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Plastic pollution is a global issue posing a threat to marine biota with ecological implications on ecosystem
functioning. Micro and nanoplastic impact on phytoplankton autotrophic species (e.g., cell growth inhibition,
decrease in chlorophyll a and photosynthetic efficiency and hetero-aggregates formation) have been largely
documented. However, the heterogeneity of data makes rather difficult a comparison based on size (i.e. micro vs
nano). In addition, knowledge gaps on the ecological impact on phytoplankton assemblage structure and
functioning are evident. A new virtual meta-analysis on cause-effect relationships of micro and nanoplastics on
phytoplankton species revealed the significant effect posed by polymer type on reducing cell density for tested
PVC, PS and PE plastics. Linked with autotrophic phytoplankton role in atmospheric CO fixation, a potential
impact of plastics on marine carbon pump is discussed. The understanding of the effects of microplastics and
nanoplastics on the phytoplankton functioning is fundamental to raise awareness on the overall impact on the
first level of marine food web. Interactions between micro and nanoplastics and phytoplankton assemblages have
been quite documented by in vitro examinations; but, further studies considering natural plankton assemblages
and/or large mesocosm experiments should be performed to evaluate and try predicting ecological impacts on
primary producers.

on marine phytoplankton assemblages affecting cell growth, chlorophyll
a content, photosynthetic efficiency and promoting colonization of

1. Introduction

The massive production of plastics for a variety of uses and appli-
cations, coupled with non-adequate waste management strategies, made
plastics a major environmental issue. A recent estimation stated that 10°
tons of plastic particles are floating on oceans’ surface (Eriksen et al.,
2014) and the effects of these, almost widespread, pollutants on
ecosystem functioning and food web is posing a threat to marine biota
and they should be addressed. In particular, in vitro experiments
demonstrated that micro and nanoplastics may have negative impacts

microplastic substrates and hetero-aggregate formation (Sjollema et al.,
2016; Long et al., 2017; Zhao et al., 2019; Zhu et al., 2019; Wang et al.,
2020). These last effects are able to influence plastic debris fate by acting
on buoyancy and sinking and enhancing the shift from sea surface to
seafloor (Galloway et al., 2017; Kooi et al., 2017; Casabianca et al.,
2020). Moreover, in a future plastic ocean, phytoplankton physiology
and assemblage structure may be negatively affected with consequences
on biological pump efficiency and consequently on carbon sequestration

Abbreviations: CLSM, confocal laser scanning microscopy; DA, domoic acid; DOM, dissolved organic matter; EPR, electron paramagnetic resonance; EPS, exo-
polysaccharides; MPs, microplastics; NMs, nanomaterials; NOM, natural organic matter; NP, nano-sized particles; PAHs, polycyclic aromatic hydrocarbon; PE,
polyethylene; PECs, predicted environmental concentrations; PMMA, Poly(methyl methacrylate); POM, particulate organic matter; PP, polypropylene; PS, poly-
styrene; PLTX, palytoxin; PST, paralytic shellfish toxin; PVC, polyvinylchloride; TEP, transparent exopolymer particles; WWTP, Wastewater Treatment Plant.

* This paper has been recommended for acceptance by Sarah Harmon.

* Corresponding author. Department of Biomolecular Sciences, University of Urbino, Campus E., Mattei, Via C le Suore 2/4, 61029, Urbino, Italy.

E-mail address: silvia.casabianca@uniurb.it (S. Casabianca).

https://doi.org/10.1016/j.envpol.2021.118101

Received 22 June 2021; Received in revised form 20 August 2021; Accepted 1 September 2021

Available online 3 September 2021
0269-7491/© 2021 Elsevier Ltd. All rights reserved.


mailto:silvia.casabianca@uniurb.it
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2021.118101
https://doi.org/10.1016/j.envpol.2021.118101
https://doi.org/10.1016/j.envpol.2021.118101
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2021.118101&domain=pdf

S. Casabianca et al.

(Shen et al., 2020). Finally, micro and nanoplastic introduction in the
marine environment, inevitably enter the food web through ingestion by
the highest trophic level organisms, and consequently, can be found in
seafood for human consumption with unknown health consequences
(Barboza et al., 2018). In this context, interactions between micro and
nanoplastics and phytoplankton assemblages may play a key role in
marine ecosystem functioning with potential negative impacts on pri-
mary producers with consequences along trophic chains and ecosystem
services. In order to summarize the state of art on marine phytoplankton
and micro and nanoplastic relationships, a review of recently published
literature was carried out. To address different aspects of these in-
teractions, more than 100 peer-reviewed papers, published from 2009 to
2021 were selected. The search literature strategy of the present review
was based on micro and nanoplastics in marine ecosystem, interaction
with phytoplankton taxa, toxic effects of micro and nanoplastics on
target algal species, plastic substrate colonization by marine microor-
ganisms, hetero-aggregate formations and microplastic effects on carbon
sequestration and on marine food web.

2. Sources, distribution and fate in marine environment

According to Koelmans et al. (2017) 99.8% of plastics ended in the
sea since the 1950 and have degraded into micro and nanoplastics. It has
been estimated that about 8 million tons of plastic waste enter the ocean
each year and numbers are expected to increase (Jambeck et al., 2015).
As well known, microplastics (MPs) (<5 mm), originate from fragmen-
tation of larger plastics (Prata et al., 2019; Wang et al., 2019; Nava and
Leoni, 2021) and the most common MPs polymer type are polyethylene
(PE), polystyrene (PS), polypropylene (PP) and polyvinylchloride (PVC);
all are found in the aquatic environment from rivers (Li et al., 2018) to
the sea (Andrady, 2011; Browne et al., 2011) either floating on surface
waters or on sediments (Wang et al., 2017; Casabianca et al., 2019; Choy
etal., 2019). Moreover, physical, chemical and biological degradation of
such mismanaged plastic products further originates nanoscale frag-
ments named nanoplastics (<1000 pm) which rebound to their safety
associated with remarkable biological, chemical and physical reactivity
that allow them to interact with the cellular machinery by crossing
biological barriers causing toxicity to living beings (Ter Halle et al.,
2017; Corsi et al., 2020; Davranche et al., 2020; Hewitt et al., 2020;
Gigault et al., 2021).

Major pathways of MPs introduction in the marine environment are
river’s discharge to the coast, drainage or sewage effluents (Browne
etal., 2011; Lebreton et al., 2017). MPs together with larger and smaller
plastic debris including nanoplastics can be transported by winds and
oceanic currents for long distances up to polar regions (Obbard, 2018)
and in accumulation zones such as ocean gyres (Zettler et al., 2013;
Amaral-Zettler et al., 2020). Recently, the Mediterranean Sea has been
identified as a great accumulation zone of plastic debris with an esti-
mated 1000 tons surface load of plastics. Being a semi-enclosed basin
characterized also by over-exploitation of coasts and densely populated,
it favors plastic debris accumulation in surface waters of coastal areas
(Cozar et al., 2015; Suaria et al., 2016).

In the Mediterranean Sea, current estimates of marine litter density
range from 0.25 to 30 items 100 m~2 with macroplastics (>5 cm) largely
prevailing (98%) (Macic et al., 2017; Consoli et al., 2018) and with a
heterogeneous distribution along the coasts both on surface water and
sediments (Alomar et al., 2016; Simon-Sanchez et al., 2019; Lambert
et al., 2020). A first evidence of nanoplastic occurrence in the Medi-
terranean Sea revealed traces of nano-sized PS in the range of
1.08-136.7 ng L™ in estuarine and surface waters of the western part of
the basin with hot spots in coastal areas (Cincinelli et al., 2019; Compa
et al., 2019; Schirinzi et al., 2019; Llorca et al., 2020).

However, anthropogenic MP presence has been reported in various
world’s oceans indicating that they are ubiquitous at the shores, as well
as in the pelagic and deep-sea ecosystems. The buoyancy of both MPs
and nanoplastics can be influenced by polymer density and by
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interactions with compounds present in the seawater. The sinking can be
favored by biofilm development on the MP surface, resulting in spatial
dislocation through different compartments including sea surface,
deeper water column and benthic sediments (Barnes et al., 2009; Cole
et al., 2011; Andrady, 2015).

Moreover, floating plastics including MPs, being a durable and
persistent substratum, are subjected to the bio-adhesion of micro- and
macro-organisms, favoring their dispersal from native to new habitats
(Eriksen et al., 2014). .

Microbial communities, including various harmful dinoflagellate
and diatom species, the so-called “plastisphere” (Zettler et al., 2013)
were found to colonize plastics floating on coastal waters of the Medi-
terranean Sea (Maso et al., 2016; Casabianca et al., 2019). As plastics
may act as a vehicle for harmful species, similarly, also biotoxins can be
transported and dispersed as discussed below.

3. Impacts of microplastics on phytoplankton species

Nowadays, the environmental applications and field studies about
MPs ecotoxicological effects on phytoplankton assemblages have not
been directly described yet; in fact, information about this topic are
highly limited, and the majority of studies focus on MPs exposure impact
on marine and freshwater microalgal species by in vitro experiments. The
interactions between MPs and phytoplankton can occur, but the po-
tential ecological effects remain largely unknown (Wang et al., 2019).
Potential effects of exposure to MPs and nanoplastics in the sub-micron
range (>100 nm) to some marine phytoplankton species have been
described and they included the inhibition of growth dynamics, signif-
icant reduction of chlorophyll a content and photosynthetic efficiency,
gene expression alteration and hetero-aggregate formation (Fig. 1). Only
some microalgal species are clearly affected by plastic exposure and, in
order to disregard the toxicity due to other factors, only studies with
physico-chemical characterization of MPs and nanoplastics were re-
ported (Table 1). High variability in biological responses was found
within phytoplanktonic species exposed to MPs and nanoplastics of
different sizes and concentrations. Among marine phytoplankton spe-
cies, Skeletonema costatum (Class Bacillariophyceae) and Dunaliella ter-
tiolecta (Class Chlorophyceae) exposed respectively for 96 and 72 h to 1
pm PVC and 0.5 pm PS beads (50 and 250 mg L) exhibited significant
lower growth rate compared to controls (Sjollema et al., 2016; Zhang
et al., 2017). The dinoflagellate Karenia mikimotoi (Class Dinophyceae)
cell density also decreased upon 1 pm based size PVC exposure (24 h,
100 mg L™Y) (Zhao et al., 2019). The same impact was recorded in
Rhodomonas baltica (Class Cryptophyceae), which showed significant
differences in cellular growth among cultures grown with PS microbeads
(10 pm, 7500 particles mL 1) and control treatment after 264 h of
exposure (Lyakurwa, 2017).

Conversely, in the cases of Tetraselmis chuii (Class Chloroden-
drophyceae), Tisochrysis lutea (Class Coccolithophyceae), Heterocapsa
triquetra (Class Dinophyceae) and Chaetoceros neogracile (Class Bacil-
lariophyceae) no differences in cell abundance among exposed and
control groups were found (range 0.004-250 mg L™}, from 4 to 1872 h)
(Long et al., 2017; Cunha et al., 2019).

Chlorophyll a content and photosynthetic rate were also analyzed in
order to evaluate the effects of MPs and nanoplastics on algal produc-
tivity. In some cases, a decrease of these two parameters was observed in
exposed microalgae R. baltica, S. costatum and K. mikimotoi at high MPs
concentrations (7500 PS particles mL~}, 50 mgL L7, 100 mg LY
respectively) (Lyakurwa, 2017; Zhang et al., 2017; Zhao et al., 2019).
Moreover, interactions, such as adsorption of microalgae on MP surfaces
can cause physical and morphological damages influencing the micro-
algae growth, limiting nutrients and energy transfer, leading to cell
starvation and decreasing light, CO2 and Oy exchange (Zhang et al.,
2017; Mao et al., 2018). Recently, four phytoplankton species, namely
T. pseudonana (Class Bacillariophyceae), S. grethae (Class Bacillar-
iophyceae), Phaeodactylum tricornutum (Class Bacillariophyceae) and
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IMPACTS OF PLASTIC DEBRIS (MPs AND NPs) on marine primary producer functions
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Fig. 1. Diagrammatic scheme illustrating the potential impacts of microplastics (MPs) and nanoplastics on ecological functions of phytoplankton as primary pro-
ducers constituting the first level of the marine food web: a) food web, b) carbon cycle, c) aggregation, d) colonization, e) reproduction. The relative dimensions of

the boxes and arrows are proportional to the importance of the compartments and the flow.

D. tertiolecta, were grown in the presence of micro- and nanoplastics and
changes in cell viability, measured as relative extracted DNA amount
from living phytoplankton, were observed. In particular, a decrease of
species-specific viability based on lower amounts of DNA was obtained,
when microalgae were exposed to PS microbeads at different concen-
trations (from 10~* to 250 mg L) and size (6, 1 and 0.055 pm). Results
showed that cell viability declined when high concentration of larger
plastic particles was used, although a stronger negative effect was found
upon exposure to nanoplastics at higher concentrations (Shiu et al.,
2020a). On the other hand, the majority of studies investigating adverse
effects of MPs used concentrations from 2 to 7 orders of magnitude
higher than those expected to be found in natural environmental sce-
narios (Lenz et al., 2016). In marine ecosystems, estimation of plastic
debris ranged between 0.1 and 1 particle m~2 in the water column and
from 10° to 10* particles m~2 on sediments (Erni-Cassola et al., 2019).
Field MP concentration, estimated from manta trawl sampling (>333
pm mesh size), ranged between 0.073 and 5.33 mg L' in the South
Pacific Gyre and California current system, respectively (Sussarellu
et al., 2016). Moreover, it is important to consider that experimental
systems, such as the use of monospecific algal cultures, are different
from the real exposure scenarios, where mixed phytoplankton species
coexist in assemblages with a degree of species-specific frequency,
abundance and functions (i.e. carbon fixation, nutrient uptake, buoy-
ancy). In addition to this, in natural waters, MPs are characterized by
different chemical structure and at a lower concentration than those
largely applied in laboratory studies using single species models (Long
et al., 2017; Prata et al., 2019).

The toxic effects of MPs on phytoplankton primary producers seemed
to depend on some variable features including polymer type and size,
concentration, exposure time, initial cell density, cultured volume and
target microalgal species (Lagarde et al., 2016; Long et al., 2017; Zhang
et al.,, 2017; Mao et al., 2018). Thus, studies dealing with species
belonging to different taxa and showing bias regarding not adequate
number of trials, sample size and exposure time are difficult to be
compared. By the meta-analysis of Reichelt and Gorokhova (2020),
applied to a random-effect model, a weak negative response on cell
growth, depending on higher plastic particles concentration, was found.

Moreover, the growth inhibition was not so much due to polymer type
(PS, PE and PVC) as to other factors, such as low polymer density, which
seemed to have a negative effect on cell growth.

In the present review, in order to test and interpret the heterogeneity
of in vitro experimental data on different sizes and concentration of
various polymers on target phytoplankton species, a virtual meta-
analysis of the published results from some papers was done using R
(R; Core, 2020) environment. A series of data (Table S1) were retrieved
from figures using the R package “digitize” (Poisot, 2011). For any de-
tails about the statistical analysis, see the Supplementary material sec-
tion. The output of the GAM (generalized additive model), with R? =
0.679 capturing 68% of the total deviance, indicated that PVC and PE
were characterized by a monotic effect on target phytoplankton species
cell density in relation to polymer concentration. Conversely, PS was
characterized by a no monotonic effect and it negatively affected cell
density especially at intermediate concentration. PVC and PE, instead,
always reduced cell density proportionally to their concentrations.
Polymer size was not significant (data not shown). While four of the five
microalgal species showed very similar responses to the different poly-
mers; Karenia mikimotoi was the less sensitive species (Fig. 2).

Different experimental conditions largely influenced experimental
results representing a bias in the MPs effect interpretation (Table S2).
Moreover, the use of different measurement units for the growth inhi-
bition or chlorophyll a content further contributed making it hard to
compare results among studies. In addition, for those testing nano-scale
polymeric particles, as proxy for nanoplastics (i.e. PS NPs), a full phys-
ical chemical characterization of the NP in the exposure media is lack-
ing, then real exposure conditions effectively affecting algal cell
responses are missing.

Thus, laboratory test conditions still seemed too far from mimicking
a real exposure scenario. Further studies considering natural plankton
assemblages and/or large mesocosm experiments should be performed
with the aim of evaluating the ecological relevance of both MPs and
nanoplastics/phytoplankton assemblage interaction. Similar ap-
proaches, near to real marine environmental conditions, should be
applied also to phytoplankton assemblages in order to study global MPs
and nanoplastics effects by evaluating indirect indicators of



Table 1
Micro and submicron plastic toxic effects on marine phytoplankton species.
Polymer type Size (um)  Concentration (mg L™1) Microalgal species Exposure time Sampling frequency (h) Toxic Effects Toxic Concentration Toxic exposure Reference
(h) (mg L™ time (h)
PS (uncharged) 0.5 25, 250 Dunaliella tertiolecta 72 72 Cell density 250 72 Sjollema et al.
(2016)
6 25 72
PS (- charged) 0.5 25, 250 250 72
PS 10 75, 750, 75001 Rhodomonas baltica 264 24, 48,72,96,120, 144,168,192,  Cell density 7500 120-264 Lyakurwa (2017)
216, 240, 264
Chl a content 7500 144, 216- 264
75, 750, 7500 240
PVC 1 1,5, 10, 50 Skeletonema costatum 96 1, 24, 48,72, 96 Cell density 5, 10, 50 24, 48, 72, 96 Zhang et al.
(2017)
1 72, 96
5, 50 Chl a content 5 72, 96
50 24-96
Photosynthetic 5 1,24
efficiency
50 1, 24, 48,72
PE 1-5 0.5, 0.9, 2.1, 4.3, 8.3, Tetraselmis chuii 96 96 Chl a content 09,21 96 Prata et al.
18.1, 41.5 (2018)
PE 180-212 50, 100, 150, 200, 250, Dunaliella salina 144 144 Chl a content 200, 250, 300, 350 144@ Chae et al.
300, 350 (2019)
PVC virgin 97-197 10, 100, 1000 Chlorella vulgaris 240 24, 48,72,96,120, 144,168,192,  Growth inhibition 10 96 Fu et al. (2019)
216, 240 ratio
Biomass productivity =~ 10
PVC virgin 93.8-183 240 24, 48,72,96,120, 144,168,192,  Growth inhibition 10 72
aged® 216, 240 ratio
Biomass productivity =~ 10
PS-NH, 0.5 2.5 Chaetoceros neogracile 72 24, 48,72 Esterase activity 2.5 24, 48 Seoane et al.
(2019)
Neutral lipid content 2.5 24, 48,72
2 2.5 Growth rate 2.5 72
Esterase activity 2.5 24, 48
Neutral lipid content 2.5 24, 48,72
PVC 1 5, 25, 50, 100 Karenia mikimotoi 96 1, 24, 48, 72, 96 Cell density 5, 25, 50, 100 24, 48,72 Zhao et al.
96 (2019)
Growth inhibitory 100 24
rate
Chl a content 100 48
Photosynthetic 5, 25, 50, 100 96
efficiency
PE, PS and PVC 74 10, 20, 50, 100 Skeletonema costatum 96 24, 48,72, 96 Cell density 10, 20, 50, 100 24, 48, 72, 96 Zhu et al. (2019)
PVC800 1 Cell density 10, 20, 50, 100 24, 48,72, 96
PE, PP, PET, 74 200 Phaeodactylum 96 24, 48,72, 96 Cell density 200 24, 48, 72, 96 Song et al.
PVC tricornutum (2020)

(continued on next page)

‘ID 32 DOUDIQDSD) S

I0I8II (120Z) 06 uonnjjod [pIuaWUoLAUT



S. Casabianca et al.

Table 1 (continued)

Reference

Toxic exposure

time (h)

Toxic Concentration

(mgL™Y)

Toxic Effects

Sampling frequency (h)

Exposure time

(h)

Microalgal species

Size (um)  Concentration (mg L")

Polymer type

24
96

200

Growth rate

200 (PVC)

Growth inhibitory

rate

PP, PVC

Chl a content

200 24 Wang et al.
(2020)

Growth inhibitory

ratio

1, 24, 48,72, 96

96

Phaeodactylum

25, 50, 100, 200

PVC

tricornutum

96

25

Chl a content

24-96
24

200

25, 50, 100, 200

Photosynthetic

efficiency

200 96

Growth inhibitory

ratio

Chaetoceros gracilis

96
24

200
200

Chl a content

Growth Inhibitory

ratio

Thalassiosira sp.

96

25

Chl a content

24-96
24

200

25, 50, 100, 200

Photosynthetic
efficiency

Mparticles L™1; @ Chl a content increment; ® Aged PVC. As in the considered experiments, several micro and submicron plastic concentrations were tested, the higher negative effects were reported in bold.
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Fig. 2. Representation of the effects of each polymer (PVC, PE, PS) on target
phytoplankton species cell density according to different polymer concentra-
tions. The values on the Y-axes represent the standardized cell density. Only the
statistically significant effects are reported.

productivity, as growth rate, abundance, species composition, carbon
content, buoyancy, macromolecules composition (DNA, RNA, proteins,
carbohydrates, lipids) and their ratios, photosynthetic efficiency and,
therefore, ecological implications on the functioning of the phyto-
plankton communities in the food web (Casabianca et al., 2021).

4. Nanoplastic behaviour in seawater and toxicity on
phytoplankton

The majority of the studies addressing nanoplastic impact on marine
environment did not focus on their conceptual origin as the final stage of
the environmental degradation of a plastic product or debris, but mainly
on size, thus using polymeric nanoparticles (NP < 100 nm) as proxy for
nanoplastics. On the other hand, being originated from fragmentation,
those expected to reach the highest amount in the marine environment
can vary substantially in size, shape and associated properties. There-
fore, marine species could be exposed to a more complex fraction of
plastic nano-fragments for which the impact on marine biota has been
overlooked until now. The common feature between nanoplastics and
nano-scale materials (NMs) is their ultimately transport behaviour, in-
teractions with light and natural colloids, all affecting their
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bioavailability and potential toxicity to marine biota (Corsi et al., 2020;
Gigault et al., 2021). However, as for NMs, their detection and quanti-
fication in environmental matrices (i.e. water, soil and air) still faced
major challenges due to the current analytical limitations (Jakubowicz
et al., 2021). Therefore, the understanding of bio-nano interactions with
marine microalgae become, thus, essential to assess their impact from
single cells up to population and make predictions on cascade events at
ecosystem level.

A large variety of nano-sized polymers as PS, PE, PP, PVC and Poly
(methyl methacrylate) (PMMA), mainly PS nanospheres in the range 40
nm - 1 pm have been used as proxy for nanoplastics and tested at
environmentally relevant concentrations and above (from pg to g L™!) in
short and long-term exposure conditions with several marine algal
strains. Current knowledge on nanoplastic behaviour in aquatic media
have been inferred from the observation of polymeric nanoparticles
(NPs) (e.g., PS NPs) in controlled laboratory conditions (e.g., artificial
media), at concentrations far higher than those predicted to be found in
the natural environment (Corsi et al., 2020; Cai et al., 2021). Most of
them were tested following available standardized ecotoxicity test pro-
tocols looking at inhibition of growth at 72 h or 96 h (e.g., ISO, 2006;
OECD 201, 2011) and at sublethal endpoints (i.e., photosynthetic yield,
oxidative stress) (Reichelt and Gorokhova, 2020).

As extensively discussed through the literature (Wu et al., 2019;
Corsi et al., 2020), NP behaviour in high ionic strength media, such as
seawater (35-40), was deeply influenced by NP surface charge. For
instance, PS NPs with negative surface charge (either plain or
carboxy-modified) usually form aggregates in the pm-size range in
seawater, as opposed to positively charged PS NPs (as for instance
amino-modified -NH3), which generally maintain their nm-size. On the
other hand, positively charged PS NPs exhibited an aggregating
behaviour in the presence of dissolved organic matter (DOM), while the
aggregation of their negative counterparts was not influenced by DOM
(Wuetal., 2019) or seemed to be reduced (Grassi et al., 2020). However,
when NOM was involved, the resulting nanoplastic behaviour was not
easy to predict as it is linked to the variability and the complex in-
teractions with NOM functional groups. As reported by Grassi et al.
(2020), the concept of the biomolecular corona, defined as a layer of
tightly bound proteins at the NPs surface and conceived to explain the
behaviour of NPs in biological fluids (Monopoli et al., 2013), acquired
different connotations when applied to complex aquatic media as nat-
ural seawater. Such so-called eco-corona is usually composed of high
molecular weight biopolymers, which could be playing a more crucial
role in defining the biological identity and behaviour of NPs. The ionic
strength of water media, again, added further complexity: Natarajan
et al., (2020), reported a gradual increase of PS NPs (from ~250 to
~500 nm) in freshwater media upon incubation with EPS for 12, 24 and
48 h. Conversely, Grassi et al. (2020) observed lower agglomeration of
PS NPs (from ~850 to ~650 nm) in seawater supplied with EPS prob-
ably due to changes in NPs surface charge caused by exudates adsorption
(e.g., eco-corona).

Surface charges of PS NPs have been shown to play a role in
nanoplastic-microalgae interaction based on exposure time, conditions
and target species. Positively charged PS NPs (PS-NH; 50 nm ECsg < 1
mg L 1) resulted always highly toxic showing lethal and sub-lethal ef-
fects (e.g., cell growth inhibition and density, impairment of membrane
long-chain fatty acids, decrease of energy reserves, pigment content and
photosynthetic yield and enhance oxidative stress, and the production of
antioxidant enzymes) (Sjollema et al., 2016; Bergami et al., 2017;
Gonzalez-Fernandez et al., 2019; Gao et al., 2021). Upon incubation in
seawater or microalgae medium (>38 salinity, basic pH, and NOM),
they maintained a nanoscale hydrodynamic size (<100 nm), which
rebonded to their documented ecotoxicity (Della Torre et al., 2014;
Bergami et al., 2016; Manfra et al., 2017; Murano et al., 2020; Pinsino
et al., 2017; Marques-Santos et al., 2018; Varo¢ et al., 2019; Wu et al.,
2019).

On the contrary, carboxy-modified PS NPs (i.e., -COOH) always
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formed large (0.9-1.8 pm) and less harmful for marine species including
microalgae, agglomerates immediately after dispersion in seawater.
Recent findings, however, showed that upon prolonged incubation (38
days), size-dependent inhibition of algal growth could occur with
associated increase in ROS production and photosynthesis impairment
(Hazeem et al., 2020). Most notably, shifts in proteins and lipids com-
positions were observed, thus, leading to hypothesize that interaction at
membrane level was occurring. Strong adsorption on marine microalgae
of PS-COOH NPs and bare PS (range 50-100 nm and up to 50 mg L™})
has been already documented upon short and long-term exposure (72 h-
14 days), thus, suggesting that prolonged exposure scenarios could lead
to detrimental impairments on algal cells (Bergami et al., 2017; Sendra
et al.,, 2019; Bellingeri et al., 2020). In particular, the formation of
shorter chains (2 cells instead of 4 or 8 ones) in S. marinoi suggested
potential ecological implications for their buoyancy (Bellingeri et al.,
2020). Taking into consideration that nanoplastics originating from
fragmentation and/or weathering in the marine environment are ex-
pected to bear negatively charges due to surface oxidation and acqui-
sition of functionalities (e.g., carbonyl groups) (Gigault et al., 2016;
Andrady, 2017; Lehner et al., 2019), these bio-interactions may be
relevant in terms of ecological cascade impact on phytoplankton as-
semblages. More recent studies conducted using environmental nano-
plastics obtained from weathered PE MPs collected from the North
Atlantic gyre showed more harmful effects of weathered compared to
virgin ones by blocking cell division of the marine diatom T. weissiflogii
(48 h, 1-10,000 pg L~1) (Baudrimont et al., 2020).

As also reviewed in Corsi et al. (2021), nanoplastic surface properties
(e.g., surface charge, functional groups, degree of weathering) play an
important role in defining their affinity for biological membranes,
together with environmental interactions occurring in seawater,
including adsorption of existing pollutants or biological molecules (i.e.,
EPS as mentioned above). These are important drivers of ecotoxicity and
they can significantly affect nanoplastic behavior and biological effects
on phytoplankton assemblages. More studies should focus on under-
standing such processes starting from adhesion dynamics and temporal
changes towards chemical and biological entities including colonization
by microbial assemblages of the larger nanoplastics close to 1 pm.

Even if the range of reported effect concentrations nanoplastics is
wide (ECso from 0.1 mg L™! to 100 mg L™Y) (Sjollema et al., 2016;
Bergami et al., 2017; Zhang et al., 2017; Bellingeri et al., 2020), ac-
cording to the previously reported factors influencing toxicity, the
values are far above PECs for the marine environment (1 pg L™! — 20 pg
L_l) (Lenz et al., 2016). However, data regarding the environmental
occurrence and distribution of nanoplastics are still limited and regions
characterized by high levels of plastic pollution, as coastal marine areas
in the Mediterranean Sea, could exceed PECs and approach toxicity
thresholds.

5. Bio and chemical adhesion and colonization of plastic
substrates

In the marine ecosystems, biological interactions between MPs and
biota are documented including biofouling, their presence inside fecal
pellets, ingestion and transfer through the food web (Clark et al., 2016).
In particular, microorganisms are able to colonize the surface of floating
MPs, which represent a robust and durable substratum for bio-adhesion
(Fig. 1). The accumulation of microorganisms on submerged plastic
surfaces is a phenomenon known as biofouling that starts from the
adsorption of organic molecules and it follows by the increased adhesion
of bacteria, diatoms and other microorganism communities. Finally,
these microorganisms are linked together in a biofilm by extracellular
polymeric substances (Flemming and Wingender, 2010). This biofilm is
formed within hours upon release into the marine environment and it
increases in density and structural complexity within days. Further,
within weeks, algal fouling communities occur colonizing the plastic
surfaces (Donlan, 2002; Lobelle et al., 2011; Zettler et al., 2013).
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Moreover, the plastic hydrophobic surfaces allow a more rapid coloni-
zation by microorganisms than the hydrophilic surfaces, and, in this
way, the formation of microbial biofilms may affect the physical char-
acteristics of plastics and MPs favoring their sinking through the water
column (Long et al., 2015; Galloway et al., 2017; Casabianca et al.,
2020). Plastic sinking can start within 2 weeks depending on plastic
particle size, type, shape, roughness and environmental conditions
(Fazey et al., 2016). Furthermore, plastic surface hydrophobicity and
buoyancy are affected by biofilm formation and consequently, micro-
organism colonization and accumulation influenced the downward
movement of MPs to the sea bottom and lead to an increased sinking rate
(Kaiser et al., 2017; Kooi et al., 2017; Song et al., 2018). These in-
teractions between bacteria, microalgae, protozoans, fungi and MPs
generated biofilms composed by phylogenetically and functionally
complex communities, also collectively known as plastisphere, micro-
bial assemblage, biofouling or periphyton (Zettler et al., 2013; Rummel
etal., 2017). These microbial assemblages took advantage of a biofilm as
competition and survival strategies, accumulation of nutrients, and
protection against environmental stress and predation (e.g., dehydration
and ultraviolet radiation) (Donlan, 2002). Recently, confocal laser
scanning microscopy (CLSM) allowed differentiating and counting
bacteria, archaea and unicellular eukaryotes responsible for biofilm
formation in PE, PP and PS plastic debris. Diatoms were the first colo-
nizers being the most abundant taxa at the early stages of biofilm for-
mation (after 1 week). However, they became less abundant with time
being replaced by other microbes, probably because of diatom grazing
copepod trigger. A time-dependent increase in microbes’ abundance,
both photosynthetic and non-photosynthetic, on all substrates at the end
of incubation was documented (Zhao et al., 2021). Similar results were
obtained for plastic items collected from the North Pacific Gyre. SEM
revealed that bacteria and pennate diatoms were the most abundant,
and they were found in association with coccoid bacteria, other centric
diatoms, dinoflagellates, coccolithophores and radiolarians; diatom
abundance increased on plastic debris with rough surfaces in sites with
the highest plastic concentrations (Carson et al., 2013). Recently, by
taxon-specific qPCR assay, diatom and dinoflagellate assemblages were
found in plastics from coastal waters and off-shore of the Mediterranean
Sea. Harmful microalgae were found; in particular, potentially toxic
diatom Pseudo-nitzschia spp., both planktonic and benthic toxic dino-
flagellate Alexandrium pacificum, A. minutum and Ostreopsis cf. ovata,
respectively, were found on floating plastic at different concentrations.
The most abundant was Pseudo-nitzschia spp. with the 74% of presence
and 6.6 10° cells cm ™2 per plastic item, followed by A. pacificum (38%)
and by A. minutum and O. cf. ovata (21%) with maximum abundance of
73 and 259 cells cm ™2, respectively. Other toxic dinoflagellates, such as
Lingulodinium polyedrum, Protoceratium reticulatum and Gonyaulax spini-
fera, were found in scarce or low amounts. The phytoplankton species
adhesion to plastic surfaces was also confirmed by experimental adhe-
sion rate, and A. pacificum resulted to adhere the most rapidly followed
by S. marinoi and P. multistriata. Very low adhesion was found for
L. polyedrum (Casabianca et al., 2019). The potential different ability to
colonize, and thus, to adhere to the various plastic substrates may be
explained by chemical-physical interactions that arise between substrate
debris and microorganism walls or membranes up to external surfaces of
living organisms (Zettler et al., 2013). In a recent study of Casabianca
et al. (2020), based on electron paramagnetic resonance (EPR) spectra of
selected spin probes able to enter the phytoplankton cell interface and
interact with the plastic surface, the interactions between diatom
S. marinoi and dinoflagellate L. polyedrum and plastic surfaces was
characterized. The specific siloxane groups on S. marinoi silica frustule
were found to be involved in the binding with the hydrophobic plastic
surface of PE. On the contrary, the external cellulosic thecal plates of
L. polyedrum poorly adhere to the plastic surface and cells seemed to roll
on the plastic substrate also due to cellular spherical shape.

Recently, the advent of next-generation DNA sequencing techniques
provided the characterization of microbial assemblages both colonizing
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plastic debris and living in surrounding water in oceanic gyres. Gener-
ally, the plastisphere communities, investigated by distribution analyses
of Operational Taxonomic Units (OTUs), were genetically distinct from
those in the water column. In addition, biogeographical differences were
found based on ocean basin scale comparison of plastisphere community
composition: Pacific and Atlantic plastisphere communities were
different (Amaral-Zettler et al., 2015; Bryant et al., 2016). All these
findings have important implications in the study of microbial in-
teractions with plastics, because biofouling communities may have
specific properties of adhesion mediated by chemical-physical compo-
sition and site-specific effects at different locations.

Therefore, the colonization of marine floating MPs by harmful and/
or toxic microorganisms, including phytoplankton species, is evident as
these new substrates may represent a vehicle for allochthonous species
dispersal and their introduction in new habitats (Maso et al., 2016;
Casabianca et al., 2019; Nava and Leoni, 2021). Moreover, if toxins
producing species are present within the plastisphere community, bio-
toxin transport by MPs can represent a potential threat. It has been
estimated that domoic acid (DA), palytoxin (PLTX) and paralytic shell-
fish toxin (PST) compounds can be potentially transported at various
amounts ranging from 5 to 443 ng cm ™2, from 1 to 62 ng cm™2 and from
1 to 72 pg cm ™2, respectively (Casabianca et al., 2019). At the end, there
may be a potential human sanitary risk through ingestion of contami-
nated seafood. Indirect toxin accumulation on plastics and consequently
plastic/biotoxin uptake by filtering feeding animals or by transfer
throughout trophic level organisms may be a plausible scenario.

Moreover, based on the calculated total plastic marine debris dis-
tribution, Zhao et al. (2021) estimated that from 2.1 10%! to 3.4 10%!
microbial cells, of both photosynthetic and non-photosynthetic func-
tional microorganisms, populate plastic debris globally. This large
quantity of cells carried by plastic debris may potentially impact
biodiversity due to epi-plastic floating community dispersal by plastics
transport (Casabianca et al., 2019; Cunha et al., 2019).

Moreover, dense potentially harmful microorganisms’ monolayers
on plastic surfaces may have a ballasting effect leading to a downward
transport caused by a reduced buoyancy of floating particles, as dis-
cussed below (Lobelle and Cunliffe, 2011; Cozar et al., 2014). Several
studies have reported the ability of micro- and nanoplastics to interact
with inorganic and organic contaminants through surface adsorption
which is driven by specific plastic properties, as type of polymer, size,
shape and aging as well as those of the receiving aquatic media (i.e.,
osmolarity, pH, NOM) (Wang et al., 2020; Huang et al., 2020; Mei et al.,
2020; Reichel et al., 2021). The adsorption process is made through
hydrophobic and/or steric interactions and, in some cases, even to co-
valent bonds. This process in which the high surface area to volume ratio
of the pm and sub-pm plastics and the presence of functional charged
groups seemed to play a significant role and it followed a non-linear
sorption isotherms (Koelmans et al., 2015; Town and Van Leeuwen,
2020). Emerging pollutants including pharmaceuticals have been
documented to adsorb on both micro- and nanoplastics through elec-
trostatic and hydrophobic interactions and hydrogen bounding (Lee
et al., 2019; Velzeboer et al., 2014; Wang et al., 2020; Wu et al., 2016).
PS NPs adsorption properties and kinetics have been largely tested as
proxy for nanoplastics and their role in affecting bioavailability, uptake
and toxicity of adsorbed pollutants; even their trophic transfer have
been demonstrated on a case by case study according to particles
properties and those of the aquatic receiving media. Therefore, nano-
plastics, more than larger counterparts, can deliver environmental pol-
lutants through a Trojan horse mechanism being their nano-scale
properties associated to stronger adsorption and their nano size to an
easier uptake and translocation among organs and tissues (Town and
Van Leeuwen, 2020).

In freshwater model species, co-exposures of micro- and nanoplastics
with aquatic pollutants (i.e. PAHs) resulted in either a different bio-
distribution or increased bioaccumulation of the co-pollutant, thus,
further proving the hypothesis of Trojan horse mechanism (Chen et al.,
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2017; Trevisan et al., 2019, 2020). In marine environment, a recent
study by Davranche et al. (2019) showed a significant sorption of lead
(Pb) to real nanoplastics obtained from the fragmentation of MPs
collected from the North Atlantic gyre, thus, supporting the role of size,
but, also of aging of plastic on the adsorption process. A further
confirmation is provided by the study of Mao et al. (2020) in which aged
PS NPs adsorbed more heavy metals than pristine, probably as a
consequence of an increase in surface hydrophilicity, as already hy-
pothesized by other authors (Liu et al., 2019, 2020). Regarding the role
of the ionic strength of the aquatic media, less adsorption was observed
in seawater compared to freshwater, thus, supporting the hypothesis
that dissolved ions can affect the interplay between nanoplastics and
inorganic contaminants in seawaters (Cortés-Arriagada, 2021).
Furthermore, the recent evidences obtained in a freshwater system that
nanoplastics are transferred through the food chain by their adhesion on
algal cells (PS NPs, 50-60 nm) and end up into the gut of the fish
affecting lipid metabolism, causing histopathological damages in liver
and ultimately their behavior, are increasing the concern associated to
their role as carrier of toxic chemicals (Cedervall et al., 2012; Chae et al.,
2018). Adsorption properties of the nanoplastics can not only signifi-
cantly affect the fate of toxic chemicals in aquatic ecosystems, but also
their uptake, accumulation and distribution in organs and tissues where
they wouldn’t normally be accumulated. This may cause new bio-
distribution and bioaccumulation scenarios and associated eco-toxicity,
which need to be further investigated, in particular, in marine food
chains where information is still scarce or almost absent. Taking into
consideration that larger amount of nanoplastics originating from
fragmentation of MP debris is expected to be present in marine surface
waters and in coastal areas where higher amount of both legacy and
emerging pollutants are released from human activities (i.e., soil run-off,
sewages from wastewater treatment plants, WWTPS, and industrial ac-
tivities), the knowledge of bio interaction occurring with the phyto-
plankton assemblages could be extremely relevant for predicting risk
scenarios across several levels of biological organization. Furthermore,
the current lack of eco-toxicity data obtained by using environmental
nanoplastics makes such predictions even more urgent, and further
studies should be carried out by using them as reference material.

6. Plastic EPS hetero-aggregate formation and sinking

Marine microalgae, as well as other organisms, such as bacteria,
cyanobacteria, fungi and yeasts produce exudates as EPS, which are
mainly constituted of long-chain polysaccharides: macromolecules
belonging to the carbohydrate group, proteins and DNA (Flemming and
Wingender, 2010). EPS are species-specific viscous gel-like structures
with sticky properties that can aggregate into larger particles when
organic or mineral compounds are present (Bhaskar et al., 2005; Galgani
etal., 2019). The production of EPS by microorganisms is responsible for
important processes, such as marine organic aggregate formation, mi-
crobial colonization, and pollutant mobility. EPS are known to be pre-
cursors of marine snow and microgels and, if the exuded polysaccharides
attract organic particles and bacteria, the formation of these aggregates
is very likely resulting in higher sinking velocities and downward fluxes
of carbon material to the bottom (Berman-Frank et al., 2007).

EPSs have been widely shown to interact with environmental pol-
lutants, such as metals and organic molecules and, ultimately, also
plastic and NMs (Koukal et al, 2007; Quigg et al, 2013;
Gonzalez-Fernandez et al., 2019). Given the fundamental role played by
EPS in ocean ecology and the biogeochemical cycle of carbon, it is
important to investigate the occurrence and consequences of the in-
teractions between pollutants, EPS, and phytoplankton assemblages
(Fig. 1). The exposure of phytoplankton to PS MPs and NPs have been
shown to increase the protein-to-carbohydrate ratio (P/C) of excreted
EPS leading to the production of a matrix with increased stickiness (Shiu
et al.,, 2020a). Depending on physico-chemical conditions (i.e. pH,
temperature, UV light) and DOM (dissolved organic matter)
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composition, DOM can organize in aggregates >0.7 pm to form partic-
ulate organic matter (POM) (Decho and Gutierrez, 2017). Since DOM
polymers are amphiphilic, their assemblage into microgels and conse-
quent formation of POM is believed to be driven by both hydrophobic
interactions and Ca®" bridging. The hydrophobic domains, mainly
owned by proteins, are those involved in the interactions with the plastic
surface.

The affinity of EPS for the plastic surface is probably also involved in
the documented adhesion of nanoplastics to phytoplankton cells (Ber-
gami et al., 2017; Zhang et al., 2017; Bellingeri et al., 2019). In the study
of Bellingeri et al. (2020) on the effects of PS NPs on diatom S. marinoi, it
was observed by TEM that the adhesion of PS NPs to the algal surface
was driven by an algal biopolymer matrix. Even if the reported adhesion
caused no acute effects for microalgal growth up to 50 pg mL ™' expo-
sure, a net reduction in microalgal chain length was observed and it was
attributed to the adhesion of PS NPs to the fultoportula processes (FPP),
the silica structures responsible for the linking of cells to each other.

The assembly of microgels from EPS excreted by various phyto-
plankton species is induced and accelerated by PS NPs. This was shown
to have a positive correlation to the protein content of EPS and brought
to the formation of bigger aggregates compared to the absence of NPs
(Chen et al., 2011; Shiu et al., 2020b) (Fig. 3). In this context, an
alteration of the DOM-POM transition process could take place together
with the incorporation of nanoplastics inside biogenic aggregates, with
possible implications for the vertical transport in the water column of
both nanoplastic and organic aggregates.

Both micro- and nanoplastics entering marine ecosystems may
incorporate into marine organic aggregates composed by biopolymers
and phytoplankton giving rise to hetero-aggregates (Michels et al., 2018;
Cunha et al., 2019). Nanoplastics and microplastics were incorporated
within biogenic aggregates in laboratory generated marine snow and
this showed to mutually alter the behaviour of both plastics and marine
snow. Depending on the relative density of incorporated MPs, marine
snow was observed to sink slower or faster than their counterparts with
no MPs, promoting also the transport of low-density MPs to the benthic
environment (Long et al., 2015; Porter et al., 2018). Some studies also
demonstrated that this process greatly increased the ingestion of micro
and nanoplastics by benthic filter feeders causing the uptake of MPs up
until 300 times more compared to the exposure to MPs in a marine
snow-free medium (Ward and Kach, 2009; Porter et al., 2018).

In particular, the study of Cunha et al. (2019), demonstrated how
two marine microalgae Tetraselmis sp. (Class Chlorodendrophyceae) and
Gloeocapsa sp. (Class Cyanobacteria), known to be EPS producing spe-
cies, when exposed to PMMA and PS micro-sized particles (<106 pm and
106-250 pm, respectively) showed the ability to form EPS-plastic het-
ero-aggregates when exposed to both plastic types. These EPS producing
capacities proved to have species affinities, and a species-specific cor-
relation between EPS production and MP aggregate formation was
found. In particular, Gloeocapsa sp. resulted in the most EPS and
aggregate productive species. These results highlighted the potential of
microalgae to secrete EPS and flocculate MPs favouring their vertical
mobility and deposition (Cunha et al., 2019).

Recently, mesocosm experiments have been performed to under-
stand if MPs presence could influence microbial activity by increasing
the production of organic carbon and aggregates sinking. Autotrophic
and heterotrophic microorganisms grew with higher production of TEP
(transparent exopolymer particles) in presence of PS microbeads (30
pm). The study showed that these gel-like polysaccharide aggregates can
combine with organic compounds and MPs, originating larger aggre-
gates able to sink to the bottom (Galgani et al., 2019).

In a future scenario of a continuous release and/or formation of
plastic debris, this mechanism may have consequences on MPs and
nanoplastics fate at sea and, as discussed below, may have implications
on carbon and other organic material downward export (Galgani and
Loiselle, 2021).



S. Casabianca et al.

Environmental Pollution 290 (2021) 118101

Plastic particles Phytoplankton 'IncreasedP/C
Ly - - icki | ratio of EPS |
e, .: & >stickiness {_ratio ofEPS ]

.5..;.-.0 '... ..~“ e .
o’ —":-:’E‘:-' g ; .N.~ i NPs adhesion to :
[ —— . 7 oy W | cellsurfaces |
;’Hydrophobici i w . ‘ T .
« %% 8@ ° | interactions | | Chain shortening |
. o EPS \'::::::::::::(
{ Enhanced ROS |
3\ production |
DOM y e e ) s
| Accelerate | Incorporation|
| DOM/POM {1 into marine |
| transiton || snow |
\ I / a8
POM 10
- : n
o ® g 1.7
et e i,
¢ ;’(Inﬂuence on! B
| aggregate |
| Sinking !

Fig. 3. Schematic illustration of micro and nano plastic interaction with phytoplankton and EPS and resulting effects on their mutual fate.

7. Effects on carbon sequestration by microplastics

Autotrophic phytoplankton species as primary producers are one of
the key basal players of the biological carbon pump, which is the main
process responsible for the vertical distribution of carbon in the oceans
(Passow and Carlson, 2012). Phytoplankton is able to fix about 50 Gt
carbon per year (Bach et al., 2016). The biogeochemical process starts
from the atmospheric CO; fixation by autotrophic phytoplankton
assemblage, in the euphotic zone, to produce particulate organic carbon
(such as carbohydrates, lipids and proteins) through photosynthesis to
be transferred, after microbe and zooplankton processing, in the form of
fecal pellets and organic aggregates to sediments where it is sequestered
for centuries (Hader et al., 2014; Turner, 2015; Hulse et al., 2017). The
biological pump efficiency depends on phytoplankton physiology and
assemblage structure, which in turn depend on physical and chemical
conditions of the marine ecosystem. Due to the globally increasing flux
of plastic debris from land to the sea, it is expected that the estimated
amount, currently ranging between 4.8 and 12.7 million metric tons,
will increase by an order of magnitude in the next few years (Jambeck
et al., 2015). In such a scenario, the association between phytoplankton
assemblages and MPs and nanoplastics may reduce the chance of
phytoplankton contacting with light irradiance and negatively affecting
photosynthesis activity (Fig. 1). This could be due to a shading effect
caused by marine floating MPs responsible for an irradiance decrease.
Indeed, the shading effect hypothesis was not confirmed by in vitro ex-
periments as only a negligible influence on diatom S. costatum photo-
synthesis was found (Zhang et al., 2017). A reasonable explanation is
that, under laboratory conditions, high light irradiance is provided and,
even if white-colored MPs in the exposed condition partially blocked the
light, the remaining was enough allowing microalgae growth and
photosynthesis that was not different from the control (not exposed)
condition. This optimal situation is far from marine environment con-
ditions where light is a limiting factor for primary producers and where
a continuous increasing input of different MPs, from color to size and
polymer type are present (Jambeck et al., 2015; Long et al., 2015). Thus,
the interaction between MPs and phytoplankton could alter functional
aspects of these primary producers, such as the chlorophyll a

concentration, photosynthesis, growth rate, colony size and morphology
(Yokota et al., 2017). As discussed above, phytoplankton growth and
photosynthesis efficiency were negatively affected by exposure to MPs,
even if different results, not always in agreement, regarding this aspect
were obtained. In particular, the major effects were observed when high
plastic concentrations were tested (from 50 to 250 mg L (Sjollema
et al., 2016; Long et al., 2017; Zhang et al., 2017; Seoane et al., 2019;
Zhao et al., 2019). Moreover, MPs can adsorb on their surface substances
from the water column, as nutrients, organic matter and hazardous
hydrophobic contaminants. Assimilation of nutrient compounds by
plastic materials may alter their concentration availability both
decreasing in surrounding oligotrophic waters, but also increasing
within plastic environment with potentially negative or positive effects
on phytoplankton growth rates inside or outside plastic colonized
community (Galloway et al., 2017; Nolte et al., 2017; Chen et al., 2020).
In nutrient depleted conditions, small phytoplankton species can be
favored causing a lowered storage of particulate organic matter (POM)
sinking by biological pump and altering the dynamic of phytoplankton
assemblage structure and function (Hutchins and Fu, 2017). On the
other hand, the presence of floating plastics useful as grown substrates,
may enhance marine phytoplankton species proliferation and, as plastic
pollution is destined to increase, in a future compromised environment,
microalgal blooms could be more frequent with negative impact on
humans’ health and ecosystem services. As discussed in the next section,
this negative impact could be amplified by the toxic effect of MPs
exerted on zooplankton, which no longer feeds on phytoplankton as a
first choice of food (Zhang et al., 2020) (Fig. 1).

Thus, if field phytoplankton growth and photosynthetic efficiency
are negatively impacted by actual and future MPs dispersal in marine
environment, changes in primary producers’ community could occur
with negative impacts on marine carbon pump. A reduction in air-sea
CO4/0 exchange and carbon sequestration by reduced phytoplankton
assemblages can be expected (Shen et al., 2020).

Moreover, the presence of MP debris may induce a higher production
of EPS, which favor the formation of hetero-aggregates trapping various
microorganisms, among them phytoplankton assemblages. Phyto-
plankton, which will be less abundant, production rate will therefore be
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modified in the water column. This could potentially lead to a decrease
of carbon export by subtracting phytoplankton assemblages with nega-
tive effects on ocean productivity. A shutdown of the biological pump
would lead to a significant accumulation of inorganic carbon in the
surface linked to a high increase of atmospheric CO5 concentrations
(Maier-Reimer et al., 1996).

An assessment of carbon biomass based on cell volume measure-
ments and carbon per cell content for various microbial taxa was per-
formed on biofilm covering plastic material placed in seawater. Authors
estimated that plastic-associated carbon biomass ranged from 1.5 x 10°
to 1.1 x 10* metric tons. Meanwhile, this represented an extra intro-
duction of carbon biomass, which could alter marine areas characterized
by oligotrophic waters, such as subtropical gyres known as plastic
accumulation areas. In a future scenario of increasing plastic input, this
large microbial biomass quantity carried by plastic debris could poten-
tially affect biodiversity, autochthonous ecological functions, and
biogeochemical cycles within the oceans (Zhao et al., 2021).

From this overview, in an increasing levels of plastic pollution sce-
nario it is likely that MPs may affect the marine microbial cycling of
carbon with unpredictable impacts on global ocean productivity (Gal-
gani et al., 2019; Galgani and Loiselle, 2021).

8. Microplastic effects on food web

The interaction of microorganisms with plastics are responsible for
surface biofilm formation and biofouling processes due to microbial
colonization of floating MPs surfaces. It can increase the ingestion, and
consequently, the trophic transfer of MPs through aquatic consumers
(Rummel et al., 2017). Due to the huge amount of small plastic debris
(micro and nanoplastics) in marine environments, the MP interactions
and ingestion by zooplankton can occur impacting on the primary
consumer’s ecological role in marine ecosystems and food chain (Cole
et al., 2013). It has been found that primary consumers may preferen-
tially ingest particles covered by biofilms as they feel them more
palatable carrying higher nutritional quality than plastics not covered by
a microbial biofilm or just only by phytoplankton (Rummel et al., 2017;
Vroom et al., 2017). Ingested MPs by zooplankton may cause a false
satiety, which derived by the co-ingestion of inert plastic together with
regular food; consequently, a decrease of feeding activity with negative
effects on phytoplankton representing POC grazing can occur (Cole
et al., 2013; Wright et al., 2013). If the zooplankton community, known
to be important phytoplankton consumers and involved in carbon
sequestration processes, reduce the consumption of POC sequestered by
phytoplankton, ecological implications in oceanic carbon cycle can be
expected. In fact, the lack of top-down regulation by zooplankton
grazing could lead to a phytoplankton abundance increase with poten-
tial occurrence also of harmful algal blooms (Cole et al., 2015; Foley
et al., 2018) (Fig. 1).

Furthermore, the food quality for zooplankton is essentially related
to chemical composition of phytoplankton taxa. Recently, it has been
noticed that the diatom C. neogracile exposed to 2.5 mg L™! PS (PS-NH,)
of 0.5 and 2 pm size showed a significant decrease in the neutral lipid
content. In particular, after 72 h, the lipid content of diatom cells
exposed to MPs was 50% less than the control. The reduction was
probably operated by this diatom species to counteract the stress con-
ditions of plastic debris exposure negatively influencing cell growth and
photosynthesis. This control mechanism could have ecological impli-
cations on the food quality, because the negative effect on lipid meta-
bolism may reduce the nutritional quality of microalgae with adverse
impacts on food chain functioning affecting the process from primary to
higher level consumers (Seoane et al., 2019). In fact, the changed diet of
zooplankton leads it to starvation due to less ingested phytoplankton or
to low quality and content of lipids, contributing to negative effects on
zooplankton development and reproduction (Kong and Koelmans,
2019).

The MP biofouling is able to decrease plastic buoyancy leading to
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plastic particles density increase, and this modification can induce MPs
to sink towards seabed (Andrady, 2011). MPs could also be downward
transported as zooplankton fecal pellet forms even with slower sinking
velocity (Wieczorek et al., 2019; Shore et al., 2021). Once MPs reach
marine sediments, particles may be toxic or harmful for benthic fauna
communities by reducing their abundance or representing a potential
ecological risk, because plastics become bioavailable and a consequent
trophic transfer throughout marine food web may occur (Van Cau-
wenberghe and Janssen, 2014; Green, 2016). The ingestion of MPs was
done by passive mechanism of filter feeding organisms (Ryan, 2019), or
by many marine fauna, including zooplankton, mistaking them for food
(Cozar et al., 2014; Wright et al., 2013). In addition to these negative
impacts, the presence of MPs in high trophic levels of seafood (i.e.
shellfish and fish) causes concern about the related sanitary risk and the
potential effects of these pollutants for human health (Barboza et al.,
2018).

Thus, it would be important to understand the potential effects of
MPs on lower trophic levels organisms because MPs may undergo bio-
magnification with potential implications for higher level organisms
(Prata et al., 2019).

9. Gaps and recommendations

Plastic debris pollution has become a widespread problem affecting
the marine environment with potential heavy ecological implications.
Consequences of potential interactions between plastic polymers and
phytoplankton assemblages are still overlooked. Without filling this gap,
it would be difficult to understand what can happen at community level
and to predict ecological impacts of micro and submicron plastics on
phytoplankton assemblage structure and functioning. Thus, suggestions
and recommendations for future research are proposed.

In particular, smallest plastic debris occurrence and distribution
along the marine water column and on bottom sediments still present
some challenges to be addressed, thus, adequate reliable methods and
analytical tools to be applied in monitoring programs are required.
Moreover, size and shape, polymer composition and aging of plastic
items retrieved along water column and inside marine organisms need to
be further investigate to predict bio/ecological impacts of micro and
nanoplastics.

Based on the available literature and our studies, a full physical-
chemical characterization of micro and nanoplastic properties, which
include size, surface charges, colonization and eco-corona formation in
ecotoxicity testing is mandatory (i.e. exposure media with and without
testing organisms). Concerning nanoplastics, it would be fundamental to
investigate also sub-lethal effects as more likely predictors of potential
ecological implications, in order to come closer to the possibility of
predicting negative outcomes to populations and ecosystems. To achieve
this aim, more chronic exposure studies using also environmental
nanoplastics should be conducted and focus on long-term exposure
scenarios. This will allow both to increase the chances of observing
possible negative outcomes and support mitigation and/or restoration
measures.

More environmentally relevant concentrations need to be tested,
based on the amount of MPs and nanoplastics found at sea and PEC
values in order to compare effect-concentrations obtained in the past
studies mostly performed with high exposure levels. In addition to this,
the most widespread and representative polymers retrieved in marine
environments should be used, fully characterized and applied in in vitro
experiments.

In order to define the plastic adsorption properties towards biolog-
ical and chemical compounds including microorganisms, various
phytoplankton species should be tested, both in single and mixed
cultured experiments, using also mesocosms to investigate the in-
teractions between MPs and/or nanoplastics and primary producers.
This could be useful for predicting cascade events along trophic chain as
phytoplankton assemblages represent a base transfer component to the
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trophic web. Further, to try to figure out consequences on phyto-
plankton assemblages’ ecological role, micro and nanoplastic interac-
tion with primary producers should be investigated also in field studies
and performing ecological endpoints in ecotoxicity studies, as for
instance buoyancy of phytoplankton assemblages, carbon budget
exported downward sediments or incorporated into microplastic and
plastic debris on floating surface.

Finally, standardization of methods used both in in vitro and in field
experiments, needs to be carried out and new derived guidelines should
be shared by the scientific community to avoid future bias in experi-
mental set up.

10. Conclusions

As discussed throughout this review, the main issue is represented by
the ecological implications on marine phytoplankton assemblage func-
tioning. In particular, the highest concerns are: i) the potential reduced
phytoplankton contact with light due to plastic debris shading effect
which can reduce photosynthesis activity; ii) the interactions between
micro and nanoplastics and phytoplankton can alter functional aspects
of primary producers, as photosynthesis, growth rate, colony size and
morphology; iii) hetero-aggregates and colonization of plastics can alter
POC metabolism, zooplankton grazing, noxious and alien species
dispersal, and harmful algal blooms; iv) the negative impact of plastic
pollution on phytoplankton assemblage function can have negative
impacts on carbon sequestration and carbon pump; v) human sanitary
risks can emerge through the alteration of the enhanced productivity
and plastic dispersal of potentially toxic phytoplankton.

Declaration of competing interest

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.

Acknowledgments

This work was supported by University of Urbino, University of Siena
and University of Rome Tor Vergata (FA). The authors declare no con-
flict of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2021.118101.

Author statement

Silvia Casabianca: Conceptualization, Investigation, Writing — orig-
inal draft, Writing — review & editing. Arianna Bellingeri: Writing —
original draft, Writing — review & editing. Samuela Capellacci: Writing —
review & editing. Alice Sbrana: Methodology. Tommaso Russo: Meth-
odology. Ilaria Corsi: Conceptualization, Writing — original draft,
Writing — review & editing. Antonella Penna: Conceptualization,
Writing — original draft, Writing — review & editing. All authors have
read and agreed to the published version of the manuscript.

References

Alomar, C., Estarellas, F., Deudero, S., 2016. Microplastics in the Mediterranean Sea:
deposition in coastal shallow sediments, spatial variation and preferential grain size.
Mar. Environ. Res. 115, 1-10. https://doi.org/10.1016/j.marenvres.2016.01.005.

Amaral-Zettler, L.A., Zettler, E.R., Slikas, B., Boyd, G.D., Melvin, D.W., Morrall, C.E.,
Proskurowski, G., Mincer, T.J., 2015. The biogeography of the Plastisphere:
implications for policy. Front. Ecol. Environ. 13, 541-546. https://doi.org/10.1890/
150017.

Amaral-Zettler, L.A., Zettler, E.R., Mincer, T.J., 2020. Ecology of the plastisphere. Nat.
Rev. Microbiol. 18, 139-151. https://doi.org/10.1038/541579-019-0308-0.

Environmental Pollution 290 (2021) 118101

Andrady, A.L., 2011. Microplastics in the marine environment. Mar. Pollut. Bull. 62,
1596-1605. https://doi.org/10.1016/j.marpolbul.2011.05.030.

Andrady, A.L., 2015. Plastics and Environmental Sustainability. John Wiley & Sons, Inc.
https://doi.org/10.1002/9781119009405.

Andrady, A.L., 2017. The plastic in microplastics: a review. Mar. Pollut. Bull. https://doi.
org/10.1016/j.marpolbul.2017.01.082.

Bach, L.T., Boxhammer, T., Larsen, A., Hildebrandt, N., Schulz, K.G., Riebesell, U., 2016.
Influence of plankton community structure on the sinking velocity of marine
aggregates. Global Biogeochem. Cycles 30, 1145-1165. https://doi.org/10.1002/
2016GB005372.

Barboza, L.G.A., Vethaakd, A.D., Lavorante, B.R.B.O., Lundebyef, A.K., Guilhermino, L.,
2018. Marine microplastic debris: an emerging issue for food security, food safety
and human health. Mar. Pollut. Bull. 133, 336-348. https://doi.org/10.1016/j.
marpolbul.2018.05.047.

Barnes, D.K.A., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and
fragmentation of plastic debris in global environments. Philos. Trans. R. Soc.
London, Ser. A B 364. https://doi.org/10.1098/rstb.2008.0205, 1985-1998.

Baudrimont, M., Arini, A., Guégan, C., Venel, Z., Gigault, J., Pedrono, B., Prunier, J.,
Maurice, L., Ter Halle, A., Feurtet-Mazel, A., 2020. Ecotoxicity of polyethylene
nanoplastics from the North Atlantic oceanic gyre on freshwater and marine
organisms (microalgae and filter-feeding bivalves). Environ. Sci. Pollut. Res. 27,
3746-3755. https://doi.org/10.1007/511356-019-04668-3.

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, 179-187. https://doi.
org/10.1016/j.aquatox.2019.02.022.

Bellingeri, A., Casabianca, S., Capellacci, S., Faleri, C., Paccagnini, E., Lupetti, P.,
Koelmans, A.A., Penna, A., Corsi, 1., 2020. Impact of polystyrene nanoparticles on
marine diatom Skeletonema marinoi chain assemblages and consequences on their
ecological role in marine ecosystems. Environ. Pollut. 262, 114268. https://doi.org/
10.1016/j.envpol.2020.114268.

Bergami, E., Bocci, E., Vannuccini, M.L., Monopoli, M., Salvati, A., Dawson, K.A.,
Corsi, 1., 2016. Nano-sized polystyrene affects feeding, behavior and physiology of
brine shrimp Artemia franciscana larvae. Ecotoxicol. Environ. Saf. 123, 18-25.
https://doi.org/10.1016/j.ecoenv.2015.09.021.

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. Aquat. Toxicol. 189, 159-169. https://doi.org/10.1016/j.
aquatox.2017.06.008.

Berman-Frank, 1., Rosenberg, G., Levitan, O., Haramaty, L., Mari, X., 2007. Coupling
between autocatalytic cell death and transparent exopolymeric particle production
in the marine cyanobacterium Trichodesmium. Environ. Microbiol. 9, 1415-1422.
https://doi.org/10.1111/j.1462-2920.2007.01257 .x.

Bhaskar, P.V., Grossart, H.P., Bhosle, N.B., Simon, M., 2005. Production of
macroaggregates from dissolved exopolymeric substances (EPS) of bacterial and
diatom origin. FEMS Microbiol. Ecol. 53, 255-264. https://doi.org/10.1016/j.
femsec.2004.12.013.

Browne, M., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T., Thompson, R.,
2011. Accumulation of microplastic on shorelines worldwide: sources and sinks.
Environ. Sci. Technol. 45 https://doi.org/10.1021/es201811s.

Bryant, J.A., Clemente, T.M., Viviani, D.A., Fong, A.A., Thomas, K.A., Kemp, P., Karl, D.
M., White, A.E., DeLong, E.F., 2016. Diversity and activity of communities inhabiting
plastic debris in the North Pacific Gyre. mSystems 1. https://doi.org/10.1128/
mSystems.00024-16 e00024-e00016.

Cai, H., Xu, E.G., Du, F., Li, R, Liu, J., Shi, H., 2021. Analysis of environmental
nanoplastics: progress and challenges. Chem. Eng. J. 410, 128208. https://doi.org/
10.1016/j.cej.2020.128208.

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, 126-132. https://
doi.org/10.1016/j.marpolbul.2013.07.054.

Casabianca, S., Capellacci, 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, 617-626. https://doi.org/
10.1016/j.envpol.2018.09.110.

Casabianca, S., Capellacci, S., Penna, A., Cangiotti, M., Fattori, A., Corsi, L., Ottaviani, M.
F., Carloni, R., 2020. Physical interactions between marine phytoplankton and PET
plastics in seawater. Chemosphere 238, 124560. https://doi.org/10.1016/j.
chemosphere.2019.124560.

Casabianca, S., Capellacci, S., Ricci, F., Scardi, M., Penna, A., 2021. Phytoplankton RNA/
DNA and 18S rRNA/rDNA ratios in a coastal marine ecosystem. J. Plankton Res. 43,
367-379.

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.
https://doi.org/10.1371/journal.pone.0032254.

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.
https://doi.org/10.1038/s41598-017-18849-y.

Chae, Y., Kim, D., An, Y.J., 2019. Effects of micro-sized polyethylene spheres on the
marine microalga Dunaliella salina: focusing on the algal cell to plastic particle size
ratio. Aquat. Toxicol. 216, 105296. https://doi.org/10.1016/j.
aquatox.2019.105296.

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


https://doi.org/10.1016/j.envpol.2021.118101
https://doi.org/10.1016/j.envpol.2021.118101
https://doi.org/10.1016/j.marenvres.2016.01.005
https://doi.org/10.1890/150017
https://doi.org/10.1890/150017
https://doi.org/10.1038/s41579-019-0308-0
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1002/9781119009405
https://doi.org/10.1016/j.marpolbul.2017.01.082
https://doi.org/10.1016/j.marpolbul.2017.01.082
https://doi.org/10.1002/2016GB005372
https://doi.org/10.1002/2016GB005372
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1007/s11356-019-04668-3
https://doi.org/10.1016/j.aquatox.2019.02.022
https://doi.org/10.1016/j.aquatox.2019.02.022
https://doi.org/10.1016/j.envpol.2020.114268
https://doi.org/10.1016/j.envpol.2020.114268
https://doi.org/10.1016/j.ecoenv.2015.09.021
https://doi.org/10.1016/j.aquatox.2017.06.008
https://doi.org/10.1016/j.aquatox.2017.06.008
https://doi.org/10.1111/j.1462-2920.2007.01257.x
https://doi.org/10.1016/j.femsec.2004.12.013
https://doi.org/10.1016/j.femsec.2004.12.013
https://doi.org/10.1021/es201811s
https://doi.org/10.1128/mSystems.00024-16
https://doi.org/10.1128/mSystems.00024-16
https://doi.org/10.1016/j.cej.2020.128208
https://doi.org/10.1016/j.cej.2020.128208
https://doi.org/10.1016/j.marpolbul.2013.07.054
https://doi.org/10.1016/j.marpolbul.2013.07.054
https://doi.org/10.1016/j.envpol.2018.09.110
https://doi.org/10.1016/j.envpol.2018.09.110
https://doi.org/10.1016/j.chemosphere.2019.124560
https://doi.org/10.1016/j.chemosphere.2019.124560
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref23
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref23
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref23
https://doi.org/10.1371/journal.pone.0032254
https://doi.org/10.1038/s41598-017-18849-y
https://doi.org/10.1016/j.aquatox.2019.105296
https://doi.org/10.1016/j.aquatox.2019.105296

S. Casabianca et al.

assembly of exopolymeric substances from phytoplankton. PLoS One 6, e21865.
https://doi.org/10.1371/journal.pone.0021865.

Chen, Q.Q., Yin, D.Q., Jia, Y.L., Schiwy, S., Legradi, J., Yang, S.Y., Hollert, H., 2017.
Enhanced uptake of BPA in the presence of nanoplastics can lead to neurotoxic
effects in adult zebrafish. Sci. Total Environ. 609, 1312-1321. https://doi.org/
10.1016/j.scitotenv.2017.07.144.

Chen, X., Chen, X., Zhao, Y., Zhou, H., Xiong, X., Wu, C., 2020. Effects of microplastic
biofilms on nutrient cycling in simulated freshwater systems. Sci. Total Environ. 719,
137276. https://doi.org/10.1016/j.scitotenv.2020.137276.

Choy, C.A., Robison, B.H., Gagne, T.O., Erwin, B., Firl, E., Halden, R.U., Hamilton, J.A.,
Katija, K., Lisin, S.E., Rolsky, C., Van Houtan, K.S., 2019. The vertical distribution
and biological transport of marine microplastics across the epipelagic and
mesopelagic water column. Sci. Rep. 9, 7843. https://doi.org/10.1038/541598-019-
44117-2.

Cincinelli, A., Martellini, T., Guerranti, C., Scopetani, C., Chelazzi, D., Giarrizzo, T.,
2019. A potpourri of microplastics in the sea surface and water column of the
Mediterranean Sea. TrAC Trends Anal. Chem. (Reference Ed.) 110, 321-326.
https://doi.org/10.1016/j.trac.2018.10.026.

Clark, J.R., Cole, M., Lindeque, P.K., Fileman, E., Blackford, J., Lewis, C., Lenton, T.M.,
Galloway, T.S., 2016. Marine microplastic debris: a targeted plan for understanding
and quantifying interactions with marine life. Front. Ecol. Environ. 14, 317-324.
https://doi.org/10.1002/fee.1297.

Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., 2011. Microplastics as contaminants
in the marine environment: a review. Mar. Pollut. Bull. 62, 2588-2597. https://doi.
org/10.1016/j.marpolbul.2011.09.025.

Cole, M., Lindeque, P.K., Fileman, E., Halsband, C., Goodhead, R., Moger, J.,
Galloway, T.S., 2013. Microplastic ingestion by zooplankton. Environ. Sci. Technol.
47, 6646-6655. https://doi.org/10.1021/es400663f.

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Galloway, T.S., 2015. The impact of
polystyrene microplastics on feeding, function and fecundity in the marine copepod
Calanus helgolandicus. Environ. Sci. Technol. 49, 1130-1137. https://doi.org/
10.1021/es504525u.

Compa, M., Alomar, C., Wilcox, C., van Sebille, E., Lebreton, L., Hardesty, B.D.,
Deudero, S., 2019. Risk assessment of plastic pollution on marine diversity in the
Mediterranean Sea. Sci. Total Environ. 678, 188-196. https://doi.org/10.1016/].
scitotenv.2019.04.355.

Consoli, P., Falautano, M., Sinopoli, M., Perzia, P., Canese, S., Esposito, V., Battaglia, P.,
Romeo, T., Andaloro, F., Galgani, F., Castriota, L., 2018. Composition and
abundance of benthic marine litter in a coastal area of the central Mediterranean
Sea. Mar. Pollut. Bull. 136, 243-247. https://doi.org/10.1016/j.
marpolbul.2018.09.033.

Core R Team, 2020. A language and environment for statistical computing. R Found.
Stat. Comput. 2. https://www.R-project.org.

Corsi, 1., Bellingeri, A., Eliso, M.C., Grassi, G., Liberatori, G., Murano, C., Sturba, L.,
Vannuccini, M.L., Bergami, E., 2021. Eco-interactions of engineered nanomaterials
in the marine environment: towards an eco-design framework. Nanomaterials 11,
1903. https://doi.org/10.3390/nano11081903.

Corsi, 1., Bergami, E., Grassi, G., 2020. Behavior and bio-interactions of anthropogenic
particles in marine environment for a more realistic ecological risk assessment.
Front. Environ. Sci. 8, 60. https://doi.org/10.3389/fenvs.2020.00060.

Cortés-Arriagada, D., 2021. Elucidating the co-transport of bisphenol A with
polyethylene terephthalate (PET) nanoplastics: a theoretical study of the adsorption
mechanism. Environ. Pollut. 270, 116192. https://doi.org/10.1016/j.
envpol.2020.116192.

Cézar, A., Echevarria, F., Gonzélez-Gordillo, 1.J., Irigoien, X., Ubeda, B., Hernandez-
Ledn, S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A., Fernandez-de-
Puelles, M.L., Duarte, C.M., 2014. Plastic debris in the open ocean. Proc. Natl. Acad.
Sci. Unit. States Am. 111, 10239-10244. https://doi.org/10.1073/
pnas.1314705111.

Cézar, A., Sanz-Martin, M., Marti, E., Gonzélez-Gordillo, J.I., Ubeda, B., Gélvez, J.A.,
Irigoien, X., Duarte, C.M., 2015. Plastic accumulation in the Mediterranean Sea.
PLoS One 10, e0121762. https://doi.org/10.1371/journal.pone.0121762.

Cunha, C., Faria, M., Nogueira, N., Ferreira, A., Cordeiro, N., 2019. Marine vs freshwater
microalgae exopolymers as biosolutions to microplastics pollution New insights into
the mechanism of phthalate-induced developmental effects Environ. Pollut 249,
372-380. https://doi.org/10.1016/j.envpol.2019.03.046.

Davranche, M., Veclin, C., Pierson-Wickmann, A.C., El Hadri, H., Grassl, B.,
Rowenczyk, L., Dia, A., Ter Halle, A., Blancho, F., Reynaud, S., Gigault, J., 2019. Are
nanoplastics able to bind significant amount of metals? The lead example. Environ.
Pollut. 249, 940-948. https://doi.org/10.1016/j.envpol.2019.03.087.

Davranche, M., Lory, C., Juge, C.L., Blancho, F., Dia, A., Grassl, B., El Hadri, H., Pascal, P.
Y., Gigault, J., 2020. Nanoplastics on the coast exposed to the North Atlantic Gyre:
evidence and traceability. NanoImpact 20, 100262. https://doi.org/10.1016/j.
impact.2020.100262.

Decho, A.W., Gutierrez, T., 2017. Microbial extracellular polymeric substances (EPSs) in
ocean systems. Front. Microbiol. 8, 922. https://doi.org/10.3389/
fmicb.2017.00922.

Della Torre, C., Bergami, E., Salvati, A., Faleri, C., Cirino, P., Dawson, K.A., Corsi, L.,
2014. Accumulation and embryotoxicity of polystyrene nanoparticles at early stage
of development of sea urchin embryos Paracentrotus lividus. Environ. Sci. Technol.
48, 12302-12311. https://doi.org/10.1021/es502569w.

Donlan, R.M., 2002. Biofilms: microbial life on surfaces. Emerg. Infect. Dis. 8, 881-890.
https://doi.org/10.3201/eid0809.020063.

Eriksen, M., Lebreton, L.C., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F.,
Ryan, P.G., Reisser, J., 2014. Plastic pollution in the world’s oceans: more than 5

12

Environmental Pollution 290 (2021) 118101

trillion plastic pieces weighing over 250,000 tons afloat at sea. PLoS One 9, €111913.
https://doi.org/10.1371/journal.pone.0111913.

Erni-Cassola, G., Zadjelovic, V., Gibson, M.I., Christie-Oleza, J.A., 2019. Distribution of
plastic polymer types in the marine environment; A meta-analysis. J. Hazard Mater.
369, 691-698. https://doi.org/10.1016/j.jhazmat.2019.02.067.

Fazey, F.M.C,, Ryan, P.G., 2016. Biofouling on buoyant marine plastics: an experimental
study into the effect of size on surface longevity. Environ. Pollut. 210, 354-360.
https://doi.org/10.1016/j.envpol.2016.01.026.

Flemming, H.C., Wingender, J., 2010. The biofilm matrix. Nat. Rev. Microbiol. 8,
623-633. https://doi.org/10.1038/nrmicro2415.

Foley, C.J., Feiner, Z.S., Malinich, T.D., H60k, T.O., 2018. A meta-analysis of the effects
of exposure to microplastics on fish and aquatic invertebrates. Sci. Total Environ.
631-632, 550-559. https://doi.org/10.1016/j.scitotenv.2018.03.046.

Fu, D., Zhang, Q., Fan, Z., Qi, H., Wang, Z., Peng, L., 2019. Aged microplastics polyvinyl
chloride interact with copper and cause oxidative stress towards microalgae Chlorella
vulgaris. Aquat. Toxicol. 216, 105319. https://doi.org/10.1016/j.
aquatox.2019.105319.

Galgani, L., Loiselle, S.A., 2021. Plastic pollution impacts on marine carbon
biogeochemistry. Environ. Pollut. 268, 115598. https://doi.org/10.1016/j.
envpol.2020.115598.

Galgani, L., Tsapakis, M., Pitta, P., Tsiola, A., Tzempelikou, E., Kalantzi, I., Esposito, C.,
Loiselle, A., Tsotskou, A., Zivanovic, S., Dafnomili, E., Diliberto, S., Mylona, K.,
Magiopoulos, 1., Zeri, C., Pitta, E., Loiselle, S.A., 2019. Microplastics increase the
marine production of particulate forms of organic matter. Environ. Res. Lett. 14,
124085. https://doi.org/10.1088/1748-9326/ab59ca.

Galloway, T.S., Cole, M., Lewis, C., 2017. Interactions of microplastic debris throughout
the marine ecosystem. Nat. Ecol. Evol. 1, 0116 https://doi.org/10.1038/541559-
017-0116.

Gao, G., Zhao, X., Jin, P., Gao, K., Beardall, J., 2021. Current understanding and
challenges for aquatic primary producers in a world with rising micro-and nano-
plastic levels. J. Hazard Mater. 406, 124685. https://doi.org/10.1016/j.
jhazmat.2020.124685.

Gigault, J., El Hadri, H., Nguyen, B., Grassl, B., Rowenczyk, L., Tufenkji, N., Feng, S.,
Wiesner, M., 2021. Nanoplastics are neither microplastics nor engineered
nanoparticles. Nat. Nanotechnol. 16, 501-507. https://doi.org/10.1038/541565-
021-00886-4.

Gigault, J., Pedrono, B., Maxit, B., Ter Halle, A., 2016. Marine plastic litter: the
unanalyzed nano-fraction. Environ. Sci.: Nano 3, 346-350. https://doi.org/10.1039/
c6en00008h.

Gonzélez-Fernandez, C., Toullec, J., Lambert, C., Le Goic, N., Seoane, M., Moriceau, B.,
Huvet, A., Berchel, M., Vincent, D., Courcot, L., 2019. Do transparent exopolymeric
particles (TEP) affect the toxicity of nanoplastics on Chaetoceros neogracile? Environ.
Pollut. 250, 873-882. https://doi.org/10.1016/j.envpol.2019.04.093.

Grassi, G., Gabellieri, E., Cioni, P., Paccagnini, E., Faleri, C., Lupetti, P., Corsi, L.,
Morelli, E., 2020. Interplay between extracellular polymeric substances (EPS) from a
marine diatom and model nanoplastic through eco-corona formation. Sci. Total
Environ. 725, 138457. https://doi.org/10.1016/j.scitotenv.2020.138457.

Green, D.S., 2016. Effects of microplastics on European flat oysters, Ostrea edulis and
their associated benthic communities. Environ. Pollut. 216, 95-103. https://doi.org/
10.1016/j.envpol.2016.05.043.

Hader, D.P., Villafane, V.E., Helbling, E.W., 2014. Productivity of aquatic primary
producers under global climate change. Photochem. Photobiol. Sci. 13, 1370-1392.
https://doi.org/10.1039/c3pp50418b.

Hazeem, L.J., Yesilay, G., Bououdina, M., Perna, S., Cetin, D., Suludere, Z., Barras, A.,
Boukherroub, R., 2020. Investigation of the toxic effects of different polystyrene
micro-and nanoplastics on microalgae Chlorella vulgaris by analysis of cell viability,
pigment content, oxidative stress and ultrastructural changes. Mar. Pollut. Bull. 156,
111278. https://doi.org/10.1016/j.marpolbul.2020.111278.

Hewitt, R.E., Chappell, H., Powell, J.J., 2020. Small and dangerous? Potential toxicity
mechanisms of common exposure particles and nanoparticles. Curr. Opin. Toxicol.
19, 93-98. https://doi.org/10.1016/j.cotox.2020.01.006.

Huang, W., Song, B., Liang, J., Niu, Q., Zeng, G., Shen, M., Deng, J., Luo, Y., Wen, X.,
Zhang, Y., 2020. Microplastics and associated contaminants in the aquatic
environment: a review on their ecotoxicological effects, trophic transfer, and
potential impacts to human health. J. Hazard Mater. 405, 124187. https://doi.org/
10.1016/j.jhazmat.2020.124399.

Hulse, D., Arndt, S., Wilson, J.D., Munhoven, G., Ridgwell, A., 2017. Understanding the
causes and consequences of past marine carbon cycling variability through models.
Earth Sci. Rev. 171, 349-382. https://doi.org/10.1016/j.earscirev.2017.06.004.

Hutchins, D., Fu, F., 2017. Microorganisms and ocean global change. Nat. Microbiol. 2,
17058. https://doi.org/10.1038/nmicrobiol.2017.58.

Jakubowicz, ., Enebro, J., Yarahmadi, N., 2021. Challenges in the search for
nanoplastics in the environment—a critical review from the polymer science
perspective. Polym. Test., 106953 https://doi.org/10.1016/].
polymertesting.2020.106953.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A.,
Narayan, R., Law, K.L., 2015. Plastic waste inputs from land into the ocean. Science
347, 768-771. https://doi.org/10.1126/science.1260352.

Kaiser, D., Kowalski, N., Waniek, J.J., 2017. Effects of biofouling on the sinking behavior
of microplastics. Environ. Res. Lett. 12, 124003. https://doi.org/10.1088/1748-
9326/aa8e8b.

Koelmans, A.A., Besseling, E., Shim, W.J., 2015. Nanoplastics in the aquatic
environment. Crit. Rev. Mar. Anthropogen. Litter 2018, 325-340. https://doi.org/
10.1007/978-3-319-16510-3_12.


https://doi.org/10.1371/journal.pone.0021865
https://doi.org/10.1016/j.scitotenv.2017.07.144
https://doi.org/10.1016/j.scitotenv.2017.07.144
https://doi.org/10.1016/j.scitotenv.2020.137276
https://doi.org/10.1038/s41598-019-44117-2
https://doi.org/10.1038/s41598-019-44117-2
https://doi.org/10.1016/j.trac.2018.10.026
https://doi.org/10.1002/fee.1297
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1021/es400663f
https://doi.org/10.1021/es504525u
https://doi.org/10.1021/es504525u
https://doi.org/10.1016/j.scitotenv.2019.04.355
https://doi.org/10.1016/j.scitotenv.2019.04.355
https://doi.org/10.1016/j.marpolbul.2018.09.033
https://doi.org/10.1016/j.marpolbul.2018.09.033
https://www.R--project.org
https://doi.org/10.3390/nano11081903
https://doi.org/10.3389/fenvs.2020.00060
https://doi.org/10.1016/j.envpol.2020.116192
https://doi.org/10.1016/j.envpol.2020.116192
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1371/journal.pone.0121762
https://doi.org/10.1016/j.envpol.2019.03.046
https://doi.org/10.1016/j.envpol.2019.03.087
https://doi.org/10.1016/j.impact.2020.100262
https://doi.org/10.1016/j.impact.2020.100262
https://doi.org/10.3389/fmicb.2017.00922
https://doi.org/10.3389/fmicb.2017.00922
https://doi.org/10.1021/es502569w
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1016/j.jhazmat.2019.02.067
https://doi.org/10.1016/j.envpol.2016.01.026
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1016/j.scitotenv.2018.03.046
https://doi.org/10.1016/j.aquatox.2019.105319
https://doi.org/10.1016/j.aquatox.2019.105319
https://doi.org/10.1016/j.envpol.2020.115598
https://doi.org/10.1016/j.envpol.2020.115598
https://doi.org/10.1088/1748-9326/ab59ca
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1016/j.jhazmat.2020.124685
https://doi.org/10.1016/j.jhazmat.2020.124685
https://doi.org/10.1038/s41565-021-00886-4
https://doi.org/10.1038/s41565-021-00886-4
https://doi.org/10.1039/c6en00008h
https://doi.org/10.1039/c6en00008h
https://doi.org/10.1016/j.envpol.2019.04.093
https://doi.org/10.1016/j.scitotenv.2020.138457
https://doi.org/10.1016/j.envpol.2016.05.043
https://doi.org/10.1016/j.envpol.2016.05.043
https://doi.org/10.1039/c3pp50418b
https://doi.org/10.1016/j.marpolbul.2020.111278
https://doi.org/10.1016/j.cotox.2020.01.006
https://doi.org/10.1016/j.jhazmat.2020.124399
https://doi.org/10.1016/j.jhazmat.2020.124399
https://doi.org/10.1016/j.earscirev.2017.06.004
https://doi.org/10.1038/nmicrobiol.2017.58
https://doi.org/10.1016/j.polymertesting.2020.106953
https://doi.org/10.1016/j.polymertesting.2020.106953
https://doi.org/10.1126/science.1260352
https://doi.org/10.1088/1748-9326/aa8e8b
https://doi.org/10.1088/1748-9326/aa8e8b
https://doi.org/10.1007/978-3-319-16510-3_12
https://doi.org/10.1007/978-3-319-16510-3_12

S. Casabianca et al.

Koelmans, A.A., Kooi, M., Law, K.L., Van Sebille, E., 2017. All is not lost: deriving a top-
down mass budget of plastic at sea. Environ. Res. Lett. 12, 114028. https://doi.org/
10.1088/1748-9326/aa9500.

Kong, X., Koelmans, A.A., 2019. Modeling decreased resilience of shallow lake
ecosystems toward eutrophication due to microplastic ingestion across the food web.
Environ. Sci. Technol. 53, 13822-13831. https://doi.org/10.1021/acs.est.9b03905.

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,
7963-7971. https://doi.org/10.1021/acs.est.6b04702.

Koukal, B., Rosse, P., Reinhardt, A., Ferrari, B., Wilkinson, K.J., Loizeau, J.L.,
Dominik, J., 2007. Effect of Pseudokirchneriella subcapitata (Chlorophyceae) exudates
on metal toxicity and colloid aggregation. Water Res. 41, 63-70. https://doi.org/
10.1016/j.watres.2006.09.014.

Lagarde, F., Olivier, O., Zanella, M., Daniel, P., Hiard, S., Caruso, A., 2016. Microplastic
interactions with freshwater microalgae: hetero-aggregation and changes in plastic
density appear strongly dependent on polymer type. Environ. Pollut. 215, 331-339.
https://doi.org/10.1016/j.envpol.2016.05.006.

Lambert, C., Authier, M., Dorémus, G., Laran, S., Panigada, S., Spitz, J., Van Canneyt, O.,
Ridoux, V., 2020. Setting the scene for Mediterranean litterscape management: the
first basin-scale quantification and mapping of floating marine debris. Environ.
Pollut. 263, 114430. https://doi.org/10.1016/j.envpol.2020.114430.

Lebreton, L.C.M., van der Zwet, J., Damsteeg, J.W., Slat, B., Andrady, A., Reisser, J.,
2017. River plastic emissions to the world’s oceans. Nat. Commun. 8, 15611.
https://doi.org/10.1038/ncomms15611.

Lee, W.S., Cho, H.J., Kim, E., Huh, Y.H., Kim, H.J., Kim, B., Kang, T., Lee, J.S., Jeong, J.,
2019. Bioaccumulation of polystyrene nanoplastics and their effect on the toxicity of
Au ions in zebrafish embryos. Nanoscale 11. https://doi.org/10.1039/c¢8nr90280a,
3396-3396.

Lehner, R., Weder, C., Petri-Fink, A., Rothen-Rutishauser, B., 2019. Emergence of
nanoplastic in the environment and possible impact on human health. Environ. Sci.
Technol. https://doi.org/10.1021/acs.est.8b05512.

Lenz, R., Enders, K., Gissel, T., 2016. Microplastic exposure studies should be
environmentally realistic. Proc. Natl. Acad. Sci. U. S. A 113, 2-3. https://doi.org/
10.1073/pnas.1606615113.

Li, J., Liu, H., Paul Chen, J., 2018. Microplastics in freshwater systems: a review on
occurrence, environmental effects, and methods for microplastics detection. Water
Res. 137, 362-374. https://doi.org/10.1016/j.watres.2017.12.056.

Liu, Y.H., Wang, Z., Wang, S., Fang, H., Ye, N., Wang, D.G., 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,
21-28. https://doi.org/10.1016/j.etap.2019.01.007.

Liu, P., Zhan, X., Wu, X., Li, J., Wang, H., Gao, S., 2020. Effect of weathering on
environmental behavior of microplastics: properties, sorption and potential risks.
Chemosphere 242, 125193. https://doi.org/10.1016/j.chemosphere.2019.125193.

Llorca, M., Alvarez-Mufoz, D., Abalos, M., Rodriguez-Mozaz, S., Santos, L.-H., Leén, V.,
Campillo, J.A., Martinez-Gémez, C., Abad, E., Farré, M., 2020. Microplastics in
Mediterranean coastal area: toxicity and impact for the environment and human
health. Trends Environ. Anal. Chem. 27, e00090 https://doi.org/10.1016/j.
teac.2020.e00090.

Lobelle, D., Cunliffe, M., 2011. Early microbial biofilm formation on marine plastic
debris. Mar. Pollut. Bull. 62, 197-200. https://doi.org/10.1016/j.
marpolbul.2010.10.013.

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, 39-46. https://doi.org/10.1016/j.
marchem.2015.04.003.

Long, M., Paul-Pont, 1., Hégaret, H., Moriceau, B., Lambert, C., Huvet, A., Soudant, P.,
2017. Interactions between polystyrene microplastics and marine phytoplankton
lead to species-specific hetero-aggregation. Environ. Pollut. 228, 454-463. https://
doi.org/10.1016/j.envpol.2017.05.047.

Lyakurwa, D.J., 2017. Uptake and Effects of Microplastic Particles in Selected Marine
Microalgae Species; Oxyrrhis marina and Rhodomonas baltica. Master of Science
Thesis, Department of Biology, Norwegian University of Science and Technology
(NUST), pp. 1-65.

Macic, V., Mandic, M., Pestoric, B., Gacic, Z., Paunovic, M., 2017. First assessment of
marine litter in shallow south-east Adriatic Sea. Fresenius Environ. Bull. 26,
4834-4840.

Maier-Reimer, E., Mikolajewicz, U., Winguth, A., 1996. Future ocean uptake of COq:
interaction between ocean circulation and biology. Clim. Dynam. 12, 711-722.
https://doi.org/10.1007/s003820050138.

Manfra, L., Rotini, A., Bergami, E., Grassi, G., Faleri, C., Corsi, 1., 2017. Comparative
ecotoxicity of polystyrene nanoparticles in natural seawater and reconstituted
seawater using the rotifer Brachionus plicatilis. Ecotoxicol. Environ. Saf. 145,
557-563. https://doi.org/10.1016/j.ecoenv.2017.07.068.

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, 59-68. https://doi.org/10.1016/j.
chemosphere.2018.05.170.

Mao, Y., Li, H., Huangfu, X., Liu, Y., He, Q., 2020. Nanoplastics display strong stability in
aqueous environments: insights from aggregation behaviour and theoretical
calculations. Environ. Pollut. 258, 113760. https://doi.org/10.1016/j.
envpol.2019.113760.

Marques-Santos, L.F., Grassi, G., Bergami, E., Faleri, C., Balbi, T., Salis, A., Damonte, G.,
Canesi, L., Corsi, I., 2018. Cationic polystyrene nanoparticle and the sea urchin
immune system: biocorona formation, cell toxicity, and multixenobiotic resistance

13

Environmental Pollution 290 (2021) 118101

phenotype. Nanotoxicology 12, 847-867. https://doi.org/10.1080/
17435390.2018.1482378.

Masd, M., Fortuno, J.M., de Juan, S., Demestre, M., 2016. Microfouling communities
from pelagic and benthic marine plastic debris sampled across Mediterranean coastal
waters. Sci. Mar. 80S1, 117-127. https://doi.org/10.3989/scimar.04281.10A.

Mei, W., Chen, G., Bao, J., Song, M., Li, Y., Luo, C., 2020. Interactions between
microplastics and organic compounds in aquatic environments: a mini review. Sci.
Total Environ. 736, 139472. https://doi.org/10.1016/j.scitotenv.2020.139472.

Michels, J., Stippkugel, A., Lenz, M., Wirtz, K., Engel, A., 2018. Rapid aggregation of
biofilm-covered microplastics with marine biogenic particles. Proc. Royal Soc. B
285, 1203. https://doi.org/10.1098/rspb.2018.1203.

Monopoli, M.P., Pitek, A.S., Lynch, 1., Dawson, K.A., 2013. Formation and
characterization of the nanoparticle-protein corona. In: Bergese, P., Hamad-
Schifferli, K. (Eds.), Nanomaterial Interfaces in Biology. Methods in Molecular
Biology (Methods and Protocols), vol. 1025. Humana Press, Totowa, NJ. https://doi.
org/10.1007/978-1-62703-462-3_11.

Murano, C., Agnisola, C., Caramiello, D., Castellano, I., Casotti, R., Corsi, I., Palumbo, A.,
2020. How sea urchins face microplastics: uptake, tissue distribution and immune
system response. Environ. Pollut. 264, 114685. https://doi.org/10.1016/j.
envpol.2020.114685.

Natarajan, L., Omer, S., Jetly, N., Jenifer, M.A., Chandrasekaran, N., Suraishkumar, G.,
Mukherjee, A., 2020. Eco-corona formation lessens the toxic effects of polystyrene
nanoplastics towards marine microalgae Chlorella sp. Environ. Res. 188, 109842.
https://doi.org/10.1016/j.envres.2020.109842.

Nava, V., Leoni, B., 2021. A critical review of interactions between microplastics,
microalgae and aquatic ecosystem function. Water Res. 188, 116476. https://doi.
org/10.1016/j.watres.2020.116476.

Nolte, T.M., Hartmann, N.B., Kleijn, J.M., Garnzs, 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,
11-20. https://doi.org/10.1016/j.aquatox.2016.12.005.

Obbard, R.W., 2018. Microplastics in polar regions: the role of long range transport.
Curr. Opin. J. Environ. Sci. Health. 1, 24-29. https://doi.org/10.1016/j.
coesh.2017.10.004.

Passow, U., Carlson, C.A., 2012. The biological pump in a high CO; world. Mar. Ecol.
Prog. Ser. 470, 249-271. https://doi.org/10.3354/meps09985.

Pinsino, A., Bergami, E., Della Torre, C., Vannuccini, M.L., Addis, P., Secci, M.,
Dawson, K.A., Matranga, V., Corsi, I., 2017. Amino modified polystyrene
nanoparticles affect signalling pathways of the sea urchin (Paracentrotus lividus)
embryos. Nanotoxicology 11, 201-209. https://doi.org/10.1080/
17435390.2017.1279360.

Poisot, T., 2011. The digitize package: extracting numerical data from scatterplots. R J 3,
25-26. https://doi.org/10.32614/1j-2011-004.

Porter, A., Lyons, B.P., Galloway, T.S., Lewis, C., 2018. Role of marine snows in
microplastic fate and bioavailability. Environ. Sci. Technol. 52, 7111-7119. https://
doi.org/10.1021/acs.est.8b01000.

Prata, J.C., da Costa, J.P., Lopes, 1., Duarte, A.C., Rocha-Santos, T., 2019. Effects of
microplastics on microalgae populations: a critical review. Sci. Total Environ. 665,
400-405. https://doi.org/10.1016/j.scitotenv.2019.02.132.

Prata, J.C., Lavorante, B.R.B.O., Montenegro, B.S.M., Guilhermino, L., 2018. Influence of
microplastics on the toxicity of the pharmaceuticals procainamide and doxycycline
on the marine microalgae Tetraselmis chuii. Aquat. Toxicol. 197, 143-152. https://
doi.org/10.1016/j.aquatox.2018.02.015.

Quigg, A., Chin, W.C., Chen, C.S., Zhang, S., Jiang, Y., Miao, A.J., Schwehr, K.A,, Xu, C.,
Santschi, P.H., 2013. Direct and indirect toxic effects of engineered nanoparticles on
algae: role of natural organic matter. ACS Sustain. Chem. Eng. 1, 686-702. https://
doi.org/10.1021/sc400103x.

Reichel, J., GraBmann, J., Knoop, O., Drewes, J.E., Letzel, T., 2021. Organic
contaminants and interactions with micro- and nano-plastics in the aqueous
environment: review of analytical methods. Molecules 26, 1164. https://doi.org/
10.3390/molecules26041164.

Reichelt, S., Gorokhova, E., 2020. Micro- and nanoplastic exposure effects in microalgae:
a meta-analysis of standard growth inhibition tests. Front. Environ. Sci. 8, 131.
https://doi.org/10.3389/fenvs.2020.00131.

Rummel, C.D., Jahnke, A., Gorokhova, E., Kiihnel, D., Schmitt-Jansen, M., 2017. Impacts
of biofilm formation on the fate and potential effects of micro-plastic in the aquatic
environment. Environ. Sci. Technol. Lett. 4, 258-267. https://doi.org/10.1021/acs.
estlett.7b00164.

Ryan, P.G., 2019. Ingestion of plastics by marine organisms. In: Takada, H.,
Karapanagioti, H.K. (Eds.), Hazardous Chemicals Associated with Plastics in the
Marine Environment, vol. 2019. Hdb Env Chem, pp. 235-266.

Schirinzi, G.F., Llorca, M., Serd, R., Moyano, E., Barceld, D., Abad, E., Farré, M., 2019.
Trace analysis of polystyrene microplastics in natural waters. Chemosphere 236, 52.
https://doi.org/10.1016/j.chemosphere.2019.07.052.

Sendra, M., Staffieri, E., Yeste, M.P., Moreno-Garrido, 1., Gatica, J.M., Corsi, 1., Blasco, J.,
2019. Are the primary characteristics of polystyrene nanoplastics responsible for
toxicity and ad/absorption in the marine diatom Phaeodactylum tricornutum?
Environ. Pollut. 249, 610-619. https://doi.org/10.1016/j.envpol.2019.03.047.

Seoane, M., Gonzélez-Fernandez, C., Soudant, P., Huvet, A., Esperanza, M., Cid, A., Paul-
Pont, 1., 2019. Polystyrene microbeads modulate the energy metabolism of the
marine diatom Chaetoceros neogracile. Environ. Pollut. 251, 363-371. https://doi.
org/10.1016/j.envpol.2019.04.142.

Shen, M., Ye, S., Zeng, G., Zhang, Y., Xing, L., Tang, W., Wen, X., Liu, S., 2020. Can
microplastics pose a threat to ocean carbon sequestration? Mar. Pollut. Bull. 150,
110712. https://doi.org/10.1016/j.marpolbul.2019.110712.


https://doi.org/10.1088/1748-9326/aa9500
https://doi.org/10.1088/1748-9326/aa9500
https://doi.org/10.1021/acs.est.9b03905
https://doi.org/10.1021/acs.est.6b04702
https://doi.org/10.1016/j.watres.2006.09.014
https://doi.org/10.1016/j.watres.2006.09.014
https://doi.org/10.1016/j.envpol.2016.05.006
https://doi.org/10.1016/j.envpol.2020.114430
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1039/c8nr90280a
https://doi.org/10.1021/acs.est.8b05512
https://doi.org/10.1073/pnas.1606615113
https://doi.org/10.1073/pnas.1606615113
https://doi.org/10.1016/j.watres.2017.12.056
https://doi.org/10.1016/j.etap.2019.01.007
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1016/j.teac.2020.e00090
https://doi.org/10.1016/j.teac.2020.e00090
https://doi.org/10.1016/j.marpolbul.2010.10.013
https://doi.org/10.1016/j.marpolbul.2010.10.013
https://doi.org/10.1016/j.marchem.2015.04.003
https://doi.org/10.1016/j.marchem.2015.04.003
https://doi.org/10.1016/j.envpol.2017.05.047
https://doi.org/10.1016/j.envpol.2017.05.047
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref92
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref92
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref92
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref92
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref93
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref93
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref93
https://doi.org/10.1007/s003820050138
https://doi.org/10.1016/j.ecoenv.2017.07.068
https://doi.org/10.1016/j.chemosphere.2018.05.170
https://doi.org/10.1016/j.chemosphere.2018.05.170
https://doi.org/10.1016/j.envpol.2019.113760
https://doi.org/10.1016/j.envpol.2019.113760
https://doi.org/10.1080/17435390.2018.1482378
https://doi.org/10.1080/17435390.2018.1482378
https://doi.org/10.3989/scimar.04281.10A
https://doi.org/10.1016/j.scitotenv.2020.139472
https://doi.org/10.1098/rspb.2018.1203
https://doi.org/10.1007/978-1-62703-462-3_11
https://doi.org/10.1007/978-1-62703-462-3_11
https://doi.org/10.1016/j.envpol.2020.114685
https://doi.org/10.1016/j.envpol.2020.114685
https://doi.org/10.1016/j.envres.2020.109842
https://doi.org/10.1016/j.watres.2020.116476
https://doi.org/10.1016/j.watres.2020.116476
https://doi.org/10.1016/j.aquatox.2016.12.005
https://doi.org/10.1016/j.coesh.2017.10.004
https://doi.org/10.1016/j.coesh.2017.10.004
https://doi.org/10.3354/meps09985
https://doi.org/10.1080/17435390.2017.1279360
https://doi.org/10.1080/17435390.2017.1279360
https://doi.org/10.32614/rj-2011-004
https://doi.org/10.1021/acs.est.8b01000
https://doi.org/10.1021/acs.est.8b01000
https://doi.org/10.1016/j.scitotenv.2019.02.132
https://doi.org/10.1016/j.aquatox.2018.02.015
https://doi.org/10.1016/j.aquatox.2018.02.015
https://doi.org/10.1021/sc400103x
https://doi.org/10.1021/sc400103x
https://doi.org/10.3390/molecules26041164
https://doi.org/10.3390/molecules26041164
https://doi.org/10.3389/fenvs.2020.00131
https://doi.org/10.1021/acs.estlett.7b00164
https://doi.org/10.1021/acs.estlett.7b00164
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref118
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref118
http://refhub.elsevier.com/S0269-7491(21)01683-3/sref118
https://doi.org/10.1016/j.chemosphere.2019.07.052
https://doi.org/10.1016/j.envpol.2019.03.047
https://doi.org/10.1016/j.envpol.2019.04.142
https://doi.org/10.1016/j.envpol.2019.04.142
https://doi.org/10.1016/j.marpolbul.2019.110712

S. Casabianca et al.

Shiu, R.F., Vazquez, C.I., Chiang, C.Y., Chiu, M.H., Chen, C.S., Ni, C.W., Gong, G.C.,
Quigg, A., Santschi, P.H., Chin, W.C., 2020a. Nano-and microplastics trigger
secretion of protein-rich extracellular polymeric substances from phytoplankton. Sci.
Total Environ. 748, 141469. https://doi.org/10.1016/j.scitotenv.2020.141469.

Shiu, R.F., Vazquez, C.I., Tsai, Y.Y., Torres, G.V., Chen, C.S., Santschi, P.H., Quigg, A.,
Chin, W.C., 2020b. Nano-plastics induce aquatic particulate organic matter
(microgels) formation. Sci. Total Environ. 706, 135681. https://doi.org/10.1016/j.
scitotenv.2019.135681.

Shore, E.A., deMayo, J.A., Pespeni, M.H., 2021. Microplastics reduce net population
growth and fecal pellet sinking rates for the marine copepod Acartia tonsa. Environ.
Pollut. https://doi.org/10.1016/j.envpol.2021.117379 (in press).

Simon-Séanchez, L., Grelaud, M., Garcia-Orellana, J., Ziveri, P., 2019. River deltas as
hotspots of microplastic accumulation: the case study of the Ebro River (NW
Mediterranean). Sci. Total Environ. 687, 1186-1196. https://doi.org/10.1016/j.
scitotenv.2019.06.168.

Sjollema, S.B., Redondo-Hasselerharm, P., Leslie, H.A., Kraak, M.H.S., Vethaak, A.D.,
2016. Do plastic particles affect microalgal photosynthesis and growth? Aquat.
Toxicol. 170, 259-261. https://doi.org/10.1016/j.aquatox.2015.12.002.

Song, Y.K., Hong, S.H., Eo, S., Jang, M., Han, G.M., Isobe, A., Shim, W.J., 2018.
Horizontal and vertical distribution of microplastics in Korean Coastal Waters.
Environ. Sci. Technol. 52, 12188-12197. https://doi.org/10.1021/acs.est.8b04032.

Song, C., Liu, Z., Wang, C., Li, S., Kitamura, Y., 2020. Different interaction performance
between microplastics and microalgae: the bio-elimination potential of Chlorella sp.
L38 and Phaeodactylum tricornutum MASCC-0025. Sci. Total Environ. 723, 138146.
https://doi.org/10.1016/j.scitotenv.2020.138146.

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, 37551. https://doi.org/10.1038/
srep37551.

Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M.E.J., Le
Goic, N., Quillien, V., Mingant, C., Epelboin, Y., Corporeau, C., Guyomarch, J.,
Robbens, J., Paul-Pont, I., Soudant, P., Huvet, A., 2016. Oyster reproduction is
affected by exposure to polystyrene microplastics. Proc. Natl. Acad. Sci. Unit. States
Am. 113, 2430-2435. https://doi.org/10.1073/pnas.1519019113.

Ter Halle, A., Jeanneau, L., Martignac, M., Jardé, E., Pedrono, B., Brach, L., Gigault, J.,
2017. Nanoplastic in the North atlantic subtropical Gyre. Environ. Sci. Technol. 51,
13689-13697. https://doi.org/10.1021/acs.est.7b03667.

Town, R.M., Van Leeuwen, H.P., 2020. Uptake and release kinetics of organic
contaminants associated with micro- and nanoplastic particles. Environ. Sci.
Technol. 54, 10057-10067. https://doi.org/10.1021/acs.est.0c02297.

Trevisan, R., Voy, C., Chen, S.X., Di Giulio, R.T., 2019. Nanoplastics decrease the toxicity
of a complex PAH mixture but impair mitochondrial energy production in
developing zebrafish. Environ. Sci. Technol. 53, 8405-8415. https://doi.org/
10.1021/acs.est.9b02003.

Trevisan, R., Uzochukwu, D., Di Giulio, R.T., 2020. PAH sorption to nanoplastics and the
trojan horse effect as drivers of mitochondrial toxicity and PAH localization in
zebrafish. Front. Environ. Sci. 8, 78. https://doi.org/10.3389/fenvs.2020.00078.

Turner, J.T., 2015. Zooplankton fecal pellets, marine snow, phytodetritus and the
ocean’s biological pump. Prog. Oceanogr. 130, 205-248. https://doi.org/10.1016/j.
pocean.2014.08.005.

Van Cauwenberghe, L., Janssen, C.R., 2014. Microplastics in bivalves cultured for human
consumption. Environ. Pollut. 193, 65-70. https://doi.org/10.1016/j.
envpol.2014.06.010.

Vard, 1., Perini, A., Torreblanca, A., Garcia, Y., Bergami, E., Vannuccini, M.L., Corsi, I.,
2019. Time-dependent effects of polystyrene nanoparticles in brine shrimp Artemia
franciscana at physiological, biochemical and molecular levels. Sci. Total Environ.
675, 570-580. https://doi.org/10.1016/j.scitotenv.2019.04.157.

14

Environmental Pollution 290 (2021) 118101

Velzeboer, 1., Kwadijk, C., Koelmans, A.A., 2014. Strong sorption of PCBs to nanoplastics,
microplastics, carbon nanotubes, and fullerenes. Environ. Sci. Technol. 48,
4869-4876. https://doi.org/10.1021/es405721v.

Vroom, R.J.E., Koelmans, A.A., Besseling, E., Halsband, C., 2017. Aging of microplastics
promotes their ingestion by marine zooplankton. Environ. Pollut. 231, 987-996.
https://doi.org/10.1016/j.envpol.2017.08.088.

Wang, J., Peng, J., Tan, Z., Gao, Y., Zhan, Z., Chen, Q., Cai, L., 2017. Microplastics in the
surface sediments from the Beijing River littoral zone: composition, abundance,
surface textures and interaction with heavy metals. Chemosphere 171, 248-258.
https://doi10.1016/j.chemosphere.2016.12.074.

Wang, W., Gao, H., Jin, S., Li, R., Na, G., 2019. The ecotoxicological effects of
microplastics on aquatic food web, from primary producer to human: a review.
Ecotoxicol. Environ. Saf. 173, 110-117. https://doi.org/10.1016/j.
ecoenv.2019.01.113.

Wang, F., Zhang, M., Sha, W., Wang, Y., Hao, H., Dou, Y., Li, Y., 2020. Sorption behavior
and mechanisms of organic contaminants to nano and microplastics. Molecules 25,
1827. https://doi.org/10.3390/molecules25081827.

Ward, J.E., Kach, D.J., 2009. Marine aggregates facilitate ingestion of nanoparticles by
suspension-feeding bivalves. Mar. Environ. Res. 68, 137-142. https://doi.org/
10.1016/j.marenvres.2009.05.002.

Wieczorek, A.M., Croot, P.L., Lombard, F., Sheahan, J.N., Doyle, T.K., 2019. Microplastic
ingestion by gelatinous zooplankton may lower efficiency of the biological pump.
Environ. Sci. Technol. 53, 5387-5395. https://doi.org/10.1021/acs.est.8b07174.

Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of
microplastics on marine organisms: a review. Environ. Pollut. 178, 483-492. https://
doi.org/10.1016/j.envpol.2013.02.031.

Wu, C., Zhang, K., Huang, X., Liu, J., 2016. Sorption of pharmaceuticals and personal
care products to polyethylene debris. Environ. Sci. Pollut. Res. 23, 8819-8826.
https://doi.org/10.1007/s11356-016-6121-7.

Wu, J., Jiang, R., Lin, W., Ouyang, G., 2019. Effect of salinity and humic acid on the
aggregation and toxicity of polystyrene nanoplastics with different functional groups
and charges. Environ. Pollut. 245, 836-843. https://doi.org/10.1016/j.
envpol.2018.11.055.

Yokota, K., Waterfield, H., Hastings, C., Davidson, E., Kwietniewski, E., Wells, B., 2017.
Finding the missing piece of the aquatic plastic pollution puzzle: interaction between
primary producers and microplastics. Limnol. Oceanogr. Lett. 2, 91-104. https://
doi.org/10.1002/1012.10040.

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, 7137-7146.
https://doi.org/10.1021/es401288x.

Zhang, C., Chen, X., Wang, J., Tan, L., 2017. Toxic effects of microplastic on marine
microalgae Skeletonema costatum: interactions between microplastic and algae.
Environ. Pollut. 220, 1282-1288. https://doi.org/10.1016/j.envpol.2016.11.005.

Zhang, Y., Liang, J., Zeng, G., Tang, W., Lu, Y., Luo, Y., Xing, W., Tang, N., Ye, S., Li, X.,
Huang, W., 2020. How climate change and eutrophication interact with microplastic
pollution and sediment resuspension in shallow lakes: a review. Sci. Total Environ.
705, 135979. https://doi.org/10.1016/j.scitotenv.2019.135979.

Zhao, S., Zettler, E.R., Amaral-Zettler, L.A., Mincer, T.J., 2021. Microbial carrying
capacity and carbon biomass of plastic marine debris. ISME J. 15, 67-77. https://
doi.org/10.1038/541396-020-00756-2.

Zhao, T., Tan, L., Huang, W., Wang, J., 2019. The interactions between micro polyvinyl
chloride (mPVC) and marine dinoflagellate Karenia mikimotoi: the inhibition of
growth, chlorophyll and photosynthetic efficiency. Environ. Pollut. 247, 883-889.
https://doi.org/10.1016/j.envpol.2019.01.114.

Zhu, Z., Wang, S., Zhao, F., Wang, S., Liu, F., Liu, G., 2019. Liu Joint toxicity of
microplastics with triclosan to marine microalgae Skeletonema costatum. Environ.
Pollut. 246, 509-517. https://doi.org/10.1016/j.envpol.2018.12.044.


https://doi.org/10.1016/j.scitotenv.2020.141469
https://doi.org/10.1016/j.scitotenv.2019.135681
https://doi.org/10.1016/j.scitotenv.2019.135681
https://doi.org/10.1016/j.envpol.2021.117379
https://doi.org/10.1016/j.scitotenv.2019.06.168
https://doi.org/10.1016/j.scitotenv.2019.06.168
https://doi.org/10.1016/j.aquatox.2015.12.002
https://doi.org/10.1021/acs.est.8b04032
https://doi.org/10.1016/j.scitotenv.2020.138146
https://doi.org/10.1038/srep37551
https://doi.org/10.1038/srep37551
https://doi.org/10.1073/pnas.1519019113
https://doi.org/10.1021/acs.est.7b03667
https://doi.org/10.1021/acs.est.0c02297
https://doi.org/10.1021/acs.est.9b02003
https://doi.org/10.1021/acs.est.9b02003
https://doi.org/10.3389/fenvs.2020.00078
https://doi.org/10.1016/j.pocean.2014.08.005
https://doi.org/10.1016/j.pocean.2014.08.005
https://doi.org/10.1016/j.envpol.2014.06.010
https://doi.org/10.1016/j.envpol.2014.06.010
https://doi.org/10.1016/j.scitotenv.2019.04.157
https://doi.org/10.1021/es405721v
https://doi.org/10.1016/j.envpol.2017.08.088
https://doi10.1016/j.chemosphere.2016.12.074
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.3390/molecules25081827
https://doi.org/10.1016/j.marenvres.2009.05.002
https://doi.org/10.1016/j.marenvres.2009.05.002
https://doi.org/10.1021/acs.est.8b07174
https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.1007/s11356-016-6121-7
https://doi.org/10.1016/j.envpol.2018.11.055
https://doi.org/10.1016/j.envpol.2018.11.055
https://doi.org/10.1002/lol2.10040
https://doi.org/10.1002/lol2.10040
https://doi.org/10.1021/es401288x
https://doi.org/10.1016/j.envpol.2016.11.005
https://doi.org/10.1016/j.scitotenv.2019.135979
https://doi.org/10.1038/s41396-020-00756-2
https://doi.org/10.1038/s41396-020-00756-2
https://doi.org/10.1016/j.envpol.2019.01.114
https://doi.org/10.1016/j.envpol.2018.12.044

	Ecological implications beyond the ecotoxicity of plastic debris on marine phytoplankton assemblage structure and functioning
	1 Introduction
	2 Sources, distribution and fate in marine environment
	3 Impacts of microplastics on phytoplankton species
	4 Nanoplastic behaviour in seawater and toxicity on phytoplankton
	5 Bio and chemical adhesion and colonization of plastic substrates
	6 Plastic EPS hetero-aggregate formation and sinking
	7 Effects on carbon sequestration by microplastics
	8 Microplastic effects on food web
	9 Gaps and recommendations
	10 Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Author statement
	References


