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Abstract

The extensive use of plastics has led to the widespread presence of a new type of pollutant called “microplastics (MPs)” in
aquatic environments. MPs have large specific surface areas and strong hydrophobicity. In particular, MPs provide a new
ecological niche for microorganisms in aquatic environments, which attach to and subsequently form biofilms on micro-
plastic (MP) surfaces. This paper reviews the factors affecting biofilm growth on MP surfaces and the effect of biofilms on
the adsorption of other environmental pollutants onto MPs as well as difference analysis. Biofilm formation is influenced
by many factors related to the environment, MPs (e.g., type, particle size, and additives), and properties of microorganisms;
environmental factors play an especially important role. Crucially, biofilms change the density of MPs and hydrophobicity of
the surface of MPs and can attach new functional groups, charged sites, and other additives to MP surfaces. Primarily owing to
this, biofilms affect the adsorption of environmental pollutants such as heavy metals, POPs, and pathogenic microorganisms.
Notably, such adsorption is affected by MP particle size and additives. In particular, biofilms have a considerable effect on
the interactions between MPs and pollutants. Further, this article suggests directions for revealing the influence of biofilms
on pollutant adsorption to MPs. This review provides a reference for studying the formation of biofilms on MPs surfaces in
aquatic environments and the effect of biofilms on contaminant adsorption onto MPs.
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Introduction

Microplastics (MPs) are plastics smaller than 5 mm in size
[1]. The term “MPs” was introduced in 2004 by Thompson
et al. in an article published at Plymouth University, UK
[2]. MPs can be classified into two categories with differ-
ent formation processes. Primary MPs are directly released
into the environment at microscopic sizes [3], whereas
secondary MPs are derived from the physical, chemical,
and biological breakdown of large pieces of plastics in
the ocean and on land. Breakdown processes destroy the
integrity of plastic items and fragment them into plastic
debris [3]. Since their invention, plastics have been exten-
sively produced and utilized due to their excellent prop-
erties [4]. The global production of plastics is expected
to increase to 390.7 million tons by 2021 [5]. By 2030,
approximately 90 million tons of plastic waste is expected
to enter the aquatic environment annually [6], resulting in
a large amount of environmental MPs. The widespread
and persistent presence of MPs compromises the health
of plants, animals, and humans [7, 8, 120].

In addition to affecting animals and plants, MPs are car-
riers of other pollutants in the environment [8]. Because
they are strongly hydrophobic, they interact with organic
pollutants primarily through sorption—desorption behav-
iors [9]. As MPs migrate in the environment, they col-
lect pollutants such as heavy metals, POPs (Persistent
Organic Pollutants), and pathogenic microorganisms,
which migrate with the MPs [10]. The large surface area
of MPs facilitates the adhesion of various microorganisms
such as bacteria, fungi, and algae [11] (Table 1). These
microorganisms quickly colonize the surfaces of MPs in
aquatic environments, forming biofilms [12]. Microbial
colonization and biofilm formation are promoted by the
hydrophobic characteristics of MPs [13]. Biofilm forma-
tion is a dynamic process that alters the surface roughness,
density, and functional groups of MPs [14]. Driven by
physical forces (e.g., Van der Waals forces), microorgan-
isms move to the surface of MPs [31, 32]. Subsequently,
they adhere to the surface of MPs by secreting substances
such as extracellular polymeric substances (EPS), and
through continuous proliferation and development, they
form biofilms attached to the surface of MPs [32, 33]. The
functional groups in biofilms influence the adsorption and
release of contaminants to/from MPs, thereby changing the
role of MPs as contaminant carriers [15].

Biofilm formation enhances the sorption of harmful
pollutants on MPs [16]. For instance, Wang et al. [78]
demonstrated higher adsorption rates of metal ions on bio-
film-covered polystyrene (PS) than on bare PS. He et al.
[16] cultured biofilms on the surfaces of polyvinyl chloride
(PVC), polyamide (PA), and high-density polyethylene
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(HDPE) MPs and investigated their adsorption capaci-
ties to norfloxacin (NOR). The biofilms on the three MPs
improved NOR adsorption by varying degrees. However,
biofilms do not always enhance the sorption of contami-
nants into MPs. In field-exposure experiments, Zhang
et al. [17] found that biofilms on three MPs unequally con-
tributed to the sorption of nine emerging contaminants. In
fact, the sorption of most compounds was inhibited by the
biofilm. Therefore, the role of biofilms in the sorption of
contaminants into MPs is not absolute. Zhang et al. [17]
suggested that although biofilm influences the adsorption
of contaminants by MPs, the amount of material adsorbed
depends on the nature of the contaminant itself. Although
MPs have been extensively researched, the effects of
microplastic surfaces on biofilm production and the effects
of biofilms on contaminant adsorption to microplastic
(MP) surfaces have not been comprehensively reviewed.
This paper aims to address the following three aspects:
(1) the underlying mechanisms and influencing factors of
biofilm production on microplastic surfaces; (2) the influ-
ence of biofilms on pollutant adsorption to MPs; and (3)
difference analysis and future direction suggestions.

Data source

This review is based on the literature selected from the Else-
vier and Web of Science databases. We separately and pre-
cisely searched for relevant phrases such as MPs, biofilm,
and pollutant adsorption. Under the search topic “MPs,”
12,643 and 18,334 articles were retrieved by Web of Science
and Elsevier, respectively, as of June 2023. After adding
the search topic “biofilm,” the literature volume decreased
to 440 and 3025 articles from Web of Science and Else-
vier, respectively. Finally, after adding the search keyword
“pollutant adsorption,” 30 and 1359 articles were retrieved
from Web of Science and Elsevier, respectively. The filtered
literature was related to the growth of MPs and biofilms
on the surfaces of MPs in the aquatic environment, along
with pollutant adsorption. Among the search results, we
selected 355 suitable articles for our records. After screen-
ing the abstracts and contents, 162 articles were selected
for review. This review comprehensively summarizes the
generation of biofilms on microplastic surfaces, identifies
the factors influencing biofilm generation, and categorically
outlines the effects of biofilms on pollutant adsorption onto
MPs. During the writing process, we thoroughly read the
selected articles and ultimately selected 45 articles as the
data sources in Tables 1, 2 and 3.
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Table 1 Biofilm community species on microplastics

Sample Type of plastic Microplastic Grain size Type of microor- ~ Gene sequencing  References
shapes ganism
Haikou Bay, China, BP-PBAT/PVC Pellets 3-5 mm Protein bacteria 16S rRNA [34]
seawater Scleromycetes
Bacteroides
Protolactobacillus
Actinomycetes
Xuanwu Lake, PE/PP Pellets 3-4 mm Pirellulaceae, 16S rRNA [124]
China Phycisphaerales
Cyclobacte-
riaceae, Roseo-
coccus
Wenchang City, PE/PS/PLA Pellets 1 mm Vibrio Entero- 16S rRNA [54]
China, Pond bacteriaceae
Tenacibaculum
Warnow river, PE/PS Cylindrical gran- 1 mm Pinnate cyanobac- NA [85]
Heiligendamm ules teria
coastal Germany Streptocyanobac-
teria
Unicellular ring
and rod bacteria
Franklin Lakes, LDPE/PP Debris 4.5 mm Acinetobacter NA [51]
USA acetate
Burkholderia
cepacia
Colibacillus
Haihe, PVC/PP/PE/PU Transparent sheets 50 mmXx50 mmXx1 mm NA 16S rRNA [40]
Bohai Bay PS white foam
Fresh water,sea
water,freshwater,
seawater, China
Almirante Bay, PVC/PP/PETE Rectangular 1.5-5 mm Bacteroidetes 16S and 18S rRNA [53]
Panama, PS/HDPE/LDPE  pieces Cyanobacteria
seawater Red algae
Methanogaster
Diatom
Green algae Brown
algae
Haihe River, China PVC Pellets 3 mm NA 16S rRNA [72]
Bay of Bengal, PC/HDPE/LDPE/  Sheets 1.5 mm NA NA [63]
seawater PP
Coral culture areas/ PVC/PP/LDPE/PS Pellets 3-5 mm Vibrionaceae 16S rRNA [49]
wild coral areas ~ PET/PA/ABS/PC/ Erythrobacte-
EPS riaceae
Flavobacteriaceae
Trichogrammatidae
Sphingomona-
daceae
Pond/Artificial PET NA NA phyla Proteobac- 16S rRNA [134]
streams, USA teria
Bacteroidetes
Firmicutes
North Seain Bel- PE Transparent sheets/ 0.22 pm Cladosporium 16S rRNA [41]
gian, fibers cladosporioides
seawater Fusarium redolens

Mortierella alpine
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Table 1 (continued)

Sample Type of plastic Microplastic Grain size Type of microor-  Gene sequencing  References
shapes ganism

Truppach, northern PP/PE/PS/PVC Pellets 3 mm Burkholderiales 16S and 18S rRNA [135]

Bavaria, Ger- Sphingomon-

many, adales
freshwater Rhizobiales, Flavo-

bacteriales...
PP/PE/PS/PTFE Pellets 3.2/2.96 mm Pseudomonas NA [136]
aeruginosa

Adyar estuary, PE/PP/PS/PLA NA 5 mm Coliforms NA [137]

India, surface

water
NA not available
Table 2 Adsorption of heavy metals to microplastics
Type of plastic Grain size Heavy-metal types Adsorption iso-  Kinetic model References

therm model
PS 50 pm Cu /Pb Freundlich The pseudo-second-order [89]
PE 5 mm Cu NA NA [81]
HDPE/PP 100 pm Al/Si/Cs/Sr NA NA [100]
HDPE/LDPE 3 mm Al/Cr/Mn/Fe/Co/Ni/Zn/Pb/Cd NA The-first-order kinetics [99]
PVC/PP/PET
PS 2 mm Co/Ni/Cu/Zn/Cd/Ag Langmuir NA [18]
PLA/LDPE 3x5 mm%4 mm 18 metals Langmuir NA [138]
PMMA 3 mm Ag nanoparticles Freundlich The pseudo-second-order [139]
PE 4 mm Al/Ct/Mn/Fe/Co/Zn/Pb/Cd/Cu/ NA NA [102]
Ag/Mo/Sb/Sn/U
CPE/PVC 280 pm Cu/Cd/Pb Freundlich NA [101]
LDPE/HDPE
PP/HDPE/PE NA Al/Cr/Mn/Zn/Cu NA NA [140]
/Sn/Fe/Ti

PEI NA Pb/Cu/Cd Langmuir The pseudo-second-order [141]
HDPE 90-106 um Cs/Sr NA NA [142]
PE 177-250 pm Cr NA NA [143]
PET/PP/PVC/PE 5%5 mm® Ba/Zn/Cr NA NA [144]
PBT Cd Langmuir The pseudo-second-order [145]

NA not available

Mechanism of biofilm formation on MP
surfaces

MPs serve as a substrate for microbial colonization
(here, “substrate” is a substance that can be
colonized by microorganisms)

Biofilms are dynamic systems of multiple microorganisms
commonly found in freshwater environments [18]. They
comprise microorganisms and their associated extracel-
lular products and can attach to both biological and non-
biological surfaces [19]. Although MPs are abiotic, they
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easily become colonized by biofilms after entering the
water column [20].

In the aquatic environment, MPs are a unique habitat for
microorganisms [21, 22]. MPs enter the water environment
and provide a specific ecological niche for the colonization
of microorganisms, which is conducive to the aggregation
and attachment of various microorganisms [23, 54, 122,
124]. This new niche (sometimes called a “plastic sphere”)
is a diverse microbial community including heterotrophs
and autotrophs [23, 93, 123]. Moreover, MPs can transport
microorganisms and provide carbon for microbial growth
and reproduction, which (at least partially) explains why
biofilms readily develop on microplastic surfaces [19,
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Table 3 Adsorption of persistent organic pollutants to microplastics

Type of plastic ~ Grain size Type of pollutant Adsorption isotherm Kinetic model References
model
PE/PET/PS/ 2.5-3 mm PCBs NA NA [80]
PVC/PP
PP/PE/PA/PES 2-3 mm PFOs Langmuir PEO/PSO, Elovich [111]
PE 60—150 pm TC Freundlich Film diffusion Intraparti- [132]
cle diffusion
HDPE/PVC <53 pm PCBs/PBDEs/ Freundlich NA [119]
53-300 um 300-1000 pum a-HBCDD/OPERs
PE 0.22 mm PAHs/PCBs NA NA [109]
PE/PS 10-180 um/70 nm PCBs NA NA [146]
PE/PS/PVC 150pum150 um/250 pm/230 um  PFOs/FOSA Linear NA [147]
PE/PS/PPO <0.15 mm Phenanthrene/ naphtha-  Freundlich NA [148]
lene/lindane/1-naphthol
PA/PE/PVC/PS <250 um N-hexane/Cyclohexane  Freundlich/linear/Lang-  NA [149]
Benzene/Toluene muir
Chlorobenzene
Ethyl benzoate Naph-
thalene
PS 0.45-1 mm Oxytetracycline Freundlich/linear/Lang-  Film diffusion intraparti- [150]
muir cle diffusion
PBT NA TC Sips Elovich [145]
PE 116 pm AMP NA NA [151]
PE 0.71-0.85 mm Imidacloprid Buprofezin ~ Freundlich The pseudo-first-order [152]
Difenoconazole
PS/PVC 7575 pm CIP Freundlich The pseudo-first-order [153]
LDPE/PP/PET 2-4 mm PAHs/PCBs/OC NA NA [154]

NA not available

121] (Fig. 1). Bradney et al. [24] concluded that polymers
secreted by MPs release organic carbon into the environ-
ment, enhancing the activity of biofilm microorganisms.
Biofilm formation strongly depends on the hydrophobicity,
structure, and roughness of the substrate [25]. Rummel

O=eanis Biofilm
carbon
[ ] [ ]
° ° o * . ° .
[ ] . . )
. .. s Microbial \rﬁﬁ' o) §(
Hydrophobic p adhesion Q= &?
surface of Microplastic - %“IO la %
microplastics %
Fig. 1 Mechanism of biofilm formation

et al. [14] suggested that microorganisms attach more
rapidly to MPs and other hydrophobic materials than to
hydrophilic materials. Ke and Wigglesworth-Cooksey [26]
also concluded that hydrophobic surfaces are more easily
colonized by microbes than hydrophilic surfaces.
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Process of biofilm formation

Biofilm formation on MP surfaces is a dynamic process.
The high hydrophobicity of the surface of MPs and their
large specific surface areas provide good conditions for the
attachment of microorganisms. Biofilm formation generally
involves a succession of microbial adhesion, extracellular
polymer secretion, and microbial proliferation [11]. One
study [30] concluded that the entire process of biofilm for-
mation on MP surfaces can be divided into (1) adhesion of
microorganisms, (2) proliferation of microorganisms, and (3)
partial microbial shedding. The specific formation process
is described below and shown in Fig. 2.

e Adhesion can be reversible or irreversible. Reversibly
adhered microbial cells move or are transported to the
MP surface through physical forces such as Brown-
ian motion and van der Waals forces [31]. During the
reversible adhesion phase, the cells sense and adsorb
on the surface through various extracellular organelles
and proteins [32]. Irreversibly adhered cells secrete EPS
(e.g., DNA, proteins, lipids, and lipopolysaccharides) and
extend organelles such as flagella that allow the cells to
penetrate the energy barrier. The microorganisms then
bind tightly to the surface, facilitating cell cohesion [32,
33].

e During the microbial proliferation stage, the adsorbed
microorganisms begin replicating and growing. Over
time, the microorganisms establish a community and
eventually evolve into a biofilm. The cells are protected
from the external environment by secreted extracellular
polymers [30].

e The shedding process follows biofilm formation. During
this stage, certain biofilm cells regain a transient state of
motility and detach from the biofilm [34]. The shed cells
can reattach to other surfaces, forming new niches in the
environment. This step facilitates cell proliferation and
self-protection [32].

Adhesion
processes
EPS
Organelle

e

Brownian motio:

Van der Waals
Microplastic surface

Fig. 2 Specific process of biofilm formation
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Proliferation of
microorganisms

Microplastic surface

As exposure continues, increasing numbers of micro-
organisms will attach, colonize, and accumulate on the
MP surface [11]. Biofilm formation is rapid and changes
the properties and future fate of MPs [35]. The unique
structure of a biofilm affects the physical and chemical
properties of MPs [30]. Biofilms tend to change the micro-
scopic morphology of the colonized MPs, decreasing its
hydrophobicity of the surface of MPs and increasing its
density [11, 36]. Living biofilms can regulate the interac-
tion between MPs and their surroundings [37]. They can
also change the chemical properties and capability of pol-
lutant adsorption on the MPs [30, 38].

Factors affecting microbial colonization on MP
surfaces

Microbial colonization of MP surfaces in aquatic envi-
ronments is a very complex process. The composition
and richness of the microbial community change with
time in the environment [39]. For example, Li et al. [40]
found that the MPs exposed to the natural environment for
2 weeks contained mainly Bacteroides and Pseudomonas.
However, after 4 weeks, the abundance of Vibrio bacteria
was increased, and after 6 weeks, the number of various
autotrophic bacteria was also increased. Using a 44-week
MP incubation experiment, De Tender et al. [41] found
that the characteristics of the fungal community varied
greatly and no core group of fungal organisms was identi-
fied, indicating that the fungal community changed over
time. In addition to time, the microbial colonization pro-
cess also involves many other influencing factors, includ-
ing environmental conditions, MP factors, and microor-
ganisms properties [42]. This subsection discusses the
influencing factors in two parts: 1) environmental factors
and 2) MPs and microorganism factors.

Microbial
shedding

Microplastic surface
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Environmental factors

Biofilm formation is affected by water environmental con-
ditions. Factors such as geographic location, nutrient vari-
ations in the water column, salinity, and pH of the water
column, water flow rate, and seasonal variations can affect
microbial colonization. Xu et al. [43] found that the micro-
bial-species richness on MP surfaces differs between the
Yellow Sea and the South China Sea. Specifically, the num-
ber of operational taxonomic units was lower in the South
China Sea samples than in the Yellow Sea samples. The pre-
dominant groups in the Yellow Sea samples were Glaciecola
(0.41%-31.41%), Colvaria (0.93%—30.67%), Moraxellaceae
(0.04%-24.32%), Erythrobacteraceae (0.28%-36.08%), and
Rhodobacteraceae (1.92%—-28.05%). However, Pseudoalte-
romonas (0.04%—-24.32%) and Bizionia (0.11%-43.90%)
were the dominant microorganisms in the South China Sea
samples. Nutrients such as carbon, nitrogen, and phosphorus
also affect biofilm development because they are required for
biofilm maturation. Li et al. [40] found that nitrogen, phos-
phorous, and salinity mainly affect the average growth rate
of biofilms. Nitrogen and phosphorus were positively corre-
lated with the average biofilm growth rate, whereas salinity
was negatively correlated. They observed a 41% decrease
in the surface biomass of MPs from the upper part of the
Haihe estuary (salinity: 11.12%) to sites close to the Bohai
estuary (salinity: 30.02%); the average biofilm growth rate
in the Haihe estuary (total nitrogen (TN)=3.21 mg/L; total
phosphorus (TP)=0.30 mg/L) was 1.76 that in the Bohai
estuary (TN=0.31 mg/L; TP=0.06 mg/L). These values
showed that biofilm growth was affected by both freshwater
and seawater. The pH value changes also affect bacterial
growth. Bacterial cells adapt to external pH changes through
the proton motility force, but drastic pH changes can destroy
this mechanism and induce cell death [44]. Meanwhile,
hydrodynamic conditions affect microbial colonization. Bio-
film structures differ in different fluid states [44]. In laminar
flows, the biofilm is patchy and comprises round cells; in
turbulent flows, it comprises wavy and elongated cells [45].
The flow rate affects the density of the biofilm coverage
on MP surfaces [46]. The large force at higher shear rates
reduces the strength of bacterial attachment [31]. Biofilm
formation also responds to seasonal changes. Chen et al. [47]
studied the state of biofilm coverage on PP in four seasons
and found that biofilm coverage was dense and dark green in
summer. In winter, the coverage was less dense and brown.
Oberbeckmann et al. [48] conducted exposure experiments
on polyethylene terephthalate (PET). They found that PET
harbors more diverse microbial communities in summer
than in winter. The Shannon index (microbial-community
diversity index) for the PET biofilm was the highest in sum-
mer (2.38 +£0.34) and the lowest in winter (1.79 +£0.43). One
plausible explanation is the higher temperatures in summer

than in other seasons, which increase the reaction rates of
microbial enzymes and hasten the metabolic development
of cells [44, 47].

MPs and microbial factors

The colonization of MP surfaces by microorganisms pro-
foundly depends on the nature of the MPs and the unique
structural characteristics of the colonizing microorganisms
[49, 50]. First, the type of MPs affects the abundance of the
biofilm community. Hossain et al. [51] found that bacteria in
freshwater environments colonize different MPs differently.
For instance, bacterial abundance is highest on low-density
polyethylene (LDPE) and lowest on polypropylene (PP)
[51]. Meanwhile, microbes are tightly bound to PP surfaces
and dispersed on polyethylene (PE) surfaces [52]. However,
some researchers have found that the MP type is not a major
affecter of biofilm formation. For example, Dudek et al. [53]
found that the formation of bacterial community in biofilms
on MPs is more strongly related to the time of exposure
to the environment than to the MP type. Visualization of
bacterial rRNA gene sequences via Principal co-ordinates
analysis (PCoA) revealed that the prokaryotes deviated
from the community with time in the environment, rather
than because of the type of polymer. In addition, Deng et al.
[54] performed exposure experiments and found that the
number of operational taxonomic units (OTUs) of PS was
not noticeably different from that of PE and polylactic acid
(PLA) at the same exposure time. Therefore, we speculate
that the type of MPs is not the main factor influencing bio-
film formation.

In general, the different particle sizes of MPs may also
affect the biofilm on the surface of MPs. Li et al. [55] per-
formed high-throughput sequencing of biofilms on PE sur-
faces with three particle sizes (10, 40 and 120 um). After
28 days of experimentation, it was found that the Chao 1
index (the Chaol index was used to represent community
richness) of biofilms on the surface of microplastics with
three particle sizes differed. Compared to 10 pm (Chao 1
index of about 2700), microplastic surface biofilms with a
particle size of 120 pm (Chao 1 index of about 2500) have
a lower community richness of biofilms. This reduction is
attributed to the fact that the larger particle sizes of MPs
cause more effective shading, resulting in a decrease in com-
munity abundance. Gong et al. [56] found that MPs with
different particle sizes had surface biofilms with different
microbial-community compositions. For example, the pro-
portion of phylum cyanobacteria in the surface biofilm of
MPs was 69.54% for MPs with a particle size of 0.065 pm
and 52.18% for those with a particle size of 5 pm, while the
proportions of Proteobacteria in these MPs were 15.13%
and 23.11%, respectively. Yao et al. [57] suggested that
larger MPs lead to a more incompact biofilm on the surface,
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which may be detrimental to the maintenance of biomass in
the biofilm.

Additives are added to MPs to ensure their properties
[58]. However, the presence of additives may affect the
microbial growth on the surfaces of MPs. Additives can be
better utilized by microorganisms to promote the microbial
colonization of MP surfaces [59]. For example, plasticizers,
an additive used with MPs, can be metabolized by microor-
ganisms during biofilm production and may play an impor-
tant role in microbial colonization [58, 60]—this result is
consistent with the findings of Chen et al. [61]. Meanwhile,
the addition of antioxidants and UV stabilizers may play an
important role in altering the physicochemical properties of
MPs during aging, which indirectly affects microbial colo-
nization in biofilms [61].

Microbial colonization is also related to the properties of
MPs [62]. In a monitoring study of biofilms on four different
MPs [63], polyolefins yielded the highest total suspended
solids and organic matter content owing to their low surface
energy. Xie et al. [64] performed exposure experiments on
nine MPs. They reported that the dominant bacteria on the
surfaces of four MPs were associated with specific groups
on the MP molecules [64]. For example, carbonyl-containing
MPs are dominated by Erythrobacter, which uses carbonyl
compounds as the sole carbon source [64]. Sooriyakumar
et al. [65] concluded that surface roughness affects the type
of microorganisms colonizing the plastic surface. Second,
bacterial adhesion and growth may be related to the elec-
trical charge carried on the MP surface [66]. Bacteria are
negatively charged and adhere fastest to positively charged
surfaces [66]. Because PE and PS are negatively charged,
they are less favorable for bacterial adhesion than other MPs
[30]. Gottenbos et al. [66] found that the bacteria that were
cultured in their study adhered to positively charged poly
(methacrylate) surfaces the fastest. The original PP was neu-
tral [67]. Hossain et al. [51] performed an 8-week MP bio-
film culture experiment and demonstrated that the bacterial
richness in PP was low, which may be related to the neutral
surface of PP.

Whether biofilms will form also depends on the proper-
ties of the microorganisms. The rate and extent of adhe-
sion depend on the cell hydrophobicity and on cell surface
structures such as flagella, mycorrhizal hairs, and EPS [68].
Strains without flagella are weakly adhered and their biofilm
formation is slow [30]. Some bacteria co-aggregate in the
aquatic environment. Such co-aggregation is an important
physiological feature of bacteria in biofilms, as it inhibits
the successful integration of noncoaggregating bacteria into
the biofilm [69]. Some autotrophic microorganisms, such
as cyanobacteria and phototrophic microorganisms, adapt
by releasing organic substance that enhance their metabolic
activity and thereby promote biofilm development [70]. In
addition, communities in biofilms may compete for similar
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nutrients [70]. As described by Rendueles and Ghigo [71]
and others, a particular strain that adheres, colonizes, and
develops into a biofilm can inhibit similar behavior in other
strains.

Other factors affecting microbial colonization
and difference discussion

Biofilms can occur on various substrates but the composition
of microbial communities may vary on different substrates.
Wu et al. [72] performed incubation experiments to compare
the biofilms grown on the surface of MPs with those on
natural substrates (e.g., rocks and leaves) and showed that
the biofilms on MPs have a unique microbial-community
structure compared to those on rocks and leaves. Compared
to the proportions of Chlorobi, Acidobacteria, Gemmati-
monadetes, Actinobacteria, Planctomycetes, and Hydroge-
nidentes in rocks (2.48%, 0.2%, 0.33%, 0.23%, 0%, and 0%,
respectively) and leaves (0.2%, 0%, 0%, 0.03%, 0%, and 0%,
respectively), the proportions were higher in MPs (3.3%,
1.3%, 0.93%, 0.58%, 0.1%, and 0.1%, respectively). McCor-
mic et al. [21] found that the community of the biofilms
on MP surfaces in rivers differs from that of the biofilms
in water columns or suspended organic matter, that there
are clear differences in the taxonomic composition of these
biofilms, and that pathogens and other groups are more
abundant on MPs. Oberbeckmann et al. [48] compared the
microbial communities of biofilms on different substrates
and found a difference of at least 57% between those grow-
ing on PET and those on glass. A comparison of biofilms
on plastic and other artificial substrates found that the sur-
faces of hydrophilic stainless steel and hydrophobic PVC
had almost similar bacterial richness [73]. In conclusion,
MPs, as a new artificial substrate, can be easily colonized by
microorganisms to form biofilms on the surface and have a
unique community structure different from that of the bio-
films formed on the surface of other materials [14].
Biofilms occur on various natural and artificial sub-
strates. Although biofilm formation differs on differ-
ent substrates, the determinants of growth and develop-
ment are similar on all substrates (Fig. 3). However, as
pointed out in some studies, colonization by microorgan-
isms depends less on the MP surface than on the nutri-
ents required for biofilm development, the salinity and
temperature of the environment, and other factors [37].
For example, Bellou et al. [74] found differences among
deep-sea biofilm communities on different MP types at the
same depth. This difference appears to widen when the
exposure depths differ. In addition, the MP age influences
biofilm formation and may be more important than MPs.
For example, Hong et al. found no significant difference
in the settlement of Hidradenia larvae on MPs of different
types aged to a similar degree, also demonstrating that
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MPs with different degrees of aging exhibited a greater
effect on the formation of bacterial community structures
in biofilms [75]. The aging of MPs is related to the envi-
ronment, emphasizing that environmental factors can more
likely explain the formation of biofilms under different
growth conditions than many other influencing factors.

In addition, we found that the results of studies on the
influence of environmental factors on biofilm formation are
not always consistent. For example, regarding the flow rate,
Katsikogianni et al. [31] proposed that a high rate would
reduce the number of bacteria on the plastic surface. In con-
trast, Lehtola et al. [76] found that the total bacterial count in
the same PE tube increased to 0.8 L/min, which was on aver-
age 15 times higher than the total bacterial count detected
at 0.2 L/min. This is because the increased flow provides
more nutrients to the microorganisms in the tube, leading
to increased nutrient consumption and a greater number of
bacteria. Moreover, pH has a regulatory effect on the growth
of biofilms [41]. However, Miao et al. [77] reported that
the biofilm biomass on the PP was significantly correlated
with the physicochemical properties of the sampling point,
particularly the levels of TN, nitrate nitrogen (NO;™ —N),
ammonia nitrogen (NH,* —N), TP, and suspended solids
(SS) (r>0.9). In contrast, pH exhibited negligible (r=0.356)
or no correlation with the biofilm biomass. Therefore, future
studies of the factors affecting microbial colonization should
focus on environmental factors.

MPs are a new type of pollutant. Microorganisms
form a biofilm on the surface of MPs through a series of
adhesion and reproduction processes. The environment,
MPs (i.e., type, particle size, presence of additives, and
surface groups on MPs), and microorganisms have vary-
ing degrees of influence on the surface biofilms of MPs.
Importantly, environmental factors play a more important
role in biofilm formation than MPs and microorganisms.
Because of the complexity of natural environmental condi-
tions, the influence of environmental conditions on biofilm
formation is inconsistent and large owing to a variety of
uncontrollable factors. Future research must be devoted to
more in-depth studies analyzing the effects of environmen-
tal changes on biofilm formation.

Biofilms affect the properties of MPs

MPs in water environments have become new habitats for
microbial life [78]. The biofilm generated by microorgan-
isms colonising the surface of microplastics can change
some of the physicochemical properties of MPs, including
crystallinity, surface hydrophobicity, surface functional
groups, etc. [27, 36].
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Physical changes in MPs

Biofilm formation is influenced by the nature of MPs, but
biofilms themselves can alter the properties of MPs. When
microorganisms attach to PE, they roughen its surface
compared to that of the original MPs [67]. As the involved
biofilm accumulates, MPs undergo several changes:
decrease in tensile strength [79] and reduction in surface
hydrophobicity of the surface of MPs with concomitant
increase in surface hydrophilicity [36]. McGivney et al.
[79] experimentally found that the stiffness of PP was
reduced by the involved biofilm to an average of 35 N/mm
owing to bacterial exposure. Lobelle et al. [36] found that
the drop depth of the PE with a biofilm attached increased
from 25 to ~40 mm and that the plastic was initially very
hydrophobic and remains at the air-sea interface, but
begins to sink below the surface after the third week. For
example, Kaiser et al. [85] found that PS to which biofilms
are attached exhibited varying increases in sinking veloc-
ity. This was demonstrated by increases of 16% and 81% in
the sinking rate of PS in estuarine and seawater conditions,
respectively, after 6 weeks of biofilm incubation. The par-
ticle size and density of MPs are considered as the main
controllers of the sinking rate [86]. Biofilm formation
increases the size and density of plastic particles, causing
the settling of MPs [35, 87]. Chen et al. [47] experimen-
tally found that biofilm development is a possible major
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cause of the sinking of floating MPs during the warm
summer months. The development of biofilms led to an
increase in the density of MPs from 910 to ~ 1000 mg/cm?
in 30 days. Morét-Ferguson et al. [27] found that the pres-
ence of biofilms led to an increase in the density of MPs to
0.97-1.04 g/mL, a range of densities not normally found
in virgin plastics. Through a 44-d microbial colonization
experiment in three freshwater systems, Miao et al. [77]
found that the density of biofilm-attached PET and PVC
increased up to 1.81 and 1.62 g/cm?, respectively, and the
sinking rate increased by 47.6% and 5.04%, respectively,
compared to that of pristine PET (1.38 g/cm?®) and PVC
(1.4 g/cm®). The results suggest that biofilm attachment
affects MP density and thus its sinking behavior. Rozman
et al. [78] conducted a 12-week biofilm incubation exper-
iment under controlled laboratory conditions and found
that the average particle size of the biofilm-covered PE
increased from 149 +75 to 165+ 106 pm, and the den-
sity also increased by 8% compared with the original PE.
However, this density was still lesser than that of water;
therefore, most of the MPs biofilm continued to float on
the water surface. These biofilm effects can alter the hori-
zontal and vertical transport of MPs [28, 29, 87, 155]. This
behavior of aggregated microorganisms on MP surfaces
might explain why MPs are removed from the surface of
water columns and are sometimes found in sediment [28,
88] (Fig. 4).
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Chemical changes in MPs

In addition to altering the physical properties (i.e., density
and surface roughness) biofilms change certain chemical
properties of MPs. Changes and increases in the functional
groups of MPs are closely linked to biofilm formation [54].
One study found that MPs with attached biofilms display
more peaks in their Fourier transform infrared spectra than
the original MPs, suggesting that biofilm formation intro-
duces new functional groups [18]. When covered with sur-
face biofilms, some MPs acquire nitrogen-containing and
oxygen-containing functional groups, which play important
roles in the adsorption of metal ions [89]. Functional group
changes can also affect the adsorption of pollutants to MPs
[90].

According to a study, bacteria readily colonize MP sur-
faces, but no microorganisms have been found to be present
that can degrade MPs [36]. In contrast, it has been found that
the catalytic activities of exogenous enzymes secreted by
microorganisms on MPs weaken the carbon skeleton struc-
ture of the MP polymer, promoting cleavage and consequent
degradation of the MPs [58, 59]. However, this degradation
was mainly the biodegradation of single plastics. For exam-
ple, it has been shown that a strain that uses PE as its sole
carbon source forms a biofilm on the surface and reduces
the PE weight by 8% after 30 d [83]. Experiments conducted
by Santo et al. [82] showed that when Cu-induced laccase
secreted by actinomycete Rhodococcus ruber was incubated
with polyethylene, the average molecular weight and aver-
age molecular number of polyethylene decreased by 20%
and 15%, respectively. In addition, Hadad et al. [84] found
that after incubating a thermophilic bacterium, Brevibacil-
lus borstelensis, with PE for 30 d, the weight and molecular

weight of the PE were degraded by 11% and 30%, respec-
tively. Meanwhile, signaling molecules (called community
sensors) control many metabolic processes in microbial
communities. Such signaling molecules are speculated to
facilitate the formation of hydrocarbon-degrading com-
munities that decompose and mineralize MPs [91] (Fig. 5).
However, in some cases, microbial colonization enhances
the stability of MPs and protects them from degradation; for
example, such colonization protects the MPs from ultraviolet
radiation at the surface of the aqueous environment [58].
Degradation of MPs is highly uncertain under complex envi-
ronmental conditions in the real world. Degradation depends
on the size of the compound (larger molecules are difficult to
degrade), the concentration of the compound (degradation is
difficult if the concentration is very low), or the cleavage site
of the compound (degradation is difficult if the cleavage site
cannot be easily accessed) [92]. Experiments conducted by
Brandon et al. [158] on PE and PP under natural weathering
conditions demonstrated that, following a period of three
years, the surface of the microplastic exhibited only slight
changes. Auta et al. [159] isolated eight bacterial strains
from mangrove sediments in Peninsular Malaysia and inves-
tigated their ability to degrade PE, PET, PS, and PP. It was
found that only two strains were able to grow predominantly
under conditions where the four MPs were used as the sole
source of carbon for the 40-day experiment. Moreover,
Bacillus cereus caused only 1.6%, 6.6% and 7.4% mass loss
for PE, PET and PS, respectively. Bacillus gottheilii caused
only 6.2%, 3.0%, 5.8% and 3.6% loss in PE, PET, PS and PP,
respectively. Therefore, the degradation of MPs may depend
on key factors such as bioavailability and stability of the MP
compounds.
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The properties of MPs change with the formation of
biofilms. According to our review it, the basic proper-
ties of MPs, such as surface roughness, density, and sur-
face hydrophilicity, vary due to the presence of biofilms.
Microorganisms in the biofilm affect the functional groups
of MPs, and the MPs are degraded under certain condi-
tions. However, the degradation phenomenon is affected
by the size and concentration of MPs. The study of MP
degradation may need more attention and thinking.

Biofilm affects contaminant adsorption by MPs

The environment is replete with pollutants such as heavy
metals, POPs, and pathogenic microorganisms, which
inevitably react with MPs. With their hydrophobicity of
the surface of MPs and large specific surface area, MPs
can adsorb and carry various types of pollutants [24, 90].
After entering the water environment, MPs provide a new
ecological niche and are quickly colonized by microor-
ganisms [12, 93]. Biofilm formation influences the per-
formance and pollutant-adsorption capability of MPs
[35] (Fig. 6). The physicochemical properties of MPs are
altered by the presence of biofilms, which in turn affects
the adsorption of pollutants by MPs. Below, we summarize
the effects of biofilm on the adsorption of different pol-
lutants onto MPs.
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Heavy metals

Heavy metals are commonly used in industrial, domestic,
agricultural, and medical applications. Accordingly, they
have become widely distributed in the environment, rais-
ing concerns on their potential impacts [94]. High con-
centrations of heavy metals have been found on MPs [95]
(Table 2). When MPs are ingested by aquatic organisms and
transferred to higher nutrient levels, they are potentially haz-
ardous [96].

In many cases, the ability of MPs to adsorb heavy metals
depends on the functional groups on the polymer surface,
n—7 interactions, electrostatic interactions, and other chemi-
cal properties [97, 98]. According to Rochman et al. [99],
the type of MPs exerts no significant effect on heavy-metal
accumulation. They hypothesized that the adsorption of
heavy metals on MPs is mediated by biofilms [99]. MPs in
the natural environment can be colonized by several micro-
organisms to form biofilms, which can affect both the oxy-
genated groups and surface hydrophobicity of MPs [79, 81].
The changes in these properties of MPs affect the adsorption
of heavy metals to MPs [18, 97].

Some studies have reported that biofilm formation
facilitates the adsorption of heavy-metal ions on MPs. For
instance, Johansen et al. [100] found that under estuarine
conditions, the microorganisms in rapidly formed biofilms
on MP surfaces reduced the amount of Al in the region
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from 21 to 13% [100]. Biofilm-induced changes in the
functional groups of MPs can feasibly explain (at least
partly) the enhanced sorption of heavy metals on MPs.
For example, Guan et al. [18] experimentally found that
biofilms can alter the kinetics of metal adsorption on MPs,
enhancing the adsorption of metals. As a main cause of
adsorption enhancement, they suggested that biofilms lead
to complexation of functional groups such as carboxyl and
amino groups in MPs [18]. Enhanced adsorption has also
been attributed to increased numbers of adsorption sites.
As heavy-metal ions are usually charged, they will be
adsorbed at the positively and negatively charged sites in
biofilms through attractive electrostatic interactions and
ion-exchange mechanisms [98]. Wang et al. [89] found
that the adsorption rate and capacity of metal-ion adsorp-
tion was highest on biofilm-coated MPs than on bare MPs,
probably because biofilms accelerate the availability of
surface-adsorption sites. The maximum adsorption capac-
ity of biofilm-attached MPs reached 31.4048 pumol/g for
Cu and 43.8846 umol/g for Pb [89]. Microorganisms in
the biofilms on MPs also affect the adsorption of some
heavy metals during the growth process. For example, Cu
can coexist with bacterial cells in biofilms and promotes
the enrichment of Cu-metabolizing microorganisms, thus
enhancing the adsorption of Cu on the MP surface [81].

However, we found that the biofilm effects on heavy-
metal adsorption differ among heavy metals. In general,
MPs frequently adsorb more Pb(II) than Cu(II). Simi-
larly, Wang et al. [89] found that PS adsorbs more Pb(II)
than Cu(Il), whereas Zou et al. [101] found that Pb**
most strongly adsorbed to their MP adsorbents, followed
by Cu?*. Ashton et al. [102] analyzed the heavy metals
in PE particles collected from the beach and found that
the concentrations of Pb and Cu were 0.15+0.04 and
0.06 +0.03 pg/g, respectively. In general, the adsorp-
tion capacities of biofilm-attached MPs for heavy-metal
ions are pH-dependent. At lower pH, H+ competes with
cationic metal ions for the adsorption sites. However,
one study reported that when the pH did not significantly
change, the Cu content was higher on biofilm-covered MPs
(3004.0 +260.0 ng per 20 pieces), than on the original
MPs (2508.0 +28.0 ng per 20 pieces) [81].

MPs hosting biofilms can also adsorb certain amounts
of radioactive elements. For example, Johansen et al. [100]
found measurable amounts of the radioactive elements
137Cs and 90Sr on different types of plastic biofilms. This
finding suggests that MPs act as sinks for 137Cs and 90Sr
radionuclides, which are associated with nuclear activity.
Ashton et al. [102] found uranium at concentrations below
5% in PE suspended in a harbor for eight weeks. However,
to understand the adsorption properties of biofilms for radio-
nuclides, the fate of radionuclides must be investigated in
future studies.

POPs

POPs are persistent organic compounds that resist physical,
chemical, and biological degradation and tend to accumu-
late in organisms, with adverse effects on their growth [103,
104]. Consequently, POPs are difficult to remove from the
environment and can be detected in many animals. Notably,
perfluoroalkyl and polyfluoroalkyl substances (PFASs) are
known as “forever chemicals” because of their extremely
high chemical and thermal stability; moreover, they are
detected in most aquatic environments worldwide [105].
MP biofilms can adsorb and accumulate PFASs in the water
environment. Munoz et al. [106] analyzed the PFASs content
in a river in northern France. They found that the total con-
centration of 14 PFASs in LDPE biofilms was 4.3-32 ng g~!
(dry weight), which was much higher than that detected in
sediments (0.18-5.1 ng g~!, dry weight). In addition, the
main groups in PFASs are carboxyl and sulfonic acid groups,
which usually behave negatively in aqueous environments
and are repulsed by negatively charged substances [105].
However, biofilms can act as mediators to mitigate this
electrostatic repulsion [105]. For example, Fu et al. [107],
when studying the effects of biofilm on perfluorooctanoic
acid (PFOA) transport in sand columns, found that a PA
biofilm had a significant effect on PFOA retention. These
results indicate that the presence of a biofilm reduces the
zeta potential in the sand column, thus reducing the elec-
trostatic repulsion between the sand column and PFOA.
The specific adsorption mechanism of PFASs in the natural
environment is highly complex and influenced by numerous
factors, which warrants considerable attention.

Despite the complex adsorption kinetics in contami-
nant-biofilm—microplastic systems, the effects of biofilms on
POPs adsorption to MPs are extensively reported (Table 3).
For example, Guasch et al. [108] concluded that the adsorp-
tion of POPs (such as antibiotics) to MPs is enhanced in
the presence of biofilms. Another study similarly found that
biofilms increase the adsorption of several POPs—polychlo-
rinated biphenyls (PCBs), polybrominated diphenyl ethers
(PBDE?s), and a-hexabromocyclododecane (a-HBCDD)—to
HDPE [146]. In particular, it was suggested that the meta-
bolic activity of microorganisms increases the adsorption
capacity of MPs for POPs [14]. Meng et al. [109] found that
pollutant-degrading microorganisms increase their adsorp-
tion and degradation capacities for polycyclic aromatic
hydrocarbons (PAHs) during the summer months when
microbial activity is high. The authors obtained a maximum
adsorption of 1092.5+93.0 ng g~! for PAHs in summer,
versus 826 +50.3 ng g~! in winter.

Other researchers have suggested additional explanations
for the adsorption-altering effects of biofilms. For exam-
ple, Bhagwat et al. [110] found that the adsorption of per-
fluorooctane sulfonates (PFOS) was 20%—-85% higher on
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biofilm-attached MPs than on the original MPs, possibly
because the biofilm increases the specific surface area of the
MPs and changes its surface hydrophobicity. Rosato et al.
[80] concluded that some biofilm microorganisms promote
the reduction dechlorination process of PCBs, initiating
dechlorination after 2 weeks. During this process, the aver-
age number of chlorines per biphenyl molecule decreased
from 5.2 to 4.8 to 4.3. This finding indicates that biofilms
can change the toxicity of PCBs by changing its composi-
tion, thus affecting its adsorption to MPs.

Biofilms do not always increase the adsorption capacity
of MPs for POPs. The EPS secreted by microorganisms in
biofilms contain humic acids that can compete with PCBs
for adsorption sites, attenuating the adsorption of PCBs
to MPs [14]. Zhang et al. [17], who conducted exposure
experiments of nine pollutants, also concluded that biofilms
reduce the adsorption of compounds to MPs. For example,
the estrone concentration on biofilm-coated MPs was only
12.7 ng g~!, versus 48.4 ng g~! on bare MPs.

Adsorption to MPs is additionally affected by the nature
of the pollutant being adsorbed. For example, when the
temperature is high in summer, strong microbial activity
decreases the concentration of pollutants in the surround-
ing environment. This decline is especially noticeable for
PAHs with low (2-3 rings) or mid-range (4 rings) molecu-
lar weights, such as phenanthrene, chrysene, fluoranthene,
and benz[a]anthracene [109]. Therefore, when studying the
effect of biofilms on adsorption, we should also consider the
effects of the pollutant properties.

Pathogenic microorganisms

The potential hazards of plastic-associated microbial com-
munities have roused growing concern [111]. Pathogens can
take advantage of the transmissibility of MPs in effluent dis-
charged from wastewater treatment plants and thus spread
to pathogen-free ecosystems. [112]. In particular, they can
enter animal guts when ingested with MPs, causing health
hazards [112]. Numerous studies have shown that MP sur-
faces can harbor many microorganisms, including various
harmful algae along with Bacillus and Vibrio species [39,
53, 54,72, 85].

Algal species abound on MP surfaces. Among the harm-
ful algae are diatoms, which are believed to attach to MPs
in coastal waters [113]. MPs can also be colonized by Sal-
monella bacteria, a major cause of fish diseases. [114].
Meanwhile, pathogenic Vibrio bacteria are early colonizers
of MPs in marine environments [115]. Vibrio can strongly
colonize and establish biofilms on PS surfaces [116]. Yang
et al. [115] reported that members of the Flavobacteriaceae,
Redobacteriaceae, and Foliobacteriaceae families become
more abundant in the later stages of microbial colonization
of MPs. Moreover, some biofilm microorganisms mutate
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after colonization. For example, certain pathogens in MP
biofilms acquire antibiotic resistance genes from environ-
mental bacteria. Such antibiotic-resistant pathogens are
difficult to kill and can be transported along with MPs to
remote environments, posing a threat to ecosystems and
human health [72].

Some harmful microorganisms exploit the compositions
of MPs. As is well known, carbon is an indispensable source
of microbial growth and development. The pathogenic
microorganisms in biofilms can utilize MPs as a carbon
source. Plastic production also introduces many additives
that further promote the growth of bacterial pathogens colo-
nizing their surfaces [117].

In summary, the surfaces of MPs provide pathogenic
microorganisms with new substrates for colonization
[30]. MPs are highly durable and can transport pathogenic
microorganisms over large horizontal and vertical distances
through the aquatic environment. MPs can carry disease-
causing microorganisms into the food web, where they
transfer to different nutrient levels, posing health risks to
animals and humans [111, 118]. Therefore, the dual pol-
lution effects of pathogenic microorganisms and MPs are
important considerations.

Other factors affecting adsorption and difference
discussion

The interactions between MPs and pollutants are complex.
Different particle sizes of MPs may lead to differences in
pollutant adsorption. Cui et al. [119] found experimentally
that different particle sizes affected the adsorption of organic
pollutants by HDPE. HDPE with particle sizes smaller than
53 um took longer to reach equilibrium (~5 d) than HDPE
with particle sizes of 53-300 and 300-1000 um (~ 1 d). The
reason for this may be that smaller particles have greater
specific surface area. Zhao et al. [125] found that PVC
with a particle size of 10 pm had the highest adsorption of
39.5 mg/g for gentamycin, while for particles smaller than
10 pm, it was 32.21-38.42 mg/g. In addition, the adsorp-
tion rate of PLA with small particles (0.06 g mg/min) was
greater than that of PLA with large particles (0.01 g mg/
min) under identical biochar addition conditions. This may
be due to the fact that MPs with small particles have a larger
specific surface area and more adsorption sites [125]. MPs
in the aquatic environment carry a wide range of chemicals,
including their own additives and organic and inorganic
chemicals absorbed from the surrounding environment [99,
126, 127]. The additive contents in plastic products may be
higher than 50% and may include organic forms of toxic
metals such as cadmium, lead, antimony, and tin, which are
commonly used to improve the durability and processability
of plastic products. The additives may also include PAFSs
and PFOA, commonly added as lubricants to plastics [128].
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These chemicals may leach or migrate into the surround-
ing environment, including onto plastic surfaces [128]. For
example, dimethyl phthalate, which is used as a plasticizer,
is easily released from plastics [126]. MPs can act as a new
carrier of pollutants to adsorb heavy metals and organic pol-
lutants, and the presence of additives may cause variations
in the pollutant adsorption by MPs. According to Chen’s
experiments on two types of PVC, namely, PVC, and PVC,
(PVC, is a soft material used in table mats and PVC, is
a granule used in the construction industry and present in
the electrical component (e.g., electrical insulation, wires,
and cable coatings)). PVC, showed surface cracks and new
functional groups and resulted in a BPA adsorption capacity
higher than that of PVC, by 0.57 pg/L. The aging charac-
teristics of PVC, are not obvious, resulting in no significant
change in adsorption capacity, possibly because of the pres-
ence of light stabilizers and antioxidants [61].

In addition to the particle size of MPs and the ability
of additives to influence the adsorption of contaminants
by MPs, the presence of biofilms makes the mechanism of
MP-contaminant interaction more difficult to explore [35].
Studying the effects of MPs on pollutant adsorption is dif-
ficult because of the presence of biofilms. First, the effect
of biofilms on the adsorption of organic pollutants is incon-
sistent. For example, it has been suggested that the large
amounts of EPS secreted by microorganisms in biofilms can
reduce the adsorption of PCBs by MPs because of the com-
petitive behavior of EPS in the presence of pollutants [14].
In contrast, Zhong et al. [129] found that higher levels of
PFASSs could be retained in the presence of a greater amount
of EPS secreted by the membrane. This may be because the
microorganisms were stimulated to secrete more EPS when
the biofilm came into contact with PFASs, and the inter-
action of EPS with PFASs resulted in increased retention
levels. In addition, the coexistence of multiple pollutants
may affect the adsorption results. In general, biofilms tend
to trap and degrade pollutants more easily compared with
complex ones [105]. For example, Wu et al. [130] found that
the addition of ammonium nitrogen significantly increased
the biosorption of PFASs by microorganisms and regulated
the PFASs accumulation in biofilms. The uptake of ammo-
nium nitrogen by the biofilm triggered the microorganisms
in the biofilm to release more EPS, resulting in a reduced
retention of PAFS in soil particles and an increased ten-
dency for retention in the biofilm. Overall, most studies on
biofilms affecting heavy-metal adsorption by MPs were usu-
ally conducted using in situ experiments or under labora-
tory conditions [18, 89, 100, 102]. Biofilm-attached MPs
adsorb more metals than pristine MPs, and the results of
in situ experiments and laboratory studies are largely con-
sistent [131]. In particular, biofilms that affect heavy-metal
adsorption appear to be related to the degradability of MPs
[131]. PE with a biofilm on its surface exhibited 3.46 times

greater metal adsorption compared with pristine PE [132].
Wang et al. [89] found that the presence of a biofilm resulted
in the adsorption of Cu to PS at 31.4 pg/g compared with
16.15 pg/g in pristine PS. The amount of Cu adsorbed by
PS with a biofilm was about twice that of the original PS.
However, it was found that degradable polybutylene suc-
cinate (PBS) MPs adsorbed Pb(Il) approximately ten times
more frequently than pristine PBS [133]. In conclusion, the
effect of biofilms present on the surface of degradable MPs
should be considered. The effects of biofilms on pollutant
adsorption onto MPs are related to many factors. This also
suggests that we need to subsequently focus on the effects of
biofilm composition, the coexistence of multiple pollutants,
and degradable MPs.

The ability of microplastics to accumulate pollutants has
been widely proven [156, 157]. One of the factors affecting
adsorption is the particle size of the MPs. Smaller parti-
cle sizes usually adsorb more pollutants because they have
a larger specific surface area. In addition, the use of addi-
tives has an indirect effect on the adsorption results. The
emergence of biofilms has made the adsorption of contami-
nants by microplastics relevant to a wider range of factors.
Biofilms facilitate the adsorption of heavy metals by MPs
through enhanced complexation and an increased number of
adsorption sites. The effect of the presence of biofilms on
the adsorption of POPs by MPs does not seem to be abso-
lute, possibly because of the complex nature of POPs. The
effect of the presence of biofilms attached to MP surfaces
on adsorption is pronounced in the case of degradable MPs
compared to nondegradable MPs. These findings suggest
that when studying pollution adsorption by MPs, attention
should be paid to the combined effects of the MP type, par-
ticle size, additives, degradability, biofilm composition, and
coexistence of multiple pollutants.

Conclusions and future directions

This review first introduced MPs as a new ecological niche
for biofilm establishment and development. Biofilm forma-
tion is facilitated by the strong hydrophobicity of MP sur-
faces and the self-release of MP components. Reciprocally,
biofilms affect the properties of MPs. We then described
how biofilm formation depends on the environment, MPs,
and microorganism characteristics. Among these factors,
environmental factors exerted more influence than MPs and
microorganism-related factors. Finally, we summarized how
biofilms on MPs influence the adsorption of environmental
pollutants, heavy metals, POPs, and pathogenic microorgan-
isms. The adsorption of pollutants by MPs will be affected
by the biodegradability, particle size, and additives of MPs,
and the adsorption mechanism becomes complicated owing
to biofilm formation. In general, the adsorption kinetics on
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biofilm-coated MPs are inherently complex and the mecha-
nism by which biofilms promote adsorption is only vaguely
understood. More in-depth studies could be directed toward
the following goals:

e The mechanism by which biofilms promote the adsorp-
tion of contaminants on MPs must be elucidated. The
internal and external factors that influence the promo-
tional effect of biofilm on contaminant adsorption to MPs
must also be identified and the adsorption pattern should
be summarized.

e In future work, adsorption experiments should be car-
ried out in natural environments to avoid laboratory
limitations. Under natural conditions, the colonisation
of microorganisms on the surface of microplastics and
the effect of biofilm on the modification of microplastic
properties and the adsorption of pollutants by microplas-
tics should be further investigated.

¢ Biofilm formation on MP surfaces increases the risk of
pathogenic microorganisms entering the food chain along
with ingested MPs. Follow-up studies should focus on
the interactions between pathogenic microorganisms and
MPs and the health problems caused by their entry into
organisms. The transmission and accumulation patterns
of pathogenic microorganisms on MPs should be deter-
mined.
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