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was focused on ecotoxicological aspects of 5 the 
most common plastic substances: polyethylene 
(PE), polypropylene (PP), polystyrene (PS), poly-
vinyl chloride (PVC), and polyethylene terephtha-
late (PET); all substances were in form of micro-
plastics. The used test organism was freshwater 
microalgae Chlorella sp. and inhibition of the algal 
growth after 3-day exposure was measured. The 
experimental domain included microplastics in range 
10–1000  mg/L and sizes 100–700  µm. Response 
surface modeling was applied in order to analyze 
the influence of these two parameters and statisti-
cal analysis of the obtained models was performed. 
The significance level was 95%. The obtained inhi-
bitions were relatively low (< 6.79%) but Chlorella 
sp. showed sensitivity to changes in both tested 
parameters. A general behavior that included inhibi-
tion increase with higher concentration values and 
lower particle sizes was observed. The exception 
was PP where only the concentration proved to be 
significant parameter; the influence of the particle 
size remained insignificant for the selected experi-
mental domain. Hormesis appears likely in PE and 
PP cases at particle sizes and concentrations that are 
below the experimental domain. Determined adverse 
influence of the applied plastics followed the order: 
PVC > PET > PS > PE > PP.

Keywords Microplastics · Toxicity · Chlorella sp. · 
Growth inhibition

Abstract An extensive use of plastic mate-
rial, which is a characteristic of modern society, is 
increasing the amount of plastic waste in the envi-
ronment. Accordingly, plastic pollution has become 
a global environmental problem. The problem is 
particularly related to microsized and nanosized 
plastic particles which have become environmental 
contaminants of emerging concern. This research 
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1 Introduction

High production and large consumption of plas-
tic materials, which are so characteristic for mod-
ern society, result in the increased concentrations 
of various plastics in the environment; polyethyl-
ene (PE), polypropylene (PP), polyvinyl chloride 
(PVC), polystyrene (PS), and polyethylene tereph-
thalate (PET) are the most abundant ones. These 
thermoplastic materials represent approximately 
90% of the global production of plastics (Andrady 
& Neal, 2009), which reached approximately 360 
million tons in 2018 (PlasticsEurope, 2019). The 
production in the European Union (EU) reached 62 
million tons and, unfortunately, about 25% of that 
amount ends up as landfill waste (PlasticsEurope, 
2019).

Microplastics (MP) is a general term for plastic 
particles smaller than 5  mm. Plastic waste decom-
poses slowly into the smaller particles, reaching the 
microsizes and nanosizes; the decomposition occurs 
mostly due to the influence of ultraviolet light, 
microbial activity, or by mechanical abrasion (Jeong 
& Choi, 2019). Landfills with plastic waste and 
their leachate were pointed out as one of the sources 
that brings MP into the environment (Cincinelli 
et  al., 2017; Guven et  al., 2017; He et  al., 2019); 
the other major sources are municipal wastewater, 
activated sludge, agriculture, and various indus-
tries (Astner et al., 2019; Lagarde et al., 2016; Prata 
et al., 2019). Nowadays, MP has become a contami-
nant of emerging concern due to its persistence and 
ubiquitous (Yu et al., 2018; Ivar do Sul and Costa, 
2014; Thompson et al., 2009). MP has high adsorp-
tion potential for some harmful contaminants, such 
as polychlorinated biphenyls (PCBs) (Zarfl & Mat-
thies, 2010), polycyclic aromatic hydrocarbons 
(PAHs) (Teuten et  al., 2007), and organochlorine 
pesticides (Ivar do Sul and Costa, 2014). Further-
more, plastics might contain hazardous additives 
that are known or suspected endocrine disruptors 
(e.g., bisphenol or phthalates); such plastics can 
release those additives into the environment over 
time (Gallo et al., 2018; Horton et al., 2017). Con-
centration of MP in the environment, the type of the 
polymer, the particle size, surface chemistry, and 
the charge affect the toxicity of MP particles (Prata 
et al., 2019). MP particles can be ingested easily by 

mammals (Besseling et al., 2014), fishes (Alomar & 
Deudero, 2017), crustaceans (Watts et al., 2016), or 
even zooplankton (Cole et al., 2016). Some ingested 
MP particles are excreted from the organism, but 
the others accumulate in the gut or are translocated 
into other tissues causing physiological damage 
or even starvation (Choia et al., 2020; Gallo et al., 
2018; Pawar et al., 2016). The mentioned accumula-
tion results in biomagnification of MP (Choia et al., 
2020).

Kokalj et  al., (2018) found that number of living 
organisms in population of Daphnia magna that was 
exposed to MP particles of different sizes decreased 
with increasing of the particle size. It should be men-
tioned that particle size of 100  μm corresponds to 
the usual food size of the daphnids. Lei et al., (2018) 
studied the influence that ingested MP had on Danio 
rerio and on the nematodes Caenorhabditis elegans; 
they reported that 70-µm MP particles caused intes-
tinal damage, including rupture of the villi and cleav-
age of enterocytes. Adverse MP effects on various 
other organisms were reported as well, including 
abnormal swimming of fish, then growth and devel-
opment inhibition, endocrine disruption, oxidative 
stress, immune response, and death (Gambardella 
et  al., 2017; Greven et  al., 2016; Jeong et  al., 2017; 
Lu et al., 2016).

A review of the literature indicated that most eco-
toxicological studies associated with MP focused on 
organisms that have capacity to ingest MP; very few 
studies focused on algae despite the fact that algae 
are essential to the functioning of aquatic ecosystems. 
Microalgae are the primary producers, which means 
that they are at the bottom of the food chain and 
even small disturbances in the population of micro-
algae can lead to serious repercussions on food web 
(Casado et  al., 2013; Prata et  al., 2019). Microalgae 
can suffer toxic effects as inhabitants of pelagic areas 
contaminated with MP (and other harmful substances 
adsorbed on MP). MP can cause reduction of pho-
tosynthetic efficiency of algae (decrease in chloro-
phyll content, shading effect) and, consequently, the 
inhibition of algal growth. Thus, Wu et  al., (2019) 
investigated effect of microsized PP and PVC parti-
cles on freshwater algae Chlorella pyrenoidosa and 
Microcystis flosaquae. Both plastics considerably 
decreased chlorophyll content in the target organisms 
and accordingly reduced their photosynthetic activity. 
Reduction of photosynthetic activity was reported for 
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exposure of Chlorella pyrenoidosa to PS microparti-
cles as well (Mao et  al., 2018): the thylakoids were 
distorted and the cell membrane was damaged, which 
is attributed to the physical damage and oxidative 
stress. MP-related inhibition of growth was reported 
for microalgae Chlamydomonas reinhardtii (Lagarde 
et  al., 2016), Skeletonema costatum (Zhang et  al., 
2016), and Chlamydomonas reinhardtii (Li et  al., 
2020). However, adverse effects on the algal growth 
appear to decrease with increasing of the particle size 
(Bergami et al., 2017; Besseling et al., 2014).

The aim of this work was to test possible adverse 
effects of the presence of MP in the environment. The 
influence of five different types of microplastics: PE, 
PP, PS, PVC, and PET, on the growth of freshwater 
microalgae Chlorella sp. was tested. The particle size, 
shape, and concentration are factors that, along with 
the type of plastics, should have the greatest impact 
on the MP adverseness (Enyoh et al., 2020; Hui et al., 
2020; Xiong et  al., 2019). Therefore, the testing 
included various concentrations and sizes of MP par-
ticles. Microalgae were selected as target organisms 
due to the fact that they are excellent bioindicators of 
quality of water ecosystems (Cid et  al., 2012); they 
are ubiquitous inhabitants of these ecosystems and 
essential part of food chain. The final selection for 
target organism was Chlorella sp. This organism is 
commonly used in ecotoxicological studies. Chlorella 
sp. has a relatively short growth cycle and performing 
analysis with this organism is simple. Finally, which 
is very important, Chlorella sp. is sensitive to a broad 
group of toxic substances (Wu et al., 2019).

2  Materials and Methods

Five types of plastics were selected: PE, PP, PVC, 
PS, and PET, to examine their hazardous potential. 
Molecular structures of the selected polymers are 
shown in Fig. 1. The test organism in the toxicity tests 
was algae Chlorella sp.

2.1  Preparation of Microplastics

Plastic items from everyday life were used as a 
source of plastics. Thus, plastic bags, spoons, 
knives, bottles, and packaging boxes were used as 
PE, PP, PS, PET, and PVC source, respectively. In 

order to obtain MP particles, the collected plas-
tic items were first cut with scissors into smaller 
pieces and then ground in cryogenic mill cooled 
with liquid nitrogen (Retsch, Germany). The ground 
plastics was air-dried for 48 h at room temperature 
and afterwards sieved on stainless steel sieves to 
obtain MP particles in size ranges 500–1000 and 
1000–2000  µm for preliminary experiment, and 
100–300, 300–500, and 500–700  µm for the main 
experiment. After the sieving, the MP particles 
were stored in glass bottles. ATR-FTIR analysis 
(Spectrum One, PerkinElmer) was done for verifi-
cation of type of the plastics. Characteristic ATR-
FTIR spectra are presented in Fig. 2.

Before the experiments, MP particles were steri-
lized in 100-mL flasks containing 70% ethanol on 
rotary shaker (Heidolph unimax 1010, Heidolph 
incubator 1000, Germany) at 160  rpm for 10  min. 
The particles were separated from the suspension 

Fig. 1  Chemical structures of microplastic substances tested 
in this research: polyethylene (A), polypropylene (B), polyvi-
nylchloride (C), polystyrene (D), and polyethylene terephtha-
late (E)
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by vacuum membrane filtration using sterile cel-
lulose nitrate filters of 0.45  µm (Ahlstrom Relia-
Disc™, Ahlstrom-Munksjö, Finland) and addition-
ally washed with sterile distilled water. Finally, the 
particles were quantitatively transferred to sterile 
flasks by applying sterile technique.

2.2  Microalgae Cultivation

Microalgae Chlorella sp. were obtained from Divi-
sion of Zoology at Faculty of Science, Univer-
sity of Zagreb, Croatia. The strain was activated in 
Bold Modified Basal Freshwater Nutrient Solution, 

Fig. 2  FTIR-ATR spectra of PE (A), PP (B), PVC (C), PS (D), and PET (E)
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Sigma-Aldrich, Germany, at 27 ± 2  °C for 12/12-h 
light/dark cycle. The sedimentation of algae was 
prevented by aeration through a sterile 0.45-µm fil-
ter (Ahlstrom ReliaDisc™, Ahlstrom-Munksjö, Fin-
land). The incubation lasted about 5 to 7  days until 
the growth of the log phase prevailed. Optical density 
(OD) was measured on a spectrophotometer (Hach, 
USA) at λ = 670  nm (OECD, 1984, 2011) while 
the number of living algal cells (shown as colony-
forming unit, CFU) was determined using an optical 
microscope (Olympus BX50, Olympus Optical Co. 
Ltd., Japan) with Thoma counting chamber.

2.3  Algal Growth Inhibition Test

Acute toxicities of five different MP substances: 
PE, PP, PS, PVC, and PET on microalgae Chlorella 
sp. were tested. The toxicity measure was inhibi-
tion of the algal growth conducted according to the 
OECD guidelines (OECD, 1984, 2011). The experi-
ments were conducted in sterile 250-mL Erlenmeyer 
flasks on a rotary shaker for 3 days at 160  rpm and 
25 ± 2  °C; the working volume was 100  mL. The 
flasks contained pre-cultured suspension of Chlo-
rella sp., basal medium, and MP. Control flasks were 
made as well; these flasks contained no MP and were 
used for comparison. Calibration line, which corre-
lated OD and CFU values, was created to enable easy 
determination of CFU units. The CFU values were 
determined daily during the exposure period; the final 
value (after the third day) was used for calculation of 
algal growth inhibition (INH). The inhibition was cal-
culated according to Eq. (1).

All tested suspensions of MP and algae were 
analyzed at the beginning of each toxicity analysis: 
the initial concentration of dissolved oxygen was 
8.72 ± 0.11  mg/L, pH value was 7.55 ± 0.18, initial 
number of living algal cells (CFU) was 7·105 cells/
mL, and OD had value 0.05.

2.4  Modeling

The research contained two sets of experiments: pre-
liminary ones and the main ones. Both sets of experi-
ments were designed according to full factorial 

(1)

INH =
logCFUCONTROL − logCFUSAMPLE

logCFUCONTROL

⋅ 100%

methodology. All experiments were done in triplicate 
and average values were used for the discussion. Fur-
thermore, the midpoints were used to represent the size-
intervals during the modeling. Thus, the preliminary 
experiments included testing of the influence of two 
MP sizes: 750 µm and 1500 µm, combined with four 
MP dosages: 10, 25, 50, and 100  mg/L. Afterwards, 
based on results of the preliminary set of experiments, 
the authors designed a new set of toxicity experiments 
(the main experiment). These analyses included smaller 
MP sizes: 200, 400, and 600  µm, as well as a much 
wider range of concentrations: 10, 250, 500, 750, and 
1000 mg/L. Such design was selected in order to reveal 
better the true adverse nature of MP particles.

Calculations and analyses were performed using 
MATLAB R2010b software (MathWorks®, Natick, 
MA, USA). Response surface modeling (RSM) was 
applied to define the influence of selected parameters: 
the concentration (X1) and the size (X2) of MP particles 
on inhibition of Chlorella sp. growth (Y). Three poly-
nomials of different complexity were tested to describe 
the response surface. The polynomials were described 
by Eqs. (2)–(4).

Letter a used in Eqs. (2)–(4) represents polynomial 
(model) coefficients.

Model I (Eq. (2)) is a first-order polynomial that 
contains only the main effects: i.e., it is a linear com-
bination of the concentration and particle size. Model 
II (Eq. (3)) is model I upgraded by the interaction term 
(X1X2), while model III (Eq. (4)) is a second-order poly-
nomial that contains all terms from model II accompa-
nied with two quadratic terms: X1

2 and X2
2. According 

to Myers et al. (2009), first- or second-order polynomial 
is appropriate selection in most cases containing two 
independent variables.

3  Results and Discussion

The shape of particles affects their distribution 
and bioavailability in the environment (Hui et  al., 

(2)Y = a0 + a1X1 + a2X2

(3)Y = a0 + a1X1 + a2X2 + a12X1X2

(4)
Y = a0 + a1X1 + a2X2 + a12X1X2 + a11X

2
1
+ a22X

2
2
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2020); accordingly, the shape of MP particles may 
affect their interaction with algae (Long et  al., 
2017; Sjollema et al., 2016). According to D’Mello 
(2020), irregular MP shapes are much more fre-
quent in the environment than the regular ones. 
Therefore, we decided to use MP particles of irreg-
ular shape in this research and thus get as close as 
possible to the actual environmental conditions. 
Such particles were obtained by grinding plastics 
in cryogenic mill; the shape of the particles can be 
seen in Fig. 3.

3.1  Preliminary Experiment

The influences of two MP sizes: 750 and 1500 µm, 
and of four different MP concentrations: 10, 25, 
50, and 100 mg/L, on the algal growth were tested 
as preliminary part of this research. Although the 
experiments resulted with low toxicities within the 
selected experimental domain (INH ≤ 3.31% for all 
analysis performed; Fig. 4), a general trend of toxic-
ity increasing was observed for both MP sizes; this 
trend followed the increase of MP concentration. 

Fig. 3  Photos of 300–500-μm MP particles obtained by grind-
ing in cryogenic mill. The photos were taken using camera-
equipped optical microscope (magnification 100 ×). The cases 

relate polyethylene (A), polypropylene (B), polystyrene (C), 
polyvinylchloride (D), and polyethylene terephthalate (E)
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Furthermore, higher inhibition values were obtained 
for experiments involving smaller MP particles. 
Several exceptions can be seen on the figure. These 
exceptions are most likely due to the high data-var-
iability inherent in toxicity measurements (Rand, 
1995); the influence of the variability is particularly 
pronounced at low exposure concentrations (Con-
non et al., 2012).

Results of the preliminary experiment indicated 
that smaller particle sizes as well as higher concen-
trations of MP could be more toxic for Chlorella sp. 
Such behavior coincides with the results of some 
other researches; e.g., Garrido et  al., (2019) found 
that smaller MP particles at very high concentra-
tions affected negatively the algal growth. There-
fore, we decided to test a much wider range of MP 

concentrations and even smaller particle sizes in the 
main experiment; see Secton 2.4.

3.2  Main Experiment

Figure 5 presents the inhibition response-surfaces for 
the applied domain and Table 1 presents the compari-
son of obtained inhibitions for PE, PP, PS, PS, and 
PVC. Data between the experimentally determined 
inhibition values were obtained by interpolation using 
the “cubic” interpolation-option in MATLAB soft-
ware. Furthermore, for each tested MP substance, 
three RSM models (Eqs. (2)–(4)) were developed in 
order to reveal the influence of the tested parameters: 
MP concentration and particle size. This resulted in a 
total of 15 RSM models. The models were analyzed 

Fig. 4  Growth inhibition of Chlorella sp. during the prelimi-
nary experiment. The results are presented for each of the five 
MP substances tested: polyethylene (A), polypropylene (B), 

polystyrene (C), polyvinylchloride (D), and polyethylene tere-
phthalate (E). Filled and hollow circles represent MP sizes of 
750 and 1500 µm, respectively
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statistically and the results are presented in Table 2. 
The analysis was performed with 95% confidence, 
which means that the significance level in all cases 
was 0.05. All 15 models proved to be statistically sig-
nificant (high F values with p-values below 0.05).

3.2.1  Polyethylene

The first MP we are discussing here is PE. Analysis 
of Fig.  5A indicated an increase in inhibition with 

increasing PE concentrations. Thus, the maximum 
inhibition value of 3.85% was found at the highest 
applied concentration (1000  mg/L) for particle size 
of 400  µm (Table  1). Despite the fact that inhibi-
tion value for 200-µm particles at the concentration 
of 1000  mg/L was slightly lower (3.84%), a general 
impression is that in area of high MP concentrations, 
a decrease in particle size has adverse influence on 
Chlorella sp. growth. However, in lower concentra-
tions of PE, a reduction in particle size resulted in 

Fig. 5  Experimentally obtained inhibition values (dark cir-
cles). The presented cases are polyethylene (A), polypropylene 
(B), polystyrene (C), polyvinylchloride (D), and polyethylene 

terephthalate microparticles (E). The surfaces were obtained 
from experimentally obtained inhibitions by interpolation
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unexpected beneficial effect: the stimulation of the 
algal growth. This is especially evident at the low-
est applied PE concentration (10  mg/L). Regarding 
this, it should be noted that experiments performed 
on 200-µm PE suspensions at concentration of 
10 mg/L resulted in very low inhibitions and in some 
cases hormesis was observed. We assume that such 
behavior is related to the simplicity of PE structure. 
Namely, PE has the simplest structure of all five stud-
ied plastics, consisting of –CH2– monomer units only 
(Fig. 1). Such simplicity could allow Chlorella sp. to 
use this substance as a substrate in the low concen-
tration area. It should be noted that El-Sheekh et al., 
(2013) reported on ability of Chlorella vulgaris to 
degrade crude oil used in plastic production as main 
raw material. Furthermore, the ability to use PE as a 
substrate was observed in cases of some other fresh-
water algae such as green algae Scenedesmus dimor-
phus (Kumar et al., 2017) and Raphidocelis subcapi-
tata (Canniff & Hoang, 2018).

The analysis of developed RSM models revealed 
some interesting information. Model I showed that 
the concentration of PE (term X1) was statistically 
influential in the inhibition of Chlorella sp. growth 
(p-value was below the significance limit 0.05; 
Table  2). However, the coefficient of determination 
of the model had a relatively low value (R2 = 0.9011), 
which shows that a large amount of error was incorpo-
rated into the model: specifically, 9.89% of variance 

of the dependent variable could not be explained by 
changes in the independent variables. The applica-
tion of more complex polynomials: model II and 
model III, resulted in much better R2 values (0.9436 
and 0.9439, respectively). However, it is known that 
increasing the number of polynomial terms inevitable 
increases the fitting ability of the polynomial, which 
means that it also results in higher R2 values. Accord-
ingly, the increase of R2 value confirms only that the 
model fits the selected data better; it does not neces-
sarily mean that model describes better the behavior 
of the entire population. Such fake improvements are 
called “model overfitting.” In order to avoid the over-
fitting, R2

adj values are usually compared for models 
containing more than one independent variable. R2

adj 
penalizes the model for having more the one variable 
and increases the value only when a term added to the 
model improves the model fit by a sufficient amount 
(Frost, 2019). Accordingly, model II was selected as 
the best description of the algal growth inhibition; 
model III indicated overfitting of the experimental 
data (R2

adj was lower than in model II case) and was 
excluded from further consideration. Statistical analy-
sis of model II showed that PE concentration was not 
the only factor that significantly influenced the algal 
growth: the significance of the particle size is visible 
from p-value of the interaction term (X1 ∙ X2). Alge-
braic sign in front of the model coefficients revealed 
the general influence of PE concentration and size on 

Table 1  Comparison 
of inhibition achieved 
for polyethylene (PE), 
polypropylene (PP), 
polystyrene (PS), 
polyvinylchloride 
(PVC), and polyethylene 
terephthalate (PET) at 
different particle sizes and 
concentrations

INH/%

Size of MP/µm γMP/mg/L PE PP PS PVC PET
200 10 0.24 0.00 0.91 1.12 1.38

250 1.13 0.41 2.20 1.89 2.24
500 2.52 1.44 3.31 3.14 2.85
750 3.67 2.46 3.94 4.84 4.12
1000 3.84 3.33 4.61 6.79 4.73

400 10 0.55 0.31 0.80 1.00 1.36
250 1.34 0.84 1.94 1.87 1.68
500 1.22 1.29 2.60 2.72 2.48
750 2.92 2.31 3.02 4.16 3.66
1000 3.85 2.74 3.93 5.18 4.59

600 10 0.67 0.10 0.70 1.00 0.96
250 1.11 0.62 1.70 1.75 2.02
500 1.86 1.19 2.35 2.99 2.37
750 2.36 2.20 3.01 3.55 3.80
1000 2.80 2.88 3.30 4.33 3.95
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Table 2  Statistical analysis of RSM models developed for exposure of Chlorella sp. to microplastic particles of: polyethylene (PE), 
polypropylene (PP), polystyrene (PS), polyvinylchloride (PVC), and polyethylene terephthalate (PET)

MP type Applied model Statistical analysis Influential 
model fac-
tors

Influential parameters

Model Coefficients

R2 R2
adj F p Coefficient value p

PE Model I 0.9011 0.8846 54.65 0.000 a0 = 0.94 0.013
a1 = 3.15∙10–3 0.000 X1

a2 = –1.28∙10–3 0.072
Model II 0.9436 0.9282 61.29 0.000 a0 = 0.09 0.821 Size and concentration

a1 = 4.83∙10–3 0.000 X1

a2 = 8.31∙10–4 0.374
a3 = –4.21∙10–6 0.015 X1 ∙ X2

Model III 0.9439 0.9127 30.29 0.000 a0 = 0.24 0.765
a1 = 4.85∙10–3 0.002 X1

a2 = –9.67∙10–5 0.981
a3 = –4.21∙10–6 0.028 X1 ∙ X2

a4 = –1.34∙10–8 0.989
a5 = 1.15∙10–6 0.817

PP Model I 0.9675 0.9622 178.96 0.000 a0 = 0.11 0.533
a1 = 2.98∙10–3 0.000 X1

a2 = –3.22∙10–4 0.356
Model II 0.9747 0.9678 141.33 0.000 a0 = –0.21 0.396

a1 = 3.61∙10–3 0.000 X1

a2 = 4.58∙10–4 0.414
a3 = –1.55∙10–6 0.105

Model III 0.9797 0.9684 86.80 0.000 a0 = –0.22 0.612 Size
a1 = 2.88∙10–3 0.001 X1

a2 = 1.13∙10–3 0.616
a3 = –1.55∙10–6 0.109
a4 = 7.18∙10–7 0.181
a5 = –8.34∙10–7 0.757

PS Model I 0.9509 0.9427 116.21 0.000 a0 = 1.78 0.000
a1 = 3.09∙10–3 0.000 X1

a2 = –1.93∙10–3 0.001 X2

Model II 0.9680 0.9593 111.07 0.000 a0 = 1.25 0.001
a1 = 4.14∙10–3 0.000 X1

a2 = –6.16∙10–4 0.369
a3 = –2.61∙10–6 0.033 X1 ∙ X2

Model III 0.9907 0.9855 191.54 0.000 a0 = 1.54 0.000 Size and concentration
a1 = 5.71∙10–3 0.000 X1

a2 = –3.56∙10–3 0.053
a3 = –2.61∙10–6 0.003 X1 ∙ X2

a4 = –1.56∙10–6 0.002 X1
2

a5 = 3.65∙10–6 0.090
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the inhibition: higher values of PE concentration and 
smaller particle sizes contribute to greater inhibition 
of the algal growth.

3.2.2  Polypropylene

The response surface obtained by for PP (Fig. 5B) is 
flatter than in the case of PE (Fig. 5A) but these two 
surfaces have a lot in common. Very low inhibitions 
were determined for low-concentrated PP suspen-
sions with hormesis observed during some experi-
ments (one of the repeated experiments for 200  µm 

at 10 mg/L). Furthermore, an increase in the inhibi-
tion with increasing PP concentration was evident as 
well and the maximal inhibition value (3.33%) was 
relatively close to the PE one (Table 1). A potential 
reason for such similarity may be due to similarity 
between PE and PP structures (Fig. 1).

Statistical analysis of the developed RSM mod-
els did not reveal overfitting. The higher complex-
ity of the applied models led to a better fitting of the 
experimental data, thus indicating model III as the 
best solution to describe the growth inhibition in PP 
case (Table  2). Nevertheless, it seems interesting to 

Table 2  (continued)

MP type Applied model Statistical analysis Influential 
model fac-
tors

Influential parameters

Model Coefficients

R2 R2
adj F p Coefficient value p

PVC Model I 0.9386 0.9283 91.69 0.000 a0 = 1.66 0.000

a1 = 4.49∙10–3 0.000 X1

a2 = –2.10∙10–3 0.015 X2

Model II 0.9797 0.9742 176.95 0.000 a0 = 0.48 0.167

a1 = 6.83∙10–3 0.000 X1

a2 = 8.69∙10–4 0.274

a3 = –5.82∙10–6 0.000 X1 ∙ X2

Model III 0.9862 0.9786 128.83 0.000 a0 = 1.15 0.066 Size and concentration

a1 = 5.73∙10–3 0.000 X1

a2 = –2.26∙10–3 0.441

a3 = –5.82∙10–6 0.002 X1 ∙ X2

a4 = 1.09∙10–6 0.121

a5 = 3.88∙10–6 0.278
PET Model I 0.9677 0.9623 179.71 0.000 a0 = 1.58 0.000 Size and concentration

a1 = 3.33∙10–3 0.000 X1

a2 = –1.09∙10–3 0.013 X2

Model II 0.9693 0.9609 115.66 0.000 a0 = 1.41 0.000
a1 = 3.66∙10–3 0.000 X1

a2 = –6.81∙10–4 0.332
a3 = –8.24∙10–7 0.468

Model III 0.9713 0.9553 60.83 0.000 a0 = 1.75 0.014
a1 = 3.34∙10–3 0.000 X1

a2 = –2.46∙10–3 0.421
a3 = –8.24∙10–7 0.499
a4 = 3.16∙10–7 0.646
a5 = 2.21∙10–6 0.544
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point out that increments of R2 and R2
adj values were 

very low which means that the basic model (model 
I) left out very little useful information. The analysis 
revealed the concentration as the only influencing fac-
tor in case of Chlorella’s exposure to PP micropar-
ticles. This was somewhat unexpected despite the 
fact that influence of MP size on the inhibition was 
not clearly evident in Fig.  5B. Namely, the rate of 
ingestion of smaller particles is higher, as well as the 
rate of their translocation inside the organism; this 
means that smaller particles are more bioavailable to 
microorganisms (Hui et al., 2020). Therefore, reduc-
ing the particle size should result in higher toxicity. 
It is possible that the selected range of PP sizes was 
insufficient to reveal the true influence on the growth 
inhibition.

3.2.3  Polystyrene

Experimentally determined inhibition values for PS 
(Fig.  5C) were somewhat higher than those in PE 
and PP cases (the maximal obtained PS inhibition 
reached 4.61%, Table 1) which was probably related 
to the benzene ring in the PS structure. The aromatic 
hydrocarbons are generally more reactive than non-
aromatic ones and have a higher toxic potential (Cvet-
nic et al., 2019; Roberts & Caserio, 1977). PS showed 
a noticeable influence of the particle size through the 
entire experimental domain (Fig.  5C): the smaller 
particles caused higher inhibition of the algal growth. 
The statistical analysis confirmed this.

All three RSM models developed for the PS 
proved to be significant (Table  2) and no overfit-
ting was detected. The highest R2 and R2

adj values 
were obtained for model III, which indicated that 
this model was the most appropriate one. Accord-
ing to this model, both parameters: PS concentra-
tion and the particle size, have significant influence 
on the inhibition. Significance of the PS concentra-
tion is reflected in low p-values obtained for terms 
X1 and X1

2, while the particle size affects the inhibi-
tion through interaction with the concentration (X1 ∙ 
X2). The coefficients a1 and a2 had opposite algebraic 
signs. However, their values indicated that higher PS 
concentrations caused higher inhibition of Chlorella 
sp. growth within the selected experimental domain 
(10–1000  mg/L). Furthermore, higher growth inhi-
bition was caused by smaller PS particles. Li et  al., 
(2020) reported such behavior, but for freshwater 

microalgae Chlamydomonas reinhardtii and within a 
much narrower size range of 0.3–0.6 µm.

3.2.4  Polyvinylchloride

So far, species of the Chlorella gender have been 
rarely used as tested organisms in PVC-related tox-
icity studies; we found only an article by Wu et  al., 
(2019) who performed toxicity tests on Chlorella pyr-
enoidosa and reported higher toxicity of PVC com-
pared to PP. Other reports are related to some other 
test organisms. Thus, Zhu et al., (2019) reported that 
the increase in PVC concentration negatively affected 
the growth of marine microalgae Skeletonema cos-
tatum. In addition, they noticed higher toxicity of 
PVC particles compared to PE and PS ones. Zimmer-
mann et al., (2019) determined toxicity toward Vibrio 
fischeri for extracts of five plastic materials: PE, PP, 
PS, PVC, and PET; they found PVC extract was the 
most toxic.

According to experiments conducted in this 
research, the exposure to PVC microparticles resulted 
in the highest Chlorella’s inhibition (INH = 6.79%) 
among all MP substances tested, Table 1. It should be 
mentioned that PVC is an organochlorine compound 
(Fig. 1) and organochlorines are known for their toxic 
characteristics (Gourounti et al., 2008). For example, 
many organochlorine compounds are used as pesti-
cides due to their high toxicity (Jayaraj et  al., 2016) 
and organochlorine compounds are known to be more 
toxic than their non-chlorinated analogs (Juretic et al., 
2014).

An increase in the algal growth inhibition with 
increasing PVC concentrations was observed 
throughout the experimental domain. Such behavior 
was reported by Zhang et al., (2016) as well. Greater 
adsorption of MP particles on the algal cells is likely 
to occur at higher MP concentrations and limitation 
of mass and energy transfer is also possible, result-
ing with higher growth inhibition. Adverse effects 
related to the particle size were evident only at higher 
applied concentrations (Fig.  5D) where higher inhi-
bitions were obtained for smaller particles. A better 
insight into the behavior was provided by performed 
statistical analysis.

Despite the fact that model III showed the best fit 
of the experimental data (Table 2), none of the quad-
ratic terms proved to be significant. However, no evi-
dence of model overfitting was found. The analysis 
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showed that PVC concentration (term X1) had statis-
tically significant influence on the algal growth. But 
the key step in improving the goodness of fit of the 
applied RSM models was introduction of the inter-
action term (X1 ∙ X2). The importance of this term 
was manifested in a large improvement of R2

adj value 
when applying model II and its significance was con-
firmed statistically (p-value < 0.05). This showed that 
PVC size had significant influence on the inhibition 
not only at high PVC concentrations, as observed in 
Fig.  5D, but within the entire experimental domain: 
the inhibition increase followed a decrease in size of 
PVC particles.

3.2.5  Polyethylene Terephthalate

Only a few studies dealing with the toxicity of PET 
to algae have been published so far and, to the best 
of our knowledge, all have used using Spirulina sp. 
as a test organism. Thus, Khoironi et  al., (2019) 
reported that an increase in PET concentration nega-
tively affected the growth rate of Spirulina sp. Capo-
lupo et al., (2020) used microalgae Raphidocelis sub-
capitata and Skeletonema costatum; they tested toxic 
influence of leachates obtained from PS, PP, PVC, 
and PET microplastics and found growth inhibition of 
both algae for all leachates except for the PET one.

According to experimentally determined inhibition 
values obtained on algae Chlorella sp. (dark circles in 
Fig. 5E), PET proved its toxicity. The results obtained 
showed that PET is less toxic than PVC (Table  1), 
but more toxic than the three remaining plastics, 
especially compared to PE and PP whose structures 
do not contain aromatic benzoic ring (Fig.  1). Once 
again, the influence of MP concentration was evident 
within the entire experimental domain: higher PET 
concentrations caused higher inhibitions. The adverse 
effect due to the reduction in particle size appeared 
to be noticeable in Fig. 5E. But, due to the “humpy” 
surface, such a conclusion had to be confirmed by sta-
tistical analysis.

All three RSM models proved to be significant. 
However, the decrease of R2

adj values that followed 
the introduction of model II and model III (Table 2) 
indicated overfitting for these two models. There-
fore, model I was selected as the best one. Statistical 
analysis of the model confirmed significant influence 
of both PET parameters: concentration and particle 
size. The inhibition increased with increasing PET 

concentration (positive sign of coefficient a1) and 
decreasing particle size (negative sign of coefficient 
a2).

4  Conclusions

Acute toxicities of five MP substances: PE, PP, PS, 
PVC, and PET, toward freshwater microalga Chlo-
rella sp. were determined in this study. Two poten-
tially influential parameters were tested: the size of 
MP particles (100–700  µm) and their concentra-
tion in the suspension (10–1000  mg/L). The toxici-
ties of all five MP substances toward Chlorella sp. 
were very low (INH < 6.79%) and, comparing the 
maximal obtained values, they followed the order: 
PVC > PET > PS > PE > PP. The low inhibition val-
ues were probably due to the relatively short expo-
sure time of the selected inhibition test. Nevertheless, 
tested MP substances definitely revealed their toxic 
potential. The adverse influence of increasing the 
concentration was confirmed for all tested substances. 
The influence of the particle size proved to be insig-
nificant within the selected experimental domain 
in case of PP. In all four remaining cases, analysis 
revealed that smaller particles caused higher growth 
inhibition. Hormesis was observed in several PE and 
PP experiments performed at the lowest concentra-
tion and particle size suggesting the possibility that, 
at concentrations and sizes below the experimental 
domain, Chlorella sp. could use these plastic sub-
stances as substrate.
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