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HISTORY ABSTRACT

This review explores the escalating issue of marine microplastic pollution, a consequence of the
extensive use of high molecular weight polymers in various industries. It delves into the origins,
types, and environmental impacts of microplastics, particularly focusing on primary and second-
ary forms found in marine ecosystems. The study highlights the significant role of microplastics
in global plastic production and their contribution to marine pollution, exacerbated by poor waste
management and environmental factors. The review also examines the ecotoxicological effects
of microplastics on marine life, noting species-specific responses ranging from physical block-
ages to chemical toxicity, often worsened by the interaction with other pollutants. Furthermore,
it discusses innovative biological approaches for microplastic remediation, including the poten-
tial roles of microorganisms and certain marine and land animals in degrading or accumulating
microplastics. This comprehensive analysis emphasizes the urgent need for effective waste man-
agement strategies, recycling efforts, and sustainable alternatives to conventional plastics, aiming
to balance industrial and consumer demands with environmental conservation and address the
critical issue of marine microplastic pollution.
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INTRODUCTION

In general, plastics are polymers with high molecular weight
which can be moldable into various shapes by applying higher
temperatures [1]. The mouldability property in plastics allows
them to be shaped when soft and hardened to a rigid and elastic
form, thus supporting the economic demand in global markets.
To date, most of the commodity productions (i.e. party decora-
tions, child entertainment, food packaging materials, textile fab-
rics, electronic appliances and automotive) are highly dependent
on plastic polymers, notably in reducing the production costs due
to their low weight, high durability and better convenience [2,3].
The huge global plastic production in 2018 (i.e. almost 360 mil-
lion tons per year) was highlighted by [4], which was about 12
million tons greater than in 2017. The extensive use of plastics
raises environmental threats to the surrounding organisms along
with the well-being of human populations, hence the existing era
was recognized as ‘The Plastic Age. Few studies reported on the
high robustness of plastics that makes them highly resilient to be-
ing broken down or removed, contributing to global plastic pol-
Iution in environments with persistent toxic effects [5—7]. Conse-
quently, coastal and marine environments are the frequent vic-

tims of plastic pollution originating from human activities. In ad-
dition, [8] estimated that there are approximately 9 million tons
of land-based sources polluting the marine environment every
year. These plastics were accumulated on the sea floor (94%),
and near the shorelines (5%), while little of them will stay on the
ocean surface (1%) [9]. Several pathways for land-based plastics
entering the ocean were proposed by [10], including wind trans-
portation, stormwater runoff, marine littering and natural water
movements from rivers connecting to their neighbour ocean.

Distribution of these plastic pollutants by ocean currents
was observed even in some pristine environments such as the
Antarctic and Arctic Oceans [11,12]. Thus, these events imply
bad practices of waste management and inadequately developed
infrastructure within the affected sites, leading to a worldwide
environmental issue later, as it poses an ecotoxicological and
ecological risk to marine organisms and humans. This review
aims to discuss the origin of microplastics, highlighting its haz-
ardous effects and the possible biological solution in marine en-
vironments.
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Marine Microplastics: The Origins

Microplastic pollution in marine environments is inevitable due
to the increased usage of plastics in our daily lives. In general,
microplastics were defined as tiny plastic particles with a size
smaller than 5 mm [13]. From the report conducted by (4), sev-
eral types of plastics found in the marine environments include
PE, PCL, PUR, PLA, PHB, PET, PHA, PBS, PVC, PP and PS,
endangering the aquatic ecosystems and their biota. [14] further
explained that these particles within marine environments were
generated with various characteristics, varying in size, density,
chemical composition, and shape.

The two different forms of microplastics polluting the
aquatic environments are primary and secondary microplastics.
They can be found in raw materials for plastic products such as
resin pellets (primary microplastics), or from the degradation of
larger plastic substances by environmental factors into smaller
fragments (secondary microplastics) [15,16]. Although naturally
occurring biopolymers were reported in marine environments, it
was not discussed in this review since they are biodegradable in
general and exhibit minimal effects in these regions [17,18]. The
origins of plastics are illustrated in Fig. 1 and Fig. 2, highlighting
their contributions toward marine plastic pollution with examples
of plastic commercials, respectively.

Primary microplastics

Plastic particles of microscopic size manufactured for domestic
or industrial purposes were classified as primary microplastics.
A study done by [19], acknowledges 18 microplastic pollution
sites observed in shorelines from different places involving 6
continents. These plastics are commonly seen in daily necessities
such as cosmetics and personal care products including shower
gels, foundation, mascara, eye shadow, deodorant, facial cleans-
ers, toothpaste as well and sunscreen [7,20-22]. Since these prod-
ucts were meant to be washed off into domestic drains and be
treated by the neighbouring wastewater treatment sites, [14] de-
scribed them as ‘open use”.

A study conducted by [23] reported the average amount of
microbead particles found in facial cleaning abrasives was 50391
particles g and an average release of microbeads (i.e. 10000 to
100000 particles) from daily usage of these products into the res-
idential waste treatment plants also was estimated. Apart from
that, primary microplastics also can be found in artificial cloth-
ing, abrasives and essential media in air blasting or sand blasting
[24,25]. For example, the advancement in air blasting technolo-
gies employed primary microplastic products (i.e. acrylic sand-
blasting and polyester scrubbers) in the removal of rust and paint
from the treatment sites [21,26]. [21] explained that the extensive
use of these products led to the conjugation with heavy metals
including cadmium, chromium, and lead, thus raising environ-
mental concerns about the ecosystem from its combined harmful
effects. In, addition, organic elements including oatmeal, ground
almonds and pumice found in hand cleansers and body scrubs
were substituted by microplastic “scrubbers” as a modern exfoli-
ating alternative. Also, the extensive utilization of plastics-based
exfoliating products in commercial industries was contributed by
the microplastic scrubbers patented in the 1970s [27].

Few studies further explained these plastics as microbeads
or micro-exfoliates, differing in their chemical compositions,
sizes, and shapes adjusted to entertain the numerous interests in
commercial products [23,28,29]. For instance, granules made of
PP and PE with sizes smaller than 5 mm as well as PS compo-
nents with sizes not bigger than 2 mm were reported in the beauty
products [30]. [31] in different circumstances, acknowledged the
spherical microbeads (vary from 60 to 800 pm) found in facial
cleansers from some exclusive American brands. From the study,
an estimation was made by them, indicating about 5 kg of these
microbeads per year enter waste treatment management due to
the high usage from the consumers [31]. However, to date, the
utilization of PE microplastics in personal care and cosmetic
products with a size smaller than 5 mm, was practised and yet
reported by [28,32].

In general, secondary microplastics are tiny plastics that re-
sult from the fragmentation of larger plastic debris that existed
on sea and land over time [21]. According to [33], approximately
75%—-90% and 10%—-25% of the plastics originated from terres-
trial-based and marine-based sources, respectively. Although the
mass production of synthetic plastics was about 60 years only,
the high durability of plastics ranges from months to centuries,
raising the adverse environmental threats to the polluted sites
[34].

The natural breakdown of large plastic debris involves var-
ious physical, biological and chemical processes responsible for
the deterioration of their structural integrity, leading to fragmen-
tation processes [21]. The fragmentation of plastic debris under
natural conditions (i.e. weathering & photodegradation) was in-
fluenced by different factors, including the surrounding temper-
atures, the exposure to sunlight, and the size and density of the
plastics [34]. They further explained that sand beaches are the
most effective site for mechanical and chemical weathering by
providing the optimal factors (i.e. high solar UV, wave abrasion,
high oxygen exposure) for plastic fragmentation.

The process of weathering was highlighted as it plays an
important role in disintegrating plastics in marine environments.
According to [35], chemical weathering was favored by the me-
chanically induced scratches in plastics, allowing deeper deteri-
oration of the polymer surface and producing brittle plastics. This
implies the efficient weathering of plastic debris on beaches as
scratches were easily made by wave abrasion and water turbu-
lence [36]. The sunlight-induced photodegradation also broke
down the larger plastic debris into microplastics by oxidatively
cleaving the bonds within the polymer matrix of plastics [37].
These tiny plastics eventually become brittle over time, making
pits, and producing discoloration. The embrittlement in these
plastics made them sink into marine water and their degradation
process was rendered due to relatively low temperatures and low
exposure to UV light in deeper water levels. These resulting ac-
tivities led to the accumulation of tiny plastics in marine environ-
ments, hence increasing the possibility of accidental plastic in-
gestion by marine organisms due to its microscopic size [12].
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Fig. 1. The plastic origins and its contribution toward marine plastic pollution. Both synthetic (fossil fuel-derived) and natural polymers
(renewable biomass-derived) were utilized for industrial profits, leading to various commercial plastic-based products available to the con-
sumer markets. Marine plastic pollution was contributed by all these plastics under the influence of environmental factors, especially from
primary and secondary microplastics.
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Fig. 2. A mindmap on the synthetic and natural polymers used industrially that create diverse plastic products and subsequently their pollution

visualized and summarized using the Mermaid Chart software (v 10.6.1). .

The hazardous effects of microplastics on marine organisms
To date, the biological effects of tiny plastic particles on marine
organisms are partially understood as those eftects tend to be spe-
cies-specific [38]. Few studies suggested that marine organisms
ingest microplastics which then block and accumulate in their
gastrointestinal tract to give a false signal of satiation that causes
starvation, leading to bad growth and corrupted body conditions
[39,40]. A study with mysid shrimp (Neomysis japonica), [39])
reported that PS microplastics were accumulated in several or-
gans (i.e. brain, stomach, gastrointestinal tract and liver), leading
to low food intake and causing insufficient nutrients as well as
deaths due to disruptive hunting activities contributed by low
swimming movements and toxins. Besides that, disruption of the
internal digestive system, abnormal hormone levels and the re-
production capability of marine organisms were disrupted due to
the toxic effects of the ingested microplastic [41]. For instance,
adult zebrafish (Danio rerio) were reported to have several ab-
normal behavioural activities identified after exposure to virgin
PE microplastics for 4 days, including erratic swimming and
strange tail bending upward/downward that reduce the swimming
abilities in zebrafish and raised survival concerns.

Other toxic effects in adult zebrafish were also recognized
such as the deposition of toxic —product, sulfur oxide which dam-
ages the digestive guts due to the upregulated cytochrome P450
1A gene, while the compromised oogenesis activity which even-
tually changes all male zebrafishes to female zebrafishes due to
overexpressed vitellogenin gene that interferes the endocrine hor-
mone [41]. Microplastics can also induce inflammation in cells
and organs by stimulating the production of reactive oxygen spe-
cies (ROS) [40,42]. A study conducted by [42]reported signifi-
cant oxidative stress found in clam gills after PET microplastic
exposure. This event was due to the inhibited antioxidant enzyme
(i.e. glutathione peroxidase, GPx gene) in gills, leading to severe
lipid peroxidation on their cell membranes as well as other cellu-
lar components, and producing inflamed cells and organs at the
end of treatments. On the other hand, few studies focused on the
combined effect posed by different conjugated pollutants involv-
ing microplastics and toxic chemical additives (i.e. Polybromin-
ated diphenyl ethers, oxybenzone, chlorpyrifos & glyphosate)

This work is licensed under the terms of the Creative Commons

[43-45]. By referring to the actual marine plastic polluted sites,
plastic particles tend to adsorb some persistent chemicals found
in water environments, which are subsequently ingested by ma-
rine organisms, leading to more severe ecotoxicological effects
on them as compared to the microplastic pollutant alone [14].
This concern has raised a research interest in elucidating the ac-
tual effect posed by the chemical additive and microplastic on
marine organisms. A study done by [44] highlighted the potential
high-density PE (HDPE) as a vector in enhancing the toxic effect
of chlorpyrifos (CPF) in marine copepod (Acartia tonsa), in
which they found out the toxicity of CPF increased by more than
twenty—fold as compared to single treatment of CPF, leading to
significant mortality rate (i.e. no survived species after 48 h). The
exposure to HDPE—CPF also suppressed the feeding activities
(i.e. little or no movements) and reproduction activities (i.e. slow
hatching process) of marine copepods. Although there was a sig-
nificant lethal effect observed from CPF on marine copepods,
they stated the toxic effect could be species—specifically as ma-
rine copepods are susceptible to organophosphorus pollutants
which might not be in the same case for other marine organisms.
They further urged that toxicity study of CPF should be done on
other marine organisms before making a consensus on the lethal
effect of CPF for all marine organisms.

To date, most studies reported that the combination of mi-
croplastic and chemical additives led to toxic effects on marine
organisms, however, a study challenged the combined toxicity of
microplastics on aquatic organisms. For instance, [46] reported
the toxicity of 4-n—nonylphenol (NP) was not influenced by PE
microplastics on planktonic sea urchins as the ECso (i.e. concen-
tration needed to decrease species growth rate by half) of NP was
greater than 2—fold as compared to the combined toxicity test in
sea urchins, regardless the usage and concentration of PE micro-
plastics. Nevertheless, the laboratory-based microplastic toxicity
test with or without organic chemical pollutants still needs more
clarification to elucidate the actual ecotoxicological effect in ma-
rine ecosystems. Few studies reported on the adverse effect of
microplastic with or without chemical pollutants on aquatic or-
ganisms were documented in Table 1 and Table 2, respectively.
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Table 1. The ecotoxicological effects of microplastics on marine organisms reported from laboratory—based studies.

Organisms Microplastic (MP) Exposure Toxic Effects Reference
Type Size (diame- Concentration time
ter)
Mysid shrimp (Ne-  PS 5 um 10 mg/mL 2-4 days  Accumulated PS-MPs were observed in several organs (i.e. brain, stomach,  [39]
omysis japonica) and liver). Lethal effects (i.e. high mortality & low growth rate) and disruptive
hunting activities (i.e. decreased swimming movements) were observed prob-
ably due to insufficient nutrients, respiratory stress by gill injuries and toxins
in the brain.
Sea urchin (Para- PS 10 & 45 um 10 particles/mL 3 days A significant increase in reactive oxygen species (ROS), reactive nitrogen  [47]
centrotus lividus) species (RNS) and immune cells was observed in sea urchins. The elevated
immune cells refer to the actual immune response to the toxic ingested micro-
plastics due to proliferation. The high amount of ROS and RNS leads to the
overexpression of free radicals that cause damage to protein, DNA, and lipid
components.
Adult zebrafish PE 10-600 pm 2 mg/L 4 days Although no death was observed in this study MP accumulation in organs (i.e. ~ [41]
(Danio rerio) intestine & fish gills) and abnormal behavioural activities were identified (i.e.
erratic swimming & abnormal tail bending). —regulation of vitellogenin and
cytochrome P450 gene were also recognized that lead to the overproduction
of toxic sulfur oxides in intestines and feminization of male zebrafish.
Manila clam PET  8-1054 um 0.125-12.5 7 days A significant increase in oxidative stress was observed in clam gills. The over-  [42]
(Ruditapes philip- pg/ml expression of oxidation leads to lipid peroxidation in manila clams that cause
pinarum). damage to cellular components and the cell membranes, resulting in inflamed
cells and organs.
6 stony coral spe- PE 37-163 um 4000 particles’L. 4 weeks ~ PE-MP was found on surface tentacles and mesenterial filaments in the gut-  [38]
cies (Acropora hu- associated with mucus. Two bad conditions were observed, where necrosis
milis & etc.) covers about 40% of their surface area while coral bleaching probably in-
creases the mortality rate of coral species by suppressing the growth rate.
Goldfish (Carassius EVA, <5000 um 15-76 items/fish 6 weeks  Decreased in overall weight by 17.5-21.5% in goldfish after the MP exposure.  [40]
carassius) PS & The chewing activity causes severe damage in the oral cavity of goldfish for
PA about 80% of the total species. The ingested MP with microorganisms pene-
trates the liver causing inflammatory reactions and inducing inflamed cells
and organs.
Table 2. The adverse effects of microplastics combined with other toxic chemicals on marine organisms.
Organisms Microplastic (MP) Contaminant Exposure Toxic Effects Reference
Size (diame- Concentra- Type Concentra- time
ter) tion tion
MP Type: PS
Marine mussel 2 um 0-2.5 pg/L Polybromin- 0-10 pg/L 21 days  The combined effect of MP and BDE-47 led to some events such as [43]
(Mytilus coruscus) ated diphenyl elevated respiration rate, higher expression rate for acid phosphatase,
ethers, alkaline phosphatase and reactive oxygen species while the expres-
BDE-47 sion of lactate dehydrogenase and heat shock protein (Hsp70 & 90)
was rendered. Overall MP has exaggerated the effect of BDE-47,
mainly affecting the defence mechanisms and cellular metabolism.
MP Type: LDPE
Shell clam (Scro-  11-13 pm 1 mg/L  Oxybenzone, 82 ng/g 14 days  Few organs (i.e. digestive gland & hemolymph) have been identified [48]
bicularia plana) BP-3 with the accumulated MP— BP3 while gills were the major affected
site associated with abnormal biomarker modification. The adsorp-
tion of BP3 on MP caused a significant oxidative attack and damage
when compared to the sole MP treatments. High genotoxic levels (i.e.
DNA damage) are also contributed by the combination of BP3 and
MP.
MP Type: High-Density PE, HDPE
Marine copepod 2-10 pm 100 mg  Chlorpyrifos, 100 mg 24 h HDPE served as a vector to increase the bioavailability of CPF to the [44]
(Acartia tonsa) MP/L CPF CPF/L marine copepod. Exposure to HDPE-CPF led to decreased feeding
and reproduction activities where a slow hatching process was ob-
served. Significant lethal effects were identified where the presence
of HDPE—CPF has contributed to a great amount (i.e. > twenty—fold)
of toxic effects as compared to a single treatment of CPF alone., lead-
ing to a high mortality rate.
MP Type: PE & PET
Planktonic crusta-  2.09 um 0.0l mg dry Glyphosate, 2.5 mg/L 7 days  In general, Gly—acid had the lowest mortality rate (12.5%) as com- [45]
cean (Daphnia weight/mL Gly pared to Roundup Gran (20%) and Gly—monoisopropylamine, Gly-
magna) IPA (23.3%). However, the exposure of MP has significantly in-
creased the mortality rate in planktonic crustaceans contributed by
Gly-acid (i.e. 40.8% for PE & 17.5% for PET) and Roundup Gran
(i.e. 14% for PE & 10.7% for PET), respectively, while slightly de-
creased with Gly—IPA.
_45 -
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Marine microplastics: possible removal by biological ap-
proaches

Marine microplastic pollutions pose an emerging threat to wild-
life and subsequently compromises the benefits of the human
population as it gives rise to ecotoxicological and ecological
risks. In addition, the rate of microplastics entering the environ-
ment succeeded the rate of removal due to enormous usage by
the consumer annually [4]. Thus, the widespread of marine plas-
tic pollutants leads to a huge research interest in exploring vari-
ous applicable removal treatments to remedy plastic pollutants
from water bodies, hence decreasing their bioavailability and
toxic effects on marine organisms. Several methods have been
proposed including membrane technology, advanced filtration
systems, electrical-coagulation and chemical coagulants [49].
However, it was established that these tiny plastic particles gen-
erally are highly persistent in nature, smaller in size and have low
visibility which contributes to the difficulty in manual-based
treatment [14]. Besides that, chemical methods were expensive
(i.e. frequently replaced cathode and anode due to passivation &
high electricity cost) and may raise poisonous threats to the treat-
ment site as toxic lead— and aluminium-based coagulants were
used to coagulate the microplastic particles [49]. Therefore, a
more feasible approach could be utilized by exploiting microor-
ganisms that are capable of degrading microplastic polymers
since it is environmentally friendly, low costs and highly appli-
cable in different environments. Furthermore, to date, few ani-
mals and marine organisms also been suggested with their poten-
tial in removing the microplastic from marine environments.
Thus, the microbial biodegradation and potential animal applica-
tions are discussed.

Possible plastic remediation by exploiting microorganisms
This process is acknowledged as biodegradation, in which micro-
organisms are used to break down synthetic plastic polymers. Bi-
odegradation is feasible due to the possibility of plastic particles
to serve as a sole carbon and energy supply to plastic degrative
microbes [50,51]. Several studies highlighted the potential utili-
zation of microbes in plastic remediation by showing a consider-
able decrease in the dry weight of microplastics and stimulating
physiochemical alterations. These studies mainly focused on the
frequently found microplastics including PE, PP & PS which
were correlated to their abundance in current plastic-polluted
sites. For instance, [50] reported the degradation of PP micro-
plastic by Bacillus sp. strain 27 (i.e. 4.0% decrease in dry weight
of PP after 40 days) and Rhodococcus sp. strain 36 (i.e. 6.4% de-
crease in dry weight of PP after 40 days) isolated from mangrove
sediments. In addition, the deterioration half-life study (i.e. time
to decrease the amount of PP by half) showed a shorter half-life
of 346 days in Rhodococcus sp. strain 36 while isolates 27
recorded a longer half-life of 693 days.

Scanning electron microscopy (SEM) and Fourier-
transform infrared spectroscopy (FTIR) in the study further
supported the potential plastic degradation ability in these strains,
in which they found damages in the form of irregular holes on PP
surfaces followed by the colonisation of microbial communities
while FTIR analysis reported successful degradation by
examining different absorption peaks (i.e. 1456 cm™' & 1376
cm™! for bending of carbon and hydrogen bond) which provide
information on bond splitting and chemical changes. At the end
of the study, they concluded the possibility of B. cereus, B.
thuringiensis and R. ruber as synthetic polymer degraders as they
can utilise PP as the carbon source and display some degrative
characteristics after treatment.

To date, several plastic degrative strains isolated from
various sources have been proposed include Pseudomonas
aeruginosa  E7,  Streptomyces  albogriseolus  LBX-2,
Acinetobacter sp. and Bacillus gottheilii, highlighting their
potential remediator for plastic pollutants especially on PP, PE,
PS and PET, respectively (61-64). Although most studies
focused on single-strain plastic degradation, few studies explored
the plastic degrative ability in microbial consortium due to their
emerging applications in environmental pollution research
[51,52]. The emerging microbial consortium has been applied in
petroleum hydrocarbon degradation due to its higher catabolic
removal ability contributed by varied enzymatic responses which
eventually enhance the diesel degradation as compared to the
single bacterial strain [53]. Thus, the research opportunity by
utilising microbial consortium has gained attention in the
removal of various environmental pollutants, especially on
microplastics. A study in Korea by [51] reported a relatively
higher PE microplastic degradation was observed in a bacterial
consortium (i.e. 14.7% decrease in dry weight of PE after 60 days
& 22.8% decrease in PE microplastic diameter) retrieved from a
landfill. In the study, the dominant species existed in the bacterial
consortium was identified as Bacillus sp. and Paenibacillus sp.,
in which they found these significant colonized bacteria on PE
surfaces that further deteriorated the microplastics supported by
the result from SEM, FTIR and Gas Chromatography-Mass
Spectrophotometry (GC-MS). Consequently, they acknowledged
the presence of microbial consortium has enhanced the plastic
degradation efficiency as they are relatively stable probably due
to the collaboration between different microbes in remedying the
plastic pollutant, especially on PE microplastic (i.e. 40—600 pum).
Nonetheless, more scientific data are needed to understand the
actual role played by the microbial consortium on each type of
microplastic, before the usage of microbial consortia in field
treatment of plastic-polluted sites.

Besides bacteria, fungus is also one of the potential plastics
degrative microorganisms which has been proposed in recent
times. For instance, [25] highlighted a marine fungus (Zalerion
maritimum) that can serve as a tool for plastic bioremediation
where it recorded more than 43% removal rate of PE microplastic
after 14 days. They examined the biological compounds (i.e.
higher carbohydrate level & lower protein concentration) gradu-
ally with time, in these results disclose a probability of Z. mariti-
mum utilising PE microplastic as their carbon uptakes. In addi-
tion, both electron and optical microscopy in the study empha-
sized the potential degradation process by marine fungus Z. mar-
itimum on PE surfaces as the presence of biological materials and
irregular pits were observed on its surfaces. Meanwhile, in the
study, FTIR assay further supported the plastic degradative abil-
ity in Z. maritimum, where several new peaks were recognized
for the formation of carbonyl factions and double bonds due to
oxidative deterioration of PE, an identical FTIR analysis reported
from [54].

Similarly, [55] reported the fungus (Aspergillus flavus
strain PEDX3) isolated from the intestines of wax moth (Galleria
mellonella) displayed an efficient deterioration of HDPE micro-
plastic, giving a mass loss of 3.90 + 1.18% after 28 days. Both
studies from [56] and [55] confirmed the PE microplastic can be
utilized as a sole carbon nutrient for fungus and they have ob-
tained an identical FTIR analysis (i.e. new peaks for carbonyl
fractions & double bonds) implying fungus as the potential plas-
tic bioremediation tool.
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Noteworthily, the plastic degrative gene study from [55]
suggesting the potential plastic bioremediation in 4. flavus strain
PEDX3 was contributed by the up-expression of two laccase-like
multicopper oxidases (i.e. AFLA 006190 & AFLA 053930)
which catalyze oxidative cleaving on plastic polymers and in-
crease its eliminatory efficiency. Thus, fungus might be an inter-
esting remediator of plastic pollutants, yet more clarifications are
needed to understand the toxicity effects of these microplastic
particles on fungus and the possible ecological concerns after the
fungus bioremediation to the treated sites.

Possible plastic remediation by living organisms

Although there is little information regarding microplastic biore-
mediation by animals and most studies focus on bacteria and fun-
gus biodegradation, it is one of the alternatives available for the
possible removal of plastic pollutants. In general, few considera-
tions should be made in deciding the appropriate animals for plas-
tic remediation. Firstly, the mode of elimination (i.e. by inges-
tion, filtration & retention) on microplastics should be highly ef-
ficient, preferably those with little harmful effects caused and the
toxic plastics are not returning to the surroundings. Secondly, in-
digenous species should be localized within their natural habitats
as the geographical transfers were highly prohibited to conserve
the biodiversity of the treatment sites, while these organisms nor-
mally were adapted to their natural habitat conditions and nutri-
ent bioavailability which eventually eased the application of
these animals [57].

Lastly, the use of animals should be simple in maintaining,
controlling, and managing, hence the developments would be
easier while high efficiency is confirmed. Many studies have re-
ported minimal microplastic retention rates in active—feeding liv-
ing organisms (i.e. gastropods & copepods), hence revealing its
unsuitability of using them in plastic bioremediation. In the
study, although both gastropods and copepods reported high sur-
vival rates after microplastic exposure, yet to in plastic bioreme-
diation due to their significant egestion rates which eventually
return the toxic plastic pollutants back to the environments in the
form of fecal pellets [44,58]. These fecal pellets make available
to the higher trophic level due to the accidental ingestion by big-
ger marine animals, subsequently endangering their health and
survival [59,60]. On the other hand, filter feeder species seem to
have high potential in microplastic bioremediation due to their
high retention rates. For instance, epibenthic species Ophiomu-
sium lymani (i.e. 1.30—4.78 microplastics/g) which exhibited fil-
ter feeding and facultative predation behavior were reported of
high retention rate of microplastics especially on fragments and
fibers, when compared to the sole predator benthic species, Hy-
menaster pellucidus (i.e. 0.48—13.31 microplastics/g). Further-
more, the filter feeder bivalves (Mytilus spp.) were proposed as
one of the potential animals for the effective remediation of mi-
croplastics, highlighting their abundancy in sea waters, high abil-
ity to consume different microplastics (i.e. PE, PS, PP, PA, PET
& PVC) and the retainment of ingested microplastic (i.e. for 2
days) in their circulatory systems [19,61]. However, the efficient
gut maintenance (i.e. frequent egestion after 24 h) in Mytilus spp.
and high toxicity effects of microplastic (i.e. upregulation of ox-
idative attacks lead to inflamed cells) on these species were re-
ported, hence rendering its microplastic eliminatory efficiency
[61].

In sea waters, coral reefs are essential for the marine envi-
ronments as they provide nutrients to marine organisms and
maintain biodiversity integrities [62]. Recently, filter feeder coral
species (Acropora hemprichii, Goniastrea retiformis & Pocillo-

pora verrucosa) also received scientific attention in the micro-
plastic bioremediation as the microplastic ingestion was reported
in these corals conjugated with efficient microplastic adhesion
[63]. In the study, they reported the combination of a relatively
lower ingestion rate (i.e. 0.25 x103—14.8 x10* microplastic par-
ticles/h) and significant adhesion rate (i.e. more than 40 times
fold than ingestion) suggesting the potential use of these corals
in plastic bioremediation, elucidating the actual reduction in plas-
tic pollutants by accumulating in the coral sinks.

Another study with mushroom coral (Danafungia
scruposa) by [62] further supported the previous result by high-
lighting their identical findings where D. scruposa removes PE
microplastic in the water body actively through ingestions (2.3 +
0.7% of plastic pieces/h) as well as passively by adhesions (97.7
+ 0.7% of plastic pieces/h), in which the former process was 40
times less efficient in the removal study. Both studies support that
the adhesion process in coral reefs was an effective microplastic
removal as these organisms provided them with a “sink” in the
marine environments that contributed to their large polyp struc-
tures (i.e. 3—38 cm in diameter) [63]. However, few studies chal-
lenged the adverse effects contributed by the short-term micro-
plastic exposure to these corals, including necrosis on the sur-
faces, discolouration by bleaching and stress on physiological re-
sponses [64]. Thus, the use of corals in plastic bioremediation is
still challenging and information regarding the long-term micro-
plastic exposure effects on corals is greatly needed before the
field study.

Aside from these marine animals, snails and mealworms
were also reported to play a potential role in plastic bioremedia-
tion. A study with land snails (Achatina fulica) by [65]suggested
their potential use in plastic bioremediation due to the high in-
gestion rates (i.e. 18.5 £2.9 mg PE/snail after 28 days) facilitated
by the plastic depolymerization in their guts and subsequently
egested in the fecal pellets. In the study, they examined the poly-
dispersity index (PDI) in the fecal pellets using two parameters
(i.e. number average molecular mass, Mn & weight average mo-
lecular mass, Mw), in which a PDI of 2.01 was observed in the
fecal pellets from the treated species and compared to the control
with higher PDI of 2.55 after 28 days. The lower PDI from treated
species revealed there was a significant change from low molec-
ular weight compounds to higher molecular weight compounds,
indicating successful depolymerization of PS microplastics due
to chemical bond cleavages. Besides that, the FTIR and Proton
Nuclear Magnetic Resonance analysis further supported the the-
ory of plastic depolymerization in 4. fulica by highlighting a few
new peaks of 10751150 cm™' & 1650 cm ™! attributed to CO and
C=C bonds, respectively, indicating molecular alterations in PS
microplastics into potential carbonyl groups.

The successful depolymerization activity in the guts of 4.
fulica was contributed by the significant growth of Enterobacte-
riaceae sp. (i.e. 52.5% increase in abundance on week 2) and
Sphingobacteriaceae sp. (i.e. 18.8% increase in abundance on
week 4) which are capable in catalyzing oxidative depolymeriza-
tion on PE microplastics. An identical increase in Enterobacteri-
aceae sp. also was reported in PE & PS microplastic degradation
study from [66] using larvae of Zophobas atratus, confirming the
successful microplastic degradation theory in A4. fulica. Similarly,
a study in China by [66] reported both yellow (Tenebrio molitor)
and dark (Tenebrio obscurus) mealworms consumed high
amounts of PS microplastics, estimated as 24.30 + 1.34 and 32.44
+ 0.51 mg per larvae per h, respectively. In the study, they also
examined the Mn value in the fecal pellets from both treated spe-
cies, in which they found efficient microplastic degradation in 7.
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obscurus (i.e. 26.03% decrease in Mn of PS left over in fecal pel-
let) when compared to the 7. molitor (i.e. 11.6% decrease in Mx
of PS left over in fecal pellet). Noteworthily, a similar FTIR anal-
ysis was observed, revealing new peaks attributed to the for-
mation of carbonyl compounds, while the genetic sequencing
finding showed the dominance of a few strains, namely Entero-
bacteriaceae sp., Spiroplasmataceae sp., and Enterococcaceae
sp. Although these living organisms were mostly land—based, yet
there is a potential use of these species in wastewater treatment
plants as proposed by a review summarized by [67]. Since one of
the main sources of marine microplastics originated from the
treated effluent discharged by the wastewater treatment plant,
thus implementing these plastic degradative organisms seems to
be a good solution in the remedy of marine plastic pollution. In
summary, epibenthic species O. lymani and land—based organ-
isms (i.e. black mealworm, 7. obscurus & land snails, 4. fulica)
seem to be an effective remediator tool for marine plastic pollu-
tion, yet further investigations should be conducted on the suita-
bility in both actual seawater conditions and wastewater treat-
ment plants, before a scientific consensus was made.

CONCLUSION

To sum up, marine ecosystems are facing serious problems as a
result of the widespread use of plastics, especially microplastics.
There has been an unprecedented surge in the worldwide produc-
tion of plastics because of their widespread use and the ease with
which they can be shaped to meet specific needs. Nevertheless,
this has led to significant consequences for the environment. Ma-
rine ecosystems are severely impacted by microplastics, which
can be classified as either primary or secondary pollutants. Mi-
croplastics, both primary (found in consumer goods) and second-
ary (produced by the breakdown of bigger plastic debris), are ma-
jor sources of pollution in the ocean. Not only does this pollution
harm marine life through accumulation and ingestion, but it also
presents ecotoxicological risks as a result of the harmful chemi-
cals that are absorbed. Microplastics pose a significant threat to
marine life due to their wide-ranging and diverse harmful effects,
which affect reproduction, health, and survival. These effects can
range from physical blockages to chemical toxicity. These con-
sequences become even more complicated and severe when mi-
croplastics interact with other contaminants. Innovative and ef-
fective solutions are necessary to address this crisis. Microorgan-
isms and specific land and marine animals are examples of bio-
logical approaches that show potential for reducing microplastic
pollution. These living organisms have the ability to break down
or accumulate microplastics, which could lead to a decrease in
their abundance in aquatic habitats. But we don't know much
about these methods' effectiveness or environmental impacts just
yet because we're in the early phases of research. All things con-
sidered, the assessment stresses how critical it is to have imme-
diate plans to control plastic trash, boost recycling rates, and cre-
ate eco-friendly substitutes for traditional plastics. To address the
persistent problem of microplastic pollution in the ocean, we
must find a way to satisfy both consumer and industrial demands
while simultaneously protecting the environment.
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