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Highlights  
 Interaction of carboxylated polystyrene nanoparticles with copper and algae 
 No adsorption of copper ions observed on PS-COOH NPs 
 Alteration of PS-COOH NPs surface charge and hydrodynamic diameter support eco-

corona formation 
 Ability of PS-COOH NPs to interact with algal exudates and algal cell walls 
 PS-COOH food chain transfer plausible due to NPs adhesion to algal cell 
 Additional endpoints and longer exposure scenarios recommended for nanoplastics risk 

assessment 

 

 

Abstract 

Nanoplastics are recognized as able to interact with other pollutants including heavy metals, and with natural 

organic matter, with implications for the potential risks to biota. We investigated the interaction of carboxylated 

polystyrene nanoparticles (PS–COOH NPs) with copper (Cu) and algal exudates (EPS) and how such interaction 

could affect Cu toxicity towards the freshwater microalga Raphidocelis subcapitata. PS–COOH NPs behavior in 

the presence of Cu and EPS was determined by dynamic light scattering (DLS), while PS–COOH NPs surface 

interaction with Cu ions and EPS was investigated by fluorimetric analysis. ICP-MS was used to test Cu ion 
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adsorption to PS–COOH NPs in the presence and absence of algae. The interaction between PS–COOH NPs and 

the algal cell wall was assessed by fluorescence microscopy. Short- and long-term toxicity tests were carried out 

in parallel to assess the impact of PS–COOH NPs on algal growth. Results showed altered nanoparticle surface 

charge and hydrodynamic diameter following algal EPS exposure, supporting the hypothesis of a protein corona 

formation. In contrast, no absorption of Cu ions was observed on PS–COOH NPs, either in the presence or absence 

of algae. No differences on algal growth inhibition were observed between exposure to Cu only, and to Cu in 

combination with PS–COOH NPs, in short-term as well as long-term tests. However, after 72 h of exposure, the 

adsorption of PS-COOH NPs to algal cell walls appeared to correspond to morphological alterations, revealing 

potential disturbances in the mitotic cycle. Our findings confirm the ability of PS–COOH NPs to interact with EPS 

as shown for other nanomaterials. Environmentally realistic exposure scenarios are thus needed for evaluating 

nanoplastic toxicity, as nanoparticles will not maintain their pristine nature once released into natural media. 

Prolonged exposure and use of different end-points such as cell morphological changes and EPS production seem 

more reliable for the investigation of nanoplastic/algal cell interactions which can drive food chain transfer of 

nanoplastics and ultimately toxicity. 

 

Keywords: Polystyrene, Nanoplastic, Freshwater microalgae, Exopolymeric substances, Copper, Adsorption 

 

 

 

1. Introduction 

Nanoplastics are used in a variety of consumer products such as waterproof coatings, paints, lens cleaners, 

nanomedicine (e.g. drug delivery), biomedical products and medical diagnostics (Banerjee et al. 2016, Vance et 

al. 2015). They are also unintentionally produced in some processes, such as the thermal cutting of polystyrene 

(PS) foam (Zhang et al. 2012) and 3D printing (Stephens et al. 2013). Larger plastic objects undergo fragmentation 

into smaller particles, such as micro- (< 5 mm) and nanoplastics (< 100 nm), due to weathering (Wright &Kelly 

2017, Wright et al. 2013). Laboratory studies have revealed the formation of nano-sized fragments from the 

weathering of various polymers such as PS, polylactic acid (PLA), polyethylene (PE), polypropylene (PP) and 

polyethylene terephthalate (PET) (Lambert & Wagner Gigault et al. 2016, 2016a, b). Recently, biological 

fragmentation by Antarctic krill has been reported (Dawson et al. 2018), whereby ingested microplastics (PE) was 

triturated and subsequently formed submicron fragments (150-500 nm). The occurrence of nanoplastics in natural 

waters was proven for the first time by Ter Halle et al. (2017) with the detection of submicron plastic fragments 

(100 – 1000 nm) within the water column of the North Atlantic subtropical gyre.  

Given the continuous release of plastics to the environment, its persistence (Jambeck et al. 2015, Lebreton et al. 

2017), and recent findings regarding formation of nanoplastics from micro- and macro-plastics (Dawson et al. 

2018, Gigault et al. 2016, Lambert &Wagner 2016a, b), the concentrations of nanoplastics in the environment are 
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expected to increase. 

Rivers are considered the primary route of plastic waste  from land-based sources into the oceans (Williams & 

Simmons 1997). Based on a recent model study (Besseling et al. 2017) rivers also retain a portion of the released 

plastic fragments, leading to exposure of freshwater organisms.  

PS is among the most commonly used plastics for packaging and disposable utensils (PlasticsEurope 2015); it is 

also frequently encountered as waste in aquatic environments (Wan et al. 2018). PS serves as a good proxy for 

environmental nano- and microplastics as its density is equal to that of the average microplastic present in the 

environment (Redondo-Hasselerharm et al. 2018). 

PS NPs at relatively high concentrations (0.1-1 g/L) have been shown to cause severe damage to freshwater 

microalgae in terms of growth inhibition, decreased chlorophyll levels (Besseling et al. 2014), reduced 

photosynthetic activity and enhanced reactive oxygen species (ROS) production (Bhattacharya et al. 2010). Their 

adhesion onto algal surfaces has been observed (Bhattacharya et al. 2010, Chae et al. 2018, Nolte et al. 2017), in 

particular for the positively charged amino-modified PS NPs (PS–NH2), and recognized to be the cause for the 

observed toxicity. Trophic transfer of PS NPs has additionally been documented in a sequential feeding study 

(Cedervall et al. 2012, Chae et al. 2018). 

Toxic effects to microalgae have been reported mostly for positively-charged PS NPs such as amino-modified 

(PS–NH2), while low toxicity has been observed for negatively-charged NPs such as carboxylated PS NPs (PS–

COOH) (Bergami et al. 2017, Besseling et al. 2014, Nolte et al. 2017, Sjollema et al. 2016). 

Surface characteristics such as chemical groups and consequent charge, more than the chemical type of NPs, 

appear to drive the behavior and consequent toxicity of PS NPs in aqueous media (Lowry et al. 2012). Virgin 

plastic has no surface charge; however, weathering and degradation processes like photo-oxidation from UV 

exposure, can lead to carbonyl group formation (Andrady 2017). Analysis of the surfaces of aged PE pellets 

showed a preponderance of ketone groups (C=O) and ester carbonyl groups (–COO–), resulting in a net negative 

surface charge (Fotopoulou &Karapanagioti 2012). However, it is difficult to predict surface characteristics of 

nanoplastics occurring in natural waters mainly because of the current lack of suitable analytical tools to track and 

separate them from water, sediment and biota. The high reactivity of nanomaterials makes them to behave 

dynamically, undergoing many transformations when in contact with natural matrices (Lowry et al. 2012). For 

example, NPs interact with natural organic matter (NOM) which modifies their aggregation capacity, surface 

charge and toxicity, and influences their behavior and interaction with surrounding media (Quigg et al. 2013). 

Exopolymeric substances (EPS), mainly constituted by polysaccharides and proteins and excreted by algae and 

bacteria, represent one of the main components of NOM in the aquatic environment (Verdugo et al. 2004). Proteins 

are known to form corona-like structures on NP surfaces (Monopoli et al. 2013). The presence of a protein corona 

was recently reported for titanium dioxide NPs incubated with EPS produced by the marine green alga Dunaliella 

tertiolecta (Morelli et al. 2018). Therefore, proteins present in EPS can interact with PS NPs in aquatic media and 

consequently change NP surface charge but also modify the NP surface–volume ratio by influencing their 
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aggregation (Quigg et al. 2013, Summers et al. 2018). Such changes in the external properties of a NP can 

consequently affect its capacity to adsorb pollutants and alter its potential role as a carrier, as already documented 

for other NPs (Velzeboer et al. 2014).  

Plastic debris found in the aquatic environment is frequently associated with heavy metals (Ashton et al. 2010, 

Turner &Solman 2016, Vedolin et al. 2017), often as a result of adsorption processes (Wang et al. 2017). 

Weathered plastic is more likely to sorb trace metals than is virgin plastic (Brennecke et al. 2016, Holmes et al. 

2012, 2014, Rochman et al. 2014, Turner &Holmes 2015), presumably due to surface modifications upon 

weathering (e.g. photo-oxidation by UV light). The risk to biota posed by nanoplastic exposure could thus increase 

as a consequence of adsorption of pollutants, as some nanoparticles attach to the exterior of organisms and some 

are capable of crossing cell membranes, causing  physical damage and possible uptake and transfer through the 

food chain (Bergami et al. 2017, Cedervall et al. 2012, Nolte et al. 2017). Organisms in their natural habitat are 

generally not exposed to single chemicals but rather to mixtures; therefore, risk assessment studies must address 

realistic exposure scenarios. 

To date, few studies have investigated the consequences of exposure to combined plastics and metals, such as 

adsorption and possible synergistic effects, suggesting a general lack of knowledge on occurring interactions, 

especially concerning nanoplastics (Barboza et al. 2018a, Barboza et al. 2018b, Davarpanah &Guilhermino 2015, 

Farhan et al. 2015, Khan et al. 2017, Kim et al. 2017, Luís et al. 2015). 

Copper (Cu) is an essential micronutrient for both plants and animals at low concentrations but can become toxic 

when present in higher quantities. Cu concentrations can exceed natural levels (> 100 µg/L) in the aquatic 

environment as a consequence of anthropogenic activities (Hoang et al. 2009, Ma et al. 2003, Schuler et al. 2008). 

Concentrations exceeding natural levels have been reported to inhibit the growth of many algal species (Franklin 

et al. 2002, Franklin et al. 2001, Machado &Soares 2014, Soto et al. 2011, Wong &Chang 1991) and reduce 

photosynthetic activity (Juneau et al. 2002, Ouyang et al. 2012). To our knowledge, the combined toxicity of 

nanoplastic and Cu to microalgae has not yet been studied.  

The aim of the present study was to assess whether the presence of PS–COOH NPs, and its interaction with EPS, 

might affect Cu toxicity to the freshwater microalga Raphidocelis subcapitata. We selected Cu concentrations that 

are relevant for contaminated freshwater environments (Hoang et al. 2009, Ma et al. 2003, Schuler et al. 2008). 

Although environmental nanoplastic concentrations are currently unknown (Lenz et al. 2016), they are expected 

to increase due to ongoing fragmentation of microplastics (Gigault et al. 2016, Ter Halle et al. 2017). Here we 

applied PS–COOH NPs concentrations that are far lower than those tested in previous studies (Besseling et al. 

2014, Cedervall et al. 2012, Sjollema et al. 2016). Effects on algal growth were investigated using short-term (72 

hours) and long-term (7 days) toxicity tests. PS–COOH NP characteristics and stability in algal medium in the 

presence of EPS were investigated as well as interactions between PS–COOH NPs and algal cells in terms of 

morphology and cell division.  
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2. Materials & Methods 

A summary of all tests and analysis carried out in this study is available in supporting information, table S1. 

 

2.1. Chemicals and NPs 

Copper nitrate (Cu(NO3)2•2.5H2O, CHEM-LAB 99-102%) was used to prepare Cu solutions for algal toxicity 

tests. To avoid precipitation and adsorption to container walls the solution was acidified to pH < 2 by addition of 

1N HCl. Glassware was rinsed with a 10% HCl solution and deionized water, before and after use. 

Carboxylated polystyrene nanoparticles (PS–COOH NPs, subsequently referred to as PS NPs) were provided by 

the Physical Chemistry and Soft Matter Department in collaboration with the Food and Biobased Department of 

Wageningen University (The Netherlands). The original stock solution was 41.91% w/w of PS NPs containing 

0.4% w/w of covalently bound dye (Rhodamine B methacrylate) and 1.1% w/w of sodium dodecyl sulfate (SDS). 

Stock was bubbled with clean air for 24 h to remove any traces of remaining styrene monomers and diluted with 

MilliQ water for preparation of test solutions. Each PS NP test solution was vortexed and bath sonicated for two 

minutes prior to use.  

 

2.1. PS NPs characterization  

Z-average (nm) and z-potential (mV) of PS NPs were determined by Dynamic Light Scattering (DLS, Malvern 

instruments), combined with the Zetasizer Nano Series software (version 7.02, Particular Sciences). Z-average is 

the average hydrodynamic diameter measured by the dynamic light scatter technique, while z-potential is the 

surface charge of particles measured by the electrophoretic mobility technique. PS NP suspensions were 

characterized in the following media: MilliQ water, as used for preparing PS NP stock solutions; WC test medium 

used for algal tests; and WC test medium plus increasing Cu concentrations (10, 50, 100, 200 μg Cu/L). In order 

to assess the potential effect of algal EPS on PS NP dispersion and suspension stability, a 250 mL culture of R. 

subcapitata at the end of the logarithmic growth phase (~ 2.5 x 106 cells/mL) was centrifuged (10,000 g, 10 min, 

20° C) and filtered (1.2 μm). The resulting solution, containing algal EPS, was used to analyse PS NP dispersion 

at time (t) = 0, 72 and 168 h. At time 0 the same solution was also tested with increasing Cu concentrations (10, 

50, 100, 200 μg Cu/L). Furthermore, PS NPs following 72 h algal exposure were analysed after a 0.45 μm filtration 

with cellulose nitrate filters (Sartorius). 

PS NP suspensions were analysed for their fluorescence (expressed as Arbitrary Fluorescence Units, AFU) by 

means of a spectrophotofluorometer (Victor 3 1420 Multilabel Counter, PerkinElmer) combined with the Wallac 

software, using Rhodamine B Ex and Em wavelengths (λex = 545 nm and λem = 575 nm), in order to evaluate PS 

NPs surface interaction with the medium. Fluorescence was measured at different PS NP concentrations (0.25, 
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0.5, 5, 10, 25 mg /L, data reported only for 10 mg/L) alone and in combination with Cu (50 μg Cu/L), at t = 0 and 

after 72 h incubation with extracted EPS and with R. subcapitata. 

 

2.2. Cu measurement in aqueous media 

In order to test the adsorption capacity of PS NPs towards Cu ions, a 20 mL subsample from each treatment of the 

7-day toxicity test with R. subcapitata was sampled and filtered using a 50 nm cellulose nitrate membrane filter 

(Merck Millipore), at the end of the test. PS NPs were also incubated with Cu for 7 days without algae to compare 

data and filtrated as described above. Cu concentration was measured in the filtrates using an inductively coupled 

plasma – atomic emission spectrometer (nexION 350X ICP- MS, PerkinElmer).  

 

2.3. Algal toxicity test 

Algal toxicity tests were performed with Selenastrum capricornutum NIVA-CHL 1 (current taxonomic 

classification is R. subcapitata), as provided by the Aquatic Ecology and Water Quality Management group of 

Wageningen University & Research (The Netherlands). R. subcapitata is a widely used specie of freshwater 

microalga for toxicity testing and it’s recommended in many standardized toxicity protocols (OECD 201, UNI EN 

ISO 8692:2012) 

 The algae were cultured in WC medium (Table S2, SI) and maintained in axenic exponential growth conditions 

in a growth chamber at 18 ± 1 °C and a 16:8 h light-dark cycle photoperiod.  

2.3.1. Standard 72 h growth inhibition tests and longer exposure test (7 day) 

Toxicity tests (72 h) were carried out in modified WC medium, composed only of the principal components 

(subsequently referred to as ‘WC test medium’), to avoid the introduction of chelating agents (i.e. EDTA). The 

use of chelating agents is not recommended when performing heavy metals toxicity testing (Leal et al. 2016, 

Resgalla Jr et al. 2012). Tests were carried out in PS single-use sterile multiwell with 2 mL capacity for each well, 

as plastic is more suitable for metals testing (Leal et al. 2016). Algae from a stock culture were inoculated in WC 

test medium 72 h before every test and maintained under the following conditions: 22 ± 2 °C, pH = 7.5 ± 0.3. 

Initial algal concentration in toxicity tests was 1x105 cells/mL and a 16:8 light-dark photoperiod was used in order 

to mimic natural conditions. Algae were manually aerated every 24 h using a pipette with sterile tips. 

In order to evaluate single and combined effects of Cu and PS NPs on R. subcapitata, algae were exposed to Cu, 

PS NPs and to a range of PS NPs and Cu concentrations as follows: Cu (1, 5, 10, 15, 20, 25, 50, 100, 200 μg Cu/L); 

PS NPs  (0.5, 1, 2.5, 5, 10, 50 mg PS/L); combination: PS plus increasing Cu (0.5 mg PS/L + 1, 5, 10, 15, 20, 25, 

50, 100, 200 μg Cu/L) and Cu plus increasing PS (35 μg Cu/L + 0.5, 1, 2.5, 5, 10, 50 mg PS/L).  

Three replicates were prepared for each concentration and each experiment was repeated three times. Potassium 

dichromate (K2Cr2O7) was used as a reference toxicant and a growth inhibition curve was run as positive control. 
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Furthermore, in order to isolate any possible role of SDS present in the PS NP batch, an SDS growth inhibition 

test was run. After 72 h the algae were fixed in a 1:1 lugol:ethanol solution and cell density was determined by 

counting under an optical microscope (Olympus, BX51, 40X) using a Neubauer chamber.  

In order to assess long-term effects, a 7-day test was performed at the following exposure concentrations: 50 μg 

Cu/L, 0.5 mg PS/L, 50 μg Cu/L + 0.5 mg PS/L. Test conditions were the same as described above for the 72 h 

toxicity test except that it was carried out in 50 mL PS flasks. There were three replicates of each concentration, 

and the experiment was repeated three times. At the end of 7 days the content of the three replicates was combined 

and used as follows: 2 mL were collected for algal density calculation, 20 mL for measuring Cu levels in the media 

and the remainder for EPS extraction and protein quantification. 

2.3.2. Sub-lethal effects 

For assessment of algal morphology, images were recorded during cell counting with an optical microscope 

(Olympus BX51 coupled with Olympus DP-software).   

In order to evaluate the interaction between cell wall and PS NPs, algae from the 72 h exposure tests (50 mg PS/L) 

were observed under an optical fluorescent microscope AXIO IMAGER Z1 using the Apotome system (Zeiss). 

Images were taken with an Axio CamMRm camera at 63X using Axio Vision Software. 

EPS extraction for protein quantification and analysis was performed as follows: the remaining volume of the 7-

day test was centrifuged (10,000 g, 15 min, 20°C) and the supernatant filtered with a glass microfiber filter (0.7 

μm, Whatman, UK). An initial 12 mL aliquot and six successive 10 mL aliquots of the filtrate (72 mL) were 

centrifuged (5000 g, 35 min, 20 °C) by using a centrifugal filter device with a 3 kDa cut-off (Amicon Ultra-15 

mL, Millipore, USA). With each centrifugation, 10 mL of the resulting filtrate were discarded; the final aliquot 

was centrifuged for 80 min until the sample was reduced to a final volume of approx. 420 μL. Using this protocol, 

the organic components were concentrated about 170 times. A colorimetric method according to the 2D-Quant Kit 

(GE Healthcare, USA) was used for protein content analysis of EPS. The absorbance of the samples was read at 

480 nm with a spectrophotometer (PerkinElmer Lambda 25 UV/VIS Spectrometer) and the protein concentration 

calculated by comparison to a standard curve. 

 

2.4. Statistical analysis 

All data obtained were processed using Statistica software 6.0. and growth inhibition curve and EC50 data were 

calculated with the Graphpad Prism 5 program using a non-linear regression method in a dose-response model, 

normalized compared to the control (0-100%). 
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3. Results & Discussion 

3.1. NP behavior in freshwater media with algal EPS and Cu  

DLS measurements showed a good dispersion of PS NPs in all tested media (MilliQ water, WC test medium, WC 

test medium + Cu, WC test medium + Cu + EPS) with no discernible aggregation (Table 1 and S3, SI). These 

findings are in agreement with previous studies reporting a good dispersion of PS NPs in freshwater medium 

(Nolte et al. 2017). 

PS NP hydrodynamic diameter was near constant in all tested media, ranging from 87.17 nm to 106 nm. Z-potential 

indicated a negative surface charge, from -50.4 to -16.7 mV (Table 1 and S3, SI). Incubation with extracted EPS 

(Table 1) did not affect PS NP z-average and z-potential at 0 and 72 h. Furthermore, no change in z-average or z-

potential was observed in the presence of Cu. The only exception observed was for z-potential at the highest Cu 

concentration, which increased significantly (p<0.001) from -33.6 to -16.7 mV (Table S3, SI), with no apparent 

correlation with other results. We hypothesise that no adsorption of Cu ions onto PS NP surface occurred, which 

was further supported by ICP-MS results showing similar Cu levels in aqueous solution before and after incubation 

with PS NPs (Table 3). Our data are in agreement with previous findings reported by Kim et al. (2017) for nickel 

(Ni) and PS NPs in freshwater media, and raise questions about the lack of interaction, since metals are known to 

sorb onto plastic in both natural and experimental conditions. Based on the charges of both cationic Cu and anionic 

COO–, an interaction to some extent was expected. Plastic-metal interaction is highly dependent on the level of 

weathering of the polymer, which affects the functional groups to which metals would bind to, and affects the 

attachment of organic matter (Turner &Holmes 2015). We used –COOH functionalized NPs as a proxy for aged 

nanoplastics (van Weert et al. 2019). Furthermore, Cu adsorption experiment with algae was performed in order 

to account for the presence of EPS, thus mimicking natural conditions. No adsorption of Cu to PS NPs was 

observed. We propose two hypotheses  to explain the lack of adsorption of Cu to PS NPs: (1) Cu has no affinity 

for PS, since most studies on plastic-metal interactions involve PE (Ashton et al. 2010, Holmes et al. 2012, 2014, 

Turner &Holmes 2015); and (2) the freshwater medium plays a role in preventing PS-metal interaction. Holmes 

et al.  (2014) observed changes in the adsorption capacity of micro-PE along a salinity gradient, with the lowest 

Cu adsorption in the freshwater end of the gradient. Therefore, adsorption in freshwater could be negligible. 

Brennecke et al. (2016) reported the adsorption of Cu onto micro-PS beads in seawater, with concentrations as 

high as 800 times that of the surrounding medium.  

Regarding the impact of EPS on PS NPs behavior (z-average and z-potential), incubation with R. subcapitata for 

72 h resulted in an increase of both parameters (Table 1). This result is attributed to the adsorption of EPS onto PS 

NPs. The production of EPS is considered a defensive response by microalgae subject to stress (Koukal et al. 2007, 

Quigg et al. 2013, Zhou et al. 2016), and has been observed upon exposure to metals (Miao et al. 2009, Paquet et 

al. 2015, Zhang et al. 2013) and to other NPs (Chiu et al. 2017). The observed increase in z-average and z-potential 
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following 72 h incubation with R. subcapitata could therefore be the result of EPS adsorption to PS NPs, produced 

by the algae as a reaction to NP exposure. 

Further support for the hypothesis of EPS adsorption to PS NPs was provided by fluorimetric analysis, which 

showed a distinct reduction in fluorescence of PS NPs incubated for 72 h with R. subcapitata, compared to a 

negligible fluorescence reduction for PS alone and with EPS (Table 2).  

EPS interactions with NPs can result in different possible outcomes depending on EPS composition, NP surface 

properties and characteristics of the media (Adeleye &Keller 2016, Chen et al. 2011, Kroll et al. 2014). Interactions 

are often driven by the proteins present in EPS, as proteins are known to adsorb to suspended NPs. Chen et al. 

(2011) studied the assembly of EPS microgels and observed that PS NPs accelerated, or even induced this process, 

acting as a bridge between protein molecules. In our previous studies on marine algae, EPS produced by Dunaliella 

tertiolecta formed a protein corona around TiO2 NPs thus affecting their behavior and stability (Morelli et al. 

2018). Based on our data, therefore, the formation of a protein corona around PS NPs incubated with R. subcapitata 

could be hypothesized. The lack of such evidence in PS NPs incubated with EPS may be explained by the low 

protein content of R. subcapitata EPS (Koukal et al. 2007), while PS NP exposure to algae could have enhanced 

EPS production and produced the observed effects of higher z-average (106 ± 0.66 nm), z-potential (-22.4 mV) 

and lower fluorescence (994 ± 107 AFU), compared to PS NP incubation with EPS without algae (84.7 ± 0.56 nm, 

-34 ± 0.72 mV and 1784 ± 45 AFU, respectively).  

Further support for the protein corona hypothesis is derived from the protein content measured in EPS obtained 

after the 7-day toxicity test (Table 4). As an induced protective mechanism (Maršálek &Rojíčková 1996), Cu can 

stimulate the production of EPS of R. subcapitata, which results in a high protein value. On the other hand, the 3-

fold lower protein content measured upon exposure to the combination of Cu and PS NPs could be explained by 

the adsorption of proteins to the NP surface, reducing the quantity measured in solution. 

 

3.2. Growth inhibition and sub-lethal effects on R. subcapitata 

A similar growth inhibition was observed after 72 h exposure to Cu (EC50 = 84.29 μg Cu/L, r2= 0.910) and to Cu 

in combination with PS NPs (EC50 = 86.28 μg Cu/L, R2 = 0.877) (Fig. 1a), showing no influence of PS NPs on Cu 

toxicity. The same result was observed in the 7-day toxicity test and in the test with fixed Cu concentration (35 µg 

Cu/L) and increasing PS NP concentrations (Fig. S1, SI). These data are consistent with DLS data and equal Cu 

concentrations detected in aqueous solution both in the presence and absence of PS NPs, confirming the lack of 

Cu sorption to PS NPs.  

Our findings are in agreement with previous studies reporting no additional effect of micro-PE both on growth 

inhibition of the marine alga Tetraselmis chuii exposed to Cu (Davarpanah & Guilhermino 2015) and on intestinal 

uptake of silver in rainbow trout (Khan et al. 2017). Other studies, however, reported that the interaction of metals 

with micro- and nanoplastics (PE, PS) led to differences in toxicity and uptake of metals (Barboza et al. 2018a, 
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Barboza et al. 2018b, Farhan et al. 2015, Kim et al. 2017, Luís et al. 2015). Not all mechanisms involved are 

understood, in particular in the case of nanoplastics. Kim et al. (2017) observed differences in the toxic effect of 

combined Ni and PS NPs (both virgin and functionalized with –COOH) compared to Ni alone, although no 

adsorption of Ni onto PS NPs is documented. It is possible that other unaccounted factors have influenced the 

experimental outcome. This likely results from the complex behavior of nanoscale particles in a dynamic 

environment where organisms, organic matter and multivalent ion mixtures interact (Quigg et al. 2013). 

PS NPs were associated with low inhibition of algal growth rate (Fig. 1b) which was found statistically significant 

(p < 0.001) only at the highest exposure concentrations, confirming previous findings on the lack of effects of PS 

NPs on algal growth below 10 mg/L (Bergami et al. 2017, Besseling et al. 2014, Nolte et al. 2017, Sjollema et al. 

2016). However, data from PS NP exposure were highly variable, probably due to the unequal distribution of PS 

NPs in the test media, as is also shown by the fluorescence images (Fig. 2). This lack of homogeneity could be 

due to particle behavior itself, i.e. not behaving as a soluble chemical in a standardized toxicity test. This is a 

challenging topic since nanomaterials are documented to experience many processes and transformations 

including agglomeration, settling and/or dissolution in a test medium, which make their behavior different from 

that of dissolved chemicals (Peijnenburg et al. 2015). This phenomenon must be considered in toxicity assessments 

of NPs as such processes can significantly alter NP exposure levels, resulting in erroneous assessments of potential 

hazard (Handy et al. 2012, Petersen et al. 2015). Moreover, standard algal growth inhibition tests use an incubation 

period of three days and consider only lethal endpoints (e.g., growth inhibition) to assess the effects of a toxicant. 

Additional effects such as alteration of cell morphology and production of exudates, and an extended test duration, 

will offer more detailed and more ecologically relevant information about the effects of NPs on algae. 

We therefore investigated the interaction between PS NPs and the cell surface by fluorescence microscopy, 

detecting fluorescent cluster-like structures, probably hetero-aggregates of PS NPs and EPS, surrounding the algae 

(Fig. 2). This was evident only at the highest PS concentrations (50 mg/L) due to the weak fluorescent signal at 

lower concentrations. These findings again support the hypothesis of interaction between PS NPs and EPS. It is 

observed that, besides being associated with the cells, the particles occur in large aggregates probably composed 

of EPS and NPs (Fig. 2). In Figure 2b (see arrow) this is particularly evident as a large fluorescent aggregate is 

shown, which is not associated with the cell wall, but embedded within a polymeric matrix, probably EPS.   

Particle adhesion to the algal surface has been observed before (Bergami et al. 2017, Bhattacharya et al. 2010, 

Chae et al. 2018, Nolte et al. 2017). Besides having the potential to disturb cells in various ways, natural predators 

of algae such as zooplanktonic species may be affected, therefore causing indirect effects to the food web by 

nanoplastic transfer (Cedervall et al. 2012). Geitner and co-authors (2016) showed that surface affinity of NPs is 

a reliable predictive tool of trophic transfer through predation. Laboratory studies (Cedervall et al. 2012, Chae et 

al. 2018) demonstrated the transfer of PS NPs through a food chain, with eventual toxic effects to the ultimate 

consumers (i.e., fish). Hence, our results confirm that PS NPs have the potential to enter the food web by means 

of a ‘trojan horse’ mechanism, starting from among the lowest trophic levels.  

ACCEPTED M
ANUSCRIP

T



 11 

Morphology can provide useful information regarding health status of cells. In Figure S2a algae from the control 

reveal good dispersion and semi-circular shape, typical for healthy R. subcapitata. In contrast, algae exposed to 

35 μg Cu/L appear slightly deformed with uneven and grainy surfaces (Fig. S2b). There is an obvious effect on 

algae exposed to 10 mg PS/L (Fig. S2c): average volume exceeds that of the control and some algae appear clearly 

enlarged and turgid. Co-exposure to 35 μg Cu/L and 10 mg PS/L resulted in greater morphological changes, 

additional agglomeration and loss of the original shape of the cell (Fig. S2 d; Fig. 3g, h). 

Yamagishi et al. (2017) observed three different reproductive patterns in R. subcapitata, which can produce two, 

four or eight daughter cells in the same mitotic cycle. The frequency of each pattern could depend on culture 

conditions, but it has also been observed that chemicals like potassium dichromate (K2Cr2O7), 3,5-dichlorophenol 

(3,5-DCP) and Cu, can interfere with the cell cycle, changing the ratio between these patterns (Yamagishi et al. 

2017). Our findings are in agreement with these studies, since Cu-exposed algae experienced some disturbances 

in the mitotic process (Fig. 3 a-c, see arrows). In fact, cells are frequently observed during the mitotic stage, 

probably while forming four cells, in contrast with control cells which are rarely seen during mitosis. This could 

be related to a delay in the mitotic process caused by metal exposure, as noted by Machado and Soares (2014), 

making the process slower and therefore easier to observe.  

In PS NP-exposed algae, the altered cell volume could also be a result of an abnormality in the mitotic process. A 

high number of structures representing the eight-cell reproductive pattern is observed (Fig. 3, d-f, see arrows), 

which is in agreement with Yamagishi et al. (2017). Such anomalies may be linked, as the larger size may be 

attributed to formation of multinucleated cells, a preliminary step anticipating cell division. Also in this case, as 

well as for Cu exposure, the mitotic process has been slowed since numerous cells are observed during the 

replication process. Although this pattern is observed upon exposure to high concentrations (10 mg PS/L), PS NPs 

at lower concentrations may also cause a change in the reproductive pattern of R. subcapitata, as also described 

for K2Cr2O7, 3,5-DCP and Cu (Machado &Soares 2014, Yamagishi et al. 2017). 

It cannot be excluded that SDS from the PS NPs stock solution played a role in the observed morphological 

abnormalities, even if present at low concentrations (final SDS concentration in the 10 mg PS/L exposure: 250-

300 µg/L). Lürling and Beekman (2002) reported morphological changes (induced colony formation) in the 

freshwater green alga Scenedesmus obliquus exposed to 200 µg/L of SDS. The current experiments showed 

increased cell volume but no evidence of an altered reproductive cycle upon exposure to SDS, with only a few 

cells during mitosis and no cells displaying the eight-cell reproductive pattern observed in PS NP-exposed algae 

(Fig. S3, SI). Therefore, the observed morphology could be associated with PS NP exposure and further 

investigation is needed in order to clearly elucidate this cellular response and potential detrimental effect. 

Despite minimal or no observed effect on algal growth, algae could still be encountering stress upon exposure to 

PS NPs. Bhattacharya et al. (2010) reported that particles adsorbed to algal surfaces hinder gaseous exchanges and 

interfere with the normal cell metabolism. We hypothesize that an interference in the mitotic process is occurring 
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as a consequence of PS NPs exposure, as was previously observed in algae for chemicals exposure (Machado 

&Soares 2014, Yamagishi et al. 2017).  

 

 

 

4. Conclusions 

We investigated the interaction between Cu and PS NPs and their single and combined effects on the freshwater 

alga R. subcapitata. Our findings show that Cu ions are not likely to adsorb to –COOH functionalized PS NPs in 

freshwater media. As a consequence, they do not alter Cu toxicity to algae. PS NPs do not appear to constitute a 

threat to R. subcapitata growth, up to 50 mg PS/L exposure, even though toxicity data are quite variable. The 

observation of altered algal morphology, however, highlights that PS NPs may interfere with the algal replication 

process, as already recorded for Cu, but further investigations are needed to clarify potential detrimental effects.  

Food chain transfer is plausible due to the adhesion of PS NPs to the algal cell surface. Such bio-interaction is 

probably driven by the presence of EPS which might form a bio-corona around PS NPs as shown by changes in 

their dimension and surface charge. Our data emphasize the need to develop ad hoc strategies for nanoplastics 

testing in aquatic environments by establishing new endpoints and applying longer exposure times. This could 

further validate the assessment of the potential risk posed by nanoplastics, including considerations of potential 

trophic transfer in the food chain. 

 

 
 

 

Acknowledgments 

We thank Professor John Pichtel from the Department of Natural Resources and Environmental Management of 

Ball State University (IN, USA) for his valuable and accurate revision of the English language.  

 

 

References 

Adeleye AS, Keller AA (2016): Interactions between Algal Extracellular Polymeric Substances and Commercial 

TiO2 Nanoparticles in Aqueous Media. Environmental science & technology 50, 12258-12265 

Andrady AL (2017): The plastic in microplastics: a review. Marine pollution bulletin 119, 12-22 

Ashton K, Holmes L, Turner A (2010): Association of metals with plastic production pellets in the marine 

environment. Marine pollution bulletin 60, 2050-2055 

Banerjee A, Qi J, Gogoi R, Wong J, Mitragotri S (2016): Role of nanoparticle size, shape and surface chemistry 

in oral drug delivery. Journal of Controlled Release 238, 176-185 

Barboza LGA, Vieira LR, Branco V, Figueiredo N, Carvalho F, Carvalho C, Guilhermino L (2018a): 

Microplastics cause neurotoxicity, oxidative damage and energy-related changes and interact with the 

bioaccumulation of mercury in the European seabass, Dicentrarchus labrax (Linnaeus, 1758). Aquatic 

Toxicology 195, 49-57 

ACCEPTED M
ANUSCRIP

T



 13 

Barboza LGA, Vieira LR, Guilhermino L (2018b): Single and combined effects of microplastics and mercury on 

juveniles of the European seabass (Dicentrarchus labrax): Changes in behavioural responses and reduction of 

swimming velocity and resistance time. Environmental Pollution 236, 1014-1019 

Bergami E, Pugnalini S, Vannuccini M, Manfra L, Faleri C, Savorelli F, Dawson K, Corsi I (2017): Long-term 

toxicity of surface-charged polystyrene nanoplastics to marine planktonic species Dunaliella tertiolecta and 

Artemia franciscana. Aquatic Toxicology 189, 159-169 

Besseling E, Wang B, Lürling M, Koelmans AA (2014): Nanoplastic affects growth of S. obliquus and 

reproduction of D. magna. Environmental science & technology 48, 12336-12343 

Besseling E, Quik JT, Sun M, Koelmans AA (2017): Fate of nano-and microplastic in freshwater systems: A 

modeling study. Environmental Pollution 220, 540-548 

Bhattacharya P, Lin S, Turner JP, Ke PC (2010): Physical adsorption of charged plastic nanoparticles affects 

algal photosynthesis. The Journal of Physical Chemistry C 114, 16556-16561 

Brennecke D, Duarte B, Paiva F, Caçador I, Canning-Clode J (2016): Microplastics as vector for heavy metal 

contamination from the marine environment. Estuarine, Coastal and Shelf Science 178, 189-195 

Cedervall T, Hansson L-A, Lard M, Frohm B, Linse S (2012): Food chain transport of nanoparticles affects 

behaviour and fat metabolism in fish. PloS one 7, e32254 

Chae Y, Kim D, Kim SW, An Y-J (2018): Trophic transfer and individual impact of nano-sized polystyrene in a 

four-species freshwater food chain. Scientific reports 8, 284 

Chen C-S, Anaya JM, Zhang S, Spurgin J, Chuang C-Y, Xu C, Miao A-J, Chen EY, Schwehr KA, Jiang Y 

(2011): Effects of engineered nanoparticles on the assembly of exopolymeric substances from phytoplankton. 

PLoS One 6, e21865 

Chiu M-H, Khan ZA, Garcia SG, Le AD, Kagiri A, Ramos J, Tsai S-M, Drobenaire HW, Santschi PH, Quigg A 

(2017): Effect of Engineered Nanoparticles on Exopolymeric Substances Release from Marine Phytoplankton. 

Nanoscale research letters 12, 620 

Davarpanah E, Guilhermino L (2015): Single and combined effects of microplastics and copper on the 

population growth of the marine microalgae Tetraselmis chuii. Estuarine, Coastal and Shelf Science 167, 269-

275 

Dawson AL, Kawaguchi S, King CK, Townsend KA, King R, Huston WM, Nash SMB (2018): Turning 

microplastics into nanoplastics through digestive fragmentation by Antarctic krill. Nature communications 9, 

1001 

Farhan KR, Kristian S, Yvonne S, Nicolas BR (2015): Influence of polyethylene microplastic beads on the 

uptake and localization of silver in zebrafish (Danio rerio), Environmental Pollution, pp. 73-79 

Fotopoulou KN, Karapanagioti HK (2012): Surface properties of beached plastic pellets. Marine environmental 

research 81, 70-77 

Franklin NM, Stauber JL, Lim RP (2001): Development of flow cytometry‐based algal bioassays for assessing 

toxicity of copper in natural waters. Environmental toxicology and chemistry 20, 160-170 

Franklin NM, Stauber JL, Apte SC, Lim RP (2002): Effect of initial cell density on the bioavailability and 

toxicity of copper in microalgal bioassays. Environmental toxicology and chemistry 21, 742-751 

Geitner NK, Marinakos SM, Guo C, O’Brien N, Wiesner MR (2016): Nanoparticle Surface Affinity as a 

Predictor of Trophic Transfer. Environmental science & technology 50, 6663-6669 

Gigault J, Pedrono B, Maxit B, Ter Halle A (2016): Marine plastic litter: the unanalyzed nano-fraction. 

Environmental Science: Nano 3, 346-350 

Handy RD, Cornelis G, Fernandes T, Tsyusko O, Decho A, Sabo‐Attwood T, Metcalfe C, Steevens JA, Klaine 

SJ, Koelmans AA (2012): Ecotoxicity test methods for engineered nanomaterials: practical experiences and 

recommendations from the bench. Environmental Toxicology and Chemistry 31, 15-31 

Hoang TC, Schuler LJ, Rogevich EC, Bachman PM, Rand GM, Frakes RA (2009): Copper release, speciation, 

and toxicity following multiple floodings of copper enriched agriculture soils: implications in everglades 

restoration. Water, air, and soil pollution 199, 79-93 

Holmes LA, Turner A, Thompson RC (2012): Adsorption of trace metals to plastic resin pellets in the marine 

environment. Environmental Pollution 160, 42-48 

ACCEPTED M
ANUSCRIP

T



 14 

Holmes LA, Turner A, Thompson RC (2014): Interactions between trace metals and plastic production pellets 

under estuarine conditions. Marine Chemistry 167, 25-32 

Jambeck JR, Geyer R, Wilcox C, Siegler TR, Perryman M, Andrady A, Narayan R, Law KL (2015): Plastic 

waste inputs from land into the ocean. Science 347, 768-771 

Juneau P, El Berdey A, Popovic R (2002): PAM fluorometry in the determination of the sensitivity of Chlorella 

vulgaris, Selenastrum capricornutum, and Chlamydomonas reinhardtii to copper. Archives of environmental 

contamination and toxicology 42, 155-164 

Khan FR, Boyle D, Chang E, Bury NR (2017): Do polyethylene microplastic beads alter the intestinal uptake of 

Ag in rainbow trout (Oncorhynchus mykiss)? Analysis of the MP vector effect using in vitro gut sacs. 

Environmental Pollution 231, 200-206 

Kim D, Chae Y, An Y-J (2017): Mixture Toxicity of Nickel and Microplastics with Different Functional Groups 

on Daphnia magna, Environ. Sci. Technol., pp. 12852–12858 

Koukal B, Rosse P, Reinhardt A, Ferrari B, Wilkinson KJ, Loizeau J-L, Dominik J (2007): Effect of 

Pseudokirchneriella subcapitata (Chlorophyceae) exudates on metal toxicity and colloid aggregation. Water 

research 41, 63-70 

Kroll A, Behra R, Kaegi R, Sigg L (2014): Extracellular polymeric substances (EPS) of freshwater biofilms 

stabilize and modify CeO2 and Ag nanoparticles. PLoS One 9, e110709 

Lambert S, Wagner M (2016a): Characterisation of nanoplastics during the degradation of polystyrene. 

Chemosphere 145, 265-268 

Lambert S, Wagner M (2016b): Formation of microscopic particles during the degradation of different polymers. 

Chemosphere 161, 510-517 

Leal PP, Hurd CL, Sander SG, Armstrong E, Roleda MY (2016): Copper ecotoxicology of marine algae: a 

methodological appraisal. Chemistry and Ecology 32, 786-800 

Lebreton LC, Van der Zwet J, Damsteeg J-W, Slat B, Andrady A, Reisser J (2017): River plastic emissions to 

the world’s oceans. Nature communications 8, 15611 

Lenz R, Enders K, Nielsen TG (2016): Microplastic exposure studies should be environmentally realistic. 

Proceedings of the National Academy of Sciences, 201606615 

Lowry GV, Gregory KB, Apte SC, Lead JR (2012): Transformations of nanomaterials in the environment. ACS 

Publications 

Luís LG, Ferreira P, Fonte E, Oliveira M, Guilhermino L (2015): Does the presence of microplastics influence 

the acute toxicity of chromium(VI) to early juveniles of the common goby (Pomatoschistus microps)? A study 

with juveniles from two wild estuarine populations, Aquatic Toxicology, pp. 163-174 

Lürling M, Beekman W (2002): Extractable substances (anionic surfactants) from membrane filters induce 

morphological changes in the green alga Scenedesmus obliquus (Chlorophyceae). Environmental toxicology and 

chemistry 21, 1213-1218 

Ma M, Zhu W, Wang Z, Witkamp GJ (2003): Accumulation, assimilation and growth inhibition of copper on 

freshwater alga (Scenedesmus subspicatus 86.81 SAG) in the presence of EDTA and fulvic acid. Aquatic 

Toxicology 63, 221-228 

Machado MD, Soares EV (2014): Modification of cell volume and proliferative capacity of Pseudokirchneriella 

subcapitata cells exposed to metal stress. Aquatic toxicology 147, 1-6 

Maršálek B, Rojíčková R (1996): Stress factors enhancing production of algal exudates: a potential self-

protective mechanism? Zeitschrift für Naturforschung C 51, 646-650 

Miao A-J, Schwehr KA, Xu C, Zhang S-J, Luo Z, Quigg A, Santschi PH (2009): The algal toxicity of silver 

engineered nanoparticles and detoxification by exopolymeric substances. Environmental Pollution 157, 3034-

3041 

Monopoli MP, Pitek AS, Lynch I, Dawson KA (2013): Formation and characterization of the nanoparticle–

protein corona, Nanomaterial interfaces in biology. Springer, pp. 137-155 

Morelli E, Gabellieri E, Bonomini A, Tognotti D, Grassi G, Corsi I (2018): TiO 2 nanoparticles in seawater: 

Aggregation and interactions with the green alga Dunaliella tertiolecta. Ecotoxicology and environmental safety 

148, 184-193 

ACCEPTED M
ANUSCRIP

T



 15 

Nolte TM, Hartmann NB, Kleijn JM, Garnæs J, van de Meent D, Hendriks AJ, Baun A (2017): The toxicity of 

plastic nanoparticles to green algae as influenced by surface modification, medium hardness and cellular 

adsorption. Aquatic Toxicology 183, 11-20 

OECD, 201 (2011) Test No. 201: Freshwater Alga and Cyanobacteria, Growth Inhibition Test  , OECD 

Guidelines for the Testing of Chemicals, Section 2, OECD Publishing, 

Paris,   https://doi.org/10.1787/9789264069923-en 

Ouyang H, Kong X, He W, Qin N, He Q, Wang Y, Wang R, Xu F (2012): Effects of five heavy metals at sub-

lethal concentrations on the growth and photosynthesis of Chlorella vulgaris. Chinese science bulletin 57, 3363-

3370 

Paquet N, Lavoie M, Maloney F, Duval JF, Campbell PG, Fortin C (2015): Cadmium accumulation and toxicity 

in the unicellular alga Pseudokirchneriella subcapitata: Influence of metal‐binding exudates and exposure time. 

Environmental toxicology and chemistry 34, 1524-1532 

Peijnenburg WJ, Baalousha M, Chen J, Chaudry Q, Von der kammer F, Kuhlbusch TA, Lead J, Nickel C, Quik 

JT, Renker M (2015): A review of the properties and processes determining the fate of engineered nanomaterials 

in the aquatic environment. Critical Reviews in Environmental Science and Technology 45, 2084-2134 

Petersen EJ, Diamond SA, Kennedy AJ, Goss GG, Ho K, Lead J, Hanna SK, Hartmann NB, Hund-Rinke K, 

Mader B (2015): Adapting OECD aquatic toxicity tests for use with manufactured nanomaterials: key issues and 

consensus recommendations. Environ. Sci. Technol 49, 9532-9547 

PlasticsEurope (2015): Plastic the facts 2015  - An analysis of European plastics production, demand and waste 

data. http://www.plasticseurope.org/Document/plastics---the-facts-2015.aspx?FolID=2 

Quigg A, Chin W-C, Chen C-S, Zhang S, Jiang Y, Miao A-J, Schwehr KA, Xu C, Santschi PH (2013): Direct 

and indirect toxic effects of engineered nanoparticles on algae: role of natural organic matter. ACS Sustainable 

Chemistry & Engineering 1, 686-702 

Redondo-Hasselerharm PE, Falahudin D, Peeters E, Koelmans AA (2018): Microplastic effect thresholds for 

freshwater benthic macroinvertebrates. Environmental science & technology 

Resgalla Jr C, Poleza F, Souza R, Máximo M, Radetski C (2012): Evaluation of effectiveness of EDTA and 

sodium thiosulfate in removing metal toxicity toward sea urchin embryo-larval applying the TIE. Chemosphere 

89, 102-107 

Rochman CM, Hentschel BT, Teh SJ (2014): Long-term sorption of metals is similar among plastic types: 

implications for plastic debris in aquatic environments. PLoS One 9, e85433 

Schuler LJ, Hoang TC, Rand GM (2008): Aquatic risk assessment of copper in freshwater and saltwater 

ecosystems of South Florida. Ecotoxicology 17, 642-659 

Sjollema SB, Redondo-Hasselerharm P, Leslie HA, Kraak MH, Vethaak AD (2016): Do plastic particles affect 

microalgal photosynthesis and growth? Aquatic toxicology 170, 259-261 

Soto P, Gaete H, Hidalgo ME (2011): Assessment of catalase activity, lipid peroxidation, chlorophyll-a, and 

growth rate in the freshwater green algae Pseudokirchneriella subcapitata exposed to copper and zinc/Evaluacion 

de la actividad de la catalasa, peroxidacion lipidica, clorofila-a y tasa de crecimiento en la alga verde de agua 

dulce Pseudokirchneriella subcapitata expuesta a cobre y zinc. Latin American Journal of Aquatic Research 39, 

280 

Stephens B, Azimi P, El Orch Z, Ramos T (2013): Ultrafine particle emissions from desktop 3D printers. 

Atmospheric Environment 79, 334-339 

Summers S, Henry T, Gutierrez T (2018): Agglomeration of nano-and microplastic particles in seawater by 

autochthonous and de novo-produced sources of exopolymeric substances. Marine Pollution Bulletin 130, 258-

267 
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Figure 1. Percentage growth inhibition compared to control (bars) and average growth rate (circles) of 72 h algal toxicity test 

of R. subcapitata exposed to (a) Cu (light gray) and Cu + 0.5 mg PS/L (dark gray), and to (b) PS NPs, in WC test medium. 

Data shown as mean ± standard deviation (columns marked with * are statistically different from the control with p<0.001). 

(1 column fitting image)  
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Figure 2. Light microscopy (a, c, e) and corresponding fluorescent (λex = 545 nm and λem = 575 nm) images (b, d, f) of R. 

subcapitata after 72 h exposure to 50 mg/L of PS NPs. Arrows point at aggregates of PS NPs and EPS. (1.5 column fitting 

image) 
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Figure 3. Details of optical microscope images of R. subcapitata exposed to 35 μg Cu/L (a-c), 10 mg PS/L (d-f) and 35 μg 

Cu/L + 10 mg PS/L (g, h). CTRL = control group. Arrows point at cells during mitosis, mostly observed in exposed algae 

compared to control group. (1.5 column fitting image) 

  

 

ACCEPTED M
ANUSCRIP

T



 20 

Supporting information: 

 
Table S1. Summary of all tests and analysis carried out in the present study. v.c.= various concentrations; f.c.= fixed 

concentration. 
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and z- potential (DLS)  

 

 

- MilliQ water 0 h 

- WC test medium 0 h 

- WC test medium + Cu v.c. 0 h 

- EPS 0 h 

- EPS + Cu v.c. 0 h 

- EPS 72 h 

- R. subcapitata 72 h 

 

Outcome 

Increase in z-average and 

z-potential after 72 h 

incubation with R. 

subcapitata 

 

 

               Fluorescence (0 - 72 h) 

(Spectrophotofluorometer) 

- WC test medium  

- R. subcapitata 

- PS NPs 

- PS NPs + EPS 

- PS NPs + R. subcapitata 

- PS NPs + Cu 

- PS NPs + R. subcapitata + Cu 

Decrease of fluorescence 

after 72 h incubation with 

R. subcapitata 
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 Cu adsorption on  

PS NPs (ICP-MS) 

- PS NPs + Cu 

- PS NPs + Cu + R. subcapitata 
No decrease in Cu levels  
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- PS NPs v.c. 

- Cu v.c. 

- PS NPs f.c. + Cu v.c. 
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Similar levels of growth 

inhibition between Cu and 

PS NPs + Cu exposure 

 Cell/PS NPs interaction  

     (Fluorescent microscopy)  - R. subcapitata + PS NPs 

PS NPs attached to R. 

subcapitata surface; 

aggregates of PS NPs and 

probably EPS 

 Cells Morphology  

   (Optical microscopy) 

- R. subcapitata + Cu 

- R. subcapitata + PS NPs 

- R. subcapitata + Cu + PS NPs 

Cu, PS NPs and Cu + PS 

NPs caused 

morphological anomalies 

in R. subcapitata 

 

7 

d 

           Growth Inhibition - PS NPs f.c. + Cu f.c. 

Similar levels of growth 

inhibition between Cu and 

PS NPs + Cu exposure 

             Protein content of EPS 

- CTRL 

- PS NPs 

- Cu 

- PS NPs + Cu 

Protein content of PS NPs 

+ Cu treatment is 3-fold 

lower compared to Cu 

treatment 
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 Table S2. WC medium components 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Table S3. DLS measurement of hydrodynamic diameter (z-average) and surface charge (z-potential) of PS NPs in MilliQ 

water, WC test medium and various Cu concentrations, at 25°C in WC test medium at 0 h.  

Data with the same letter are statistically different with p<0.001 (data shown as mean ± standard deviation) 
 
  
 
 
 

Components Concentration 
Principal components 

TES 85.0 mg/L 
CaCl2

.2H2O 36.76 mg/L 
MgSO4

.7H2O 36.97 mg/L 
NaHCO3 12.60 mg/L 
K2HPO4 8.71 mg/L 
NaNO3 85.01 mg/L 

Na2SiO3
.9H2O 28.42 mg/L 

H3BO3 24.0 mg/L 
Trace elements 

Na2
.EDTA 4.36 mg/L 

FeCl3
.6H2O 1.00 mg/L 

MnCl2
.4H2O 0.18 mg/L 

CuSO4
.5H2O 0.001 mg/L 

ZnSO4
.7H2O 0.022 mg/L 

CoCl2
.6H2O 0.012 mg/L 

Na2MoO4
.2H2O 0.022 mg/L 

H2SeO3 0.0016 mg/L 
Na3VO4 0.0018 mg/L 

Vitamins 
Thiamin.HCl 0.1 mg/L 

Biotin 0.52 µg/L 
B12 0.56 µg/L 

 0 h 

 MilliQ water WC test medium 10 μg Cu/L 50 μg Cu/L 100 μg Cu/L 200 μg Cu/L 

Z-average(nm) 96.31 ± 3.3 a 88.47 ± 2.28 a 87.17 ± 1.99 b 88.92 ± 1.16 89.49 ± 1.49 94.14 ± 1.92 b 

Z-

potential(mV) 
-50.4 c -33.6 c -28.9 d -31.5 -30.9 -16.7 d 

PDI 0.047 ± 0.01 0.120 ± 0.02 0.139 ± 0.02 0.097 ± 0.03 0.100 ± 0.01 0.184 ± 0.02 
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Figure S1: Percentage of growth inhibition compared to control (bars) and average growth rate (circles) of 72 h algal toxicity 

test of R. subcapitata exposed to Cu (light gray) and Cu (35 µg/L) with increasing PS NPs concentration (dark gray). Data 

shown as mean ± standard deviation. 
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Figure S2. Optical microscope images of R. subcapitata at the end of 72 h toxicity test: a) control treatment; b) R. subcapitata 

exposed to 35 μg Cu/L, altered morphology; c) R. subcapitata exposed to 10 mg PS/L, altered volume; d) R. subcapitata co-

exposed to 35 μg Cu/L + 10 mg PS/L, growth rate is strongly inhibited and cells morphology is substantially altered .  
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Figure S3: Optical microscope images of R. subcapitata exposed to 300 µg SDS/L. Algal growth was not affected, but 

some alterations in cell volume and replication processes were observed. 

 

 

 

  

ACCEPTED M
ANUSCRIP

T



 25 

Tables and Figures: 

Table 1. DLS measurement of hydrodynamic diameter (z-average) and surface charge (z-potential) of PS NPs incubated with 

Cu, EPS and R. subcapitata (algae were filtered out with a 0.45 µm filter before measurements), at 0 h and after 72 h, at 25°C 

in WC test medium.  

  0 h 72 h 

 EPS 
EPS + 10 μg 

Cu/L 

EPS + 50 μg 

Cu/L 

EPS + 100 μg 

Cu/L 

EPS + 200 μg 

Cu/L 
EPS Algae 

Z-average(nm) 88.63 ± 0.83a 91.7 ± 1.78 89.1 ± 1.35 91.5 ± 1.48 93.5 ± 0.24 84.7 ± 0.56b 106 ± 0.66ab 

Z-potential(mV) - 36.05 -31.5 -31.6 -32.5 -33.6 -34 -22.4 

PDI 0.138 ± 0.01 0.114 ± 0.04 0.172 ± 0.02 0.091 ± 0.02 0.057 ± 0.03 0.23 ± 0.016 0.203 ± 0.02 

Data with the same letter are statistically different with p<0.001 (data shown as mean ± standard deviation). 
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Table 2. Fluorescence (expressed as Arbitrary Unit of Fluorescence) of PS NPs incubated with R. subcapitata, EPS and/or 

Cu at 0 h and after 72 h, at 25°C in WC test medium. 

 WC test 

medium 
Algae 10 mg PS/L 

10 mg PS/L 

+ EPS 

10 mg PS/L 

+ Algae 

10 mg PS/L 

+ 50 μg 

Cu/L 

10 mg PS/L 

+ Algae 

+ 50 μg Cu/L 

0 h 278 ± 17 232 ± 32 2207 ± 142a 2430 ± 72 2025 ± 113b 1782 ± 89 1671 ± 51c 

72 h 249 ± 39 169 ± 14 1850 ± 221ade 1784 ± 45 994 ± 107bd 1552 ± 146 956 ± 99ce 

Data with the same letter are statistically different with p<0.005 (data shown as mean ± standard deviation). 

  

ACCEPTED M
ANUSCRIP

T



 27 

 

Table 3. Dissolved Cu levels measured at the end of the 7-day toxicity test, with and without R. subcapitata (algae and PS 

NPs were filtered out with a 50 nm filter before measurements). 

 

 

 

 

 

 

 

Data shown as mean ± standard deviation 

  

 Cu (µg/L) 

 No Algae Algae 

CTRL 0.26 ± 0.13 1.32 ± 0.44 

PS (0.5 mg PS/L) 0.36 ± 0.32 0.67 ± 0.06 

Cu (50 µg/L) 26.21 ± 0.4 21.64 ± 3.04 

Cu (50 µg/L) + PS (0.5 mg/L) 25.43 ± 0.13 21.47 ± 3.74 
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Table 4. Protein concentration extracted from R. subcapitata culture at the end of the 7-day toxicity test. 

 

 

 

 

 

 

 

 

 

 

Protein 

Concentration 

(mg/mL) 

Cell Density 

(cells/mL) 

Proteins 

(mg)/cells 

(105cells) 

CTRL 3.67*10-4 3.99*106 9.2*10-6 

Cu 3.16*10-4 0.55*106 56.9*10-6 

PS 3.36*10-4 4.09*106 8.21*10-6 

Cu + PS 0.901*10-4 0.49*106 18.2*10-6 
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