed using commercial assay kits (Beyotime Biotechnology) according to the manufacturer’s
directions.

2.7. Fast Chlorophyll Fluorescence Induced Kinetics Curve (OJIP Curve)

Chlamydomonas reinhardtii cells were treated as described in the “strain and culture” subsection.
The cell fluid of Chlamydomonas reinhardtii cultured for 72 h was dark acclimated for 5 min and placed
in the measuring chamber of FL3500 chlorophyll fluorescence instrument, and the saturation light
intensity was set as 100%. The changes of chlorophyll fluorescence within 1 s were measured and
recorded by the instrument. The data was recorded every 10 ps for the first 2 ms and every 1 ms after
2 ms. Chlorophyll fluorescence induction kinetics was analyzed according to JIP-test.

2.8. QA- Determination of Reoxidation Kinetics

The sample was darkened for 5 min before determination. The flash time range measured by
QA-reoxidation kinetics curve was 200 ps~10 s. Both the actinic light (30 us) and the measurement
light (2.5 ps) were red LED lights, and the saturation light intensity set by the measurement light was
100%. QA-reoxidation kinetic curve data were calculated and analyzed according to Li's method[39].

2.9. Determination of Cadmium and Selenium Content in Chlamydomonas Reinhardtii Cells

Chlamydomonas reinhardtii cells cultured in the subsection of “strain and culture” for 72 h were
measured and their biomass was recorded. Forty millilitres Chlamydomonas reinhardtii cells were
taken to centrifuge under freezing conditions at 6000 rpm/min for 10 min. Then the supernatant fluid
of algal cells were rapidly obtained to mixed with 10mL 10mM EDTA-2Na, and the mixture were
taken to centrifuge under freezing conditions at 6000rpm/min for 10 min again. The algal cells were
eluted twice and the supernatant was removed to obtain algal cells. Ten millilitres of mixed acid was
added for digestion on a 110°C electric heating plate. The solution to be tested was obtained by
constant volume of 1% nitric acid solution to 10 mL, and stored at 4°C [40]. Cadmium and selenium
content in the Chlamydomonas reinhardtii cells were determined by ICP-MS instrument (rf power was
1550 w, the cooler the argon gas flow velocity in 14 L/min, atomizer argon flow rate of 1 ml/min,
auxiliary velocity of 0.8 L/min, the sampling depth is 5 mm, atomizing chamber temperature was 3
°C, collision gas for high purity helium (purity>99.999%), the flow rate was 4.2mL/min, the injection
speed was 40rpm, the resident time was 0.02s, and the scanning times were 20.) After the instrument
was stabilized, the standard solution, digested blank solution and sample solution were measured in
sequence, and the working curve was drawn.

2.10. Data Processing and Analysis

SPSS 20.0 was used for one-way analysis of variance (ANOVA) and Duncan's multiple
comparison test was used for significance analysis (P<0.05), Origin Pro 2017 was used for plotting.
Results are expressed as mean * standard deviation.
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3. Results

3.1. Preparation and Characterization of SeNPs

SeNPs has attracted the attention of many researchers because its surface activity is higher than
other selenium compounds, so it can be better absorbed by intestinal tract. In our study, we wanted
to establish a convenient method to prepare SeNPs with high biological activity and low toxicity. In
this paper, SeNPs was prepared by chemical method which is that sodium carboxymethyl cellulose
was used as dispersant, ascorbic acid was used as reducing agent and SeNPs was used as target. The
morphology was observed by transmission electron microscopy, and then the particle size, potential
and other indicators were determined to characterize it, and the stability was analyzed by dual-
wavelength colorimetry.

SeNPs prepared with sodium carboxymethyl cellulose as dispersant and ascorbic acid as
reducing agent is a bright orange red solution with no precipitation and can be stably preserved
(Fig2A). Under TEM ( transmission electron microscope), the SeNPs was well dispersed in sodium
carboxymethyl cellulose, and there was no obvious agglomeration phenomenon, which was uniform
spherical with a particle size of about 70nm (Fig2B). The size of Chlamydomonas reinhardtii single cell
isabout 10 um, so SeNPs can be totally absorbed by Chlamydomonas reinhardtii. EDS analysis showed
that the elements with peaks were C, O, Se and Cu, in which C and O were the C and O elements in
sodium carboxymethyl cellulose, and Cu were the copper elements in the copper mesh carried by
transmission electron microscope, indicating that SeNPs was Se elemental(Fig2C). According to the
colloidal solution of double wavelength colorimetry [41], when the wavelength A1 and A2 were fixed,
if the A2/A1 absorbance ratio remains unchanged, colloid particle size remains the same in a stable
state[42]. The mixed solution with Vc had an obvious absorption peak at 260 nm (Fig2D), while the
sodium carboxymethyl cellulose solution had no characteristic absorption within the measured
wavelength range. Therefore, in order to avoid the absorption of Vc and facilitate the determination,
410 nm and 490 nm[32] were selected as the determination wavelengths of SeNPs solution. The larger
the ratio of A410/A490 is, the smaller the particle size of colloidal particles will be. When the ratio is
unchanged, the particle size of colloidal particles will not change[31]. UV-vis absorption spectra
showed that the absorbance of the solution at 410 nm and 490 nm gradually increased from the
mixing of the reaction system, and the ratio of A410/A490 at the two wavelengths continued to
fluctuate, and gradually stabilized after 2 h with a ratio of about 2 (Fig2E). This indicates that the size
of the SeNPs particles formed at this time does not change and is in a uniform and stable state. The
particle size analysis of SeNPs using Malvern nanoscale analyzer shows that the spectral line of
particle size distribution presents a single peak, and the peak shape is narrow, reaching the highest
point at 186nm (Fig2F). Therefore, 186nm is the most frequent particle size of nano-system system,
indicating that the particle size of SeNPs is uniform and stable. Zeta Potential is one of the indicators
to detect the stability of particle dispersion in the system, and it is a measure of mutual repulsion or
attraction strength between particles. It not only determines the surface structure of ancient particles,
but also depends on dispersant, so it can be used to predict the stability of dispersion solution. The
smaller the molecule or dispersed particle is, the lower the absolute value (positive or negative) of
the Zeta potential will reach, and the more likely it is to condense or condense. Tablel shows the
relationship between Zeta potential and stability. The measured zeta potential of SeNPs solution is -
44.20+3.10, indicating that the SeNPs distribution system had a good stability according to tablel.
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Figure 2. Morphology and characterization of selenium nanoparticles.(A) Light photograph of CMC-
SeNPs solutions. (B) The TEM image of CMC-SeNPs (a) ruler 1 pm;(b) ruler 0.5 pm; (c) ruler 100 nm;
(d) ruler 0.5 nm. (C) The EDS spectrum of CMC-SeNPs. (D) Mixed system UV-vis absorption
spectrum(1.mixed of ascorbic acid and CMC solution 2.mixed of ascorbic acid and selenite 3.ascorbic
acid solution 4.SeNPs solution 5.CMC solution). (E) Absorbance of SeNPs reaction solution variation
with time. (F) Nanoparticle size distribution intensity spectrum of SeNPs.

Table 1. The relationship between Zeta potential and stability.

Zeta potential (mV) Colloid stability
0~+5 Rapid coagulation or condensation
+10~+30 Start to get unstable
+30~+40 Poor stability
+40~+60 Good stability

>+61 Excellent stability
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Table 2. Particle size and Zeta potential of CMC-SeNPs.

Particle size under TEM (nm) 70
Particle size in hydrology (nm) 186.13+1.40
Zeta potential (mV) -44.20+3.10

3.2. Effects of SeNPs on the Growth of Chlamydomonas Reinhardtii under Cadmium Stress

Selenium can reduce the toxicity of heavy metals. SeNPs has attracted wide attention due to its
higher biological activity and lower toxicity. One study showed that SeNPs can ameliorate the
nonspecific immune function and antioxidant capacity decline of tilapia caused by cadmium stress
to a certain extent[43]. However, there are few reports on the effect of SeNPs on heavy metals in algae.
In this paper, different concentrations of SeNPs were applied to the wild-type Chlamydomonas
rheinhardtii CC125 under cadmium stress and the cell wall deficient type Chlamydomonas
rheinhardtii CC400, to explore the changes in biomass and chlorophyll content of Chlamydomonas
rheinhardtii caused by cadmium toxicity in the presence of SeNPs, so as to observe that in the
presence of SeNPs, direct effects of cadmium toxicity on the growth of Chlamydomonas reinhardtii.

Table 3 shows the growth curve of Chlamydomonas reinhardtii in 96 h under different Cd?*
concentrations. The area surrounded by each concentration and the coordinate axis are calculated
according to the formula. The fitting equation takes the area as the abscissa and the Cd? concentration
as the ordinate. According to the equation, the semi-maximum effect concentration EC50 of Cd* on
the two species of Chlamydomonas reinhardtii was calculated (i.e. the Cd?>* concentration corresponding
to the biomass was suppressed by half). The results showed that the EC50 concentration of Cd?* was
about 53.95+0.36 umol/L against the wild type CC125 and 56.39+0.39 umol/L against the cell wall
defective type CC400. This experiment determined the Cd?*" concentration used in subsequent
experiments, which were all the EC50 concentration of Cd?. Table 4 shows the semi-maximum effect
concentration EC50 of SeNPs on two species of Chlamydomonas reinhardtii. The results showed that
the EC50 concentration of SeNPs was about 1.88+0.08 pmol/L for wild type CC125 and 0.53+0.03
pmol/L for cell wall defective type CC400. The concentration of SeNPs used in subsequent
experiments was determined according to this experiment. It can also be seen from the comparison
of the above two algae data that Cd* has a slightly lower EC50 concentration than CC400 for wild-
type Chlamydomonas reinhardtii (no significant difference), while SeNPs has a higher EC50
concentration than CC400 for wild-type Chlamydomonas reinhardtii CC125. In the experiment, it was
found that the range from the active concentration of Cd?* and SeNPs to the lethal concentration was
narrower in CC400 than in CC125. This may be related to the small size and defective cell wall of
CC400.

Table 3. Regression analysis of Cd?* inhibit the growth of Chlamydomonas reinhardtii.

L. . Correlation
Algal cell Fitting equation coefficient EC50(pumol/L)
CC125 y=0.0023x2-0.5841x+72.283 R2=0.8377 53.95 +0.36
CC400 y=0.0236x2-1.8948x+81.089 R2=0.9444 56.39 +0.39

Values are mean + standard deviation (n=3).

Table 4. Regression analysis of SeNPs inhibit the growth of Chlamydomonas reinhardtii.

e . Correlation
Algal cell Fitting equation coefficient EC50(pumol/L)
CC125 y=63.364e0.094 R?=0.8899 1.88 £0.08
CC400 y=5.4425e008 R?=0.9010 0.53 +0.03

Values are mean + standard deviation (n=3).
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In Figure 3A, (a) and (b) show the growth curves of CC125 and CC400 within 96 h, respectively.
The solid lines are CK group (algae only) and SeNPs group (algae+SeNPs). The dashed lines are Cd?*
group (alga +Cd?*) and SeNPs+Cd?* group (algae+SeNPs+Cd?*). In CC125 cells, the biomass of SeNPs
group was not inhibited at the concentrations of 0.005, 0.01 and 0.2 pumol/L, which was not
significantly different from that of CK group. The biomass of Cd?>" group was inhibited, which was
about 50% of that of CK group. The biomass of SeNPs+Cd?* groups with 0.005 umol/L concentration
increased slightly, while that of SeNPs+Cd?* groups with 0.01, 0.2, 1 and 2 concentrations did not
increase significantly, and the growth was very slow. After 48 hours of culture, cells entered the
logarithmic growth phase, in which the biomass increased logarithmically on the basis of transitional
growth and accumulation, and the distinction between groups became more and more obvious. The
biomass of low concentration SeNPs group was slightly higher than that of CK group, and the
biomass of 2umol/L, which is close to the EC50 concentration of SeNPs, only was half suppressed,
which was close to that of Cd?* group. The growth curve of SeNPs+Cd? group was lower than that
of Cd* group, and the growth inhibition was very significant. These results showed that low
concentration of SeNPs had no significant inhibitory effect on the growth of wild type CC125, but
high concentration of SeNPs had inhibitory effect on the growth of Chlamydomonas reinhardtii. Cd?
itself can inhibit the growth of Chlamydomonas reinhardtii, and the addition of SeNPs can aggravate
this inhibitory effect. The growth of CC400 cells was not significantly inhibited within 48 h of the
transition period in every group, showing a concentration-dependent relationship, and the biomass
growth was slightly different but not significant. After entering the logarithmic growth phase, the
differentiation between groups became more and more obvious. The biomass of SeNPs group
showed an extremely significant logarithmic growth, and the biomass was obviously concentration-
dependent, while the biomass of Cd* group was inhibited, about 50% of that of CK group.
SeNPs+Cd? group and Cd?* group had no significant difference. The results showed that the growth
inhibition of SeNPs+Cd? in CC400 cells with cell wall defect was not significantly different from that
in Cd?* group. From the overall trend, at SeNPs concentration without growth inhibition effect on
Chlamydomonas reinhardtii, in the presence of Cd?, the growth of CC125 was inhibited and the biomass
of CC125 was significantly lower than that of Cd?* group. The simultaneous presence of SeNPs and
Cd?* showed no significant difference in the growth inhibition of CC400 compared with that of Cd?
alone. The possible reason for this phenomenon is that in CC125, the addition of SeNPs enhanced the
toxicity of Cd?, while in CC400, SeNPs did not have this effect.
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Figure 3. Growth curve and chlorophyll change of Chlamydomonas rheinis. (A)Growth of
Chlamydomonas  reinhardtii at different concentrations of SeNPs with or without Cd?*
(a)CC125;(b)CC400. (B) Contents of chlorophyll a of CC125 at different concentrations with or without
Cd? (P<0.05). (a) without Cd?*;(b)with Cd?. (C) Contents of chlorophyll b of CC125 at different
concentrations with or without Cd?* (P<0.05). (a) without Cd?;(b)with Cd?". (D) Contents of carotenoid
of CC125 at different concentrations with or without Cd?* (P<0.05). (a)without Cd?;(b)with Cd?". (E)
Contents of chlorophyll a of CC400 at different concentrations with or without Cd? (P<0.05).
(a)without Cd?;(b)with Cd?. (F) Contents of chlorophyll b of CC400 at different concentrations with
or without Cd? (P<0.05). (a) without Cd*;(b)with Cd?*. (G) Contents of carotenoid of CC400 at
different concentrations with or without Cd*(P<0.05). (a)without Cd?;(b)with Cd**

Chlorophyll is the main pigment in plant photosynthesis. It is a kind of lipid pigment and plays
a core role in light absorption in photosynthesis so chlorophyll content in algae cells can reflect the
growth and physiological conditions of algae. Fig.3B to Fig.3G show the contents of chlorophyll a,
chlorophyll b and carotenoid of CC125 and CC400 after 72 h growth in different treatment groups
(CK group, SeNPs group, Cd?> group and SeNPs+Cd?* group).

In Fig.3B(a), the change of chlorophyll a content showed concentration-dependent relationship
at different concentrations of SeNPs, among which 0.005, 0.01 and 0.2umol/L groups were slightly
higher than CK group, possibly due to the low toxicity excitatory effect. Low concentration of SeNPs
promoted the synthesis of chlorophyll in algal cells, resulting in increased content. It may be because
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that algal cells open their own protective mechanism, which greatly increases energy consumption
and respiration, prompting algal cells to synthesize more chlorophyll, thus ensuring the supply of
substrate for respiration[44]. In Fig.3B (b), the chlorophyll a content in group Cd?* is about 50% of
that in group CK, while that in group SeNPs+Cd?* is relatively low. The chlorophyll a of the lowest
SeNPs concentration of 0.005umol/L was significantly decreased compared with that of the Cd*
group, and the growth of algal cells was severely inhibited at higher SeNPs concentration with
extremely low chlorophyll contents. The contents of chlorophyll b and carotenoid in Fig. 3C and Fig.
3D were also concentration-dependent in CK group and SeNPs group, and the single action of SeNPs
showed low toxicity excitation below 0.2umol/L. The contents of chlorophyll b and carotenoid in
SeNPs+Cd?* group were significantly lower than those in Cd?*" group, which showed the same trend
as that in biomass between SeNPs+Cd? group and Cd? group.

In Fig.3E(a), SeNPs with different concentrations showed concentration-dependent changes in
chlorophyll a content. In Fig.3E(b), compared with the CK group, the chlorophyll a content in Cd*
group was about 50% of that in CK group, while the chlorophyll a content in SeNPs+Cd? group was
slightly reduced but had no significant difference from that in Cd?>* group. The contents of chlorophyll
b and carotenoid in Fig 3F and Fig 3G were also concentration-dependent in CK group and SeNPs
group. The contents of chlorophyll b and carotenoid in SeNPs+Cd? group were decreased compared
with those in Cd?* group, but with the increase of concentration, there was no obvious differentiation
among several concentrations. The results showed the same trend as those of biomass. In summary,
the 96 h growth curve of CC125 showed that 0.005 and 0.01 umol/L SeNPs had no inhibitory effect
on the growth of Chlamydomonas reinhardtii, but the inhibitory effect was obvious in the presence of
Cd?. The chlorophyll content of CC125 was determined and the same phenomenon was found.
However, there was no such phenomenon in CC400 with cell wall defects, and there was no
significant difference between the growth inhibition of Chlamydomonas reinhardtii in the presence of
SeNPs and Cd?* and the growth inhibition of CC400 by Cd?* itself. The results of chlorophyll content
showed the same trend.

3.3. Effects of SeNPs on Physiology of Chlamydomonas Rheinensis under Cadmium Stress

Reactive oxygen refers to some oxygen metabolites and their derivatives which contain oxygen
atoms but have stronger oxidation capacity than oxygen. In normal growth cells, a very low level of
Reactive Oxygen Species will not cause harm, and the production and removal of Reactive Oxygen
Species in algal cells are generally in a dynamic equilibrium state. Trace Reactive Oxygen Species
play an important role in the regulation of some physiological phenomena, but when the dynamic
balance of Reactive Oxygen Species is broken, it may cause harm to the body [45]. The objective of
this study was to investigate the enzyme activities of total superoxide dismutase (T-SOD) and
catalase (CAT), the content of malondialdehyde (MDA) and the relative content of Reactive Oxygen
Species (ROS) in the cells of two kinds Chlamydomonas reinhardtii under different treatments. The
change of enzyme activities of total superoxide dismutase (T-SOD) and catalase (CAT), the content
of malondialdehyde (MDA) and the relative content of Reactive Oxygen Species (ROS) were
compared in two kinds of Chlamydomonas reinhardtii with and without cadmium.

According to the results of the experiment in the previous chapter, the concentration range of
SeNPs in the experiment was further narrowed, and only two lower concentrations with no toxic
effect on Chlamydomonas reinhardtii were selected: 0.005 and 0.01 pmol/L.

Figure 4A (a) shows the T-SOD activity of CC125. There is no significant difference between the
CK and SeNPs groups, and the two concentrations in SeNPs+Cd?" group are significantly increased
compared with CK and Cd? groups. Compared with CK group, SeNPs+Cd?* in 0.01 umol/L group
was nearly doubled. The reason may be that SeNPs+Cd?* increased the content of superoxide anion
radical in the cells, and promoted the production of a large amount of superoxide dismutase in the
enzyme system in order to maintain the intracellular balance, indicating that the addition of SeNPs
and Cd? at the same time had a greater toxic effect on CC125 algae cells. Figure 4A (b) shows the T-
SOD activity of CC400. There is no significant difference in T-SOD activity between CK and SeNPs
groups at 0.005 pumol/L concentration, but it is slightly higher in 0.01 ummol/L SeNPs group. The
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activity of T-SOD in Cd?** and SeNPs+Cd?* groups was significantly increased compared with that in
CK group, while there was no significant difference between the two concentrations in SeNPs+Cd?*
and Cd* groups. These results indicated that although Cd? was toxic, but the simultaneous addition
of SeNPs and Cd? did not produce more toxic effects on CC400 algal cells.
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Figure 4. Changes in levels of oxidative stress-related factors in Chlamydomonas reinhardtii. (A)
Activity of T-SOD of Chlamydomonas reinhardtii at different concentrations of SeNPs with or without
Cd?(P<0.05).(a)CC125;(b)CC400. (B) Activity of CAT of Chlamydomonas reinhardtii at different
concentrations of SeNPs with or without Cd?(P<0.05). (a)CC125;(b)CC400. (C)Activity of MDA of
Chlamydomonas  reinhardtii at  different concentrations of SeNPs with or without
Cd?(P<0.05).(a)CC125;(b)CC400. (D) Relative contents of ROS of Chlamydomonas reinhardtii at
different concentrations of SeNPs with or without Cd?(P<0.05). (a)CC125;(b)CC400.

Figure 4B (a) shows the CAT enzyme activity of CC125. There is no significant difference
between the CK and SeNPs groups, and the two concentrations of SeNPs+Cd? group are significantly
increased compared with CK and Cd?* groups. The activity of CAT enzyme in 0.01 umol/L
SeNPs+Cd? group was about twice that in CK group. When SeNPs and Cd?* were added at the same
time, the external stress increased the hydrogen peroxide in CC125 cells and promoted the activity of
CAT enzyme, thus reducing the formation of oxygen free radicals and reducing the toxic effect. These
results indicated that the simultaneous addition of SeNPs and Cd? destroyed the homeostasis of the
body cells, resulting in a certain degree of cell damage. Figure 4B (b) shows the CAT enzyme activity
of CC400. There is no significant difference in CAT enzyme activity between CK group and
0.005umol /L SeNPs group, while catalase is slightly increased in 0.01 umol/L SeNPs+Cd? group, but
there is no significant difference among the three groups. Therefore, it cannot be inferred that SeNPs
increase Cd?* toxicity in CC400.

Figure 4C (a) shows the MDA content of CC125. There is no significant difference in MDA
content between CK group and SeNPs group. 0.005pumol/L and 0.01 pmol/L SeNPs alone do not
produce toxicity. MDA content in SeNPs+Cd?* group was significantly increased compared with CK
and Cd* groups. The results indicated that the simultaneous addition of SeNPs and Cd* had a
significant toxic effect on CC125 algal cells. The addition of SeNPs and Cd?* at the same time
produced significant toxic effects on CC125 algal cells resulting in the increase of oxygen free radicals.
Lipid peroxidation occurs between oxidizing free radicals and polyunsaturated fatty acids in
biofilms, resulting in the increase of lipid peroxides. Figure 4C (b) shows the MDA content of CC400,
and there is no significant difference between the CK group and the three SeNPs groups. Compared
with CK group, MDA contents in Cd?* group and SeNPs+Cd?* group were significantly increased,
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but there was no significant difference between the two concentrations in SeNPs+Cd?* group and Cd*
group.

Figure. 4D (a) shows the relative ROS content of CC125. There is no significant difference
between the ROS relative content of CK group and that of SeNPs group, and the two concentrations
of SeNPs+Cd?* group have extremely significant increases compared with CK group and Cd?* group.
It may be due to the toxic effects of SeNPs+Cd?" that lead to the destruction of the defense enzyme
system in Chlamydomonas reinhardtii cells. Excessive oxygen free radicals cannot be removed in time
in the cell, which breaks the ROS balance. Electron transfer in the photosynthetic system or
respiratory system is blocked, and electrons are transferred to molecular oxygen O2 to form O2-, thus
leading to ROS increase. Figure 4D (b) shows the ROS relative content of CC400. The ROS relative
content of Cd?* and SeNPs+Cd*groups is significantly increased compared with that of CK group,
while the ROS relative content of 0.005umol /L between CK and SeNPs groups has no significant
difference.

3.4. Effects of SeNPs on Photosynthetic System and Intracellular Cadmium Content of Chlamydomonas
Reinhardtii under Cadmium Stress

Photosynthesis is a unique physiological function of plants. It is the process of converting solar
energy into chemical energy on the largest scale on Earth, synthesizing inorganic substances such as
carbon dioxide and water into organic matter while releasing oxygen. Chloroplasts are the organelles
that carry out the core reactions of photosynthesis. The basic processes of energy conversion and
carbon assimilation in photosynthesis are carried out in chlorophylls. The thylakoid membrane is a
lipid bilayer membrane required for energy conversion in photosynthesis. It contains the pigment
protein and enzyme system necessary for capturing light and converting light energy into chemical
energy in photosynthesis. Many different complexes are involved in the photosynthesis process, most
of which are embedded in the thylakoid membrane, and four membrane-bound supramolecular
complexes are directly involved in photosynthesis: photosystem I (PSI), photosystem II (PS II), ATP
synthase complex, and cytochromatin b6f complex (Cyt b6f) [46]. The structure of PSI and PSII are as
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Figure 5. Core complex structure of PSII and PSI. ©Jon Nield, Mechanistic and Structural Biology,
SBCS,Queen Mary, University of London 2007 -2010.

The PSI complex consists of photoreaction center pigment (P700), light trapping complex (LHC
I), and electron acceptor, and its function is to transfer electrons from Plastocyanin (PC) to Ferredoxin
(Fd). When the pigment molecules in the reaction center of PSI absorb light energy and are excited,
they transfer electrons to various electron acceptors, and by Fd, NADP+ is reduced to NADPH with
the participation of NADP reductase. NADPH participates in the dark reaction stage of
photosynthesis and carries out solid carbonization reaction. Specific transmission route: LHCI
transfers the absorbed light energy to P700— primary electron acceptor A0 (Chla)— primary electron
acceptor Al (possibly folloquinone VK1)— iron-sulfur center (Fx—FA—FB)— ferredodoredoin Fd.
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PSII contains the PSII reaction center (PSII), light-harvesting complex II (LHCII), and oxygen-
evolving complex (OEC). Its function is to use the energy absorbed from light to split water and
transfer its released electrons to plastiquinone, while establishing an H+ proton gradient on both sides
of the thylakoid membrane through oxidation of water and reduction of PQB2-. PSII transfers the
light energy absorbed by LCHII to the PSII reaction center complex, causing it to produce a high-
energy electron, which is passed to the primary electron acceptor. This process creates a positively
charged donor (P680+) and a negatively charged primary electron acceptor (Pheo-). P680+ can be used
as an oxidizing agent to trigger the photolysis of water, resulting in the transfer of electrons released
by water oxidation to PSII. Pheo- can be used as a reducing agent to lose an electron, causing electron
transfer to QA and QB[47].

The light reaction takes place on the chloroplast thylakoid membrane. The electrons produced
by cracking water molecules in the oxygen-releasing complex pass through PSII, Cyt b6f, and PSI,
and are finally transferred to nicotinamide adenine dinucleoside phosphate (NADP) to form
NADPH. The transmembrane proton gradient generated during this process drives ATP synthase to
form ATP. Such electron transport flow is called linear electron flow, and the ATP formation process
coupled with it is called non-cyclic photophosphorylation (NCPSP). If the electron is not transferred
to NADP after PPI, but is returned to PSI via Cyt b6f or plastoquinone (PQ), only a transmembrane
proton gradient is formed during the transfer process, and ATP is synthesized. Such electron
transport around PSl is called cyclic electron flow (CEF), and the ATP synthesis process coupled with
CEF is called cyclic photophosphorylation (CPSP)[48].

So, as all above, photosynthesis involves multiple electron transfers and energy conversion, so
it is crucial for cell growth in autotrophs, especially algae cells.

According to the change of chlorophyll fluorescence intensity caused by the effect of SeNPs on
the toxicity of cadmium-induced Chlamydomonas reinhardtii, rapid fluorescence kinetic analysis was
carried out to obtain the OJIP kinetic curve and QA-reoxidation kinetic curve. OJIP-test was analyzed
and relevant photosynthetic parameters were deduced, so as to determine the changes in the donor
side, recipient side and reaction center of PSII under the conditions of SeNPs and cadmium
treatment[49], and thus the influence on the photosynthetic system of Chlamydomonas reinhardtii was
known. The toxicity mechanism of heavy metals to algae is mainly the destruction of cell membrane
and the damage of antioxidant enzyme system of algae, and algae have a certain biological
accumulation of heavy metals[50]. The possible mechanism of SeNPs enhancing Cd? toxicity could
be further determined by the determination of cadmium and selenium contents in algal cells.

When plants or parts of tissues with photosynthetic organs transfer from dark conditions to
visible light, the green tissues of plants emit a dark red fluorescence with ever-changing intensity,
which increases with the change of time, rises to a maximum value, then declines, and finally reaches
a stable value. This phenomenon is known as chlorophyll fluorescence induction phenomenon, also
known as Kautsky effect[51]. The curve of fluorescence over time is called chlorophyll fluorescence
induced kinetic curve. Generally, the lowest fluorescence measured just after exposure to light is O
point, and the maximum fluorescence is defined as P point. The fast chlorophyll fluorescence
induction kinetics curve refers to the fluorescence change process of plant leaves or cells from O point
to P point under different measured light irradiation[52]. It mainly reflects the changes of the primary
photochemical reaction of PSII, the structure and state of photosynthetic apparatus, etc. The
descending stage mainly reflects the changes of photosynthetic carbon metabolism, and the
fluorescence intensity gradually decreases with the increase of photosynthetic carbon metabolism
rate[53]. Typical fast chlorophyll fluorescence induction kinetics curves generally include phases
such as O-J-I-P, which records the whole process from initial fluorescence (F0) to maximum
fluorescence (Fp or Fm)[54].

After being treated with SeNPs and Cd?* at different concentrations for 72 h, the OJIP test was
carried out (Fig.6A). As can be seen from the curve in Figure 6A (a), the curve of CK group and SeNPs
group in CC125 increased significantly, and FJ, FI and FM were higher than those in Cd%* and
SeNPs+Cd? groups, indicating that Cd?* and SeNPs+Cd?* groups had an inhibitory effect on PSII
activity of Chlamydomonas reinhardtii. Among them, there was no significant difference between the
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two concentrations of SeNPs group and CK group, while the addition of Cd?* reduced the
fluorescence intensity successively, and there was no significant difference between CK group and
SeNPs groups, indicating that under the SeNPs concentration that had no effect on Chlamydomonas
reinhardtii, after the addition of Cd?, the inhibitory effect of cadmium on PSII activity of
Chlamydomonas reinhardtii was enhanced in different degrees, and the trend was concentration
dependent. As can be seen from the curve in Figure 6A (b), the curve of CK group and SeNPs group
increased significantly in CC400, among which the CK group was the highest and the two groups
0.005 and 0.01 pmol/L decreased successively, indicating that the PSII activity of SeNPs groups were
slightly inhibited compared with CK group. Cd?" group and SeNPs+Cd?" groups were significantly
lower than CK group and SeNPs groups, but the difference between groups was not significant. The
results indicated that Cd? and SeNPs+Cd* groups inhibited the PSII activity of Chlamydomonas
reinhardtii, but the addition of SeNPs could not enhance the inhibitory effect of Cd?-.
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Figure 6. Changes of photosynthetic system and intracellular cadmium content in Chlamydomonas
reinhardtii. (A) Fast fluorescence rise transient of Chlamydomonas reinhardtii at different concentrations
of SeNPs with or without Cd?.(a)CC125;(b)CC400. (B) Photosynthetic parameters deduced with the
JIP-test of Chlamydomonas reinhardtii at different concentrations of SeNPs with or without
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Cd?.(a)CC125;(b)CC400. (C) QAreoxidation kinetics of Chlamydomonas reinhardtii at different
concentrations of SeNPs with or without Cd?.(a)CC125;(b)CC400. (D) Bioaccumulation of Cd?**
associated with different concentrations of SeNPs in Chlamydomonas reinhardtii (P<0.05).
(a)CC125;(b)CC400.

A large amount of original data can be obtained from the chlorophyll fluorescence induction
curve, including a large amount of information about the primary photochemical reaction of the PSII
reaction center. By analyzing the data according to parameters related to the chlorophyll fluorescence
induction curve, it can be known that the structure and function of the plant photosynthetic system
are affected under external stress conditions[55,56]. PIABS is a performance index of light energy
absorption, which can comprehensively reflect the electron transport efficiency of the acceptor side,
the number of active reaction centers and the maximum photochemical efficiency of PSII, and can
more accurately reflect the influence of stress on the state and functional activity of PSII [57,58]. As
shown in Fig.6B (a), PIABS values in Cd?* group and SeNPs+Cd?* group of CC125 were significantly
lower than those in CK and SeNPs groups, indicating that the presence of Cd? had a strong toxic
effect on PSII, and the addition of SeNPs at the same time would promote this effect. In Fig.6B (b),
the CK group and SeNPs group of CC400 were different from the Cd?* group and SeNPs+Cd? group,
and there was no significant difference within the groups, indicating that the concurrent addition of
SeNPs would not promote the toxic effect of Cd?* on PSII. Mo reflects the maximum rate at which QA
is reduced and reflects the changes on the receptor side of PSII reaction center [59,60]. When the
downward electron transfer rate of QA- decreases, the reduction rate of QA is accelerated, so Mo
correspondingly increases, that is, the increase of Mo indicates that the downward electron transfer
of QA- is inhibited [61]. In Fig. 6B (a), Mo values of CC125 in Cd?* group and SeNPs+Cd?group were
slightly higher than those in CK and SeNPs groups, indicating that electron transport in Cd?* group
and SeNPs+Cd? group was inhibited to a certain extent, but the difference was not significant. In Fig
6B (b), CC400 is similar to CC125. V] reflects the openness of the reaction center, that is, the amount
of QA- accumulation. The increase of V] indicates that the amount of QA- accumulation in the
photosynthetic electron transport chain increases, while the relative electron transport capacity of
PSII decreases. In Figure 6B (a), the V] values of CC125 in Cd?* group and SeNPs+Cd?" group were
slightly higher than that in CK and SeNPs groups, indicating that the relative electron transport
capacity of PSII in Cd?* group and SeNPs+Cd?* group were lower, and the difference was not
significant. In Figure 6B (b), there is no significant difference between the groups of CC400, indicating
that the QA-to-QB electron transfer of CC400 is not affected by Cd?* and SeNPs. ABS/RC, TRo/RC,
ETo/RC and DIo/RC respectively reflect the light energy absorbed by unit reaction center, the energy
captured by unit reaction center for reducing QA, the energy captured by unit reaction center for
electron transfer and the energy dissipated by unit reaction center. The difference in these values was
not significant between the two algal cells.

QA-reoxidation kinetics was used to further investigate the effect of SeNPs and Cd?* treatments
at different concentrations on the PSII accepter side electron transport efficiency of Chlamydomonas
reinhardtii. In Fig 6C (a), there was no significant difference between CK group and SeNPs group in
CC125, while the Cd?* group and SeNPs+Cd? group decreased successively. These results indicated
that Cd? group and SeNPs+Cd? group improved the sensitivity of electron acceptor side of PSII and
inhibited the reoxidation process of QA-. In Fig. 6C (b), there was no significant difference between
CK group and SeNPs group in CC400 at 0.005 pmol/L, but the 0.01 umol/L in SeNPs group was
slightly decreased, indicating that the reoxidation process of QA- was also inhibited at 0.01 umol/L.
There was no significant difference between the Cd?" group and SeNPs+Cd? group at 0.005 umol/L,
but the SeNPs+Cd? group at 0.01 pmol/L was lower.

Figure 6D shows the effect of SeNPs on the intracellular Cd content of Chlamydomonas reinhardtii.
Fig.6D(a) shows the intracellular cadmium content of CC125 under conditions of Cd#, 0.005
pmol/LSeNPs+Cd?, and 0.01 umol/LSeNPs+Cd?". It can be seen that, compared with the Cd?  group,
the addition of SeNPs increased the intracellular Cd?* content, and the difference was significant, and
showed a concentration dependent trend with the increase of SeNPs concentration. Figure 6D(b)
shows the determination result of cadmium content in CC400 algae cells. Different from the results
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of CC125, the intracellular Cd?* content of CC400 algae was not significantly increased due to the
presence of SeNPs, and there was no significant difference in Cd? content among the three groups.

The SeNPs concentrations in Chlamydomonas reinhardtii culture are about 0.395pug/L and
0.79ug/L. Because the concentration is too low and is too close to the detection limit of the instrument,
the error of the measurement results is large, and the trend is covered up. Therefore, the results of
the determination of the intracellular selenium content by ICP-MS cannot be trusted.

4. Discussion

In this paper, the preparation of SeNPs and the effect of SeNPs on cadmium toxicity in the
growth, physiological status and photosynthetic system of Chlamydomonas reinhardtii were
preliminarily investigated. It was found that the biomass, photosynthetic pigment content,
physiological indexes and photosynthetic parameters of Chlamydomonas reinhardtii cells were
changed in different degrees when cultured under different concentrations of SeNPs, Cd? and
SeNPs+Cd?.

Elemental selenium is very unstable when left alone and is difficult to exist at the nanoscale. This
requires the selenium to be dispersed in a stabilizer to control its particle size in the nanometer range.
Using sodium carboxymethyl cellulose as dispersing agent, ascorbic acid as reducing agent and
selenite as selenium source, SeNPs with high biological activity and low toxicity can be conveniently
prepared. Sodium carboxymethyl cellulose is like soft template so that SeNPs is evenly distributed in
it, the particle size is uniform and stable, suitable for application as experimental materials.

In previous studies, researches have proved that metallic nanoparticles can be used as stressors
or regulators of microalgae growth and metabolism. Metals at small concentrations are indispensable
for microalgae cells to perform cellular functions[62]. Furthermore, some studies have shown that
metal nanoparticles can mitigate the toxic effects of cadmium. The adsorption of nano-titanium
dioxide can reduce the concentration of Cd?* in water, thereby reducing the toxicity of Cd?* to algae.
The presence of nano-titanium dioxide can slow down the cytotoxicity of Cd?* to chlamydomonas. It
may be that the adsorption reduces the concentration of Cd? in water, thus reducing the
bioaccumulation and toxicity of Cd?* to algal cells. It may also be that the electrostatic repulsion and
potential steric hindrance between the coated nano-titanium dioxide and algal cells prevent direct
contact with each other. In addition, it may be the protective effect of the cell wall, which needs to be
further studied[20]. Carbon nanotubes were found to inhibit cadmium enrichment in duckweed, but
the inhibition decreased with the increase of cadmium concentration[21]. Nanometer manganese
dioxide can reduce the accumulation of heavy metals in rice seedlings[22]. Nano zinc oxide can
inhibit the toxicity of CdCI2 in mice, and the combined exposure of nano zinc oxide and CdCl2
increases the contents of GSH and MDA and the activities of SOD and GSH-Px in liver and kidney of
mice, which can inhibit oxidative damage[23]. The silver nanoparticles can promote the removal of
Cd? from the solution of P. chrysospora, and the promotion effect increases with the increase of the
concentration of silver nanoparticles in a certain concentration range[24]. The accumulation of
cadmium in cucumber and wheat, the inhibitory effect of cadmium on seed germination and the
oxidative damage in seedlings were significantly reduced by 6 nm ferric oxide nanoparticles[25].

Similarly, previous studies have found that selenium can reduce the toxicity of cadmium in
plants and animals, but our study found that the presence of SeNPs did not reduce the toxicity of
cadmium in algae, but to some extent increased the toxicity of cadmium. The reason why this
phenomenon occurs is worth exploring. Other researches also found the toxicity of metal
nanoparticles. For example, as the positive effects mentioned above, there are negative effects exists
simultaneously in the mentioned studies earlier. Although nano-manganese dioxide can reduce the
accumulation of heavy metals in rice seedlings, nano-manganese dioxide itself can cause strong
oxidative stress reaction. Earthworms were taken as experimental materials, nano-manganese
dioxide can also significantly reduce the accumulation of cadmium in earthworms, but nano-
manganese dioxide can stimulate the stress response of the antioxidant enzyme system in
earthworms, raising the cadmium toxicity from toxic level to high toxic level[22]. In addition, the
application concentration of metal nanoparticles needs to be very careful. Although nano silver
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particles can promote the removal of Cd* from the solution, the promotion effect will gradually
disappear when the concentration of nano silver exceeds 1mg/L, and the inhibition effect on P.
flavescens appears[24].

In our study, red elemental selenium dispersed by sodium carboxymethyl cellulose did not
show good biological effects in Chlamydomonas reinhardtii cells, but showed significantly enhanced
toxicity to Cd? in CC125 cells, while CC400 mutant strain with cell wall defects did not show this
property. That is, SeNPs may enhance Cd? toxicity in CC125, but not significantly in CC400. In the
presence of SeNPs, the enhanced Cd? toxicity of CC125 algae was related to the amount of Cd?
entering the cells. In the presence of SeNPs, the Cd?* content in CC125 cells increased significantly,
which showed a concentration-dependent trend with the increase of SeNPs concentration. There was
no significant difference in intracellular cadmium content among CC400 groups. The reason for the
difference may be due to the difference in cell wall and individual size between the two kinds of algae
cells. If it is boldly assumed that SeNPs can enter CC125 cells, the increase of intracellular Cd?* content
is related to the amount of selenium entering the cells. The higher the concentration of selenium, the
higher the amount of Cd? entering the cells, the stronger the toxicity to CC125 algae. On the contrary,
there was no significant difference in Cd? content in CC400 algal cells, which may be due to the small
size of CC400 cells, SeNPs could not enter CC400 algal cells. If the SeNPs cannot enter CC125 algal
cells, the interaction between the SeNPs and the cell wall surface may result in different Cd?* content
entering the cells due to the difference in cell wall between the two algal cells.

Combined exposure of SeNPs and Cd?* not only inhibited the growth of CC125, but also showed
toxic effects on physiological indexes and the most important photosynthetic system of
Chlamydomonas reinhardtii. Combined exposure promoted various oxidative stress reactions in cells,
resulting in a series of physiological changes. The photosynthetic system was affected by the
reduction of the number of reactive centers of the photosynthetic system and the reduction of
photosynthetic efficiency caused by the reduction of electron transport efficiency. The same
phenomenon was not seen in CC400 cells.

As for CC125, the enhanced toxicity of Cd? caused by SeNPs is is thought to be caused by these
factors below: (i) Causing cellular oxidative stress (ii) Damaging the photosynthetic system (iii)
Changing ultrastructure.

Metal nanoparticles have been reported to have inhibitory effects on many freshwater and
Marine microalgae strains, and their inhibitory activity is thought to be due to the production of
reactive oxygen species (ROS)[63,64] or mechanical damage caused by the nanoparticles themselves.
The activity of superoxide dismutase (SOD) increased with the increase of ROS species in cells[65].
Lipid peroxidation and plasmolysis may result if antioxidant mechanisms are insufficient to
minimize oxidative stress[66].

The main mechanism of SeNPs' influence on the photosynthetic system may be that cells under
the stress of nanoparticles produce too much ROS to damage the PSII light-collecting complex and
reaction center or NPQ's compensatory protection against toxic effects is weakened, preventing
electron transfer and causing pigment degradation[26]. In addition, the positively charged
nanoparticle interacts with the negatively charged component of the cell wall and aggregates around
the cell. It reduces light availability causing a shading effect and decreases photosynthesis.

The interaction between nanoparticles can significantly damage the ultrastructure of cells.
Studies have shown that NPs may damage the cell surface and cause the cell to contract. After AgNPs
treatment for 48 h, the morphology and structure of microcystis were changed, and the cells were
deformed and shrunken[67-69]. The interaction of TiO2 NPs with the cell forms heteroaggregation,
resulting in mechanical destruction of the cell membrane and a reduction in the amount of available
light, as well as the accumulation of NPs in the cells[65,70].

The difference between CC125 and CC400 is the existence or vanish of cell wall. One of the
reason why CC400 escape for the enhanced toxicity is may because it does not have a negatively
charged cell wall and cannot interact with the positively charged SeNPs to gather around the cell, so
there’s nothing to reduce the cell's photosynthesis. The cell wall of Chlamydomonas Rhine is rich in
glycoproteins containing hydroxyproline. Hydroxyproline has more tendency to chelate metal so the
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other reason that CC400 are less susceptible to the combined exposure of SeNPs and Cd?* is that it
doesn’t have cell wall rich in hydroxyproline so it has less possibilities to chelate the mixture.

This provides some guidance for future research on the effect of SeNPs on alleviating the toxicity
of heavy metals in algae. In addition, we found that the presence of SeNPs can enhance the toxicity
of cadmium in CC125 of Chlamydomonas reinhardtii, but the specific mechanism of action remains to
be studied. The comparison between normal CC125 cells and cell wall defective CC400 cells on the
effects of SeNPs on cadmium toxicity can provide a possibility for the mechanism study. The addition
of SeNPs in CC125 increased the toxicity of Cd?, and the mechanism of toxic action was related to
the amount of Cd? entering cells, while the amount of SeNPs was extremely small. It was difficult to
determine whether the increase of Cd?* entering cells was due to SeNPs entering cells or SeNPs acting
on the cell surface. Further research can be conducted on the amount and morphological changes of
SeNPs entering algal cells based on the detection method of trace substances.
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