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Abstract

Microplastics are a highly concerning pollutant that have gained attention from the scientific community and other regula-
tory authorities due to their potential risks to organisms and ecosystems. Microplastics are widespread in both terrestrial and
aquatic ecosystems and can be found even in Antarctica and deep-sea sediments. The ability to survive for long periods in the
environment and their aptitude of inter- and intra-environmental translocation can prompt poor environmental outcomes. The
adsorption of heavy metals and other toxic persistent organic pollutants is a further cause for concern. Furthermore, micro-
plastics enable the development of a distinct microbial niche within an ecosystem, which could potentially impair ecosystem
function by promoting the growth of selective microbial communities. The acquisition of metal-resistant, antibiotic-resistant
genes, and the enrichment of antibiotic-resistant bacteria on microplastic surfaces have recently been reported. Moreover,
some studies have also reported the colonization of pathogenic bacterial strains such as Vibrio spp. on microplastic surfaces.
This review aims to address the sources of microplastic pollution in the freshwater and marine environments and to discuss

their potential functions in the environment.

Keywords Microplastic - Heavy metals - Pollutant reservoir - Distinct microbial habitat - Gene exchange

Introduction

Plastic has become an indispensable part of human life. It is
a synthetic organic polymer produced through the polymeri-
zation of monomers procured from fossil fuels, gas, or coal.
Certain attributes such as durability, lightweight, resistance

Edited by Chengchao Chen.

P4 Wen-Jun Li
liwenjun3 @mail.sysu.edu.cn

State Key Laboratory of Biocontrol, Guangdong Provincial
Key Laboratory of Plant Resources and Southern

Marine Science and Engineering Guangdong Laboratory
(Zhuhai), School of Life Sciences, Sun Yat-Sen University,
Guangzhou 510275, China

State Key Laboratory of Desert and Oasis Ecology, Xinjiang
Institute of Ecology and Geography, Chinese Academy
of Sciences, Uriimqi 830011, China

Bioproducts Research Chair, Zoology Department,
College of Science, King Saud University, Riyadh 11451,
Saudi Arabia

Botany and Microbiology Department, Faculty of Science,
Beni-Suef University, Beni-Suef 65211, Egypt

@ Springer

to corrosion, and low price have led to the extensive use of
plastic-based materials. While plastic was invented a century
ago, mass production did not start until the mid-nineteenth
century (Ivleva et al. 2017). The annual global production of
plastic in 2015 was 320 million tons (PlasticsEurope 2015),
and this is increasing annually. Plastics have served human
society in many ways, for example, reduced CO, emission,
enhanced consumer health, increased product durability,
drinking water storage, and transportation (Andrady and
Neal 2009). However, since its extensive use worldwide,
it has become recognized as a recalcitrant pollutant in both
terrestrial and aquatic ecosystems (Erni-Cassola et al. 2019).
Plastics exist in the environment in a broad size range, from
macro- to micro-size particles.

Microplastics, generally, refer to plastic particles that are
less than 10 mm in size (Graham and Thompson 2009); how-
ever, this classification varies from study to study (Barnes
et al. 2009; Claessens et al. 2011; Derraik 2002; Ryan et al.
2009). The existence of microplastic in the environment is
becoming a global environmental and health problem. There
are two main categories of microplastics: primary microplas-
tics and secondary microplastics. Primary microplastics are
plastic particles initially produced at the microscopic size.
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These are widely used in cosmetics, facial cleansers, and
pharmaceutics (drug delivery) (Gregory 1996). Secondary
microplastics are plastic particles that are produced from
the breakdown of large plastic materials in both terrestrial
and aquatic systems (Cole et al. 2011; Ryan et al. 2009).
Secondary microplastic is considered the major cause of
microplastic pollution in the marine environment (Hidalgo-
Ruz et al. 2012).

The distribution and abundance of microplastic in an
ecosystem mostly depends on the surrounding anthro-
pogenic activities (Eriksen et al. 2013). In the 1970s, the
presence of microplastic was first accentuated in the open
ocean (Carpenter and Smith 1972). Since then, a renewed
research interest over the last few decades has shown that
microplastics are now ubiquitous in the marine environment
(Derraik 2002; Moore 2008; Thompson et al. 2004). The
distribution, abundance, and ecological consequences of
microplastic pollution in the marine environment are hot
topics of the current research. Similarly, interest is growing
in determining the levels of microplastic pollution in fresh-
water bodies, including rivers and lakes. Several studies have
documented the abundance and distribution of microplastic
pollution in freshwater systems, including the water col-
umn and sediments (Alam et al. 2019; Eriksen et al. 2013;
Nan et al. 2020; Wagner et al. 2014). Riverine and estuaries
ecosystems, especially the rivers that flow through popu-
lous cities, are considered as dumping sites for microplastic
pollution (Eerkes-Medrano et al. 2015). These rivers also
serve as the main source of microplastic pollution in the
marine environment (Eerkes-Medrano et al. 2015). Domestic
waste, littering, and improper waste management are the
major routes through which plastic waste enters the riverine
systems in populated areas.

Microplastic pollution has been identified as one of the
most pervasive and damaging of human stresses in aquatic
environments (Wagner et al. 2014). Compared to macroplas-
tic, microplastic pollution can cause serious environmental,
ecological, and health issues. The adverse effects and eco-
logical consequences of microplastic pollution have been
documented recently in several reports. For example, due to
their small size, microplastics can be ingested as food par-
ticles by aquatic organisms and hence enter the food chain
(Ivleva et al. 2017). Moreover, some studies have reported
that microplastics provide a surface for the deposition of
persistent organic pollutants such as polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)
(Bakir et al. 2012; Frias et al. 2010). Similarly, heavy metals
tend to accumulate on the surface of different microplastic
materials (Turner 2016). Furthermore, due to the distinct
physiochemical characteristics, microplastics offer a unique
habitat for the colonization of microbial communities. These
physiognomies could lead to different ecological, microbio-
logical, and evolutionary events. For example, it has been

reported that microplastics can act as a reservoir for antibi-
otic-resistant and metal-resistant genes (Arias-Andres et al.
2018). Similarly, some studies have also found that patho-
genic bacteria were able to colonize microplastic surfaces
and hence could facilitate the transportation of pathogenic
bacteria (Kirstein et al. 2016). This review aims to address
the potential sources of microplastic pollution, to review
the possible routes by which microplastic enter the envi-
ronment, and to discuss the environmental consequences of
microplastic pollution.

Sources of microplastic

Primary microplastics, those originally synthesized at the
microscopic level, are widely used in a variety of manufac-
turing industries, for example, therapeutics (drug delivery,
diagnostics reagent, injectable biomaterial), food science,
and exfoliants in personal care products and cosmetics
(Kawaguchi 2000). Moreover, microplastic “scrubber,” an
important component of facial scrub and hand cleanser, has
replaced the traditional use of natural ingredients, such as
ground almond, pumice, and oatmeal (Derraik 2002; Fendall
and Sewell 2009). A large increase in the use of microplastic
“scrubbers” was seen in cosmetic industries after the process
was patented in the 1980s (Fendall and Sewell 2009; Greg-
ory 1996). Furthermore, various products such as toothpaste,
shampoo, shower gel, liquid makeup, baby lotion, shaving
cream, mascara, eye shadow, lotion, hair colors, nail polish,
sunscreen, bubble bath have all been reported to be potential
sources of microplastics (Conkle et al. 2018; Hintersteiner
et al. 2015). According to an investigation of soaps usage
conducted by Cosmetics Europe (Europe Cosmetics Indus-
try Association) and Euromonitor International (Consumer
database) in Norway and Switzerland, the total annual usage
of microplastic beads was 4130 t, resulting in an average
discharge of 17.5+ 10 mg/day per individual (Gouin et al.
2015). In another study conducted by Chang (2015), the
annual contribution of microplastics from Berkeley student
housing was calculated to be around 5 kg/year. Similarly,
the daily discharge from women’s lifestyle products in the
UK was around 4594-94,500 microplastic particles (Napper
et al. 2015). Furthermore, an investigation on German daily
use of care products, including soaps, shower gels, skincare,
body cleansers, and sunblock, was around 6.2 g per person
per year (Essel et al. 2015). However, the estimated input
of microplastic to the environment varies between nations
because of different habits and different calculation meth-
ods (Galafassi et al. 2019). In addition, a large quantity of
microplastics, comprised mostly of melamine, polyester and
acrylic, is used in air blasting technology, associated with
scrubbers in engine, machines, and boat hulls to remove rust
and paint (Browne et al. 2007; Derraik 2002; Gregory 1996).
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Secondary plastics are those produced from the break-
down of large plastic material, and the breakdown products
enter the environment as a result of environmental weather-
ing of the plastic objects. Over time, the mechanical integ-
rity of the plastic material diminishes due to biological,
physical, and chemical action, causing the disintegration
of the corresponding material (Browne et al. 2007). Physi-
cal factors such as sunlight, including ultraviolet radiation,
cause photo-degradation through the oxidation of the poly-
mer matrix (Andrady 2011; Barnes et al. 2009; Moore 2008;
Shah et al. 2008). In coastal areas, especially on the beaches,
high sunlight and oxygen levels synergize plastic fragmen-
tations (Browne et al. 2007). Furthermore, the continuous
effects of turbulence, wave action, and abrasion boost the
disintegration of the plastic materials (Barnes et al. 2009).
As a result, the plastic material loses its structural integrity
and falls apart into small fragments. This process of frag-
mentation continues until the original macroplastic material
turns into microplastic particles. Further disintegration of
microplastic particles could result in the formation of nano-
plastic particles, with a minimum size of 1.6 um (Galgani
et al. 2010). To overcome the susceptibility to environmental
conditions and to enhance the durability of plastic materials,
adhesive materials have been added to the polymer matrix;
this could result in further environmental and health com-
plications (Talsness et al. 2009).
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In terrestrial and freshwater ecosystems, secondary
microplastics are mostly in a fibrous form, made of poly-
ester, acrylic, and polyamide, originating from washing
clothes and usually introduced to the environment at a den-
sity of around 100 particles per liter of effluent (Browne
et al. 2011; Habib et al. 1998). According to one investiga-
tion, the washing of 5-6 kg of garments released around
137,951-6,000,000 particles to the environment (De Falco
et al. 2018; Napper and Thompson 2016). Similarly, Pirc
et al. (2016) calculated that with each wash, garments
lose around 0.00012% of their mass and estimated that
every individual release was around 70 g/year of micro-
plastics annually. Moreover, secondary microplastics are
also produced from a wide range of materials, including
the tyres, car breaks, paints, asphalt, artificial turf, and
artificial playgrounds (Galafassi et al. 2019). Secondary
microplastic particles can thus be generated from every
plastic material that enters the environment, and every
plastic material can serve as a potential source of micro-
plastics (Fig. 1). Secondary microplastics are considering
the major source of microplastic pollution in the marine
environment (Hidalgo-Ruz et al. 2012).
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Fig.1 A conceptual diagram showing the sources of microplastic pollution and their environmental, ecological and health related impacts
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Transportation of microplastic

Specific features of microplastics, such as being light-
weight, having different morphologies, and an extremely
long shelf life, are making a significant contribution to the
inter-/intra-environmental transportation of microplastics.
These properties also make microplastics one of the most
ubiquitous pollutants on earth. Almost all the plastic and
derived plastic materials are produced on land, from where
it enters different environments via a variety of routes. In
most scenarios, the land act as the first dumping site for
microplastics; these then enter the environment through
direct littering, improper waste management, accidentally
loss during the disposal process, and industrial spillages
(Horton and Dixon 2018). The use of sewage sludge as fer-
tilizer in agriculture also introduces a significant amount
of plastic (Nizzetto et al. 2016). Compared to urban lands,
agricultural and forestry land is more prone to retain the
microplastics due to their higher soil permeability and a
lower rate of surface water flow (Nizzetto et al. 2016).
Moreover, downward drainage and bioturbation can facili-
tate the transport of microplastic within the soil system,
which ultimately causes the deposition of microplastics in
deeper layers of soil (Lwanga et al. 2017; Zubris and Rich-
ards 2005). Furthermore, soil arthropods (e.g., Folsomia
candida and Priosoma minuta) facilitate the transportation
of microplastic particles in the soil system (MaaB et al.
2017).

Agricultural runoff, wastewater treatment plants,
floods, etc., are the main sources of microplastic input to
freshwater systems. Once it enters into an environment,
microplastic particles undergo transportation by different
mechanisms, which depends on the type of particle. In
riverine systems, microplastic transport depends on water
current, i.e., rivers with a greater flow have a high capac-
ity to transport large numbers of particles (Horton and
Dixon 2018). Alternatively, in slow-moving sections of
a river, microplastics are more likely to settle, along with
sinking sediment particles, and be buried. However, in
lakes and ponds, the rate of sedimentation of microplastic
is very high compared to the riverine systems. The physi-
cal and chemical properties (shape, buoyancy, chemical
composition) of microplastic particles also have a sub-
stantial effect on their transport and retention in aquatic
systems. For example, microplastics with a density lower
than water usually float on the surface, while denser par-
ticles sediment out. However, the density of microplastics
and other particulate objects does not remain constant
because the colonization of microalgae and other micro-
bial communities can increase their density, which then
leads to enhanced sinking (Lagarde et al. 2016). At a local
scale, sediment deposition and transportation can lead to

the translocation of buried microplastic in freshwater sys-
tems. Floods (natural disasters) and the progressive change
in river channel morphology (long time-scale), however,
can also cause erosion of the river banks, which ultimately
leads to the re-suspension and mobilization of buried par-
ticles (Horton and Dixon 2018).

Riverine systems serve as the biggest source of micro-
plastic input in the oceanic environment. Once they enter the
ocean, the microplastic particles can travel great distances
and be spread rapidly by water current, winds, turbulence
(van Sebille et al. 2012). Microplastics also undergo verti-
cal transportation in the water column. Phenomena such as
marine snow, biofouling, and egestion in fecal pellets are
considered the major routes involved in the vertical trans-
port of microplastic particles (Cole et al. 2016; Kowalski
et al. 2016; Rummel et al. 2017). The size and composi-
tion of microplastic particles also affect vertical transport in
the water column. Tekman et al. (2020) observed a positive
correlation between microplastic size and the abundance of
particulate organic matter, which controls the biological pro-
cesses and leads to the particle settlement. Turbidity currents
also play a significant role in the deposition and transloca-
tion of microplastic in the seafloor (Pohl et al. 2020).

Microplastic in the fresh and marine
environment

Several factors that affect the number and distribution of
microplastic particles in an environment have been identi-
fied. For example, in addition to physical parameters (pres-
sure, winds, turbulence, wave action, sunlight intensity,
etc.), human population, density, anthropogenic activities,
distance from the water body, size of water reservoirs,
urban waste management practices and the quantity of sew-
age effluent are important factors (Eerkes-Medrano et al.
2015; Eriksen et al. 2013; Moore et al. 2011). Information
on microplastic pollution, accumulation, and their ecologi-
cal impacts in freshwater systems and terrestrial environ-
ments are not well documented compared to the marine
environment (House of Commons Science and Technology
Committee 2013; Eerkes-Medrano et al. 2015; Thompson
et al. 2004). Freshwater ecosystems include rivers, streams,
ditches, lakes, and ponds; all have distinct features (Hor-
ton and Dixon 2018). Freshwater systems also serve as the
dumping site for plastics, act as a source of microplastic pol-
lution to the marine environment, and provide a medium for
microplastic production (secondary microplastic). Investiga-
tions of microplastic particles in the water column and sedi-
ments of freshwater systems across the globe have been con-
ducted by Castafieda et al. (2014), Faure et al. (2012), Imhof
et al. (2012), Lechner et al. (2014), Sadri and Thompson
2014, and Wagner et al. (2014), as in Table 1. Microplastic
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particles have been found in all major rivers and freshwa-
ter reservoirs: in China, in the Pearl River and Pearl River
estuary (Yan et al. 2019), in the Yellow River (Duan et al.
2019) in the Three Gorges Reservoirs (Zhang et al. 2019a,
b), in the Yangtze River (Xiong et al. 2019), America: in
the Los Angeles Basin (Moore et al. 2011), in the Lawrence
River (Castafieda et al. 2014) and the Great Lakes (Eriksen
et al. 2013), in the rivers and lakes of Europe; Geneva Lake
(Faure et al. 2012), Italian lake Gerda (Imhof et al. 2012),
Austrian Danube River (Lechner et al. 2014), the German,
Elbe, Necker, Mosel, and Rhine rivers (Wagner et al. 2014).
Furthermore, Table 1 summarizes the distribution and abun-
dance of microplastic in these freshwater systems.

The uncontrolled disposal of waste produced from the
onshore activities ultimately enters the ocean. Plastic materi-
als are ubiquitous in marine habitats, i.e., they can be found
in beaches, polar regions, and even in the deep-sea sedi-
ments (Browne et al. 2011; Goldberg 1997; Law et al. 2010).
It has been reported that around 80% of microplastic items in
the marine environment originates from terrestrial sources
(Andrady 2011). Approximately half of the global popula-
tion lives near coastal regions, and the microplastic debris
resulting from anthropogenic activities most likely enters
the ocean via rivers and domestic and industrial drainage
systems (Derraik 2002; Moore 2008; Thompson et al. 2005).
Microplastics are varyingly distributed across the different
habitats of the oceanic environment (Table 2). For example,
in two independent studies, van Sebille et al. (2015) reported
90-235 thousand tons, and Eriksen et al. (2013) reported 66
thousand tons of plastic debris floating on surface seawa-
ter. Similarly, at the shoreline the highest concentration of
microplastics, 50,000 particles/kg, was detected on East Fri-
sian Island (Liebezeit and Dubaish 2012) and 285.673 par-
ticles/m> on a coastline in South Korea (Kim et al. 2015).
Browne et al. (2011) observed a correlation between micro-
plastic abundance and anthropogenic activities by identify-
ing the sources and sinks of microplastic pollution along
shorelines worldwide. Table 2 shows the distribution and
abundance of microplastic in marine ecosystems at differ-
ent locations.

Many previous studies have documented that freshwater
systems, including rivers, are the major source of micro-
plastic input into the marine environment. According to
Moore et al. (2011), in which they quantified the micro-
plastic particles in the water sample of two Los Angeles
rivers, extrapolating the data showed that these rivers alone
could introduce around 2 billion microplastic particles into
the ocean within 3 days. Similarly, it has been estimated
that on an annual basis, around 13.6 thousand tons of plastic
debris entered the South China Sea via the Pearl River (Leb-
reton et al. 2017). Natural disasters and extremes weather,
including floods or hurricanes, enhance the transportation
of terrestrial waste into the ocean (Browne et al. 2011;
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Thompson et al. 2005). Moore et al. (2002) found that fol-
lowing a storm the transfer of neustonic plastic particles
(<4.55 mm in diameter) into Californian waters near the
entrance of the Los Angeles stormwater conveyance system
increased from 10 plastic particles/m> to 60 particles/m>.
Coastal tourism, shipping (commercial and recreational), oil
rigs, and aquaculture practices are all causes of microplas-
tic pollution in the marine environment. While secondary
microplastic is the major source of microplastic pollution in
the marine environment, physical parameters such as winds,
sunlight, ultraviolet radiation, wave action, and turbulence
are all essential factors contributing to the creation of these
particles and their transportation to other ecosystems.

Microplastics as vectors
Microplastic as a reservoir of heavy metals

Due to their unique physicochemical characteristics, micro-
plastics offer a distinct surface for chemical acquisition, pol-
lutant accumulation, and microbial communities. Because
of their low degradation rates, microplastics can persist in
the environment for decades or even centuries. The long-
lasting presence of microplastics in the aquatic environment
is considered a threat to many aquatic animals. In addition
to aesthetic concerns, plastic debris poses several threats
to marine organisms, such as entrapment, choking, entan-
glement, and suffocation (Boren et al. 2006; Browne et al.
2008). Plastic materials can also act as a cause of organic
pollution to biotic organisms because organic pollutants,
such as polycyclic aromatic hydrocarbons and polychlorin-
ated hydrocarbons, tend to accumulate on the microplastic
surfaces. Plastic surfaces have usually been considered to be
inert for the acquisitions of heavy metals; however, metals
accumulated during storage in a plastic container and during
the experimental processes are generally stated problems
(Cobelo-Garcia et al. 2007; Fischer et al. 2007; Weijuan
et al. 2000). Table 3 summarizes some important environ-
mental functions of microplastic particles.

Recently, many studies reported that heavy metals accu-
mulate on microplastic surfaces in the marine environment.
Brennecke et al. (2016) studied the adsorption of Cu and Zn
metals on the surfaces of aged polyvinyl chloride (PVC) and
virgin polystyrene (PS) microplastics in marine waters. They
concluded that heavy metals leached from antifouling paint
tended to absorb on the surface of the studied microplastics;
moreover, PVC absorbed a relatively high concentration of
metals compared to PS. Similarly, Turner (2016) detected
the presence of heavy metals, metalloids, and other toxic
elements on the surface of marine plastic debris. Micro-
beads that are extensively used in cosmetic products could
adsorb lead (Pb) onto their surface from the surrounding
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Table 3 Summary of some potential environmental functions of microplastic pollution

S.no. Functions Overview

1 Accumulation of heavy metals

Recently many studies reported the adsorption of different heavy metals such as Pb,

Cd, Zn, Cu, and metalloids, etc., on microplastic particles in the natural environment
and laboratory-scale experiments. Various factors, for example, pH, salinity, surface
charges, and the chemical constituency of the surrounding environment, affect the
sorption of heavy metals on the microplastic surface

2 Adsorption of persistent organic pollutants

Persistent organic pollutants, such as PCBs, PAHs, and OCPs, etc., are leans toward the

microplastic surface. Several studies have been reported the accumulations of these
pollutants on microplastic debris in different environments. The hydrophobicity is

one of the critical factors which facilitate the adsorption of these pollutants on plastic
particles. This phenomenon might facilitate the transportation of these toxic pollutants
in the environment

3 Carrier of microorganisms

Once entering the environment, microorganisms (algae, fungi, bacteria etc.) colonize the

microplastic surfaces. The microbial community inhabiting microplastic are generally
known as plastosphere. Microplastics possibly facilitate the diffusion of microorgan-
isms in the environment

4 Antibiotic-resistant and metal-resistant genes

Several studies reported that microplastic particles could act as a reservoir for antibiotic

and metals resistant genes. In addition, microplastic also provides a ground for the
enrichment of multi antibiotic-resistant bacteria. This phenomenon might increase the
gene exchange among the biofilm microbial communities

5 Colonization of pathogens

Some studies also reported the colonization of pathogenic bacterial strains on microplas-

tic surface in natural environment and laboratory-scale experiment

sediments (Boucher et al. 2016). In another study, a higher
concentration of different heavy metals was detected on the
surface of microplastic compared to the surrounding seawa-
ter, which further demonstrates the sorption of heavy metals
onto microplastic surfaces (Marsic-Lucic et al. 2018). The
previous investigation also showed that aged microplastic
particles have a higher capacity of metals sorption compared
to virgin particles. Wang et al. (2020) detected a higher con-
centration of Zn>* and Cu?* sorption onto the surface of
aged polyethylene terephthalate (PET) particles compared
to their virgin counterpart in aqueous solution. Guo et al.
(2020) also identified several factors such as the types of
microplastic, pH, ionic strength, and humic acid that effected
the adsorption of Cd>* onto the microplastic surfaces. Simi-
larly, Tang et al. (2020) extensively investigated the Pb(II)
uptake mechanism onto nylon particle surfaces in a batch
culture experiment. They observed that Pb(II) adsorption
was significantly dependent on solution initial pH, NaCl
concentration, and fulvic acid concentration. Moreover,
they also detected that hydroxyl ions on the surface of aged
nylon particles play a fundamental role in controlling Pb(II)
adsorption. Sodium dodecylbenzene sulfonate (SDBS), an
anionic surfactant, has a broad range of applications, such as
personal care products, shampoo, hand-washer, household,
and laundry detergents. Zhang et al. (2020a, b) reported
that SDBS significantly increases the adsorption capacity
of polyethylene microplastic. However, the exact mechanism
by which metal ions interact and are adsorbed onto micro-
plastic items in the natural environment is not well under-
stood. Along with the intrinsic properties of the participants

(microplastics and heavy metals), the chemical nature of the
surrounding environment can also affect this interaction. In
addition, the attachment of metals containing small particles
with microplastic surfaces possibly facilitates microplastic/
metals interaction (Holmes et al. 2012). The accumulation of
heavy metals on microplastic surfaces could cause additional
complications if ingested by an aquatic organism and could
enter the food chain. More research is required to explain the
mechanism of how heavy metals accumulate on microplastic
surfaces and to address the subsequent ecological, environ-
mental, and health implications.

Microplastic as a carrier of organic pollutants

The accumulation of persistent and toxic organic pollutants
on microplastic particles is a highly concerning issue. The
sorption of persistent organic pollutants could trigger many
environmental problems as it can promote the translocation
of these pollutants, can increase their recalcitrancy, and can
enter the food cycle via ingestion by animals. Several studies
have been reported that show the adsorption of environmen-
tally concerned toxic contaminants, such as polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocarbon (PAHs),
and organochlorine pesticides (OCPs), onto microplastics.
Carpenter and Smith (1972) reported for the first time the
presence of PCBs at a concentration of 5000 ng/g on the
surfaces of plastic debris in seawater. Similarly, Gregory
(1978) detected the presence of PCBs in high concentra-
tions on the surface of virgin polyethylene granules recov-
ered from coastal sediments of New Zealand beaches. In the

@ Springer



424

Marine Life Science & Technology (2020) 2:414-430

last two decades, several studies had been conducted around
the globe and reported the presence of PCBs on microplastic
surfaces at a variety of concentrations (Endo et al. 2005;
Frias et al. 2010; Heskett et al. 2012; Rios et al. 2007). Simi-
larly, PAHs, an important class of persistent organic pol-
lutants, had been discovered on the surface of microplastic
particles in several studies. For example, Rios et al. (2007)
detected PAHs at a concentration of 39-1200 ng/g on plas-
tic debris collected from the North Pacific Gyre, Hawaii,
Guadalupe Island, and Mexico beaches. Teuten et al. (2007)
observed a 10° higher phenanthrene (PAH) concentration
on microplastics compared to the surrounding water con-
centration. Moreover, a survey carried out by International
Pellet Watch (IPW), by collecting microplastic samples from
75 locations in 26 countries, found higher PAHs concentra-
tions on Sao Torpes Beach, Portugal (24,400 ng/g), and the
Forth Estuary in the UK (162,900 ng/g) (Yeo et al. 2017).
Similarly, OCPs are an important group of synthetic chlorin-
ated hydrocarbons mostly used in agriculture and chemical
industries. Dichlorodiphenyltrichloroethane (DDTs) and
related compounds were widely used chemicals in the agri-
culture sectors in the past (currently banned in many coun-
tries). In four coastal sites of Japan, DDTs were detected on
microplastic at varied concentrations, ranging from 0.61 to
3.1 ng/g (Mato et al. 2001). In another study conducted on
OCPs, DDT was found at concentrations ranging from 64.4
to 87.7 ng/g on microplastic particles ingested by seabirds
(Colabuono et al. 2010).

The adsorption mechanism of toxic organic pollutants
on microplastic surfaces is complex, varied for different
chemicals and relatively unexplored process (Verla et al.
2019). Contaminants can adsorb onto microplastic surfaces
via three possible mechanisms: (1) adsorption as hydro-
phobic adsorbents, (2) biofilm-mediated adherence, and
(3) additive materials in plastic resins (Verla et al. 2019).
Due to their hydrophobicity, organic pollutants are reluc-
tant to attach to floating particles (microplastics). On the
other hand, hydrophobic microplastics have a large surface
area-to-volume ratio, which makes them an ideal surface
for chemical adsorption. Also, environmental weathering
of plastic material enhances the capacity of the sorption of
different organic pollutants. It has been reported that aged
microplastic items exhibit a higher capacity for pollutant
accumulation than virgin particles (Fotopoulou and Karapa-
nagioti 2012). This might be due to the fact that environmen-
tal weathering removes their surface topology, i.e., makes
the surface porous, rough, and irregular, which ultimately
increases the surface area. In addition to the physical dis-
ruption, environmental weathering also alters the chemical
properties of the particle surface. For example, Fotopoulou
and Karapanagioti (2012) reported that environmental ero-
sion of polyethylene particles produced a negative charge
on the particle surface in seawater. This phenomenon could

@ Springer

facilitate the adsorption of specific organic pollutants and
other positively charged contaminants. In addition, because
microplastics are produced from different plastic materials,
they will have a distinct chemical composition, which could
also affect the adsorption of organic pollutants. For example,
Rochman et al. (2013) found that low-density polyethylene,
high-density polyethylene, and propylene-derived microplas-
tics adsorbed higher concentrations of PAHs and PCBs than
polyvinyl chloride and polyethylene terephthalate-derived
particles (Fig. 1). This attribution of plastic particles has
been used to quantify the amount of persistent organic pol-
lutants (POPs) in the aquatic environment (Huckins et al.
1993; Lohmann 2012). Particle size also affects the pat-
tern of pollutant adsorption. For example, Ma et al. (2019)
found that small polyvinyl chloride particles had a stronger
adsorption capacity and greater distribution coefficient k, of
triclosan than large particles.

Microplastic provide a distinct microbial niche

Understanding the interactions between microbial communi-
ties and microplastic particles of different origins is gaining
attention. Naturally, in the environments (terrestrial, aquatic,
marine), microorganisms tend to attach and colonize sur-
faces, including both natural and synthetic. The attachment
and colonization of microorganisms, including bacteria,
fungi, viruses, archaea, algae, and protozoans, on surfaces,
is generally known as “biofilm formation.”

From the point of production to final sinking, micro-
plastics undergo inter-/intra-environmental transportation.
During this process and in final settlement, microorgan-
isms are able to colonize the surface of microplastic parti-
cles (Schluter et al. 2015). Biofilm formation is a complex
process, and understanding the mechanism on different
microplastic surfaces is challenging (Rummel et al. 2017),
particularly in the aquatic environment (fresh and marine)
where the chemical and biological heterogeneity changes
with time and place. Once microplastics are released into
the environment, they attract the attachments of organic and
inorganic substances. It has been reported that within sec-
onds of primary exposure to the ambient environment, a thin
coating layer of organic and inorganic substances forms on
virgin microplastic surfaces. This thin coating of organic and
inorganic substances is generally known as the “condition-
ing film” (Loeb and Neihof 1975) and is considered a major
factor in the establishment of a biofilm. The chemical con-
stituency of these conditioning films can direct the type of
colonizing microbial communities (Jones et al. 2007; Taylor
et al. 1997). The distinct physiochemical characteristics of
different microplastic particles can also influence the com-
position of the conditioning film, which in turn could direct
the assembly of microbial communities. Different chemicals
trigger different stimuli, i.e., they might be chemoattracting,
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which would attract microbial communities, or it might be a
chemorepellent, which would repel microbial communities.
However, different microbial communities may respond dif-
ferently to different chemical substances.

The attachment of various chemicals, including nutrients
on microplastic surfaces, provides an additional advantage
to the colonizing microbial communities. For example, it
can provide physical support, can provide a relatively sta-
ble nutrient supply, and provide a stable habitat that could
help microorganisms to resist environmental stresses (Ober-
beckmann et al. 2015; Shen et al. 2019). These properties
of microplastics might facilitate the attachment of biofilm-
forming microbial communities, which could cause eco-
system compartmentalization. The distinct composition of
microbial communities between microplastic particles sur-
faces and the surrounding environment (water, sediment,
soil) has been documented in many reports (Fig. 1). For
example, Ogonowski et al. (2018) demonstrated the impact
of plastic and non-plastic microparticles on the composition
of microbial communities. They also observed that substrate
hydrophobicity was the major factor of variation in commu-
nity structure on different surfaces.

Microplastic microbial communities have a lower diver-
sity and richness compared to natural surfaces (Miao et al.
2019). Microplastics not only affect microbial community
differentiation but also influence the functionality of micro-
bial communities (Miao et al. 2019). Early reports also
suggested that different microbial communities occurred
on different plastic debris, including low-density polyeth-
ylene, polyethylene terephthalate (PET), and polypropylene
(Oberbeckmann et al. 2015). Similarly, the work of Frere
et al. (2018) showed that variation in microbial communities
depended on the type of microplastic particle rather than
the size. Therefore, it has been suggested that microplastics
develop a distinct microbial niche known as the “plasto-
sphere”. This acquisition of distinct microbial phylotypes on
different types of plastic materials could have environmen-
tal and ecological implications. For example, microplastics
could promote the growth and succession of some micro-
bial phylotypes while hindering the development of others,
which might affect the ecological functions of the microbial
communities. As discussed earlier, microplastics provide a
substrate for organic pollutant deposition, which might favor
the colonization of organic pollutants degrading microbial
phylotype (Curren and Leong 2019).

Microplastic as a vector of antibiotic-resistant
and bacterial pathogens

Owing to the low weight and high buoyancy of micro-
plastics, they undergo both inter- and intra-environmental
transportation from the point of production to the ultimate
settling sites. This transportation of microplastic particles

prompts some ecological, environmental, and public health
implications. It has been reported that plastic material might
act as a reservoir for antibiotic and metal resistance genes
in the marine environment (Yang et al. 2019). Zhang et al.
(2020a, b) demonstrated that microplastics not only act as
a reservoir for antibiotic-resistant genes, but also provide a
substrate for the enrichment of multi-antibiotic resistance
bacteria (MRAB) in mariculture systems. A range of anti-
biotic-resistant genes, including tetracycline, penicillin, sul-
fafurazole, and erythromycin-resistant, was detected in the
genome of bacterial strains recovered from some microplas-
tic particles (Zhang et al. 2020a, b). Moreover, microplastics
facilitate the exchange of genetic materials via horizontal
gene transfer among the microbial communities (Arias-
Andres et al. 2018). This phenomenon could aid the spread
of antibiotic-resistant, metal-resistant, and virulence genes
among microbial communities. In addition to the antibiotic-
resistant bacteria, microplastic is also starting to harbor vari-
ous human, aquatic animals, and plant pathogenic bacterial
strains (Virsek et al. 2017; Wingender and Flemming 2011;
Wu et al. 2019; Zhou et al. 2019). Wu et al. (2019) observed
that Pseudomonas monteilii and Pseudomonas mendocina,
which are opportunistic human pathogens, were selectively
enriched on microplastic surfaces rather than on natural sur-
faces. Similarly, the plant pathogen, Pseudomonas syrin-
gae, also tends to accumulate and enrich on the microplastic
surfaces. Moreover, Vibrio, which is a ubiquitous, ecologi-
cally and metabolically active marine animal and plankton-
associated bacterial group, has been detected on a variety
of microplastic surfaces (Foulon et al. 2016; Schmidt et al.
2014; Zettler et al. 2013). Vibrio, being a diverse bacterial
group, encompasses several human and animal pathogens,
including Vibrio cholerae, Vibrio coralliilyticus, Vibrio har-
veyi, Vibrio splendidus, Vibrio parahaemolyticus, Vibrio
alginolyticus, and Vibrio fluvialis. Most of these pathogenic
Vibrio species have been detected on microplastic particles,
indicating that microplastics can provide a habitat for the
colonization and enrichment of Vibrio species (Foulon et al.
2016; Kirstein et al. 2016; Zettler et al. 2013). In addition,
fish pathogens, such as Aeromonas salmonicida, were found
on microplastics collected from north Adriatic seawater
(Virsek et al. 2017).

Microplastics possess many of the properties (enrich-
ing antibiotic resistance, colonizing pathogens, and ena-
bling their transportation) that might cause severe public
health, ecological, and commercial problems. For example,
the ingestion of pathogen-loaded microplastic particles
could lead to infections in fresh and marine water organ-
isms. By consuming raw, ready to eat, and uncooked food,
it could also cause infections in the human population.
Vibrio species, which preferentially colonize microplastics,
were the causative agents of several seafood-borne out-
breaks (Elmahdi et al. 2016; Tran et al. 2013). Microplastic
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particles could also be a vector of infection spread in aqua-
culture, such as shrimp aquaculture, which could cause
severe economic losses.

Microplastic particles are a proven hot spot for the acqui-
sition of antibiotics, enriching antibiotic-resistant bacterial
strains, and for the colonization of pathogens. These prop-
erties of microplastics can accelerate infection in aquacul-
ture and mariculture farms by promoting the diffusion of
pathogens. Due to their buoyancy and mobility, microplas-
tics might promote the translocation of pathogens from one
environment to another. For example, Goldstein et al. (2014)
observed several coral pathogens on plastic debris recovered
from the eastern and western Pacific. Furthermore, a follicu-
linid ciliate (Halofolliculina spp.), which is a coral pathogen
causing skeletal eroding band (SED) (Rodriguez et al. 2008),
was originally discovered and thought to be limited to Indian
and South Pacific Ocean, but was later found in Caribbean
(Créquer et al. 2006) and Hawaiian corals (Palmer and Gates
2010). The actual mechanism of spread of SED is unknown;
however, from the frequent recovery of the pathogens on
the plastic debris, it has been speculated that plastic materi-
als could facilitate the spread (Dameron et al. 2007; Pham
et al. 2012). Hence, microplastics can facilitate the invasion
of a new habitat by a pathogen, where they can proliferate
and can harm local community structure, impair water qual-
ity, and also threaten human health (Kirkpatrick et al. 2004;
Kirstein et al. 2016; Shen et al. 2019; Zettler et al. 2013).

Conclusion and future perspectives

Interest has been growing in understanding and assessing
the environmental, ecological, and health (human and other
animals) consequences of microplastic pollution. Microplas-
tic comes from diverse sources and enters the environment,
including terrestrial, freshwater, and marine water, via dif-
ferent routes. Due to their extremely long environmental
persistence, microplastic can survive in the environment for
decades, even for centuries. The ease of transportation and
the attachment of environmental and public health concern-
ing pollutants, including PAHs and PCBs, could have seri-
ous implications. Moreover, the enrichment of antibiotic-
resistant bacteria and wildlife pathogenic bacteria is the
most critical aspect of microplastic pollution. Keeping in
view the adverse impacts, more research and understand-
ing is required to comprehensively address all the possible
hazardous threats prompted by microplastic pollution. The
following studies should be conducted in the future:

1. Currently, different names, such as microplastic, meso-

plastic, nanoplastic, and microparticles, have been used
for plastic particles. It is important to devise a standard
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classification system for the nomenclature of microplas-
tic particles.

2. The effect of the chemical composition of the condition-
ing film on the attachment of subsequent microbial com-
munities and their functions are also important aspects
to be investigated.

3. More research is needed to explore the phenomenon of
gene exchange at the genomic and transcriptomic levels
to identify the key microbial phylotypes involved in this
exchange.

4. Research is needed to explore the mechanisms of
enhanced antibiotic-resistance development on micro-
plastics. It will be important to include the intrinsic
properties of the microplastic particles, or to determine
whether the accumulation is due to the various sub-
stances and other organic and inorganic contaminants
on the microplastics. This is because many reports have
documented that heavy metals, PAHs, and PCBs play a
significant role in antibiotic-resistance development.

5. The colonization and transport of pathogens (humans,
other animals, and plants) by microplastic should be fur-
ther explored. More research is also needed to determine
the potential role of microplastic in pathogen transporta-
tion and disease outbreaks.
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