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A B S T R A C T   

Microplastic pollution and its ecological impact on the aquatic environment are a current focus of research in the 
scientific community. These microplastics may adsorb contaminants discharged into the aquatic environment, 
thereby serving as a sink and source for the dissemination of these associated chemical contaminants. However, 
knowledge about the potential risks of microplastics and associated chemical contaminants on aquatic biota, 
especially on primary freshwater producers, remains to be explored. In this study, the impact of a polyethylene 
microplastic type (MP) associated with amoxicillin, ibuprofen, sertraline and simazine (OCs) on the cell growth 
and photosynthetic activity of the green algae Scenedesmus armatus and the cyanobacteria Microcystis aeruginosa 
was evaluated after 28 days of exposure. The results show that all the organic contaminants and their respective 
MP-OC complexes induced stress on cell growth after 28 days of exposure, except when the cyanobacterial strain 
was exposed to amoxicillin and ibuprofen. Similarly, photosynthetic activity was affected by exposure to MP-OC 
complexes, with the most evident effect on cellular respiration in the cyanobacterial strain and on net photo-
synthesis in the green algae strain. Additionally, the ability of the M. aeruginosa strain to synthesize microcystin 
was significantly reduced. These results show that the formation of MP-OC complexes could reduce their adverse 
effects, although there is wide variability depending on both the type of organic contaminant and the photo-
synthetic organisms involved, so further studies are needed to better understand the interactions between these 
aquatic contaminants.   

1. Introduction 

The accumulation of plastic residues in aquatic ecosystems is one of 
the current main anthropocentric pressures on the environment. Their 
durability coupled with inadequate management leads to excessive 
accumulation in natural habitats (Barnes et al., 2009). Under environ-
mental conditions, plastics degrade into smaller particles with a diam-
eter of less than 5 mm and are referred to as microplastics (MPs). 
However, in addition to these naturally degradation products, there are 
also MPs that are intentionally incorporated as ingredients in many 
manufactured products for human use (resin pellets, peels, shower gels, 

etc.), and their final destination is often also the environment (Wright 
et al., 2013). 

The size of these plastic particles is important because their bio-
accumulation potential increases with decreasing size, with consequent 
risk throughout the aquatic food web. Additionally, plastics are capable 
of adsorbing organic pollutants from the surrounding environment 
(Dekiff et al., 2014; Martín et al., 2021; Fajardo et al., 2022), as well as 
containing chemical additives (Beiras et al., 2021), making them a 
source chemical exposure to wildlife. 

Although the main social and scientific concern focuses almost 
exclusively on marine plastic debris, microplastics are also present in 
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freshwater ecosystems, where they can also adsorb microcontaminants 
and pose a risk to freshwater species. For this reason, concerns about the 
impact of MPs on freshwater ecosystems are legitimate and require more 
scientific attention. The polymers most frequently detected in fresh-
water samples include polyethylene followed by polystyrene, with 
microplastic particles at concentrations of ten orders of magnitude 
(Koelmans et al., 2019). 

The chemical composition of MPs, together with their large surface- 
to-volume ratio, facilitates the accumulation of water pollutants (Ashton 
et al., 2010; Koelmans et al., 2013). Among these water pollutants, 
pharmaceuticals and agrochemicals have emerged as a new class of 
environmental contaminants, which can have both acute and chronic 
harmful effects on natural aquatic biota. However, there is little infor-
mation on the relationship between plastic residues and pollutants, such 
as pharmaceuticals, phytosanitary compounds, and endocrine 
compounds. 

Some authors have focused on the interaction of MPs with chemicals 
in adsorption-desorption processes (Llorca et al., 2020; Fan et al., 2021), 
and although this interaction has demonstrated to be very complex, 
experiments have shown that MPs can act as vectors for the transfer of 
pollutants from water to biota (Hartmann et al., 2017; Atugoda et al., 
2021). The hydrophobic properties and high surface area-to-volume 
ratio of microplastics facilitate the accumulation of organic contami-
nants (Mato et al., 2001; Teuten et al., 2009; Bakir et al., 2012; Li et al., 
2018), providing a large solid surface, especially within aqueous envi-
ronments, and the amounts of organic contaminants accumulated on the 
plastic surface can be several orders of magnitude higher than those in 
the surrounding waters. 

Currently, most studies have focused on the impact of MPs on aquatic 
food chain consumers, so information on primary producers to date is 
quite limited. However, there are already some indications that MPs can 
damage phytoplankton depending on the concentration, size, and type 
of polymer to which they are exposed (Wagner and Lambert, 2017; 
Sánchez-Fortún et al., 2021). The key role played by phytoplankton in 
freshwater ecosystems justifies the relevance of further studies on these 
organisms regarding their variation in responses when the culture is 
exposed to different pollutants present in the aquatic environment 
(Almeida et al., 2019), including microplastics. 

The aim of this study was to evaluate the potential risk of a poly-
ethylene microplastic type associated with amoxicillin, ibuprofen, ser-
traline and simazine, organic contaminants in urban and industrial 
discharges into freshwater ecosystems, on the cell growth and photo-
synthetic activity of the green algae Scenedesmus armatus and the cya-
nobacteria Microcystis aeruginosa after 28 days of exposure. The results 
obtained could clarify the environmental relevance of these MP-OCs 
complexes on the structure of these freshwater phytoplanktonic 
communities. 

2. Material and methods 

2.1. Microplastic characterization 

The plastic material used in these experiments was purchased from 
Cospheric LLC (Santa Barbara, CA, USA). It is composed of mono-
disperse, microspherical polyethylene particles with a size of 250–300 
µm and a density of 1.35 g mL-1 and contains titanium dioxide (TiO2). 
Due to the hydrophobic character of polyethylene microspheres, they 
were coated with Tween 80 (Sigma, Aldrich Chemie, Taufkirchen, 
Germany) prior to suspension in BG-11 culture medium. 

2.2. Organic compound-spiked microplastic complexes 

Four aquatic organic contaminants (OCs) were used in this study: 
amoxicillin (antibiotic), ibuprofen (nonsteroidal anti-inflammatory 
drug), sertraline (antidepressant) and simazine (herbicide). All were 
supplied by Sigma–Aldrich (Sigma Aldrich Chemie, Taufkirchen, 

Germany). 
In this experiment, virgin polyethylene particles were exposed to the 

selected OCs according to batch adsorption experiments previously re-
ported (Martín et al., 2021). Specifically, 0.4 mg mL-1 polyethylene 
particles were artificially spiked into glass tubes along with the corre-
sponding contaminant at a concentration of 15 µM (MP-OCs). The tubes 
were capped and equilibrated in the dark for 72 h at 25 ◦C with 
continuous horizontal, rotary agitation (120 rpm). 

2.3. Freshwater phytoplankton strains and culture conditions 

The green microalgae Scenedesmus armatus (BEA 1402B) and the 
cyanobacteria Microcystis aeruginosa (BEA 1835B) from the Spanish 
Bank of Algae (BEA, Gran Canaria, Spain) were selected as model 
phytoplanktonic organisms to explore the toxic effects. 

Cells of both phytoplankton species were grown axenically under 
laboratory conditions in culture flasks (Thermo Fisher Scientific Inc., 
MA, USA) with 20 mL of BG-11 culture medium (Sigma Aldrich Chemie, 
Taufkirchen, Germany). Under these conditions, cells were maintained 
at 21 ◦C with continuous light exposure (60 μmol m-2 s-1 over the 
400–700 nm waveband) in mid-log exponential growth by serial trans-
fers of one-cell inoculums to fresh medium once a fortnight. 

To unify the experimentation criteria, all tests were performed while 
both strains were in the exponential growth phase. Cellular quantifica-
tion was indirectly estimated from the fluorescence emitted by the 
photosynthetic pigments of each of the strains using a Tecan Genios 
plate reader (Tecan Group Ltd., Switzerland), with excitation-emission 
filters of 485–670 and 590–670 nm for the green algae S. armatus and 
the cyanobacteria M. aeruginosa, respectively. This estimate was ob-
tained by measuring the in vivo fluorescence for a phytoplankton dilu-
tion series after cell counting on a Neubauer chamber. The relationship 
between fluorescence and cell density was obtained by linear regression 
analysis using the computer software package GraphPad v.6. R-squared 
(r2) values of 0.85 and 0.98 (n = 4) were obtained for S. armatus and 
M. aeruginosa, respectively. 

2.4. Stress on freshwater phytoplanktonic cell growth 

To determine the stress on cell growth induced by the assessed 
complexes, S. armatus and M. aeruginosa strains were tested in 25 mL 
culture flasks filled with 20 mL of BG-11 medium, with initial cell 
densities adjusted to 104 cells mL-1. The cultures were shaken by hand 
twice daily, once in the morning and once in the evening, for 28 days of 
exposure. Both strains were exposed to 125 µg mL-1 of each OC alone or 
in combination with microplastic (MP-OCs) added to the culture me-
dium for 28 days. This concentration range is compatible with the re-
sults compiled in the bibliographic review published by Bellasi et al. 
(2020), although one of the main problems affecting this research area is 
that authors use different units to express MP densities and that each set 
of measurements represents a “snapshot”. 

To eliminate a possible shading effect, the selected MP concentration 
was included in 25 mL BG-11 medium, and light absorption (OD627 and 
OD720) was determined in triplicate in a 1 cm path-length cuvette by 
measuring light absorption relative to a BG-11 medio blank. The results 
showed that the ODs obtained at the two selected wavelengths did not 
exceed 0.009, and therefore, shadowing effects in the experiments are 
not expected. 

At 3, 7, 14, 21 and 28 days of exposure, the maximum cell growth 
rate was estimated with the Malthusian parameter (m), which was 
calculated as:  

m = loge (Nt / N0) / t                                                                             

where Nt and N0 are cell concentrations at time t and t = 0 (both esti-
mated by fluorescence). The m-values are expressed as doublings d-1. 
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2.5. Photosynthetic activity assessment 

Photosynthetic activity was assessed from the production/con-
sumption O2 balance under light-dark conditions. The light-dark O2 
balance was analysed using a Clark-type O2 electrode. Dissolved O2 was 
measured in a 1 mL reaction chamber with a Chlorolab 2 system 
(Hansatech, Norfolk, UK). This system enables the study of respiration 
and photosynthesis processes in liquid samples under automated illu-
mination from red (660 nm) LED light and in darkness. In these 
photosynthetic activity assays, measurements were taken at 21 ◦C and 
375 μmol m− 2 s− 1 irradiance. The light-dark oxygen balance, or gross 
photosynthesis rate (Pg), was estimated from the formula:  

Pg = Pn + R                                                                                         

where Pg corresponds to the oxygen production rate under illuminated 
conditions, R (respiration) corresponds to the process by which phyto-
plankton consume oxygen and release carbon dioxide in darkness, and 
Pn (net photosynthesis rate) is defined as the difference between Pg and 
R. 

Under these conditions and after 28 days of exposure, a volume that 
contained the same cellular concentration (5 ×105 cells) was obtained 
from each exposure test and diluted in a final volume of 1 mL. Control 
and exposed samples were included in the reaction chamber, and the 
light-dark oxygen balance was estimated. Records of each sample were 
obtained after exposure to 5 min of darkness followed by 5 min of 
illumination. Four replicates of each experiment were performed (n =
4). 

2.6. Analysis of microcystis (MCs) 

After 28 days of exposure of cells to the tested complexes at 125 µg 
mL-1, 10 mL of each sample of M. aeruginosa was centrifuged at 10000 g 

and 4 ◦C for 5 min. The supernatant was used to analyse the extracellular 
MCs. The residues were resuspended in the original volume (10 mL) of 
ultrapure water, frozen at − 80 ◦C and quickly thawed at room tem-
perature thrice. The resulting solutions were centrifuged at 10000 g and 
4 ◦C for 5 min, and the supernatants were filtered through 0.22 µm 
acetate cellulose membranes for analysis of intracellular MCs. 

Extracellular and intracellular MC concentrations were detected 
using a commercial microcystin detection kit based on phosphatase 
activity inhibition by MCs (MicroCistest, ZEU-IMMUNOTEC S.L., Zar-
agoza, Spain). Samples containing MCs inhibit the enzyme activity 
proportionally to the amount of toxin contained in the sample that can 
be detected at 405 nm. 

2.7. Data analysis 

Statistical analysis was performed using the computer software 
package GraphPad Prism v6.0 (Graph-Pad Software Inc., USA). Data are 
expressed as the mean±sd of four experiments (n = 4). Student’s t test 
and one-way analysis of variance (ANOVA) were used to check if there 
were significant differences (p < 0.05) among treatments, and a post hoc 
analysis (Tukey test) was used to check differences among groups. 

3. Results 

3.1. Cell growth rate 

The results corresponding to the specific growth rates (m) of 
S. armatus and M. aerugionosa strains exposed to selected OCs, both 
alone and forming complexes with the polyethylene microspheres and 
after 28 days of exposure, are plotted in Fig. 1. 

The OC exposures on both phytoplankton strains to selected con-
centrations showed a decrease in the time-dependent cell growth ratio 

Fig. 1. Cell growth rate exhibited by the green algae S. armatus and the cyanobacterium M. aeruginosa exposed to white polyethylene microspheres associated with 
amoxicillin (a), ibuprofen (b), sertraline (c) and simazine (d) during a 28-day exposure period. Points represent the mean±sd of the m value (n = 4) obtained in both 
the control (⃝ ) and microplastic (W,▴) or organic compound (OC, •) single assays and MP-OC (◆) complexes. 
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such that after 28 days, the m value was negligible. Differences appeared 
in the exposures to amoxicillin and ibuprofen on the M. aeruginosa 
strain, whose m values at 28 days of exposure were 2.05 ± 0.21 and 
1.55 ± 0.27, respectively. 

In all cases, the cell growth rate exhibited by S. armatus populations 
shows a time-dependent decrease with respect to the control curves, 
with cell growth being completely inhibited (m=0) at 14 days for 
amoxicillin and simazine exposures or at 21 days for ibuprofen and 
sertraline exposures. 

The cell growth rate exhibited by M. aeruginosa populations exposed 
to the selected OCs showed a time-dependent decrease only in the ser-
traline and simazine assays, being completely inhibited (m=0) at 21 and 
14 days, respectively. The effect of ibuprofen on the cell growth ratio 
induced an initial reduction, obtaining its maximum value at 14 days of 
exposure (m=0.62), which represents an inhibition of 35% with respect 
to the control value, to subsequently increase until reaching an m value 
similar to control assays at 28 days of exposure. There were no signifi-
cant differences in the cell growth of this cyanobacterial population 
exposed to amoxicillin with respect to control values. 

Comparison between the growth curves of the selected OCs and their 
corresponding MP-OC complexes showed that the growth response 
exhibited by the green algae S. armatus was variable depending on the 
OC analysed, and thus, while there were no significant differences in 
growth rate curves for ibuprofen and sertraline, the analyses on amox-
icillin and simazine showed statistically significant differences on the 
order of < 0.0001 and 0.0005, respectively. However, the growth re-
sponses exhibited by the cyanobacteria M. aeruginosa showed no sig-
nificant differences for amoxicillin and ibuprofen and mildly significant 
differences in the order of p = 0.048 and p = 0.012 for sertraline and 
simazine, respectively (Table 1). 

3.2. Photosynthetic activity 

Photosynthetic activity analysis exhibited by both phytoplanktonic 
strains exposed to the selected OCs forming complexes with the poly-
ethylene material (MP) are plotted in Fig. 2. 

The results referring to the gross photosynthesis (Pg) parameter 
showed a significant inhibition for all selected MP-OCs, both on the 
green algae S. armatus and on the cyanobacteria M. aeruginosa. Inhibi-
tion percentages about 38.8 ± 0.66%, 43.28 ± 1.11%, 55.69 ± 2.73% 
and 52.2 ± 3.85% were obtained in S. armatus for amoxicillin, 
ibuprofen, sertraline and simazine, respectively. One-way ANOVA 
showed that the inhibitory potential of the selected OCs on Pg capacity 
of S. armatus is conformed as amoxicilline = ibuprofen < simazine 
= sertraline and thus, except for sertraline-related assays, Pg inhibition 
observed in the assays on M. aeruginosa was very significantly lower than 
that obtained on S. armatus. Inhibition percentages of 15.49 ± 2.34%, 
20.70 ± 1.78%, 49.57 ± 1.85% and 29.66 ± 1.34% were obtained for 
amoxicillin, ibuprofen, sertraline and simazine, respectively. One-way 
ANOVA showed that the inhibitory potential of the selected OCs on 
the Pg capacity of M. aeruginosa was in the order of amoxicillin 
< ibuprofen < simazine < sertraline. 

Analysis of the results obtained from the breakdown of the 

parameters that configure Pg showed very different effects for both 
phytoplankton strains (Fig. 2). The Scenedesmus armatus strain exposed 
to sertraline and simazine MP complexes did not show significant dif-
ferences between the percentages of inhibition induced on Pn and R, 
while amoxicillin and ibuprofen MP complexes induced lower signifi-
cant differences (0.05 <P > 0.01). In M. aeruginosa assays, the proba-
bility of observing significant differences between Pn and R was also 
small (0.05 <P > 0.01) for all selected MP complexes. 

Comparative analysis between both phytoplanktonic strains on the 
effect induced by the selected MP-OC complexes on Pg indicates that the 
cyanobacteria M. aeruginosa are less sensitive than the green algae 
S. armatus. This lower sensitivity also occurs when Pn is analysed. 
However, the comparative analysis on R shows differences according to 
the MP-OC complex involved, and thus, while these are statistically very 
significant for amoxicillin and ibuprofen, they are not significant when 
the complexes are constituted by sertraline or simazine (Table 2). 

3.3. MC synthesis and release from M. aeruginosa 

Measurement of MC concentration in the culture media showed that, 
after 28 days of exposure, all MP-OC complexes studied were able to 
significantly reduce the concentration of MC released with respect to 
control values for the same cellular concentrations (Fig. 3). While con-
trol M. aeruginosa cultures released microcystin to 2.89 ± 0.03 µgL-1 to 
the culture medium, concentrations of 2.54 ± 0.02, 2.47 ± 0.01, 2.79 
± 0.01 and 2.67 ± 0.01 µgL-1 were released when cyanobacteria were 
exposed to MP-OC complexes formed with amoxicillin, ibuprofen, ser-
traline and simazine, respectively. 

In a similar order of magnitude to that of MC release for each of the 
OCs, the intracellular concentration of MC decreased significantly in all 
cases with respect to the value of 11.50 ± 0.11 fg cell-1 obtained in the 
control assays. 

4. DISCUSSION 

4.1. Toxicity Analysis Based on Cell Growth 

In this study, the green algae S. armatus and the toxic M. aeruginosa 
strain had different sensitivities to MP-OCs when the growth or photo-
synthesis were evaluated. Previous studies conducted in our laboratory 
showed a scarce toxic impact induced by white polyethylene micro-
spheres on the photosynthetic activity and growth rate of both 
S. armatus and M. aeruginosa strains, with green algae being more sen-
sitive than cyanobacteria (Sánchez-Fortún et al., 2021). In addition, our 
previous studies have demonstrated the capacity of this type of poly-
ethylene microplastic to act as a carrier of contaminants and affect biota 
(Fajardo et al., 2022). As a consequence of both works, additional 
research on the bioavailability of these contaminants adsorbed by 
microplastics and their effects on freshwater ecosystems has been 
performed. 

It is widely recognized that one potential hazard of MP pollution 
stems from the fact that these plastic particles contain or efficiently 
adsorb organic chemicals. The ability of MPs to act as a source of organic 
contaminants to aquatic organisms has been recognized for a long time, 
as it is the essence of the passive dosing approaches used in ecotoxi-
cology (Claessens et al., 2015). In this context, some recent papers argue 
that MPs are an important exposure route because the affinity of organic 
contaminants for them is high. 

The results obtained in the present study showed that both green 
algae and cyanobacteria exhibit different degrees of impairment when 
exposed to the MP-OC complexes. White microspheres spiked with 
amoxicillin or simazine induced lower significant effects on the cell 
growth rate of the S. armatus strain than those produced when exposed 
to the organic contaminant alone; however, this effect was similar when 
the MP-OC complexes were formed by ibuprofen or sertraline. 

It is widely known that in the external environment of aquatic 

Table 1 
Statistically significant two-way interactions between the effects of OC and MP- 
OC exposures on cell growth after 28 days of exposure (n = 4).   

Scenedesmus armatus Microcystis aeruginosa 

OCs % total variation P value % total variation P value 

Amoxilillin  2.85 < 0.0001(****)  4.33 0.5564(ns) 

Ibuprofen  1.57 0.629(ns)  2.62 0.583(ns) 

Sertraline  1.51 0.847(ns)  3.13 0.048(*) 

Simazine  16.04 0.0005(***)  1.98 0.012(*) 

(*), (***) and (****): significant differences at p < 0.05, p < 0.001 and 
p < 0.0001, respectively, between both exposures. (ns): not significant 
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organisms, organic contaminants can be transferred from microplastics 
to biota through the aqueous phase or by direct contact exposure to MP- 
OC complexes (Mayer et al., 2011). Either way, the uptake of organic 
contaminants would require their prior desorption from the micro-
plastic, a phenomenon largely governed by diffusion and partitioning 
processes. Considering that these described desorption and transfer 
processes are valid, it must be considered that desorption processes can 
significantly vary between the MP and the different organic contami-
nants considered (Koelmans et al., 2016), a fact that could explain the 
differences observed in S. armatus exposures to selected OCs. 

These OC-dependent differences were also evident in exposure as-
says on the M. aeruginaosa strain. The absence of a significant effect on 
the M. aeruginosa cell growth rate after exposure to the MP-amoxicillin 
complex and its subsequent recovery agrees with the results obtained 
by Liu et al. (2015), which showed that amoxicillin could stimulate algal 
growth at environmentally relevant concentrations. This effect could be 
regarded as a hormesis effect of toxicants associated with amoxicillin 
degradation products, which may promote algal growth. 

Ibuprofen is a nonsteroidal anti-inflammatory drug that has been 
shown to significantly affect cyanobacterial cell growth in the first days 

Fig. 2. Oxygen evolution measured using a Clark-type electrode for 1 mL samples from S. armatus and M. aeruginosa cultures after 28 days of exposure to white 
polyethylene microspheres associated with amoxicillin (a), ibuprofen (b), sertraline (c) and simazine (d). Bars represent the mean±sd (n = 4) of the inhibition effect 
obtained in gross photosynthesis (gray), net photosynthesis (white) and respiration (black) rate. (*) and (**): significant differences at p < 0.05 and p < 0.001, 
respectively, between net photosynthesis (Pn) and respiration (R) values. 

Table 2 
A two-sample t test was performed to compare the photosynthetic activity (Pg, 
Pn and R) exhibited by S. armatus and M. OC aeruginosa strains exposed to MP- 
OCs after 28 days of exposure.   

Amoxicillin Ibuprofen Sertraline Simazine  
Gross Photosynthesis (Pg) 

t 19.14 21.51 3.71 11.07 
df 6 6 6 6 
P value < 0.0001(****) < 0.0001(****) < 0.0001(****) 0.0099(**)  

Net Photosynthesis (Pn) 
t 34.22 24.71 8.14 8.19 
df 6 6 6 6 
P value < 0.0001(****) < 0.0001(****) 0.0002(***) 0.0002(***)  

Respiration (R) 
t 16.61 1.07 11.91 2.11 
df 6 6 6 6 
P value < 0.0001(****) 0.3240(ns) 0.0796(ns) < 0.0001(****) 

(**), (***) and (****): significant differences at p < 0.01, p < 0.001 and p < 0.0001, 
respectively, between both strains. (ns): not significant. 

Fig. 3. Effects of polyethylene particles spiked with amoxicillin (a), ibuprofen (b), sertraline (c) and simazine (d) on the release (1) and synthesis (2) of microcystin. 
Bars represent the mean±sd of 4 experiments (n = 4). (**) and (****): significant differences at p < 0.005 and p < 0.0001, respectively, compared to the con-
trol group. 
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of exposure (Sanyal et al., 1993; Chowdhury et al., 1996) and may 
subsequently induce a stimulatory effect on cell growth (Pomati et al., 
2004). These data agree with those obtained in our assays and would 
explain the initial inhibition of cell growth and the consequent increase 
after 7 days of exposure. Ibuprofen is an unstable chemical degraded in 
aquatic environments with a t50 < 1 day (Richardson and Bowron, 
1985). Our evidence therefore suggests that ibuprofen metabolites are 
nontoxic to the M. aeruginosa strain, and they may also have 
growth-stimulating properties. 

The cell growth inhibitory effect exhibited by the M. aeruginosa strain 
exposed to sertraline and simazine agrees with previous results obtained 
by others. Chalifour et al. (2016) observed that M. aeruginosa cell growth 
was reduced for 22 days following simazine exposure and did not 
recover until day 30 postexposure. Yang et al. (2019) reported cell 
growth inhibition percentages above 70% at day 7 of sertraline exposure 
on both Chlorella vulgaris and M. aeruginosa strains. The moderate sta-
tistical variations obtained between the tests with OCs alone and 
MP-OCs indicate that the complexes formed did not significantly reduce 
the adverse effects on cell growth. 

4.2. Toxicity analysis based on photosynthetic activity 

All selected MP-OCs significantly inhibited photosynthetic activity in 
both green algae and cyanobacteria. In all cases, the oxygen evolution 
rate of Pg decreased with respect to the control, and consequently Pn 
and R rates also decreased. These results agreed with the literature. 

Guo et al. (2016) observed that antibiotics significantly inhibited the 
oxygen evolution rate of gross photosynthesis in chlorophytes and 
cyanobacteria. Macrolide antibiotics could inhibit the growth of 
eukaryotic species by interfering with the protein and enzyme synthesis 
involved in the photosynthesis process (Liu et al., 2011), and the low 
inhibition of M. aeruginosa photosynthetic activity exposed to amoxi-
cillin suggests its involvement in the abovementioned hormesis effect. 
This low involvement could be related to the responses of two 
photosynthesis-related genes, psbA and rbcL, and previous studies have 
verified the positive correlation between psbA and rbcL via electron 
transport in cyanobacteria under various environmental stresses (Qian 
et al., 2012). 

Similar results have been obtained by other authors for the other 
selected OCs. Wang et al. (2020) suggested that nonsteroidal 
anti-inflammatory drugs affected chloroplast and mitochondrial func-
tioning, consequently reducing O2 consumption. Furthermore, the 
functioning of the photosynthetic electron transport chain from PSI 
(photosystem I) to PSII, carbon assimilation, and photorespiration were 
affected. Yang et al. (2019) reported that sertraline reduces photosyn-
thetic efficiency, and Petsas and Vagi (2017) highlighted the effect on 
photosynthetic activity after exposure to simazine. 

4.3. Analysis of microcystis (MC) 

Our findings showed that 28 days of exposure to the selected MP-OCs 
decreased MC release from M. aeruginosa at the selected concentration of 
15 µM. This effect, in conjunction with the decrease in intracellular MC 
obtained, suggests that the selected MP-OC complexes can decrease the 
MC generated by the M. aeruginosa strain. 

To our knowledge, there have been no studies on this topic for MP- 
OCs, and the existing studies on the effect induced by individual OC 
exposures are very heterogeneous. Additionally, previous studies 
developed in our laboratory showed that this strain exposed to the same 
type of polyethylene spheres individually exhibited an equal decrease in 
both intracellular and extracellular MCs (Sánchez-Fortún et al., 2021). 
Ceballos-Laita et al. (2015) reported that ibuprofen does not have a 
significant effect on Mc production; however, Liu et al. (2016) observed 
a stimulation in the production and release of Mc after 30 days of 
exposure to amoxicillin. In view of the differences in the results cited in 
the literature, further research on the interactions between MP-OC 

complexes and biota is needed to better understand the responses of 
aquatic organisms. 

5. Conclusions 

The present study investigated the effect of four MP-OC complexes at 
a concentration of 15 µM on the maximum exponential growth rate and 
photosynthetic activity of the freshwater phytoplankton S. armatus and 
M. aeruginosa. Although all OC and MP-OC complexes induced time- 
dependent stress on S. armatus cell growth after 28 days of exposure, a 
significant decrease in the inhibitory effect with respect to individual OC 
exposure was observed when organisms were exposed to MP-amoxicillin 
and MP-simazine complexes. In exposures of the M. aeruginosa strain, 
similar effects were observed with sertraline and simazine, both indi-
vidually and forming MP-OC complexes, but no stressor effect was 
observed when amoxicillin and ibuprofen were involved, achieving a 
similar cell growth ratio with respect to the control after 28 days of 
exposure. 

In both phytoplanktonic strains, exposure to the selected MP-OC 
complexes decreased the photosynthetic activity. After 28 days of 
exposure, the M. aeruginosa strain exhibited a cellular respiration 
parameter that was significantly more affected than net photosynthesis, 
while the effect was the opposite in S. armatus, except for amoxicillin 
exposure. 

In all exposures to MP-OC complexes, decreased release of micro-
cystin from M. aeruginosa into the culture medium, together with its 
intracellular decrease, demonstrates that MP-OC exposure significantly 
reduces the ability of the M. aeruginosa strain to synthesize microcystin. 

In summary, our findings show that although the formation of MP- 
OCs between polyethylene microplastics and organic compounds 
generally reduced their adverse effects, the desorption effect together 
with the wide variability depended on both the type of organic com-
pound and phytoplankton strain involved. 

Consequently, further studies are needed to better understand the 
interactions between microplastics, organic compounds and freshwater 
biota. 
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