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Abstract  Microplastics are pervasive pollutants 
and have been found in all environmental compart-
ments globally, including aquatic ecosystems. Inges-
tion and trophic transfer of microplastics through 
aquatic species have been widely reported. Although 
a plethora of studies have reported that microplastics 
can be transferred through higher trophic level food 
webs with the potential for accumulation and toxic-
ity, most microplastic aquatic toxicity studies have 

been conducted in laboratory studies. This means that 
studies within entire ecosystems or at environmen-
tally relevant concentrations are lacking, representing 
a critical knowledge gap for ecotoxicological impact 
of microplastics on aquatic species and higher trophic 
level consumers (including humans). Thus, an under-
standing of aquatic ecosystem toxicity is still rela-
tively unknown. To address this knowledge gap, this 
study provides a non-exhaustive summary of micro-
plastic transport pathways, ecotoxicology, food web 
transfer, and examples of toxic pollutants sorbed onto 
microplastics in aquatic food webs. This study will Md. Refat Jahan Rakib and Aniruddha Sarker contributed 

equally to this work.
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guide future research priorities to address microplas-
tic toxicity through aquatic food webs.

Keywords  Microplastics (MPs) · Exposure · 
Ecotoxicology · Aquatic toxicity · Aquatic food 
webs · Food safety

1  Introduction

Plastic contamination affects growth, development, 
and survival of many aquatic species (Cole et al., 2011; 
Karbalaei et al., 2018). In 2019, global plastics produc-
tion was 368 million tons (MT) and has grown 20-fold 
(Plastics Europe, 2020). Mismanagement of plastic 
waste has resulted in widespread plastic pollution in 
terrestrial and aquatic environments (Jambeck et  al., 
2015; Geyer et al., 2017; Borrelle et al., 2020; De-la-
Torre et al., 2021; Rakib et al., 2021a,b; Rakib et al., 
2022). Once in the environment, larger plastics con-
tinue to degrade into smaller fragments (Barnes et al., 
2009). Microplastics (MPs), <5 mm, are the major 
contributor of plastic pollution in aquatic ecosystems 
(Thompson et  al., 2004; Karbalaei et  al., 2018). MPs 
pose threats to aquatic biota including phytoplankton, 
zooplankton, molluscs, and fish species, which may 
enter the human food chain (Wagner et al., 2014; Hor-
ton et al., 2017; de Souza Machado et al., 2018).

MPs are pervasive pollutants and have been found 
in all environmental compartments globally, includ-
ing aquatic ecosystems (Allen et al., 2022). Although 
occurrence and presence of MPs have been widely 
reported in aquatic biota, transport pathways, toxic-
ity profiles, and subsequent trophic transfer are still 
largely unexplored. Despite a plethora of studies on the 
presence or occurrence of MPs in aquatic biota, stud-
ies on exposure or potential toxicological effects are 
lacking. MPs can be mistaken for food and ingested 
by zooplankton, which poses a threat to higher trophic 
level aquatic consumers and food chains (Cole et al., 
2013). Primary and secondary consumers, such as 

aquatic plankton, fish, and crustaceans, in marine and 
freshwater ecosystems may accidentally ingest MPs 
during feeding (Moore et  al., 2011; Lechner et  al., 
2014; Wang et al., 2017). This poses safety concerns 
for MPs in seafood destined for human consumption 
or indirectly via aquaculture-based feed (Rochman 
et  al., 2015; Hanachi et  al., 2019; Karbalaei et  al., 
2019, 2020; Sequeira et al., 2020).

The occurrence of macroplastic and MP pollution 
has been widely documented in marine and freshwa-
ter environments (Rakib et  al., 2022; Hatami et  al., 
2022; Walker et al., 2006; Corcoran et al., 2009; Imhof 
et  al., 2013; Biginagwa et  al., 2016; Ambrose et  al., 
2019; Enyoh et al., 2021), and in wastewater (Horton 
et al., 2017). MPs have also been reported throughout 
the entire water column, with the highest concentra-
tions usually found in bottom sediments (e.g., Berg-
mann et al., 2017). For example, approximately 62,200 
MPs/kg was reported in benthic river sediments in the 
River Mersey, UK (Hurley and Nizzetto, 2018). MPs 
also sorb inorganic and organic contaminants at vary-
ing concentrations onto their surfaces, acting as vectors 
for trophic transfer of pollutants within different media 
(Van et al., 2012; Rochman, 2015). Although there is 
increased knowledge on the prevalence and abundance 
of MPs in freshwater and marine habitats, there is still 
a lack of data on monitoring and behavior of associated 
hazardous pollutants sorbed by MPs (Hurley et  al., 
2017; Windsor et  al., 2019). Freshwater macro-inver-
tebrates and fish have been reported to ingest MPs with 
subsequent trophic transfer to higher predators (Bigi-
nagwa et  al., 2016; Peters and Bartton, 2016; Horton 
et al., 2018), including transfer to predatory birds (Hol-
lander et al., 2016; Gil-Delgado et al., 2017; Bourdages 
et al., 2021).

Physical and chemical damage to aquatic organ-
isms following MP exposure resulting in lethal and 
sublethal effects on aquatic food web consumers (e.g., 
zooplankton and phytoplankton) has also been widely 
reported (Au et  al., 2015; Nobre et  al., 2015; Watts 
et al., 2015; Jeong et al., 2016; Duis and Coors, 2016; 
Rehse et al., 2016), although most laboratory MP tox-
icity or trophic transfer studies have focused on fresh-
water algae (Farrell and Nelson, 2013; Nelms et  al., 
2018; Hanachi et  al., 2022). Aquatic invertebrates 
have also been used as prey for predators to study MP 
trophic transfer across food webs resulting in lethal 
or sublethal effects, highlighting the threat to aquatic 
biota and aquatic ecosystems (Windsor et al., 2019).
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To better understand MP threats to aquatic biota 
and aquatic ecosystems, a plethora of studies have 
described the occurrence, abundance, fate, and trans-
fer of MPs in aquatic ecosystems (e.g., Cole et  al., 
2011; Auta et  al., 2017; Karbalaei et  al., 2018), 
including ecotoxicology of MPs and subsequent 
transfer through food webs in aquatic and terrestrial 
environments (e.g., Anbumani and Kakkar, 2018; 
Wang et al., 2019). Consequently, MP toxic impacts 
including alteration of metabolism in fish species 
have also been widely reported (e.g., Ahrendt et  al., 
2020; Karbalaei et al., 2021; Xu et al., 2020).

Although ecotoxicological studies on the distribu-
tion, fate, and interaction of MPs in aquatic environ-
ments exist, an updated and critical overview of MP 
interaction with inorganic and organic contaminants 
in aquatic ecosystems and their potential impact 
on food web toxicity, including food consumed by 
humans, is lacking (Karbalaei et al., 2018). National 
governments, such as the Canada Plastics Science 
Agenda (CaPSA), and international agencies, such 
as the United Nations Environmental Programme, 
have also recognized this as an important knowledge 
gap that needs to be addressed (ECCC, 2019; UNEP, 
2020). Future research should investigate relation-
ships between MP sorbtive potential and particle 
size, as well as standardizing laboratory MP toxicity 
studies on aquatic species throughout entire ecosys-
tems. To highlight this research gap, this non-exhaus-
tive critical review aimed to evaluate contemporary 
research related to MP transport, MP interaction with 
organic and inorganic contaminants, MP ecotoxic-
ity, MP behavior, and potential MP impacts on food 
safety in aquatic ecosystems. This review also identi-
fies future research priorities to address MP toxicity 
and food safety through aquatic food webs.

1.1 � Methodology

This non-exhaustive critical review focused on con-
temporary literature to summarize MP studies on 
transport pathways, ecotoxicology, and food web 
transfer, along with effects of toxic organic and inor-
ganic pollutants sorbed onto MPs in aquatic food 
webs. Peer-reviewed articles (i.e., both original and 
review papers) were reviewed from Google Scholar, 
Science Direct, Web of Science, and Scopus data-
bases using some the following keywords: “fate of 
microplastics in aquatic ecosystems,” “toxicity of 

microplastics,” “vector effect of microplastics,” “eco-
toxicology of microplastics,” “sorption of pollutants 
by microplastics,” “mechanism of microplastic eco-
toxicology,” and “microplastics and human toxicol-
ogy.” Although this review did not adhere to protocol 
requirements (e.g., PRISMA), the main screening and 
acceptance/rejection of referral data were performed 
based on relevance of key findings to this review 
theme. Although not exhaustive, this critical review 
was designed to highlight some key studies and to help 
identify future research priorities to address MP tox-
icity and food safety through aquatic food webs. MP 
contamination in various environmental components 
and resulting food web toxicity has been extensively 
studied and reported. Thus, a focus of this review was 
to identify contemporary research uncertainties (i.e., 
no specific timeframe was used to limit the literature 
review) of MP contamination, MP vector effects of 
associated toxins, and MP ecotoxicology.

2 � Transport Pathways of MP Through Different 
Environmental Matrices

MPs intentionally manufactured such as microbeads 
are primary MPs (Dris et  al., 2016; Li et  al., 2016; 
Gasperi et  al., 2018). Degradation of larger macro-
plastics in the environment from heat, UV light, oxi-
dation, and biodegradation create secondary MPs 
(Thompson, 2015). However, most MPs in aquatic 
and terrestrial ecosystems are secondary MPs derived 
from larger plastic fragments (Su et al., 2017).

Dominant modes of MP transfer from terrestrial 
to aquatic ecosystems include wind transport, soil 
migration, and via water transport (Boucher and Friot, 
2017; Gasperi et al., 2018; He et al., 2018). Aquatic 
ecosystems accumulate MPs from multiple sources 
(e.g., wastewater treatment plants, sewer floods, soil 
washout, precipitation and from agricultural plas-
tic products such as plastic mulching sheet, plastic 
packaging for fertilizers or pesticides, and plastic 
fragments in compost) (Duis and Coors, 2016; Hor-
ton et al., 2017; Ng et al., 2018) (Fig. 1). MP density 
and dimensions govern their transport and deposition 
within aquatic and marine ecosystems (Wagner et al., 
2014). For example, wind transport and can recircu-
late MPs from coastal locations to the open ocean 
and vice versa. For example, ocean surfaces have 
been reported as both sinks and sources of MPs to 
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terrestrial ecosystems via seaspray and atmospheric 
wind transport (Allen et al., 2020). Storm events are 
also responsible for atmospheric MP transport across 
huge distances (Sul and Costa 2014; Li et al., 2016). 
Accordingly, there has been a plethora of marine MPs 
studies conducted in the Pacific Ocean, Arctic Ocean, 
Atlantic Ocean, and Indian Ocean (Lusher et  al., 
2015; Imhof et al., 2017; Desforges et al., 2014).

One study in the northern Gulf of Mexico docu-
mented 5.0–18.4 MPs/m3 in sediment samples (Di 
Mauro et  al., 2017). Similarly, Jang et  al. (2020) 
reported a positive correlation between MP concen-
trations near densely populated coastal areas and 
underlying sediments. Sources of coastal polystyrene 
(PS) and polypropylene (PP) MPs are often derived 
from fishing activities from plastic polypropylene 
rope. Yin et al. (2020) reported MP concentrations in 
freshwater lakes of 180 to 693 MPs/kg of sediment in 
East Dongting Lake in northeastern Hunan Province, 
China. Similarly, a wide range of MP concentrations 
have been reported in beaches, coasts, and sediments 
of major oceans throughout the world indicating the 
ubiquity of MPs in marine ecosystems (Kunz et  al., 
2016; Young and Elliott, 2016; Guven et  al., 2016; 
Haave et al., 2019) (Table 1).

MP ingestion or inhalation can occur from 
household dust (Catarino et al., 2018). Several stud-
ies have reported MPs in drinking water (Oßmann 
et  al., 2018; Mintenig et  al., 2019). Accordingly, 
the World Health Organization (WHO) revised 
safety guidelines for the presence of MPs in drink-
ing water and the State Water Board in Califor-
nia, USA, has adopted requirements for four years 
of testing and reporting of MPs in drinking water 
(WHO, 2019; Coffin et  al., 2022). Additionally, 
a systematic review by Danopoulos et  al. (2020) 
reported that polyethylene terephthalate (PET) and 
PP were the most abundant MPs in drinking water 
samples from 12 separate studies. However, there 
are currently no specific safety guidelines or thresh-
old limits for MPs in drinking water (Coffin et  al., 
2022). Thus, further research is required to address 
this uncertainty.

3 � Interaction of MPs with Contaminants 
as Potential Vectors in Aquatic Ecosystems

MPs also pose additional toxicity to aquatic biota as 
they can transfer and act as vectors of sorbed organic 

Fig. 1   Identification of sources and fate of MPs through multiple transport pathways in aquatic ecosystems
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and inorganic contaminants. For example, a recent 
review by Menéndez-Pedriza and Jaumot (2020) rec-
ognized the sorption potential of MPs to adsorb pol-
lutants. MP characteristics (polymer type, size, and 
chemical properties), environmental factors (tem-
perature, wind, and rainfall), and pollutant factors 
(sorption potential, molecular weight, and solubility) 
all contribute to sorption of pollutants by MPs (Hart-
mann et  al., 2017; Menéndez-Pedriza and Jaumot, 
2020). Organic pollutants including polycyclic aro-
matic hydrocarbons (PAHs), polychlorinated biphe-
nyls (PCBs), and organochlorine (OCs) pollutants and 
metals (e.g., Cd, Ni, Cr, and Pb) are adsorbed by MPs 
(Godoy et al., 2019; Campanale et al., 2020a; Wang 
et al., 2020). Additionally, sorption and desorption of 
associated toxic pollutants to MP surfaces are driven 

by pH, temperature, dissolved organic matter, and 
artificial gut surfactant conditions (Bakir et al., 2014; 
Godoy et  al., 2019). Lower pH and higher tempera-
ture were identified to increased sorption and desorp-
tion of associated toxic pollutants. Simulated equilib-
rium models such as Freundlich or Langmuir models 
to predict the mode of adsorption of hydrophobic 
organic pollutants on MP surfaces were reported 
(Bakir et al., 2014; Velez et al., 2018). Thus, sorption 
of hydrophobic organic contaminants (HOC) by MPs 
is dependent on various factors such as MP polymer 
size and type and surface affinity of the adsorbent 
and contaminants (Hartmann et al., 2017). Liu et al. 
(2019) reported differences in sorptive properties of 
hydrophilic organic contaminants in various MPs 
both in freshwater and marine ecosystems. Therefore, 

Table 1   Examples of occurrence and distribution of different MPs within different ecological matrices in aquatic ecosystems 
(ocean, sea, beach, and sediments)

Location Ecosystem types Abundance (mean) Types of plastics References

Baltic Sea Sea, subsurface waters 0.19–7.73 items m3 Fibers and fragments Gewart et al. (2017)
Arctic Surface waters 31.3 items L-1 Fibers Barrows et al. (2018)
Baltic Sea Sea, surface waters 0.04–0.09 (0.07) items m3 Fibers Tamminga et al. (2018)
Arctic Subsurface waters 0–7.5 (1.15) items m3 Fibers
Arctic Surface waters 0–320,000 items km2 Fragments Cozar et al. (2017)
North Atlantic Subsurface waters 0-8-5 (1.15) items m3 Fibers
Baltic Sea Sea, surface waters 48 items L-1 Fibers and fragments Karlsson et al. (2017)
Arctic Surface waters 0–1.31 (0.34) items m3 Fragments and fibers Lusher et al. (2015)
North Sea Sea, surface waters 0–1.5 items m3 Fragments Maes et al. (2017)
North Atlantic Deep-sea 70.8 items m3 Fibers Courtene-Jones et al. (2017)
Bay of Brest, North 

Atlantic
Sea, surface waters 2.4×10−4 items m3 Fibers Frere et al. (2017)

Hausgaten, Arctic Offshore 42–6595 items kg−1 
(4365)

Fragments Bergmann et al. (2017)

 North Sea Inshore 100–3600 items kg−1 Fibers Leslie et al. (2017)
Greenland Sea, Adventf-

jord, Svalbard
Coastal sediment 9.3 kg−1 Fibers Sundet et al. (2015)

Baltic Sea Beach sediment 88.1 items kg−1 Fibers Hengstmann, et al. (2018)
Norwegian Sea Inshore 1–50 items kg−1 Fragments DNV-GL and NGI (2018)
North Sea Offshore 0–3146 items kg−1 Fibers, spheres Maes et al. (2017)
Indian Ocean and mar-

ginal seas, ship-breaking 
yard, Alang-Sosiya, 
India

Beach 81 mg kg−1 Fragments Reddy et al. (2006)

Mediterranean Sea
Izmir, Turkey

Sea - Pellets Ogata et al. (2009)

Nile deep-sea fan, Medi-
terranean

Sea 40 items m−2 Van Cauwenberghe et al. 
(2013)

Mexico gulf, Atlantic sea Gulf 4.8 to 8.2 particles m−3 Fibers, beads Di Mauro et al. (2017)
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further coordination of laboratory studies with MP 
types and concentrations found in natural ecosystems 
may help elucidate MP-pollutant vector pathways and 
associated food web toxicity.

3.1 � Vector Effects of MPs with Emerging Organic 
Pollutants

A plethora of research has documented interactions 
between toxic chemicals (e.g., organic pollutants and 
pesticides) with MPs (Mato et al., 2001; Rios et al., 
2007; Sheavly and Register, 2007; Teuten et al., 2007, 
2009; Betts, 2008; Andrady, 2011; Hirai et al., 2011; 
Karbalaei et  al., 2021; Khoshnamvand et  al., 2021). 
Although MPs themselves are sources of toxic chemi-
cals (Andrady, 2011, 2017; Cole et  al., 2011), MPs 
also sorb harmful chemicals that can be released 
into surrounding environments (Takada et  al., 2005; 
Gouin et  al., 2011), with some scientists calling for 
removal of harmful chemicals from plastic production 
(Dey et al., 2022). Wildlife ingestion of MPs at vari-
ous concentrations may have negative effects from 
sorbed hazardous compounds that can be leached 
or desorbed from plastic fragments. When aquatic 
biota ingest toxic substances, they may be transferred 
through food chains into human food. Therefore, a 
major area of interest is to understand relationships 
between hazardous chemicals and plastic pollution. 
Persistent and bioaccumulation of toxic substances, 
such as PCBs and dichloro diphenyl trichloroethane 
(DDT), pose both ecological and human health risks 
(Engler et al., 2012).

Polybutylene terephthalates (PBTs) can enter the 
environment via pathways such as industrial pollut-
ants, dispersive application of pesticides, or direct 
release of PCBs and polybrominated diphenyl ethers. 
Persistent organic pollutants (POPs) and bio-accu-
mulative substances are comparatively well-studied, 
and their toxicity impacts are well understood. POPs 
include dichloro diphenyl dichloroethane (DDD), 
dichloro diphenyl dichloroethylene (DDE), DDT and 
its degradants, polychlorinated dibenzo-p-dioxins 
(“dioxins”), PCBs, and polychlorinated dibenzo-
furans (“furans”) (Davis et al., 2019; Hoffman et al., 
2019; Zhang et  al., 2019a). Many are even banned 
in some jurisdictions. However, some POPs are still 
widely used, particularly in developing countries 
where MPs can act as vectors for POPs and other 

bio-accumulative toxins (Sheavly and Register, 2007; 
Teuten et al., 2009; Engler, 2012).

Hazardous chemicals (e.g., pesticides, trace met-
als, and emerging environmental pollutants) can be 
absorbed by MP (Besseling et al., 2017; Srain et al., 
2021). MPs are considered a vector in aquatic eco-
systems, accumulating pollutants such as metals and 
organic pollutants, resulting in increased transfer and 
bioavailability of hydrophobic and hazardous con-
taminants to aquatic species (Batel et al., 2016; Prata, 
2018). When compared to seawater, contaminants can 
be up to 30 times more sorbtive in the gut of aquatic 
biota (Ma et  al., 2020). Consequently, MPs play a 
role in the bioaccumulation and trophic transfer of 
environmental pollutants, as well as altered meta-
bolic activities such as endocrine system disruption 
and gene expression through contaminant toxicity 
(Syberg et  al., 2017; Zhang et  al., 2019b). MP vec-
tor effects for organic pollutants and pesticides sorbed 
onto MP surfaces are summarized in Table 2.

3.2 � Sorption Potential of MP for Metals

Accumulation of plastics in aquatic ecosystems 
serves as vectors collecting metal pollutants resulting 
in long-range transport and increased bioavailability 
of hydrophobic metal contaminants for aquatic spe-
cies. Although accumulation of plastic debris leads 
to increasing levels of contaminants, the toxicity can 
be exacerbated in the presence of metals. For exam-
ple, Kim and Chae (2017) reported that the combined 
effect of PS and Ni (Nickel) has an antagonistic effect 
on Ni toxicity. Mercury (Hg) is toxic for humans and 
biota. The effect of Hg and MPs may lead to higher 
bioaccumulation of Hg in tissues of Daphnia magna 
(Barboza et  al., 2018a). Histological effects of MPs 
can result oxidative stress in zebrafish (e.g., Qiao 
et  al., 2019). Similarly, exposure from metals such 
as Cr (chromium) and methyl mercury (Me-Hg) can 
cause oxidative stress, reduction of predatory activ-
ity, growth inhibition, and altered organ homeostasis 
(Khan et al., 2017; Luis et al., 2015; Bellingeri et al., 
2019; Davarpanah and Guilhermino, 2019). However, 
the combined effects of these metals with MPs are 
poorly understood (Rainieri et al., 2018), but studies 
focusing on the interaction of different MP types with 
metals and their combined toxicity profiles within 
aquatic species are summarized in Table 2.
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4 � Ecotoxicity of MPs in Aquatic Food Webs

MPs are ingested by diverse vertebrate and inverte-
brate biota inhabiting freshwater and marine ecosys-
tems. Ecotoxicological studies of MPs in seabirds, 
mammals, and other marine organisms have also been 
widely reported (Browne et al., 2008; Boerger et al., 
2010; Fossi et al., 2014; Baak et al., 2020; Provencher 
et al., 2020). MP effects can be classified into two cat-
egories: primary effects (immediately after ingestion) 
and secondary effects (physiological and biological 
changes after ingested MPs enter digestive systems 
of aquatic biota) (Oehlmann et al., 2009). Since MPs 
are omnipresent in freshwater streams and seawater, 
buoyant floating MPs may be mistakenly ingested 
by aquatic fauna instead of prey or by plankton 
(Provencher et  al., 2022). With the pervasive occur-
rence and similarity with plankton, MPs can easily 
be consumed by aquatic biota (Cole et al., 2011). For 
example, a total of 443 different MPs were identified 
in digestive organs of marine fish species in the Bay 
of Bengal (Hossain et al., 2019).

MP toxicity in aquatic organisms can be driven 
by accidental ingestion followed by physical harm 
leading to obstruction of intestinal tracts (Li et  al., 
2018; Provencher et  al., 2022). Thus, ingested MPs 
can hinder growth and development of aquatic biota 
(Patra et  al., 2022). For example, PS MPs resulted 
in substantial histomorphometrical changes in juve-
nile rainbow trout (Karbalaei et al., 2021). However, 
the combined toxicity of MPs with contaminants 
may be more hazardous as they can cause abnormal 
metabolism, accumulation of metals, and pollutants 
in ingested species, and may also be fatal in severe 
circumstances (Lga et  al., 2018). Potential risk of 
MPs for aquatic organisms and food safety has been 
reported by the Food and Agriculture Organization 
(FAO, 2017). Food safety may be threatened through 
seafood consumption containing MPs and NPs (nano-
plastics) (EFSA, 2016; Karbalaei et  al., 2019). Fur-
thermore, MPs may form microbial biofilms which 
can support harmful microbial pathogens (McCor-
mick et al., 2016; Wright et al., 2021).

4.1 � MP Toxicity in Lower Trophic Aquatic Species

Adverse impacts of MPs and NPs on phytoplankton 
(microalgae) have been widely documented (e.g., 
Khoshnamvand et al., 2021). MP deposition reduces 

development of microalgal tissues (Anbumani and 
Kakkar, 2018; Li et al., 2018; Lga et al., 2018). Posi-
tive correlations exist between MP concentrations and 
decreased microalgal growth (Besseling, et al., 2014). 
MP impacts on algal growth are lower with increased 
particle size (Sjollema, et  al., 2016). Thus, MP tox-
icity is size dependent (Khoshnamvand et al., 2021). 
Previous studies have focused on physiological and 
biochemical impacts of MPs on phytoplankton (e.g., 
Mao et  al., 2018). Studies on freshwater microalgae 
demonstrated that MP exposure not only poses physi-
cal harm and oxidative stress to algal cells but also 
influences gene expression transcriptomics engaged 
with certain metabolic pathways (Lagarde et  al., 
2016). Algae exposed to PVC microspheres resulted 
in decrease in chlorophyll a content and photosyn-
thetic activity of Skeletonema costatum (Zhang et al., 
2017). Co-development analysis of Chaetoceros 
neogracile and MP revealed the arrangement of het-
ero-aggregates comprising both algal cells and MPs 
because of the arrival of extracellular polysaccharides 
by green algal cells (Long et al., 2017).

Reactive oxygen species (ROS) can be affected in 
algal cells by MPs (Bhattacharya et al., 2010). MP tox-
icity to phytoplankton varies depending on particle size 
(Zhang et al., 2017) and polymer type (Lagarde et al., 
2016; Mao et al., 2018). However, ecological implica-
tions and toxicity mechanisms are still poorly under-
stood. In an ecotoxicological study, algae exposed to 
polystyrene MPs for 72 h resulted in decreased pho-
tosynthetic activity in Chlorella vulgaris, Thalassio-
sira pseudonana, and Dunaliella tertiolecta (Sjollema 
et al., 2016). The degree of MP toxicity is relative to 
particle size and absorption potential at the primary 
producer level (Sjollema et al., 2016). Similarly, micro-
sized PS particles (0.22 and 103 mg/L) influenced 
algal development and diminished chlorophyll a con-
tent prompting reduction of photosynthesis in Scened-
esmus obliquus (Besseling et al., 2013).

In the marine environment, MP impacts have been 
observed with exposure of 1-μm PVC particles on 
Skeletonema costatum. PVC MPs <1 μm decreased 
development rate by 39.7% after a 96-h incubation, 
while larger PVC MPs (>1 mm) had no harmful 
impact (Zhang et al., 2017). No reduced development 
rate was observed in Tetraselmis chuii after expo-
sure to fluorescent red polyethylene microspheres 
(Davarpanah and Guilhermino, 2015). An expanded 
uptake assay using 10 μm and fluorescent polystyrene 
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particles (1–5 μm) was performed with algal species 
Oxyrrhis marina and Rhodomonas baltica which 
resulted in the loss of juvenility and substitution of 
food (Lyakurw, 2017). PS MP–derived aquatic toxic-
ity may cause biofouling development and shedding 
of aquatic phytoplankton that can result in reduced 
chlorophyll production in marine autotrophs (Long 
et  al., 2015). Therefore, toxicity of MPs on aquatic 
phytoplankton, zooplankton, and other aquatic organ-
isms may vary based on MP particle size (Patra et al., 
2022). Thus, MP ecotoxicity in aquatic ecosystems 
remains a critical research gap. Figure 2 shows hypo-
thetical interactions of MPs with multiple species 
throughout aquatic food webs.

4.2 � Impact of MPs on Other Aquatic Consumers

Incidental ingestion of MPs by the other higher 
trophic aquatic consumers (e.g., zooplankton, shrimp, 
and fish species) has been reported in the South 
China Sea and Bay of Bengal (Sun et al., 2017; Hos-
sain et al., 2020). Table 3 shows examples of inciden-
tal MP ingestion included translocation and resulting 
adverse impacts on the aquatic food chain may lead to 
complex ecotoxicology in aquatic and marine biota. 
Although ecotoxicology of MPs to higher trophic 
consumers is limited, in  vitro studies have been 
conducted on aquatic organisms representing lower 

trophic levels. For example, Li et al. (2018) and Mur-
phy and Quinn (2018) studied scavengers (e.g., Hydra 
attenuata) and cnidarians. Uptake of MPs has been 
reported in freshwater consumers such as Daphnia 
magna, Gammarus pulex, Notodromas monacha, and 
Potamopyrgus antipodarum under field conditions 
(Imhof et  al., 2013). Ingestion of polyethylene MPs 
(<400 μm) in the freshwater sponge, Hydra attenu-
ata, and feeding frequency were documented by Mur-
phy and Quinn (2018). MPs between 0.01 and 1 mm 
were found in gut epithelia of Daphnia magna and 
were deposited in lipid storage droplets, disrupting 
filtration in this crustacean (Rosenkranz et al., 2009). 
DNA damage was also observed in rainbow trout 
that ingested MPs in a review by Alimba and Fag-
gio (2019). The combined biochemical and additive 
impacts of MPs and NPs with hydrophobic phenan-
threne have been documented in Daphnia magna (Ma 
et al., 2016). A review by Alimba and Faggio (2019) 
reported increased damage and mortality after MP 
exposure for long periods in seals, dolphins, and sea 
snakes. Bioaccumulation of MPs in the digestive tract 
of zebrafish (Danio rerio) and nematode (Caeno-
rhabditis elegans) along with physiological impacts 
was reported by Lei et al. (2018). Polystyrene MPs (5 
and 70 nm) were also found in gills, liver, and gut of 
zebrafish (Danio rerio) by Lu et al. (2016).

Fig. 2   Hypothetical interactions of MPs with diverse lower trophic (aquatic producers) and higher trophic (aquatic consumers) 
including food web transfer
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Many studies have reported on the occurrence 
of MPs in the gastrointestinal tracts and of nega-
tive impacts of MP ingestion by pelagic fish species 
(e.g., Jovanovic, 2017). For example, Nadal et  al. 
(2016) found MPs of various sizes in gastrointesti-
nal tracts of Boops boops from the Mediterranean 
Sea. Karbalaei et  al. (2019) reported finding MPs 
(mean = 2600 μm ±7.0 SD) in nine species of com-
mercial fish from Mayalsia, including Eleutheronema 
tridactylum and Clarias gariepinus. Uptake of MPs 
consisting of blue nylon fragments in three species of 
Gerreidae fish (e.g., Eugerres brasilianus, Eucinosto-
mus melanopterus, and Diapterus rhombeus) from a 
tropical estuary in Northeast Brazil was documented 
by Ramos et al. (2012). For example, between 4.9 and 
33.4% of fish sampled contained blue nylon MP frag-
ments (Ramos et  al., 2012). Another study reported 
that 12% of Gobio gobio from French streams had 
ingested MPs (Sanchez et  al., 2014). Visual sorting 
of digestive tracts showed higher MP concentrations 
in Gobio gobio from urban streams compared to rural 
streams. While most studies have focused on MP 
prevalence in gastrointestinal tracts of fish, few have 
investigated the potential for MP transfer to other 
organs (e.g., liver).

MP uptake, transfer, and deposition observed in 
the filter feeder (Mytilus edulis) were reported by 
Van moos et  al. (2012), along with ecotoxicologi-
cal effects including inflammatory cell response and 
destabilization of lysosome membranes. Harmful 
impacts of MPs on cells of Mytilus galloprovincialis 
were observed by Paul-Pont et  al. (2016), including 
modifications of immunological reactions, lysosome 
alteration, peroxisomal expansion, irritation of anti-
oxidant system, and genetic toxicity.

4.3 � MP Toxicity and Potential Trophic Transfer 
Across Food Webs

Bioaccumulation of MPs along with toxic organic 
pollutants has previously been documented by Roch-
man et  al. (2013). For example, trophic transfer of 
bio-accumulated MP may cause food web toxicity 
including human health hazards (Wright et al., 2013). 
The biochemical mechanism of MP toxicity may 
include alteration of lipid metabolism, interaction 
of ROS in the bloodstream, formation of gut barri-
ers, and dysbiosis of gut-inhabiting microbiota (e.g., 
Deng et  al., 2017; Lu et  al., 2018; Jin et  al., 2019). 

Recent observations by Jin et  al. (2020) revealed 
PS-MP toxicity in male mammal reproductive sys-
tems. For example, adsorption and translocation of 
4–10-μm–sized PS-MP particles within testicular 
and spermatogenic cells caused a drop of testoster-
one and dysfunctions of the male reproduction system 
through reduction of sperm quality in male mice (Jin 
et  al., 2020). Similarly, dietary exposure of PS-MPs 
was evaluated for toxicity in Japanese medaka (Ory-
zias latipes) by Zhu et al. (2020). Although low doses 
did not show potential toxicity, higher doses caused 
alteration of spleen, kidney, thickening of epithelium 
tissues, decrease in female fecundities, and abnor-
mal mucosal secretions in Oryzias latipes (Zhu et al., 
2020). Thus, there is a critical need to better under-
stand the function of MPs in bioaccumulation of 
plastic-related contaminants and associated biological 
toxicity within aquatic ecosystems at environmentally 
relevant concentrations. Table 4 summarizes ecotoxi-
cology assessment and mechanisms of MP toxicity.

Trophic transfer of microfiber MPs in indoor 
and outdoor environments may affect human food 
webs and can be deposited and translocated into the 
human tissues (Dris et  al., 2017). Lung aggravation 
and severe breathing impairment can be prompted by 
microfiber exposure. For example, genetic toxicity and 
lethal malignant diseases may be linked to chronic 
exposure of human microfibers (Gasperi et al., 2018). 
The generation of ROS has been documented as a 
cause of deteriorating health conditions due to acci-
dental microfiber inhalation (e.g., Wang et al., 2019).

MP-related food web toxicity in the aquatic food 
chain is likely influenced by prey-predator relation-
ships (Dris et al., 2017). Accidental ingestion of MPs 
by predatory aquatic species has been identified as 
the primary entry point for MP trophic transfer. For 
example, prey-predator trophic transfer of MPs in 
the Antarctic has been documented with MP bioac-
cumulation in fur seals, Arctocephalus tropicalis and 
Arctocephalus gazella, after consumption of pelagic 
fish Electrona subaspera containing MPs (Eriksson 
and Burton, 2003). Additionally, MPs were reported 
in Gentoo penguin scats collected from remote sub-
Antarctic and Antarctic islands providing further 
evidence of MP transfer through remote marine food 
webs (Bessa et  al., 2019). Trophic transfer of MPs 
through other aquatic species such as mussels (Myti-
lus edulis), Mysis mixta, and crustaceans Daphnia 
magna has previously been reported (Farrell and 
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Table 4   Ecotoxicological profiles of MPs on multiple aquatic species and mechanism of toxicity

Studies sample/species Eco-toxicity assessment Reference

Chaetoceros neogracile Decreased in cellular esterase activity and 
neutral lipid content

Seoane et al. (2019)

Chlorella vulgaris Inhibitory influence on cell photosynthesis Luo et al. (2019)
Daphnia magna Activities of CAT, GST, and MDA levels Zhang et al. (2019a)
Seals, sea lions, dolphins, and sea snake Increase in morbidity and mortality Review by Alimba and Faggio (2019)
Myriophyllum spicatum Inhibited shoot growth van Weert et al. (2019)
Paracentrotus lividus Decrease of larval length Oliviero et al. (2019)
Chlorella pyrenoidosa Growth inhibition and reduced photosyn-

thetic activity
Mao et al. (2018)

Skeletonema costatum Growth inhibition and photosynthesis inhibi-
tion

Zhang et al. (2017)

Sparus aurata, Dicentrarchus labrax Affect the cell viability Espinosa et al. (2018)
Lemna minor Inhibited root growth Kalcikova et al. (2017)
Danio rerio Inflammation and lipid accumulation in fish 

liver
Lu et al. (2016)

Chlorella pyrenoidosa and Microcystis Inhibited growth. Wu et al. (2019)
Scleractinian coral Repress detoxification and immune system Tang et al. (2018)
Lemna minor Inhibited root growth Kalcikova et al. (2017)
Carassius auratus Accumulation in gut Grigorakis et al. (2017)
Carcinus maenas Adsorbed on gill surface Watts et al. (2014)
Hyalella azteca Decreased growth and reproduction Au et al. (2015)
Mytilus edulis L. Histological changes and inflammatory 

response
von Moos et al. (2012)

Dunaliella tertiolecta
Thalassiosira pseudonana
Chlorella vulgaris

Growth negatively affected by uncharged 
particles

Sjollema et al. (2016)

Arenicola marina Higher susceptibility to oxidative stress Browne et al. (2013)
Oncorhynchus mykiss DNA damage Pannetier et al. (2019)
Arenicola marina Long residence time in gut, inflammation, 

feeding apparatus affected
Wright et al., (2013)

Arenicola marina Accumulation of PCBs in tissue Besseling et al. (2013)
Ostrea edulis,
Mytilus edulis

Reduced filtration rates Green et al. (2017)

Scrobicularia plana Neurotoxicity, mechanical injury to gills, 
MPs-adsorbed BaP and PFOS exerting a 
negative influence over assessed biomarkers 
in this tissue

O’Donovan et al. (2018)

Carassius carassius, Alburnus alburnous, 
Scardinius erythrophthalmus, Tinca tinca, 
Esox esox, Salmo salar

Triglycerides: cholesterol ratio in blood 
serum, nanoparticles bind to apolipoprotein 
A-I in fish serum in vitro, restraining them 
from properly utilizing their fat reserves

Cedervall et al. (2012)

Daphnia magna, Carassius carassius Direct interactions between plastic nanoparti-
cles and brain tissue of fish

Mattsson et al. (2017)

Dunaliella tertiolecta Significant inhibition on the algal growth 
with no effects on photosynthesis

Sjollema et al. (2016)

Tisochrysis lutea Formation of hetero-aggregation for C. 
neogracile

Long et al. (2017)

Skeletonema costatum Inhibition on algal growth; chlorophyll con-
tent and photosynthesis

Zhang et al. (2017)
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Nelson, 2013; Wang et  al., 2019). Figure  2 shows 
potential translocation of MPs in aquatic ecosys-
tems along with multi-trophic transfer focusing on 
bioaccumulation.

4.4 � MP Toxicity and Human Health Implications

Several studies have highlighted the pervasive role 
of MPs in atmospheric aerosol and have raised con-
cerns about atmospheric MP and NP contamination 
and human health impacts (see Sharma and Chat-
terjee, 2017; Prata, 2018; Revel et  al., 2018; Rist 
et  al., 2018; Lehner et  al., 2019; Allen et  al., 2020; 
Campanale et  al., 2020b). MPs and NPs can enter 
the human body through ingestion of contaminated 
foods (Rakib et  al., 2021b; Wright and Kelly, 2017; 
Silva-Cavalcanti, 2017; Waring et  al., 2018). It has 
been predicted that MPs present in marine organ-
isms may cause human health impacts through con-
sumption (Karbalaei et al., 2018, 2019; Waring et al., 
2018). Previous studies have reported MP deposi-
tion through dietary intake in the human body, and 
particles <150 μm can cause systemic exposure by 
crossing the gastrointestinal epithelium (Huang et al., 
2020; Zhang et  al., 2020; Domenech and Marcos, 

2021). It is believed that a very small amount (0.3%) 
is adsorbed, and a lower fraction (0.1%) of particles 
composed of 10-μm particle size can penetrate dif-
ferent organs and cellular membranes including the 
placenta and blood-brain barrier (Cole et  al., 2011; 
Barboza et al., 2018b). However, there is uncertainty 
about MP toxicity in human organs because of tech-
nical and analytical difficulties in extracting, charac-
terizing, and quantifying them from environmental 
sources (Campanale et  al., 2020a, 2020b). Impor-
tantly, MPs consisting of particles <2.5 μm can enter 
the circulatory system after adsorption through the 
gastrointestinal tract (Wright and Kelly, 2017). As 
a result, MPs <2.5 μm can cause inflammation and 
dose-dependent accumulation in the human body. 
MPs can also enter the human body through direct 
inhalation (Prata, 2018; Vianello et  al., 2019). Air-
borne MPs from atmospheric contaminants, erosion 
of agricultural lands, wastewater treatment products, 
synthetic garments, road-dust, industrial pollution, 
and marine aerosols may cause breathing distress, 
inflammatory, cytotoxic, and autoimmune disorders 
in human health (Barboza et al., 2018a; Prata, 2018).

Human lungs have a relatively large alveolation 
surface composed of a very thin tissue barrier (<1 

Table 4   (continued)

Studies sample/species Eco-toxicity assessment Reference

Chlorella pyrenoidosa Inhibition on algal growth from lag to earlier 
logarithmic phases

Mao et al. (2018)

Chlamydomas reinhardtii No significant influence on growth and 
expression of genes involved in stress 
response. Enhanced expression of genes 
involved in sugar biosynthesis pathways

Lagarde et al. (2016)

Scenedesmus obliquus Inhibition on algal growth.  Reduction in 
chlorophyll-a content

Besseling et al. (2014)

Pseudokirchneriella subcapitata Inhibition on algal growth Casado et al. (2013)
Centropages typicus Significant reduction in algal ingestion Cole et al. (2013)
Nephrops norvegicus Reduced feeding rate, body mass, metabolic 

rate, and catabolism of stored lipids
Welden and Cowie. (2016)

Mytilus edulis Increase in energy consumption Van Cauwenberghe et al. (2015)
Sparus aurata; Dicentrarchus labrax No effects on cell viability of head-kidney 

leucocytes. Negligible effects on main cel-
lular innate immune activities. No effects 
on expression of genes related to immunity, 
oxidative stress, cellular protection to pol-
lutants, and cell death

Espinosa et al. (2018)

Danio rerio No or low lethality. Intestinal damage 
including cracking of villi and splitting of 
enterocytes

Lei et al. (2018)
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μm) allowing penetrating nanoparticles into blood 
vessels and the entire human body (Wright and Kelly, 
2017). Depending on individual metabolism and sen-
sitivity, MPs can trigger asthma-like symptoms, fiber-
inclusive granulomas interstitial fibrosis, chronic 
bronchitis, and pneumothorax, with characteristics 
such as chemical composition, size, shape, and hydro-
phobicity governing the cytotoxicity of MPs to cells 
and tissues (Prata, 2018). Human skin may also be a 
route of access for MPs (<100 nm) exposure to the 
human body via use of nano-scrubs and cosmetics 
(Revel et al., 2018).

There is limited data about particle size, shape, and 
chemical composition of MPs in facial scrubs, soap, 
and human food. The German Federal Institute for 
Risk Assessment reported that the particle size of MP 
is >1 μm in shower products and face pack fillings. 
The repeated use of these may cause the accumula-
tion of PP, and PE MPs in tissues and cells that even-
tually harm the skin (Sharma and Chatterjee, 2017). 
Humans are susceptible to MPs and associated con-
taminants through dietary intake of MPs in seafood 
which presents a major threat to food safety (Onyena 
et al., 2021; Van Cauwenberghe and Janssen, 2014).

Therefore, to assess causative effects of contami-
nated marine food on public health, more studies and 
evaluation of possible health hazards of MPs con-
sumption from a variety of foods must be conducted. 
For example, an in vitro study by Deng et  al. (2017) 
reported toxic effects of MPs on human health. This 

study determined the oxidative stress by ROS, follow-
ing exposure to MPs in cerebral and epithelial cells. 
Using mice, the distribution, accumulation, and tissue-
specific health risks were observed (Deng et al., 2017). 
For example, intake of 0.5 mg/day of PS-MPs resulted 
in accumulation in the liver, kidney, and intestine. 
Therefore, kinetics of tissue accumulation and pattern 
of distribution were severely affected by MP toxicity. 
Moreover, analysis of biochemical characteristics and 
metabolic profile in mice liver stated that MPs were 
responsible for oxidative stress, neurotoxic effect, 
energy, and lipid metabolism (Revel et  al., 2018). 
These findings indicate cellular toxicity of liver cells 
in humans. MPs in the lumen area of the intestine can 
also influence adsorption of fluids. Large proteins can 
interact with MPs and alter the immune system, result-
ing in local inflammation (Powell et al., 2007). There 
is scarce information on the toxic effects of NPs on 
humans. The intake of plastic nanoparticles may cause 
inflammation and cell death in the liver (Khlebtsov 
and Dykmana, 2011). Likewise, several recent stud-
ies have reported the adverse metabolic and cellular 
complexities in human health through NP toxicity 
(Shen et al., 2019; Chang et al., 2020; Yee et al., 2021; 
Walker et  al., 2022). Furthermore, microbial biofilms 
colonizing MP surfaces in the environment—termed 
the “Plastisphere”—can comprise pathogenic micro-
bial communities (McCormick et  al., 2014; Wright 
et al., 2021). Figure 3 shows a schematic of postulated 
human health implications of MP toxicity.

Fig. 3   Schematic interactions of toxic pollutants with MPs and toxicity profiles in ingested species and human food chain focusing 
on contemporary research gaps
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MPs pose threats to food webs through trophic 
transfer in aquatic ecosystems, although uncer-
tainty and current research gaps on MP translocation 
through food webs to humans along with exposure 
risks and toxicity exist. Several studies reported lim-
ited data and accuracy in gut barrier, tissue metabo-
lism, and alteration of gut microbiota diversity in 
mice due to MP toxicity. Additionally, exploration of 
the complex mechanism of ecotoxicological profiles, 
mediated by MPs, is poorly understood, and requires 
more research. MP microfibers and MPs derived 
from seafood also pose potential threats to human 
health. However, there remains uncertainty for eco-
toxicological profiles of MPs with respect to potential 
entry routes (e.g., via aquatic food webs or atmos-
pheric microfibers) and subsequent human health 
implications.

5 � Conclusions

This non-exhaustive review has highlighted many 
studies that have identified MP pollution in aquatic 
environments as a research priority. Although some 
studies reported in this review describe the fate and 
toxicological effects of MPs in laboratory or ad hoc 
regional case studies, detailed studies of fate, trans-
port, and toxicological effects of MPs through global 
environments are yet to be fully explored. Even after 
documenting a plethora of studies in this review, there 
remains research uncertainties concerning the toxicity 
of MPs in aquatic species, interactions of MPs with 
hazardous pollutants, and toxicity effect mechanisms.

This review has demonstrated that MPs can act 
as vectors for toxins such as POPs, pesticides, met-
als, PAHs, and other organic pollutants. However, 
there is still a lack of scientific understanding on the 
sorption potential (either hydrophilic or hydropho-
bic) of MPs which may arise due to diverse chemi-
cal properties and size of MPs. In fact, many of the 
thousands of chemicals used in plastic production 
are known to have toxic effects on organisms and 
humans. Thus, the chemical and physical associa-
tion (e.g., adsorption or desorption) of pollutants 
with MPs and the impact of polymer size and type 
should be investigated in greater detail. Future studies 
should focus on the sorption potential of the diverse 
range of organic and inorganic pollutants that now 

exist in the environment. This review has shown that 
the toxic effects of organic and inorganic pollutants 
sorbed onto MPs are complex even when contami-
nants are studied in isolation or when combined with 
other contaminants in the environment (e.g., syner-
gistic effects). This is only exacerbated in the envi-
ronment, so it is suggested that further studies are 
required on complex MP polymer types and sizes and 
in combinations with suite of different contaminants 
at environmentally relevant concentrations. Thus, this 
review has shown that there is a need to expand exist-
ing information regarding food web toxicity of MPs 
and assessing the role of MPs as “vectors” to trans-
port contaminants, such as POPs, metals, hydropho-
bic/hydrophilic contaminants, pesticides, and their 
potential impact on food safety.

Acknowledgements  This work was supported by the 
Department of Fisheries and Marine Science, Faculty of Sci-
ence, Noakhali Science and Technology University, Noakhali, 
Bangladesh. The authors are grateful to Akib Mahmud Khan, 
Department of Oncological Science, University of Utah, Salt 
Lake City, Utah 84418, USA for giving access to software 
to create Fig.  3. Special thanks to Dr. Dominique Dotson for 
proofreading the manuscript.

Funding  The authors extend their appreciation to the Dean-
ship of Scientific Research at King Khalid University for fund-
ing this work through Group Research Project under grant 
number (R.G.P.2/146/43).

Data Availability  Data sharing not applicable to this article 
as no datasets were generated or analyzed during the current 
study.

Declarations 

Conflict of interest  The authors declare no competing interests.

References

Ahrendt, C., Perez-Venegas, D. J., Urbina, M., Gonzalez, 
C., Echeveste, P., Aldana, M., & Galbán-Malagón, C. 
(2020). Microplastic ingestion cause intestinal lesions 
in the intertidal fish Girella laevifrons. Marine Pollution 
Bulletin, 151, 110795. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2019.​110795

Alimba, C. G., & Faggio, C. (2019). Microplastics in the 
marine environment: current trends in environmental 
pollution and mechanisms of toxicological profile. Envi-
ronmental Toxicology Pharmacology, 68, 61–74. https://​
doi.​org/​10.​1016/j.​etap.​2019.​03.​001

Allen, S., Allen, D., Moss, K., Le Roux, G., Phoenix, V. R., 
& Sonke, J. E. (2020). Examination of the ocean as a 

Page 17 of 28    52

https://doi.org/10.1016/j.marpolbul.2019.110795
https://doi.org/10.1016/j.marpolbul.2019.110795
https://doi.org/10.1016/j.etap.2019.03.001
https://doi.org/10.1016/j.etap.2019.03.001


Water Air Soil Pollut (2023) 234:52	

1 3
Vol:. (1234567890)

source for atmospheric microplastics. PloS One, 15(5), 
e0232746. https://​doi.​org/​10.​1371/​journ​al.​pone.​02327​46

Allen, S., Allen, D., Karbalaei, S., Maselli, V., & Walker, T. 
R. (2022). Micro(nano)plastics sources, fate, and effects: 
what we know after ten years of research. Journal of 
Hazardous Materials Advances, 6, 100057. https://​doi.​
org/​10.​1016/j.​hazadv.​2022.​100057

Ambrose, K. K., Box, C., Boxall, J., Brooks, A., Eriksen, M., 
Fabres, J., & Walker, T. R. (2019). Spatial trends and 
drivers of marine debris accumulation on shorelines in 
South Eleuthera, The Bahamas using citizen science. 
Marine Pollution Bulletin, 142, 145–154. https://​doi.​org/​
10.​1016/j.​marpo​lbul.​2019.​03.​036

Anbumani, S., & Kakkar, P. (2018). Ecotoxicological effects of 
microplastics on biota: a review. Environmental Science 
and Pollution Research, 25(15), 14373–14396. https://​
doi.​org/​10.​1007/​s11356-​018-​1999-x

Andrady, A. L. (2011). Microplastics in the marine environ-
ment. Marine Pollution Bulletin, 62(8), 1596–1605. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2011.​05.​030

Au, S. Y., Bruce, T. F., Bridges, W. C., & Klaine, S. J. (2015). 
Responses of Hyalella azteca to acute and chronic micro-
plastic exposures. Environmental Toxicology Chemistry, 
34(11), 2564–2572. https://​doi.​org/​10.​1002/​etc.​3093

Auta, H. S., Emenike, C. U., & Fauziah, S. H. (2017). Distri-
bution and importance of microplastics in the marine 
environment: a review of the sources, fate, effects, and 
potential solutions. Environmental International, 102, 
165–176. https://​doi.​org/​10.​1016/j.​envint.​2017.​02.​013

Avio, C. G., Gorbi, S., Milan, M., Benedetti, M., Fattorini, D., 
d’Errico, G., & Regoli, F. (2015). Pollutants bioavailabil-
ity and toxicological risk from microplastics to marine 
mussels. Environmental Pollution, 198, 211–222. https://​
doi.​org/​10.​1016/j.​envpol.​2014.​12.​021

Baak, J. E., Linnebjerg, J. F., Barry, T., Gavrilo, M. V., Mal-
lory, M. L., Price, C., & Provencher, J. F. (2020). Plastic 
ingestion by seabirds in the circumpolar Arctic: a review. 
Environmental Review, 28(4), 506–516. https://​doi.​org/​
10.​1139/​er-​2020-​0029

Bakir, A., Rowland, S. J., & Thompson, R. C. (2014). 
Enhanced desorption of persistent organic pollutants 
from microplastics under simulated physiological condi-
tions. Environmental Pollution, 185, 16–23. https://​doi.​
org/​10.​1016/j.​envpol.​2013.​10.​007

Barboza, L. G. A., Vethaak, A. D., Lavorante, B. R., Lundebye, 
A. K., & Guilhermino, L. (2018b). Marine microplastic 
debris: an emerging issue for food security, food safety 
and human health. Marine Pollution Bulletin, 133, 336–
348. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2018.​05.​047

Barboza, L. G. A., Vieira, L. R., & Guilhermino, L. (2018a). 
Single and combined effects of microplastics and mer-
cury on juveniles of the European seabass (Dicentrarchus 
labrax): changes in behavioural responses and reduction 
of swimming velocity and resistance time. Environmen-
tal Pollution, 236, 1014–1019. https://​doi.​org/​10.​1016/j.​
envpol.​2017.​12.​082

Barnes, D. K., Galgani, F., Thompson, R. C., & Barlaz, M. 
(2009). Accumulation and fragmentation of plastic debris 
in global environments. Philosophical transactions of the 
Royal Society, 364(2009), 1985–1998. https://​doi.​org/​10.​
1098/​rstb.​2008.​0205

Barrows, A. P. W., Cathey, S. E., & Petersen, C. W. (2018). 
Marine environment microfiber contamination: global 
patterns and the diversity of microparticle origins. Envi-
ronmental Pollution, 237, 275–284. https://​doi.​org/​10.​
1016/j.​envpol.​2018.​02.​062

Batel, A., Linti, F., Scherer, M., Erdinger, L., & Braunbeck, T. 
(2016). Transfer of benzo [a] pyrene from microplastics 
to Artemia nauplii and further to zebrafish via a trophic 
food web experiment: CYP1A induction and visual 
tracking of persistent organic pollutants. Environmental 
Toxicology Chemistry, 35(7), 1656–1666. https://​doi.​org/​
10.​1002/​etc.​3361

Bellingeri, A., Bergami, E., Grassi, G., Faleri, C., Redondo-
Hasselerharm, P., Koelmans, A. A., & Corsi, I. (2019). 
Combined effects of nanoplastics and copper on the 
freshwater alga Raphidocelis subcapitata. Aquatic Toxi-
cology, 210, 179–187. https://​doi.​org/​10.​1016/j.​aquat​ox.​
2019.​02.​022

Bergmann, M., Wirzberger, V., Krumpen, T., Lorenz, C., 
Primpke, S., Tekman, M. B., & Gerdts, G. (2017). High 
quantities of microplastic in Arctic deep-sea sediments 
from the HAUSGARTEN observatory. Environmental 
Science & Technology, 51(19), 11000–11010. https://​doi.​
org/​10.​1021/​acs.​est.​7b033​31

Bessa, F., Ratcliffe, N., Otero, V., Sobral, P., Marques, J. C., 
Waluda, C. M., Trathan, P. N., & Xavier, J. C. (2019). 
Microplastics in gentoo penguins from the Antarctic 
region. Scientific Reports, 9(1), 1–7. https://​doi.​org/​10.​
1038/​s41598-​019-​50621-2

Besseling, E., Quik, J. T., Sun, M., & Koelmans, A. A. (2017). 
Fate of nano-and microplastic in freshwater systems: a 
modeling study. Environmental Pollution, 220, 540–548. 
https://​doi.​org/​10.​1016/j.​envpol.​2016.​10.​001

Besseling, E., Wang, B., Lürling, M., & Koelmans, A. A. 
(2014). Nanoplastic affects growth of S. obliquus and 
reproduction of D. magna. Environmental Science & 
Technology, 48(20), 12336–12343. https://​doi.​org/​10.​
1021/​es503​001d

Besseling, E., Wegner, A., Foekema, E. M., Van Den Heu-
vel-Greve, M. J., & Koelmans, A. A. (2013). Effects of 
microplastic on fitness and PCB bioaccumulation by the 
lugworm Arenicola marina (L.). Environmental Science 
& Technology, 47(1), 593–600. https://​doi.​org/​10.​1021/​
es302​763x

Betts, K. (2008). Why small plastic particles may pose a big 
problem in the oceans. Environmental Science & Tech-
nology, 42, 8996. https://​doi.​org/​10.​1021/​es802​970v

Bhattacharya, P., Lin, S., Turner, J. P., & Ke, P. C. (2010). 
Physical adsorption of charged plastic nanoparticles 
affects algal photosynthesis. Journal of Physical Chem-
istry, 114(39), 16556–16561. https://​doi.​org/​10.​1021/​
jp105​4759

Biginagwa, F. J., Mayoma, B. S., Shashoua, Y., Syberg, K., & 
Khan, F. R. (2016). First evidence of microplastics in the 
African Great Lakes: recovery from Lake Victoria Nile 
perch and Nile tilapia. Journal of Great Lakes Research, 
42(1), 146–149. https://​doi.​org/​10.​1016/j.​jglr.​2015.​10.​
012

Boerger, C. M., Lattin, G. L., Moore, S. L., & Moore, C. J. 
(2010). Plastic ingestion by planktivorous fishes in the 
North Pacific Central Gyre. Marine Pollution Bulletin, 

52   Page 18 of 28

https://doi.org/10.1371/journal.pone.0232746
https://doi.org/10.1016/j.hazadv.2022.100057
https://doi.org/10.1016/j.hazadv.2022.100057
https://doi.org/10.1016/j.marpolbul.2019.03.036
https://doi.org/10.1016/j.marpolbul.2019.03.036
https://doi.org/10.1007/s11356-018-1999-x
https://doi.org/10.1007/s11356-018-1999-x
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1002/etc.3093
https://doi.org/10.1016/j.envint.2017.02.013
https://doi.org/10.1016/j.envpol.2014.12.021
https://doi.org/10.1016/j.envpol.2014.12.021
https://doi.org/10.1139/er-2020-0029
https://doi.org/10.1139/er-2020-0029
https://doi.org/10.1016/j.envpol.2013.10.007
https://doi.org/10.1016/j.envpol.2013.10.007
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.1016/j.envpol.2017.12.082
https://doi.org/10.1016/j.envpol.2017.12.082
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1016/j.envpol.2018.02.062
https://doi.org/10.1016/j.envpol.2018.02.062
https://doi.org/10.1002/etc.3361
https://doi.org/10.1002/etc.3361
https://doi.org/10.1016/j.aquatox.2019.02.022
https://doi.org/10.1016/j.aquatox.2019.02.022
https://doi.org/10.1021/acs.est.7b03331
https://doi.org/10.1021/acs.est.7b03331
https://doi.org/10.1038/s41598-019-50621-2
https://doi.org/10.1038/s41598-019-50621-2
https://doi.org/10.1016/j.envpol.2016.10.001
https://doi.org/10.1021/es503001d
https://doi.org/10.1021/es503001d
https://doi.org/10.1021/es302763x
https://doi.org/10.1021/es302763x
https://doi.org/10.1021/es802970v
https://doi.org/10.1021/jp1054759
https://doi.org/10.1021/jp1054759
https://doi.org/10.1016/j.jglr.2015.10.012
https://doi.org/10.1016/j.jglr.2015.10.012


Water Air Soil Pollut (2023) 234:52

1 3
Vol.: (0123456789)

60(12), 2275–2278. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2010.​08.​007

Bolton, T. F., & Havenhand, J. N. (1998). Physiological versus 
viscosity-induced effects of an acute reduction in water 
temperature on microsphere ingestion by trochophore 
larvae of the serpulid polychaete Galeolaria caespi-
tosa. Journal of Plankton Research, 20(11), 2153–2164. 
https://​doi.​org/​10.​1093/​plankt/​20.​11.​2153

Borrelle, S. B., Ringma, J., Law, K. L., Monnahan, C. C., Leb-
reton, L., McGivern, A., & Rochman, C. M. (2020). Pre-
dicted growth in plastic waste exceeds efforts to mitigate 
plastic pollution. Science, 369(6510), 1515–1518. https://​
doi.​org/​10.​1126/​scien​ce.​aba36​56

Boucher, J., & Friot, D. (2017). Primary microplastics in the 
oceans: a global evaluation of sources IUCN (pp. 1–43). 
Gland.

Bourdages, M. P., Provencher, J. F., Baak, J. E., Mallory, M. L., 
& Vermaire, J. C. (2021). Breeding seabirds as vectors 
of microplastics from sea to land: evidence from colonies 
in Arctic Canada. Science of the Total Environment, 764, 
142808. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​142808

Brillant, M., & MacDonald, B. (2002). Postingestive selec-
tion in the sea scallop (Placopecten magellanicus) on 
the basis of chemical properties of particles. Marine 
Biology, 141(3), 457–465. https://​doi.​org/​10.​1007/​
s00227-​002-​0845-2

Browne, M. A., Dissanayake, A., Galloway, T. S., Lowe, D. M., 
& Thompson, R. C. (2008). Ingested microscopic plastic 
translocates to the circulatory system of the mussel, Myt-
ilus edulis (L.). Environmental Science & Technology, 
42(13), 5026–5031. https://​doi.​org/​10.​1021/​es800​249a

Browne, M. A., Niven, S. J., Galloway, T. S., Rowland, S. J., 
& Thompson, R. C. (2013). Microplastic moves pollut-
ants and additives to worms, reducing functions linked to 
health and biodiversity. Current Biology, 23(23), 2388–
2392. https://​doi.​org/​10.​1016/j.​cub.​2013.​10.​012

Campanale, C., Dierkes, G., Massarelli, C., Bagnuolo, G., & 
Uricchio, V. F. (2020b). A relevant screening of organic 
contaminants present on freshwater and pre-production 
microplastics. Toxics, 8(4), 100. https://​doi.​org/​10.​3390/​
toxic​s8040​100

Campanale, C., Massarelli, C., Savino, I., Locaputo, V., & 
Uricchio, V. F. (2020a). A detailed review study on 
potential effects of microplastics and additives of con-
cern on human health. International Journal of Environ-
mental Research and Public Health, 17(4), 1212. https://​
doi.​org/​10.​3390/​ijerp​h1704​1212

Casado, M. P., Macken, A., & Byrne, H. J. (2013). Ecotoxi-
cological assessment of silica and polystyrene nanoparti-
cles assessed by a multitrophic test battery. Environmen-
tal International, 51, 97–105. https://​doi.​org/​10.​1016/j.​
envint.​2012.​11.​001

Catarino, A. I., Macchia, V., Sanderson, W. G., Thompson, 
R. C., & Henry, T. B. (2018). Low levels of microplas-
tics (MP) in wild mussels indicate that MP ingestion 
by humans is minimal compared to exposure via house-
hold fibres fallout during a meal. Environmental Pol-
lution, 237, 675–684. https://​doi.​org/​10.​1016/j.​envpol.​
2018.​02.​069

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(2), 
32254. https://​doi.​org/​10.​1371/​journ​al.​pone.​00322​54

Chang, X., Xue, Y., Li, J., Zou, L., & Tang, M. (2020). 
Potential health impact of environmental micro-and 
nanoplastics pollution. Journal of Applied Toxicology, 
40(1), 4–15. https://​doi.​org/​10.​1002/​jat.​3915

Christaki, U., Dolan, J. R., Pelegri, S., & Rassoulzadegan, 
F. (1998). Consumption of picoplankton-size particles 
by marine ciliates: effects of physiological state of the 
ciliate and particle quality. Limnology and Oceanogra-
phy Letters, 43(3), 458–464. https://​doi.​org/​10.​4319/​lo.​
1998.​43.3.​0458

Coffin, S., Bouwmeester, H., Brander, S., Damdimopou-
lou, P., Gouin, T., Hermabessiere, L., Khan, E., Koe-
lmans, A. A., Lemieux, C. L., Teerds, K., Wagner, 
M., & Wright, S. (2022). Development and applica-
tion of a health-based framework for informing regu-
latory action in relation to exposure of microplastic 
particles in California drinking water. Microplastics 
and Nanoplastics, 2(1), 1–30. https://​doi.​org/​10.​1186/​
s43591-​022-​00030-6

Cole, M. (2013). Microplastic ingestion by zooplankton. Envi-
ronmental Science & Technology, 47(12), 6646–6655. 
https://​doi.​org/​10.​1021/​es400​663f

Cole, M., Lindeque, P., Halsband, C., & Galloway, T. S. (2011). 
Microplastics as contaminants in the marine environ-
ment: a review. Marine Pollution Bulletin, 62(12), 2588–
2597. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2011.​09.​025

Corcoran, P. L., Biesinger, M. C., & Grifi, M. (2009). Plastics 
and beaches: a degrading relationship. Marine Pollution 
Bulletin, 58(1), 80–84. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2008.​08.​022

Courtene-Jones, W., Quinn, B., Gary, S. F., Mogg, A. O., & 
Narayanaswamy, B. E. (2017). Microplastic pollu-
tion identified in deep-sea water and ingested by ben-
thic invertebrates in the Rockall Trough, North Atlantic 
Ocean. Environmental Pollution, 231, 271–280. https://​
doi.​org/​10.​1016/j.​envpol.​2017.​08.​026

Cozar, A., Marti, E., Duarte, C. M., Garcia-de-Lomas, J., van 
Sebille, E., Ballatore, T. J., Eguiluz, V. M., Gonzalez-
Gordillo, J. I., Pedrotti, M. L., Echevarria, F., Trouble, 
R., & Irigoien, X. (2017). The Arctic Ocean as a dead 
end for floating plastics in the North Atlantic branch of 
the Thermohaline Circulation. Science Advances, 3(4), 
e1600582. https://​doi.​org/​10.​1126/​sciadv.​16005​82

Danopoulos, E., Twiddy, M., & Rotchell, J. M. (2020). Micro-
plastic contamination of drinking water: a systematic 
review. PloS one, 15(7), e0236838. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02368​38

Davarpanah, E., & Guilhermino, L. (2015). Single and com-
bined effects of microplastics and copper on the popula-
tion growth of the marine microalgae Tetraselmis chuii. 
Estuarine, Coastal and Shelf Science, 167, 269–275. 
https://​doi.​org/​10.​1016/j.​ecss.​2015.​07.​023

De-la-Torre, G. E., Rakib, M. R. J., Pizarro-Ortega, C. I., & 
Dioses-Salinas, D. C. (2021). Occurrence of personal 
protective equipment (PPE) associated with the COVID-
19 pandemic along the coast of Lima Peru. Science of 
the Total Environment, 774, 145774. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2021.​145774

Page 19 of 28    52

https://doi.org/10.1016/j.marpolbul.2010.08.007
https://doi.org/10.1016/j.marpolbul.2010.08.007
https://doi.org/10.1093/plankt/20.11.2153
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1016/j.scitotenv.2020.142808
https://doi.org/10.1007/s00227-002-0845-2
https://doi.org/10.1007/s00227-002-0845-2
https://doi.org/10.1021/es800249a
https://doi.org/10.1016/j.cub.2013.10.012
https://doi.org/10.3390/toxics8040100
https://doi.org/10.3390/toxics8040100
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.1016/j.envint.2012.11.001
https://doi.org/10.1016/j.envint.2012.11.001
https://doi.org/10.1016/j.envpol.2018.02.069
https://doi.org/10.1016/j.envpol.2018.02.069
https://doi.org/10.1371/journal.pone.0032254
https://doi.org/10.1002/jat.3915
https://doi.org/10.4319/lo.1998.43.3.0458
https://doi.org/10.4319/lo.1998.43.3.0458
https://doi.org/10.1186/s43591-022-00030-6
https://doi.org/10.1186/s43591-022-00030-6
https://doi.org/10.1021/es400663f
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1016/j.marpolbul.2008.08.022
https://doi.org/10.1016/j.marpolbul.2008.08.022
https://doi.org/10.1016/j.envpol.2017.08.026
https://doi.org/10.1016/j.envpol.2017.08.026
https://doi.org/10.1126/sciadv.1600582
https://doi.org/10.1371/journal.pone.0236838
https://doi.org/10.1371/journal.pone.0236838
https://doi.org/10.1016/j.ecss.2015.07.023
https://doi.org/10.1016/j.scitotenv.2021.145774
https://doi.org/10.1016/j.scitotenv.2021.145774


Water Air Soil Pollut (2023) 234:52	

1 3
Vol:. (1234567890)

Di Mauro, R., Kupchik, M. J., & Benfield, M. C. (2017). Abun-
dant plankton-sized microplastic particles in shelf waters 
of the northern Gulf of Mexico. Environmental Pollu-
tion, 230, 798–809. https://​doi.​org/​10.​1016/j.​envpol.​
2017.​07.​030

Davarpanah, E., & Guilhermino, L. (2019). Are gold nano-
particles and microplastics mixtures more toxic to the 
marine microalgae Tetraselmis chuii than the substances 
individually? Ecotoxicology and Environmental Safety, 
181, 60–68. https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​05.​078

Davis, E., Walker, T. R., Adams, M., Willis, R., Norris, G. A., 
& Henry, R. C. (2019). Source apportionment of polycy-
clic aromatic hydrocarbons (PAHs) in small craft harbor 
(SCH) surficial sediments in Nova Scotia, Canada. Sci-
ence of the Total Environment, 691, 528–537. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2019.​07.​114

de Souza Machado, A. A., Lau, C. W., Till, J., Kloas, W., 
Lehmann, A., Becker, R., & Rillig, M. C. (2018). 
Impacts of microplastics on the soil biophysical envi-
ronment. Environmental Science & Technology, 52(17), 
9656–9665. https://​doi.​org/​10.​1021/​acs.​est.​8b022​12

Deng, Y., Zhang, Y., Lemos, B., & Ren, H. (2017). Tissue 
accumulation of microplastics in mice and biomarker 
responses suggest widespread health risks of exposure. 
Scientific Reports, 7, 46687. https://​doi.​org/​10.​1038/​
srep4​6687

Desforges, J. P. W., Galbraith, M., Dangerfield, N., & Ross, P. 
S. (2014). Widespread distribution of microplastics in 
subsurface seawater in the NE Pacific Ocean. Marine 
Pollution Bulletin, 79(1-2), 94–99. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2013.​12.​035

Devriese, L., Vandendriessche, S., Theetaert, H., Vander-
meersch, G., Hostens, K., & Robbens, J. (2014). Occur-
rence of synthetic fibres in brown shrimp on the Belgian 
part of the North Sea. In Platform Presentation, Interna-
tional Workshop on Fate and Impact of Microplastics in 
Marine Ecosystems ecosystems (MICRO2014) Plouzane 
(France), 13–15 January 2014.

Dey, T., Trasande, L., Altman, R., Wang, Z., Krieger, A., Berg-
mann, M., Allen, D., Allen, S., Walker, T. R., Wagner, 
M., & Syberg, K. (2022). Global plastic treaty should 
address chemicals. Science, 378(6622), 841–842. https://​
doi.​org/​10.​1126/​scien​ce.​adf54​10

DNV-GL, N.G.I. (2018). Microplastics in sediments on the 
Norwegian Continental Shelf.

do Sul, J. A. I., & Costa, M. F. (2014). The present and future 
of microplastic pollution in the marine environment. 
Environmental Pollution, 185, 352–364. https://​doi.​org/​
10.​1016/j.​envpol.​2013.​10.​036

Domenech, J., & Marcos, R. (2021). Pathways of human expo-
sure to microplastics, and estimation of the total burden. 
Current Opinion in Food Science, 39, 144–151. https://​
doi.​org/​10.​1016/j.​cofs.​2021.​01.​004

Dris, R., Gasperi, J., Mirande, C., Mandin, C., Guerrouache, 
M., Langlois, V., & Tassin, B. (2017). A first overview 
of textile fibers, including microplastics, in indoor and 
outdoor environments. Environmental Pollution, 221, 
453–458. https://​doi.​org/​10.​1016/j.​envpol.​2016.​12.​013

Dris, R., Gasperi, J., Saad, M., Mirande, C., & Tassin, B. 
(2016). Synthetic fibers in atmospheric fallout: a source 
of microplastics in the environment? Marine Pollution 

Bulletin, 104(1-2), 290–293. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2016.​01.​006

Duis, K., & Coors, A. (2016). Microplastics in the aquatic and 
terrestrial environment: sources (with a specific focus on 
personal care products), fate and effects. Environmen-
tal Sciences Europe, 28(1), 2. https://​doi.​org/​10.​1186/​
s12302-​015-​0069-y

[ECCC] Environment and Climate Change Canada. (2019). 
Canada’s Plastics Science Agenda (p. 23). Government 
of Canada https://​www.​canada.​ca/​en/​envir​onment-​clima​
te-​change/​servi​ces/​scien​ce-​techn​ology/​canada-​scien​ce-​
plast​ic-​agenda.​html

EFSA. (2016). Presence of microplastics and nanoplastics in 
food, with particular focus on seafood. EFSA Panel on 
Contaminants in the Food Chain (CONTAM). European 
Food Safety Authority, 14(6), 04501.

Engler, R. E. (2012). The complex interaction between marine 
debris and toxic chemicals in the ocean. Environmental 
Science & Technology, 46(22), 12302–12315. https://​doi.​
org/​10.​1021/​es302​7105

Eriksson, C., & Burton, H. (2003). Origins and biological 
accumulation of small plastic particles in fur seals from 
Macquarie Island. AMBIO: Journal of Human. Environ-
mental Studies, 32(6), 380–384. https://​doi.​org/​10.​1579/​
0044-​7447-​32.6.​380

Espinosa, C., Beltrán, J. M. G., Esteban, M. A., & Cuesta, A. 
(2018). In  vitro effects of virgin microplastics on fish 
head-kidney leucocyte activities. Environmental Pollu-
tion, 235, 30–38. https://​doi.​org/​10.​1016/j.​envpol.​2017.​
12.​054

Enyoh, C. E., Verla, A. W., Rakib, M., & Jahan, R. (2021). 
Application of index models for assessing freshwater 
microplastics pollution. World News of Natural Sciences, 
38, 37–48.

FAO (2017). Microplastics in fisheries and aquaculture: status 
of knowledge on their occurrence and implications for 
aquatic organisms and food safety. Rome: Food and Agri-
culture Organization (Technical Paper No. 615; http://​
www.​fao.​org/3/​a-​i7677e.​pdf, accessed 20 Jul. 2020).

Farrell, P., & Nelson, K. (2013). Trophic level transfer of 
microplastic: Mytilus edulis (L.) to Carcinus maenas 
(L.). Environmental Pollution, 177, 1–3. https://​doi.​org/​
10.​1016/j.​envpol.​2013.​01.​046

Ferreira, P., Fonte, E., Soares, M. E., Carvalho, F., & Guilher-
mino, L. (2016). Effects of multi-stressors on juveniles of 
the marine fish Pomatoschistus microps: gold nanoparti-
cles, microplastics and temperature. Aquatic Toxicology, 
170, 89–103. https://​doi.​org/​10.​1016/j.​aquat​ox.​2015.​11.​
011

Fossi, M. C., Coppola, D., Baini, M., Giannetti, M., Guer-
ranti, C., Marsili, L., & Clò, S. (2014). Large filter feed-
ing marine organisms as indicators of microplastic in 
the pelagic environment: the case studies of the Medi-
terranean basking shark (Cetorhinus maximus) and fin 
whale (Balaenoptera physalus). Marine Environmental 
Research, 100, 17–24. https://​doi.​org/​10.​1016/j.​maren​
vres.​2014.​02.​002

Frere, L., Paul-Pont, I., Rinnert, E., Petton, S., Jaffré, J., Bihan-
nic, I., & Huvet, A. (2017). Influence of environmental 
and anthropogenic factors on the composition, concentra-
tion and spatial distribution of microplastics: a case study 

52   Page 20 of 28

https://doi.org/10.1016/j.envpol.2017.07.030
https://doi.org/10.1016/j.envpol.2017.07.030
https://doi.org/10.1016/j.ecoenv.2019.05.078
https://doi.org/10.1016/j.scitotenv.2019.07.114
https://doi.org/10.1016/j.scitotenv.2019.07.114
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1038/srep46687
https://doi.org/10.1038/srep46687
https://doi.org/10.1016/j.marpolbul.2013.12.035
https://doi.org/10.1016/j.marpolbul.2013.12.035
https://doi.org/10.1126/science.adf5410
https://doi.org/10.1126/science.adf5410
https://doi.org/10.1016/j.envpol.2013.10.036
https://doi.org/10.1016/j.envpol.2013.10.036
https://doi.org/10.1016/j.cofs.2021.01.004
https://doi.org/10.1016/j.cofs.2021.01.004
https://doi.org/10.1016/j.envpol.2016.12.013
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1186/s12302-015-0069-y
https://www.canada.ca/en/environment-climate-change/services/science-technology/canada-science-plastic-agenda.html
https://www.canada.ca/en/environment-climate-change/services/science-technology/canada-science-plastic-agenda.html
https://www.canada.ca/en/environment-climate-change/services/science-technology/canada-science-plastic-agenda.html
https://doi.org/10.1021/es3027105
https://doi.org/10.1021/es3027105
https://doi.org/10.1579/0044-7447-32.6.380
https://doi.org/10.1579/0044-7447-32.6.380
https://doi.org/10.1016/j.envpol.2017.12.054
https://doi.org/10.1016/j.envpol.2017.12.054
http://www.fao.org/3/a-i7677e.pdf
http://www.fao.org/3/a-i7677e.pdf
https://doi.org/10.1016/j.envpol.2013.01.046
https://doi.org/10.1016/j.envpol.2013.01.046
https://doi.org/10.1016/j.aquatox.2015.11.011
https://doi.org/10.1016/j.aquatox.2015.11.011
https://doi.org/10.1016/j.marenvres.2014.02.002
https://doi.org/10.1016/j.marenvres.2014.02.002


Water Air Soil Pollut (2023) 234:52

1 3
Vol.: (0123456789)

of the Bay of Brest (Brittany, France). Environmen-
tal Pollution, 225, 211–222. https://​doi.​org/​10.​1016/j.​
envpol.​2017.​03.​023

Garrido, S., Linares, M., Campillo, J. A., & Albentosa, M. 
(2019). Effect of microplastics on the toxicity of chlorpy-
rifos to the microalgae Isochrysis galbana, clone t-ISO. 
Ecotoxicology and Environmental Safety, 173, 103–109. 
https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​02.​020

Gasperi, J., Wright, S. L., Dris, R., Collard, F., Mandin, C., 
Guerrouache, M., & Tassin, B. (2018). Microplastics in 
air: are we breathing it in? Current Opinion in Environ-
mental Science and Health, 1, 1–5. https://​doi.​org/​10.​
1016/j.​coesh.​2017.​10.​002

Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, 
use, and fate of all plastics ever made. Science Advances, 
3(7), 1700782. https://​doi.​org/​10.​1126/​sciadv.​17007​82

Gil-Delgado, J., Guijarro, D., Gosálvez, R., López-Iborra, G., 
Ponz, A., & Velasco, A. (2017). Presence of plastic parti-
cles in waterbirds faeces collected in Spanish lakes. Envi-
ronmental Pollution, 220, 732–736. https://​doi.​org/​10.​
1016/j.​envpol.​2016.​09.​054

Godoy, V., Blázquez, G., Calero, M., Quesada, L., & Martín-
Lara, M. A. (2019). The potential of microplastics as car-
riers of metals. Environmental Pollution, 255, 113363. 
https://​doi.​org/​10.​1016/j.​envpol.​2019.​113363

Gouin, T., Roche, N., Lohmann, R., & Hodges, G. (2011). A 
thermodynamic approach for assessing the environ-
mental exposure of chemicals absorbed to microplastic. 
Environmental Science & Technology, 4(4), 1466–1472. 
https://​doi.​org/​10.​1021/​es103​2025

Green, D. S., Boots, B., O’Connor, N. E., & Thompson, R. 
(2017). Microplastics affect the ecological functioning 
of an important biogenic habitat. Environmental Science 
& Technology, 51(1), 68–77. https://​doi.​org/​10.​1021/​acs.​
est.​6b044​96

Grigorakis, S., Mason, S. A., & Drouillard, K. G. (2017). 
Determination of the gut retention of plastic microbeads 
and microfibers in goldfish (Carassius auratus). Chem-
osphere, 169, 233–238. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2016.​11.​055

Guven, O., Gökdağ, K., & Kideys, A. (2016). Microplastic 
densities in seawater and sediment from the North East-
ern Mediterranean Sea (pp. 260–261). Orta Oogu Teknik 
Üniversitesi. Deniz Bilimleri Conference

Haave, M., Lorenz, C., Primpke, S., & Gerdts, G. (2019). Dif-
ferent stories told by small and large microplastics in 
sediment-first report of microplastic concentrations in 
an urban recipient in Norway. Marine Pollution Bulletin, 
141, 501–513. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2019.​
02.​015

Hanachi, P., Karbalaei, S., Walker, T. R., Cole, M., & Hosseini, 
S. V. (2019). Abundance and properties of microplastics 
found in commercial fish meal and cultured common 
carp (Cyprinus carpio). Environmental Science and Pol-
lution Research, 26(23), 23777–23787. https://​doi.​org/​
10.​1007/​s11356-​019-​05637-6

Hanachi, P., Khoshnamvand, M., Walker, T. R., & Hamidian, 
A. H. (2022). Nano-sized polystyrene plastics toxicity to 
microalgae Chlorella vulgaris: toxicity mitigation using 
humic acid. Aquatic Toxicology, 245, 106123. https://​doi.​
org/​10.​1016/j.​aquat​ox.​2022.​106123

Hartmann, N. B., Rist, S., Bodin, J., Jensen, L. H., Schmidt, S. 
N., Mayer, P., Meibom, A., & Baun, A. (2017). Micro-
plastics as vectors for environmental contaminants: 
exploring sorption, desorption, and transfer to biota. 
Integrated Environmental Assessment and Management, 
13(3), 488–493. https://​doi.​org/​10.​1002/​ieam.​1904

He, D., Luo, Y., Lu, S., Liu, M., Song, Y., & Lei, L. (2018). 
Microplastics in soils: analytical methods, pollution 
characteristics and ecological risks. Trends in Analytical 
Chemistry, 109, 163–172. https://​doi.​org/​10.​1016/j.​trac.​
2018.​10.​006

Hengstmann, E., Tamminga, M., vom Bruch, C., & Fischer, E. 
K. (2018). Microplastic in beach sediments of the Isle of 
Rügen (Baltic Sea)-Implementing a novel glass elutria-
tion column. Marine Pollution Bulletin, 126, 263–274. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2017.​11.​010

Hirai, H., Takada, H., Ogata, Y., Yamashita, R., Mizukawa, K., 
Saha, M., & Ward, M. W. (2011). Organic micropollut-
ants in marine plastics debris from the open ocean and 
remote and urban beaches. Marine Pollution Bulletin, 
62(8), 1683–1692. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2011.​06.​004

Hoffman, E., Alimohammadi, M., Lyons, J., Davis, E., Walker, 
T. R., & Lake, C. B. (2019). Characterization and spatial 
distribution of organic-contaminated sediment derived 
from historical industrial effluents. Environmental Moni-
toring and Assessment, 191(9), 1–19. https://​doi.​org/​10.​
1007/​s10661-​019-​7763-y

Hollander, A., Schoorl, M., & van de Meent, D. (2016). Sim-
pleBox 4.0: improving the model while keeping it sim-
ple. Chemosphere., 148, 99–107. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2016.​01.​006

Horton, A. A., Jürgens, M. D., Lahive, E., van Bodegom, P. 
M., & Vijver, M. G. (2018). The influence of exposure 
and physiology on microplastic ingestion by the freshwa-
ter fish Rutilus rutilus (roach) in the River Thames, UK. 
Environmental Pollution, 236, 188–194. https://​doi.​org/​
10.​1016/j.​envpol.​2018.​01.​044

Horton, A. A., Walton, A., Spurgeon, D. J., Lahive, E., & 
Svendsen, C. (2017). Microplastics in freshwater and ter-
restrial environments: evaluating the current understand-
ing to identify the knowledge gaps and future research 
priorities. Science of the Total Environment, 586, 127–
141. https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​01.​190

Hatami, T., Rakib, M. R. J., Madadi, R., De-la-Torre, G. E., & 
Idris, A. M. (2022). Personal protective equipment (PPE) 
pollution in the Caspian Sea, the largest enclosed inland 
water body in the world. Science of the Total Environ-
ment, 824, 153771. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2022.​153771

Hossain, M. S., Rahman, M. S., Uddin, M. N., Sharifuzzaman, 
S. M., Chowdhury, S. R., Sarker, S., & Chowdhury, M. 
S. N. (2020). Microplastic contamination in Penaeid 
shrimp from the Northern Bay of Bengal. Chemosphere, 
238, 124688. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2019.​124688

Hossain, M. S., Sobhan, F., Uddin, M. N., Sharifuzzaman, S. 
M., Chowdhury, S. R., Sarker, S., & Chowdhury, M. S. 
N. (2019). Microplastics in fishes from the Northern Bay 
of Bengal. Science of the Total Environment, 690, 821–
830. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​07.​065

Page 21 of 28    52

https://doi.org/10.1016/j.envpol.2017.03.023
https://doi.org/10.1016/j.envpol.2017.03.023
https://doi.org/10.1016/j.ecoenv.2019.02.020
https://doi.org/10.1016/j.coesh.2017.10.002
https://doi.org/10.1016/j.coesh.2017.10.002
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.envpol.2016.09.054
https://doi.org/10.1016/j.envpol.2016.09.054
https://doi.org/10.1016/j.envpol.2019.113363
https://doi.org/10.1021/es1032025
https://doi.org/10.1021/acs.est.6b04496
https://doi.org/10.1021/acs.est.6b04496
https://doi.org/10.1016/j.chemosphere.2016.11.055
https://doi.org/10.1016/j.chemosphere.2016.11.055
https://doi.org/10.1016/j.marpolbul.2019.02.015
https://doi.org/10.1016/j.marpolbul.2019.02.015
https://doi.org/10.1007/s11356-019-05637-6
https://doi.org/10.1007/s11356-019-05637-6
https://doi.org/10.1016/j.aquatox.2022.106123
https://doi.org/10.1016/j.aquatox.2022.106123
https://doi.org/10.1002/ieam.1904
https://doi.org/10.1016/j.trac.2018.10.006
https://doi.org/10.1016/j.trac.2018.10.006
https://doi.org/10.1016/j.marpolbul.2017.11.010
https://doi.org/10.1016/j.marpolbul.2011.06.004
https://doi.org/10.1016/j.marpolbul.2011.06.004
https://doi.org/10.1007/s10661-019-7763-y
https://doi.org/10.1007/s10661-019-7763-y
https://doi.org/10.1016/j.chemosphere.2016.01.006
https://doi.org/10.1016/j.chemosphere.2016.01.006
https://doi.org/10.1016/j.envpol.2018.01.044
https://doi.org/10.1016/j.envpol.2018.01.044
https://doi.org/10.1016/j.scitotenv.2017.01.190
https://doi.org/10.1016/j.scitotenv.2022.153771
https://doi.org/10.1016/j.scitotenv.2022.153771
https://doi.org/10.1016/j.chemosphere.2019.124688
https://doi.org/10.1016/j.chemosphere.2019.124688
https://doi.org/10.1016/j.scitotenv.2019.07.065


Water Air Soil Pollut (2023) 234:52	

1 3
Vol:. (1234567890)

Huang, Y., Qing, X., Wang, W., Han, G., & Wang, J. (2020). 
Mini-review on current studies of airborne microplastics: 
analytical methods, occurrence, sources, fate and poten-
tial risk to human beings. Trends in Analytical Chemis-
try, 125, 115821. https://​doi.​org/​10.​1016/j.​trac.​2020.​
115821

Hurley, R. R., & Nizzetto, L. (2018). Fate and occurrence of 
micro (nano) plastics in soils: knowledge gaps and possi-
ble risks. Current Opinion in Environmental Science and 
Health, 1, 6–11.  https://​www.​scien​cedir​ect.​com/​scien​ce/​
artic​le/​abs/​pii/​S2468​58441​73004​66. Accessed  1 Sept 
2021

Hurley, R. R., Woodward, J. C., & Rothwell, J. J. (2017). Inges-
tion of microplastics by freshwater tubifex worms. Envi-
ronmental Science & Technology, 51(21), 12844–12851. 
https://​doi.​org/​10.​1021/​acs.​est.​7b035​67

Imhof, H. K., Ivleva, N. P., Schmid, J., Niessner, R., & 
Laforsch, C. (2013). Contamination of beach sediments 
of a subalpine lake with microplastic particles. Current 
Biology, 23(19), R867–R868. https://​doi.​org/​10.​1016/j.​
cub.​2013.​09.​001

Imhof, H. K., Sigl, R., Brauer, E., Feyl, S., Giesemann, P., 
Klink, S., & Laforsch, C. (2017). Spatial and temporal 
variation of macro-, meso-and microplastic abundance 
on a remote coral island of the Maldives. Indian Ocean. 
Marine Pollution Bulletin, 116(1-2), 340–347.  https://​
www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​abs/​pii/​S0025​
326X1​73001​03. Accessed  1 Sept 2021

Jambeck, J. R., Geyer, R., Wilcox, C., Siegler, T. R., Perryman, 
M., Andrady, A., & Law, K. L. (2015). Plastic waste 
inputs from land into the ocean. Science, 347(6223), 
768–771. https://​doi.​org/​10.​1126/​scien​ce.​12603​52

Jang, M., Shim, W. J., Cho, Y., Han, G. M., Song, Y. K., & 
Hong, S. H. (2020). A close relationship between micro-
plastic contamination and coastal area use pattern. Water 
Research, 171, 115400. https://​doi.​org/​10.​1016/j.​watres.​
2019.​115400

Jeong, C. B., Won, E. J., Kang, H. M., Lee, M. C., Hwang, 
D. S., Hwang, U. K., & Lee, J. S. (2016). Microplastic 
size-dependent toxicity, oxidative stress induction, and 
p-JNK and p-p38 activation in the monogonont rotifer 
(Brachionus koreanus). Environmental Science & Tech-
nology, 50(16), 8849–8857. https://​doi.​org/​10.​1021/​acs.​
est.​6b014​41

Jin, H., Ma, T., Sha, X., Liu, Z., Zhou, Y., Meng, X., & Ding, 
J. (2020). Polystyrene microplastics induced male repro-
ductive toxicity in mice. Journal of Hazardous Materi-
als, 401, 123430. https://​doi.​org/​10.​1016/j.​jhazm​at.​2020.​
123430

Jin, Y., Lu, L., Tu, W., Luo, T., & Fu, Z. (2019). Impacts of 
polystyrene microplastic on the gut barrier, microbiota 
and metabolism of mice. Science of the Total Environ-
ment, 649, 308–317. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2018.​08.​353

Jovanović, B. (2017). Ingestion of microplastics by fish and 
its potential consequences from a physical perspective. 
Integrated Environmental Assessment and Manage-
ment, 13(3), 510–515. https://​doi.​org/​10.​1002/​ieam.​
1913

Kalčíková, G., Gotvajn, A. Ž., Kladnik, A., & Jemec, A. 
(2017). Impact of polyethylene microbeads on the 

floating freshwater plant duckweed Lemna minor. Envi-
ronmental Pollution, 230, 1108–1115. https://​doi.​org/​
10.​1016/j.​envpol.​2017.​07.​050

Karbalaei, S., Golieskardi, A., Hamzah, H. B., Abdulwahid, 
S., Hanachi, P., Walker, T. R., & Karami, A. (2019). 
Abundance and characteristics of microplastics in com-
mercial marine fish from Malaysia. Marine Pollution 
Bulletin, 148, 5–15. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2019.​07.​072

Karbalaei, S., Golieskardi, A., Watt, D. U., Boiret, M., 
Hanachi, P., Walker, T. R., & Karami, A. (2020). Analy-
sis and inorganic composition of microplastics in com-
mercial Malaysian fish meals. Marine Pollution Bulletin, 
150, 110687. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2019.​
110687

Karbalaei, S., Hanachi, P., Rafiee, G., Seifori, P., & Walker, T. 
R. (2021). Toxicity of polystyrene microplastics on juve-
nile Oncorhynchus mykiss (rainbow trout) after individ-
ual and combined exposure with chlorpyrifos. Journal 
of Hazardous Materials, 403, 123980. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2020.​123980

Karbalaei, S., Hanachi, P., Walker, T. R., & Cole, M. (2018). 
Occurrence, sources, human health impacts and mitiga-
tion of microplastic pollution. Environmental Science 
and Pollution Research, 25(36), 36046–36063. https://​
doi.​org/​10.​1007/​s11356-​018-​3508-7

Karlsson, T. M., Vethaak, A. D., Almroth, B. C., Ariese, F., 
van Velzen, M., Hassellöv, M., & Leslie, H. A. (2017). 
Screening for microplastics in sediment, water, marine 
invertebrates and fish: method development and micro-
plastic accumulation. Marine Pollution Bulletin, 122(1-
2), 403–408. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2017.​
06.​081

Khan, F. R., Boyle, D., Chang, E., & Bury, N. R. (2017). Do 
polyethylene microplastic beads alter the intestinal 
uptake of Ag in rainbow trout (Oncorhynchus mykiss)? 
Analysis of the MP vector effect using in vitro gut sacs. 
Environmental Pollution, 231, 200–206. https://​doi.​org/​
10.​1016/j.​envpol.​2017.​08.​019

Khlebtsov, N., & Dykman, L. (2011). Biodistribution and 
toxicity of engineered gold nanoparticles: a review of 
in  vitro and in  vivo studies. Chemical Society Reviews, 
40(3), 1647–1671. https://​doi.​org/​10.​1039/​c0cs0​0018c

Khoshnamvand, M., Hanachi, P., Ashtiani, S., & Walker, T. 
R. (2021). Toxic effects of polystyrene nanoplastics on 
microalgae Chlorella vulgaris: changes in biomass, pho-
tosynthetic pigments and morphology. Chemosphere, 
280, 130725. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2021.​130725

Kim, D., Chae, Y., & An, Y. J. (2017). Mixture toxicity of 
nickel and microplastics with different functional groups 
on Daphnia magna. Environmental Science & Technol-
ogy, 51(21), 12852–12858. https://​doi.​org/​10.​1021/​acs.​
est.​7b037​32

Köhler, A. (2010). Cellular fate of organic compounds in 
marine invertebrates. Comparative Biochemistry and 
Physiology, Part A, 157, S8. https://​doi.​org/​10.​1016/j.​
cbpa.​2010.​06.​020

Kunz, A., Walther, B. A., Löwemark, L., & Lee, Y. C. (2016). 
Distribution and quantity of microplastic on sandy 
beaches along the northern coast of Taiwan. Marine 

52   Page 22 of 28

https://doi.org/10.1016/j.trac.2020.115821
https://doi.org/10.1016/j.trac.2020.115821
https://www.sciencedirect.com/science/article/abs/pii/S2468584417300466
https://www.sciencedirect.com/science/article/abs/pii/S2468584417300466
https://doi.org/10.1021/acs.est.7b03567
https://doi.org/10.1016/j.cub.2013.09.001
https://doi.org/10.1016/j.cub.2013.09.001
https://www.sciencedirect.com/science/article/abs/pii/S0025326X17300103
https://www.sciencedirect.com/science/article/abs/pii/S0025326X17300103
https://www.sciencedirect.com/science/article/abs/pii/S0025326X17300103
https://doi.org/10.1126/science.1260352
https://doi.org/10.1016/j.watres.2019.115400
https://doi.org/10.1016/j.watres.2019.115400
https://doi.org/10.1021/acs.est.6b01441
https://doi.org/10.1021/acs.est.6b01441
https://doi.org/10.1016/j.jhazmat.2020.123430
https://doi.org/10.1016/j.jhazmat.2020.123430
https://doi.org/10.1016/j.scitotenv.2018.08.353
https://doi.org/10.1016/j.scitotenv.2018.08.353
https://doi.org/10.1002/ieam.1913
https://doi.org/10.1002/ieam.1913
https://doi.org/10.1016/j.envpol.2017.07.050
https://doi.org/10.1016/j.envpol.2017.07.050
https://doi.org/10.1016/j.marpolbul.2019.07.072
https://doi.org/10.1016/j.marpolbul.2019.07.072
https://doi.org/10.1016/j.marpolbul.2019.110687
https://doi.org/10.1016/j.marpolbul.2019.110687
https://doi.org/10.1016/j.jhazmat.2020.123980
https://doi.org/10.1016/j.jhazmat.2020.123980
https://doi.org/10.1007/s11356-018-3508-7
https://doi.org/10.1007/s11356-018-3508-7
https://doi.org/10.1016/j.marpolbul.2017.06.081
https://doi.org/10.1016/j.marpolbul.2017.06.081
https://doi.org/10.1016/j.envpol.2017.08.019
https://doi.org/10.1016/j.envpol.2017.08.019
https://doi.org/10.1039/c0cs00018c
https://doi.org/10.1016/j.chemosphere.2021.130725
https://doi.org/10.1016/j.chemosphere.2021.130725
https://doi.org/10.1021/acs.est.7b03732
https://doi.org/10.1021/acs.est.7b03732
https://doi.org/10.1016/j.cbpa.2010.06.020
https://doi.org/10.1016/j.cbpa.2010.06.020


Water Air Soil Pollut (2023) 234:52

1 3
Vol.: (0123456789)

Pollution Bulletin, 111(1-2), 126–135. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2016.​07.​022

La Daana, K. K., Gårdfeldt, K., Lyashevska, O., Hassellöv, M., 
Thompson, R. C., & O’Connor, I. (2018). Microplastics 
in sub-surface waters of the Arctic Central Basin. Marine 
Pollution Bulletin, 130, 8–18. https://​doi.​org/​10.​1016/j.​
marpo​lbul.​2018.​03.​011

Lagarde, F., Olivier, O., Zanella, M., Daniel, P., Hiard, S., & 
Caruso, A. (2016). Microplastic interactions with fresh-
water microalgae: hetero-aggregation and changes in 
plastic density appear strongly dependent on polymer 
type. Environmental Pollution, 215, 331–339. https://​doi.​
org/​10.​1016/j.​envpol.​2016.​05.​006

Lechner, A., Keckeis, H., Lumesberger-Loisl, F., Zens, B., 
Krusch, R., Tritthart, M., & Schludermann, E. (2014). 
The Danube so colourful: a potpourri of plastic litter 
outnumbers fish larvae in Europe’s second largest river. 
Environmental Pollution, 188, 177–181. https://​doi.​org/​
10.​1016/j.​envpol.​2014.​02.​006

Lehner, R., Weder, C., Petri-Fink, A., & Rothen-Rutishauser, 
B. (2019). Emergence of nanoplastic in the environment 
and possible impact on human health. Environmental 
Science & Technology, 53(4), 1748–1765. https://​doi.​org/​
10.​1021/​acs.​est.​8b055​12

Lei, L., Wu, S., Lu, S., Liu, M., Song, Y., Fu, Z., & He, D. 
(2018). Microplastic particles cause intestinal damage 
and other adverse effects in zebrafish Danio rerio and 
nematode Caenorhabditis elegans. Science of the Total 
Environment, 619, 1–8. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2017.​11.​103

Leslie, H. A., Brandsma, S. H., Van Velzen, M. J. M., & 
Vethaak, A. D. (2017). Microplastics en route: field 
measurements in the Dutch river delta and Amsterdam 
canals, wastewater treatment plants, North Sea sediments 
and biota. Environmental International, 101, 133–142. 
https://​doi.​org/​10.​1016/j.​envint.​2017.​01.​018

Li, H. X., Getzinger, G. J., Ferguson, P. L., Orihuela, B., Zhu, 
M., & Rittschof, D. (2016). Effects of toxic leachate from 
commercial plastics on larval survival and settlement of 
the barnacle Amphibalanus amphitrite. Environmental 
Science & Technology, 50(2), 924–931. https://​doi.​org/​
10.​1021/​acs.​est.​5b027​81

Li, J., Liu, H., & Chen, J. P. (2018). Microplastics in freshwater 
systems: a review on occurrence, environmental effects, 
and methods for microplastics detection. Water Research, 
137, 362–374. https://​doi.​org/​10.​1016/j.​watres.​2017.​12.​
056

Lithner, D., Damberg, J., Dave, G., & Larsson, Å. (2009). 
Leachates from plastic consumer products–screening 
for toxicity with Daphnia magna. Chemosphere, 74(9), 
1195–1200. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2008.​
11.​022

Liu, G., Zhu, Z., Yang, Y., Sun, Y., Yu, F., & Ma, J. (2019). 
Sorption behavior and mechanism of hydrophilic organic 
chemicals to virgin and aged microplastics in freshwa-
ter and seawater. Environmental Pollution, 246, 26–33. 
https://​doi.​org/​10.​1016/j.​envpol.​2018.​11.​100

Long, M., Hégaret, H., Lambert, C., Le Goic, N., Huvetm, 
A., & Robbens, J. (2014). Can phytoplankton species 
impact microplastic behaviour within water column? 
Platform presentation, International workshop on fate 

and impact of microplastics in marine ecosystems 
(MICRO2014) 13-15 January 2014. Plouzane (France).

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. Marine Chemistry, 
175, 39–46. https://​doi.​org/​10.​1016/j.​march​em.​2015.​
04.​003

Long, M., Paul-Pont, I., Hegaret, H., Moriceau, B., Lam-
bert, C., Huvet, A., & Soudant, P. (2017). Interactions 
between polystyrene microplastics and marine phyto-
plankton lead to species-specific hetero-aggregation. 
Environmental Pollution, 228, 454–463. https://​doi.​org/​
10.​1016/j.​envpol.​2017.​05.​047

Lu, L., Wan, Z., Luo, T., Fu, Z., & Jin, Y. (2018). Polysty-
rene microplastics induce gut microbiota dysbiosis and 
hepatic lipid metabolism disorder in mice. Science of 
the Total Environment, 631, 449–458. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2018.​03.​051

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., & 
Ren, H. (2016). Uptake and accumulation of polysty-
rene microplastics in zebrafish (Danio rerio) and toxic 
effects in liver. Environmental Science & Technology, 
50(7), 4054–4060. https://​doi.​org/​10.​1021/​acs.​est.​
6b001​83

Luís, L. G., Ferreira, P., Fonte, E., Oliveira, M., & Guil-
hermino, L. (2015). Does the presence of microplas-
tics influence the acute toxicity of chromium (VI) to 
early juveniles of the common goby (Pomatoschistus 
microps)? A study with juveniles from two wild estua-
rine populations. Aquatic Toxicology, 164, 163–174. 
https://​doi.​org/​10.​1016/j.​aquat​ox.​2015.​04.​018

Luo, H., Xiang, Y., He, D., Li, Y., Zhao, Y., Wang, S., & Pan, 
X. (2019). Leaching behavior of fluorescent additives 
from microplastics and the toxicity of leachate to Chlo-
rella vulgaris. Science of the Total Environment, 678, 
1–9. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​04.​401

Lusher, A. L., Tirelli, V., O’Connor, I., & Officer, R. (2015). 
Microplastics in Arctic polar waters: the first reported 
values of particles in surface and sub-surface samples. 
Scientific Reports, 5, 14947. https://​doi.​org/​10.​1038/​
srep1​4947

Lyakurwa, D.J. (2017). Uptake and effects of microplastic 
particles in selected marine microalgae species; Oxyr-
rhis marina and Rhodomonas baltica (Master’s thesis, 
NTNU).

Ma, H., Pu, S., Liu, S., Bai, Y., Mandal, S., & Xing, B. (2020). 
Microplastics in aquatic environments: toxicity to trigger 
ecological consequences. Environmental Pollution, 261, 
114089. https://​doi.​org/​10.​1016/j.​envpol.​2020.​114089

Ma, Y., Huang, A., Cao, S., Sun, F., Wang, L., Guo, H., & Ji, 
R. (2016). Effects of nanoplastics and microplastics on 
toxicity, bioaccumulation, and environmental fate of 
phenanthrene in fresh water. Environmental Pollution, 
219, 166–173. https://​doi.​org/​10.​1016/j.​envpol.​2016.​10.​
061

Maes, T., Van der Meulen, M. D., Devriese, L. I., Leslie, H. A., 
Huvet, A., Frère, L., & Vethaak, A. D. (2017). Microplas-
tics baseline surveys at the water surface and in sediments 
of the North-East Atlantic. Frontiers in Marine Science, 
4, 135. https://​doi.​org/​10.​3389/​fmars.​2017.​00135

Page 23 of 28    52

https://doi.org/10.1016/j.marpolbul.2016.07.022
https://doi.org/10.1016/j.marpolbul.2016.07.022
https://doi.org/10.1016/j.marpolbul.2018.03.011
https://doi.org/10.1016/j.marpolbul.2018.03.011
https://doi.org/10.1016/j.envpol.2016.05.006
https://doi.org/10.1016/j.envpol.2016.05.006
https://doi.org/10.1016/j.envpol.2014.02.006
https://doi.org/10.1016/j.envpol.2014.02.006
https://doi.org/10.1021/acs.est.8b05512
https://doi.org/10.1021/acs.est.8b05512
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1016/j.envint.2017.01.018
https://doi.org/10.1021/acs.est.5b02781
https://doi.org/10.1021/acs.est.5b02781
https://doi.org/10.1016/j.watres.2017.12.056
https://doi.org/10.1016/j.watres.2017.12.056
https://doi.org/10.1016/j.chemosphere.2008.11.022
https://doi.org/10.1016/j.chemosphere.2008.11.022
https://doi.org/10.1016/j.envpol.2018.11.100
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
https://doi.org/10.1016/j.scitotenv.2018.03.051
https://doi.org/10.1016/j.scitotenv.2018.03.051
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1016/j.aquatox.2015.04.018
https://doi.org/10.1016/j.scitotenv.2019.04.401
https://doi.org/10.1038/srep14947
https://doi.org/10.1038/srep14947
https://doi.org/10.1016/j.envpol.2020.114089
https://doi.org/10.1016/j.envpol.2016.10.061
https://doi.org/10.1016/j.envpol.2016.10.061
https://doi.org/10.3389/fmars.2017.00135


Water Air Soil Pollut (2023) 234:52	

1 3
Vol:. (1234567890)

Mao, Y., Ai, H., Chen, Y., Zhang, Z., Zeng, P., Kang, L., & Li, 
H. (2018). Phytoplankton response to polystyrene micro-
plastics: perspective from an entire growth period. Che-
mosphere, 208, 59–68. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2018.​05.​170

Mato, Y., Isobe, T., Takada, H., Kanehiro, H., Ohtake, C., & 
Kaminuma, T. (2001). Plastic resin pellets as a transport 
medium for toxic chemicals in the marine environment. 
Environmental Science & Technology, 35(2), 318–324. 
https://​doi.​org/​10.​1021/​es001​0498

Mattsson, K., Johnson, E. V., Malmendal, A., Linse, S., Hans-
son, L. A., & Cedervall, T. (2017). Brain damage and 
behavioural disorders in fish induced by plastic nanopar-
ticles delivered through the food chain. Scientific Reports, 
7(1), 1–7. https://​doi.​org/​10.​1038/​s41598-​017-​10813-0

McCormick, A., Hoellein, T. J., Mason, S. A., Schluep, J., & 
Kelly, J. J. (2014). Microplastic is an abundant and dis-
tinct microbial habitat in an urban river. Environmental 
Science & Technology, 48(20), 11863–11871. https://​doi.​
org/​10.​1021/​es503​610r

McCormick, A. R., Hoellein, T. J., London, M. G., Hittie, J., 
Scott, J. W., & Kelly, J. J. (2016). Microplastic in surface 
waters of urban rivers: concentration, sources, and asso-
ciated bacterial assemblages. Ecosphere, 7(11), 01556. 
https://​doi.​org/​10.​1002/​ecs2.​1556

Menéndez-Pedriza, A., & Jaumot, J. (2020). Interaction of 
environmental pollutants with microplastics: a critical 
review of sorption factors, bioaccumulation and eco-
toxicological effects. Toxics, 8(2), 40. https://​doi.​org/​10.​
3390/​toxic​s8020​040

Mintenig, S. M., Löder, M. G. J., Primpke, S., & Gerdts, G. 
(2019). Low numbers of microplastics detected in drink-
ing water from ground water sources. Science of the Total 
Environment, 648, 631–635. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2018.​08.​178

Moore, C. J., Lattin, G. L., & Zellers, A. F. (2011). Quantity 
and type of plastic debris flowing from two urban riv-
ers to coastal waters and beaches of Southern California. 
Revista de Gestão Costeira Integrada-Journal Integrated 
Coastal Zone Management, 11(1), 65–73.

Murphy, F., & Quinn, B. (2018). The effects of microplastic 
on freshwater Hydra attenuata feeding, morphology and 
reproduction. Environmental Pollution, 234, 487–494. 
https://​doi.​org/​10.​1016/j.​envpol.​2017.​11.​029

Murray, F., & Cowie, P. R. (2011). Plastic contamination in 
the decapod crustacean Nephrops norvegicus (Linnaeus, 
1758). Marine Pollution Bulletin, 62(6), 1207–1217. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2011.​03.​032

Nadal, M. A., Alomar, C., & Deudero, S. (2016). High levels 
of microplastic ingestion by the semipelagic fish bogue 
Boops boops (L.) around the Balearic Islands. Envi-
ronmental Pollution, 214, 517–523. https://​doi.​org/​10.​
1016/j.​envpol.​2016.​04.​054

Nelms, S. E., Galloway, T. S., Godley, B. J., Jarvis, D. S., 
& Lindeque, P. K. (2018). Investigating microplastic 
trophic transfer in marine top predators. Environmen-
tal Pollution, 238, 999–1007. https://​doi.​org/​10.​1016/j.​
envpol.​2018.​02.​016

Ng, E. L., Lwanga, E. H., Eldridge, S. M., Johnston, P., Hu, 
H. W., Geissen, V., & Chen, D. (2018). An over-
view of microplastic and nanoplastic pollution in 

agroecosystems. Science of the Total Environment, 627, 
1377–1388. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​01.​
341

Nobre, C. R., Santana, M. F. M., Maluf, A., Cortez, F. S., 
Cesar, A., Pereira, C. D. S., & Turra, A. (2015). Assess-
ment of microplastic toxicity to embryonic development 
of the sea urchin Lytechinus variegatus (Echinodermata: 
Echinoidea). Marine Pollution Bulletin, 92(1-2), 99–104. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2014.​12.​050

O’Donovan, S., Mestre, N. C., Abel, S., Fonseca, T. G., 
Carteny, C. C., Cormier, B., & Bebianno, M. J. (2018). 
Ecotoxicological effects of chemical contaminants 
adsorbed to microplastics in the clam Scrobicularia 
plana. Frontiers in Marine Science, 5, 143. https://​doi.​
org/​10.​3389/​fmars.​2018.​00143

Oehlmann, J., Schulte-Oehlmann, U., Kloas, W., Jagnytsch, 
O., Lutz, I., Kusk, K. O., & Tyler, C. R. (2009). A criti-
cal analysis of the biological impacts of plasticizers on 
wildlife. Philosophical transactions of the Royal Soci-
ety, 364(1526), 2047–2062. https://​doi.​org/​10.​1098/​rstb.​
2008.​0242

Ogata, Y., Takada, H., Mizukawa, K., Hirai, H., Iwasa, S., 
Endo, S., & Thompson, R. C. (2009). International Pellet 
Watch: global monitoring of persistent organic pollutants 
(POPs) in coastal waters. 1. Initial phase data on PCBs, 
DDTs, and HCHs. Marine Pollution Bulletin, 58(10), 
1437–1446. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2009.​06.​
014

Onyena, A. P., Aniche, D. C., Ogbolu, B. O., Rakib, M., Jahan, 
R., Uddin, J., & Walker, T. R. (2021). Governance strate-
gies for mitigating microplastic pollution in the marine 
environment: a review. Microplastics, 1(1), 15–46. 
https://​doi.​org/​10.​3390/​micro​plast​ics10​10003

Oliveira, M., Ribeiro, A., Hylland, K., & Guilhermino, L. 
(2013). Single and combined effects of microplastics 
and pyrene on juveniles (0+ group) of the common goby 
Pomatoschistus microps (Teleostei, Gobiidae). Ecologi-
cal Indicator, 34, 641–647. https://​doi.​org/​10.​1016/j.​
ecoli​nd.​2013.​06.​019

Oliviero, M., Tato, T., Schiavo, S., Fernández, V., Manzo, S., 
& Beiras, R. (2019). Leachates of micronized plastic toys 
provoke embryotoxic effects upon sea urchin Paracen-
trotus lividus. Environmental Pollution, 247, 706–715. 
https://​doi.​org/​10.​1016/j.​envpol.​2019.​01.​098

Oßmann, B. E., Sarau, G., Holtmannspötter, H., Pischetsrieder, 
M., Christiansen, S. H., & Dicke, W. (2018). Small-sized 
microplastics and pigmented particles in bottled mineral 
water. Water Research, 141, 307–316. https://​doi.​org/​10.​
1016/j.​watres.​2018.​05.​027

Pannetier, P., Cachot, J., Clérandeau, C., Faure, F., Van Arkel, 
K., de Alencastro, L. F., & Morin, B. (2019). Toxicity 
assessment of pollutants sorbed on environmental sam-
ple microplastics collected on beaches: Part I-adverse 
effects on fish cell line. Environmental Pollution, 248, 
1088–1097. https://​doi.​org/​10.​1016/j.​envpol.​2018.​12.​091

Patra, I., Huy, D. T. N., Alsaikhan, F., Opulencia, M. J. C., 
Van Tuan, P., Nurmatova, K. C., Majdi, A., Shoukat, S., 
Yasin, G., Margiana, R., & Walker, T. R. (2022). Toxic 
effects on enzymatic activity, gene expression and his-
topathological biomarkers in organisms exposed to 
microplastics and nanoplastics: a review. Environmental 

52   Page 24 of 28

https://doi.org/10.1016/j.chemosphere.2018.05.170
https://doi.org/10.1016/j.chemosphere.2018.05.170
https://doi.org/10.1021/es0010498
https://doi.org/10.1038/s41598-017-10813-0
https://doi.org/10.1021/es503610r
https://doi.org/10.1021/es503610r
https://doi.org/10.1002/ecs2.1556
https://doi.org/10.3390/toxics8020040
https://doi.org/10.3390/toxics8020040
https://doi.org/10.1016/j.scitotenv.2018.08.178
https://doi.org/10.1016/j.scitotenv.2018.08.178
https://doi.org/10.1016/j.envpol.2017.11.029
https://doi.org/10.1016/j.marpolbul.2011.03.032
https://doi.org/10.1016/j.envpol.2016.04.054
https://doi.org/10.1016/j.envpol.2016.04.054
https://doi.org/10.1016/j.envpol.2018.02.016
https://doi.org/10.1016/j.envpol.2018.02.016
https://doi.org/10.1016/j.scitotenv.2018.01.341
https://doi.org/10.1016/j.scitotenv.2018.01.341
https://doi.org/10.1016/j.marpolbul.2014.12.050
https://doi.org/10.3389/fmars.2018.00143
https://doi.org/10.3389/fmars.2018.00143
https://doi.org/10.1098/rstb.2008.0242
https://doi.org/10.1098/rstb.2008.0242
https://doi.org/10.1016/j.marpolbul.2009.06.014
https://doi.org/10.1016/j.marpolbul.2009.06.014
https://doi.org/10.3390/microplastics1010003
https://doi.org/10.1016/j.ecolind.2013.06.019
https://doi.org/10.1016/j.ecolind.2013.06.019
https://doi.org/10.1016/j.envpol.2019.01.098
https://doi.org/10.1016/j.watres.2018.05.027
https://doi.org/10.1016/j.watres.2018.05.027
https://doi.org/10.1016/j.envpol.2018.12.091


Water Air Soil Pollut (2023) 234:52

1 3
Vol.: (0123456789)

Sciences Europe, 34(1), 1–17. https://​doi.​org/​10.​1186/​
s12302-​022-​00652-w

Paul-Pont, I., Lacroix, C., Fernández, C. G., Hégaret, H., Lam-
bert, C., Le Goïc, N., & Soudant, P. (2016). Exposure of 
marine mussels Mytilus spp. to polystyrene microplas-
tics: toxicity and influence on fluoranthene bioaccumula-
tion. Environmental pollution, 216, 724–737. https://​doi.​
org/​10.​1016/j.​envpol.​2016.​06.​039

Peters, C. A., & Bratton, S. P. (2016). Urbanization is a major 
influence on microplastic ingestion by sunfish in the 
Brazos River Basin, Central Texas, USA. Environmen-
tal Pollution, 210, 380–387. https://​doi.​org/​10.​1016/j.​
envpol.​2016.​01.​018

Plastics Europe (2020) Plastics-the facts 2020: an analysis 
of European plastics production. Demand and waste 
data.  https://​www.​plast​icseu​rope.​org/​appli​cation/​files/​
6315/​4510/​9658/​Plast​ics_​the_​facts_​2018_​AF_​web.​pdf. 
Accessed 10 Aug 2020

Powell, J. J., Thoree, V., & Pele, L. C. (2007). Dietary micro-
particles and their impact on tolerance and immune 
responsiveness of the gastrointestinal tract. British Jour-
nal of Nutrition, 98(S1), S59–S63. https://​doi.​org/​10.​
1017/​S0007​11450​78329​22

Prata, J. C. (2018). Airborne microplastics: consequences to 
human health? Environmental Pollution, 234, 115–126. 
https://​doi.​org/​10.​1016/j.​envpol.​2017.​11.​043

Provencher, J. F., Avery-Gomm, S., Braune, B. M., Letcher, 
R. J., Dey, C. J., & Mallory, M. L. (2020). Are phthalate 
ester contaminants in northern fulmar preen oil higher in 
birds that have ingested more plastic? Marine Pollution 
Bulletin, 150, 110679. https://​doi.​org/​10.​1016/j.​marpo​
lbul.​2019.​110679

Provencher, J. F., Au, S. Y., Horn, D., Mallory, M. L., Walker, 
T. R., Kurek, J., Erdle, L. M., Weis, J. S., & Lusher, A. 
(2022). Animals and microplastics: ingestion, transport, 
breakdown, and trophic transfer. In  Polluting Textiles 
(pp. 33–62). Routledge.

Qiao, R., Sheng, C., Lu, Y., Zhang, Y., Ren, H., & Lemos, B. 
(2019). Microplastics induce intestinal inflammation, 
oxidative stress, and disorders of metabolome and micro-
biome in zebrafish. Science of the Total Environment, 
662, 246–253. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​
01.​245

Qu, H., Ma, R., Wang, B., Zhang, Y., Yin, L., Yu, G., & Wang, 
Y. (2018). Effects of microplastics on the uptake, distri-
bution and biotransformation of chiral antidepressant 
venlafaxine in aquatic ecosystem. Journal of Hazardous 
Materials, 359, 104–112. https://​doi.​org/​10.​1016/j.​jhazm​
at.​2018.​07.​016

Rakib, M. R. J., De-la-Torre, G. E., Pizarro-Ortega, C. I., 
Dioses-Salinas, D. C., & Al-Nahian, S. (2021a). Per-
sonal protective equipment (PPE) pollution driven by 
the COVID-19 pandemic in Cox’s Bazar, the longest 
natural beach in the world. Marine Pollution Bulletin, 
169, 112497. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2021.​
112497

Rakib, M., Jahan, R., Al Nahian, S., Alfonso, M. B., Khandaker, 
M. U., Enyoh, C. E., & Islam, M. A. (2021b). Microplas-
tics pollution in salt pans from the Maheshkhali Channel 
Bangladesh. Scientific Reports, 11(1), 1–10. https://​doi.​
org/​10.​1038/​s41598-​021-​02457-y

Rakib, M. R. J., Ertaş, A., Walker, T. R., Rule, M. J., 
Khandaker, M. U., & Idris, A. M. (2022). Macro marine 
litter survey of sandy beaches along the Cox’s Bazar 
Coast of Bay of Bengal, Bangladesh: land-based sources 
of solid litter pollution. Marine Pollution Bulletin, 174, 
113246. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2021.​
113246

Rainieri, S., Conlledo, N., Larsen, B. K., Granby, K., & Bar-
ranco, A. (2018). Combined effects of microplastics and 
chemical contaminants on the organ toxicity of zebrafish 
(Danio rerio). Environmental Research, 162, 135–143. 
https://​doi.​org/​10.​1016/j.​envres.​2017.​12.​019

Ramos, J. A., Barletta, M., & Costa, M. F. (2012). Ingestion of 
nylon threads by Gerreidae while using a tropical estu-
ary as foraging grounds. Aquatic Biology, 17(1), 29–34. 
https://​doi.​org/​10.​3354/​ab004​61

Reddy, M. S., Basha, S., Adimurthy, S., & Ramachandraiah, 
G. (2006). Description of the small plastics fragments in 
marine sediments along the Alang-Sosiya ship-breaking 
yard, India. Estuarine, Coastal and Shelf Science, 68(3-
4), 656–660. https://​doi.​org/​10.​1016/j.​ecss.​2006.​03.​018

Rehse, S., Kloas, W., & Zarfl, C. (2016). Short-term exposure 
with high concentrations of pristine microplastic par-
ticles leads to immobilisation of Daphnia magna. Che-
mosphere, 153, 91–99. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2016.​02.​133

Revel, M., Châtel, A., & Mouneyrac, C. (2018). Micro (nano) 
plastics: a threat to human health? Current Opinion in 
Environmental Science and Health, 1, 17–23. https://​doi.​
org/​10.​1016/j.​coesh.​2017.​10.​003

Rios, L. M., Moore, C., & Jones, P. R. (2007). Persistent 
organic pollutants carried by synthetic polymers in the 
ocean environment. Marine Pollution Bulletin, 54(8), 
1230–1237. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2007.​03.​
022

Rist, S., Almroth, B. C., Hartmann, N. B., & Karlsson, T. M. 
(2018). A critical perspective on early communications 
concerning human health aspects of microplastics. Sci-
ence of the Total Environment, 626, 720–726. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2018.​01.​092

Rochman, C. M. (2015). The complex mixture, fate and tox-
icity of chemicals associated with plastic debris in the 
marine environment. In  Marine Anthropogenic Lit-
ter (pp. 117–140). Springer. https://​doi.​org/​10.​1007/​
978-3-​319-​16510-3_5

Rochman, C. M., Hoh, E., Kurobe, T., & Teh, S. J. (2013). 
Ingested plastic transfers hazardous chemicals to fish and 
induces hepatic stress. Scientific Reports, 3, 3263. https://​
doi.​org/​10.​1038/​srep0​3263

Rochman, C. M., Kurobe, T., Flores, I., & Teh, S. J. (2014). 
Early warning signs of endocrine disruption in adult 
fish from the ingestion of polyethylene with and with-
out sorbed chemical pollutants from the marine envi-
ronment. Science of the Total Environment, 493, 656–
661. https://​doi.​org/​10.​1016/j.​scito​tenv.​2014.​06.​051

Rochman, C. M., Tahir, A., Williams, S. L., Baxa, D. V., 
Lam, R., Miller, J. T., & Teh, S. J. (2015). Anthropo-
genic debris in seafood: plastic debris and fibers from 
textiles in fish and bivalves sold for human consump-
tion. Scientific Reports, 5(1), 1–10. https://​doi.​org/​10.​
1038/​srep1​4340

Page 25 of 28    52

https://doi.org/10.1186/s12302-022-00652-w
https://doi.org/10.1186/s12302-022-00652-w
https://doi.org/10.1016/j.envpol.2016.06.039
https://doi.org/10.1016/j.envpol.2016.06.039
https://doi.org/10.1016/j.envpol.2016.01.018
https://doi.org/10.1016/j.envpol.2016.01.018
https://www.plasticseurope.org/application/files/6315/4510/9658/Plastics_the_facts_2018_AF_web.pdf
https://www.plasticseurope.org/application/files/6315/4510/9658/Plastics_the_facts_2018_AF_web.pdf
https://doi.org/10.1017/S0007114507832922
https://doi.org/10.1017/S0007114507832922
https://doi.org/10.1016/j.envpol.2017.11.043
https://doi.org/10.1016/j.marpolbul.2019.110679
https://doi.org/10.1016/j.marpolbul.2019.110679
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.jhazmat.2018.07.016
https://doi.org/10.1016/j.jhazmat.2018.07.016
https://doi.org/10.1016/j.marpolbul.2021.112497
https://doi.org/10.1016/j.marpolbul.2021.112497
https://doi.org/10.1038/s41598-021-02457-y
https://doi.org/10.1038/s41598-021-02457-y
https://doi.org/10.1016/j.marpolbul.2021.113246
https://doi.org/10.1016/j.marpolbul.2021.113246
https://doi.org/10.1016/j.envres.2017.12.019
https://doi.org/10.3354/ab00461
https://doi.org/10.1016/j.ecss.2006.03.018
https://doi.org/10.1016/j.chemosphere.2016.02.133
https://doi.org/10.1016/j.chemosphere.2016.02.133
https://doi.org/10.1016/j.coesh.2017.10.003
https://doi.org/10.1016/j.coesh.2017.10.003
https://doi.org/10.1016/j.marpolbul.2007.03.022
https://doi.org/10.1016/j.marpolbul.2007.03.022
https://doi.org/10.1016/j.scitotenv.2018.01.092
https://doi.org/10.1016/j.scitotenv.2018.01.092
https://doi.org/10.1007/978-3-319-16510-3_5
https://doi.org/10.1007/978-3-319-16510-3_5
https://doi.org/10.1038/srep03263
https://doi.org/10.1038/srep03263
https://doi.org/10.1016/j.scitotenv.2014.06.051
https://doi.org/10.1038/srep14340
https://doi.org/10.1038/srep14340


Water Air Soil Pollut (2023) 234:52	

1 3
Vol:. (1234567890)

Rosenkranz, P., Chaudhry, Q., Stone, V., & Fernandes, T. F. 
(2009). A comparison of nanoparticle and fine particle 
uptake by Daphnia magna. Environmental Toxicology 
and Chemistry, 28(10), 2142–2149. https://​doi.​org/​10.​
1897/​08-​559.1

Sanchez, W., Bender, C., & Porcher, J. M. (2014). Wild 
gudgeons (Gobio gobio) from French rivers are con-
taminated by microplastics: preliminary study and 
first evidence. Environmental Research, 128, 98–100. 
https://​doi.​org/​10.​1016/j.​envres.​2013.​11.​004

Seoane, M., González-Fernández, C., Soudant, P., Huvet, A., 
Esperanza, M., Cid, Á., & Paul-Pont, I. (2019). Poly-
styrene microbeads modulate the energy metabolism 
of the marine diatom Chaetoceros neogracile. Envi-
ronmental Pollution, 251, 363–371. https://​doi.​org/​10.​
1016/j.​envpol.​2019.​04.​142

Sequeira, I. F., Prata, J. C., da Costa, J. P., Duarte, A. C., & 
Rocha-Santos, T. (2020). Worldwide contamination of 
fish with microplastics: a brief global overview. Marine 
Pollution Bulletin, 160, 111681. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2020.​111681

Setälä, O., Fleming-Lehtinen, V., & Lehtiniemi, M. (2014). 
Ingestion and transfer of microplastics in the plank-
tonic food web. Environmental Pollution, 185, 77–83. 
https://​doi.​org/​10.​1016/j.​envpol.​2013.​10.​013

Sharma, S., & Chatterjee, S. (2017). Microplastic pollu-
tion, a threat to marine ecosystem and human health: 
a short review. Environmental Science and Pollution 
Research, 24(27), 21530–21547. https://​doi.​org/​10.​
1007/​s11356-​017-​9910-8

Sheavly, S. B., & Register, K. M. (2007). Marine debris and 
plastics: environmental concerns, sources, impacts 
and solutions. Journal of Polymers and the Envi-
ronment, 15(4), 301–305. https://​doi.​org/​10.​1007/​
s10924-​007-​0074-3

Shen, M., Zhang, Y., Zhu, Y., Song, B., Zeng, G., Hu, D., 
Wen, X., & Ren, X. (2019). Recent advances in toxico-
logical research of nanoplastics in the environment: a 
review. Environmental Pollution, 252, 511–521. https://​
doi.​org/​10.​1016/j.​envpol.​2019.​05.​102

Silva-Cavalcanti, J. S., Silva, J. D. B., de França, E. J., de 
Araújo, M. C. B., & Gusmao, F. (2017). Microplas-
tics ingestion by a common tropical freshwater fish-
ing resource. Environmental Pollution, 221, 218–226. 
https://​doi.​org/​10.​1016/j.​envpol.​2016.​11.​068

Sjollema, S. B., Redondo-Hasselerharm, P., Leslie, H. A., 
Kraak, M. H., & Vethaak, A. D. (2016). Do plastic 
particles affect microalgal photosynthesis and growth? 
Aquatic Toxicology, 170, 259–261. https://​doi.​org/​10.​
1016/j.​aquat​ox.​2015.​12.​002

Srain, H. S., Beazley, K. F., & Walker, T. R. (2021). Pharma-
ceuticals and personal care products and their sublethal 
and lethal effects in aquatic organisms. Environmen-
tal Reviews, 29(2), 142–181. https://​doi.​org/​10.​1139/​
er-​2020-​0054

Sun, X., Li, Q., Zhu, M., Liang, J., Zheng, S., & Zhao, Y. 
(2017). Ingestion of microplastics by natural zooplank-
ton groups in the northern South China Sea. Marine Pol-
lution Bulletin, 115(1-2), 217–224. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2016.​12.​004

Sundet, J. H., Herzke, D., & Jenssen, M. (2015). Forekomst og 
kilder av mikroplastikk i sediment og konsekvenser for 
bunnlevende fisk og evertebrater på Svalbard (p. 10495). 
RIS prosjekt.

Syberg, K., Nielsen, A., Khan, F. R., Banta, G. T., Palmqvist, 
A., & Jepsen, P. M. (2017). Microplastic potentiates 
triclosan toxicity to the marine copepod Acartia tonsa 
(Dana). Journal of Toxicology and Environmental Health 
- Part A Current Issues, 80(23-24), 1369–1371. https://​
doi.​org/​10.​1080/​15287​394.​2017.​13850​46

Takada, H., Mato, Y., Endo, S., Yamashita, R., & Zakaria, M.P. 
(2005). Pellet Watch: global monitoring of persistent 
organic pollutants (POPs) using beached plastic resin 
pellets. In The Plastic Debris Rivers to Sea Conference: 
Focusing on the Land-Based Sources of Marine Debris, 
Redondo Beach, CA, USA.

Tamminga, M., Hengstmann, E., & Fischer, E. K. (2018). 
Microplastic analysis in the South Funen Archipelago, 
Baltic Sea, implementing manta trawling and bulk sam-
pling. Marine Pollution Bulletin, 128, 601–608. https://​
doi.​org/​10.​1016/j.​marpo​lbul.​2018.​01.​066

Tang, J., Ni, X., Zhou, Z., Wang, L., & Lin, S. (2018). Acute 
microplastic exposure raises stress response and sup-
presses detoxification and immune capacities in the scle-
ractinian coral Pocillopora damicornis. Environmental 
Pollution, 243, 66–74. https://​doi.​org/​10.​1016/j.​envpol.​
2018.​08.​045

Teuten, E. L., Rowland, S. J., Galloway, T. S., & Thompson, 
R. C. (2007). Potential for plastics to transport hydropho-
bic contaminants. Environmental Science & Technology, 
4(22), 7759–7764. https://​doi.​org/​10.​1021/​es071​737s

Teuten, E. L., Saquing, J. M., Knappe, D. R., Barlaz, M. A., 
Jonsson, S., Björn, A., & Takada, H. (2009). Transport 
and release of chemicals from plastics to the environment 
and to wildlife. Philosophical Transactions of the Royal 
Society B. Biological Sciences, 364(1526), 2027–2045. 
https://​doi.​org/​10.​1098/​rstb.​2008.​0284

Thompson, R. C. (2015). Microplastics in the marine environ-
ment: sources, consequences and solutions. In Marine 
anthropogenic litter. Springer Open., 185-200. https://​
doi.​org/​10.​1007/​978-3-​319-​16510-3_7

Thompson, R. C., Olsen, Y., Mitchell, R. P., Davis, A., Row-
land, S. J., John, A. W., & Russell, A. E. (2004). Lost 
at sea: where is all the plastic? Science, 304(5672), 838. 
https://​doi.​org/​10.​1126/​scien​ce.​10945​59

[UNEP] United Nations Environmental Programme (2020). 
An assessment report on issues of concern: chemicals 
and waste issues posing risks to human health and the 
environment. 217 https://​wedocs.​unep.​org/​bitst​ream/​han-
dle/​20.​500.​11822/​33807/​ARIC.​pdf?​seque​nce=​1&​isAll​
owed=y

Van Cauwenberghe, L., Claessens, M., & Janssen, C. R. 
(2015). Microplastics are taken up by mussels (Myti-
lus edulis) and lugworms (Arenicola marina) living in 
natural habitats. Environmental Pollution, 199, 10–17. 
https://​doi.​org/​10.​1016/j.​envpol.​2015.​01.​008

Van Cauwenberghe, L., & Janssen, C. R. (2014). Microplastics 
in bivalves cultured for human consumption. Environ-
mental Pollution, 193, 65–70. https://​doi.​org/​10.​1016/j.​
envpol.​2014.​06.​010

52   Page 26 of 28

https://doi.org/10.1897/08-559.1
https://doi.org/10.1897/08-559.1
https://doi.org/10.1016/j.envres.2013.11.004
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.2020.111681
https://doi.org/10.1016/j.marpolbul.2020.111681
https://doi.org/10.1016/j.envpol.2013.10.013
https://doi.org/10.1007/s11356-017-9910-8
https://doi.org/10.1007/s11356-017-9910-8
https://doi.org/10.1007/s10924-007-0074-3
https://doi.org/10.1007/s10924-007-0074-3
https://doi.org/10.1016/j.envpol.2019.05.102
https://doi.org/10.1016/j.envpol.2019.05.102
https://doi.org/10.1016/j.envpol.2016.11.068
https://doi.org/10.1016/j.aquatox.2015.12.002
https://doi.org/10.1016/j.aquatox.2015.12.002
https://doi.org/10.1139/er-2020-0054
https://doi.org/10.1139/er-2020-0054
https://doi.org/10.1016/j.marpolbul.2016.12.004
https://doi.org/10.1016/j.marpolbul.2016.12.004
https://doi.org/10.1080/15287394.2017.1385046
https://doi.org/10.1080/15287394.2017.1385046
https://doi.org/10.1016/j.marpolbul.2018.01.066
https://doi.org/10.1016/j.marpolbul.2018.01.066
https://doi.org/10.1016/j.envpol.2018.08.045
https://doi.org/10.1016/j.envpol.2018.08.045
https://doi.org/10.1021/es071737s
https://doi.org/10.1098/rstb.2008.0284
https://doi.org/10.1007/978-3-319-16510-3_7
https://doi.org/10.1007/978-3-319-16510-3_7
https://doi.org/10.1126/science.1094559
https://wedocs.unep.org/bitstream/handle/20.500.11822/33807/ARIC.pdf?sequence=1&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/33807/ARIC.pdf?sequence=1&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/33807/ARIC.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.envpol.2015.01.008
https://doi.org/10.1016/j.envpol.2014.06.010
https://doi.org/10.1016/j.envpol.2014.06.010


Water Air Soil Pollut (2023) 234:52

1 3
Vol.: (0123456789)

Van Cauwenberghe, L., Vanreusel, A., Mees, J., & Janssen, C. 
R. (2013). Microplastic pollution in deep-sea sediments. 
Environmental Pollution, 182, 495–499. https://​doi.​org/​
10.​1016/j.​envpol.​2013.​08.​013

van Weert, S., Redondo-Hasselerharm, P. E., Diepens, N. J., 
& Koelmans, A. A. (2019). Effects of nanoplastics and 
microplastics on the growth of sediment-rooted mac-
rophytes. Science of the Total Environment, 654, 1040–
1047. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​11.​183

Van, A., Rochman, C. M., Flores, E. M., Hill, K. L., Vargas, 
E., Vargas, S. A., & Hoh, E. (2012). Persistent organic 
pollutants in plastic marine debris found on beaches in 
San Diego. California. Chemosphere, 86(3), 258–263. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2011.​09.​039

Velez, J. F., Shashoua, Y., & Khan, F. R. (2018). Considera-
tions on the use of equilibrium models for the charac-
terisation of HOC-microplastic interactions in vector 
studies. Chemosphere, 210, 359–365. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2018.​07.​020

Vianello, A., Jensen, R. L., Liu, L., & Vollertsen, J. (2019). 
Simulating human exposure to indoor airborne micro-
plastics using a Breathing Thermal Manikin. Sci-
entific Reports, 9(1), 1–11. https://​doi.​org/​10.​1038/​
s41598-​019-​45054-w

Von Moos, N., Burkhardt-Holm, P., & Köhler, A. (2012). 
Uptake and effects of microplastics on cells and tissue of 
the blue mussel Mytilus edulis L. after an experimental 
exposure. Environmental Science & Technology, 46(20), 
11327–11335. https://​doi.​org/​10.​1021/​es302​332w

Wagner, M., Scherer, C., Alvarez-munoz, D., Brennholt, N., 
Bourrain, X., Buchinger, S., Fries, E., Grosbois, C., 
Klasmeier, J., Marti, T., Rodriguez-Mozaz, S., Urbatzka, 
R., Vethaak, A. D., Winther-nielen, M., & Reiffersc-
heid, G. (2014). Microplastics in freshwater ecosystems: 
what we know and what we need to know. Environmen-
tal Sciences Europe, 26, 12. https://​doi.​org/​10.​1186/​
s12302-​014-​0012-7

Walker, T.R., Grant, J., & Archambault, M.C. (2006). Accu-
mulation of marine debris on an intertidal beach in an 
urban park (Halifax Harbour, Nova Scotia). Water Qual-
ity Research Journal of Canada, 41(3), 256-262. https://
doi.org/https://​doi.​org/​10.​2166/​wqrj.​2006.​029

Walker, T. R., Wang, L., Horton, A., & Xu, E. G. (2022). Micro 
(nano) plastic toxicity and health effects: special issue 
guest editorial. Environment International, 170, 107626. 
https://​doi.​org/​10.​1016/j.​envint.​2022.​107626

Wang, F., Zhang, X., Zhang, S., Zhang, S., Adams, C. A., & 
Sun, Y. (2020). Effects of co-contamination of micro-
plastics and Cd on plant growth and Cd accumulation. 
Toxics, 8(2), 36. https://​doi.​org/​10.​3390/​toxic​s8020​036

Wang, W., Gao, H., Jin, S., Li, R., & Na, G. (2019). The eco-
toxicological effects of microplastics on aquatic food 
web, from primary producer to human: a review. Ecotoxi-
cology and Environmental Safety, 173, 110–117. https://​
doi.​org/​10.​1016/j.​ecoenv.​2019.​01.​113

Wang, W., Ndungu, A. W., Li, Z., & Wang, J. (2017). Micro-
plastics pollution in inland freshwaters of China: a case 
study in urban surface waters of Wuhan, China. Science 
of the Total Environment, 575, 1369–1374. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2016.​09.​213

Ward, J. E., Levinton, J. S., & Shumway, S. E. (2003). Influence 
of diet on pre-ingestive particle processing in bivalves: I: 
transport velocities on the ctenidium. Journal of Experi-
mental Marine Biology and Ecology, 293(2), 129–149. 
https://​doi.​org/​10.​1016/​S0022-​0981(03)​00218-1

Waring, R. H., Harris, R. M., & Mitchell, S. C. (2018). Plas-
tic contamination of the food chain: a threat to human 
health? Maturitas, 115, 64–68. https://​doi.​org/​10.​1016/j.​
matur​itas.​2018.​06.​010

Watts, A. J., Urbina, M. A., Corr, S., Lewis, C., & Galloway, 
T. S. (2015). Ingestion of plastic microfibers by the crab 
Carcinus maenas and its effect on food consumption and 
energy balance. Environmental Science & Technology, 
49(24), 14597–14604. https://​doi.​org/​10.​1021/​acs.​est.​
5b040​26

Watts, A. J., Lewis, C., Goodhead, R. M., Beckett, S. J., Moger, 
J., Tyler, C. R., & Galloway, T. S. (2014). Uptake and 
retention of microplastics by the shore crab Carcinus 
maenas. Environmental Science & Technology, 48(15), 
8823–8830. https://​doi.​org/​10.​1021/​es501​090e

Wegner, A., Besseling, E., Foekema, E. M., Kamermans, P., & 
Koelmans, A. A. (2012). Effects of nanopolystyrene on 
the feeding behavior of the blue mussel (Mytilus edulis 
L.). Environmental Toxicology and Chemistry, 31(11), 
2490–2497. https://​doi.​org/​10.​1002/​etc.​1984

Welden, N. A., & Cowie, P. R. (2016). Long-term microplastic 
retention causes reduced body condition in the langous-
tine, Nephrops norvegicus. Environmental Pollution, 
218, 895–900. https://​doi.​org/​10.​1016/j.​envpol.​2016.​08.​
020

WHO (2019). Microplastics in drinking-water. Available from: 
https://​www.​who.​int/​water_​sanit​ation_​health/​publi​catio​
ns/​micro​plast​ics-​in-​drink​ing-​water/​en/​  . Accessed 20 
Jul 2020

Windsor, F. M., Tilley, R. M., Tyler, C. R., & Ormerod, S. J. 
(2019). Microplastic ingestion by riverine macroinver-
tebrates. Science of the Total Environment, 646, 68–74. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​07.​271

Wright, R. J., Langille, M. G., & Walker, T. R. (2021). Food or 
just a free ride? A meta-analysis reveals the global diver-
sity of the Plastisphere. International Society for Micro-
bial Ecology, 15(3), 789–806. https://​doi.​org/​10.​1038/​
s41396-​020-​00814-9

Wright, S. L., & Kelly, F. J. (2017). Plastic and human health: 
a micro issue? Environmental Science & Technology, 
51(12), 6634–6647. https://​doi.​org/​10.​1021/​acs.​est.​
7b004​23

Wright, S. L., Rowe, D., Thompson, R. C., & Galloway, T. S. 
(2013). Microplastic ingestion decreases energy reserves 
in marine worms. Current Biology, 23(23), R1031–
R1033. https://​doi.​org/​10.​1016/j.​cub.​2013.​10.​068

Wu, P., Cai, Z., Jin, H., & Tang, Y. (2019). Adsorption mecha-
nisms of five bisphenol analogues on PVC microplastics. 
Science of the Total Environment, 650, 671–678. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2018.​09.​049

Xu, J., & Li, D. (2020). Feeding behavior responses of a juve-
nile hybrid grouper, Epinephelus fuscoguttatus♀× E. 
lanceolatus♂, to microplastics. Environmental Pollution, 
115648. https://​doi.​org/​10.​1016/j.​envpol.​2020.​115648

Yee, M. S. L., Hii, L. W., Looi, C. K., Lim, W. M., Wong, S. 
F., Kok, Y. Y., Tan, B. K., Wong, C. Y., & Leong, C. 

Page 27 of 28    52

https://doi.org/10.1016/j.envpol.2013.08.013
https://doi.org/10.1016/j.envpol.2013.08.013
https://doi.org/10.1016/j.scitotenv.2018.11.183
https://doi.org/10.1016/j.chemosphere.2011.09.039
https://doi.org/10.1016/j.chemosphere.2018.07.020
https://doi.org/10.1016/j.chemosphere.2018.07.020
https://doi.org/10.1038/s41598-019-45054-w
https://doi.org/10.1038/s41598-019-45054-w
https://doi.org/10.1021/es302332w
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.2166/wqrj.2006.029
https://doi.org/10.1016/j.envint.2022.107626
https://doi.org/10.3390/toxics8020036
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.1016/j.ecoenv.2019.01.113
https://doi.org/10.1016/j.scitotenv.2016.09.213
https://doi.org/10.1016/j.scitotenv.2016.09.213
https://doi.org/10.1016/S0022-0981(03)00218-1
https://doi.org/10.1016/j.maturitas.2018.06.010
https://doi.org/10.1016/j.maturitas.2018.06.010
https://doi.org/10.1021/acs.est.5b04026
https://doi.org/10.1021/acs.est.5b04026
https://doi.org/10.1021/es501090e
https://doi.org/10.1002/etc.1984
https://doi.org/10.1016/j.envpol.2016.08.020
https://doi.org/10.1016/j.envpol.2016.08.020
https://www.who.int/water_sanitation_health/publications/microplastics-in-drinking-water/en/
https://www.who.int/water_sanitation_health/publications/microplastics-in-drinking-water/en/
https://doi.org/10.1016/j.scitotenv.2018.07.271
https://doi.org/10.1038/s41396-020-00814-9
https://doi.org/10.1038/s41396-020-00814-9
https://doi.org/10.1021/acs.est.7b00423
https://doi.org/10.1021/acs.est.7b00423
https://doi.org/10.1016/j.cub.2013.10.068
https://doi.org/10.1016/j.scitotenv.2018.09.049
https://doi.org/10.1016/j.scitotenv.2018.09.049
https://doi.org/10.1016/j.envpol.2020.115648


Water Air Soil Pollut (2023) 234:52	

1 3
Vol:. (1234567890)

O. (2021). Impact of microplastics and nanoplastics on 
human health. Nanomaterials, 11(2), 496. https://​doi.​org/​
10.​3390/​nano1​10204​96

Yin, L., Wen, X., Du, C., Jiang, J., Wu, L., Zhang, Y., & Gu, Q. 
(2020). Comparison of the abundance of microplastics 
between rural and urban areas: a case study from East 
Dongting Lake. Chemosphere, 244, 125486. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2019.​125486

Young, A. M., & Elliott, J. A. (2016). Characterization of 
microplastic and mesoplastic debris in sediments from 
Kamilo Beach and Kahuku Beach Hawaii. Marine Pol-
lution Bulletin, 113(1-2), 477–482. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2016.​11.​009

Zhang, C., Chen, X., Wang, J., & Tan, L. (2017). Toxic effects 
of microplastic on marine microalgae Skeletonema cos-
tatum: interactions between microplastic and algae. Envi-
ronmental Pollution, 220, 1282–1288. https://​doi.​org/​10.​
1016/j.​envpol.​2016.​11.​005

Zhang, H., Walker, T. R., Davis, E., & Ma, G. (2019a). Eco-
logical risk assessment of metals in small craft harbour 
sediments in Nova Scotia, Canada. Marine Pollution Bul-
letin, 146, 466–475. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2019.​06.​068

Zhang, P., Yan, Z., Lu, G., & Ji, Y. (2019b). Single and com-
bined effects of microplastics and roxithromycin on 
Daphnia magna. Environmental Science and Pollution 
Research, 26(17), 17010–17020. https://​doi.​org/​10.​1007/​
s11356-​019-​05031-2

Zhang, Q., Xu, E. G., Li, J., Chen, Q., Ma, L., Zeng, E. Y., & 
Shi, H. (2020). A review of microplastics in table salt, 
drinking water, and air: direct human exposure. Environ-
mental Science & Technology, 54(7), 3740–3751. https://​
doi.​org/​10.​1021/​acs.​est.​9b045​35

Zhu, M., Chernick, M., Rittschof, D., & Hinton, D. E. (2020). 
Chronic dietary exposure to polystyrene microplastics 
in maturing Japanese medaka (Oryzias latipes). Aquatic 
Toxicology, 220, 105396. https://​doi.​org/​10.​1016/j.​aquat​
ox.​2019.​105396

Zhu, Z. L., Wang, S. C., Zhao, F. F., Wang, S. G., Liu, F. F., 
& Liu, G. Z. (2019). Joint toxicity of microplastics with 
triclosan to marine microalgae Skeletonema costatum. 
Environmental Pollution, 246, 509–517. https://​doi.​org/​
10.​1016/j.​envpol.​2018.​12.​044

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

52   Page 28 of 28

https://doi.org/10.3390/nano11020496
https://doi.org/10.3390/nano11020496
https://doi.org/10.1016/j.chemosphere.2019.125486
https://doi.org/10.1016/j.chemosphere.2019.125486
https://doi.org/10.1016/j.marpolbul.2016.11.009
https://doi.org/10.1016/j.marpolbul.2016.11.009
https://doi.org/10.1016/j.envpol.2016.11.005
https://doi.org/10.1016/j.envpol.2016.11.005
https://doi.org/10.1016/j.marpolbul.2019.06.068
https://doi.org/10.1016/j.marpolbul.2019.06.068
https://doi.org/10.1007/s11356-019-05031-2
https://doi.org/10.1007/s11356-019-05031-2
https://doi.org/10.1021/acs.est.9b04535
https://doi.org/10.1021/acs.est.9b04535
https://doi.org/10.1016/j.aquatox.2019.105396
https://doi.org/10.1016/j.aquatox.2019.105396
https://doi.org/10.1016/j.envpol.2018.12.044
https://doi.org/10.1016/j.envpol.2018.12.044

	Microplastic Toxicity in Aquatic Organisms and Aquatic Ecosystems: a Review
	Abstract 
	1 Introduction
	1.1 Methodology

	2 Transport Pathways of MP Through Different Environmental Matrices
	3 Interaction of MPs with Contaminants as Potential Vectors in Aquatic Ecosystems
	3.1 Vector Effects of MPs with Emerging Organic Pollutants
	3.2 Sorption Potential of MP for Metals

	4 Ecotoxicity of MPs in Aquatic Food Webs
	4.1 MP Toxicity in Lower Trophic Aquatic Species
	4.2 Impact of MPs on Other Aquatic Consumers
	4.3 MP Toxicity and Potential Trophic Transfer Across Food Webs
	4.4 MP Toxicity and Human Health Implications

	5 Conclusions
	Acknowledgements 
	References




