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a b s t r a c t

Marine diatoms have been identified among the most abundant taxa of microorganisms associated with
plastic waste collected at sea. However, the impact of nano-sized plastic fragments (nanoplastics) at
single cell and population level is almost unknown. We exposed the marine diatom Skeletonema marinoi
to model polystyrene nanoparticles with carboxylic acid groups (PSeCOOH NPs, 90 nm) for 15 days (1, 10,
50 mg/mL). Growth, reactive oxygen species (ROS) production, and nano-bio-interactions were investi-
gated. No effect on diatom growth was observed, however Dynamic light scattering (DLS) demonstrated
the formation of large PS aggregates which were localized at the diatoms’ fultoportula process (FPP), as
shown by TEM images. Increase production of ROS and reduction in chain length were also observed
upon PS NPs exposure (p < 0.005). The observed PS-diatom interaction could have serious consequences
on diatoms ecological role on the biogeochemical cycle of carbon, by impairing the formation of fast-
sinking aggregates responsible for atmospheric carbon fixation and sequestration in the ocean sea floor.

S. marinoi exposure to PS NPs caused an increase of intracellular and extracellular oxidative stress, the
reduction of diatom’s chain length and the adhesion of PS NPs onto the algal surface.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Due to its conformation, highly populated coastlines and
tourism, the Mediterranean sea is widely recognized to be severely
impacted by plastic pollution (Suaria et al., 2016). Recent simula-
tions estimate that the Mediterranean basin retains between 5%
and 10% of the global plastic mass present at sea (Van Sebille et al.,
2015). Being the most commonly used polymer for packaging and
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disposable items (PlasticsEurope, 2015), polystyrene (PS) is
frequently found as waste in marine waters (Wan et al., 2018).
Weathering of plastic leads to fragmentation into ever smaller
particles (Wright and Kelly, 2017; Song et al., 2017). Laboratory
studies have demonstrated that PS fragmentation occurs down to
submicron (100e1000 nm) and nanoscale particles (1e100 nm) in
water media, and environmental weathering is considered the
main driver (Lambert and Wagner, 2016a; Lambert and Wagner,
2016b; Gigault et al., 2016; Ekvall et al., 2019). Recently, the
occurrence of submicron plastic fragments was confirmed in the
North Atlantic subtropical gyre (Ter Halle et al., 2017). Plastic
fragments of various size floating on the sea surface can be colo-
nized by bacteria and microalgae (Ye and Andrady, 1991; Lobelle
and Cunliffe, 2011; Fazey and Ryan, 2016), which often differ
among polymers and generally referred to as the “plastisphere”
(Oberbeckmann, L€oder and Labrenz, 2015; Carson et al., 2013,
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Muthukrishnan et al., 2018; Zettler, Mincer and Amaral-Zettler,
2013; Reisser et al., 2014). Diatoms are the most abundant taxa
found on plastic fragments collected at the sea surface (Mas�o et al.
2003, Zettler et al., 2013; Mas�o et al., 2016; Carson et al., 2013;
Reisser et al., 2014; Muthukrishnan et al., 2018) which are thus able
to spread both harmful species and toxins, as recently documented
in our previous study on the Adriatic Sea (NE Mediterranean Sea)
(Casabianca et al., 2019). Diatoms play an important ecological role
as primary producers, a significant part of the basic constituents of
marine food chains (Harris, 2012), and one of the main bloom-
forming and exudate producing groups of marine algae (Passow
and Alldredge, 1994). Their exudates, known as exopolymeric
substance (EPS), represent an important carbon source for the
marine environment, playing a fundamental role in marine
ecosystem ecology and functioning (Xiao and Zheng, 2016;
Middelburg et al., 2000).

The formation of so called marine snow, made of macroscopic
aggregates of detritus, living organisms and organic matter, mainly
depends on the presence of phyto- and zooplankton and their ex-
udates, with an important role played by algal blooms (Alldredge
and Silver, 1988; Turner, 2002). Furthermore, the sinking of these
organic aggregates contributes to carbon fluxes from the surface to
the deep-sea (Harding, 1974).

The incorporation of plastic particles (both nano andmicro) into
natural marine aggregates has been studied in the laboratory and
observed in the natural environment (Ward and Kach, 2009; Zhao
et al., 2017; Summers, Henry and Gutierrez, 2018), while the
biofouling of plastic is considered responsible for sinking and
disappearance of small microplastic (�1 mm) from the sea surface
(C�ozar et al., 2014; Kooi et al., 2017; Fazey and Ryan, 2016). The
interaction of microorganisms and their exudates with plastics is
hypothesized to affect carbon fluxes, bymodifying the sinking rates
of marine snow and the bioavailability of small plastic particles for
marine organisms (Long et al., 2015; Kooi et al., 2017; Ward and
Kach, 2009).

A limited number of studies investigated the impact of nano-
plastics on marine microalgae, and even less focused on their ef-
fects on diatoms. Available studies mainly consider acute effects at
very high exposure concentration, which are probably not envi-
ronmentally relevant (e.g., �50e100 mg/L) (Nolte et al., 2017;
Bergami et al., 2017; Besseling et al., 2014; Sjollema et al., 2016).
Particle adhesion has been documented, as well as the production
of reactive oxygen species (ROS) and the reduction of photosyn-
thetic yield (Nolte et al., 2017; Bergami et al., 2017; Chae et al. 2018;
Bellingeri et al., 2019; Bhattacharya et al., 2010). Growth inhibition
has been documented for the diatom Skeletonema costatum upon
exposure to 1 mg/L of micro-polyvinylchloride (Zhang et al., 2017),
and plastic adhesion has been considered the main driver of the
observed toxicity. Predicted environmental concentrations of
nanoplastics are in the range of mg/L and are expected to increase in
areas showing significant particle accumulation, such as for
instance the Mediterranean Sea (Al-Sid-Cheikh et al., 2018).

As nanoscale particles are very reactive and subject to trans-
formations in aquatic media, their biological effects are often non-
linear, and data interpretation becomes challenging (Peijnenburg
et al., 2015; Rist and Hartmann, 2018). In an earlier study
(Bellingeri et al., 2019), we suggested that standard ecotoxicological
endpoints and time exposure may not be fully adequate to describe
the effects of nanoplastics to aquatic organisms, especially micro-
algae. First, a detailed physico-chemical characterization of nano-
plastics in exposure media is mandatory for assessing exposure
conditions. Furthermore, long-term (e.g., 15 days) as well as short-
term studies should be used to better mimic environmentally
relevant exposure. Moreover, sub-lethal endpoints (e.g., biochem-
ical, physiological, morphological up to behavioural alterations),
rather thanmortality, should be investigated (Bellingeri et al., 2019;
Seoane et al., 2019).

Therefore, based on such scientific gaps, the present study
investigated the impact of model polystyrene nanoparticles (PS
NPs, 90 nm) functionalized with carboxylic groups (-COOH) on the
marine diatom S. marinoi, among the most abundant on the Adri-
atic Sea (Penna, Capellacci and Ricci, 2004; Totti et al., 2019), by
chronic toxicity in term of algal growth and sub-lethal responses as
reactive oxygen species (ROS) production and chain assemblages at
15 days.

2. Materials & methods

2.1. Materials

Carboxylated polystyrene nanoparticles (PSeCOOH NPs, subse-
quently 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) (Redondo-Hasselerharm et al., 2019; van Weert et al.,
2019). The original stock solution was 41.91% w/w of PS NPs con-
taining 0.4% w/w of covalently bound dye (rhodamine B methac-
rylate) and 1.2% w/w of sodium dodecyl sulfate (SDS). The
distribution of SDS in the exposuremediumwas calculated in order
to rule out that aqueous SDS concentrations could contribute to
observed effects, if any (provided as Supporting Information).
Nanoparticles leachates were not expected since the batch was
synthetized without additives and therefore considered inert.

The SDS free aqueous concentration in our system was esti-
mated to be between 0.16 and 0.95 mg/L at the highest PS NPs
concentration tested. Literature data report that SDS has no effect
on growth of the green alga Scenedesmus obliquus, up to 10 mg/L
(Besseling et al., 2014), and is able to induce colony formation at
concentrations higher than 5 mg/L (Lürling and Beekman, 2002).
These threshold effect concentrations are one to two orders of
magnitude higher than the predicted SDS concentration in our
system, which thus suggests that SDS is not likely to interfere with
effects of Nano-PS identified. However, we cannot completely
exclude a possible interference of SDS in the observed effects as no
literature data is available concerning the effect threshold for
S. marinoi. Furthermore, stockwas bubbledwith clean air for 24 h to
eliminate potential remaining styrene monomers and was diluted
with MilliQ water (mQW) prior to the preparation of test solutions.
Before use, each PS NP test solution was vortexed and bath soni-
cated for 2 min.

2.2. PS NPs characterization

PS NP behaviour in diatom exposure medium (F/2) was char-
acterized by Dynamic Light Scattering (DLS, Malvern instruments),
combined with the Zetasizer Nano Series software (version 7.02,
Particular Sciences). Z-average (nm) and z-potential (mV) were
determined at 50 mg/mL in mQW used for preparing PS NP stock
solutions, and in F/2 used for algal exposure study.

2.3. Algal culture conditions and exposure study

Skeletonema marinoi CBA4 was maintained in F/2 medium
(Guillard, 1975), at 16 ± 1 �C under a standard 12:12 h light-dark
cycle; light was provided by cool-white fluorescent bulbs (photon
flux of 100 mEm�2 s�1). All exposure experiments were performed
in 50 mL glass bottles containing S. marinoi at initial concentration
of 1.0� 104 cells/mL in artificial seawater (ASPM, Artificial Seawater
Provasoli-McLachlan) (Guillard, 1975) enriched with F/2 medium
components. Before exposure, PS NPs were briefly vortexed and



Table 1
DLS measurements of hydrodynamic diameter (z-average), polydispersity index
(PDI) and surface charge (z-potential) of PS NPs (50 mg/L) in mQW and F/2 medium
at 25 �C.

z-average (nm) PDI Z-potential (mV)

MilliQ 92.9 ± 4.65 0.052 �42
F/2 1933 ± 525 0.697 �22.2
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bath sonicated (Bandelin, Germany) for 2min at room temperature.
Diatoms were exposed to PS NPs at the following concentrations:
0 (control), 1,10, 50 mg/mL, and exposurewas carried out for 15 days
(15-d). Each concentration was tested in triplicate and the experi-
ment was repeated three times. Both exposure and control condi-
tions were performed in triplicate. S. marinoi growth was
determined by cell density. Samples were harvested at intervals of
3e4 days and fixed with Lugol’s iodine solution and stored atþ4 �C.
Cell density was determined using an inverted microscope (ZEISS
Axiovert 40 CFL) at 400x magnification using a Sedgewick Rafter
counting chamber. Both growth rate (m) and inhibition of growth
rate (Imi) were determined. In particular, growth rate, defined as the
instantaneous rate of increase, was calculated on the basis of the
longest possible period of exponential growth using the equation:
m ¼ ln (Nt/N0)/Dt, where N is the number of cells/mL, Dt is the time
interval (Wood, Everroad andWingard, 2005). Inhibition of growth
rate (Imi) was then determined following a standard guideline (ISO,
2006) and considering the same growth rate time interval.

Diatom chain length was determined with the aid of imageJ
software on pictures taken with an optical microscope (Olympus
BX51 coupled with Olympus DP-software) of Lugol fixed samples.
We counted the number of cells composing each chain over 100,
randomly selected, chains for each replicate. The relative frequency
of each group (chain composed by 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 cells)
was then calculated.

2.4. Sub-lethal effects

2.4.1. S. marinoi-PS NPs interaction
The physical interaction between algal cell and PS NPs at the end

of the exposure period (15-d), was imaged through high resolution
environmental scanning electron microscopy (ESEM, Quanta 400
(FEI)), and transmission electron microscopy (TEM, Tecnai G2 Spirit
(FEI)). At the same time, light microscope Zeiss Axiophot equipped
with interference contrast was used to record micrographs from
algal samples using a AxioCam MRm fitted with AxioVision soft-
ware. Different techniques were applied in an attempt to find the
most suitable in describing PS NPs-diatom interaction and avoid
the creation of artefacts due to sample preparation (Mourdikoudis,
Pallares and Thanh, 2018; Tiede et al., 2008). To obtain ESEM im-
ages, unaltered samples of PS NPs exposed diatoms and controls
were used. For TEM images, instead, diatoms were processed
following two different procedures: a) diatoms were fixed in
glutaraldehyde (1.5%) and then washed with mQW water and
centrifuged (7000 g for 15min at 20 �C) twice, b) diatomswere kept
fresh without fixation. For optical microscopy (both brightfield and
differential interference contrast) diatoms were fixed with glutar-
aldehyde (1.5%) and washed using mQW before observation.

2.4.2. Quantification of ROS
The production of reactive oxygen species (ROS) was measured

by following the conversion of the non-fluorescent dihydrodi-
chlorofluorescein diacetate (H2DCF-DA) to the highly fluorescent
compound 20, 7’,-dichlorofluorescein (DCF) as described by Wang
and Joseph (1999), recently adapted for algal cells by Morelli et al.
(2018). Algae samples (2 mL) were spiked with 20 mL of a 1 mM
DCF-DA solution and kept under constant shaking at room tem-
perature for 1 h in the dark. Each replicatewas tested in triplicate so
nine measurements for each exposure concentration were
obtained.

Fluorescence was determined in triplicate at 520 nm emission
wavelength (lex ¼ 485 nm) using a Victor 3 1420 multilabel
Counter (PerkinElmer) and used for total ROS estimation. There-
after, the remaining volume (1420 mL) was centrifuged (10,000 g,
15 min, 20 �C), supernatant was discarded, and the pellet was
resuspended in fresh F/2 to a final volume of 1420 mL; fluorescence
was measured again and used for intracellular ROS estimation.
Tested blanks were F/2, F/2 þ H2DCF-DA and F/2 þ H2DCF-DA þ 10
and 50 mg/mL PS NPs. No interference in fluorescence was recorded
in the presence of PS NPs. Background value (F/2 þ H2DCF-DA) was
subtracted from the obtained fluorescence value of the samples. By
subtracting the fluorescent value of intracellular ROS to the fluo-
rescent value of total ROS, we estimated the extracellular ROS value.
Fluorescent data were normalized to the cell density and expressed
as fluorescence/cell density.

2.5. Statistical analysis

Statistical analyseswere performedwith non-parametricMann-
Whitney and Kruskal Wallis tests using PAST ver. 3.14 with a p-
value <0.05 determining significance for growth inhibition, and
with an unpaired t-test using R with a p-value <0.005 for ROS
levels.

3. Results and discussion

3.1. PS NPs characterization in exposure media

DLS measurements showed a good dispersion of PS NPs in
mQW, with a hydrodynamic diameter of 88.2 ± 2.9 nm and a Z-
potential of �42 mV (Table 1). In F/2, a negative surface charge was
still preserved (�22.8 mV) while the formation of large PS NP ag-
gregates (hydrodynamic diameter 1793 ± 56.9 nm) was observed,
in agreement with previous characterizations done in algal me-
dium in artificial sea water (Bergami et al., 2017; Bergami et al.,
2016).

3.2. Growth

No effects on diatom growth were observed upon exposure to
PS NPs (1, 10 and 50 mg/mL) for 15 days (Hc ¼ 0.63, p ¼ 0.89).
Growth rates were in the range of 0.61e0.66 per day, similarly in
controls and exposed diatoms (Hc ¼ 2.131, p ¼ 0.5457) (Fig. S1).
These findings are in agreement with previous studies in which PS
NPs did not cause any effect on algal growth, both in fresh water
and in sea water (Bergami et al., 2017; Sjollema et al., 2016;
Besseling et al., 2014; Bellingeri et al., 2019). In a long-term (30-d)
exposure study with Chlorella pyrenoidosa Mao et al. (2018) re-
ported a growth phase-dependent inhibitory effect of PS NPs: a
significant initial inhibition (38.5%) disappeared after 22 days,
while at the end of exposure period (30-d) exposed algae showed
an even higher cell density than control. On the contrary, S. marinoi
exhibited a constant growth similar to controls during 15 days of
exposure until the beginning of stationary phase (6-d) and at the
end of exposure period (15-d). Regarding the SDS present in PS NPs
stock according to our calculation it results below probable effect
threshold concentrations for phytoplankton.

3.3. Sub-lethal effects

TEM images clearly show PS aggregates interacting with the



A. Bellingeri et al. / Environmental Pollution 262 (2020) 1142684
S. marinoi cell surface. Both in fixed and fresh (not fixed) diatom
cells (Fig. 1 b, d, f and Fig. 2, respectively), the adhesion seems to be
mainly localized in the terminal fultoportula processes (TFPP), the
elongated structures responsible for chain formation and mainte-
nance in this marine diatom (Fig. 1 a, arrow).

Images obtained from fresh diatoms clearly show the adhesion
of PS aggregates to the diatom cell surface (Fig. 2), while in samples
fixed with glutaraldehyde and further washed in mQW, such
interaction is far less evident (Fig. 1 b, d, f). Since TEM images are
obtained when electrons are transmitted through the sample, in
order to avoid any disturbance due to the presence of salts and
Fig. 1. TEM images of S. marinoi samples fixed with glutharaldheyde (1.5%) and fu
organic matter, marine organisms are commonly washed in mQW
before TEM analysis. However, based on our findings, fixation and
washing significantly change the interaction of PS aggregates with
diatom cell surface, producing an artefact which does not resemble
the natural interaction occurring between S. marinoi and PS. Both
sample-processing steps might alter the chemical composition of
the medium and contribute to the removal of natural organic
matter (e.g., algal exudates).

Morphological alterations in diatom cells are also evident in
both PS-exposed and controls, probably as a consequence of pre-
parative methods, which is further confirmed by their absence in
rther washed with mQW; a, c, e) control cells, b, d, f) PS NPs exposed cells.



Fig. 2. TEM images of S. marinoi fresh (not fixed) samples. a, b: PS aggregates entrapped with organic material; c, d: details of PS aggregates localized at FFP; e, f: higher
magnification of PS aggregates embedded in organic materials presumably EPS and details of PS NPs rounded with organic material (see arrows).
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optical images (Fig. 3). A further confirmation is obtained also by
ESEM images where cells appeared to be altered both in control and
exposed diatoms (Fig. S2). Seoane et al. (2019) reported similar
morphological alterations in cells of the diatom Chaetoceros gracile
processed for SEM analysis (fixed with glutaraldehyde and fil-
trated) both in controls and in those exposed to microplastics.

Sample preparation is a necessary step for TEM analysis, how-
ever, studies conducted with NPs, recognized some limitations due
to a significant sample alteration (Tiede et al., 2008; Mourdikoudis
et al., 2018). Moreover, working under vacuum conditions could
also affect sample integrity and produce artefacts (Mavrocordatos,
Perret and Leppard, 2007). In the study of nano-bio-interactions,
any preparative procedure which might affect the integrity of the
sample should be avoided by using for instance ESEM, being
recognized as amore conservative process, using fresh unprocessed
samples (100% humidity). However, according to our findings, high
levels of humidity might have reduced the contrast and made the
smaller particles less detectable (Tiede et al., 2008). ESEM images
(Fig. S2), in fact, did not allow to detect algal cell-PS NPs interaction,
probably because of the small size of the PS NPs and the presence of
solution partially masking cell surface. PS NPs were not easy to
identify but are probably represented by the brighter and grainy
spots on the background of exposed cell images to PS NPs (Fig. S2 c,
d), which are not visible in control images (Fig. S2 a, b).

Furthermore, TEM images highlighted an adhesion of diatom
EPS to PS NPs as shown in Fig. 2(e and f, see arrows). Chen et al.
(2011) and Summers et al. (2018) already described the formation
of plastic agglomerates held together by a biopolymer matrix,
connecting and trapping the particles. Such process could be even
more relevant for microalgae producing high amount of exudates
as diatoms, with possible implications for their role on plastic
behaviour and fate in the water column. The incorporation of
plastics into algal andmarine aggregates has been documented and
shown to modify the buoyancy and sinking rates of aggregates, and
to increase ingestion of plastic particles by suspension-feeding bi-
valves (Long et al., 2015; Ward and Kach, 2009; Porter et al., 2018).

EPS play many important roles in diatom ecology in terms of
motility, adhesion and overall cell protection and colony formation
(Hoagland et al., 1993), butmore importantly, they play a key role in
the formation of the siliceous frustule and also in protection against
dissolution (Round, Crawford and Mann, 1990, Simpson and
Volcani, 2012). The observed adhesion of PS aggregates to the
algal surface could be the result of EPS interaction with PS NPs and
be linked to the observed effect on algal chain length.



Fig. 3. Optical (left) and differential interference contrast (DIC) microscopy (right) images of S. marinoi CTRL (a, b, magnification: 100x and 40x) and exposed to 10 mg PS/mL (c, d,
magnification: 100x) and 50 mg PS/mL (e, f, magnification: 40x). Scale bar is 5 mm.

A. Bellingeri et al. / Environmental Pollution 262 (2020) 1142686
The length of S. marinoi chains was significantly affected by PS
NPs, at 10 and 50 mg/L exposure. Exposed algae showed a high
percentage of single cells and 2-cell chains, altogether accounting
for 95% and 84% of 10 and 50 mg/mL exposure, respectively. As
opposed to control algae, in which single cells and 2-cells chains
accounted for 36% of the observed chains, while 43% was repre-
sented by 4- and 8-cell chains (Fig. 4, Table S1). At 1 mg/L exposure
Fig. 4. S. marinoi chain length expressed as percentage of different number of cells (1, 2, 3, 4
no difference in chain length was observed (data not reported).
Shorter chain length could have serious consequences on diatoms
ecology by impairing their buoyancy and enhancing their sinking
rates with potential implications for the maintenance of phyto-
plankton productivity on the sea surface (Smayda and Boleyn,
1966). The assessment of the floating capacity of algae was
beyond the aim of our study, however our findings highlight the
, 5, 6, 7, 8, 9, 10) in control (CTRL) and PS NPs exposed (10 mg PS/mL and 50 mg PS/mL).
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need for further investigations in order to better understand which
consequences of nanoplastics exposure can be expected for the
ecological role of diatoms.

S. marinoi chains are composed of cells connected to one
another by the fultoportula processes (FPP). The documented
adhesion of PS aggregates to the FPP might be responsible for the
shorter chains, since these structures play an important role by
acting as a bridge between diatom cells, thus causing the assembly
of the chain. Therefore, we hypothesize that the reduction in chain
length is a consequence of PS NPs adhesion to these structures. The
adhesion may cause a localized stress and a weakening of the sili-
ceous structures, causing shortening of the chains. Bhattacharya
et al. (2010) suggested the occurrence of contact-induced stress
following cell-PS NPs interactions, resulting in enhanced ROS pro-
duction. In fact, a concentration-dependent increase in both
intracellular and extracellular ROS levels was observed in our study
in diatom exposed to PS NPs (Fig. 5). In particular, intracellular ROS
significantly increased (p < 0.005) compared to the control for both
10 and 50 mg PS/mL, while for extracellular ROS a significant in-
crease was observed only at 50 mg/mL.

Such findings are in agreement with Liu et al. (2019) and
Bhattacharya et al. (2010), who reported an increase in ROS pro-
duction inmicroalgae exposed to uncharged and positively charged
PS NPs, and with Morelli et al. (2018) and �Sevc�u et al. (2012)
reporting similar results with metallic NPs, mainly metal oxides.
Liu et al. (2019) also reported an increase in superoxide dismutase
(SOD) activity at lower concentration (1 mg/L, 1 mg/L) of PS-COOH
probably as a sign of early oxidative stress response.

Concerning the observed chain length reduction, other hy-
potheses can be formulated. Takabayashi et al. (2006) observed a
positive correlation between nutrient availability and longer chains
in Skeletonema costatum. The presence of PS NPs could cause a
reduction in nutrient concentration through adsorption on their
surface, thus influencing algal chain length. Alternatively, S. marinoi
was demonstrated (Bergkvist et al., 2012; Bjærke et al., 2015) to be
able to shorten its chains as a response to a size-dependent grazing
pressure, by copepod grazing selectively on longer chains. This
resulted to be induced by chemical cues, produced either by the
grazing copepods or by the algae being grazed. PS NPs could
therefore activate the same molecular pathway involved in this
predator escaping strategy and resulting in an algae self-induced
Fig. 5. Intracellular (black, left y-axis) and extracellular (grey, right y-axis) ROS levels
in S. marinoi exposed to PS NPs (1,10, 50 mg PS/mL) and in controls. Data shown as
fluorescence units/cell density (cells/mL) and presented as mean ± standard deviation.
Within the same data group, data with different letters are statistically different with
p < 0.005.
reduction of chain length.

4. Conclusions

Our findings highlighted no lethal effect of PS NPs to the marine
diatom S. marinoi, while showing an increase in intracellular and
extracellular oxidative stress, the adhesion of PS NPs onto the algal
surface and a reduction of diatom’s chain length. Further studies
should focus on potential ecological implications as for instance
changes in algal buoyancy as well as the formation and sinking of
aggregates.

Declaration of interests

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

CRediT authorship contribution statement

Arianna Bellingeri: Methodology, Investigation, Conceptuali-
zation, Writing - original draft, Writing - review & editing. Silvia
Casabianca: Methodology, Investigation, Conceptualization,
Writing - review & editing. Samuela Capellacci: Methodology,
Investigation, Conceptualization, Writing - review & editing.
Claudia Faleri: Investigation. Eugenio Paccagnini: Investigation.
Pietro Lupetti: Investigation. Albert A. Koelmans: Methodology,
Writing - review & editing. Antonella Penna: Supervision, Project
administration, Methodology, Conceptualization, Writing - original
draft, Writing - review & editing. Ilaria Corsi: Supervision, Project
administration, Methodology, Conceptualization, Writing - original
draft, Writing - review & editing.

Acknowledgements

We thank the following people of Wageningen University who
kindly provided the PS-COOH nanoparticle batch functionalized
with Rhodamine B dye: Paula Redondo Hasselerharm from the
Aquatic Ecology and Water Quality Management Group, Joris
Sprakel from the Physical Chemistry and Soft Matter Group and
Remco Simonsz and Fresia Alvarado Chac�on fromWageningen Food
& Biobased Research.

This research did not receive any specific grant from funding
agencies in the public, commercial, or.

not-for-profit sectors.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2020.114268.

References

Al-Sid-Cheikh, M., Rowland, S.J., Stevenson, K., Rouleau, C., Henry, T.B.,
Thompson, R.C., 2018. Uptake, Whole-body distribution, and depuration of
nanoplastics by the scallop pecten maximus at environmentally realistic con-
centrations. Environ. Sci. Technol. 52, 14480e14486.

Alldredge, A.L., Silver, M.W., 1988. Characteristics, dynamics and significance of
marine snow. Prog. Oceanogr. 20, 41e82.

Bellingeri, A., Bergami, E., Grassi, G., Faleri, C., Redondo-Hasselerharm, P.,
Koelmans, A., Corsi, I., 2019. Combined effects of nanoplastics and copper on the
freshwater alga Raphidocelis subcapitata. Aquat. Toxicol. 210, 179e187.

Bergami, E., Bocci, E., Vannuccini, M.L., Monopoli, M., Salvati, A., Dawson, K.A.,
Corsi, I., 2016. Nano-sized polystyrene affects feeding, behavior and physiology
of brine shrimp Artemia franciscana larvae. Ecotoxicol. Environ. Saf. 123, 18e25.

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

https://doi.org/10.1016/j.envpol.2020.114268
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref1
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref1
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref1
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref1
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref1
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref2
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref2
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref2
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref3
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref3
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref3
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref3
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref4
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref4
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref4
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref4
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref5
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref5
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref5


A. Bellingeri et al. / Environmental Pollution 262 (2020) 1142688
franciscana. Aquat. Toxicol. 189, 159e169.
Bergkvist, J., Thor, P., Jakobsen, H.H., W€angberg, S.-Å., Selander, E., 2012. Grazer-

induced chain length plasticity reduces grazing risk in a marine diatom. Limnol.
Oceanogr. 57, 318e324.

Besseling, E., Wang, B., Lürling, M., Koelmans, A.A., 2014. Nanoplastic affects growth
of S. obliquus and reproduction of D. magna. Environ. Sci. Technol. 48,
12336e12343.

Bhattacharya, P., Lin, S., Turner, J.P., Ke, P.C., 2010. Physical adsorption of charged
plastic nanoparticles affects algal photosynthesis. J. Phys. Chem. C 114,
16556e16561.

Bjærke, O., Jonsson, P.R., Alam, A., Selander, E., 2015. Is chain length in phyto-
plankton regulated to evade predation? J. Plankton Res. 37, 1110e1119.

Carson, H.S., Nerheim, M.S., Carroll, K.A., Eriksen, M., 2013. The plastic-associated
microorganisms of the North pacific gyre. Mar. Pollut. Bull. 75, 126e132.

Casabianca, S., Cappellacci, S., Giacobbe, M.G., Dell’Aversano, C., Tartaglione, L.,
Varriale, F., Narizzano, R., Risso, F., Moretto, P., Dagnino, A., Bertolotto, R.,
Barbone, E., Ungaro, N., Penna, A., 2019. Plastic-associated harmful microalgal
assemblages in marine environment. Environ. Pollut. 244, 617e626.

Chae, Y., Kim, D., Kim, S.W., An, Y.-J., 2018. Trophic transfer and individual impact of
nano-sized polystyrene in a four-species freshwater food chain. Sci. Rep. 8, 284.

Chen, C.-S., Anaya, J.M., Zhang, S., Spurgin, J., Chuang, C.-Y., Xu, C., Miao, A.-J.,
Chen, E.Y., Schwehr, K.A., Jiang, Y., 2011. Effects of engineered nanoparticles on
the assembly of exopolymeric substances from phytoplankton. PloS One 6,
e21865.

C�ozar, A., Echevarría, F., Gonz�alez-Gordillo, J.I., Irigoien, X., Úbeda, B., Hern�andez-
Le�on, S., Palma, �A.T., Navarro, S., García-de-Lomas, J., Ruiz, A., 2014. Plastic debris
in the open ocean. Proc. Natl. Acad. Sci. Unit. States Am. 111, 10239e10244.

Ekvall, M.T., Lundqvist, M., Kelpsiene, E., �Sileikis, E., Gunnarsson, S.B., Cedervall, T.,
2019. Nanoplastics formed during the mechanical breakdown of daily-use
polystyrene products. Nanoscale Adv. 1, 1055e1061.

Fazey, F.M., Ryan, P.G., 2016. Biofouling on buoyant marine plastics: an experimental
study into the effect of size on surface longevity. Environ. Pollut. 210, 354e360.

Gigault, J., Pedrono, B., Maxit, B., Ter Halle, A., 2016. Marine plastic litter: the un-
analyzed nano-fraction. Environ. Sci. J. Integr. Environ. Res.: Nano 3, 346e350.

Guillard, R.R., 1975. Culture of phytoplankton for feeding marine invertebrates. In:
Culture of Marine Invertebrate Animals. Springer, pp. 29e60.

Harding, G., 1974. The food of deep-sea copepods. J. Mar. Biol. Assoc. U. K. 54,
141e155.

Harris, G., 2012. Phytoplankton Ecology - Structure, Function and Fluctuation.
Springer.

Hoagland, K.D., Rosowski, J.R., Gretz, M.R., Roemer, S.C., 1993. Diatom extracellular
polymeric substances: function, fine structure, chemistry, and physiology.
J. Phycol. 29, 537e566.

ISO, 2006. Water Quality e Marine Algal Growth Inhibition Test with Skeletonema
Costatum and Phaeodactylum Tricornutum, p. 12. ISO/TC 147/SC 5 10253.

Kooi, M., Nes, E.H.v., Scheffer, M., Koelmans, A.A., 2017. Ups and downs in the ocean:
effects of biofouling on vertical transport of microplastics. Environ. Sci. Technol.
51, 7963e7971.

Lambert, S., Wagner, M., 2016a. Characterisation of nanoplastics during the
degradation of polystyrene. Chemosphere 145, 265e268.

Lambert, S., Wagner, M., 2016b. Formation of microscopic particles during the
degradation of different polymers. Chemosphere 161, 510e517.

Liu, Y., Wang, Z., Wang, S., Fang, H., Ye, N., Wang, D., 2019. Ecotoxicological effects on
Scenedesmus obliquus and Danio rerio Co-exposed to polystyrene nano-plastic
particles and natural acidic organic polymer. Environ. Toxicol. Pharmacol. 67,
21e28.

Lobelle, D., Cunliffe, M., 2011. Early microbial biofilm formation on marine plastic
debris. Mar. Pollut. Bull. 62, 197e200.

Long, M., Moriceau, B., Gallinari, M., Lambert, C., Huvet, A., Raffray, J., Soudant, P.,
2015. Interactions between microplastics and phytoplankton aggregates:
impact on their respective fates. Mar. Chem. 175, 39e46.

Lürling, M., Beekman, W., 2002. Extractable substances (anionic surfactants) from
membrane filters induce morphological changes in the green alga Scenedesmus
obliquus (Chlorophyceae). Environ. Toxicol. Chem. 21, 1213e1218.

Mao, Y., Ai, H., Chen, Y., Zhang, Z., Zeng, P., Kang, L., Li, W., Gu, W., He, Q., Li, H., 2018.
Phytoplankton response to polystyrene microplastics: perspective from an
entire growth period. Chemosphere 208, 59e68.

Mas�o, M., Garc�es, E., Pag�es, F., Camp, J., 2003. Drifting plastic debris as a potential
vector for dispersing Harmful Algal Bloom (HAB) species. Sci. Mar. 67, 107e111.

Mas�o, M., Fortu~no, J.M., de Juan, S., Demestre, M., 2016. Microfouling communities
from pelagic and benthic marine plastic debris sampled across Mediterranean
coastal waters. Sci. Mar. 80, 117e127.

Mavrocordatos, D., Perret, D., Leppard, G.G., 2007. Strategies and advances in the
characterisation of environmental colloids by electron microscopy. IUPAC Ser.
Anal. Phys. Chem. Environ. Syst. 10, 345.

Middelburg, J.J., Barranguet, C., Boschker, H.T., Herman, P.M., Moens, T., Heip, C.H.,
2000. The fate of intertidal microphytobenthos carbon: an in situ 13C-labeling
study. Limnol. Oceanogr. 45, 1224e1234.

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. Ecotoxicol. Environ. Saf. 148, 184e193.

Mourdikoudis, S., Pallares, R.M., Thanh, N.T., 2018. Characterization techniques for
nanoparticles: comparison and complementarity upon studying nanoparticle
properties. Nanoscale 10, 12871e12934.

Muthukrishnan, T., Al Khaburi, M., Abed, R.M., 2018. Fouling microbial communities
on plastics compared with wood and steel: are they substrate-or location-
specific? Microb. Ecol. 1e14.

Nolte, T.M., Hartmann, N.B., Kleijn, J.M., Garnæs, J., van de Meent, D., Hendriks, A.J.,
Baun, A., 2017. The toxicity of plastic nanoparticles to green algae as influenced
by surface modification, medium hardness and cellular adsorption. Aquat.
Toxicol. 183, 11e20.

Oberbeckmann, S., L€oder, M.G., Labrenz, M., 2015. Marine microplastic-associated
biofilmsea review. Environ. Chem. 12, 551e562.

Passow, U., Alldredge, A., 1994. Distribution, size and bacterial colonization of
transparent exopolymer particles (TEP) in the ocean. Mar. Ecol. Prog. Ser.
185e198.

Peijnenburg, W.J., Baalousha, M., Chen, J., Chaudry, Q., Von der kammer, F.,
Kuhlbusch, T.A., Lead, J., Nickel, C., Quik, J.T., Renker, M., 2015. A review of the
properties and processes determining the fate of engineered nanomaterials in
the aquatic environment. Crit. Rev. Environ. Sci. Technol. 45, 2084e2134.

Penna, N., Capellacci, S., Ricci, F., 2004. The influence of the Po River discharge on
phytoplankton bloom dynamics along the coastline of Pesaro (Italy) in the
Adriatic Sea. Mar. Pollut. Bull. 48, 321e326.

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?FolID¼2.

Porter, A., Lyons, B.P., Galloway, T.S., Lewis, C., 2018. Role of marine snows in
microplastic fate and bioavailability. Environ. Sci. Technol. 52, 7111e7119.

Redondo-Hasselerharm, P.E., Gort, G., Peeters, E.T.H.M., Koelmans, A.A., 2019. Nano-
and Microplastics Affect the Composition of Freshwater Benthic Communities
in the Long Term. Submitted.

Reisser, J., Shaw, J., Hallegraeff, G., Proietti, M., Barnes, D.K., Thums, M., Wilcox, C.,
Hardesty, B.D., Pattiaratchi, C., 2014. Millimeter-sized marine plastics: a new
pelagic habitat for microorganisms and invertebrates. PloS One 9, e100289.

Rist, S., Hartmann, N.B., 2018. Aquatic ecotoxicity of microplastics and nanoplastics:
lessons learned from engineered nanomaterials. In: Freshwater Microplastics.
Springer, Cham, pp. 25e49.

Round, F.E., Crawford, R.M., Mann, D.G., 1990. Diatoms: Biology and Morphology of
the Genera. Cambridge university press.

Seoane, M., Gonz�alez-Fern�andez, C., Soudant, P., Huvet, A., Esperanza, M., Cid, �A.,
Paul-Pont, I., 2019. Polystyrene microbeads modulate the energy metabolism of
the marine diatom Chaetoceros neogracile. Environ. Pollut. 251, 363.

�Sevc�u, A., El-Temsah, Y.S., Joner, E.J., �Cerník, M., 2012. Oxidative stress induced in
microorganisms by zero-valent iron nanoparticles. Microb. Environ. 27, 215.

Simpson, T.L., Volcani, B.E., 2012. Silicon and Siliceous Structures in Biological
Systems. Springer Science & Business Media.

Sjollema, S.B., Redondo-Hasselerharm, P., Leslie, H.A., Kraak, M.H., Vethaak, A.D.,
2016. Do plastic particles affect microalgal photosynthesis and growth? Aquat.
Toxicol. 170, 259e261.

Smayda, T.J., Boleyn, B.J., 1966. Experimental observations on the flotation of marine
diatoms. II. Skeletonema costatum and Rhizosolenia setigera. Limnol. Oceanogr.
11, 18e34.

Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Jung, S.W., Shim, W.J., 2017. Combined
effects of UV exposure duration and mechanical abrasion on microplastic
fragmentation by polymer type. Environ. Sci. Technol. 51, 4368e4376.

Suaria, G., Avio, C.G., Mineo, A., Lattin, G.L., Magaldi, M.G., Belmonte, G., Moore, C.J.,
Regoli, F., Aliani, S., 2016. The Mediterranean Plastic Soup: synthetic polymers
in Mediterranean surface waters. Sci. Rep. 6.

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. Mar. Pollut. Bull. 130, 258e267.

Takabayashi, M., Lew, K., Johnson, A., Marchi, A., Dugdale, R., Wilkerson, F.P., 2006.
The effect of nutrient availability and temperature on chain length of the
diatom, Skeletonema costatum. J. Plankton Res. 28, 831e840.

Ter Halle, A., Jeanneau, L., Martignac, M., Jard�e, E., Pedrono, B., Brach, L., Gigault, J.,
2017. Nanoplastic in the North atlantic subtropical gyre. Environ. Sci. Technol.
51, 13689e13697.

Tiede, K., Boxall, A.B., Tear, S.P., Lewis, J., David, H., Hassell€ov, M., 2008. Detection
and characterization of engineered nanoparticles in food and the environment.
Food Addit. Contam. 25, 795e821.

Totti, C., Romagnoli, T., Accoroni, S., Coluccelli, A., Pellegrini, M., Campanelli, A.,
Grilli, F., Marini, M., 2019. Phytoplankton communities in the northwestern
Adriatic Sea: interdecadal variability over a 30-years period (1988e2016) and
relationships with meteoclimatic drivers. J. Mar. Syst. 193, 137e153.

Turner, J.T., 2002. Zooplankton fecal pellets, marine snow and sinking phyto-
plankton blooms. Aquat. Microb. Ecol. 27, 57e102.

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B.D., Van
Franeker, J.A., Eriksen, M., Siegel, D., Galgani, F., Law, K.L., 2015. A global in-
ventory of small floating plastic debris. Environ. Res. Lett. 10, 124006.

van Weert, S., Redondo-Hasselerharm, P.E., Diepens, N.J., Koelmans, A.A., 2019. Ef-
fects of nanoplastics and microplastics on the growth of sediment-rooted
macrophytes. Sci. Total Environ. 654, 1040e1047.

Wan, J.-K., Chu, W.-L., Kok, Y.-Y., Lee, C.-S., 2018. Distribution of Microplastics and
Nanoplastics in Aquatic Ecosystems and Their Impacts on Aquatic Organisms,
with Emphasis on Microalgae.

Wang, H., Joseph, J., 1999. Quantifying cellular oxidative stress by dichloro-
fluorescein assay using microplate reader. Free Radical Biology and Medicine 27,
612e616.

Ward, J.E., Kach, D.J., 2009. Marine aggregates facilitate ingestion of nanoparticles
by suspension-feeding bivalves. Mar. Environ. Res. 68, 137e142.

http://refhub.elsevier.com/S0269-7491(19)35728-8/sref5
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref5
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref6
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref6
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref6
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref6
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref6
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref7
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref7
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref7
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref7
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref8
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref8
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref8
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref8
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref9
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref9
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref9
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref10
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref10
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref10
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref11
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref11
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref11
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref11
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref11
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref12
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref12
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref13
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref13
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref13
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref13
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref14
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref15
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref15
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref15
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref15
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref15
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref16
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref16
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref16
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref17
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref17
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref17
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref18
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref18
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref18
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref19
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref19
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref19
http://refhub.elsevier.com/S0269-7491(19)35728-8/optCxNlvfgjSr
http://refhub.elsevier.com/S0269-7491(19)35728-8/optCxNlvfgjSr
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref20
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref20
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref20
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref20
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref21
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref21
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref21
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref22
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref22
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref22
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref22
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref23
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref23
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref23
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref24
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref24
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref24
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref25
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref25
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref25
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref25
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref25
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref26
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref26
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref26
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref27
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref27
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref27
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref27
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref28
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref28
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref28
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref28
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref29
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref29
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref29
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref29
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref30
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref30
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref30
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref30
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref30
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref30
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref31
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref31
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref31
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref31
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref31
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref31
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref32
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref32
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref32
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref33
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref33
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref33
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref33
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref34
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref34
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref34
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref34
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref35
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref35
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref35
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref35
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref36
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref36
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref36
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref36
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref37
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref37
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref37
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref37
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref37
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref38
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref38
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref38
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref38
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref38
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref39
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref39
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref39
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref39
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref40
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref40
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref40
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref40
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref40
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref41
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref41
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref41
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref41
http://www.plasticseurope.org/Document/plastics---the-facts-2015.aspx?FolID=2
http://www.plasticseurope.org/Document/plastics---the-facts-2015.aspx?FolID=2
http://www.plasticseurope.org/Document/plastics---the-facts-2015.aspx?FolID=2
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref43
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref43
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref43
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref44
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref44
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref44
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref45
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref45
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref45
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref46
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref46
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref46
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref46
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref47
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref47
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref48
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref48
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref48
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref48
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref48
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref48
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref49
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref49
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref49
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref49
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref50
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref50
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref50
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref51
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref51
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref51
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref51
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref52
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref52
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref52
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref52
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref53
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref53
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref53
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref53
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref54
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref54
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref54
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref55
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref55
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref55
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref55
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref56
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref56
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref56
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref56
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref57
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref57
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref57
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref57
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref57
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref58
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref58
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref58
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref58
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref58
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref59
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref59
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref59
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref59
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref59
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref59
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref60
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref60
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref60
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref61
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref61
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref61
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref62
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref62
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref62
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref62
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref63
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref63
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref63
http://refhub.elsevier.com/S0269-7491(19)35728-8/opt3qFlvtFLWN
http://refhub.elsevier.com/S0269-7491(19)35728-8/opt3qFlvtFLWN
http://refhub.elsevier.com/S0269-7491(19)35728-8/opt3qFlvtFLWN
http://refhub.elsevier.com/S0269-7491(19)35728-8/opt3qFlvtFLWN
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref64
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref64
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref64


A. Bellingeri et al. / Environmental Pollution 262 (2020) 114268 9
Wood, A.M., Everroad, R., Wingard, L., 2005. Measuring growth rates in microalgal
cultures. Algal Culturing Tech. 18, 269e288.

Wright, S.L., Kelly, F.J., 2017. Plastic and human health: a micro issue? Environ. Sci.
Technol. 51, 6634e6647.

Xiao, R., Zheng, Y., 2016. Overview of microalgal extracellular polymeric substances
(EPS) and their applications. Biotechnol. Adv. 34, 1225e1244.

Ye, S., Andrady, A.L., 1991. Fouling of floating plastic debris under Biscayne Bay
exposure conditions. Mar. Pollut. Bull. 22, 608e613.

Zettler, E.R., Mincer, T.J., Amaral-Zettler, L.A., 2013. Life in the “plastisphere”:
microbial communities on plastic marine debris. Environ. Sci. Technol. 47,
7137e7146.

Zhang, C., Chen, X., Wang, J., Tan, L., 2017. Toxic effects of microplastic on marine
microalgae Skeletonema costatum: Interactions between microplastic and
algae. Environmental Pollution 220, 1282e1288.

Zhao, S., Danley, M., Ward, J.E., Li, D., Mincer, T.J., 2017. An approach for extraction,
characterization and quantitation of microplastic in natural marine snow using
Raman microscopy. Anal. Methods 9, 1470e1478.

http://refhub.elsevier.com/S0269-7491(19)35728-8/sref65
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref65
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref65
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref66
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref66
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref66
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref67
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref67
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref67
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref68
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref68
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref68
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref69
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref69
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref69
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref69
http://refhub.elsevier.com/S0269-7491(19)35728-8/optNkTk6icFHb
http://refhub.elsevier.com/S0269-7491(19)35728-8/optNkTk6icFHb
http://refhub.elsevier.com/S0269-7491(19)35728-8/optNkTk6icFHb
http://refhub.elsevier.com/S0269-7491(19)35728-8/optNkTk6icFHb
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref70
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref70
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref70
http://refhub.elsevier.com/S0269-7491(19)35728-8/sref70

	Impact of polystyrene nanoparticles on marine diatom Skeletonema marinoi chain assemblages and consequences on their ecolog ...
	1. Introduction
	2. Materials & methods
	2.1. Materials
	2.2. PS NPs characterization
	2.3. Algal culture conditions and exposure study
	2.4. Sub-lethal effects
	2.4.1. S. marinoi-PS NPs interaction
	2.4.2. Quantification of ROS

	2.5. Statistical analysis

	3. Results and discussion
	3.1. PS NPs characterization in exposure media
	3.2. Growth
	3.3. Sub-lethal effects

	4. Conclusions
	Declaration of interests
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A. Supplementary data
	References


