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H I G H L I G H T S

• Microbial degradation of micro-nano
plastics (MNPs) is considered as clean
technologies.

• Biotic and abiotic factors of the environ-
ment control the biodegradation of
MNPs.

• Microbial enzymatic machinery plays
an important role in biodegradation of
MNPs.

• Implication of advanced molecular for
biodegradation of MNPs is desirable.

• Challenges and opportunities in biore-
mediation of MNPs are reviewed.
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Rising level of micro-nano plastics (MNPs) in the natural ecosystem adversely impact the health of the environ-
ment and living organisms globally. MNPs enter in to the agro-ecosystem, flora and fauna, and human body via
trophic transfer, ingestion and inhalation, resulting impediment in blood vessel, infertility, and abnormal behav-
iors. Therefore, it becomes indispensable to apply a novel approach to remediate MNPs from natural environ-
ment. Amongst the several prevailing technologies of MNPs remediation, microbial remediation is considered
as greener technology. Microbial degradation of plastics is typically influenced by several biotic as well as abiotic
factors, such as enzymatic mechanisms, substrates and co-substrates concentration, temperature, pH, oxidative
stress, etc. Therefore, it is pivotal to recognize the key pathways adopted bymicrobes to utilize plastic fragments
as a sole carbon source for the growth and development. In this context, this review critically discussed the role of
various microbes and their enzymatic mechanisms involved in biodegradation of MNPs in wastewater (WW)
stream, municipal sludge, municipal solid waste (MSW), and composting starting with biological and toxicolog-
ical impacts of MNPs. Moreover, this review comprehensively discussed the deployment of various MNPs
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remediation technologies, such as enzymatic, advanced molecular, and bio-membrane technologies in fostering
the bioremediation ofMNPs from various environmental compartments alongwith their pros and cons and pros-
pects for future research.

© 2021 Elsevier B.V. All rights reserved.

MNPs degradation
Enzymatic degradation
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1. Introduction

Plastics as a readily available, cost-effective, and convenientmaterial
are widely used in industries and our day-to-day life worldwide, and
bring a lot of convenience formankind. Alongwith its convenient appli-
cation, recently, it has aroused as a global environment menace (Ali
et al., 2021a; Ali et al., 2021b; Cheng et al., 2021). It is certainty due to
the increasing demand and consumption of plastic products leading to
accumulation of a large number of used or spent plastics in the environ-
ment (Kumar et al., 2021c). Plastics waste become environmental con-
taminants and cannot be degraded in the natural surrounding even in
100 year (Ricardo et al., 2021; Tiwari et al., 2020). Brahney et al.
(2020) reported and estimated that 11 billion tons of plasticswill be ex-
pected to accumulate in the environment by 2025. However, currently,
the recovery rate of plastics is no more than 5%. Moreover, the plastics
that we call “white pollution” due to various physical, chemical and bi-
ological activities will be disintegrated into smaller fragments collec-
tively termed as MNPs. Plastic fragments less than 5 mm in diameter
are defined as micro-plastics (MPs) (Kumar et al., 2020a).

The size of nano-plastics (NPs) is smaller (<100 nm), therefore, it
has more serious impacts on living tissue than MPs. NPs can readily
pass through the cell membrane and adversely impact the cell and tis-
sues (Wu et al., 2021). MNPs often tend to be difficult to handle and re-
move, but also, displayed greater impact on living organisms than
macro particulate plastics (Kumar et al., 2021b). MNPs cannot only re-
lease organic toxicants but accumulate in living beings and also act as
carriers of organic and inorganic toxicants (Bradney et al., 2019; Wang
et al., 2021b). MNPs also interact and react with organic and inorganic
environmental pollutants and even they can facilitate their transport
to environmental compartments (Sridharan et al., 2021a; Sridharan
et al., 2021b). These reactions enableMNPs to serve as substrates for ac-
cumulating and vector for transporting the organic and inorganic con-
taminants (Horton et al., 2017; Ricardo et al., 2021). Therefore, MNPs
enhance the bioaccumulation of other pollutants in the environment.
The sources of MNPs commonly recognized by researchers mainly
come from the crushing of large pieces of plastics and the specialized
production of micro-beads for various applications along with natural
disintegration of larger plastic fragments (Camins et al., 2020; Cheng
et al., 2021). The ultimate destination of MNPs is deposition in soil or

sink into the ocean via rivers and atmospheric transportation (Hurley
and Nizzetto, 2018; Sridharan et al., 2021b).

The presence of MNPs in the natural environment triggers the adap-
tation mechanism of microorganisms to cope up with adverse impacts
of MNPs (Yang et al., 2020). Microbes respond to environmental stress
in various ways, such as increasing or decreasing the growth, metabolic
rate (Fuke et al., 2021; Kumar et al., 2021a;Mishra et al., 2021), and bio-
synthesis of new microbial bioproducts to avoid the environmental
stress (Guan and Liu, 2020; Kumar et al., 2016; Thakur et al., 2018).
These abiotic and biotic stress responses are meticulously associated
with change in genes expression and enzymatic activities (Othman
et al., 2021). These microbial enzymes are not only associated with cel-
lular response, but simultaneously facilitate the microbial degradation
of environmental pollutants, including MPs. For instance, the microbial
assisted enzymatic degradation of plastics polymer breaks polymers
into monomers which can be further used by microbes as carbon and
energy source. Moreover, bacterial assisted composting reduced the
abundance of polyhydroxyalkanoates (PHAs) and polyethylene (PE)
MNPs by 13–29% (Sun et al., 2021). Similarly, MNPs in sewage sludge
could be effectively degraded during the composting process under
the action of bacterial bio-oxidation (Chen et al., 2020). Studies also
claimed that green algae may be one of the natural degraders of
MNPs, especially under aquatic marine ecosystem (Kiendrebeogo
et al., 2021).

Currently, the more mature technology to remove MNPs from ter-
restrial environment includes physical and chemical technologies,
such as micro/nano filtration in sewage treatment plants (STPs) (Dey
et al., 2021; Sun et al., 2019). However, physical remediation technology
is considered as ineffective in remediation of MNPs from polluted areas.
Similarly, the application of synthetic chemical to remediateMNPs con-
taminated site is considered as a less attractive approach due to its com-
plexity, non-greener nature, and heterogeneity of the polymers and
environmental setting (Arpia et al., 2021). Therefore, considering the
ecological threat of MNPs, there is an urgent need to develop a cost-
effective and environmentally sustainable remediation technology. It
is known that there are few microorganisms that can degrade MNPs,
and there are also few enzymes that play a specific role in the biodegra-
dation ofMNPpolymers (Danso et al., 2019; Jacquin et al., 2019; Jenkins
et al., 2019). Biotechnology is an emerging bioremediation technology,
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which is gaining attention these days. As an environment-friendly tech-
nology, bioremediationwarrantsmore researching to solve theproblem
of MNP pollution in terrestrial and aquatic ecosystem (Fig. 1). Only a
few research and reviews have discussed the degradation of MNPs in
detail by biological means (Othman et al., 2021; Priya et al., 2021; Sun
et al., 2021; Yang et al., 2021; Yuan et al., 2020), but still, themechanism
and potential routes of MNPs degradation in terrestrial and aquatic en-
vironments are unexplored.

Therefore, the current review critically emphasized the biological
and toxicological impacts of MNPs, role of diverse microbes, their en-
zymes, and diverse mechanisms involved in biodegradation of MNPs
in wastewater stream, MSW and composting, starting with their eco-
toxicological impacts on living well-being. Furthermore, this review
firstly discussed the enzymatic, advanced molecular, and bio-
membrane technologies deployed in remediation of MNPs along with
their advantages and disadvantages. Finally, this review discussed the

Fig. 1. An overview of microbial degradation of MNPs.
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research gaps, which need further consideration in future research to
make biodegradation of MNPs more effective and sustainable.

2. Biological and toxicological effect of micro-nano plastics

The eco-toxicity of MNPs in organisms is a persistent threat to the
ecosystem. MNPs can attract pollutants with positive charges because
most of their surfaces are negatively charged (Bradney et al., 2019).
Moreover, they can also be absorbed by microorganisms or animals.
MNPs can trigger anomalous metabolic reactions in body of living or-
ganisms, as well as abnormal immune reactions that can damage the
health (Allouzi et al., 2021). Zebrafish exposure to polystyrene (PS) re-
sults in oxidative stress and immune function limitation (Xu et al.,
2021). Low density polyethylene (LDPE) increases the oxidative stress,
neurotoxicity, and skin impairment in Eisenia fetida within 28 days
(Chen et al., 2020) (Table 1). Similarly, Jiang et al. (2020) observed
DNA damage, oxidative stress, hepatological disparities, reduced
growth and increased mortality, when Eisenia fetida exposed to PS for
14 days. Chae and An (2020) also observed variations in the nursing
and scavenging behaviors, inhibited growth and development in the
Achatina fulica when exposed to PS polymers for 14 days. MPs will

produce reproductive toxicity to fish and animals, and even have lethal
effect if the dosage exceeds a certain limit. The hatching rate of fertilized
eggs and the body length of fish larvae decreased significantly when ex-
posed to MPs. Gut obstruction by MPs can cause abnormal animal be-
havior. Huang et al. (2021) studied different impacts of new and aged
MPs on the composition of red tilapia. MPs are accumulated in fish
body, and the content in the liver is always higher than that in other tis-
sues.

MNPs pollution changes the physico-chemical characteristics of soil.
Toxic additives in the manufacturing process of plastics and pollutants
carried on the surface of MPs enter the soil environment with MPs
and adversely affect the microbial habitat of the soil (Guo et al., 2020).
MNPs along with the release of associated toxic chemicals can affect
various soil properties including soil pH, conductivity, texture, nutri-
ents, such as ammonium nitrogen, and organic carbon (OC) (de Souza
Machado et al., 2018; Kim et al., 2020b). The mobility of plastic frag-
ments increases with decreasing their size. MNPs are absorbed or
adsorbed by the roots of plants in the soil and enter the plant system
(Rillig, 2020; Rillig et al., 2019;Wu et al., 2021). The degree of influence
of plants byMNPs is in the order of roots, leaves, buds and stems (Zhang
et al., 2020b). The MNPs suspended in the air settles on the surface of

Table 1

Selected references for impacts of plastic polymers and their additives on living organisms and plants.

Polymers and/or
additives

Species Media Duration
(days)

Experimental dose Observation References

Polymers
PS Achatina fulica Soil 14 10 mg kg−1 w/w Variations in the nursing and scavenging behaviors,

inhibited development
(Chae and An, 2020)

PS Caenorhabditis

elegans

Synthetic
media

3 100 μg L−1 Intestinal damage (Yu et al., 2020)

Low density
polyethylene
(LDPE)

Eisenia fetida Soil 28 1.5 g kg−1 Oxidative stress, neurotoxicity, skin impairment (Chen et al., 2020)

PS E. fetida Soil 14 1000 μg kg−1 DNA damage, oxidative stress and hepatological
disparities, reduced growth and increased mortality

(Jiang et al., 2020)

PET A. fulica Soil 28 0.71 g kg−1 Variations in ingestion habits and deprived nutrient
intake

(Song et al., 2019)

PS Vicia faba Soil 2 10–100 m L−1 Oxidative injury, reduced development (Jiang et al., 2019a)
PS C. elegans Synthetic

media
1 17.3–86.8 mg L−1 Retard movement, and metabolism, infertility (Kim and An, 2019)

PS Daphnia

magna

Freshwater – – Oxidative injury (Zhang et al., 2019)

LDPE E. fetida Soil 14 16–200 particles kg−1 Behavioral changes (Rodríguez-Seijo et al.,
2019)

Poly vinyl chloride
(PVC)

Paracentrotus

lividus

Marine
water

1 0.3–30 mg L−1 Retard larval growth (Oliviero et al., 2019)

PP, PVC C. pyrenoidosa,
Microcystis

Synthetic
media

3 5–500 mg L−1 Significantly decreased chlorophyll a, Impaired
development

(Wu et al., 2019)

PVC Metaphire

californica

Soil 28 2000 mg kg−1 Variations in the gut microbial diversity (Zocchi and Sommaruga,
2019)

PE F. candida Synthetic
media

28 1% w/w Variation in intestinal microbial diversity, change in
nourishing behavior, infertility

(Ju et al., 2019)

Mixture polymers Tetraselmis

chuii

Synthetic
media

4 4 mg L−1 Inhibited development (Davarpanah and
Guilhermino, 2019)

Additives
Phenanthrene Gammarus

roeseli

Freshwater – – Impaired locomotion, induced neurotoxicity (Bartonitz et al., 2020)

Tetracycline Enchytraeus

crypticus

Soil – 1000 mg kg−1 Improved antibiotic resistant genes (Ma et al., 2020)

Butylated hydroxy
anisole

D. rerio Freshwater – – Stunted development with abnormal larval growth (Zhao et al., 2020)

Polyaromatic
hydrocarbons
(PAHs)

Danio rerio Freshwater – 10 mg L−1 Decreased vascular growth and energy generation
mechanism

(Trevisan et al., 2019)

Fluoranthene Mytilus edulis Marine
water

– – Change in enzymatic secretion (Magara et al., 2019)

Polychlorinated
biphenyls

D. magna Freshwater – 1 mg L−1 Induced mortality (Latha and Lalithakumari,
2001; Lin et al., 2019)

PAHs Perinereis

aibuhitensis

Water
sediment

– 0.4 mg L−1 PS heightened the accumulation of PAHs (Jiang et al., 2019b)

Glyphosate D. magna Freshwater – – Induced mortality rate (Zocchi and Sommaruga,
2019)
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the leaves of the aboveground part of the plants (Sridharan et al.,
2021b). Small particles, such as NPs can enter the plants and pass
through the cell wall and cell membrane easily (de Souza Machado
et al., 2018). More mature, larger trees and arboreal plants are more
enriched in MNPs, which may be attributed to their larger and stout
structures of roots (Khalid et al., 2020). Boots et al. (2019) have con-
firmed that the accumulation of MNPs adversely impact the photosyn-
thesis rate of the plants and each and every plant showed different
responses against the MNPs pollution.

3. Microbial-degradation of micro-nano plastics

As a green approach, microbial assisted degradation of plastics frag-
ments leads to degeneration of the MNPs. It is easier to control changes
in plastic pollution because microbial degradation procedures are
strongly dependent on both biotic and abiotic variables, such as pH,
temperature, oxidative strain, etc. By using plastic fragments as a sole
carbon source for the growth of microbes, the full degradation/elimina-
tion of MNPs can be predicted using cutting-edge technologies, such as
omics (Knott et al., 2020; Tiwari et al., 2020). Although, the use of

microorganisms in biodegradation of MNPs is a promising approach
but due to its slower pace, incomplete mineralization, and unexplored
degradationmechanism, this technology is in infancy stage and simulta-
neously gaining attention (Ru et al., 2020; Silva et al., 2018;
Anastopoulos and Pashalidis, 2021) (Fig. 2 and Table 2).

3.1. Mechanism of micro-nano plastics biodegradation

The chemical structure of MPs and their molecular weight as well as
types of microorganisms and other environmental conditions influence
degradation of microbe-driven MPs. Different properties of MNPs, such
as, density, types of functional groups and their bioavailability as well as
plasticizers or chemical additives incorporated toMNPs during process-
ing influence their biodegradability (Yuan et al., 2020). Microbial
degradation of MNPs involves a number of biochemical reactions. Bio-
deterioration (change in polymers size, shape and chemical properties),
bio-fragmentation, biosynthesis, and mineralization are the steps in-
volved in microbial MNP degradation (Tiwari et al., 2020). Hydrolase
(extracellular) enzymes are released by bacteria and have the capacity
to transform very complex molecules into polymers that can then be

Fig. 2. A schematic representation of recent development in bioremediation of MNPs.
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converted into hydroxyl acidmonomers (Kamrannejad et al., 2014; Lear
et al., 2021). Polyhydroxy butyrate (PHB) hydrolysis yields R-3-
hydroxybutyric acid (HBA) whereas 3-hydroxybutyrate and 3-
hydroxy valerate (PHBV) are extraterrestrial PHBV degradation yields.
Under aerobic conditions, water soluble monomers are subtly spread
by the metabolic mechanism of living organisms, like oxidation and
the tricarboxylic acid cycle (TCA), leading to the generation of carbon
dioxide (CO2) and water (H2O). Under anaerobic environments,
methane (CH4) is produced, and no harmful molecules are generated
during the degradation of PHA.

Chitinases are enzymes biosynthesized bydiverse groups of bacteria,
such as Achromobacter, Flavobacterium, Micrococcus, Pseudomonas, and
Vibrio sp. They hydrolyze the polymer and break it down. Pseudomonas

sp. has been discovered to degradeMPs particles, but the precise mech-
anism remains unknown. Further research revealed the application of
chitinase enzyme in enzymatic degradation of plastic polymer (Rogers
et al., 2020). Larger fragments size of MPs restricts their entry into the
microbial cells via cell membrane. Therefore, it must be broken down

into smaller fragments before being absorbed and biodegrade
within the cell. MPs are broken down bymicrobial enzymes andmicro-
organisms by a mechanism that typically entails hydrolysis, which is a
common degradation process. The enzymatic hydrolysis and depoly-
merization of MP polymers trigger the biodegradation of MPs. MPs can-
not be broken down without the aid of microbial enzymes (Yuan et al.,
2020). Microorganisms degraded high molecular weight (HMW)
plastics via a number ofmechanisms, including the use ofMNPs as a car-
bon source for growth and development (Othman et al., 2021).

3.2. Microbial degradation of micro-nano plastics in wastewater

MNPs have been observed in vast quantities in contaminated and fil-
tered water, surface water, such as oceanic water, streams, and rain
water (Chandra et al., 2020; Kelly et al., 2021). The rate of biodegrada-
tion of plastics depends on their molecular weight, crystal structure, or-
ganic functional groups, and additives (Arpia et al., 2021). Their
biodegradation either via anaerobic or aerobic processes leads to the

Table 2

Microbial degradation of MNPs and key outcomes.

Year Region Plastic category Environment Microbial strain Exposure Key outcomes References

2021 USA MPs Wastewater (WW) Vibrio, Campylobacter, and
Arcobacter

In vitro Contribute to MP breakdown (Kelly et al., 2021)

2020 China Low molecular
weight PP (Mn:
2800, 3600 Da)
and one high
molecular
weight MPs

Municipal solid
waste (MSW)

Mesophilic strain,
Stenotrophomonas panacihumi

In vitro Biodegradability of 12.7–20.3%
after 90 days

(Ru et al., 2020)

2020 China MNPs Sewage sludge Acetobacteroides sp. In vitro Provide surfaces for microbial
attachment and growth; affect the
microbial metabolic performance
and potential nutrient metabolism

(Zhang and Chen, 2020)

2020 China MPs Leaf-branch
compost

LC-cutinase; Saccharomonospora

viridis; Thermobifida fusca cutinase
In vitro Hydrolyze low-crystallinity PET

package film (lcPET-P, 8.4%) at
50 °C and generate up to 50%
weight loss over 7 days; hydrolyze
the lcPET (7%) and lcPET-P (8.4%) at
63 °C

(Ru et al., 2020)

2021 UK and
China

MPs WW Alteromonadaceae and
Burkholderiales; Alcanivorax
borkumensis

In vitro Bacteria capable of degrading; LDPE
degradation

(Yang et al., 2021)

2019 Australia
and USA

MP and polymers MSW Microbial consortia (two isolates of
Pseudomonas sp.)

In vitro 7% and 28% w/w of polypropylene
(PP)

(Judy et al., 2019)

2019 Pakistan MPs MSW Pseudomonas fluorescence,
P. aeruginosa and Penicillium

simplicissimum; Rhizopus delemar,
R. arrhizus, Achromobacter sp. and
Candida cylindracea

In vitro Hydrolysis of polymers such as poly
(ethylene adipate) (PEA) and poly
(caprolactone) (PCL)

(Rana, 2019)

2019 India Polyethylene Sewage sludge Penicillium, Aspergillus, and
Fusarium

In vitro Degradation of MP; associated with
a progressive decline in
hydrophobicity of the surface

(Ghosh et al., 2019)

2019 China MNPs Sewage sludge;
hyperthermophilic
composting (hTC)

Thermus, Bacillus, and Geobacillus In situ 43.7% of the MPs degraded from the
sewage sludge

(Chen et al., 2019)

2018 China MPs Sewage sludge Microbe through the activity of
exoenzymes (promoting
depolymerization)

In vitro MP can be decomposed to produce
biogas in anaerobic digesters

(Li et al., 2018)

2018 India MPs Compost Rhodococcus ruber, Brevibacillus
borstelensis, Aspergillus niger,
Pseudomonas sp., Vibrio sp.,
Flavobacterium sp., Staphylococcus
sp., Micrococcus sp., Bacillus sp.,
Chelatococcus sp.

In vitro Degrade MP in compost (Skariyachan et al., 2018)

2017 India Micro polymer MSW Bacillus amyloliquefaciens 1 and B.

amyloliquefaciens 2; A. clavatus
In vitro LDPE degradation by 90 days; rate

and efficiency of polymer
degradation determined by pH
alteration, CO2 evolution, weight
loss

(Pathak and Navneet, 2017)

2017 India MPs Compost A thermophilic microorganism
(Streptomyces sp.)

In vitro Poly (D-3-hydroxybutyrate)
degradation at 50 °C

(Pathak and Navneet, 2017)

2017 USA MPs Compost Pseudomonas sp. Degrade 286% of 5% dry weight of
LMW MPs after 40 days

(Wilkes and Aristilde, 2017)
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generation of CH4 along with CO2 and H2O (Mitrano and Wohlleben,
2020). Aerobic biodegradation of plastic fragments is profoundly
impacted by abiotic factors, such as climate, salinity, UV-radiation, and
co-contaminants that can either encourage or impedemicrobial coloni-
zation and bio-degradation (Arpia et al., 2021).Many bacterial taxamay
form biofilms on the surface of plastic fragments via biosynthesis of ex-
tracellular polysaccharides (EPS). Biofilm formation on the surface of
MNPs results fragmentation ofMNPs into smaller size andfinally its bio-
degradation. Several bacterial taxa, such as Vibrio, Campylobacter, and
Arcobacter are well reported which can degrade MNPs during the treat-
ment ofWW (Kelly et al., 2021). Bacteria can degradeMNPs in contam-
inated water by producing enzymes like PETase and MHETase. As a
result, it's a good idea to look at the very tiny molecules that can
shape these kinds of enzymes in order to eliminate MNP from WW
streams (Dey et al., 2021). MNPs have a higher surface area to volume
ratio, providing a larger area for microbial colonization and their possi-
ble degradation.

The quantification of CO2 and CH4 emission duringmineralization of
MNPs can be used to quantify the percentage of biodegradation ofMNPs
(Hussain, 2019; Ariza-Tarazona et al., 2020). MNPs with organic
additives contain oxygen (O), N, and sulphur (S) heteroatoms serve as
hydrolytic and enzymatic action targets. The hydrolyzed and
depolymerized MNPs fragments by the action of the extracellular mi-
crobial enzymes can be further used by microorganism as carbon and
energy source (Mammo et al., 2020). Several bacterial groups have
been involved in biodegradation of poly (3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH), such as Alteromonadaceae and
Burkholderiales. Furthermore, Erythrobacter sp. and Alcanivorax borkum

growing onMP biofilms have been shown to be involved in eliminating
low-density PE in aquatic environment (Yang et al., 2020). Studies re-
lated to MNPs removal from WW via primary (50–98%), secondary
(0.2–14%), and tertiary (0.2–2%) treatments have been reported re-
cently (Dey et al., 2021). Nevertheless, inmost of the studies, limited ev-
idence was provided about microbial degradation of MNPs in WW via
biological/secondary treatment. Therefore, future studies must explore
the roles of microbes in biodegradation of MNPs from WW stream.

3.3. Microbial degradation of micro-nano plastics in sewage sludge and

municipal solid waste

Generally, most of the MNPs are eliminated from WW after treat-
ment but retained in the sludge (Liu et al., 2021). It was observed that
the occurrence of MNPs in sludge is higher than WW (Sun et al., 2019;
Aslam et al., 2020). Similarly, abundance of MNPs was reported higher
in primary sludge than secondary sludge. Gies et al. (2018) assessed oc-
currence of 0.54–1.28 trillion MNPs in primary sludge and 0.22–0.36
trillion in activated/secondary sludge in wastewater treatment plant
(WWTP) in Vancouver, Canada, which showed the importance of mi-
crobial assisted remediation of MNPs in secondary treatment. Similar
to the sludge, MSW is also considered as a potential source of MNPs to
environment. MNPs found inMSW can be linkedwith various micro in-
organic and organic pollutants that can impose harmful impacts on the
environment and human health as they enter the food chain (Golwala
et al., 2021).

Indigenous microbial communities reside in MSW and sewage
sludge are known to their plastic degradation potency. Ru et al.
(2020) recently reported that, after 90 days, the mesophilic,
Stenotrophomonas panacihumi, has been confirmed to breakpolypropyl-
ene (PP) into low (Mn: 2800, 3600 Da) and high (Mn: 44,000 Da) mo-
lecular weight form. Similarly, the bacterial strain Rhodococcus

degraded 6.4% of the PP polymer mass in 40 days (Ariza-Tarazona
et al., 2019). Moreover, the complete degradation of polyethylene tere-
phthalate (PET) film by Ideonella sakaiensis within 6 weeks was re-
ported by Yoshida et al. (2016) and 28% particle diameter reduction
was found after 60 days using wild bacterial strains Bacillus sp., and
Paenibacillus sp., isolated from landfill site by Park and Kim (2019). In

comparison to pure microbial strains, microbial consortia are being ef-
fectively used to degrade the plastic polymers from the environment
(Hussain, 2019; Li et al., 2021). The development of microbial consortia
using two Pseudomonas sp. demonstrated better degrading abilities
than established species which are the subject of this research. Consor-
tia may also be formed with actinomycetes and fungi, which can have
improved outcomes in terms of plastic and polymer degradation
(Skariyachan et al., 2018; Tsering et al., 2021).

Plastic resistant bacterial strains, such as Bacillus amyloliquefaciens 1
and B. Amyloliquefaciens 2 have been isolated from solid waste sample
and have been applied for plastic degradation (Pathak and Navneet,
2017; Wang et al., 2019). The study demonstrated the degradation of
plastic by both the bacterial strains as monitored by CO2 emission,
weight loss, Fourier Transform Infrared Spectroscopy (FT-IR), and
Scanning Electron Microscopy (SEM), analysis. They also isolated a
fungal strain, which has been known as A. clavatus, from a local waste
disposal site. This study revealed the degradation of LDPE by A. clavatus

observed by SEM, and Atomic Force Microscopy (AFM) (Pathak and
Navneet, 2017). Microorganisms use a variety of strategies to degrade
high-density plastics, as carbon source or indirect action of microbial en-
zymes. P. fluorescence, P. aeruginosa, and Penicillium simplicissimum are
bacterial and fungal species, respectively that are well known for their
plastic degradation ability. However, certain enzymes, such as lipases, es-
terases, and cutinases, have a remarkable ability to hydrolyze polymers
like polyethylene adipate and polycaprolactone. Fungal species, such as
Rhizopus delemar, Achromobacter sp., R. arrhizus, and Candida cylindracea

are also sources of enzymes like lipases and esters which are involved in
MNP degradation (Rana, 2019).

3.4. Microbial degradation of micro-nano plastics in compost

Contamination due to smaller fragments of plastic waste is one of
the most serious issues confronting the compost industry (Esan et al.,
2019). In-situ biodegradation for field-based MNPs using hyper-
thermophilic composting (hTC) approach has been projected and thor-
oughly verified. 43.7% of MNPs are remediated from WW sludge after
45 days hTC action, the largest percentage ever recorded by biodegrada-
tion in MNPs. According to high-throughput sequences, Thermus, Bacil-
lus, andGeobacillus are themost commonbiodegradation bacteria in the
hTC age. These findings show that hyper-thermophilic bacteria play a
crucial role inMNPbio-degradation during the hTC, pointing to a poten-
tial technique for removing MNPs (Chen et al., 2019). At 50 °C, LC-
cutinase, which is encapsulated in a specific metagenomic inventory
of leaf-branch composting, can hydrolyzes low-crystallinity PET box
film (lcPET-P, 8.4%) and yield up to 50% of weight in 7 days. Further-
more, at 63 °C, cutinase Cut190 from Saccharomonospora viridis can hy-
drolyze lcPET (7%) and lcPET-P (8.4%), ensuing in weight reduction of
13.5 and 27.0% of lcPET and lcPET-P, correspondingly, for more than
3 days. It was recently discovered that Recminifida fusca cutinase TfCut2
secreted by B. subtilis can minimize lcPET films (7%) by weight reduction
to 97.0% and low PET observations with crystallinity from postconsumer
bundles (AP-PET, 5%; CP-PET, 6%) byweight loss to 50.5 and 56.6%, corre-
spondinglywithin 5 days at 70 °C (Ru et al., 2020). About 10% of indepen-
dent plastic degradation tests have recorded polymer biodegradation
below 50 °C, resulting 0.5% biodegraded plastics obtained in the extreme
environmental settings like hot springs, compost, and anaerobic mounds
(Ru et al., 2020). That extreme environmental setting could be a potential
source of plastic degrading microbes and enzymes.

Scientific research is gradually focusing on implementing the regula-
tions that allow biological approach of bio-plastics degradation in both
aerobic and anaerobic natural waste treatment processes (Bhatia et al.,
2013; Ruggero et al., 2019). Small plastics are naturally disintegrated
using a number of processes, and thermophilic compost is a promising
way to remove unwanted plastic fragments from the setting. Streptomy-

ces sp., a thermophilic microbe that emerges from the soil alone and is
documented to degrade poly (D-3-hydroxybutyrate) at 50 °C;
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Streptomyces sp. demonstrated the rate of degradation of PE succinate.
Similarly, Bacillus sp. TT96, a thermophilic bacterial strain showed the
potency of PE succinate degradation during composting (Pathak and
Navneet, 2017).

Polyurethane foam(PUR foam) is also a significant environmental con-
taminant and creates amost difficult waste disposal issue. In vitro, Pseudo-
monas chlororaphiswas able to eliminate polyester PUR foam (Pathak and
Navneet, 2017). Gram-negative Pseudomonas, a multi-species aerobic
proteo-bacteria, is oneof the feworganisms that usually degradepolymers
in the soil. Other Gram-positive bacteria, such as Rhodococcus ruber (aero-
bic, non-sporulating and, non-motile) and Brevibacillus borstelensis, have
been found to eliminate polymers by using them as a carbon source. Ac-
cording to Skariyachan et al. (2018), fungal species like Aspergillus niger

and bacteria species like Pseudomonas and Vibrio are able to make a con-
sortium which improve the biodegradation of plastic fragments by
syntrophic mechanism. Furthermore Flavobacterium sp., Micrococcus sp.,
Staphylococcus sp., Bacillus sp., Chelatococcus sp., and a few thermophilic
bacteria are well known to biodegrade plastic in compost (Skariyachan
et al., 2018; Skariyachan et al., 2015).

4. Recent advancement in micro-nano plastics degradation

The key properties of particulate plastic which make them inert to-
ward biodegradation include their hydrophobic nature, HMW, and

longer polymeric chain length (Sridharan et al., 2021a). The HMW of
the organic compound bids a hindrance in facile transportation trans-
versely to the microbial cell membrane and hence its depolymerization
becomes critical (Oberbeckmann and Labrenz, 2020). To boost the bio-
degradation of plastic particulates, various advanced methods have
been espoused recently like enzymatic/enzyme-assisted degradation
(Priya et al., 2021), advance molecular tools and technologies
(Sudhakar et al., 2007; Purohit et al., 2020), membrane bioreactor
(MBR)-assisted remediation (Poerio et al., 2019), nano-technologies-
based remediation (Uheida et al., 2021) etc. The discussion relating to
all these technologies is presented in this section.

4.1. Enzyme-assisted degradation

It is implicit that once plastic wastes are dumped into the natural
ecosystem, they may undergo disintegration/degradation as a result of
the synergic impact of abiotic and biotic factors (Kumar et al., 2020a).
Microbial-assisted biodegradation of plastic waste has emerged out as
a greener and effective strategy as discussed in Section 3 comprehen-
sively. A microbial diversity of genes, proteins, enzymes, and their in-
volvement in diverse metabolic routes have been recognized
significantly to alter the plastic polymers and enable the process of de-
polymerization (Priya et al., 2021; Yuan et al., 2020) (Fig. 3). Diverse
groups of microbial enzymes, such as cutinases, lipases, esterases,

Fig. 3.Microorganisms and their respective enzymes in de-polymerization of synthetic plastics.
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carboxylesterases, and etc. have been reported to alter and/or degrade
range of plastic fragments (Zhang et al., 2020a) (Table 3). Also, various
oxygenases, such as monooxygenases and dioxygenases have been re-
ported to facilitate the enzymatic alteration of synthetic plastic via oxi-
dation process (Jaiswal et al., 2020; Xu et al., 2020).

The oxidation improves the hydrophilic property of the plastic poly-
mer, which promotes further colonization of microbes on it and release
of various plastic degrading enzymes, such as esterases, hydrolases, and,
lipases (Kim et al., 2020a; Onda et al., 2020; Puglisi et al., 2019). The Cu-
binding enzyme (laccase), extracted from R. ruber and A. flavus is well
known for its role in biodegradation of PE (Zhang and Chen, 2020;
Priya et al., 2021). Similarly, bacterial species, R. rhodochrous, was tested
to biodegrade and utilize PE oligomers with using specific carrier pro-
teins, such as ATP binding cassettes (ABC) ormajor facilitator superfam-
ily (MFS) (Eyheraguibel et al., 2017; Gravouil et al., 2017). Gravouil et al.
(2017) studied, growth of the bacteria in PE-supplementedmedia along
with their enzymatic expression. The consumption of PE by the mi-
crobes involved a sequence of actions, starting from the participation
of acetyl coA and succinyl coA in the TCA cycle, then generation of en-
ergy currency as nicotinamide adenine dinucleotide hydrogen
(NADH). The generated energy packet is further applied in the genera-
tion of adenosine triphosphate (ATP) through the electron transport
chain (ETC), CO2 and H2O as by product in the process of PEmineraliza-
tion (Fig. 4). The basic findings related to PE biodegradation revealed
the involvement of specific genes, enzymes, and various transporter
proteins (Gravouil et al., 2017; Kumari and Chaudhary, 2020). Specific
genes, like alkane hydroxylase (alkB) of Pseudomonas sp. E4 strain en-
abled to degrade the PE up to 28.6% in 80 days. Furthermore, to verify
the potency of alkB gene, Escherichia coli BL21 strain was selected as
host in which the expression of gene was performed and achieved
19.3% enzymatic degradation of the PE (Llorente-García et al., 2020;
Yoon et al., 2012).

Diverse groups of marine and soil bacteria have been reported for
production of hydrolases and their role in the enzymatic degradation
of plastic wastes (Kawai et al., 2019; Tourova et al., 2020). The PET hy-
drolase produced by Ideonella sakaiensis has been investigated to de-
grade MHET, and showed similar activity like tannases (Palm et al.,
2019). The bacterium strain Ideonella sakaiensis has enabled to produce

PETase (hydrolase) and MHETase when subject to PET as a carbon
source. These two biological catalysts enable to degraded PET into
more facile compounds, like terephthalic acid (TPA), mono(2-
hydroxyethyl) terephthalate (MHET), and bis(2-hydroxyethyl) tere-
phthalate (BHET). Furthermore, MHET is hydrolyzed to TPA and ethyl-
ene glycol (EG) by the activity of MHETase (Kim et al., 2020a; Xu
et al., 2020). Moreover, TPA is converted into protocatechuic acid
(PCA), then PCA 3, 4 dioxygenase (PCA34) act on PCA and generate 4-
carboxy-2-hydroxymuconic, which is further dehydrogenated and gen-
erate 2-pyrone-4-6-dicarboxylic acid. The generated 2-pyrone-4,6-di-
carboxylic acid used in the TCA cycle and converted into pyruvate and
oxaloacetate, and finally mineralized and released as CO2 and H2O
(Mahdi et al., 2016; Tourova et al., 2020).

Several fungal genera, such as Fusarium, Humicola, and Penicillium

are well known as PET bio-degraders with the help of various enzymes,
such as cutinase, polyesterase, and hydrolase (da Costa et al., 2020;
Kawai et al., 2019; Palm et al., 2019). The most preferable enzyme was
cutinases obtained from Fusarium and Humicola. Due to the accumula-
tion of MHET as intermediate during the degradation of PET, Humicola

cutinase action is inadequate, therefore, to overcome this, lipase ob-
tained from C. antarctica is applied which entirely converts MHET into
TPA (Carniel et al., 2017; Moharir and Kumar, 2019). PET esterases
have also been observed to facilitate the hydrolysis of bis
(benzoyloxyethyl)-terephthalate and polycaprolactone just like PET hy-
drolases (Hajighasemi et al., 2018; Nabi et al., 2020). A study performed
by Luu et al. (2013) using styrene monooxygenase (extracted from
P. putida F1 strain) assisted degradation of PS along styrene epoxide
assisted oxidation. In the second step of oxidation,monooxygenase gen-
erate phenylacetaldehyde from styrene epoxide which further converts
into phenylacetic acid (PAA). Furthermore, PAA is converted into
phenylacetyl-CoA due to action of various enzymes and enters into
the TCA cycle as acetyl-Co A and succinyl-CoA. Bacterial strain
P. putida CA-3 was applied to degrade PS via specific rout known as
Phenylacetyl-CoA catabolon. This route employs the action of catabolic
operon, which facilitates the utilization of PS by P. putida CA-3, and pro-
duction of PHAs (O'Leary et al., 2005).

Synthetic plastic variants, such as PUR, have also been well reported
to undergo enzymatic degradation (Jenkins et al., 2019). Comamonas

Table 3

Selected references of enzyme mediated degradation of plastic polymers.

Plastic polymer Microorganisms Enzymes References

PUR P. chlororaphis, P. protegens BC212 Lipase (Danso et al., 2019; Hung et al., 2016)
Pseudomonas chlororaphis Polyurethanase (Howard and Blake, 1998; Zheng et al., 2005)
P. fluorescence; Rhodococcus equi Protease; aryl acylamidase (Howard et al., 2001; Purohit et al., 2020)
Pestalotiopsis microspora Serine hydrolase (Russell et al., 2011)

PS P. putida AJ, P. putida CA-3 Alkane hydroxylase (Danko et al., 2004; O'Leary et al., 2005)
Microbial consortia
(Bacillus, Micrococcus, Nocardia, Pseudomonas, Rhodococcus)

Styrene monooxygenase;
Styrene oxide
Isomerase; Phenylacetaldehyde
dehydrogenase

(Danso et al., 2019; Jacquin et al., 2019)

PP Bacillus subtilis; B. flexus; P. stutzeri – (Arkatkar et al., 2009)
Alcaligenes; Pseudomonas, Vibrio – (Cacciari et al., 1993)
Pseudophormidium sp. – (Urbanek et al., 2018)

PET Humicola sp. Cutinase (Danso et al., 2019)
Fusarium sp. Cutinase (O'Neill et al., 2007)
Pseudomonas sp. Lipase (Jacquin et al., 2019; Lewin et al., 2016)
Ideonella sakaiensis MHETase; PETase (Yoshida et al., 2016)
Thermobifida fusca/Thermomonospora fusca Cutinase; lipase (Müller et al., 2005)

PE Penicillium simplicissimum Lipase (Yamada-Onodera et al., 2001)
Phanerochaete chrysosporium Manganese peroxidase (Shimao, 2001)
Rhodococcus ruber Laccase (Santo et al., 2013)

Nylon;
polycaprolactone

Agromyces sp. Nylon hydrolase (Negoro et al., 2012)
Trametes versicolor Laccase (Fujisawa et al., 2001)
White-rot fungus IZU-154, Amycolatopsis sp. Manganese peroxidase

PVC Alteromonadaceae (Alteromonas); Cellvibrionaceae; Oceanospirillaceae;
Aestuariicela

– (Jacquin et al., 2019; Danso et al., 2019)

Polyporus versicolor; Pleurotus sajor caju; Thermomonospora fusca – (Kleeberg et al., 1998; Purohit et al., 2020)
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acidovorans TB-35 bacterial strain has been deployed to biodegrade PUR
via action of an esterase called as pudA (Yuan et al., 2020).Moreover, di-
verse groups of fungal species, such as Candida ethanolica, Aspergillus fu-
migates, Penicillium chrysogenum, Fusarium solani, and Candida rugosa

have also been well characterized and reported to degrade PUR via var-
ious enzymes like lipase, esterases, and hydrolases (Jenkins et al., 2019;
Kalita et al., 2020; Vanleeuw et al., 2019). Arthrobacter bacterial species
have been reported for production of various hydrolases and amino-
transferases which have capability to degrade nylon oligomer. The
whole genome sequence of this bacterial strain confirms the presence
of nylD1 and nylE1 genes, which encodes 6-aminohexanoate amino-
transferase and adipate semialdehyde dehydrogenase, respectively
that jointly facilitated the metabolization of 6-aminohexanoate and
adipate semialdehyde to adipate semialdehyde and adipate, respec-
tively (Gatz-Schrupp et al., 2020; Yuan et al., 2020).

4.2. Advance molecular technologies

The advancements in metabolic engineering and synthetic biology
led to the development of robust microbial strains, which showed im-
proved biotransformation potency and recycling of synthetic plastics
in greener way. Genetic modification strategies act as influential tech-
nologies tomodify the inherent characteristics ofmicrobes and enhance
their efficiency to biodegrade plastic wastes (Gu, 2021). Furthermore,
the systems biology strategy applied various omics strategies, such as
genomics, metabolomics, proteomics, transcriptomics, proteomics, etc.
to improve the monitoring of degradation of diverse range of environ-
mental contaminants (Basu et al., 2018; Kumar et al., 2019; Kumar
et al., 2017; Kumar et al., 2018a; Kumar et al., 2018b) (Fig. 5).

Various metabolic engineering approaches have been developed re-
cently and executed either individualistically or in association with ge-
netically engineered construct well known to degrade recalcitrant
pollutants (Kumar et al., 2020b; Taha et al., 2021). Systems
metabolomic engineering has appeared as a significant strategy that as-
sists the success of engineeredmicrobes with improved cellular growth
and achieves better plastic degradation efficiency (Yang et al., 2017).
The progression in gene editing technologies and tools (TALENs, and
the CRISPR/Cas9) also leads to improvement in the plastic degradation
potencymicrobes (Gaj et al., 2013; Priya et al., 2021). These approaches
can be practically applied for the introduction of genes in the genomes
of microbes which encodes various plastic degrading enzymes, such as
PETase, esterase, depolymerase, laccase and etc. (Gaj et al., 2013; Tofa
et al., 2019).

Various investigations have emphasized that the biodegradation of
plastic waste by the wild microbes is slow in comparison to the
engineered constructs (Gu, 2021). For example, engineered enzyme
construct cutinase was reported to reduce the degradation time of
PUR 41.8 to 6.2 h in comparison to their wild counterpart (Islam et al.,
2019). Syranidou et al. (2019) have confirmed the enhanced plastic bio-
degradation capability of manipulated marine microbes' consortia. The
modified plastic degrader microbes can be applied in depolymerization
of plastic polymers. In spite of several triumphs associated with genetic
engineering of the microorganism at lab-scales, most of the engineered
microorganisms have displayed unsatisfactory outcomes at field-scale.

The comprehensive knowledge about this informationmay improve
the biodegradation of plastic polymers. Bioinformatics has arisen as an
effective tool for enhancing the biodegradation of contaminants includ-
ing MNPs (Purohit et al., 2020). Various databases related to

Fig. 4. A schematic representation of bio-mineralization of plastic waste.
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biodegradation pathways and toxicities have been established to evalu-
ate the biodegradation. Few well-known databases, such as UM-BBD,
MetaCyc, BioCyc provide valuable information associated with micro-
bial metabolic routes, microbial genes and enzymes, and their complex
enzymatic reactions which facilitate the biodegradation of recalibrates
compounds like plastic polymers (Priya et al., 2021; Tourova et al.,
2020). These computational methods are specifically advantageous,
not only in investigating and recognizing the responsible enzymes, but
simultaneously forecasting the biodegradation routes of toxic chemicals
whichwere not previously recognized. This bioinformatics method cer-
tainly created a joint platform at whichmetabolic engineering and syn-
thetic biology could be enabled to build a novel approach for
biodegradation of plastics (Ali et al., 2021a; Ali et al., 2021b). Neverthe-
less, themajor disadvantages associatedwith bioinformatics and exper-
imental data are their unavailability, inaccessibility, and validation,
which need consideration in future research.

Synthetic biology, most importantly ‘omic’ investigations alongwith
computational biology and high throughput sequencing have consis-
tently played a major role in enlightening the microbial-plastic-sphere
interactions and subsequent degradation of polymers (Bouhajja et al.,
2016; Wagner and Lambert, 2018). Moreover, designing a metabolic
route for biodegradation of the synthetic polymers is also a key feature

of synthetic biology (Purohit et al., 2020;Wang et al., 2021a). Neverthe-
less, there are knowledge gaps related to the diverse groups of synthetic
polymer degrader microorganisms and their responsible enzymes.
Hence, future investigations must emphasize the characterization and
identification techniques of a robust polymer degradingmicroorganism
and their enzymes. An extensive investigation is essential at environ-
mental microbiology and biotechnology level, a gene manipulation
and a protein engineering levels to overcome the stumbling block in
the field of biodegradation of plastic polymers. In the near future, com-
binatorial approaches, such as unification of bioinformatic tools, meta-
bolic engineering, genetics, molecular, and system biology may deliver
ground-breaking insight in the field of biodegradation of plastic poly-
mers.

4.3. Bio-membrane technology

Bio-membrane technology or membrane bioreactor (MBR) technol-
ogy is a set-up in which biological catalyst either microbes or enzymes,
or both is linked with a partition method, ran by a film derived system,
such as microfiltration and ultrafiltration (Dey et al., 2021; Xiao et al.,
2019). These days MBR is considered as an emerging technology for ef-
fective treatment of industrial and municipal WW globally. Also, MBR

Fig. 5. Application of advanced molecular technologies/genetic engineering in biodegradation of plastic waste.

Y. Zhou, M. Kumar, S. Sarsaiya et al. Science of the Total Environment 802 (2022) 149823

11



has also been applied immensely in the field of food, pharmacology,
biorefinery, and biodiesel production (Judd, 2016). In the treatment of
MPs, the MBR is applied to reduce the complexity of the MPs contami-
nated media by biodegrading the organic matters (OMs), resulting into
improved degradation of MPs. The biodegradation procedure commonly
initiated, when a stream of pre-treated WW enters in the bioreactor,
then biodegradation of OMs is performed over there. The remnant of
treated liquid is impelled in a semi-cross flow filtration set-up for the re-
moval procedure and concentrated in the retentate flow (Poerio et al.,
2019).

Recently, Talvitie et al. (2017b) compared the efficiency of MBR
with few others WW treatment methods like, disc-filter, rapid sand
filtration, and dissolved air flotation for separation of MPs. In com-
parison to the above-mentioned technologies, an MBR technology
displayed a substantial removal efficiency (99%) of MPs, improved
quality of final effluent, and reduced treatment steps. Smith (2018)
and Talvitie et al. (2017b) demonstrated a relative investigation re-
lated to separation of MPs via Rapid Sand Filters (RSF), Reverse Os-
mosis (RO), Dissolved Air Flotation (DAF), and MBR. Finding of
these studies established that the MBR technology was the most ef-
fective in treatment of MPs polluted WW. Although MPs from WW
could be separated out via MBR during WWT operation (Talvitie
et al., 2017a), MPs treatment technologies which assist in the re-
moval of theMPs from prevailingWWTP, are presently at the infancy
phase of research.

MBRs are found to be effective in degradation of organic contam-
inants in MNPs. For example, the application of MBR in biodegrada-
tion of phthalate esters has been investigated at a laboratory-scale
alone or liked with secondary sludge, starting with various synthetic
or natural WW (Camacho-Munoz et al., 2012), paper mill WW
(Yoshida et al., 2016), MSW leachate (Boonyaroj et al., 2012), etc.
In WWTP, the application of MBR displayed around 70% more elimi-
nation of Di(2-ethylhexyl) phthalate (DEHP) in comparison to tradi-
tional treatment technology (3%) (Camacho-Munoz et al., 2012) and
further enhanced (83%) if linked with primary adsorption. A com-
prehensive MPs biodegradation was achieved if MBR was linked
with a primary anaerobic digestion along with RO filtration
(Balabanic et al., 2012). Nevertheless, the degradation efficiency of
the MBR is firmly governed by the physico-chemical characteristics
of pollutants, and operation conditions, such as initial feeding rate
and concentration, hydraulic retention time (HRT) etc. A significant
finding, which could be in nearby future application linked with
MBR, is the isolated bacterium species, Ideonella sakaiensis enable
to utilize PET as a carbon source (Yoshida et al., 2016). Particularly,
this bacterium species has specific enzyme mechanism which effi-
ciently transformed PET into less toxic monomeric forms, such as
TPA and EG. More recently, Dawson et al. (2018) observed a reduc-
tion in size of MP from 31.5 to <1 μm when Antarctic Krill
(Euphasia superba) act on it. An in-depth investigation of size reduc-
tion of MPs by Antarctic Krill revealed the involvement of complex
enzymatic mechanism. These enzymes will be effortlessly amalgam-
ated with the MBR in near future and it will undoubtedly biodegrade
theMP as previously confirmed by Barth et al. (2015) for PET biodeg-
radation.

5. Conclusion and future prospects

MNPs are recognized as emerging persistent pollutants in the envi-
ronment, which seriously pollute the terrestrial and aquatic ecosystems.
WW, sewage sludge, MSW, and composts are considered as potential
sources of MNPs pollution in the environment. There are several tech-
nologies, such as physical, chemical, biological/microbial adopted so
far to mitigate the MNPs menace. Biodegradation of plastics fragments
is considered as one of the impending solutions to cartel the environ-
mentalmenace generated byMNPs due to its greener nature. Therefore,
this review spotted light on the various sources of MNPs in the

environment, mainly focusing on the MNPs in WW, sewage sludge,
MSW, and compost along with their toxicological impacts. Moreover,
this review comprehensively covered various approaches adopted
by the scientific community recently to mitigate MNPs pollution in
WW, sewage sludge, MSW, and compost through bioremediation.
Moreover, several MNPs remediation approaches, such as enzymatic,
bio-membrane, advanced molecular and nanoparticle technologies
have been described comprehensively in this review. Although, var-
ious research investigations have been performed so far to mitigate
MNPs via bioremediation and subsequently minimizing their eco-
toxicological impacts, still future investigations covering the aspects
related to MNPs pollution, their impacts and mitigation strategies
must be conducted.

• As for the sources and fate of MNPs in soil environment, and interac-
tions with microorganisms, food crops and soil microbe, the scale of
existing scientific research achievements is limited. The distribution,
transportation and degradation of MNPs needs to be assessed in
order to fully understand the long-term fate of MNPs in soil ecosys-
tem.

• As carriers of various environmental pollutants, MNPs may promote
or inhibit the mobility and bioavailability of the persistent and poten-
tially hazardous pollutants in agricultural soils. But specific mecha-
nisms of MNP and pollutant interactions are still unclear which
require consideration in the futurework. Additionally, future research
should be more focused on NPs, as it has high penetration potential
than MPs.

• The diversity of microorganisms and enzymes on the plastic-sphere is
still limited. Therefore, futureworkmust focus on identification ofmi-
croorganisms on the plastic-sphere. In addition, it is a challenge for fu-
ture microbiology researchers to select the effective microorganisms
used in the degradation process of MNPs.

• It is a very beneficial research task to obtain MNP degradingmicrobes
and its further application in production of biopolymer, which is wor-
thy of further investigation in order to promote its application in bio-
degradation process. Furthermore, the recycling and synthesis of
value-added products from the degraded plastics need extensive in-
vestigation tomanage bio-valorization of synthetic plastic in a circular
economy model.

• PVC is a thermoplastic. Only few fungal sp. has been reported which
can degrade the PVC. Still bacterial and enzymatic-assisted degrada-
tion of PVC has not been reported that would be explored in future re-
search investigations.

• PP is generally used in cosmetics and personal care products (PCPs).
Abundant groups of microbes are reported, which effectively degrade
the PP polymers.With variousfindings associatedwithmicrobial deg-
radation of the PP, there are no reports available to enzymatic assisted
degradation of PP and their mechanism, which need consideration in
future research work.

Declaration of competing interest

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

Acknowledgments

The authors are grateful for the financial support received from the
Shaanxi Introduced Talent Research Funding (A279021901), and the In-
troduction of Talent Research Start-up Fund (No. Z101022001), College
of Natural Resources and Environment, Northwest A&F University,
Yangling, Shaanxi Province 712100, China. We are also thankful to all
our laboratory colleagues and research staffmembers for their construc-
tive advice and help.

Y. Zhou, M. Kumar, S. Sarsaiya et al. Science of the Total Environment 802 (2022) 149823

12



References

Ali, I., Ding, T., Peng, C.S., Naz, I., Sun, H.B., Li, J.Y., Liu, J.F., 2021a.Micro- and nanoplastics in
wastewater treatment plants: occurrence, removal, fate, impacts and remediation
technologies – a critical review. Chem. Eng. J. 423, 130205.

Ali, S.S., Elsamahy, T., Al-Tohamy, R., Zhu, D., Mahmoud, Y., Koutra, E., Metwally, M.A.,
Kornaros, M., Sun, J., 2021b. Plastic wastes biodegradation: mechanisms, challenges
and future prospects. Sci. Total Environ. 780, 146590.

Allouzi, M.M.A., Tang, D.Y.Y., Chew, K.W., Rinklebe, J., Bolan, N., Allouzi, S.M.A., Show, P.L.,
2021. Micro (nano) plastic pollution: the ecological influence on soil-plant system
and human health. Sci. Total Environ. 788, 147815.

Anastopoulos, I., Pashalidis, I., 2021. Single-use surgical face masks, as a potential source
of microplastics: do they act as pollutant carriers? J. Mol. Liq. 326, 115247.

Ariza-Tarazona, M.C., Villarreal-Chiu, J.F., Barbieri, V., Siligardi, C., Cedillo-González, E.I.,
2019. New strategy for micro-plastic degradation: green photocatalysis using a
protein-based porous N-TiO2 semiconductor. Ceram. Int. 45 (7), 9618–9624.

Ariza-Tarazona, M.C., Villarreal-Chiu, J.F., Hernandez-Lopez, J.M., Rivera De la Rosa, J.,
Barbieri, V., Siligardi, C., Cedillo-Gonzalez, E.I., 2020. Micro-plastic pollution reduction
by a carbon and nitrogen-doped TiO2: effect of pH and temperature in the photocat-
alytic degradation process. J. Hazard. Mater. 395, 122632.

Arkatkar, A., Arutchelvi, J., Bhaduri, S., Uppara, P.V., Doble, M., 2009. Degradation of
unpretreated and thermally pretreated polypropylene by soil consortia. Int.
Biodeterior. Biodegradation 63 (1), 106–111.

Arpia, A.A., Chen, W.H., Ubando, A.T., Naqvi, S.R., Culaba, A.B., 2021. Microplastic degradation
as a sustainable concurrent approach for producing biofuel and obliterating hazardous
environmental effects: a state-of-the-art review. J. Hazard. Mater. 418, 126381.

Aslam, H., Ali, T., Mortula, M.M., Attaelmanan, A.G., 2020. Evaluation of micro-plastics in
beach sediments along the coast of Dubai. UAE. Mar. Pollut. Bull. 150, 110739.

Balabanic, D., Hermosilla, D., Merayo, N., Klemencic, A.K., Blanco, Á., 2012. Comparison of
different wastewater treatments for removal of selected endocrine-disruptors from
paper mill wastewaters. J. Environ. Health 47 (10), 1350–1363.

Barth, M., Wei, R., Oeser, T., Then, J., Schmidt, J., Wohlgemuth, F., Zimmermann, W., 2015.
Enzymatic hydrolysis of polyethylene terephthalate films in an ultrafiltration mem-
brane reactor. J. Memb. Sci. 494, 182–187.

Bartonitz, A., Anyanwu, I.N., Geist, J., Imhof, H.K., Reichel, J., Graßmann, J., Drewes, J.E.,
Beggel, S., 2020. Modulation of PAH toxicity on the freshwater organism G. roeseli
by microparticles. Environ. Pollut. 260, 113999.

Basu, S., Rabara, R.C., Negi, S., Shukla, P., 2018. Engineering PGPMOs through gene editing
and systems biology: a solution for phytoremediation? Trends Biotechnol. 36 (5),
499–510.

Bhatia, M., Girdhar, A., Chandrakar, B., Tiwari, A., 2013. Implicating nanoparticles as po-
tential biodegradation enhancers: a review. J. Nanomed. Nanotechol. 4 (175), 2.

Boonyaroj, V., Chiemchaisri, C., Chiemchaisri, W., Theepharaksapan, S., Yamamoto, K.,
2012. Toxic organic micro-pollutants removal mechanisms in long-term operated
membrane bioreactor treating municipal solid waste leachate. Bioresour. Technol.
113, 174–180.

Boots, B., Russell, C.W., Green, D.S., 2019. Effects of microplastics in soil ecosystems: above
and below ground. Environ. Sci. Technol. 53, 11496–11506.

Bouhajja, E., Agathos, S.N., George, I.F., 2016. Metagenomics: probing pollutant fate in nat-
ural and engineered ecosystems. Biotechnol. Adv. 34 (8), 1413–1426.

Bradney, L., Wijesekara, H., Palansooriya, K.N., Obadamudalige, N., Bolan, N.S., Ok, Y.S.,
Rinklebe, J., Kim, K.H., Kirkham, M.B., 2019. Particulate plastics as a vector for toxic
trace-element uptake by aquatic and terrestrial organisms and human health risk.
Environ. Int. 131, 104937.

Brahney, J., Hallerud, M., Heim, E., Hahnenberger, M., Sukumaran, S., 2020. Plastic rain in
protected areas of the United States. Science 368 (6496), 1257–1260.

Cacciari, I., Quatrini, P., Zirletta, G., Mincione, E., Vinciguerra, V., Lupattelli, P., Sermanni,
G.G., 1993. Isotactic polypropylene biodegradation by a microbial community: phys-
icochemical characterization of metabolites produced. Appl. Environ. Microbiol. 59
(11), 3695–3700.

Camacho-Munoz, D., Martín, J., Santos, J.L., Alonso, E., Aparicio, I., De la Torre, T.,
Rodriguez, C., Malfeito, J.J., 2012. Effectiveness of three configurations of membrane
bioreactors on the removal of priority and emergent organic compounds fromwaste-
water: comparison with conventional wastewater treatments. J. Environ. Monit. 14
(5), 1428–1436.

Camins, E., de Haan, W.P., Salvo, V., Canals, M., Raffard, A., Sanchez-Vidal, A., 2020. Paddle
surfing for science on micro-plastic pollution. Sci. Total Environ. 709, 136178.

Carniel, A., Valoni, É., Junior, J.N., da Conceição Gomes, A., de Castro, A.M., 2017. Lipase
from Candida antarctica (CALB) and cutinase from Humicola insolens act synergisti-
cally for PET hydrolysis to terephthalic acid. Process Biochem. 59, 84–90.

Chae, Y., An, Y.J., 2020. Nanoplastic ingestion induces behavioral disorders in terrestrial
snails: trophic transfer effects via vascular plants. Environ. Sci. Nano. 7, 975–983.

Chandra, P., Enespa, Singh, D.P., 2020. Micro-plastic degradation by bacteria in aquatic
ecosystem. Microorganisms for Sustainable Environment and Health, pp. 431–467.

Chen, Z., Zhao, W.Q., Xing, R.Z., Xie, S.J., Yang, X.G., Cui, P., Lü, J., Liao, H.P., Yu, Z., Wang, S.H.,
Zhou, S.G., 2019. Enhanced in situ biodegradation of micro-plastics in sewage sludge
using hyper-thermophilic composting technology. J. Hazard. Mater. 384, 121271.

Chen, Y., Liu, X., Leng, Y.,Wang, J., 2020. Defense responses in earthworms (Eisenia fetida)
exposed to low-density polyethylene microplastics in soils. Ecotoxicol. Environ. Saf.
187, 109788.

Cheng, Y.L., Kim, J.G., Kim, H.B., Choi, J.H., Tsang, Y.F., Baek, K., 2021. Occurrence and re-
moval of micro-plastics in wastewater treatment plants and drinking water purifica-
tion facilities: a review. Chem. Eng. J. 410, 128381.

da Costa, A.M., de Oliveira Lopes, V.R., Vidal, L., Nicaud, J.M., de Castro, A.M., Coelho, M.A.Z.,
2020. Poly (ethylene terephthalate) (PET) degradation by yarrowia lipolytica:

investigations on cell growth, enzyme production and monomers consumption. Pro-
cess Biochem. 95, 81–90.

Danko, A.S., Luo, M., Bagwell, C.E., Brigmon, R.L., Freedman, D.L., 2004. Involvement of lin-
ear plasmids in aerobic biodegradation of vinyl chloride. Appl. Environ. Microbiol. 70
(10), 6092–6097.

Danso, D., Chow, J., Streit, W.R., 2019. Plastics: environmental and biotechnological per-
spectives on microbial degradation. Appl. Environ. Microbiol. 85, e01095-19.

Davarpanah, E., Guilhermino, L., 2019. Are gold nanoparticles and microplastics mixtures
more toxic to the marine microalgae tetraselmis chuii than the substances individu-
ally? Ecotoxicol. Environ. Saf. 181, 60–68.

Dawson, A.L., Kawaguchi, S., King, C.K., Townsend, K.A., King, R., Huston, W.M., Nash,
S.M.B., 2018. Turning micro-plastics into nanoplastics through digestive fragmenta-
tion by Antarctic krill. Nat. Commun. 9 (1), 1–8.

Dey, T.K., Uddin, M.E., Jamal, M., 2021. Detection and removal of micro-plastics in waste-
water: evolution and impact. Environ. Sci. Pollut. Res. 28, 16925–16947.

Esan, E.O., Abbey, L., Yurgel, S., 2019. Exploring the long-term effect of plastic on compost
microbiome. PLoS. One 14 (3), e0214376.

Eyheraguibel, B., Traikia, M., Fontanella, S., Sancelme, M., Bonhomme, S., Fromageot, D.,
Lemaire, J., Lauranson, G., Lacoste, J., Delort, A.M., 2017. Characterization of oxidized
oligomers from polyethylene films by mass spectrometry and NMR spectroscopy be-
fore and after biodegradation by a rhodococcus rhodochrous strain. Chemosphere
184, 366–374.

Fujisawa, M., Hirai, H., Nishida, T., 2001. Degradation of polyethylene and nylon-66 by the
laccase-mediator system. J. Polym. Environ. 9 (3), 103–108.

Fuke, P., Kumar, M., Sawarkar, A.D., Pandey, A., Singh, L., 2021. Role of microbial diversity
to influence the growth and environmental remediation capacity of bamboo: a re-
view. Ind. Crop. Prod. 167, 113567.

Gaj, T., Gersbach, C.A., Barbas III, C.F., 2013. ZFN, TALEN, and CRISPR/Cas-based methods
for genome engineering. Trends Biotechnol. 31 (7), 397–405.

Gatz-Schrupp, J., Deckard, P., Hufford, B., Ly, S., Tupa, P., Masuda, H., 2020. Isolation and
genomic analysis of 11-aminoundecanoic acid-degrading bacterium Pseudomonas
sp. JG-B from nylon 11 enrichment culture. J. Geno. 8, 16.

Ghosh, S., Qureshi, A., Purohit, H.J., 2019. Contaminants in Agriculture and Environment:
Health Risks and Remediation. Agro. Environ. Media, India.

Gies, E.A., LeNoble, J.L., Noël, M., Etemadifar, A., Bishay, F., Hall, E.R., Ross, P.S., 2018. Reten-
tion ofmicro-plastics in amajor secondarywastewater treatment plant in Vancouver,
Canada. Mar. Pollut. Bull. 133, 553–561.

Golwala, H., Zhang, X., Iskander, S.M., Smith, A.L., 2021. Solid waste: An overlooked source
of microplastics to the environment. Sci. Total. Environ. 144581.

Gravouil, K., Ferru-Clément, R., Colas, S., Helye, R., Kadri, L., Bourdeau, L., Moumen, B.,
Mercier, A., Ferreira, T., 2017. Transcriptomics and lipidomics of the environmental
strain rhodococcus ruber point out consumption pathways and potential metabolic
bottlenecks for polyethylene degradation. Environ. Sci. Technol. 51 (9), 5172–5181.

Gu, J.D., 2021. Biodegradability of plastics: the issues, recent advances, and future per-
spectives. Environ. Sci. Pollut. Res. 28 (2), 1278–1282.

Guan, N., Liu, L., 2020. Microbial response to acid stress: mechanisms and applications.
Appl. Microbiol. Biotechnol. 104 (1), 51–65.

Guo, J.J., Huang, X.P., Xiang, L.,Wang, Y.Z., Li, Y.W., Li, H., Cai, Q.Y., Mo, C.H., Wong, M.H., 2020.
Source, migration and toxicology of micro-plastics in soil. Environ. Int. 137, 105263.

Hajighasemi, M., Tchigvintsev, A., Nocek, B., Flick, R., Popovic, A., Hai, T., Khusnutdinova,
A.N., Brown, G., Xu, X., Cui, H., Anstett, J., 2018. Screening and characterization of
novel polyesterases from environmental metagenomes with high hydrolytic activity
against synthetic polyesters. Environ. Sci. Technol. 52 (21), 12388–12401.

Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Micro-plastics in fresh-
water and terrestrial environments: evaluating the current understanding to identify
the knowledge gaps and future research priorities. Sci. Total Environ. 586, 127–141.

Howard, G.T., Blake, R.C., 1998. Growth of Pseudomonas fluorescens on a polyester–
polyurethane and the purification and characterization of a polyurethanase–
protease enzyme. Int. Biodeterior. Biodegradation 42 (4), 213–220.

Howard, G.T., Crother, B., Vicknair, J., 2001. Cloning, nucleotide sequencing and character-
ization of a polyurethanase gene (pueB) from pseudomonas chlororaphis. Int.
Biodeterior. Biodegradation 47 (3), 141–149.

Huang, Y.J., Ding, J.N., Zhang, G.S., Liu, S.J., Zou, H., Wang, Z.Y., Zhu, W.B., Geng, J.J., 2021.
Interactive effects of micro-plastics and selected pharmaceuticals on red tilapia:
role of micro-plastic aging. Sci. Total Environ. 752, 142256.

Hung, C.S., Zingarelli, S., Nadeau, L.J., Biffinger, J.C., Drake, C.A., Crouch, A.L., Barlow, D.E.,
Russell, J.N., Crookes-Goodson, W.J., 2016. Carbon catabolite repression and impranil
polyurethane degradation in Pseudomonas protegens strain Pf-5. Appl. Environ.
Microbiol. 82 (20), 6080–6090.

Hurley, R.R., Nizzetto, L., 2018. Fate and occurrence of micro(nano)plastics in soils:
knowledge gaps and possible risks. Curr. Opin. Environ. Sci. Health. 1, 6–11.

Hussain, C.M., 2019. Handbook of Environmental Materials Management. Springer, Cham,
Switzerland.

Islam, S., Apitius, L., Jakob, F., Schwaneberg, U., 2019. Targeting micro-plastic particles in
the void of diluted suspensions. Environ. Int. 123, 428–435.

Jacquin, J., Cheng, J., Odobel, C., Pandin, C., Conan, P., Pujo-Pay, M., Barbe, V.,
Meistertzheim, A.L., Ghiglione, J.F., 2019. Microbial ecotoxicology of marine plastic
debris: a review on colonization and biodegradation by the “Plastisphere”. Front.
Microbiol. 10, 865.

Jaiswal, S., Sharma, B., Shukla, P., 2020. Integrated approaches in microbial degradation of
plastics. Environ. Technol. Innov. 17, 100567.

Jenkins, S., Quer, A.M.I., Fonseca, C., Varrone, C., 2019. Microbial degradation of plastics:
new plastic degraders, mixed cultures and engineering strategies. Soil Microenviron-
ment for Bioremediation and Polymer Production, pp. 213–238.

Jiang, X., Chen, H., Liao, Y., Ye, Z., Li, M., Klobucar, G., 2019. Ecotoxicity and genotoxicity of
polystyrene microplastics on higher plant Vicia faba. Environ. Pollut. 250, 831–838.

Y. Zhou, M. Kumar, S. Sarsaiya et al. Science of the Total Environment 802 (2022) 149823

13



Jiang, X., Tian, L., Ma, Y., Ji, R., 2019. Quantifying the bioaccumulation of nanoplastics and
PAHs in the clamworm perinereis aibuhitensis. Sci. Total Environ. 655, 591–597.

Jiang, X., Chang, Y., Zhang, T., Qiao, Y., Lobucar, G., Li, M., 2020. Toxicological effects of
polystyrene microplastics on earthworm (Eisenia fetida). Environ. Pollut. 259,
113896.

Ju, H., Zhu, D., Qiao, M., 2019. Effects of polyethylene microplastics on the gut microbial
community, reproduction and avoidance behaviors of the soil springtail, Folsomia
candida. Environ. Pollut. 247, 890–897.

Judd, S.J., 2016. The status of industrial and municipal effluent treatment with membrane
bioreactor technology. Chem. Eng. J. 305, 37–45.

Judy, J.D., Williams, M., Gregg, A., Oliver, D., Kumar, A., Kookana, R., Kirby, J.K., 2019.
Micro-plastics in municipal mixed-waste organic outputs induce minimal short to
long-term toxicity in key terrestrial biota. Environ. Pollut. 252 (1), 522–531.

Kalita, N.K., Kalamdhad, A., Katiyar, V., 2020. Recent trends and advances in the biodegra-
dation of conventional plastics. Adv. Polym. Sci. 389–404.

Kamrannejad, M.M., Hasanzadeh, A., Nosoudi, N., Mai, L., Babaluo, A.A., 2014. Photocatalytic
degradation of polypropylene/TiO2 nano-composites. Mater. Res. 17, 1039–1046.

Kawai, F., Kawabata, T., Oda, M., 2019. Current knowledge on enzymatic PET degradation
and its possible application to waste stream management and other fields. Appl.
Microbiol. Biotechnol. 103 (11), 4253–4268.

Kelly, J.J., London, M.G., McCormick, A.R., Rojas, M., Scott, J.W., Hoellein, T.J., 2021. Waste-
water treatment alters microbial colonization of micro-plastics. PLoS. One. 16 (1),
e0244443.

Khalid, N., Aqeel, M., Noman, A., 2020. Microplastics could be a threat to plants in terres-
trial systems directly or indirectly. Environ. Pollut. 267, 115653.

Kiendrebeogo, M., Karimi Estahbanati, M.R., Mostafazadeh, A.K., Drogui, P., Tyagi, R.D.,
2021. Treatment of micro-plastics inwater by anodic oxidation: a case study for poly-
styrene. Environ. Pollut. 269, 116168.

Kim, S.W., An, Y.J., 2019. Soil microplastics inhibit the movement of springtail species. En-
viron. Pollut. 126, 699–706.

Kim, H.R., Lee, H.M., Yu, H.C., Jeon, E., Lee, S., Li, J., Kim, D.H., 2020. Biodegradation of poly-
styrene by Pseudomonas sp. isolated from the gut of super-worms (larvae of
Zophobas atratus). Environ. Sci. Technol. 54, 11, 6987–6996.

Kim, S.W., Kim, D., Jeong, S.W., An, Y.J., 2020. Size-dependent effects of polystyrene plastic
particles on the nematode Caenorhabditis elegans as related to soil physicochemical
properties. Environ. Pollut. 258, 113740.

Kleeberg, I., Hetz, C., Kroppenstedt, R.M., Müller, R.J., Deckwer,W.D., 1998. Biodegradation
of aliphatic-aromatic copolyesters by thermomonospora fusca and other thermo-
philic compost isolates. Appl. Environ. Microbiol. 64 (5), 1731–1735.

Knott, B.C., Erickson, Mark D., Allen, E., Gado, J.E., Graham, R., Kearns, F.L., Pardo, I.,
Topuzlu, E., Anderson, J.J., Austin, H.P., Dominick, G., Johnson, C.W., Rorrer, N.A.,
Szostkiewicz, C.J., Copié, V., Payne, C.M., Woodcock, H.L., Donohoe, B.S., Beckham,
G.T., McGeehan, J.E., 2020. Characterization and engineering of a two-enzyme system
for plastics depolymerization. Proc. Natl. Acad. Sci. U. S. A. 117 (41), 25476–25485.

Kumar, M., Gupta, J., Thakur, I.S., 2016. Production and optimization of
polyhydroxyalkanoate from oleaginous bacteria Bacillus sp. ISTC1. Res. Rev.
J. Microbiol. Biotechnol. 5, 80–89.

Kumar, M., Morya, R., Gnansounou, E., Larroche, C., Thakur, I.S., 2017. Characterization of
carbon dioxide concentrating chemolithotrophic bacterium serratia sp. ISTD04 for
production of biodiesel. Bioresour. Technol. 243, 893–897.

Kumar, M., Sundaram, S., Gnansounou, E., Larroche, C., Thakur, I.S., 2018. Carbon dioxide
capture, storage and production of biofuel and biomaterials by bacteria: a review.
Bioresour. Technol. 247, 1059–1068.

Kumar, M., Verma, S., Gazara, R.K., Kumar, M., Pandey, A., Verma, P.K., Thakur, I.S., 2018.
Genomic and proteomic analysis of lignin degrading and polyhydroxyalkanoate accu-
mulating ß-proteobacterium Pandoraea sp. ISTKB. Biotechnol. Biofuels. 11 (1), 1–23.

Kumar, M., Kumar, M., Pandey, A., Thakur, I.S., 2019. Genomic analysis of carbon dioxide
sequestering bacterium for exopolysaccharides production. Sci. Rep. 9 (1), 1–12.

Kumar, M., Xiong, X., He, M., Tsang, D.C., Gupta, J., Khan, E., Harrad, S., Hou, D., Ok, Y.S.,
Bolan, N.S., 2020. Micro-plastics as pollutants in agricultural soils. Environ. Pollut.
265, 114980.

Kumar, M., You, S., Beiyuan, J., Tsang, D.C., Luo, G., Gupta, J., Kumar, S., Singh, L., Zhang, S.,
2020. Lignin valorization by bacterial genus Pseudomonas: state-of-the-art review
and prospects. Bioresour. Technol. 320, 124412.

Kumar, M., Bolan, N.S., Hoang, S.A., Sawarkar, A.D., Jasemizad, T., Gao, B., Keerthanan, S.,
Padhye, L.P., Singh, L., Kumar, S., Vithanage, M., 2021. Remediation of soils and sedi-
ments polluted with polycyclic aromatic hydrocarbons: to immobilize, mobilize, or
degrade? J. Hazard, Mater, p. 126534

Kumar, M., Chen, H.Y., Sarsaiya, S., Qin, S.Y., Liu, H.M., Awasthi, M.K., Kumar, S., Singh, L.,
Zhang, Z.Q., Bolan, N.S., Pandey, A., Varjani, S., Taherzadeh, M.J., 2021. Current re-
search trends on micro- and nano-plastics as an emerging threat to global environ-
ment: a review. J. Hazard. Mater. 409, 124967.

Kumar, R., Sharma, P., Manna, C., Jain, M., 2021. Abundance, interaction, ingestion, ecolog-
ical concerns, andmitigation policies of micro-plastic pollution in riverine ecosystem:
a review. Sci. Total Environ. 782, 146695.

Kumari, A., Chaudhary, D.R., 2020. Engineered microbes and evolving plastic bioremedia-
tion technology. Bioremediation of Pollutants. Elsevier, pp. 417–443.

Latha, K., Lalithakumari, D., 2001. Transfer and expression of a hydrocarbon-degrading
plasmid pHCL from pseudomonas putida to marine bacteria. World J. Microbiol.
Biotechnol. 17, 523–528.

Lear, G., Kingsbury, J.M., Franchini, S., Gambarini, V., Maday, S.D.M., Wallbank, J.A.,
Weaver, L., Pantos, O., 2021. Plastics and the microbiome: impacts and solutions. En-
viron. Microbiol. 16, 2.

Lewin, A., Strand, T.A., Haugen, T., Klinkenberg, G., Kotlar, H.K., Valla, S., Drabløs, F.,
Wentzel, A., 2016. Discovery and characterization of a thermostable esterase from
an oil reservoir metagenome. Adv. Enzym. Res. 4 (2), 68.

Li, X., Chen, L., Mei, Q., Dong, B., Dai, X., Ding, G., Zeng, E.Y., 2018. Micro-plastics in sewage
sludge from the wastewater treatment plants in China. Water Res. 142, 75–85.

Li, X.T., Liang, R.F., Li, Y., Zhang, Y.D., Wang, Y.M., Li, K.F., 2021. Micro-plastics in inland
freshwater environments with different regional functions: a case study on the
Chengdu plain. Sci. Total Environ. 789, 147938.

Lin, W., Jiang, R., Xiong, Y., Wu, J., Xu, J., Zheng, J., Zhu, F., Ouyang, G., 2019. Quantification
of the combined toxic effect of polychlorinated biphenyls and nano-sized polystyrene
on Daphnia magna. J. Hazard. Mater. 364, 531–536.

Liu, W., Zhang, J., Liu, H., Guo, X., Zhang, X., Yao, X., Cao, Z., Zhang, T., 2021. A review of the
removal of microplastics in global wastewater treatment plants: characteristics and
mechanisms. Environ. Int. 146, 106277.

Llorente-García, B.E., Hernandez-Lopez, J.M., Zaldívar-Cadena, A.A., Siligardi, C., Cedillo-
Gonzalez, E.I., 2020. First insights into photocatalytic degradation of HDPE and
LDPE micro-plastics by a mesoporous N–TiO2 coating: effect of size and shape of
micro-plastics. Coatings 10, 658.

Luu, R.A., Schneider, B.J., Ho, C.C., Nesteryuk, V., Ngwesse, S.E., Liu, X., Parales, J.V., Ditty,
J.L., Parales, R.E., 2013. Taxis of pseudomonas putida F1 toward phenylacetic acid is
mediated by the energy taxis receptor Aer2. Appl. Environ. Microbiol. 79 (7),
2416–2423.

Ma, J., Sheng, G.D., Chen, Q.L., O’Connor, P., 2020. Do combined nanoscale polystyrene and
tetracycline impact on the incidence of resistance genes and microbial community
disturbance in Enchytraeus crypticus? J. Hazard. Mater. 387, 122012.

Magara, G., Khan, F.R., Pinti, M., Syberg, K., Inzirillo, A., Elia, A.C., 2019. Effects of combined
exposures of fluoranthene and polyethylene or polyhydroxybutyrate microplastics
on oxidative stress biomarkers in the bluemussel (Mytilus edulis). J. Toxicol. Environ.
Health. Part A 82, 616–625.

Mahdi, M.S., Ameen, R.S., Ibrahim, H.K., 2016. Study on degradation of nylon 6 by thermo-
philic bacteria anoxybacillus rupiensis Ir3 (JQ912241). Int. J. Adv. Res. Biol. Sci. 3,
200–209.

Mammo, F.K., Amoah, I.D., Gani, K.M., Pillay, L., Ratha, S.K., Bux, F., Kumari, S., 2020. Micro-
plastics in the environment: interactions with microbes and chemical contaminants.
Sci. Total Environ. 743, 140518.

Mishra, A., Kumar, M., Bolan, N.S., Kapley, A., Kumar, R., Singh, L., 2021. Multidimensional
approaches of biogas production and up-gradation: opportunities and challenges.
Bioresour. Technol. 125514. https://doi.org/10.1016/j.biortech.2021.125514.

Mitrano, D.M., Wohlleben,W., 2020. Microplastic regulation should be more precise to in-
centivize both innovation and environmental safety. Nat. Commun. 11 (1), 1–12.

Moharir, R.V., Kumar, S., 2019. Challenges associated with plastic waste disposal and al-
lied microbial routes for its effective degradation: a comprehensive review. J. Clean.
Prod. 208, 65–76.

Müller, R.J., Schrader, H., Profe, J., Dresler, K., Deckwer, W.D., 2005. Enzymatic degradation
of poly (ethylene terephthalate): rapid hydrolyse using a hydrolase from T. fusca.
Macromol. Rapid Commun. 26, 17, 1400–1405.

Nabi, I., Bacha, A.U.R., Li, K., Cheng, H., Wang, T., Liu, Y., Ajmal, S., Yang, Y., Feng, Y., Zhang,
L., 2020. Complete photocatalytic mineralization of micro-plastic on TiO2 nanoparti-
cle film. iScience 23, 101326.

Negoro, S., Shibata, N., Tanaka, Y., Yasuhira, K., Shibata, H., Hashimoto, H., Lee, Y.H.,
Oshima, S., Santa, R., Mochiji, K., Goto, Y., 2012. Three-dimensional structure of
nylon hydrolase and mechanism of nylon-6 hydrolysis. J. Biol. Chem. 287 (7),
5079–5090.

O’Neill, A., Araújo, R., Casal, M., Guebitz, G., Cavaco-Paulo, A., 2007. Effect of the agitation
on the adsorption and hydrolytic efficiency of cutinases on polyethylene terephthal-
ate fibres. Enzym. Microb. Technol. 40 (7), 1801–1805.

Oberbeckmann, S., Labrenz, M., 2020. Marine microbial assemblages on micro-plastics:
diversity, adaptation, and role in degradation. Annu. Rev. Mar. Sci. 12 (1), 209–232.

O'Leary, N.D., O'Connor, K.E., Ward, P., Goff, M., Dobson, A.D., 2005. Genetic characteriza-
tion of accumulation of polyhydroxyalkanoate from styrene in Pseudomonas putida
CA-3. Appl. Environ. Microbiol. 71 (8), 4380–4387.

Oliviero, M., Tato, T., Schiavo, S., Fernandez, V., Manzo, S., Beiras, R., 2019. Leachates of mi-
cronized plastic toys provoke embryotoxic effects upon sea urchin Paracentrotus
lividus. Environ. Pollut. 247, 706–715.

Onda, D.F.L., Gomez, N.C.F., Purganan, D.J.E., Tolentino, M.P.S., Bitalac, J.M.S., Calpito, J.V.M.,
Perez, J.N.O., Viernes, A.C.A., 2020.Marinemicrobes and plastic debris: research status
and opportunities in the Philippines. Philipp. J. Sci. 149, 89–100.

Othman, A.R., Hasan, H.A., Muhamad, M.H., Abdullah, S.R.S., 2021. Microbial degradation
of microplastics by enzymatic processes: a review. Environ. Chem. Lett. 1–17.

Palm, G.J., Reisky, L., Böttcher, D., Müller, H., Michels, E.A., Walczak, M.C., Berndt, L., Weiss,
M.S., Bornscheuer, U.T., Weber, G., 2019. Structure of the plastic-degrading ideonella
sakaiensis MHETase bound to a substrate. Nat. Commun. 10 (1), 1–10.

Park, S.Y., Kim, C.G., 2019. Biodegradation ofmicro-polyethylene particles by bacterial col-
onization of a mixed microbial consortium isolated from a landfill site. Chemosphere
222, 527–533.

Pathak, V.M., Navneet, 2017. Review on the current status of polymer degradation: a mi-
crobial approach. Bioresour. Bioprocess. 4, 15.

Poerio, T., Piacentini, E., Mazzei, R., 2019. Membrane processes for micro-plastic removal.
Molecules 24 (22), 4148.

Priya, A., Dutta, K., Daverey, A., 2021. A comprehensive biotechnological andmolecular in-
sight into plastic degradation by microbial community. J. Chem. Technol. Biotechnol.
https://doi.org/10.1002/jctb.6675.

Puglisi, E., Romaniello, F., Galletti, S., Boccaleri, E., Frache, A., Cocconcelli, P.S., 2019. Selec-
tive bacterial colonization processes on polyethylenewaste samples in an abandoned
landfill site. Sci. Rep. 9 (1), 1–13.

Purohit, J., Chattopadhyay, A., Teli, B., 2020. Metagenomic exploration of plastic degrading
microbes for biotechnological application. Curr. Genomics. 21 (4), 253–270.

Rana, K.I., 2019. Usage of potential micro-organisms for degradation of plastics. J. Environ.
Biol. 007–015.

Y. Zhou, M. Kumar, S. Sarsaiya et al. Science of the Total Environment 802 (2022) 149823

14



Ricardo, I.A., Alberto, E.A., Júnior, A.H.S., Macuvele, D.L.P., Padoin, N., Soares, C., Riella, H.G.,
Starling, M.C.V.M., Trovó, A.G., 2021. A critical review on micro-plastics, interaction
with organic and inorganic pollutants, impacts and effectiveness of advanced oxida-
tion processes applied for their removal from aqueous matrices. Chem. Eng. J. 424,
130282.

Rillig, M.C., 2020. Plastic and plants. Nat. Sustain. 3 (11), 887–888.
Rillig, M.C., Lehmann, A., de Souza Machado, A.A., Yang, G., 2019. Microplastic effects on

plants. New. Phytol. 223 (3), 1066–1070.
Rodríguez-Seijo, A., Santos, B., Cachada, A., Pereira, R., Silva, E.F.d., 2019. Low-density

polyethylene microplastics as a source and carriers of agrochemicals to soil and
earthworms. Environ. Chem. 16 (1), 8–17.

Rogers, K.L., Carreres-Calabuig, J.A., Gorokhova, E., Posth, N.R., 2020. Micro-by-micro in-
teractions: how microorganisms influence the fate of marine micro-plastics. Limnol.
Oceanogr. 5, 18–36.

Ru, J., Huo, Y., Yang, Y., 2020. Microbial degradation and valorization of plastic wastes.
Front. Microbiol. 11, 442.

Ruggero, F., Gori, R., Lubello, C., 2019. Methodologies to assess biodegradation of
bioplastics during aerobic composting and anaerobic digestion: a review. Waste
Manag. Res. 37 (10), 959–975.

Russell, J.R., Huang, J., Anand, P., Kucera, K., Sandoval, A.G., Dantzler, K.W., Hickman, D.,
Jee, J., Kimovec, F.M., Koppstein, D., Marks, D.H., 2011. Biodegradation of polyester
polyurethane by endophytic fungi. Appl. Environ. Microbiol. 77 (17), 6076–6084.

Santo, M., Weitsman, R., Sivan, A., 2013. The role of the copper-binding enzyme–laccase–
in the biodegradation of polyethylene by the actinomycete rhodococcus ruber. Int.
Biodeterior. Biodegradation 84, 204–210.

Shimao, M., 2001. Biodegradation of plastics. Curr. Opin. Biotechnol. 12 (3), 242–247.
Silva, A.B., Costa, M.F., Duarte, A.C., 2018. Biotechnology advances for dealing with envi-

ronmental pollution by micro(nano)plastics: lessons on theory and practices. Curr.
Opin. Environ. Sci. Health. 1, 30–35.

Skariyachan, S., Megha, M., Kini, M.N., Mukund, K.M., Rizvi, A., Vasist, K., 2015. Selection
and screening of microbial consortia for efficient and ecofriendly degradation of plas-
tic garbage collected from urban and rural areas of Bangalore, India. Environ. Monit.
Assess. 187 (1), 4174.

Skariyachan, S., Manjunath, M., Shankar, A., Bachappanavar, N., Patil, A.A., 2018. Applica-
tion of novel microbial consortia for environmental site remediation and hazardous
waste management toward low- and high-density polyethylene and prioritizing
the cost-effective, eco-friendly, and sustainable biotechnological intervention. Hand-
book of Environmental Materials Management, pp. 1–48.

Master ThesisSmith, M., 2018. Do Micro-plastic Residuals in Municipal Compost Bio-
accumulate in Plant Tissue? Royal Roads University, Victoria, British Columbia,
Canada

Song, Y., Cao, C., Qiu, R., Hu, J., Liu, M., Lu, S., Shi, H., Raley-Susman, K.M., He, D., 2019. Up-
take and adverse effects of polyethylene terephthalate microplastics fibers on terres-
trial snails (Achatina fulica) after soil exposure. Environ. Pollut. 250, 447–455.

de Souza Machado, A.A., Kloas, W., Zarfl, C., Hempel, S., Rillig, M.C., 2018. Microplastics as
an emerging threat to terrestrial ecosystems. Glob. Chang. Biol. 24 (4), 1405–1416.

Sridharan, S., Kumar, M., Bolan, N.S., Singh, L., Kumar, S., Kumar, R., You, S., 2021. Are
micro-plastics destabilizing the global network of terrestrial and aquatic ecosystem
services? Environ. Res. 198, 111243.

Sridharan, S., Kumar, M., Singh, L., Bolan, N.S., Saha, M., 2021. Microplastics as an emerg-
ing source of particulate air pollution: a critical review. J. Hazard. Mater. 126245.
https://doi.org/10.1016/j.jhazmat.2021.126245.

Sudhakar, M., Priyadarshini, C., Doble, M., Murthy, P.S., Venkatesan, R., 2007. Marine bac-
teria mediated degradation of nylon 66 and 6. Int. Biodeterior. Biodegradation 60 (3),
144–151.

Sun, J., Dai, X., Wang, Q., van Loosdrecht, M.C., Ni, B.J., 2019. Microplastics in wastewater
treatment plants: detection, occurrence and removal. Water Res. 152, 21–37.

Sun, Y., Ren, X.N., Rene, E.R., Wang, Z., Zhou, L.N., Zhang, Z.Q., Wang, Q., 2021. The degra-
dation performance of different micro-plastics and their effect on microbial commu-
nity during composting process. Bioresour. Technol. 332, 125133.

Syranidou, E., Karkanorachaki, K., Amorotti, F., Avgeropoulos, A., Kolvenbach, B., Zhou,
N.Y., Fava, F., Corvini, P.F.X., Kalogerakis, N., 2019. Biodegradation ofmixture of plastic
films by tailored marine consortia. J. Hazard. Mater. 375, 33–42.

Taha, Z.D., Amin, R.M., Anuar, S.T., Nasser, A., Sohaimi, E.S., 2021. Micro-plastics in seawa-
ter and zooplankton: a case study from Terengganu estuary and offshore waters,
Malaysia. Sci. Total. Environ. 786, 147466.

Talvitie, J., Mikola, A., Koistinen, A., Setälä, O., 2017. Solutions to micro-plastic pollution–
Removal of micro-plastics from wastewater effluent with advanced wastewater
treatment technologies. Water Res. 123, 401–407.

Talvitie, J., Mikola, A., Setälä, O., Heinonen, M., Koistinen, A., 2017. How well is microlitter
purified from wastewater?–A detailed study on the stepwise removal of microlitter
in a tertiary level wastewater treatment plant. Water Res. 109, 164–172.

Thakur, I.S., Kumar, M., Varjani, S.J., Wu, Y., Gnansounou, E., Ravindran, S., 2018. Seques-
tration and utilization of carbon dioxide by chemical and biological methods for
biofuels and biomaterials by chemoautotrophs: opportunities and challenges.
Bioresour. Technol. 256, 478–490. https://doi.org/10.1016/j.biortech.2018.02.039.

Tiwari, N., Santhiya, D., Sharma, J.G., 2020. Microbial remediation of micro-nano plastics:
current knowledge and future trends. Environ. Pollut. 265, 115044.

Tofa, T.S., Ye, F., Kunjali, K.L., Dutta, J., 2019. Enhanced visible light photodegradation of
micro-plastic fragments with plasmonic platinum/zinc oxide nanorod photocatalysts.
Catalysts 9 (10), 819.

Tourova, T.P., Sokolova, D.S., Nazina, T.N., Gruzdev, D.S., Laptev, A.B., 2020. Phylogenetic
diversity of microbial communities from the surface of polyethylene terephthalate
materials exposed to different water environments. Microbiology 89 (1), 96–106.

Trevisan, R., Voy, C., Chen, S., Di Giulio, R.T., 2019. Nano-plastics decrease the toxicity of a
complex PAH mixture but impair mitochondrial energy production in developing
zebrafish. Environ. Sci. Technol. 53, 8405–8415.

Tsering, T., Sillanpää, M., Sillanpää, M., Viitala, M., Reinikainen, S.P., 2021. Micro-plastics
pollution in the Brahmaputra River and the Indus River of the indian himalaya. Sci.
Total Environ. 789, 147968.

Uheida, A., Mejía, H.G., Abdel-Rehim, M., Hamd, W., Dutta, J., 2021. Visible light photocat-
alytic degradation of polypropylene micro-plastics in a continuous water flow sys-
tem. J. Hazard. Mater. 406, 124299.

Urbanek, A.K., Rymowicz, W., Mironczuk, A.M., 2018. Degradation of plastics and plastic-
degrading bacteria in cold marine habitats. Appl. Microbiol. Biotechnol. 102 (18),
7669–7678.

Vanleeuw, E., Winderickx, S., Thevissen, K., Lagrain, B., Dusselier, M., Cammue, B.P., Sels,
B.F., 2019. Substrate-specificity of Candida rugosa lipase and its industrial application.
ACS Sustain. Chem. Eng. 7 (19), 15828–15844.

Wagner, M., Lambert, S., 2018. Freshwater micro-plastics: emerging environmental con-
taminants? The Handbook of Environmental Chemistry. 58. Springer Nature, p. 303

Wang, H.T., Ding, J., Xiong, C., Zhu, D., Li, G., Jia, X.Y., Zhu, Y.G., Xue, X.M., 2019. Exposure to
microplastics lowers arsenic accumulation and alters gut bacterial communities of
earthworm metaphire californica. Environ. Pollut. 251, 110–116.

Wang, C.H., Zhao, J., Xing, B.S., 2021. Environmental source, fate, and toxicity of micro-
plastics. J. Hazard. Mater. 407, 124357.

Wang, L., Wu, W.M., Bolan, N.S., Tsang, D.C., Li, Y., Qin, M., Hou, D., 2021. Environmental
fate, toxicity and risk management strategies of nanoplastics in the environment:
current status and future perspectives. J. Hazard. Mater. 401, 123415.

Wilkes, R.A., Aristilde, L., 2017. Degradation and metabolism of synthetic plastics and as-
sociated products by Pseudomonas sp.: capabilities and challenges. J. Appl. Microbiol.
123, 3, 582–593.

Wu, P.F., Huang, J.S., Zheng, Y.L., Yang, Y.C., Zhang, Y., He, F., Chen, H., Quan, G.X., Yan, J.L.,
Li, T.T., Gao, B., 2019. Environmental occurrences, fate, and impacts of microplastics.
Ecotoxicol. Environ. Saf. 184, 109612.

Wu, X., Lu, J., Du, M., Xu, X., Beiyuan, J., Sarkar, B., Bolan, N., Xu, W., Xu, S., Chen, X., Wu, F.,
2021. Particulate plastics-plant interaction in soil and its implications: a review. Sci.
Total, Environ, p. 148337.

Xiao, K., Liang, S., Wang, X., Chen, C., Huang, X., 2019. Current state and challenges of full-
scale membrane bioreactor applications: a critical review. Bioresour. Technol. 271,
473–481.

Xu, Z., Xiong, X., Zhao, Y., Xiang, W., Wu, C., 2020. Pollutants delivered every day:
phthalates in plastic express packaging bags and their leaching potential. J. Hazard.
Mater. 384, 121282.

Xu, K.H., Zhang, Y.D., Huang, Y.M., Wang, J., 2021. Toxicological effects of micro-plastics
and phenanthrene to zebrafish (Danio rerio). Sci. Total Environ. 757, 143730.

Yamada-Onodera, K., Mukumoto, H., Katsuyaya, Y., Saiganji, A., Tani, Y., 2001. Degradation
of polyethylene by a fungus, penicillium simplicissimum YK. Polym. Degrad. Stab. 72
(2), 323–327.

Yang, D., Cho, J.S., Choi, K.R., Kim, H.U., Lee, S.Y., 2017. Systems metabolic engineering as
an enabling technology in accomplishing sustainable development goals. Microb.
Biotechnol. 10 (5), 1254–1258.

Yang, Y., Liu, W., Zhang, Z., Grossart, H.P., Gadd, G.M., 2020. Micro-plastics provide new
microbial niches in aquatic environments. Appl. Microbiol. Biotechnol. 104,
6501–6511.

Yang, L., Gao, J., Liu, Y., Zhuang, G., Peng, X., Wu,W.M., Zhuang, X., 2021. Biodegradation of
expanded polystyrene and low-density polyethylene foams in larvae of Tenebrio
molitor linnaeus (Coleoptera: Tenebrionidae): broad versus limited extent depoly-
merization and microbe-dependence versus independence. Chemosphere 262,
127818.

Yoon, M.G., Jeon, H.J., Kim, M.N., 2012. Biodegradation of polyethylene by a soil bacterium
and AlkB cloned recombinant cell. J. Bioremed. Biodegrad. 3 (4), 1–8.

Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., Toyohara, K.,
Miyamoto, K., Kimura, Y., Oda, K., 2016. A bacterium that degrades and assimilates
poly (ethylene terephthalate). Science 351 (6278), 1196–1199.

Yu, Y., Chen, H., Hua, X., Dang, Y., Han, Y., Yu, Z., Chen, X., Ding, P., Li, H., 2020. Polystyrene
microplastics (PS-MPs) toxicity induced oxidative stress and intestinal injury in nem-
atode Caenorhabditis elegans. Sci. Total Environ. 726, 138679.

Yuan, J., Ma, J., Sun, Y., Zhou, T., Zhao, Y., Yu, F., 2020. Microbial degradation and other en-
vironmental aspects of micro-plastics/plastics. Sci. Total Environ. 715, 136968.

Zhang, Z., Chen, Y., 2020. Effects of micro-plastics on wastewater and sewage sludge
treatment and their removal: a review. Chem. Eng. J. 382 (2020), 122955.

Zhang, P., Yan, Z., Lu, G., Ji, Y., 2019. Single and combined effects of microplastics and
roxithromycin on Daphnia magna. Environ. Sci. Pollut. Res. Int. 26, 17010–17020.

Zhang, B., He, Y., Zhu, H., Huang, X., Bai, X., Kannan, K., Zhang, T., 2020a. Concentrations of
bisphenol a and its alternatives in paired maternal–fetal urine, serum and amniotic
fluid from an e-waste dismantling area in China. Environ. Int. 136, 105407.

Zhang, S., Wang, J., Yan, P., Hao, X., Xu, B., Wang, W., Aurangzeib, M., 2020b. Non-
biodegradable micro-plastics in soils: a brief review and challenge. J. Hazard. Mater.
124525.

Zhao, H.J., Xu, J.K., Yan, Z.H., Ren, H.Q., Zhang, Y., 2020. Microplastics enhance the devel-
opmental toxicity of synthetic phenolic antioxidants by disturbing the thyroid func-
tion and metabolism in developing zebrafish. Environ. Int. 140, 105750.

Zheng, Y., Yanful, E.K., Bassi, A.S., 2005. A review of plastic waste biodegradation. Crit. Rev.
Biotechnol. 25 (4), 243–250.

Zocchi, M., Sommaruga, R., 2019. Microplastics modify the toxicity of glyphosate on
Daphnia magna. Sci. Total Environ. 697, 134194.

Y. Zhou, M. Kumar, S. Sarsaiya et al. Science of the Total Environment 802 (2022) 149823

15


	Challenges and opportunities in bioremediation of micro-�nano plastics: A review
	1. Introduction
	2. Biological and toxicological effect of micro-nano plastics
	3. Microbial-degradation of micro-nano plastics
	3.1. Mechanism of micro-nano plastics biodegradation
	3.2. Microbial degradation of micro-nano plastics in wastewater
	3.3. Microbial degradation of micro-nano plastics in sewage sludge and municipal solid waste
	3.4. Microbial degradation of micro-nano plastics in compost

	4. Recent advancement in micro-nano plastics degradation
	4.1. Enzyme-assisted degradation
	4.2. Advance molecular technologies
	4.3. Bio-membrane technology

	5. Conclusion and future prospects
	Declaration of competing interest
	Acknowledgments
	References


