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Abstract 
Plastic waste at sea has been a primary environmental concern 

for years. The degradation of plastics into small pieces leads to the 
formation of nanoplastics (NPs) (less than 100 nm) that can enter the 
environment. Polystyrene is one of the most common plastics, a product 
of the polymerization of styrene monomers. In this study, the toxic 
effects of amino polystyrene (PS-NH2) NPs with sizes 90 (PS-NH2-90), 
200 (PS-NH2-200), and 300 (PS-NH2-300) nm with four different 
concentrations after  72 hours on viability, activity of enzymes such as 
superoxide dismutase (SOD), catalase (CAT), glutathione S-Transferase 
(GST) and reduced glutathione (GSH), carbonyl protein and sulfhydryl 
protein and antioxidant activity assay by DPPH reagent on the Chlorella 
vulgaris were investigated. In all enzymatic assays, except the 
glutathione (GSH) and sulfhydryl protein, the size of 90 nm showed 
lowest value. Intriguingly, flow cytometry assessment showed a 
substantial reduction in the viability at PS-NH2-90 treated samples for 72 
h which means that as the size of the nanoplastic decreases, its toxicity 
will increase. The toxicity effect of 90 nm NPs with a concentration of 
200 mg/L on the microalgae C. vulgaris (with a concentration of 25000 
Cells/mL) with the aim of bioremediation of nitrate (with a concentration 
of 50 mg/L) and phosphate (with a concentration of 6 mg/L) were 
investigated. According to the obtained results, NPs with a concentration 
of 200 mg/L with a size of 90 nm have the highest toxicity on the nitrate 
and phosphate bioremediation by the C vulgaris with a concentration of 
25000 Cells/mL. 

 
Keywords 

Amino polystyrene nanoplastics (PS-NH2); Chlorella vulgaris; 
Enzyme activity; Nitrate and Phosphate removal; Plastic 
contamination. 

Introduction 
Worldwide, plastic use is growing year by year, with current 

figures showing plastic production exceeding 368 million tons in 2019. 
Once disposed of, plastic waste is exposed to biological, chemical and 
environmental elements, and will break down into huge amounts of 
microplastics (measuring < 5 mm) and nanoplastics (NPs) (<0.1 µm). 
Pollution from plastic waste has been a growing problem since the mass 
production of plastics in the 1940 s. As this is a potential threat to 
terrestrial and aquatic ecosystems, pollution from these plastics has 
become a severe global crisis. Polystyrene is a plastic with wide 
applications in many industries and human life due to its useful features 
such as low cost, lightness, ease of production, versatility and moisture 
resistance. 
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This polymer is very stable and resistant 
to decomposition in nature. NP and its potential 
effects on viability, development, and reproduction 
of organisms through potential mechanisms, such 
as stimulation, disruption of damaged tissues, and 
disruption of fatty acid metabolism.1-7.  

 
 

NPs are more deadly than microplastics 
because they can be easily consumed by marine 
organisms. They pass through cell membranes that 
act as a barrier against foreign matter, penetrate 
tissues, and accumulate in organs. NPs can interact 
with the biological system of living organisms 
when they cross barriers. These particles can act as 
carriers of environmental chemical pollutants and 
pesticides. Absorption of these particles by living 
organisms, especially aquatic organisms, may 
cause changes in gene expression as well as the 
activity of enzymes in the antioxidant pathway6. 
Toxicity studies using NPs on marine organisms 
have increased in recent years using carboxylic 
(PS-COOH) and amino (PS-NH2) polystyrene as 
model particles. It is well established that 
microalgae communities play an essential role in 
aquatic ecosystems because they are the primary 
producers of food chain consumers and also 
oxygen producers1, 8. Therefore, these organisms 
are the most important models for studying the 
aquatic system. C.vulgaris is a freshwater single-
celled microalgae, spherical and 2 to 10 µm in 
diameter, which plays a vital role in the ecosystem. 
The algae reproduce rapidly within 24 hours under 
optimal conditions. Therefore, it is widely used as 
an aquatic organism to study the toxic effects of 
pollutants9,10. Since reports of size-dependent 
toxicity of amino polystyrene nanoplastic (PS-NH2) 
on the enzymatic activity of C. vulgaris microalgae 
have been limited, in this study, the most toxic of 
amino polystyrene nanoplastic size (PS-NH2) is, 
smallest one such as in 90nm on protein and 
enzymatic activity of C. vulgaris microalgae. Also, 
the study of images obtained by light microscopy 
and FESEM showed that high concentrations of 
PS-NH2 can produce PS-NH2 clumps and algae that 
can change the bioavailability, mobility, fate, and 
toxicity of PS-NH2 

10. The results of this study can 
help to understand the ecological problems caused 
by the toxicity of amino polystyrene nanoplastic 
(PS-NH2) in environments containing these 
nanoparticles. 

 
 

Materials and Methods 

Preparation of polystyrene nanoplastics coated 
with amine functional groups (PS-NH2) 

Polystyrene NPs coated with amine 
functional groups (PS-NH2) with positive electric 
charge (to prevent aggregation) in sizes of 90, 200, 
and 300 nm for colloidal and water-soluble 
experiments from Tianjin Saierqun Technology 
Company of China were purchased (Tianjin, China 
[http://www.tjseq.com]). C. vulgaris microalgae 
were prepared from the Iranian National Algae 
Culture Collection (INACC, University of Tehran, 
Tehran, Iran). 

Cultivation of Chlorella vulgaris  

Algal cells in 1-liter Erlenmeyer at 
temperatures between 30-32 °C, under continuous 
fluorescent light with continuous aeration by 
oxygen pump and pH 7.5 in the standard culture 
medium suggested by the Organization for 
Economic Cooperation and Development, OECD 
Guideline No. 201, were grown (OECD, 2011). 
This medium contains amounts of macronutrients 
(NH4Cl, MgCl2. 6H2O, CaCl2. 2H2O, MgSO4. 
7H2O, KH2PO4), iron (FeCl3. 6H2O, Na2EDTA 
2H2O), trace elements (H3BO3, MnCl2. 4H2O, 
ZnCl2, CoCl2. 6H2O, CuCl2. 2H2O, Na2MoO4. 
2H2O) and bicarbonate (NaHCO3, Na2SiO3.9H2O) 
were required for the growth of algal cells. 

Toxicity Assays 

When algal cultures reached the 
exponential growth phase, they were used for 
toxicity tests. Toxicity tests were performed using 
PS-NH2 (90, 200, and 300 nm) in 4 different and 
incremental concentrations (25, 50, 100, and 200 
mg/l) and their effects on enzyme activity and 
oxidative stress. 250 ml of C. vulgaris microalgae 
with an initial density of 2.5×104 cells/ml were 
used to survey the short-term effects of these 
treatments. The toxicity effect of different 
concentrations of PS-NH2 (90, 200, and 300 nm) 
was assessed on enzyme activity and oxidative 
stress of C. vulgaris after 72 h. Three replicates 
were evaluated for each experiment. 

Superoxide Dismutase (SOD) Activity Assay 

The superoxide dismutase activity was 
determined by measuring the inhibition of nitroblue 
tetrazolium in photoreduction (NBT) at 560 nm. 
The enzyme activity study experiments were 
performed at room temperature and the amount of 
enzyme activity was calculated using the following 
formula 11. 

SOD inhibition ratio = ODControl−ܱ݋ܥܦܱ/ ݈݁݌݉ܽܵܦ  100 × ݈݋ݎݐ݊
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SOD activity (U/mg) = SOD inhibition ratio/ %50× 
reaction solution dilution ratio/ total protein 
concentration. 

Catalase Activity Assay 

Catalase activity following the reduction 
of hydrogen peroxide (H2O2) absorption with an 
extinction coefficient of 43.6 M-1.Cm-1 was 
measured for 2 minutes at a wavelength of 240 nm 
12. Adsorption was recorded with the ELISA reader 
at 240 nm for 2 min.   

Glutathione-S-Transferase (GST) Assay 

Glutathione s-transferase catalyzes the 
conjugation reaction or binding of xenobiotic 
compounds to the thiol group of reduced 
glutathione. 1-Chloro-4-2-dinitrobenzene (CDNB) 
and glutathione were used as enzyme substrates. 
During the reaction, the CDNB was converted to a 
dye called nitrophenyl thioester, which was 
adsorbed at 340 nm. Enzyme activity was 
calculated by measuring the adsorption of this dye 
at 340 nm 13. The adsorption of the final solution 
was read twice at 5-minute intervals by the ELISA 
reader, then the activity of the GST enzyme using 
an extinction coefficient of 9.6 M-1. Cm-1 was 
calculated for the composition (glutathione + 
CDNB) using the following formula. The path 
length in ELISA wells is 0.524 cm, which is 
multiplied by the extinction coefficient, and the 
result was 0.00503 in the formula. 

 /ݐݒ × 0.00503 /(ݐ∆/ ܣ∆) = (݃݉ /min) ݕݐ݅ݒ݅ݐܿܣ ܶܵܩ
 dܨ × ܲ/ 1 × ݁ݒ

Reduced Glutathione (GSH) Assay 

Glutathione sulfhydryl (SH) groups react with 
Ellman reagent or 5,5'-dithio-bis-[2-nitrobenzoic 
acid] (DTNB) to produce a yellow substance called 
TNB. GSTNB disulfide produced during the 
previous reaction can be regenerated by glutathione 
reductase to produce GSH and TNB. Therefore, by 
measuring the concentration of TNB at a 
wavelength of 412 nm, the concentration of 
glutathione can be calculated14. The optical 
absorption of the samples and blanks was read at 
412 nm, and the concentration of the samples was 
calculated according to the formula of Beer 
Lambert's law. The extinction coefficient of TNB is 
13.6 mM-1.Cm-1. 

A= ε.L.C 

Protein Carbonyl Assay 

Reactions between 2,4-dinitrophenyl-
hydrazine (DNPH) and carbonyl protein were used 
to determine the carbonyl content of the protein. 
After reacting with the carbonyl protein to form a 

Schiff base, DNPH produces a hydrazine derivative 
with maximum absorption at 370 nm15.  

Protein Sulfhydryl Assay 
The reaction between sulfhydryl protein 

groups with Ellman reagent or 5,5′-dithiobis (2-
nitrobenzoic acid (DTNB) was used. DTNB is 
an aromatic disulfide with a higher standard 
oxidation-reduction potential than aliphatic 
analogs. The Ellman reagent performs a 
substitution reaction with aliphatic thiols, resulting 
in one mole of protein-attached disulfide and one 
mole of 2-nitro-5-thiobenzoate anion per sulfhydryl 
protein group. The reaction between the disulfide 
groups of the reagent and the thiol groups of the 
protein can continue. For each mole of sulfhydryl 
protein, one mole of 2-nitro-5-thiobenzoate is 
produced, which is yellow and has a maximum 
absorption at 410 nm 16. If the optical absorption of 
the sample, sample blank, and reagent blank is 
called OD1, OD2, and OD3, respectively, the 
calculations for the sulfhydryl protein groups were 
determined by the following method, and the 
concentration of the samples was determined by the 
formula of Beer Lambert's law. The extinction 
coefficient is 13600 M-1Cm-1. 

A= OD1- OD2- OD3  

A= ε.L.C 

Antioxidant Activity Assay by DPPH Reagent 

2,2-diphenyl-1-picrylhydrazyl or DPPH 
are stable free radicals with electrons unpaired in 
their capacitance layer. It has the highest 
absorption at 517 nm. This radical is purple in 
solution. The antioxidants that give electrons 
change from DPPH, and the color of the solution 
changes from purple to yellow. The greater the 
color change the lower the absorption at 517 nm 17. 

Nitrate 

For samples and standards, subtract two times 
the absorbance reading at 275 nm from the reading 
at 220 nm to obtain absorbance due to NO3

--N. If 
the correction value is 10% of reading at 220 nm 
for a particular sample, then the NO3

--N 
concentration is considered a rough estimate. Use 
an electronic spreadsheet, a calculator, or 
instrument software to find the slope and intercept 
of the calibration curve by least squares linear 
regression. Calculate the NO3

--N concentration 
from the following equation 18. 

C = (A – I)/S 

C = concentration, 

A = absorbance, 
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I = intercept of the regression line, and 

S = slope of the regression line 

Phosphate 

Set the spectrophotometer at 625 nm in 
the measurement of benzene-isobutanol extracts 
and at 690 nm for aqueous solutions. Measure color 
photometrically at 690 nm and compare with a 
calibration curve, using a distilled water blank18.  

Statistical analysis 

Data were expressed as mean ± standard 
deviation (SD ±) and for normal distribution and 
homogeneity of variances using Shapiro-Wilk and 
Levene's methods. SPSS software version 26.0 
(SPSS Inc., Chicago, IL, USA) was used for data 
analysis. Statistical differences between samples 
were determined using one-way analysis of 
variance (ANOVA) at the significant level of p 
<0.05 and post-hoc Duncan's test. Microsoft Excel 
version 2013 (Microsoft Corporation, Redmond, 
WA, USA) was used for graphic outputs. 

 
Results 

PS-NH2 characterization 

A field emission scanning electron 
microscope (FESEM) was applied to display 
structure and size of PS-NH2. FESEM images 
confirmed that PS-NH2 used in this study with 
different diameters (i.e., 90, 200, and 300 nm) were 
spherical (Fig. 1A–C). PS-NH2 suspensions 
appeared colorless and clear with no precipitates. 
Positive charges of PS-NH2 prevented them from 
aggregation and allowed them to remain in 
suspension in the colloidal solution (Fig. 1).  

 
Figure 1: FESEM images of PS-NH2 with diameters of 
(A) 90, (B) 200, and (C) 300 nm. (D) Suspensions of PS-
NH2 were used in this study with various diameters. 

Superoxide Dismutase Assay (SOD) 

Fig. 2: Polystyrene NPs coated with amine functional 
groups (PS-NH2) Toxicity in different treatments on 
SOD activity. Data are expressed as mean ± standard 
deviation. Columns labeled with different letters are 
significantly different (p ≤ 0.05). 
 

The Fig. 2 showed the effect of PS-NH2 
toxicity in three different sizes on SOD enzyme 
activity. The results showed that the enzyme 
activity in the treatment with three sizes of 90, 200, 
and 300 nm increased compared to the control. It 
was also found that by reducing the size of PS-NH2 
and increasing its concentration, the toxicity of PS-
NH2 on C. vulgaris was intensified. The lowest to 
highest toxicity was observed at concentrations of 
25, 50, 100, and 200 mg/l PS-NH2, respectively. 

Catalase 

The results showed that the catalase 
activity in various concentrations and sizes of PS-
NH2 increased compared to the control (Fig. 3). In 
the treated samples, PS-NH2 with a size of 90 nm 
had the lowest activity and therefore the highest 
toxicity in all concentrations of 25, 50, 100, and 
200 mg/L. In the treatment with a size of 300 nm at 
concentrations of 25, 50, and 200 mg/L, compared 
to the size of 200 nm, the activity of CAT was less. 
However, in the treatment with a size of 300 nm at 
a concentration of 100 mg/L, the activity of CAT 
was higher than the size of 200 nm. 

 

Fig. 3: Polystyrene NPs coated with amine functional 
groups (PS-NH2) Toxicity in different treatments on 
CAT activity. Data are expressed as mean ± standard 
deviation. Columns labeled with different letters are 
significantly different (p ≤ 0.05). 
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This indicates more toxicity of PS-NH2 with a size 
of 300 nm at concentrations of 25, 50, and 200 
mg/L than the size of 200 nm. In contrast, about a 
concentration of 100 mg/L, the toxicity of PS-NH2 
with a size of 200 is greater than the size of 300 
nm. 

Glutathione S-Transferase(GST)  

PS-NH2 with a size of 90 nm in all 
concentrations of 25, 50, 100, and 200 mg/l had no 
significant effect on GST enzyme activity 
compared to the control subsequently the most 
toxicity is in this size (Fig. 4). The activity of GST 
enzyme in the treatment with a size of 300 nm at 
concentrations of 50, 100, and 200 mg/L compared 
to the size of 200 nm, was lower, but in the 
treatment with a size of 300 nm at a concentration 
of 25 mg/l nanoplastic compared to the size of 200 
nm the decrease in GST enzyme activity was 
minor. At concentrations of 25, 50, and 100 mg/l, 
all three dimensions have significant differences, 
while at concentrations of 200 mg/l, sizes 90 and 
300 have substantial differences with a size of 200 
nm. 

 
Fig. 4: Polystyrene NPs coated with amine functional 
groups (PS-NH2) Toxicity in different treatments on GST 
enzyme activity. Data are expressed as mean ± standard 
deviation. Columns labeled with different letters are 
significantly different (p ≤ 0.05). 

Glutathione (GSH) 

Results showed that the activity of GSH in 
the treatment with a size of 200 nm increased at all 
concentrations of 25, 50, 100, and 200 mg/l NPs 
(Fig. 5). Samples treatment with concentrations of 
25 and 50 mg/l of 90 nm NPs caused more GSH 
activity than 300 nm nanoparticles. However, in the 
treatment of the samples with 90 nm NPs, at 
concentrations of 100 and 200 mg/l, a decrease in 
activity was observed compared to 300 nm 
particles .This indicates the more significant 
toxicity of nanoplastic with a size of 90 nm at 
concentrations of 100 and 200 mg/l compared to 
the size of 300 nm, while at a concentration of 25 
and 50 mg/l, the toxicity of nanoplastic with a size 
of 300 is greater than the size of 90 nm. At a 
concentration of 25 mg/l, all three sizes are 

significantly different. At concentrations of 50, 
100, and 200 mg/l, sizes 90 and 300, there is a 
significant difference with a size of 200 nm. 

 

Fig. 5: Polystyrene NPs coated with amine functional 
groups (PS-NH2) toxicity in different treatments on GSH 
activity. Data are expressed as mean ± standard 
deviation. Columns labeled with different letters are 
significantly different (P ≤ 0.05). 

Protein Carbonyl  

Carbonyl groups of producers are 
considered another indicator of a critical stress 
state. Carbonyl groups are naturally present in the 
diet. The attack of free radicals on cells increases 
the amino acids and creates carbonyl groups that 
affect tperformance of the cell. Fig. 6 showed the 
effect of nanoplastic toxicity in three different sizes 
on the amount of carbonyl protein.  

 

Fig. 6: Graph of toxicity of polystyrene NPs coated with 
amine functional groups (PS-NH2) in different treatments 
on carbonyl protein content. Data are expressed as mean 
± standard deviation. Columns labeled with different 
letters are significantly different (p ≤ 0.05). 

Based on the results, the lower the amount 
of carbonyl protein showed in smaller the 
microplastic. Moreover, results showed that the 
amount of carbonyl protein in the treatment with 
three sizes of 90, 200, and 300 nm has the highest 
to lowest toxicity at all concentrations of 25, 50, 
100, and 200 mg/l nanoplastic. At a concentration 
of 50 mg/l, all three sizes are significantly different 
from each other. At concentrations of 25, 100, and 
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200 mg/l, sizes 90 and 200, there is a significant 
difference with a size of 300 nm. 

Protein sulfhydryl 

The amount of sulfhydryl protein in the 
treatment with three sizes of 90, 200, and 300 nm 
PS-NH2 decreased with increasing size and 
increasing concentration. According to the results, 
with decreasing the size of nanoplastic, the amount 
of sulfhydryl protein in C. vulgaris has increased, 
and the lowest amount of sulfhydryl protein has 
been observed in the sample treated with 
nanoplastic with a size of 300 nm (Fig. 7). 

 

Fig. 7: Polystyrene NPs coated with amine functional 
groups (PS-NH2) toxicity in different treatments on 
sulfhydryl protein content. Data are expressed as mean ± 
standard deviation. Columns labeled with different letters 
are significantly different (p ≤ 0.05). 

DPPH 

The antioxidant activity in the treatment 
with three sizes of 90, 200, and 300 nm compared 
to the control samples, except for the concentration 
of 50 mg/l nanoplastic in the size of 200 nm, was 
reduced (Fig. 8). Also, by reducing the size of 
nanoplastic and increasing its concentration, the 
toxicity of nanoparticles on C. vulgaris has 
intensified. At 90 nm size, the lowest to highest 
toxicity was observed at concentrations of 25, 50, 
100, and 200 mg/l nanoplastic, respectively. In the 
treatment with a size of 200 nm in 25, 100, and 200 
ml g / l and the treatment with a size of 300 nm in 
25 and 100 mg/l nanoplastic, the amount of 
antioxidant activity is reduced, and in the treatment 
with a size of 300 nm in the concentrations of 50 
and 200 mg/l nanoplastic did not change. 
According to the diagram, it can be concluded that 
90 nm nanoplastic is more toxic at concentrations 
of 50, 100, and 200 mg/l than the sizes of 200 and 
300 nm. 

 

 

 

 

 
Fig. 8: Polystyrene NPs coated with amine functional 
groups (PS-NH2) Toxicity in different treatments on 
antioxidant activity. Data are expressed as mean ± 
standard deviation. Columns labeled with different letters 
are significantly different (p ≤ 0.05). 

 
Flow cytometry 

To estimate of viability of the algal cells, 
C. vulgaris treated with PS-NH2 using Annexin v, 
PI was removed due to its spectrum overlap (620 
nm) with photosynthetic pigments spectrum in C. 
vulgaris (600-700 nm). The viability of the control 
sample was almost 100% (Fig. 9A). In comparison 
with the control samples, after 72 h, 74.64%, 
59.15%, and 52.91% decline in cell viability were 
observed in the treatment with three sizes of 90, 
200, and 300 nm when cells were exposed to 100 
mg L− 1 of PS-NH2 (Fig. 9A, C, and E). 

 

Fig. 9: Flow cytometry images. A: A control sample of 
C. vulgaris showed nearly 100% cell viability after 24 h. 
B, C, and D: Cell viability of C. vulgaris after 72-h 
treatment with 200 mg L− 1 (PS-NH2) with three sizes of 
90, 200, and 300 nm respectively. Data are expressed as 
mean ± standard deviation. Columns labeled with 
different letters are significantly different (p ≤ 0.05). 

First week; nitrate 
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At the end of 144 hours and after 6 days, 
the amount of nitrate in the concentration of 50,000 
Cells/mL, and at the end of 192 hours, with the 
passage of 8 days, the amount of nitrate in the 
concentration of 12,500 Cells/mL of C. vulgaris 
microalgae with a significant difference (p≤0.05) 
have had the most reductions (Fig. 10). By 
examining the control sample, which is displayed 
in white, it can be concluded that, except for 192 
hours, there was no significant difference (p≤0.05) 
with other groups on all days of measurement. By 
examining the 6250 Cells/mL sample which is 
displayed in black, it can be concluded that in 192 
hours, it had the highest nitrate reduction in all the 
days of measurement compared to other groups. By 
examining the 12500 Cells/mL sample which is 
displayed in gray, it can be concluded that all four-
time groups had a significant difference (p≤0.05) 
with each other in such a way that 96 and 192 
hours have had the lowest and highest decrease 
respectively. By examining the 25000 Cells/mL 
sample which is displayed with stripes, it can be 
concluded that there was a significant difference 
(p≤0.05) with other groups at 48 and 96 hours, and 
the lowest decrease is related to 192. By examining 
the 50,000 Cells/mL sample, which is displayed 
with a dotted, it can be concluded that all groups 
have a significant difference (p<≤0.05) and the 
more time has passed, the nitrate level has 
decreased. 

 Fig. 10: Biomass of microalgae C. vulgaris in the 
presence of the same concentration of nitrate. Lowercase 
letters indicate significant differences between groups (p 
≤ 0.05). The white, black, gray, striped, and dotted charts 
indicate the number of algae cells 0, 25000, 12500, 6250, 
and 50000, respectively. 

First week; phosphate 

At the end of 144 hours after 6 days at a 
concentration of 50000 Cells/mL and at the end of 
192 hours after 8 days, the amount of phosphate at 
concentrations of 6250 and 12500 Cells/mL of C. 
vulgaris microalgae with a significant difference 
(p≤0.05) have had the highest reductions (Fig. 11). 
By examining the control sample which is 
displayed in white, it can be concluded that it has a 
significant difference (p<0.05) with other groups at 

96 and 192 hours, and the highest phosphate 
reduction is related to 144 hours. By examining the 
samples of 6250 and 12500 cells/mL, which are 
shown in black and gray respectively, all groups 
have a significant difference (p<0.05) and the more 
time has passed, the amount of phosphate has 
decreased. By examining the 25000 Cells/mL 
sample which is displayed with stripes, it can be 
concluded that there was a significant difference 
with other groups in 96 and 144, and also the 
lowest amount of phosphate is related to these two 
groups. By examining the 50000 Cells/mL which is 
displayed with a dotted, it can be concluded that all 
groups have a significant difference (p<0.05), and 
the lowest reduction is related to the 144 hour 
group. 

 

Fig. 11: Biomass of microalgae C. vulgaris in the 
presence of the same concentration of phosphate. 
Lowercase letters indicate significant differences 
between groups (p ≤ 0.05). The white, black, gray, 
striped, and dotted charts indicate the number of algae 
cells 0, 25000, 12500, 6250, and 50000, respectively. 

Second week; biomass 

In all nanoplastic concentrations and over 
time, the biomass of C. vulgaris microalgae is 
increasing with a significant difference (p<0.05) 
(Fig. 12). 

 

Fig. 12: Biomass of C. vulgaris microalgae. Lowercase 
letters indicate significant differences between groups (p 
≤ 0.05). The white, black, gray, striped, and dotted charts 
indicate nanoplastic concentrations of 0, 100, 50, 25 and 
200 mg/liter, respectively. 
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Third week; nitrate 

At the end of 192 hours and 8 days later, 
the amount of nitrate in the concentration of 200 
mg/L of nanoplastic decreased the most with a 
significant difference (p≤0.05) (Fig. 13). By 
examining the control samples, 25, 50, 100, and 
200 mg/L NPs, which are displayed with white, 
black, gray, striped, and dotted, respectively, it can 
be concluded that there is a significant difference 
(p<0.05) in all hours and over time the amount of 
nitrate is decreasing. 

 

Fig. 13: Microalgae biomass of C. vulgaris in the 
presence of the same concentration of nitrate and 
microplastic. Lowercase letters indicate significant 
differences between groups (p ≤ 0.05). The white, black, 
gray, striped, and dotted charts  indicate nanoplastic 
concentrations of 0,100,50,25, and 200 mg/L, 
respectively 

Third week; phosphate 

At the end of 144 hours and 6 days later, 
the amount of phosphate in the concentration of 
200 mg/L of nanoplastic has decreased the most 
with a significant difference (p≤0.05) (Fig. 14). By 
examining the control, 25 and 50 mg/L of NPs, 
which are displayed in white, black, and gray, 
respectively, it can be concluded that the groups of 
144 and 192 hours have a significant difference 
(p<0.05) with the groups of 96 and 48 hours and 
over time, the amount of phosphate is decreasing. 

Fig. 14: Microalgae biomass of C. vulgaris in the 
presence of the same concentration of phosphate and 
microplastic. Lowercase letters indicate significant 
differences between groups (p ≤ 0.05). The white, black, 
gray, striped, and dotted charts indicate nanoplastic 

concentrations of 0, 50, 25, 100 and 200 mg/liter, 
respectively. 

Discussion  
Due to the widespread distribution of plastic 
particles at the nanoscale and their substantial 
impact on organisms, mainly marine organisms 
such as microalgae, it was found that the growth 
of C. vulgaris is strongly influenced by plastic 
nanomaterials and causes inhibition19. The size-
dependent toxicity of polystyrene NPs coated with 
amine functional groups (PS-NH2) investigated on 
biomass, photosynthetic pigments, and morphology 
of C. vulgaris microalgae. PS-NH2-90 and PS-NH2-
200 can reduce algal biomass and chlorophyll in 
size-dependent treatments, whereas this trend was 
not observed for PS-NH2-300. In a comprehensive 
survey, the effect of different polystyrene particle 
sizes (20, 50, 500 nm) on C. vulgaris at increasing 
intervals was investigated, and the percentage of 
viable cells and the chlorophyll concentration after 
exposure to polystyrene particles showed a 
significant difference20. Various studies have 
reported that amino groups on the surface of NPs 
play an essential role in determining toxicity. 
Hence the uptake of PS-NH2 in microalgae is dose-
dependent (Toxicity increases with increasing 
concentration)21,22. Another one of the main 
approaches in toxicity analyses is the estimation of 
cell viability indicating cellular reaction to a 
toxicant our cell viability results showed the 
importance of size in the toxicity effect. Likewise, 
in an enzymatic study with increasing nanoplastic 
size, the amount of enzymes increased in all assays 
performed except for the GSH because of 
production of reactive oxygen species (ROS) after 
exposure to polystyrene particles. Accordingly, 
based on previous studies, can be emphasized that 
the damage of the cell membrane and then cell 
death has occurred due to the small size of 
nanoplastic (PS-NH2-90) 15,20,23-26. The reason for 
the increase amount sulfhydryl protein can be the 
cell membrane damage and finally the death of the 
algae cell in treatment PS-NH2-90. Various studies 
have shown that nanoparticles bind highly to the 
lipid bilayers of cell membranes which causes the 
cell membranes damage and increase of protein, 
lipid, and thiol peptides27, 28. The other pathway 
autooxidation of cell membrane lipids may also 
occur due to reactive oxygen species. This pathway 
prevents the oxidation of lipids and damage to 
them by activating the enzymatic antioxidant 
system such as glutathione -S-transferase (GST) 
and glutathione reductase and non-enzymatic 
factors such as glutathione. According to further 
studies, it seems that this pathway is activated in C. 
vulgaris when faced with PS-NH2-200 and PS-
NH2-30029,30. Since Chlorella microalgae are 
single-celled, the entire organism can be affected 
by nanoparticles. However, nanoparticle damage to 
multicellular organisms occurs through skin contact 
or inhalation31,32. The spherical structure of 
chlorella algae can reveal useful information about 
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its health. Structural changes of microalgae after 
exposure to NPs are good evidence for the toxicity 
of these particles. After microalgae are exposed to 
environmental pollutants such as microplastic 
particles, the algal cell membrane acts as the first 
line of defense, because microplastics can penetrate 
them through the cell membrane33,34. This state 
mainly depends on the size of the particles, the 
duration of exposure to microparticles, and the 
chemical properties of microplastics35,36. Many 
mechanisms have been reported for the toxicity of 
nanoparticles, including the destruction of 
lipopolysaccharide molecules, inactivation of 
proteins and enzymes, production of reactive 
oxygen species, adhesion to cell membranes, 
inhibition of DNA synthesis, and increase in cell 
porosity 37. This is the reason why microalgae lose 
its bioremediation properties when faced with 
microplastics. The higher the concentration of 
microplastics, the greater its toxicity and the 
reduction of nitrate and phosphate in the treatment 
plant and biomass, which is very important from an 
economic point of view. To further evaluate the 
toxicity of PS-NH2-90, PS-NH2-200, and PS-NH2-
300 in Chlorella algae, the content of chlorophyll 
in the algae was also measured after 72 hours. The 
statistical results of chlorophyll a were similar to 
the statistical results of biomass. In other words, a 
statistically significant difference was found 
between the chlorophyll of the control group and 
the environments treated with different 
concentrations of PS-NH2-90 and PS-NH2-200 at 
the investigated times (p<0.05). However, no 
statistically significant difference was observed for 
PS-NH2-300. According to these interpretations, a 
direct relationship between algal biomass and 
chlorophyll content was observed, indicating that 
algal growth can be reduced by reducing 
chlorophyll content37-39. 
 
Conclusions 

Although the use of plastic materials is 
constantly increasing due to their cheapness, plastic 
waste is recognized as a severe threat to aquatic 
life. Plastics are fragmented into smaller particles 
(e.g., micro/nanoparticles) due to biodegradation, 
weathering, and degradation. In addition, human 
activities can deliberately release NPs into the 
environment. Through this study, the size-
dependent toxicity of polystyrene NPs on biomass, 
the activity of enzymes such as superoxide 
dismutase (SOD), catalase (CAT), glutathione S-
transferase (GST), and reduced glutathione 
concentration (GSH), carbonyl protein and the 
sulfhydryl protein and the level of antioxidant 
activity (with the DPPH reagent) were examined of 
the alga C. vulgaris. After exposure of C. 
vulgaris to PS-NH2, abnormalities such as 
increased algal accumulation and decreased algal 
density were observed, and the size of the algae 
was also affected. To gain a deeper understanding 
of the response of microalgae to PS-NH2 

contamination, we recommend PS-NH2 interaction 
with algae due to PS-NH2 adhesion to algal cell 
surfaces. In all assays, the size of 90 nm showed 
the highest toxicity, which means that as the size of 
the nanoplastic decreases, its toxicity will increase. 
Then the toxicity effect of 90 nm NPs with a 
concentration of 200 mg/L on the microalgae C. 
vulgaris (with a concentration of 25000 Cells/mL) 
with the aim of bioremediation of nitrate (with a 
concentration of 50 mg/L) and phosphate (with a 
concentration of 6 mg/L) were investigated. 
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