Science of the Total Environment 954 (2024) 176063

Contents lists available at ScienceDirect

Science orre
Total Environment

Science of the Total Environment

&5

ELSEVIER journal homepage: www.elsevier.com/locate/scitotenv

Review ' :.)
Check for

Integrating the quintuple helix approach into atmospheric microplastics iz
management policies for planetary health preservation

M. Dewika®", Kalaimani Markandan®, J. Nor Ruwaida , Y.Y. Sara 4, Anjan Deb ©,
N. Ahmad Irfan?, Mohammad Khalid """

@ School of American Education, Sunway University, Bandar Sunway, 47500, Selangor Darul Ehsan, Malaysia

® Faculty of Engineering, Technology and Built Environment, UCSI University, Kuala Lumpur, Malaysia

¢ Air Resources Research Laboratory, Malaysia Japan International Institute of Technology, 54100 UTM Kuala Lumpur, Malaysia
4 Faculty of Civil Engineering & Technology, University Malaysia Perlis, 02600 Arau, Perlis, Malaysia

€ Department of Chemistry, University of Helsinki, FI-00014, Finland

f Materials and Manufacturing Research Group, James Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK
& Faculty of Engineering, Manipal University Jaipur, Rajasthan, 303007, India

" University Centre for Research and Development, Chandigarh University, Mohali, Punjab 140413, India

HIGHLIGHTS GRAPHICAL ABSTRACT

e Quintuple Helix framework proposed
for microplastic management.

e Emphasizes  collaboration = among
academia, government, industry, civil
society, and the environment.

e Aims to develop effective atmospheric
microplastics management policies. J

o Highlights the importance of interdisci- e e " " e RO
plinary research and innovative I ) ===
technologies

e Advocates for public awareness cam-
paigns and regulatory frameworks to
mitigate microplastics.

ENVIRONMENT

ARTICLE INFO ABSTRACT

Editor: Jianmin Chen Microplastic pollution has become a major global environmental issue, negatively impacting terrestrial and
aquatic ecosystems as well as human health. Tackling this complex problem necessitates a multidisciplinary

Keywords: approach and collaboration among diverse stakeholders. Within this context, the Quintuple Helix framework,

Microplastics which highlights the involvement of academia, government, industry, civil society, and the environment, pro-

Planetary health
Quintuple Helix
Multidisciplinary approach

vides a comprehensive and inclusive perspective for formulating effective policies to manage atmospheric
microplastics. This paper discusses each helix's roles, challenges, and opportunities and proposes strategies for
collaboration and knowledge exchange among them. Furthermore, the paper highlights the importance of

Collaboration
Policy interdisciplinary research, innovative technologies, public awareness campaigns, regulatory frameworks, and
Sustainable management corporate responsibility in achieving sustainable and resilient microplastic management policies. The Quintuple
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Helix approach can mitigate microplastics, safeguard ecosystems, and preserve planetary health by fostering
collaboration and coordination among diverse stakeholders.

1. Introduction

Plastic products have become indispensable in modern society due to
their versatility and extensive applications across various sectors,
including manufacturing, packaging, construction, and agriculture.
Since the commencement of large-scale production in the 1950s, the
global production of plastic has surged dramatically, with annual output
reaching approximately 450 million tons (Mt) in 2022 (Ritchie et al.,

A

2023). This unprecedented growth in production has led to a substantial
accumulation of plastic waste. In 2015 alone, an estimated 6,300 Mt of
plastic waste were generated (Geyer et al., 2017). The majority of this
waste, approximately 79%, was either discarded into landfills or
released into the environment, with only a small fraction, around 9% of
plastic waste was recycled, and 12% was incinerated. If current trends
continue, global plastic production is projected to exceed 1.1 billion tons
annually by 2050. Consequently, the accumulation of plastic waste in
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Fig. 1. (A) Transport pathway of microplastics in marine environment; (B) source and consequences of microplastics in soil.



M. Dewika et al.

landfills and natural environments is expected to reach 12,000 Mt
(Geyer et al., 2017). This accumulation poses environmental risks, as
plastic debris can fragment into smaller particles, ranging from several
millimeters to submicron sizes, due to physical, chemical, and biological
weathering processes. This fragmentation results in the formation of
microplastics, a term first introduced by Thompson et al. (2004) to
describe both granular and fibrous plastic particles that are less than 5
mm in size. More recent research has refined this definition, with
microplastics classified as particles ranging from 5 mm to 1 pm (Chia
et al., 2021; Tan et al., 2022).

Microplastics are broadly categorized into two main types: primary
and secondary microplastics (Li et al., 2016; Peng et al., 2020). Primary
microplastics are deliberately produced in small dimensions for various
commercial applications, such as synthetic fabrics, microbeads in per-
sonal care items, and pre-production pellets in plastic manufacturing.
Secondary microplastics, in contrast, are generated by the deterioration
or erosion of bigger plastic objects, including packaging, bottles, agri-
cultural film, tires, marine paints, and synthetic turfs. This creates a
wide variety of sources from which microplastics are released into the
environment (Peng et al., 2020; Xu et al., 2020). The ubiquity of
microplastics in the environment has progressively increased over the
past few years in tandem with rising global plastic production, which is
anticipated to continue. According to the United Nation's environment
program (UNEP), 3.0 Mt of microplastics are lost to the environment
each year, with a significant portion likely ending up as marine plastic
pollution (Ryberg et al., 2019; Suzuki et al., 2022). Microplastics
deposited into the soil undergo processes such as storage, degradation,
erosion, transportation and leaching into groundwater, thus posing
considerable risks to soil and aquatic organisms as well as human health
(Chia et al., 2021).

Recent studies have confirmed the presence of microplastics in food
intended for human consumption (Prata et al., 2020), and their detec-
tion in human excrement further highlights the widespread exposure of
humans to these pollutants (Schwabl et al., 2019). Aquatic ecosystems
are particularly vulnerable, with microplastics being readily absorbed
by organisms such as shellfish, plankton, and suspended algae. These
microplastics can then bioaccumulate through the food chain, affecting
invertebrates, fish, turtles, and larger animals. The ingestion of micro-
plastics has been linked to a range of adverse health effects, including
growth inhibition, reproductive disruptions, metabolic abnormalities,
and potentially mortality (Chang et al., 2022; Thomas et al., 2021).
Fig. 1 illustrates the complex transport pathways of microplastics
through the environment, including atmospheric deposition, runoff, and
biological transport. These pathways ultimately lead to the accumula-
tion of microplastics in ecosystems, emphasizing the need for a
comprehensive understanding of these processes to mitigate the envi-
ronmental impacts of microplastic pollution.

The challenges associated with the management of microplastics are
complex, including several aspects, such as their diverse physical and
chemical characteristics and their potentially harmful impacts on eco-
systems (Lamichhane et al., 2023; Yu et al., 2018). Furthermore, the lack
of research on public attitudes, opinions, and behavioral preferences
about microplastics makes microplastic management more difficult.
Although attempts have been made to tackle plastic use via legislation,
incidents of violations emphasize the need for more efficient measures
(Deng et al., 2020). Another noteworthy concern is the absence of reli-
able analytical techniques for identifying and quantifying microplastics
in complex matrices like food products (Hermsen et al., 2018). The
assessment of microplastics or nano-plastics is hindered by the lack of
established standards and specialized databases containing distinct
spectra of polymeric materials (Ivleva, 2021; Lv et al.,, 2021). Addi-
tionally, plastic recycling faces significant challenges due to the diffi-
culty in isolating the desired materials. This complexity arises from the
presence of various polymer types and additives, which complicate the
process of achieving high plastic purity (Brouwer et al., 2020). In
another study, Peng et al., (2020) reported that despite global efforts to
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promote sustainability, developing economies often prioritize immedi-
ate concerns such as hunger, poverty, and economic development over
environmental issues. The study further revealed that the moderate
impact of financial development did not substantially alter sustainabil-
ity practices. Consequently, it was recommended that policymakers
reconsider their economic strategies and emphasize the allocation of
financial resources towards sustainability initiatives, especially on
plastic issues.

Given the complexity of microplastic pollution control, it is evident
that addressing this environmental issue requires an integrated
approach that combines interdisciplinary techniques and involves
multiple stakeholders. The Quintuple Helix framework offers a
comprehensive and inclusive perspective by incorporating the roles of
academia, government, industry, civil society, and the environment.
This framework employs a nonlinear innovation model that can effec-
tively address the challenges associated with microplastic pollution. The
model emphasizes the exchange and dissemination of knowledge across
various subsystems within a state or nation, focusing on social di-
mensions and environmental sustainability (Duran-Romero et al,
2020). By fostering collaboration among educational, industrial, polit-
ical, social, and environmental subsystems, and facilitating the flow of
information between them, the Quintuple Helix framework supports
innovation, creates value, and promotes a sustainable future
(Carayannis et al., 2018; Carayannis and Campbell, 2010).

2. Atmospheric microplastics pollution: Impacts and challenges
2.1. Environmental impacts

Studying atmospheric microplastic pollution in terms of implications
and problems involves a multifaceted investigation. Right from
ecosystem disruption and biodiversity loss to habitat degradation, tro-
phic transfer, and ecological imbalance, this study delves into the
complex web of environmental effects, as shown in Fig. 2, paving the
way for successful policy integration within the Quintuple Helix
framework.

2.1.1. Ecosystem disruption

Atmospheric microplastic pollution contributes to the disruption of
ecosystems by accumulating in water, biota, and sediments, leading to
changes in water quality, ecological disruptions, and potential risks to
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Fig. 2. Quintuple helix of environmental impacts.



M. Dewika et al.

human health (Lopez et al., 2023). The dynamics of biotic and abiotic
components are affected as microplastics can accumulate harmful pol-
lutants from the surroundings, acting as transport vectors, and leach out
chemicals (Enyoh et al., 2020). The presence of microplastics in the
atmosphere is due to their low density, which allows for easy transport
worldwide and direct contact with the human body through inhalation
or ingestion (Issac and Kandasubramanian, 2021). The physical char-
acteristics, chemical composition, environmental interactions, and de-
gree of aging of microplastics contribute to their toxicity (Khan et al.,
2023a, 2023b). The abundance and concentration of microplastics in the
atmosphere are associated with nearby production sources and their
displacement (Chen, 2023). Microplastics can adversely affect plant
health in both short-term and transient ways, impeding growth and
oxidative activity. Furthermore, microplastic contamination disrupts
the trophic structure and functioning of ecosystems by altering the
foundational levels of the food chain.

Sustained exposure to microplastics can lead to cascading effects on
the resilience of ecosystems. Microplastics can contaminate fine par-
ticulate organic matter (FPOM) pools, potentially affecting the growth
and survival of particle-feeding macroinvertebrates (Kong et al., 2023).
Terrestrial ecosystems are also at risk of microplastic contamination,
which can negatively impact soil health and fertility by affecting soil pH,
porosity, water-holding capacity, and soil microbial enzymatic activities
(Rai et al., 2023). Microplastic exposure has been shown to have detri-
mental effects on both marine and freshwater organisms. These effects
include alterations in behavior, reductions in reproductive success, and
damage to various organs (Enyoh et al., 2020). Additionally, contami-
nation by microplastics in marine sediments can disrupt ecosystem
functions, leading to increased rates of aerobic respiration and changes
in the bioturbation behavior of benthic species (You et al., 2023). The
pervasive presence of microplastics not only endangers aquatic and
terrestrial ecosystems but also poses substantial risks to human health,
highlighting the urgent need for comprehensive mitigation strategies
(Saini and Sharma, 2022).

The altered ecological interactions caused by air microplastic
contamination can have a major impact on ecosystem adaptability and
stability. Microplastics, which are widely found in the environment, can
interact with other pollutants and act as vectors for contaminants,
causing alterations in the bioaccumulation and transfer of chemicals in
biota (Rai et al., 2023; Saini and Sharma, 2022). These interactions can
directly affect organisms, such as entanglement and ingestion, as well as
indirectly through the sorption of environmental pollutants onto
microplastic surfaces (Nath et al., 2023). The combined effects of
microplastics and sorbed chemicals can result in toxicological effects on
biota, posing a threat to ecosystem health (Menéndez-Pedriza and Jau-
mot, 2020). Understanding the factors influencing microplastics sorp-
tion capacities and the potential scenarios in which microplastics play a
crucial role in the bioaccumulation and transfer of chemicals is essential
for assessing the overall impacts on ecosystems. Further research is
needed to investigate the specific toxicological effects of microplastic-
pollutant interactions and their implications for ecosystem stability
and adaptability.

2.1.2. Biodiversity loss

Microplastic contamination in the atmosphere contributes to biodi-
versity loss, although the full extent of its impact remains uncertain. In
addition, the microplastics in terrestrial habitats, including soil and
freshwater ecosystems, pose risks to soil organisms, land animals, and
the breeding of disease vectors (Rojas et al., 2023). Plastic pollution is a
considerable threat to biodiversity, impacting wildlife through entan-
glement, ingestion, and choking, leading to loss of body parts or mor-
tality (Anunobi, 2022). The contamination of aquatic environments by
microplastics is also a major threat to biodiversity, with evidence of
microplastic contamination in fish fauna in the Amazon basin (Zhao
et al., 2023a, 2023b). The toxic effects of microplastics on terrestrial
microorganisms can significantly impact microbial community structure
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and function, with unknown consequences for ecosystem health (Khan
et al., 2022). However, additional research is necessary to establish the
sensitivity of different species to atmospheric microplastic
contamination.

Microplastics significantly impact species composition in damaged
ecosystems through both direct and indirect mechanisms. The direct
effects of microplastics on organisms' functional features, such as
metabolism, growth, and reproduction, can adversely affect their fitness
and survival (You et al., 2023). Additionally, microplastics can have
indirect effects on the microbiome, altering microbial community
structure and function, leading to shifts in nutrient cycling, predator-
prey interactions, and ecosystem stability (Berlino et al., 2023).
Furthermore, microplastic contamination can affect the composition
and behaviour of bioturbating species, which play an important role in
controlling ecosystem functioning (Zhao et al., 2023a, 2023b).

The consequences of microplastic-induced changes in biodiversity
can have far-reaching impacts on ecological functioning and health of
ecosystems. For instance, microplastic contamination can lead to
changes in ecosystem functions, such as nutrient cycling (You et al.,
2023). The functional role of bioturbating species, which play a crucial
role in regulating nutrient cycling in marine sediments, should be
considered when assessing the global impact of microplastics (Yao et al.,
2022). Additionally, microplastics can affect soil properties and micro-
bial populations, which in turn can influence carbon and nitrogen
turnover in terrestrial ecosystems (Beaumelle et al., 2020; Rillig et al.,
2021). Declines in decomposer diversity and abundance caused by
environmental stressors can result in reduced litter decomposition (Biiks
etal., 2020). These findings illustrate the intricate and multidimensional
interaction between microplastics and changes in species composition in
affected ecosystems, underscoring the need for further research to fully
understand the complex relationships between microplastics and
ecosystem health.

2.1.3. Habitat degradation

Atmospheric microplastic pollution contributes to habitat degrada-
tion through various pathways. The production and disposal of plastics
result in the generation of microplastics, which contaminate terrestrial
environments and disrupt soil sustainability. These contaminants are
introduced into the environment through anthropogenic activities such
as floodwater, sewage, and wind dispersal. Once in soil, microplastics
alter soil habitats and negatively impact soil biota, affecting their ac-
tivities and indirectly affecting food production (Anunobi, 2022).
Additionally, microplastics can adsorb other pollutants, delaying their
degradation and further impacting the soil and ecological activities (Du
et al., 2022). Plastic debris undergoes mechanical, chemical, and bio-
logical degradation, resulting in the formation of nanoplastics and
smaller fragments, such as oligomers and monomers, which further
exacerbate environmental degradation (Corcoran, 2022). The accumu-
lation of microplastics and their interactions with various pollutants,
including organic and inorganic contaminants, can delay degradation
processes and adversely affect soil health. This results in altered soil pH,
reduced porosity, impaired water-holding capacity, and decreased soil
microbial enzymatic activities (Rai et al., 2023). Furthermore, micro-
plastics influence the behavior and survival of fauna, such as coral reef
fish, by altering their activity levels and movement patterns, leading to
ecosystem-level shifts in predator-prey relationships and nutrient
cycling (McCormick et al., 2020; You et al., 2023). These cascading ef-
fects on ecosystem structure and function highlight the broad ecological
implications of microplastic pollution.

Microplastics, being persistent pollutants, degrade slowly and accu-
mulate across various environmental compartments, including the hy-
drosphere, pedosphere, and atmosphere. The interactions between these
compartments create a source-sink dynamic that influences the trans-
port and distribution of microplastics (Adeniji et al., 2023; Haque and
Fan, 2023). Despite their widespread presence, the mechanisms gov-
erning microplastic transport, particularly in the pedosphere and
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atmosphere, remain poorly understood (La Nasa, 2022). While micro-
plastics are frequently detected in aquatic environments, their actual
concentrations, distribution patterns, and effects on natural waters,
sediments, and biota are still largely unknown (Li et al., 2023). Rivers
have been identified as major pathways for transporting microplastics
from terrestrial areas into the ocean, and atmospheric circulation may
also play a role in transporting microplastics between compartments
(Corcoran, 2022). The persistence of microplastics in various environ-
mental compartments can contribute to habitat degradation and pose
ecological and health risks to biota and humans.

2.1.4. Trophic transfer

The trophic transfer of atmospheric microplastics, which refers to the
movement of microplastics through different trophic levels, is not
widely measured in marine food webs (Fu et al., 2023). While laboratory
studies have demonstrated the ingestion of microplastics by marine or-
ganisms across trophic levels, a recent study in the Monterey Bay Sub-
marine Canyon ecosystem found no evidence of trophic transfer
(Hamilton et al., 2021). Instead, microplastics were detected in the gut
contents of various marine taxa, including crustaceans, fish, mollusks,
and gelatinous organisms, with no significant correlation between
microplastic abundance and fish trophic level (Lopez et al., 2023).
However, a positive correlation was observed between body size and
microplastic abundance across all taxa, with higher microparticle
abundance observed in mobile individuals with broad horizontal dis-
tributions (Sarkar et al., 2022).

Trophic interactions play a significant role in amplifying the distri-
bution and concentration of atmospheric microplastics in different
environmental compartments. Microplastics can be transported long
distances through the atmosphere and accumulate in various terrestrial
and aquatic matrices, posing a threat to the biosphere (Bhat et al., 2023).
Rivers have been identified as major pathways for transporting micro-
plastics from terrestrial areas to the ocean, while atmospheric circula-
tion can transport microplastics between different environmental
compartments (Mbachu et al., 2020). The vector effect of microplastics
can also change the behaviour of other pollutants, leading to compound
toxicity (Li et al, 2023). Additionally, atmospheric deposition of
microplastics can contaminate the environment, including soil, water,
and the atmosphere itself (Munz et al., 2023). The transfer of micro-
plastics through trophic interactions between organisms with varying
nutrition levels can aid in their spread and concentration in the envi-
ronment, highlighting the complex and interconnected nature of
microplastic transport and fate.

Microplastics were identified in the gastrointestinal contents of
several marine species, including crustaceans, fish, mollusks, and
gelatinous creatures. Despite this broad occurrence, no significant cor-
relation has been established between the abundance of microplastics
and the trophic level of fish, suggesting that microplastic ingestion is not
restricted to specific feeding behaviors or ecological niches. Addition-
ally, recent studies have expanded the focus to freshwater species. For
instance, the, Talitrid Amphipod Cryptorchestia garbinii, living on the
shores of lakes, has been found to ingest microplastics, making it a
valuable natural model for plastic exposure (Battistin et al., 2023).
Similarly, the Nase fish has also been identified as a biological uptake
vector for microplastics in freshwater ecosystems, with evidence of
microplastic fibres in its gastrointestinal content (Curtean-Banaduc
et al., 2023). Furthermore, research has demonstrated that the midges
Chaoborus crystallinus and C. obscuripes can ingest microplastics through
predation, with a significant portion of these microplastics being
regurgitated back into the aquatic environment (Michler-Kozma et al.,
2022). These findings highlight a potential pathway for the redistribu-
tion and persistence of microplastics in freshwater ecosystems,
contributing to the broader environmental impact of plastic pollution
(Curtean-Banaduc et al., 2023; Saeedi, 2023).
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2.1.5. Ecological imbalance

Atmospheric microplastic pollution poses a growing threat to
ecological balance and ecosystem stability. Microplastics have demon-
strated the capacity to adsorb and transport a range of environmental
contaminants, thereby delaying their degradation and altering
bioavailability within soil systems. This interaction with co-pollutants
can directly impact soil health, fertility, and microbial enzymatic ac-
tivities (Anunobi, 2022). Beyond sorption effects, microplastics can also
induce structural changes to soil environments by altering the quantity
and composition of plant-derived organic matter inputs, including litter
and root biomass. Such disturbances in the carbon source can shift the
composition of dominant bacterial phyla and modify functional genes
and enzymatic activities related to nutrient cycling (Rai et al., 2023).
Moreover, atmospheric transport and deposition of microplastics can act
as vectors for the translocation of adsorbed pollutants, posing exposure
risks to terrestrial and aquatic biota as well as human population (Yao
etal., 2022). Collectively, these microplastic-induced imbalances lead to
disturbances in belowground community structure and biogeochem-
istry, ultimately undermining the functional integrity and long-term
stability of ecosystems.

2.2. Human health implications

Microplastics pose a potential threat to humans as they can be
introduced into the body through exposure occurring via the con-
sumption of contaminated soil, dust, or food (Abbasi et al., 2019). The
atmospheric presence of microplastics further increases the risk, with
humans being susceptible through two primary routes: inhalation and
ingestion (Dewika et al., 2023). This dual exposure pathway emphasizes
the need for comprehensive research and awareness to address the po-
tential health implications associated with microplastic contamination
in various environmental mediums. Fig. 3 provides a comprehensive
overview of microplastic prevalence and their associated health effects
on humans.

2.2.1. Ingestion and accumulation

Humans can ingest microplastics through various pathways and
exposure scenarios whereby they have been found in biological samples
such as feces, sputum, saliva, blood, and placenta (Osman et al., 2023).
Ingestion of microplastics can occur through the consumption of bev-
erages, including soft drinks and cold tea, which have been found to
contain microplastics (Crosta et al., 2023). Drinking water intended for
human consumption can also be a significant pathway for microplastic
ingestion (Méndez-Rodriguez et al., 2023). Inhalation is another route of
exposure to microplastics, with airborne microplastics being detected in
human lungs (Cao and Cai, 2023). The rates of ingestion of atmospheric
microplastics by humans vary depending on the source and exposure
scenario. For instance, studies have found that soft drinks contain an
average of 9.94 + 0.33 microplastics per liter, while cold tea contains an
average of 7.11 + 2.62 microplastics per liter (Rapa et al., 2023).
Furthermore, humans may consume 74,000-121,000 microplastic par-
ticles per year, with inhalation contributing approximately half of the
annual exposure estimates.

Environmental and physiological factors play a significant role in the
accumulation and distribution of microplastics within the human
digestive tract. Microplastics, which are complex mixtures containing
various additives and contaminants, can be present in food packaging
materials, beach litter, and other sources (Peters et al., 2022; Tamargo
et al., 2022). In vitro models simulating the human digestion process
have shown that microplastics can undergo biotransformation in the
gastrointestinal tract, leading to structural changes (Godoy et al., 2020).
The release of chemicals and metals from microplastics can occur during
worst-case chemical extraction scenarios as well as under physiological
conditions simulating human digestion (Fournier et al., 2023; Garcia
etal., 2024). The behaviour of microplastics and associated substances is
influenced by factors such as pH, interaction mechanisms with
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Fig. 3. Occurrence of microplastics and their impact on human health.

physiological fluids, and properties of the polymers. Repeated exposure
to microplastics has been found to alter the composition of the gut
microbiota, with potential shifts towards harmful pathobionts and
decreased abundance of beneficial bacteria. Furthermore, ingested
microplastics can cross the gut barrier, enter the systemic circulation,
and accumulate in various tissues, including the brain, liver, and kidney.

Several studies have explored the relationship between the types and
sizes of ingested microplastics and their potential for accumulation in
human tissues and organs. For instance, Garcia et al. (2024) reported
that ingested microplastics can pass through the gut barrier and enter
the systemic circulation, ultimately accumulating in distant tissues,
including the brain, liver, and kidney. Similarly, Ziani et al. (2023)
observed that once absorbed, microplastics could be distributed to
various organs, including the liver, spleen, heart, lungs, and brain. The
detection of microplastics in human kidneys and urine by Exacoustos
et al. (2023) suggests that renal clearance pathways may play a role in
the elimination of microplastics from the body. Moreover, Paul et al.
(2022) showed that submicron- and nano-plastics can be taken up and
transported through intestinal cells, with uptake behavior varying
depending on the type of plastic. Additionally, Chen et al. (2022)
identified microplastics in human lung tissues and found a correlation
between microplastic exposure and the formation of ground glass nod-
ules in the lungs. These studies suggest that the types and sizes of
ingested microplastics can influence their accumulation in different
human tissues and organs.

2.2.2. Health risks associated with ingested microplastics

The ingestion of microplastics poses potential short-term and long-
term health risks. The composition, size, and surface characteristics of
the particles play a role in these risks. Microplastics can contain addi-
tives and monomers that can interfere with important biological pro-
cesses in the human body, disrupt the endocrine and immune systems,
and potentially cause carcinogenesis (Zhao et al., 2023b). Once absor-
bed, microplastics can be distributed to various organs in the body,
including the liver, spleen, heart, lungs, and even the brain (Ziani et al.,
2023). Moreover, ingested microplastics can also act as transporters of
persistent organic pollutants and heavy metals, facilitating their transfer
to higher trophic levels. The effects of microplastic ingestion on marine
organisms include damage to digestive organs, choking, spread of mi-
crobes, and reduction in growth and reproductive output (Lopez et al.,

2023). The potential health risks associated with ingesting microplastics
in drinking water sources highlight the need for unified detection
methods and awareness among regulators, policymakers, and the public
(Rapa et al., 2023).

Microplastics can interact with the human immune system by being
taken up by cells and disrupting intracellular signalling pathways,
altering immune homeostasis, and causing damage to tissues and or-
gans. Microplastics can generate reactive oxygen species, induce the
production of danger-associated molecular patterns, and disrupt toll-like
receptors, cytokine production, and inflammatory responses in immune
cells (Alijagic et al., 2023). Microplastics can also modify the physical,
structural, and functional characteristics of microbes and biomolecules,
thereby changing their interactions with the host immune system and
potentially affecting immune reactivities (Yang et al., 2022). Ingested
microplastics can be distributed to various organs, including the liver,
lungs, kidneys, and even the brain, and can transport persistent organic
pollutants or heavy metals, further enhancing their toxicity (Ziani et al.,
2023). The accumulation of microplastics and their associated toxic
substances in the body can lead to inflammation, which is linked to renal
disease and can contribute to developing autoimmune disorders (Yang
et al., 2023a, 2023b).

Ingested microplastics can contribute to the bioaccumulation of
harmful substances in the human body, leading to potential chronic
diseases. Recent studies have shown that microplastics can carry path-
ogenic microorganisms, acting as vectors for disease transmission
(Saeedi, 2023). Additionally, microplastics are known to adsorb toxic
chemicals, thereby exacerbating their harmful effects (Jassim, 2023). In
marine organisms, the ingestion of microplastics has been linked to
various physiological disturbances, including alterations in gastroin-
testinal tract function, immune suppression, oxidative stress, cytotoxic
effects, changes in gene expression, and inhibited growth (Mills et al.,
2023).

2.2.3. Inhalation of microplastics

Atmospheric microplastics originate from various sources, including
textiles, traffic-related plastic particles, agricultural and marine activ-
ities, cosmetics, personal skin care products, and medical field-related
products. These microplastics can be transported through the air and
inhaled by humans in both indoor and outdoor environments, posing a
significant threat to human health (Boakes et al., 2023). The levels of
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atmospheric microplastics vary depending on the location, with higher
concentrations found indoors compared to outdoor air. The dominant
size range of microplastics is 100-300 pm, and the most common shapes
observed are fibres and fragments (Osman et al., 2023). The types of
microplastics found indoors are related to indoor-generating sources and
the occupant's lifestyles (Mehmood et al., 2022). Outdoor microplastic
abundance is highest near industrial zones, followed by urban and
inland locations in high-density areas. The concentration of micro-
plastics in the atmosphere shows clear daily and weekly patterns, which
may be related to people and vehicle movement.

Environmental and physiological factors play a significant role in the
accumulation and distribution of microplastics within the human res-
piratory tract. The shape, size, and flow rate of microplastics influences
their deposition pattern, with higher flow rates leading to lower depo-
sition efficiency (Islam et al., 2023). The nasal cavity has been found to
have a high deposition rate compared to other regions (Huang et al.,
2022). Inhalation is a major route of exposure to microplastics, and the
presence of microplastics in human sputum indicates that inhalation is a
potential way for plastics to enter the human body (Mehmood et al.,
2022). The quantities of microplastic types in the respiratory tract are
related to factors such as smoking and invasive examination (Lombardi
et al., 2022). Different microplastic types, such as polyethylene, can
have distinct features and health risks, emphasizing the importance of
explicitly defining exposure intensity and health risks for each type
(Chen et al., 2022). Inhaled microplastics or plastic additives may have
detrimental effects on human health, promoting respiratory diseases or
carcinogenic processes. The presence of microplastics in human lung
tissues has been validated, and their correlation with ground glass
nodules formation has been explored, suggesting a possible link between
microplastic exposure and respiratory diseases.

Exposure to polyethylene microplastics has been found to enhance
the contractile responses of airway smooth muscle tissue, mimicking the
pathophysiological responses in respiratory diseases (Anuar et al.,
2022). Inhaled microplastics can induce pro-inflammatory or pro-
carcinogenic effects on the respiratory system, depending on the parti-
cles' concentration, size, type, and surface charge (Lombardi et al.,
2022). Different polymer types of microplastics, such as polyamide and
polystyrene, have been detected in the air and have been shown to
induce redox and mitochondrial stress responses in human respiratory
cells (Emilia et al., 2023; Hernandez-Fernandez et al., 2023). These
findings indicate that the properties of microplastics play an important
role in their possible respiratory health consequences, emphasizing the
necessity of understanding and taking these parameters into account
when assessing the hazards associated with microplastic inhalation.

2.2.4. Chemical exposure and toxicological effects

Microplastics are complex mixtures that contain multiple additives,
including plasticizers, flame retardants, stabilizers, pigments, unreacted
monomers, starting substances, and non-intentionally added substances
(Peters et al., 2022). These microplastics can also adsorb environmental
contaminants, such as polycyclic aromatic hydrocarbons (PAHs) and
persistent organic pollutants (POPs) (Peters et al., 2022). The leaching of
chemicals from microplastics into the human body can occur through
ingestion and inhalation. Ingested microplastics can reach the gastro-
intestinal tract, where they can release chemical substances and cause
oxidative stress, cytotoxicity, and translocation to other tissues
(Alberghini et al., 2023). The leaching process is influenced by factors
such as the hydrophobicity of the microplastics, diffusion through the
aqueous boundary layer, and the presence of environmental factors
(Lopez et al., 2023).

Notably, microplastics can also release chemical substances present
in their matrix or absorbed from the environment, including poly-
brominated diphenyl ethers (PBDE), bisphenol A (BPA), nonylphenol
(NP), octylphenol (OP), and potentially toxic elements, which can be
harmful to humans (Osman et al., 2023). The ingestion of microplastics
has been linked to toxicological effects on human organs, tissues, and
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cellular functions, including the induction of oxidative stress, cytotox-
icity, and translocation to other tissues (Cervello et al., 2023). Moreover,
accumulation of microplastics has been observed in human organs and
experimental models, leading to detrimental effects on the male and
female reproductive systems, particularly affecting the development of
gametes, embryos, and offspring (Goodman et al., 2022). These findings
highlight the urgent need for further research on the toxic effects of
microplastics on human health (Dubey et al., 2022).

2.3. Challenges in atmospheric microplastics management

Addressing the issue of atmospheric microplastics presents a range of
complex challenges. For instance, the current methods for detection and
monitoring need significant improvement, while innovative approaches
are required for both mitigation and remediation efforts. Moreover, the
adoption of circular economy principles is essential in enhancing waste
management practices, and existing legislative frameworks must be
strengthened to close regulatory gaps. Additionally, raising public
awareness and promoting behavioral changes are critical components
for achieving comprehensive and effective management of atmospheric
microplastics. Fig. 4 provides an overview of these challenges.

2.3.1. Detection and monitoring

Emerging technologies, particularly artificial intelligence (AI), are
increasingly being utilized in the detection and monitoring of atmo-
spheric microplastics. Al-based methods are proving to be effective in
developing automated and cost-efficient systems for quantifying
microplastics based on their appearance characteristics, such as shape,
size, volume, and topology (Rulwurm et al., 2023). For instance, Al-
driven image analysis techniques can enhance the precision of micro-
plastic identification and classification, enabling large-scale monitoring
efforts. In addition, remote sensing technologies, such as medium-
resolution satellite data, have been successfully employed to estimate
plastic pollution by monitoring marine debris in coastal regions (Balsi
et al., 2023). Moreover, hyperspectral sensing in the SWIR band,
coupled with drone technology, has been demonstrated to effectively
detect environmental plastic litter (Belioka and Achilias, 2023; Zhang
et al., 2023). The integration of these technologies with advanced Al
algorithms allows for the rapid identification and volume assessment of
microplastics, as well as the analysis of their interactions with soil and
water ecosystems (Zhang et al., 2023). By optimizing existing deep
learning models and creating robust datasets, the accurate detection and
monitoring of atmospheric microplastics on a global scale can be
achieved.

Despite these advances, developing standardized protocols for the
sampling and analysis of airborne microplastics presents several chal-
lenges. One major issue is the potential for external contamination of
microplastic samples, particularly for smaller particles, which can
significantly skew results (Gangula et al., 2023). To mitigate this prob-
lem, it is crucial to design sampling devices that minimize contamina-
tion and maximize the recovery of microplastics (Boakes et al., 2023).
Another challenge is the inconsistent use of blank controls during
sample preparation. The absence of standardized blank controls can lead
to sample contamination and produce unreliable data (Ju et al., 2023).
To address this, incorporating blank controls in all phases of sample
preparation should become a mandatory practice to ensure the accuracy
and reliability of the data (Jarosz et al., 2022). Furthermore, advance-
ments in spectroscopic analysis methods are needed to chemically
confirm the presence of microplastics with greater precision (Noonan
et al, 2023). Improved techniques in spectroscopic analysis will
enhance the accuracy and reliability of microplastic detection, making it
easier to identify and quantify these particles.

Moreover, the reliability and accuracy of atmospheric microplastics
detection methods are also influenced by atmospheric conditions and
geographical locations. Research has demonstrated that the abundance
of microplastics decreases with increasing remoteness of sampling sites
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Fig. 4. Cause and effect of challenges in atmospheric microplastics management.

(Ohno and lizuka, 2023). The composition and size of microplastics also
vary depending on the location, with different types of polymers being
more abundant in certain areas (Boakes et al., 2023; Jarosz et al., 2022).
Additionally, microplastic concentrations in the air can be influenced by
human and vehicle activity, resulting in daily and weekly fluctuations. It
is important to note that detection methods for atmospheric micro-
plastics are continuously evolving, and further research is needed to
improve spectroscopic analysis and the chemical confirmation of
microplastic identification.

2.3.2. Mitigation and remediation

Mitigating microplastic pollution in the atmosphere involves several
advanced technological and strategic solutions. Key methods include
coagulation, membrane bioreactors, sand filtration, adsorption, photo-
catalytic degradation, electrocoagulation, and magnetic separation
(Griinzner et al., 2023). These methods can help remove microplastics
from the air and reduce their concentration. However, scaling these
technologies for widespread application necessitates a multifaceted
approach. First, reducing plastic use is essential. This can be achieved by
encouraging behavioral changes, incorporating biodegradable alterna-
tives (Lopez et al., 2023), and implementing policies such as bans or
taxes on plastic carrier bags, which have successfully decreased plastic
consumption in various countries (Osman et al., 2023). Additionally,
educational and awareness programs can also be effective in reducing
microplastic pollution by promoting responsible plastic use and disposal
(Carvalho and Matamoros, 2022). Adopting circular economy principles
and simplified product design can help minimize the generation of
microplastic waste (Lamichhane et al., 2023). By integrating these
strategies and implementing them at a larger scale, significant progress
can be made in mitigating atmospheric microplastics.

Technological innovations also contribute to remediation efforts in
several ways. One approach is the use of ultrafiltration technology,
which uses membranes with small pores to filter microplastics from
water, could potentially be adapted for air filtration (Sarma et al., 2022).
Another method is the application of advanced oxidation processes as a
pretreatment to enhance the biodegradation of microplastic particles
(Bule Mozar et al., 2023). Additionally, the use of bare and composite
photocatalysts has shown promise in the degradation of microplastics
(Wani et al., 2023). Despite these advancements, environmental and
economic challenges remain. For example, the efficiency of

ultrafiltration is influenced by the structure and composition of micro-
plastics, and membrane fouling due to accumulation of particles can
reduce effectiveness (Xie et al., 2023). Similarly, biodegradation pro-
cesses may have limited removal rates and efficiency (Osman et al.,
2023). Furthermore, the use of photocatalysts requires careful consid-
eration of the benefits and drawbacks of each catalyst, as well as factors
influencing degradation.

The effectiveness of remediation techniques is highly dependent on
the physicochemical properties of microplastics. For example, the
structure, size, and type of microplastics affect the efficiency of ultra-
filtration technology for microplastic remediation (Sharma et al., 2023a,
2023Db). The presence of microplastics in heavy metal-contaminated soil
can modify the soil microenvironment and affect metal speciation,
increasing the amount of easily exchangeable and potentially bioavail-
able forms of heavy metals (Sarma et al., 2022). Additionally, pre-
oxidization of microplastics can change their physicochemical charac-
teristics, such as hydrophobicity and functional groups, which can affect
the adsorption of trace pollutants (Medynska-Juraszek and Jadhav,
2022). Tailored approaches can be developed by understanding how
various types and shapes of microplastics react during remediation
processes. This knowledge can help improve the efficiency of filtration
techniques and develop strategies to mitigate the impact of micro-
plastics on the environment in the near future (Wani et al., 2023).

2.3.3. Waste management and circular economy

Integrating microplastic waste into existing circular economy models
poses several challenges. One of the primary obstacles is the limitations
of mechanical recycling processes, which are commonly employed in
circular economy models. These processes are not equipped to handle
mixed material or coloured feeds, thereby restricting their effectiveness
in recycling microplastics (Brepohl et al., 2023). Additionally, the lack
of adequate recycling plants and facilities, as well as low circular use,
contribute to the accumulation of plastic waste in the environment
(Steenmans and Lesniewska, 2023). Overcoming these challenges re-
quires the development of complementary technologies that can recover
pure monomers, hydrocarbon mixtures, or syngas from mixed secondary
raw materials (Wamba et al., 2023). Furthermore, adopting effective
eco-environmental strategies, such as microbial and enzymatic tech-
nologies, can help treat plastic waste and increase synthetic plastic
recycling rates (Hammami et al., 2023). In order to promote sustainable
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practices, it is crucial to address the limitations of existing circular
economy laws, such as unclear boundaries, oversimplification of goals,
and side-lining of justice dimensions (Thapa et al., 2024). A systematic
approach to designing and implementing circular economy laws,
incorporating justice dimensions and considering the entire global waste
value chain, can help overcome these challenges and promote sustain-
able practices.

Extended producer responsibility (EPR) programs can be enhanced
to address the unique challenges posed by atmospheric microplastic
pollution through various strategies. One approach is to regulate lit-
tering and dumping of plastic waste near roads, as road-related sources
contribute significantly to atmospheric microplastic emissions
(Ramasubramanian et al., 2023). Another strategy is to integrate re-
sponsibilities between the government, society, and producers, ensuring
that producers are fully accountable for the entire life cycle of their
products, including responsible waste management (Tumu et al., 2023).
Such integration ensures that the environmental impacts of products are
addressed holistically, from production to disposal. Collaboration be-
tween municipalities and EPR programs is also essential for enhancing
program legitimacy, securing funding, and achieving logistical effi-
ciencies (Leclerc and Badami, 2023). Moreover, the rapid implementa-
tion of standardized practices, infrastructure investments, and
partnership models is crucial for creating a more circular economy. This
includes fostering supply chain collaborations to produce higher-value
recycled materials, ultimately reducing the environmental footprint of
plastic waste (Steenmans and Malcolm, 2023).

In addition to regulatory measures, economic incentives and policy
mechanisms can play a crucial role in encouraging the development of
innovative technologies for the sustainable management of microplastic
waste within a circular economy framework. One of the mechanisms is
the provision of government incentives to firms, which can act as a dual
mediator between circular economy innovation and digital sustain-
ability (DS) (Samitthiwetcharong et al., 2023). These incentives can
include financial support, tax breaks, and grants, which can encourage
firms to invest in research and development of innovative technologies
for microplastic waste management. Additionally, partnership models
and supply chain collaboration are recommended to foster the produc-
tion of higher-value recycled materials and promote circularity
(Ramasubramanian et al., 2023). To support these efforts, investment in
infrastructure and the standardization of waste management processes
are necessary to advance innovative solutions for microplastic pollution
(Torres-Giner, 2023). By implementing these strategies, EPR programs
can more effectively address the pervasive and diverse sources of at-
mospheric microplastic pollution, supporting broader efforts to mitigate
environmental harm.

2.3.4. Legislative and regulatory gaps

Current national and international regulations concerning atmo-
spheric microplastics have several gaps that must be identified and
addressed to strengthen policy frameworks. The fragmented nature of
legal instruments regulating marine plastics and microplastics requires
cooperation and coordination between sector-specific instruments and
between multiple layers of regulation at global, regional, and national
levels (Jung, 2023). There is a lack of research on the toxicological ef-
fects and risks of low-level exposure to inhaled microplastics in the
general population under realistic exposure scenarios (Lopez et al.,
2023). Additionally, there is a need for more environmentally relevant
exposures in toxicity studies, as microplastics have been reported in
human lung tissue (Cao and Cai, 2023). Policy formulation overlooks
several aspects of microplastic pollution, and there is a laxity in policy
implementation, as well as a lack of indices to ascertain the impact of
regulations (Jenner et al., 2022). Furthermore, there is currently no
regulation on microplastic contamination of food and drinking water,
and there is a lack of funding for research into the health effects of
plastics and their alternatives (Usman et al., 2022). These gaps can be
addressed by promoting cooperation and coordination between
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different regulatory instruments, conducting more research on the
toxicological effects of microplastics, and implementing comprehensive
policies that cover all forms of plastic pollution.

A harmonized regulatory approach for addressing atmospheric
microplastic pollution globally can be established through cooperation
and coordination between sector-specific instruments and multiple
layers of regulation at global, regional, and national levels (Aliani et al.,
2023). This approach should reflect a lifecycle perspective of plastics,
focusing on waste management rather than just preventing plastic
generation (Jung, 2023). In order to ensure consistency across diverse
socio-economic and political contexts, flexible decision-making tools
such as Reproducible Analytical Pipelines (RAPs) and Technological
Readiness Levels (TRLs) can be used to validate and harmonize moni-
toring methods for plastic pollution (Lopez et al., 2023). Additionally,
there is a need for research on the health implications of exposure to
airborne microplastics and the development of relevant mitigation
policies and procedures (Usman et al., 2022). A global agreement on
plastic pollution should include quantitative reduction targets and reg-
ular measurements to track progress (Zhu et al., 2023). By implementing
these measures, a well-coordinated and measurable approach can be
achieved to address atmospheric microplastic pollution globally.

2.3.5. Public awareness and behavioral change

Several key factors influence public perception and understanding of
the risks associated with atmospheric microplastic pollution. These
factors include knowledge transfer from macro- to microplastics, the
concepts of accumulation and dose-response relationship, and the
perception of the interconnectedness between human health and the
environment (Janzik et al., 2023). The general public often perceives
microplastics primarily as a pollutant in oceans that threatens marine
life, but there is limited awareness of the various sources of microplastics
and potential solutions to mitigate their impact (Lopez et al., 2023).
Demographic factors such as gender, age, and education also shape these
perceptions. Studies indicate that women and younger individuals tend
to be more aware of the sources and spread of microplastics, while those
with higher educational backgrounds are more likely to consider solu-
tions to the problem (Felipe-Rodriguez et al., 2022). To design effective
public awareness campaigns, it is critical to address these factors by
conveying information that clarifies scientific uncertainties, emphasizes
the human-environment connection, and promotes potential solutions
to the microplastics issue (Cao and Cai, 2023; Walker, 2022).

Cultural and societal norms have a significant influence on individ-
ual behaviors related to microplastic consumption and disposal. Studies
have shown that attitudes towards plastic pollution are generally
negative, and individuals are willing to support campaigns, pay for
environmentally friendly alternatives, and endorse government in-
terventions (Tang, 2023). However, lack of alternatives and forgetting
reusable goods are common barriers to behavioral changes (Garcia-
Vazquez et al., 2022). Furthermore, local waste management practices
significantly influence recycling behaviors, as community norms dictate
individual participation in waste disposal (Kountouris, 2022). In order
to promote sustainable practices, strategies such as increasing ocean
literacy and marine citizenship, tailored campaigns based on local pol-
icies and habits, and investment in the development of a sustainable
waste management culture are recommended (Northen et al., 2023;
Ramasubramanian et al., 2023). Additionally, EPR initiatives and de-
posit refund schemes (DRS) have shown success in enhancing plastic
waste collection and recycling, and supply chain collaboration is crucial
for standardization, infrastructure investment, partnership models, and
the production of higher-value recycled materials. Effective local plastic
governance is also vital in promoting sustainable practices.

Education and outreach programs can play a crucial role in fostering
long-term behavioral change towards reducing the generation and
release of microplastics into the atmosphere. These programs can in-
crease public understanding of microplastics, their sources of exposure,
and their associated health impacts (Coffin et al., 2021; Reed and Chen,
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2022). These programmes can raise awareness and urge individuals to
adopt a healthy lifestyle that reduces microplastic exposure by offering
education about microplastics and their negative consequences (Tang,
2023). Additionally, education can help individuals learn about the
importance of reducing plastic waste and the benefits of recycling (Willis
and Fytianos, 2022). By providing information on plastic recycling and
the formation of microplastics, these programs can empower individuals
to make informed choices and take action to reduce plastic pollution
(Liu et al., 2023a, 2023b, 2023c).

3. The quintuple helix approach
3.1. Overview of quintuple helix

The Quintuple Helix approach extends from the triple helix and
quadruple helix model. The triple helix model emphasizes university-
industry-government relations by explicitly highlighting the impor-
tance of higher education for innovation. On the other hand, the
quadruple helix model embeds the structure of the triple helix model by
adding the fourth helix that represents “media-based and culture-based
public” as well as the “civil society” where knowledge and innovation
policies should include the public to attain goals (Carayannis and
Campbell, 2010). Within this model, media plays a crucial role in
shaping public perception by continuously constructing and communi-
cating societal realities, while also reinforcing cultural values and
norms.

The advanced Quintuple Helix model introduces a crucial fifth
component to the innovation process, focusing on ecological sensitivity
with an emphasis on nature and social ecology. The European Com-
mission identified socioecological transition as a significant obstacle in
the development roadmap in 2019. The Quintuple Helix model,
addressing the collective and interactive dynamics among education,
economy, environment, society, and political systems, is considered an
analytical framework essential for sustainable development and social
ecology. This model offers an active and human-centric approach,
integrating knowledge, know-how, and the natural environment within
an “interdisciplinary” or “transdisciplinary” framework (Duran-Romero
et al., 2020). The knowledge produced via the circular process generates
a step-by-step model that allows quality, effective and sustainable
development while maintaining a balance with nature for future gen-
erations to witness the natural resources and diversity on earth.

Given the significant ecological implications of microplastics, the
evolved Quintuple Helix model offers a potential framework for
addressing microplastic-related concerns. This model seeks to synergize
innovation, ecology, and development in a knowledge-based society,
fostering a win-win scenario. For instance, knowledge transfer and
method development can substantially increase microplastic data,
facilitating policy development and aiding decision-making processes
aimed at reducing microplastic concentrations in the environment.
Furthermore, collaborative projects involving industries and govern-
ments can enable the design and implementation of short-term in-
terventions or long-term policies and strategies to address the emerging
challenges posed by microplastics effectively.

3.2. Significance of the quintuple helix approach

Co-creation is the unique advantage of the Quintuple Helix
approach, where citizens can co-create processes via transdisciplinary
partnerships and knowledge exchange partnerships. For example, the
co-created platform “iNaturalist app” is an established online platform
that enables the sharing and exchange of biodiversity and citizen science
data. Such platforms enable human populations to generate the most
appropriate research tools as well as methodologies that citizens can
apply. Textiles are well known as the major source of microplastic
pollution. Co-creating industry output and providing suggestions for
practice and behavioral change among citizens, scientists and industries
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can ensure industry partners understand their contribution towards
microplastic pollution. This could lead textile industries to develop more
sustainable products that can reduce environmental and health risks
associated with microplastics. Appropriate research skills, knowledge,
lived experience of participants and empowerment will allow citizens to
drive bottom-up change that emphasizes a shift from issues to actions,
which can play a major role in tackling issues concerning microplastic
pollution.

Furthermore, the “Okayama Model” of education for sustainable
development (ESD), a collaborative effort between public and private
entities, has gained considerable recognition. This initiative was hon-
ored with the “UNESCO-Japan Prize” in 2016 for its notable contribu-
tions to reorienting education towards sustainable development, as
depicted in Fig. 5 (Zen and Shibakawa, 2022). The “Okayama Model”
necessitates the establishment of regional centers of expertise (RCE) that
engage local stakeholders and community projects to seamlessly inte-
grate school education and social education with existing community
practices. This approach transformed education for sustainable devel-
opment into a public project, as local governments consistently allocated
financial and human resources to involve businesses, schools, and citi-
zens, resulting in profound societal transformations. The effectiveness of
implementing ESD within the “Okayama Model” can be attributed to the
shared sense of urgency regarding the sustainability of the Earth among
all participating groups.

3.3. Sustainable development goals

The Sustainable Development Goals (SDGs) provide a blueprint for
achieving a better and more sustainable future for all. Within this
framework, the Quintuple Helix model can be a valuable tool in
addressing several important goals, as illustrated in Fig. 6. Specifically,
this model can facilitate the achievement of the following goals:

i. SDG 3 (Good health and well-being): By empowering in-
dividuals with education for sustainable development to adopt
green and healthy lifestyles, reduce plastic usage, and develop
solutions to mitigate health risks associated with microplastics.

ii. SDG 4 (Quality Education): By fostering innovative thinking,

equipping individuals with modern information and communi-

cation technologies, and enabling higher education institutions to
drive sustainability at regional and global levels.

SDG 11 (Sustainable Cities and Communities): By imple-

menting sustainable practices and applying knowledge into

actionable steps—such as reducing the use of plastic pro-
ducts—contributes to the development of more sustainable cities
and economies.

iv. SDG 12 (Responsible Consumption and Production): By
equipping industries and business owners with sustainability
knowledge, encouraging investments in green technologies, and
promoting environmentally friendly manufacturing processes
and products.

iii.

Attainment of the aforementioned SDG goals would significantly
contribute to achieving other SDG objectives. For instance, in addressing
SDG 6: Clean water and sanitation, efforts to reduce pollution, eliminate
dumping, and minimize the release of hazardous chemicals and mate-
rials such as microplastics can lead to improved water quality. Similarly,
mitigating microplastic-related issues can contribute to the realization
of SDG 14: Life below water, as it aids in preventing and reducing marine
pollution. Additionally, addressing microplastic concerns can align with
SDG 15: Life on land by preventing and significantly reducing the
introduction of invasive alien species such as microplastics into terres-
trial and aquatic ecosystems.
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4. Roles of each quintuple helix

The Quintuple Helix model is crucial in managing atmospheric
microplastics, integrating five sectors: academia, industry, government,
civil society, and the environment. Each helix offers unique
insights—scientific research, technological innovation, regulatory
frameworks, community action, and ecological sustainabili-
ty—collaboratively shaping a comprehensive approach to mitigate the
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impact of microplastics on the atmosphere.
4.1. Academia

To effectively address the complex issue of atmospheric micro-
plastics and their impact on planetary health, a cooperative and inno-
vative approach is essential. This approach is integral to the Quintuple
Helix model, which emphasizes the collaboration of academia in



M. Dewika et al.

managing this environmental challenge. Universities and academic in-
stitutions play a crucial role by engaging in a range of activities,
including conducting research, advancing technology, and implement-
ing educational and awareness programs. These efforts collectively
contribute to the understanding and mitigation of atmospheric micro-
plastics. As shown in Fig. 7, the diverse roles of academia are pivotal in
developing solutions to address and potentially reduce the presence of
microplastics in the atmosphere.

4.1.1. Research data collection

Academia actively engages in the scientific research of microplastics,
focusing on the sources, movements, and environmental impacts to
contribute comprehensive data for informed decision-making processes.
Researchers have systematically reviewed the literature to understand
the distribution and behaviour of microplastics in the environment
(Guerrini, 2023; Li et al., 2023). They have identified rivers as major
pathways for transporting microplastics from terrestrial areas into the
ocean and atmospheric circulation as an important avenue for trans-
porting microplastics between environmental compartments (Casillas
et al., 2023). Additionally, researchers have developed modeling
frameworks to study the advection-diffusion processes of microplastics
and the pollutants they carry, providing insights into their spatiotem-
poral patterns and ecological impacts (He et al., 2022). Studies have also
focused on the pollution status of microplastics in surface water bodies,
particularly in agricultural non-point sources, to provide a scientific
basis for controlling microplastic pollution in river basins (Griinzner
et al., 2023).

Recent advances in scientific research have significantly expanded
our understanding of microplastics, shedding light on their
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environmental impacts and potential risks. Researchers have assessed
the distribution and pollution of microplastics in various environmental
media, including aquatic ecosystems (Adeniji et al., 2023; Zhao et al.,
2023a, 2023b). They have also investigated the toxic effects of micro-
plastics on terrestrial microorganisms and the resulting impacts on mi-
crobial community structure and function (Almeida et al., 2023).
Additionally, studies have focused on the adsorption and absorption of
chemicals to microplastics, as well as human exposure to microplastics
in the environment (Casillas et al., 2023). These rigorous scientific
studies have provided valuable insights into the complex dynamics
involved in microplastic pollution, helping to identify the sources, dis-
tribution patterns, and accumulation trends of microplastics in the
environment. Furthermore, they have shed light on the potential health
effects of microplastic exposure and highlighted the need for further
research in this area. These studies have helped policymakers and
scholars better understand the impact of microplastics on the worldwide
ecosystem.

The involvement of academics includes systematic data gathering on
microplastics, which improves the accuracy and reliability of informa-
tion available to policymakers and aids in developing successful
microplastic pollution management measures. Academic research con-
tributes to understanding the physics of microplastic transport behaviors
(Ikenson, 2023). Numerical models incorporating physical parameters
have improved the prediction of microplastic pathways in marine en-
vironments (Phan and Luscombe, 2023). Additionally, machine learning
and computer-vision tools can aid in acquiring environmental infor-
mation and developing more accurate models (Ju et al., 2023). Stan-
dardized sampling and pretreatment methods are crucial for obtaining
accurate and reproducible results for microplastic contamination. The
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use of a microplastic sampling device has shown high recovery rates and
prevention of contamination during the sampling process (Jenkins et al.,
2022). Furthermore, ensuring that environmental microplastic research
data are findable, accessible, interoperable, and reusable (FAIR) is
essential for informing policy and mitigation strategies. To strengthen
data-sharing practices in the environmental microplastics research
community, recommendations have been proposed to facilitate collab-
oration and accelerate progress in addressing microplastic pollution.

4.1.2. Educational programs and awareness campaigns

Using various strategies, academia effectively communicates
knowledge about microplastics to students, researchers, and the general
public. One approach is through qualitative interviews, which help to
understand the perceptions and reasoning behind concerns about
microplastics (Janzik et al., 2023). Another method is using educational
materials, such as the Plastics Crash Course, which combines visual
learning with knowledge about plastic recycling and microplastic for-
mation (Reed and Chen, 2022). This course could be introduced in both
primary and secondary schools to educate young kids. Project-based
learning (PBL) is also employed, allowing students to engage in hands-
on research and collaborate with international peers to investigate
microplastics in urban waterways (Meiller et al., 2022). Additionally,
questionnaire-based surveys are conducted to assess the willingness and
motivation of stakeholders within academic settings to change daily
habits and minimize plastic and microplastic pollution. These commu-
nication efforts aim to foster a deeper understanding of the issue and
promote a sense of shared responsibility for mitigating microplastic
pollution.

Academia contributes to raising awareness about microplastics
through various means. Studies have shown that stakeholders within
academic settings, such as universities and institutions, are willing to
change daily habits to minimize plastic and microplastic pollution
(Willis and Fytianos, 2022). Additionally, research conducted by people
with higher education levels, including young individuals, has focused
on analyzing the knowledge and awareness of consumers regarding the
sources, exposure, and potential health hazards of microplastics in food
and water (Ziani et al., 2023). Furthermore, academia engages with the
wider community by involving volunteers in monitoring efforts to study
microplastic pollution (Oleksiuk et al., 2022). This volunteer-based
research program, in collaboration with environmental programs and
groups, allows for the collection of “believable” data on microplastics on
a local to regional scale (Sanders and Brandes, 2020). The involvement
of academia in raising awareness extends beyond traditional educa-
tional settings by conducting qualitative interviews with citizens to
understand their perceptions of microplastics and the reasoning behind
their concerns (Janzik et al., 2023). This supports proactive risk
communication techniques that address scientific uncertainty and the
interconnectivity of human health and the environment.

In order to instigate positive change and sustainable practices, it is
important to combine new measures or policies with proper education to
raise awareness and receptivity among those unfamiliar with micro-
plastics and their pollution (Willis and Fytianos, 2022). Public outreach
activities, such as filling out pre-tests and post-tests, have effectively
increased public understanding of microplastics, their sources of expo-
sure, health impacts, and ways to reduce exposure. Strategies that have
proven effective include supporting campaigns, paying for environ-
mentally friendly alternatives, and supporting solution-based in-
terventions from governments, such as policies, regulations, and
guidelines (Coffin et al., 2021).

4.1.3. Technological advancements

Academia actively contributes to developing new technologies for
detecting, monitoring, and mitigating microplastics. One specific
advancement is the use of mass spectrometry (MS) techniques, such as
gas chromatography mass spectrometry (GC-MS), liquid chromato-
graphic mass spectrometric (LC-MS), and matrix-assisted laser
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desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS), for the detection of microplastics pollutants (Chun et al., 2022).

GC-MS is particularly effective in identifying and quantifying
microplastics by separating complex mixtures into individual compo-
nents, which are then determined based on their mass spectra. This
method is highly sensitive and can detect microplastics in various
environmental matrices, including water and soil (Chun et al., 2022;
Huang et al., 2024). LC-MS, on the other hand, is advantageous for
analyzing microplastics in food matrices, offering high sensitivity and
specificity. It can handle a wide range of polymer types and is particu-
larly useful for detecting microplastics that may have undergone
chemical changes due to environmental exposure (Willans et al., 2023;
Huang et al., 2024). MALDI-TOF MS is another powerful technique that
excels in the rapid identification of microplastics by ionizing the sample
and measuring the time it takes for ions to reach the detector. This
method is beneficial for its high throughput and ability to analyze large
biomolecules, making it suitable for complex environmental samples.
GC-MS is particularly effective in identifying and quantifying micro-
plastics by separating complex mixtures into individual components,
which are then identified based on their mass spectra. This method is
highly sensitive and can detect MPs in various environmental matrices,
including water and soil (Chun et al., 2022; Huang et al., 2024). LC-MS,
on the other hand, is advantageous for analyzing microplastics in food
matrices, offering high sensitivity and specificity. It can handle a wide
range of polymer types and is particularly useful for detecting micro-
plastics that may have undergone chemical changes due to environ-
mental exposure (Willans et al., 2023; Wu et al., 2023). MALDI-TOF MS
is another powerful technique that excels in the rapid identification of
microplastics by ionizing the sample and measuring the time it takes for
ions to reach the detector. This method is beneficial for its high
throughput and ability to analyze large biomolecules, making it suitable
for complex environmental samples (Chun et al., 2022; Wu et al., 2023).
In addition to these advances, the application of metagenomics in
combination with metatranscriptomics and metabolomics approaches
has been used to identify and select remediation-efficient microbes for
microplastic remediation (Wani et al., 2023). Furthermore, advance-
ments in bioinformatics and sequencing tools allow for rapid screening,
mining, and prediction of genes capable of polymer degradation
(Ikenson, 2023). Continuous monitoring and analytical method devel-
opment further assesses microplastic hazards and sources, while
appropriate sampling techniques and laboratory procedures are crucial
for accurate pollution assessment (Belioka and Achilias, 2023; Willans
et al., 2023).

Academia has also innovated methodologies and approaches to
tackle the issue of microplastics in several ways. For example, novel
microfluidic techniques have been developed for sampling and charac-
terizing microplastics in seawater, eliminating the need for labelling and
simplifying the identification process (Gong et al., 2023). Another
approach involves the calculation of a Microplastics Index (MPI) based
on the mechanical and physical properties of polymers, which can be
used to choose or redesign plastics to reduce microplastic formation
(Boersma et al., 2023). Furthermore, innovative technologies such as
bare and composite photocatalysts are also being explored to effectively
eliminate microplastics from the environment through photocatalytic
degradation (Xie et al., 2023). Additionally, machine learning tech-
niques, such as deep learning algorithms, are being utilized for the
analysis of microplastic Raman spectra, enabling high recall and preci-
sion in microplastic identification (Weber et al., 2023). These in-
novations contribute to more efficient and effective environmental
monitoring and mitigation strategies by providing improved sampling
and identification methods, reducing microplastic formation, facili-
tating microplastic degradation, and enhancing microplastic sample
analysis (Zhao et al., 2023a).
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4.2. Government

The Quintuple Helix model makes the role of government even more
important as concern over air microplastics grows on a global scale. The
government's position as a vital force in maintaining planetary health is
examined, with a focus on policy formation, enforcement and compli-
ance, collaboration, and coordination. Fig. 8 emphasizes proper steps
and policies that can nurture the global community's awareness of at-
mospheric microplastics.

4.2.1. Policy development

Microplastic pollution is a pressing environmental issue that requires
immediate attention from governments worldwide. To combat this
problem, governments are formulating and implementing regulations,
policies, and guidelines that target the reduction of plastic pollution and
promote sustainable practices. A crucial step in this direction is the
prohibition of specific types of microplastics, such as microbeads
(Usman et al., 2022), and the establishment of more comprehensive
policies to tackle other forms of microplastics. Additionally, there is a
push for imposing taxes on single-use plastic products and implementing
bans to curb plastic waste (Li, 2022a, 2022b). While international and
regional legal frameworks address plastic pollution, they often do not
explicitly cover microplastic pollution (Rifa and Hossain, 2022). In
response, governments are adopting various approaches, incorporating
preventive strategies such as the circular economy, behavioral change
initiatives, and the development of bio-based polymers (Munhoz et al.,
2023). Downstream responses, including waste-to-energy initiatives,
degradation processes, water treatment plants upgrades, and litter
clean-up strategies (Chen et al., 2022). Furthermore, multifaceted re-
sponses are being implemented in fisheries and aquaculture facilities to
prevent and mitigate microplastic pollution, which poses a significant
threat to the environment, ecosystems, and human health.

A well-coordinated approach at international and national levels is
needed to scale up policies and address all forms of plastic pollution.
Effective policymaking on microplastics requires collaboration between
academic researchers, industry stakeholders, and government officials.
While traditional models of science-policy interaction position science
as a key input to policy formulation, there is a growing consensus that a
more co-productive relationship between researchers and policymakers
is necessary to ensure the creation of effective and legitimate policies
that address the complexities of microplastic pollution (Maas et al.,
2022; Nielsen et al., 2023). Scientific research plays a crucial role in
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downstream responses (waste to energy, water treatment).
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informing and shaping government policies on microplastics. It provides
evidence-based information on the risks of plastic pollution to human
health and the environment, including ecological impacts, consumption
patterns, and sources of plastic (Rasooly et al., 2023). Scientific tools
such as risk assessment, impact assessment, and life cycle assessment are
applied in shaping policy initiatives (Adeniji et al., 2023). Furthermore,
marine litter monitoring data contributes significantly to the evidence
base for policy development on plastic pollution (Usman et al., 2022).
Despite ongoing uncertainty surrounding the harm of plastic pollution,
preventive actions are justified, and the aim is to continue science-
informed policy development, allowing for flexibility and adjustment
based on ongoing knowledge generation.

4.2.2. Enforcement and compliance

Government agencies actively enforce atmospheric microplastic
regulations by implementing monitoring mechanisms and inspections to
ensure compliance (Cerkasova et al., 2023). However they face chal-
lenges in enforcement, such as limited resources and diverse industries.
In order to address these challenges, strategies are implemented,
including the development of a specific, tailor-made database for
microplastic data (Biber, 2013). This database allows for the integration
and accessibility of data, as well as manipulation and quality assurance
of microplastic data (Markell and Glicksman, 2014). Additionally,
structural solutions, such as creating separate agencies for monitoring
and decision-making, are considered promising solutions (Markell and
Glicksman, 2014). The enforcement and compliance promotion function
of administrative agencies is structured using a three-layered conceptual
framework, which includes components of effective enforcement and
compliance, their interrelated character, and contextual design issues.
By considering all three layers, an effective enforcement and compliance
promotion regime can be developed.

To promote compliance with established standards regarding
microplastics, government agencies use a combination of punitive
measures and incentives to encourage industries and individuals to
adopt sustainable practices and reduce microplastic pollution. They
develop and implement public certification standards, such as eco-
industrial park certification, to enhance resource use efficiency and
coordinate complex policy domains like industrial ecology (Walker,
2022). National governments also play a role by banning single-use
plastic products or imposing taxes on them and by making commit-
ments to reduce microplastic pollution through international agree-
ments like the UN SDGs (Tran et al., 2023). Furthermore, government

« Governments collaborate
with stakeholders for a
cohesive approach.

« Mechanisms for collaboration include
policy development, information
sharing, and joint efforts.

* « Collaboration spans local, national,
and international levels, addressing
both environmental and health
impacts of microplastics.

<—4

« Collaboration with academia and industry aids in evidence-

based policy development.

Fig. 8. Summary of government actions and roles for microplastics management.
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agencies implement policies and responses to tackle plastic pollution,
including upstream strategies like circular economy approaches and
source-specific strategies for industries like the clothing industry and
tire manufacturing (Rifa and Hossain, 2022). Downstream responses,
including waste-to-energy technologies and advanced water treatment
facilities, are utilized to manage microplastics (Munhoz et al., 2023).
These multifaceted responses are crucial to mitigating and preventing
microplastic pollution, while punitive measures and incentives provide
the necessary framework for compliance and adoption of sustainable
practices (Coffin et al., 2021).

4.2.3. Collaboration and coordination

The government collaborates with law enforcement, environmental
agencies, and other stakeholders to create a cohesive and coordinated
approach to enforcing regulations on atmospheric microplastic. This
collaboration is crucial in addressing the widespread presence of
microplastics and their impact on the environment and human health
(Walker, 2022).

Mechanisms for information sharing and joint efforts include the
development of local and international policies, resolutions, and di-
rectives aimed at mitigating plastic pollution (Usman et al., 2022).
However, there are limitations in policy formulation and implementa-
tion, as well as a lack of regulation on microplastic contamination of
food and drinking water (Batory and Svensson, 2020). Hence, to address
these challenges, a well-coordinated approach at international and na-
tional levels is needed to scale up policies and translate them into
measurable actions (Barrett and White, 2017). Trust and relationships
are also important in maintaining cooperative arrangements for envi-
ronmental law enforcement (Faltstrom and Anderberg, 2020).

This collaboration is essential due to the complexity and diversity of
microplastics, which require open collaboration between scientists,
regulators, and policymakers (Coffin et al., 2021). Various local and
international policies, resolutions, and directives have been developed
to address plastic pollution, but there are limitations in policy formu-
lation, implementation, and impact assessment (Usman et al., 2022). In
Africa, traditional perspective approaches such as plastic bans and levies
have been employed, but market-oriented approaches like private-
public waste management may be more effective (Deme et al., 2022).
Indonesia is proactively addressing marine plastic pollution through a
collaborative governance approach involving multiple stakeholders
(Chotimah et al., 2022).

Efforts to address the transboundary nature of atmospheric micro-
plastics involve coordination between the government, international
bodies, Non-Governmental Organizations (NGOs), and local commu-
nities. The government must work together with scientists, industry,
society, and policymakers to integrate their views and ways of working
(Walker, 2022). Increased awareness of the environmental and health
impacts of plastic pollution has attracted attention from the public,
governments, and industry, leading to a focus on addressing the issue
(Usman et al., 2022). The presence of plastics in the environment poses a
significant threat to both the aquatic ecosystem and the livelihoods of
people relying on it, leading to the development of policies and di-
rectives to mitigate plastic pollution (Tiernan et al., 2022). The lack of
knowledge and consensus regarding airborne microplastics presents an
obstacle to action, highlighting the need for more interdisciplinary
research and collaborative approaches (Tiernan et al., 2022). Policy
coordination between the public health and environmental protection
sectors is lacking, and more permanent sector policy integration is
needed, potentially through governmental projects and strong local
innovation programs (Holm and Kj, 2015).

The government facilitates information sharing and collaboration
among different sectors to create a unified front against microplastic
pollution through initiatives such as environmental information trans-
parency and the integration of third-party institutions. These initiatives
aim to build trust, promote transparency, and foster mutual support
among stakeholders within the Quintuple Helix framework. As an
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example, in China, the Institute of Public & Environmental Affairs (IPE)
collects public environmental information. It uses it as a pressure
mechanism to encourage companies and citizens to participate in
environmental governance (Walker, 2022). Additionally, there is a
growing recognition of the need for interdisciplinary research and
collaborative, integrated approaches to address the challenges of
microplastic pollution (Lampitt et al., 2023). Scientists, industry, soci-
ety, and policymakers must work together to find solutions and integrate
their views and ways of working (Tiernan et al., 2022). However, it is
important to ensure that collaborative governance is equal for each
sector and that power relations and dominant discourses are critically
analysed (Li, 2016).

4.3. Industry

The Quintuple Helix framework highlights the industry's role in
mitigating the environmental impact of microplastics. This framework
integrates sustainable production practices, innovative solutions,
responsible supply chain management, and corporate social re-
sponsibility into a cohesive strategy for mitigating microplastic pollu-
tion. By prioritizing eco-friendly manufacturing processes and effective
waste management, industries can significantly reduce their environ-
mental footprint. The role of the industry as a platform for combating
microplastics is further illustrated in Fig. 9, demonstrating how
leveraging these practices can lead to more sustainable outcomes.

4.3.1. Sustainable production and innovation

The industry is actively adopting sustainable practices in production
processes to reduce the use of plastics and microplastics. Strategies such
as EPR, DRS, and the use of bio-based and biodegradable materials are
being  implemented to address environmental concerns
(Ramasubramanian et al., 2023). Innovative solutions include incorpo-
rating plastics into the circular economy, source reduction, waste
valorization, and suitable waste management techniques (Sarkar et al.,
2022). Moreover, promoting renewable electricity generation (REG)
from green sources such as wind, solar, and biomass has become a key
public policy agenda, offering advantages in energy security, price sta-
bility, and job creation while addressing negative externalities associ-
ated with traditional energy sources (Shah et al., 2023). Technologies
such as mechanical and chemical plastic recycling with clean energy like
REG, in-stream clean-up methods, and wastewater treatment are being
used to control plastic waste and microplastic contamination (Nikiema
and Asiedu, 2022). Policymakers are also implementing measures such
as bans, levies, and EPR to reduce plastic use and enhance recycling
(Lucin et al., 2023). Additionally, engineers need to consider the
ecological aspects of design in shipbuilding, particularly in relation to
plastic pipes, to reduce microplastic pollution. These efforts aim to
address environmental concerns while maintaining efficiency and
competitiveness in the industry.

The industry contributes to eco-friendly production processes by
integrating green, Six Sigma, and lean methodologies into existing
manufacturing systems. These approaches aim to make manufacturing
processes sustainable, efficient, and environmentally friendly. They help
minimize emissions, carbon footprints, and the use of harmful sub-
stances while improving process efficiency and reducing waste. The
integration of these practices is driven by the importance of eco-friendly
and sustainable business operations, as well as public pressure, gov-
ernment regulations, and social responsibilities (Nagadi, 2022). Sus-
tainable machining techniques, such as using biodegradable and eco-
friendly cutting fluids, are also being adopted to eliminate the nega-
tive environmental impacts associated with traditional cutting fluids
(Sharma et al., 2021). Additionally, there is a growing emphasis on
incorporating eco-efficiency principles and considering the environ-
mental implications of advances in production research to promote
environmental sustainability in industrial systems (Despeisse and
Acerbi, 2022). The industry also incorporates time-of-use electricity
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pricing models and considers human factors in production processes to
promote energy efficiency and sustainability (Mokhtari-Moghadam
et al., 2023). Integrating lean and green practices and tools in the
manufacturing industry has shown a strong synergy, positively
contributing to environmental sustainability and overall business per-
formance (Gaikwad and Sunnapwar, 2020).

The industry collaborates with academia and governmental bodies to
research and implement sustainable practices through partnerships and
cooperation with external actors such as research organizations, public
institutions, and NGOs (Ruippo et al., 2023). These collaborations are
important for organizational performance and the development of sus-
tainable innovations (Khurana et al., 2022). Government initiatives in-
fluence firm size, technological resources, and financial resources,
which in turn affect collaboration capability and sustainable-oriented
innovation (Calik et al., 2020). The government's commitment and
open approach towards innovative sustainable practices, along with the
presence of initial and ongoing training and the development of
advertising campaigns, enable the successful implementation of eco-
innovations for sustainable development at the local level (Mazzanti
et al., 2020). Innovation plays a crucial role in creating a more sus-
tainable production landscape with reduced reliance on plastic and
microplastic-containing products. Sustainable innovations require
partnerships and collaboration among different stakeholders, including
government agencies, industry innovators, and supportive community
education (van de Meene et al., 2020).

4.3.2. Supply chain management

The industry can ensure responsible sourcing within their supply
chains to minimize the use of materials contributing to microplastics by
implementing strategies such as EPR initiatives, non-profit EPR, door-to-
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door collection systems, and DRS (Ramasubramanian et al., 2023).
These strategies have been implemented in countries like the UK and
Germany and have successfully enhanced the independent collection of
plastic waste. Additionally, sustainable procurement practices can be
adopted, which involve purchasing goods and services in a way that
considers their environmental, social, and economic impacts (Zhu et al.,
2022). By sourcing from sustainable suppliers, companies can reduce
their environmental footprint, enhance their social responsibility, and
achieve cost savings, thus contributing to improved supply chain per-
formance. It is also important to establish a structured framework for
responsible sourcing and green supply chains, which can provide
competitive advantage, stakeholder value, and improved supply chain
management (Hasan and Habib, 2022). Collaboration and partnership
models, along with infrastructure investment and the production of
higher-value recycled materials, are crucial for promoting waste mini-
mization and fostering the adoption of recycling methods (Ball et al.,
2022).

Efficient resource management practices are implemented in the
industry to minimize the release of atmospheric microplastics into the
environment. These practices include adopting cleaner production
techniques, such as smart environmental management practices, which
focus on minimizing pollution load and resource consumption (Kumar
et al., 2022). Additionally, advanced treatment technologies are being
explored to eliminate microplastics from industrial wastewater effec-
tively (Gkika et al., 2023). The management of micro- and nanoplastics
(MNPs) is also crucial, and approaches such as source reduction,
incorporation of plastics into the circular economy, and suitable waste
management are being considered to tackle pollution associated with
MNPs (Sarkar et al., 2022). In order to improve waste disposal practices,
it is vital to develop appropriate infrastructure, implement economically



M. Dewika et al.

sound plastic waste management techniques, and establish environ-
mental regulations for achieving environmental sustainability. By
implementing these measures, the industry aims to minimize the envi-
ronmental impact of microplastics and improve waste disposal practices
(Zhao et al., 2022).

The industry collaborates with governmental bodies and non-profit
organizations to develop and implement effective waste management
strategies within their supply chains. This collaboration involves
enhancing institutional and social collaboration with supply chain
partners and other stakeholders (Yang et al., 2023a, 2023b). Collabo-
rative governance approaches, such as food policy councils, are used to
address food waste issues and engage diverse stakeholders and organi-
zations in food waste reduction efforts (Nadeau and Koebele, 2023). The
concept of “intelligence” is used in waste-to-energy strategies, where
intelligent nodes in the supply chain are analytically presented and
discussed (Vlachokostas, 2020). Manufacturing companies are moti-
vated to implement solid waste management through government
encouragement, non-government organization support, and socio-
psychological incentives (Masrom et al., 2018). Challenges and oppor-
tunities associated with integrating responsible practices include the
need for forecasting, product range management, performance mea-
surement, infrastructure investment, and partnership models.

4.3.3. Corporate social responsibility

Efforts to minimize the generation and release of atmospheric
microplastics align with corporate social responsibility objectives. The
textile industry focuses on finding environmentally friendly long-term
solutions to reduce microfiber emissions caused by the domestic
washing process (Periyasamy, 2023). Industrial wastewater treatment
plants (WWTPs) play a crucial role in eliminating microplastics from
industrial wastewater (Gkika et al., 2023). Public outreach programs
aim to enhance understanding of microplastics and their impact on
health, promoting a healthy lifestyle to reduce exposure (Coffin et al.,
2021). Risk minimization, gender diversity, and environmental certifi-
cation are factors that affect corporate social responsibility (CSR)
disclosure (Almaqtari et al., 2023). Governments, organizations, and
industry initiatives are launching new projects to reduce plastic waste
and improve waste infrastructure, monitoring, and research (van
Emmerik, 2021). These initiatives contribute to a thorough under-
standing of plastic sources, emissions, fate, effects, and risks, aligning
with CSR objectives.

The industry promotes transparency in reporting efforts to minimize
atmospheric microplastics by publishing sustainability reports that
disclose corporate sustainability activities and initiatives. These reports
comply with mandatory reporting requirements and provide informa-
tion on the environmental impact of business activities, including the
management of microplastics. The reports employ modern rhetoric and
subtle persuasion techniques supported by facts and figures to ensure
credibility and transparency in reporting efforts (Camoletto et al.,
2022). CSR initiatives can be structured to ensure accountability for
sustainable practices by incorporating accountability perspectives of
CSR (APCSR). APCSR emphasizes the need for accountability in CSR
implementation and its role in enhancing CSR's contribution to envi-
ronmental sustainability. By adopting APCSR, companies can enhance
their CSR practices and contribute more effectively to sustainable
development, particularly in developing countries with weak state in-
stitutions and governance (Osman and Kadri, 2022).

The industry engages with stakeholders, including consumers and
communities, to communicate their commitment to minimizing atmo-
spheric microplastics through various means, such as sustainability
marketing and CSR activities (Janzik et al., 2023). These efforts aim to
shape public perception and influence sustainable behaviour by high-
lighting the environmental and social impacts of microplastics (Walker,
2022). Stakeholder engagement and CSR initiatives play a crucial role in
building trust and strengthening relationships between industry and
stakeholders, including consumers (Heath and Cotton, 2022). By
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demonstrating their commitment to minimizing microplastics and
engaging in responsible practices, the industry can enhance its brand
image and foster responsible, sustainable consumer behaviour (Liu
et al., 2023c). The impact of CSR on shaping public perception and
influencing sustainable behaviour is further influenced by factors such
as the level of engagement in CSR activities and the effectiveness of
sustainability marketing strategies (Jia et al., 2023).

4.4. Civil society

The Quintuple Helix model highlights civil society's role in
combating atmospheric microplastics through awareness, advocacy,
community engagement, and collaboration. It emphasizes the impor-
tance of NGOs, grassroots movements, academia, government, and in-
dustry in promoting sustainable alternatives, policy reforms, and citizen
science projects.

4.4.1. Awareness and advocacy

Civil society organizations (CSO) effectively raise public awareness
about atmospheric microplastics by adopting various strategies and
channels. They develop educational programs and conduct outreach
activities to enhance public understanding of microplastics and their
impact on health (Janzik et al., 2023). These activities include providing
technical information, educating about microplastic exposure, and
promoting healthy lifestyles to reduce sources of microplastic exposure
(Coffin et al., 2021). Moreover, CSO are instrumental in risk commu-
nication by addressing scientific uncertainties and emphasizing the
intricate linkages between human health and environmental well-being
(Elgammal, 2023). They strategically position themselves in social and
institutional networks, mobilize public support, and generate media
coverage to initiate and accelerate transitions towards more sustainable
choices (Buijs et al., 2023). However, it is important to note that the step
from local impact to broader transition remains a challenge, and the
contribution of CSO should be seen as part of a larger movement towards
sustainability (Felipe-Rodriguez et al., 2022).

NGOs and grassroots movements advocate for policy changes related
to atmospheric microplastics through various strategies. They engage in
lobbying efforts, both inside and outside of government, to influence
environmental policy (Bey, 2022). They also utilize citizen science ini-
tiatives to generate data and collaborate with the public, which can aid
in policy influence (Oturai et al., 2023). These organizations work to
raise awareness about the health and ecological risks of plastics and
promote sustainable alternatives (Usman et al., 2022). In order to
optimize their efforts, NGOs and grassroots movements need to have
access to resources and employ effective strategies, such as large staff
size, lobbying multiple venues, and utilizing both inside and outside
lobbying tactics (Coffin et al., 2021). Additionally, their advocacy
should be inclusive, ensuring equal access for all participants and
prioritizing harmonization and sharing policy input (Dauvergne and
Islam, 2023). By strengthening their networks, engaging in trans-
national advocacy, and addressing the root causes of plastic pollution,
these organizations can have a meaningful impact on developing and
implementing policies addressing microplastic pollution.

Civil society plays a significant role in influencing consumer be-
haviors towards more sustainable choices in the context of atmospheric
microplastics. Studies have shown that environmental concerns and
activism are predictors of sustainable behaviors, such as avoiding plastic
and looking for recyclable packaging (Pinho and Gomes, 2023). Addi-
tionally, the theory of planned behaviour (TPB) has been used to explain
sustainable consumption, which often results from planned decisions
rather than hedonic reasons. Collaboration with other helix compo-
nents, such as government and CSR, can enhance the effectiveness of
advocacy efforts. For example, the No Plastic Bag Campaign in Malaysia
suggests a comprehensive approach that includes informational cam-
paigns, the establishment of new social norms, and the promotion of
zero-waste initiatives to nudge sustainable shopping lifestyles (Zen,
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2018). Ultimately, civil society's commitment to sustainability, com-
bined with collaboration with other stakeholders, can drive consumer
behaviors towards more sustainable choices in the face of atmospheric
microplastics. By promoting sustainable consumption and reducing
plastic use, civil society can play a crucial role in mitigating the envi-
ronmental impacts of microplastics.

4.4.2. Community engagement

Civil society mobilizes communities to actively participate in
addressing microplastics at the local level through various strategies.
These strategies include organizing workshops and online events to
create a shared vision for reducing plastic bag usage (Buijs et al., 2023).
engaging citizens in citizen science initiatives to generate data on plastic
pollution and influence policymaking (Oturai et al., 2023), conducting
outreach activities to educate the public about microplastics and their
impact on health (Neef et al., 2023), and implementing innovative
sustainable practices such as Tiny Forests and Beach Clean-Ups. Suc-
cessful community engagement strategies in promoting sustainable
practices and reducing microplastic pollution involve a combination of
economic, structural, and behavioral interventions, including financial
incentives, the introduction of environmentally friendly alternatives,
promoting of reusable bags, and using social channels such as education
and social norms (Walker, 2022). These strategies aim to increase public
understanding of microplastics, encourage behaviour change, and
inspire collective action to minimize microplastic exposure and promote
sustainable practices.

CSO play a crucial role in initiating and supporting clean-up initia-
tives to mitigate the impact of microplastics. These organizations engage
in activities such as beach clean-ups and plastic waste management
(Catarino et al., 2023). Citizen science projects can be leveraged to
engage communities in monitoring and addressing microplastic pollu-
tion. These projects involve the participation of citizens, including stu-
dents and frontline sanitary personnel, in collecting data on plastic litter
and its impact on the environment (Oturai et al., 2023; Severin et al.,
2023). By involving citizens in data collection, citizen science projects
can increase the spatial coverage of monitoring efforts and provide
valuable information on the abundance and distribution of microplastics
in different environments, such as coastal ecosystems and surface waters
(Setdla et al., 2022; Shruti et al., 2022). This collaboration between CSO
and citizen scientists can contribute to a better understanding of
microplastic pollution and support the development of effective strate-
gies to mitigate its impact.

Furthermore, civil society promotes citizen-led initiatives to address
microplastics by engaging citizens in data generation, collaboration, and
policy influence (Oturai et al., 2023). Initiatives like the Citizen
Observation of Local Litter in Coastal ECosysTems (COLLECT) project
and citizen science projects involve local students and communities in
collecting data on coastal plastic litter (Catarino et al., 2023; Janzik
et al., 2023). These initiatives contribute to fostering a sense of com-
munity responsibility and ownership in the fight against atmospheric
microplastic pollution by raising awareness, providing education, and
involving citizens in the decision-making process (Setala et al., 2022).
Participating in these efforts helps residents understand the impact of
microplastic pollution on health and the environment, as well as how to
eliminate it. This sense of ownership and responsibility motivates people
to live more sustainably and actively participate in the fight against
microplastic contamination, resulting in a stronger community-driven
approach to resolving the problem.

4.4.3. Collaboration and partnership

CSO collaborate with academia, government, and industry to
amplify their impact in tackling atmospheric microplastics. CSOs aim to
influence public policy and often work with governments to formulate
and implement policies (Bohrer et al., 2023). In authoritarian contexts,
CSOs face restrictions but still need to highlight public problems caused
by governmental inaction. CSOs involved in waste management in
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Russia use communication strategies to achieve their objectives. They
employ different narrative strategies, such as angel shifts and devil
shifts, depending on their activities and working relationship with the
government (Walker, 2022). CSOs also engage in intense communica-
tion, improving synergy and collaboration between government regu-
lation, academia, business sector, and civil society (Schlaufer et al.,
2022). Effective communication and cooperation are facilitated through
social media platforms, which allow CSOs to bypass mainstream media
and mobilize supporters (Nelms et al., 2022). By strategically using
narratives and engaging in collaborative efforts, CSOs can enhance their
impact in addressing the issue of atmospheric microplastics.

Collaborative initiatives between civil society and other helix com-
ponents contribute to sharing resources and knowledge in the fight
against atmospheric microplastics. These initiatives aim to bring
together academia, industry, government, and civil society to strengthen
regional innovation and create sustainable and inclusive growth. By
engaging with and facilitating the participation of civil society, regional
governments can foster the Quintuple Helix model and promote the
sharing of resources and knowledge. The Quintuple Helix model, which
emphasizes the participation of all stakeholders, including civil society,
has been identified as a mechanism to support the design and imple-
mentation of research and innovation strategies for smart specialization.
Additionally, open innovation approaches and collaboration platforms,
such as the Challenge Lab, can further enhance the triple helix innova-
tion capacity by involving students and providing neutral platforms for
deeper collaboration between the helix actors (Jenkins et al., 2022;
Roman et al., 2020).

Furthermore, CSO face unique challenges and opportunities in
collaborative environments. Their interactions with state agencies and
other partners are influenced by factors such as agency dynamics, the
interplay of interests, and the evolving nature of these relationships.
These organizations continually shape their roles through collaborative
processes with government entities, guided by mutual perceptions and
diverse considerations (Sjogren Forss et al., 2021). Successful coopera-
tion models between CSO and other helix components exist in various
contexts. For example, a Penta-helix collaboration in a health promotion
program in Malmo, Sweden, involved representatives from academia,
voluntary organizations, the business sector, the public sector, and cit-
izens, with citizen-driven processes playing a crucial role (Syal et al.,
2021). In the context of water, sanitation, and hygiene (WASH) and
gender equality and social inclusion (GESI) organizations, partnerships
were driven by identifying community service gaps and aligning advo-
cacy agendas, leading to increased inclusion, empowerment, and
strengthened knowledge and capacity (Grant et al., 2023). These ex-
amples highlight the importance of interprofessional cooperation, citi-
zen involvement, and addressing power dynamics in successful
collaborations.

4.5. Environment

The last role in the Quintuple Helix emphasizes the environmental
role in addressing atmospheric microplastics. Ecological Impact
Assessment evaluates their effects on ecosystems, conservation, and
restoration. It involves organizations preserving ecosystems and moni-
toring and surveillance to track their presence and distribution, enabling
informed decision-making and targeted interventions.

4.5.1. Ecological impact assessment

Environmental scientists assess the ecological impacts of atmo-
spheric microplastics on diverse ecosystems using various methodolo-
gies and indicators. In marine environments, researchers focus on the
ingestion and impact of microplastics on aquatic organisms, including
benthic organisms and fishes. Functional traits of aquatic organisms,
such as metabolism, growth, and reproduction, are negatively affected
by microplastics, which can also impact fish behaviour and trophic in-
teractions (Khan et al., 2023a, 2023b). In freshwater systems, studies
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have used model organisms like Daphnia magna to assess the toxicity of
microplastics. Bioassays have been conducted to measure acute and
chronic toxicity endpoints, including mortality, reproductive, and
behavioral measurements. Microscopy is used to visualize microbeads
within and surrounding the organisms (Belioka and Achilias, 2023;
Berlino et al., 2023). In terrestrial habitats, the prevalence and haz-
ardous effects of microplastics on biota are still being studied, with a
focus on their presence in soil and their potential impacts on soil or-
ganisms and plant growth (McNamee, 2023).

Environmental scientists are critical in determining the long-term
ecological effects of air microplastics and guiding the creation of sus-
tainable practices and policies to reduce microplastic contamination.
They research to understand the types and concentrations of micro-
plastics in different environments, such as freshwater rivers (Jung et al.,
2023), coastal areas (Belioka and Achilias, 2023), and terrestrial eco-
systems (Adeniji et al., 2023). By studying the prevalence, distribution,
and ecological implications of microplastics, scientists can identify the
sources and pathways of microplastic pollution and evaluate its effects
on organisms and ecosystems. This knowledge can inform the devel-
opment of management strategies and mitigation efforts to reduce
microplastic contamination. Additionally, scientists investigate reme-
diation techniques, such as filtration, coagulation, and membrane
technology, to address microplastic pollution (Zhao et al., 2023b). Their
findings contribute to understanding the environmental consequences of
microplastic pollution and provide valuable insights for policymakers,
researchers, and stakeholders in developing sustainable practices and
policies to protect the environment from the harmful effects of
microplastics.

4.5.2. Conservation and restoration

Environmental organizations and conservation groups play an
important role in conserving ecosystems that have been impacted by air
microplastic pollution. They contribute by increasing awareness about
the impact of microplastics on habitat integrity and pushing for legis-
lative changes and legislation that minimize pollution (Chen, 2023; Li,
2022a). These organizations also engage in research and monitoring
efforts to understand the ecological effects of microplastics better and
develop effective conservation strategies. Some conservation strategies
being developed include source reduction, wastewater treatment, edu-
cation and awareness campaigns, policy and regulatory measures, and
ecosystem-based approaches (Saini and Sharma, 2022). Restoration
plans focus on restoring habitat quality and promoting the recovery of
affected ecosystems through measures such as habitat restoration,
pollution control, and the implementation of sustainable practices (Rai
etal., 2023). By implementing these strategies and plans, environmental
organizations and conservation groups aim to mitigate the impact of
microplastics on habitat integrity and safeguard the health and sus-
tainability of ecosystems (Berlino et al., 2023).

Conservation efforts address sustainable land and water manage-
ment practices to minimize the release of atmospheric microplastics into
the environment. These efforts focus on various aspects such as plastic
waste management, source reduction, incorporation of plastics into the
circular economy, suitable waste management, and infrastructure
development (Rai et al., 2023). Additionally, research has been con-
ducted on the adsorption and removal technologies of microplastics in
aquatic environments, including natural freshwater, marine, drinking
water treatment plants, and WWTPs (Sarkar et al., 2022). Efforts have
also been made to understand the occurrence, transport, fate, and health
risks of microplastics in soil and freshwater environments (Pan et al.,
2023). These practices can be integrated into broader conservation
initiatives by implementing legislation or regulatory plans to reduce
microplastic contamination, harmonizing sampling and analysis
methods, and addressing research gaps to improve our understanding of
microplastic contamination in complex environmental systems
(Kallenbach et al., 2022; Raza et al., 2022).

Environmental organizations also serve as mediators between the
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government and the public, advocating for environmental integrity and
creating awareness about the importance of preserving the environment
(Shaharudin et al., 2020). Community-based initiatives, initiated and
implemented by community members, are effective in addressing
environmental concerns and promoting sustainable practices (Chen
et al., 2023). Public participation in environmental protection is moti-
vated by factors such as mainstream policy leadership, social dynamics,
and cognitive preferences (Axon, 2020). Furthermore, successful ini-
tiatives require collaboration between government agencies, NGOs, and
community members, leading to comprehensive and sustainable solu-
tions. In the context of restoration projects, individuals who are willing
to engage in environmental restoration stewardship are motivated by
personal agency, the value of their contributions to the community, and
their knowledge about environmental issues. To foster public partici-
pation and support for sustainable initiatives to combat atmospheric
microplastic pollution, environmental organizations need to provide
education, promote sustainable development projects, and raise
awareness about the importance of environmental protection (Sorensen
et al., 2018).

4.5.3. Monitoring and surveillance

The monitoring of atmospheric microplastics in the environment is
crucial for tracking their presence and distribution. Microplastics have
become a chronic contaminant in various environmental sectors,
including terrestrial, marine, and atmospheric (Belioka and Achilias,
2023). The widespread presence of microplastics necessitates the
development of efficient monitoring and surveillance programs to
enable informed decision-making. Analytical methods for monitoring
microplastics are challenging and time-consuming, but technological
advancements have provided potential solutions. For instance, holo-
gram imaging and post-processing techniques have shown promise for
rapidly detecting microplastics in seawater (Willans et al., 2023).
Additionally, the development of a specific, tailor-made database for
microplastic data can aid in harmonizing and comparing monitoring
results (Ikenson, 2023). This structured relational database is adaptable
to the diverse sampling, processing, and analytical methods used for
microplastics, ensuring accurate data manipulation and quality assur-
ance (Calore and Fraticelli, 2022).

Efficient surveillance programs for microplastics require the use of
appropriate sampling techniques, laboratory procedures, and identifi-
cation methods, along with the integration of real-time information
transfer systems (Cerkasova et al., 2023). These programs provide data
on the prevalence and distribution of microplastics in various environ-
ments, including marine and Arctic ecosystems (Belioka and Achilias,
2023). These initiatives collect data on the quantity and properties of
microplastics to assist in identifying sources and understanding the
ecological consequences of microplastic contamination (Ikenson, 2023).
The collected data can be utilized to develop targeted interventions that
mitigate the environmental impacts of microplastic pollution. For
example, Monitoring programs can guide the selection of species and
monitoring locations depending on local community goals (Lusher et al.,
2022). Additionally, the data can be used to assess the effectiveness of
mitigation efforts and guide the development of strategies to limit the
quantity of plastic waste entering the environment (Cerkasova et al.,
2023).

By utilizing wireless sensor networks and Internet of Things (IoT)
technologies, real-time environmental monitoring systems can be
implemented. These systems use sensors to collect data on environ-
mental parameters such as temperature, humidity, and CO levels, which
are then transmitted to the cloud for storage and analysis. The collected
data can be accessed remotely through mobile applications and can be
used to take remote actions to control environmental conditions and
send notifications (Ling et al., 2011; Narayana et al., 2024). Effective
collaboration among government bodies, industry stakeholders, and
environmental protection agencies is vital for optimizing the collection,
distribution, and integration of sensor data. Such cooperation ensures
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the seamless interaction between sensor networks and high-level ser-
vices and applications. Furthermore, the application of machine
learning techniques enables the identification of environmental patterns
and potential hazards, significantly enhancing the efficacy of environ-
mental monitoring (Hino et al., 2018). These advanced monitoring and
surveillance programs are vital in addressing global issues such as
microplastic pollution and in devising effective intervention strategies.
A summary of the subsystems of the Quintuple Helix Model and asso-
ciated actions for addressing microplastic-related issues is presented in
Table 1.

5. Opportunities and challenges in collaboration

Integrating the Quintuple Helix approach into atmospheric micro-
plastic management policies presents both significant and unique op-
portunities. On the one hand, this approach offers a remarkable
opportunity for fostering collaboration and knowledge-sharing among
the five key helices - government, industry, academia, civil society, and
the natural environment. By bringing together diverse stakeholders, the
Quintuple Helix model creates a platform for a more inclusive and

Table 1
Subsystems of quintuple helix model and possible actions to address issues
concerning microplastics.

Subsystems of quintuple
helix model

Description

i Universities

Academia actively engages in scientific research
of microplastics (focusing on sources,
movements, environmental impacts) to gather
comprehensive data for informed decision-
making processes.

Development of new technologies for the
detection, monitoring, and mitigation of
microplastics.

Collaboration among academic/research
institutions to open data.

Knowledge transfer, method development or
projects that contributes to eco-friendly pro-
duction processes by integrating green, six
sigma and lean methodologies into existing
manufacturing systems

Adopting sustainable practices in production
processes to reduce use of plastics/microplastics
Industry collaborates with academia &
governmental bodies to research and implement
sustainable practices

Formulating regulations, long-term policies/
strategies/guidelines or implement short term
interventions aimed at addressing microplastics
Developing comprehensive waste management
strategies to combat atmospheric microplastics.
Enforce regulations through implementation of
monitoring mechanisms and inspections to
ensure compliance.

Media to constantly construct and communicate
public reality, reinforce culture and values.
Educational programs/outreach activities by
NGOs and grassroots movements to enhance
public understanding of microplastics.
Consumer behaviour towards more sustainable
choices (e.g. avoiding plastic for recyclable
packaging)

Environmental scientists assess ecological
impacts of atmospheric microplastics and guide
in creating sustainable practises and policies to
reduce microplastic contamination on diverse
ecosystems using various methodologies and
indicators

Environmental organizations/conservation
groups to conserve ecosystems that to have been
impacted by air microplastics pollution
Continuous monitoring and surveillance for
tracking microplastics presence and distribution

ii. Industries

iii. Government

iv. Media/Public

V. Natural environment/
society
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comprehensive understanding of atmospheric microplastics. This in-
clusivity not only enriches the policy development process but also en-
sures the implementation of holistic solutions that address the intricate
web of challenges associated with microplastic pollution (Carayannis
et al.,, 2022). However, significant challenges exist, particularly in
managing the divergent interests and priorities among the helices.
Achieving effective communication and coordination across these
diverse stakeholders can be complex and demands careful navigation.
Furthermore, incorporating the natural environment as an active
stakeholder introduces a unique set of challenges, demanding a delicate
balance between human concerns and ecological considerations. Despite
these challenges, the opportunities presented by the Quintuple Helix
approach hold the potential to revolutionize atmospheric microplastic
management policies, providing a path towards sustainable and im-
pactful solutions for the preservation of planetary health. Fig. 10 illus-
trates the opportunities and challenges in integrating the Quintuple
Helix approach into atmospheric microplastic management policy.

5.1. Synergy in policy development

Incorporating the Quintuple Helix approach into policies for man-
aging atmospheric microplastics presents significant opportunities for
synergistic policy development. This approach promotes collaboration
between five key sectors: government, industry, academia, civil society,
and the natural environment. Current research has identified a total of
291 relevant policies at different levels—international (67), national
(147), and subnational (77). The trend shows a growing number of
national-level policies addressing plastic pollution, with a significant
focus on banning various types of plastics (Diana et al., 2022). These
policies are designed to reduce plastic waste, and global efforts have
emerged to monitor governmental responses to the issue. However, the
current policy landscape predominantly involves government-led ini-
tiatives, highlighting a key limitation in incorporating diverse perspec-
tives from non-governmental sectors, a critical aspect of the Quintuple
Helix approach (Fig. 11).

The Quintuple Helix model addresses this limitation by engaging all
five helices in a collaborative and inclusive manner. By fostering
collaborative research initiatives, this approach contributes to devel-
oping advanced monitoring technologies, detection methods, and
effective mitigation strategies. The synergy among academia, industry,
and government accelerates the translation of research findings into
practical solutions, promoting the development of cutting-edge tech-
nologies. Engaging civil society ensures public participation, awareness,
and acceptance of microplastic management policies, making them
more likely to be socially accepted and effective in implementation.
Individuals, encompassing a wide spectrum of the populace, can
significantly contribute by engaging in data collection, collaborating in
the development of participatory and analytical methodologies, and
expressing challenges and opportunities associated with such in-
teractions. This input has the potential to shape adjustments in both
industry practices and regulatory frameworks (Williams et al., 2023).

Additionally, the Quintuple Helix approach facilitates policy coher-
ence by aligning goals and strategies across diverse stakeholders,
contributing to a more efficient and effective response to atmospheric
microplastic challenges. Integrating the natural environment as a
stakeholder ensures policies consider ecological impacts, contributing to
environmental sustainability (Williams et al., 2023). Collaboration with
civil society enhances the effectiveness of public awareness campaigns
and educational initiatives, fostering an informed and engaged public
that is more likely to adopt sustainable practices.

However, applying the Quintuple Helix approach to atmospheric
microplastic management policy is not without its challenges. Divergent
interests and goals among the five helices—government, business,
academia, civil society, and the natural environment—pose significant
hurdles. Effective communication and coordination across these diverse
stakeholders can be complex and may impede the smooth
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implementation of policies. Additionally, civil society representatives
highlight the issue of time constraints, as engagement with NGOs often
requires voluntary commitment outside regular working hours. To
address these challenges, future solutions such as leveraging online
platforms could facilitate greater participation and involvement
(Grundel and Dahlstrom, 2016).

Furthermore, the inclusion of the natural environment as an active
stakeholder introduces another layer of complexity, demanding a deli-
cate balance between human concerns and ecological considerations.
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Striking this balance poses inherent difficulties, requiring thoughtful
policy formulation to address both human needs and environmental
preservation. Moreover, the complexity of integrating diverse perspec-
tives may lead to slower decision-making processes and increased
resistance to change. The public, civil society, and the environment can
be viewed as corrective influences on decision-making, challenging the
ethical, normative, and ecological aspects of knowledge and innovation
(Konig et al., 2021). Despite these challenges, the potential benefits and
opportunities presented by the Quintuple Helix approach highlight the
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importance of overcoming these hurdles to ensure a successful, inclu-
sive, and sustainable approach to atmospheric microplastic
management.

5.2. Feedback loop of innovation

Incorporating a feedback loop of innovation into the Quintuple Helix
approach for atmospheric microplastic management offers a multitude
of opportunities for dynamic and adaptive strategies. Through iterative
solutions, the feedback loop allows for continuous refinement of pol-
icies, strategies, and technologies, ensuring their ongoing effectiveness.
This adaptive policy development process responds dynamically to
emerging challenges and changing circumstances, promoting resilience
in the face of evolving atmospheric microplastic issues.

The evolution of the number of adopted policies and their design is
evident over time, as demonstrated, for instance, by Canada's classifi-
cation of plastic as a toxin under the Canada Environmental Protection
Act (Diana et al., 2022). Enhanced collaboration among government,
industry, academia, civil society, and the natural environment is facili-
tated by regular feedback exchanges, fostering a deeper understanding
of each stakeholder's needs and perspectives. Considering citizens' be-
haviors and motivations in plastic and textile usage in collaboration with
the industry could contribute to reducing the generation of these par-
ticles. In this context, future studies should recognize the importance of
citizen inclusion when designing research strategies for measuring and
reducing microplastic concentrations in homes. Citizen feedback is
crucial for the Quintuple Helix approach, as it enables a nuanced un-
derstanding of microplastic generation and distribution. Additionally, it
facilitates the development of appropriate behavioral, industrial, and
regulatory messaging, as well as effective mitigative measures (Williams
et al., 2023).

The feedback loop cultivates a culture of continuous learning and
improvement, where stakeholders can glean insights from both suc-
cesses and failures. The rapid feedback mechanism facilitates the Swift
identification and integration of innovative ideas and technologies,
accelerating the overall innovation process in atmospheric microplastic
management. Additionally, regular feedback from the public ensures
that policies align with societal expectations, enhancing public accep-
tance and fostering a sense of shared responsibility. Acting as an early
warning system, the feedback loop enables the timely detection of po-
tential issues, allowing for proactive monitoring and corrective actions
to prevent the escalation of problems. Ultimately, integrating a feedback
loop of innovation within the Quintuple Helix approach empowers
decision-makers with data-driven insights, contributing to informed and
effective decision-making processes in the pursuit of sustainable atmo-
spheric microplastic management.

However, including an innovative feedback loop into the Quintuple
Helix approach for atmospheric microplastic management presents ob-
stacles. One key challenge is to build and maintain good communication
channels for ongoing input among varied stakeholders, including gov-
ernment, business, academia, civil society, and the natural environment.
According to Kholiavko et al. (2021), five key communication channels
are critical: education, methodical development, financial support,
project collaboration, and research involvement. These channels facili-
tate stakeholder engagement through activities such as training, pro-
gram development, funding, collaborative projects, and research
initiatives within the Quintuple Helix model. In addition, overcoming
potential resistance to change and fostering a culture that values
ongoing learning and adaptation poses a considerable challenge,
particularly when dealing with entrenched practices or policies. It is also
crucial to balance the need for rapid iteration with the requirement for
comprehensive evaluation, as premature adjustments may lead to un-
intended negative outcomes.

Furthermore, ensuring the transparency and accountability of the
feedback loop process is crucial to maintaining trust among stake-
holders. The potential for information overload and the need for robust
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data management systems also pose significant challenges. Managing
large volumes of feedback data requires careful consideration and
strategic planning to prevent data overload and ensure that the feedback
loop remains a valuable tool for driving innovation and improvement.
Addressing these challenges is essential to harnessing the benefits of a
feedback loop of innovation and developing a responsive, adaptive, and
effective approach to atmospheric microplastics management.

5.3. Public engagement

5.3.1. Opportunities and challenges in public-government collaboration

Civil society acts as a monitoring body, keeping a close eye on the
implementation of microplastic management policies. Through inde-
pendent assessments and evaluations, NGOs ensure transparency and
accountability, providing valuable feedback to policymakers and the
public. This continuous monitoring helps identify areas of improvement
and informs future policy adjustments. Environmental NGOs serve as
essential intermediaries between governments and communities,
bridging expectations and enhancing communication. The effectiveness
of microplastic management policies, particularly at local and national
levels, is largely supported by public pressure and civil society advocacy.
A notable example is the Malaysian government's decision to perma-
nently ban the import of waste, allowing only clean, recyclable plastics
after receiving widespread complaints regarding illegal plastic waste
imports through Port Klang, Selangor. In response, the government
launched coordinated enforcement operations, led by the Ministry of
Energy, Science, Technology, Environment, and Climate Change (MES-
TECCQ), alongside local authorities and agencies such as Tenaga Nasional
Bhd (TNB) and the Department of Environment (DoE), to shut down
illegal plastic recycling factories (Shaharudin et al., 2020).

Effective management of plastic pollution requires full public
engagement. In 2018, the Malaysian government introduced the
"Roadmap to Zero Single-Use Plastics 2018-2030" in response to the
escalating plastic pollution crisis. In order to guarantee the effectiveness
of this roadmap plan, several initiatives, such as the ‘No Plastic Bags
Campaign’ or ‘No Plastic Bags Day’, have been implemented in various
states, including Pulau Pinang, Selangor, Kedah, and Pahang (Ma et al.,
2020). However, challenges remain, including low plastic waste recy-
cling rates, insufficient knowledge regarding sustainable behaviors and
habits, inadequate integration of waste management, insufficient
availability of biodegradable products, high expenses associated with
plastic alternatives, and a lack of cooperation and enforcement from
relevant governmental stakeholders (Tang, 2023). To address these
barriers, it is critical that all relevant stakeholders—including federal
and state governments, NGOs, manufacturers, and the public—work
collaboratively. This collaborative effort is essential to achieving the
roadmap’s target by 2030, facilitating the shift from a plastic-dependent
economy to a circular and sustainable one.

Despite these efforts, public awareness regarding microplastic
pollution remains limited due to a lack of information and negative
perceptions of governance. Studies suggest that policy instruments and
awareness campaigns can positively influence public perception (Tang,
2023). Interestingly, the public generally believes that environmental
legislation can effectively address pollution, and satisfaction with
environmental governance is positively correlated with regulatory ef-
forts (Geng and He, 2021). This is reflected in the increasing demand for
better environmental circumstances, driven by growing environmental
awareness. Therefore, involving the public in the assessment of gov-
ernment environmental laws is advantageous as it expands the scope of
evaluation and enhances the legitimacy and effectiveness of the regu-
lations. Simultaneously, the assessment of the public's environmental
governance catalyzes pressing the government to regulate any envi-
ronmental policy. The obstacles to enhancing public awareness must be
overcome. Especially with the rapid development of contemporary
media, an increasing number of people are consciously and systemati-
cally paying attention to pollution issues and aggressively demanding
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environmental governance. This mass dissemination and communica-
tion enable the people to better focus on environmental issues, promote
collective action, and drive the improvement of environmental gover-
nance, especially in cities under low economic pressure (Liu et al.,
2023a, 2023b, 2023c).

5.3.2. Opportunities and challenges in public-industry collaboration

The growing presence of microplastics in the environment poses
potential opportunities and challenges that demand collaborative effort
between the general public and the industry. Addressing this issue is
crucial, as it fosters a sense of collective responsibility and promotes the
adoption of more sustainable practices. The opportunities lie in pro-
moting alternatives to plastic and advocating for a circular economy. In
an effort to mitigate atmospheric microplastic pollution, the investiga-
tion and advocacy of alternatives to conventional plastics present a
promising path forward. Public participation serves as a catalyst, insti-
gating heightened consciousness regarding sustainable materials and
directing a societal transition towards environmentally conscious al-
ternatives. The current paradigm shift is propelled by evolving per-
spectives regarding the ecological ramifications of plastic waste, an
occurrence that both political and industrial entities are tactfully capi-
talizing on. As evidenced by initiatives conducted by Consumers Inter-
national and UNEP in 2020, environmental consumerism reflects this
growing anti-plastic sentiment (UNEP, 2021). In order to maintain the
market value of plastics, an increasing number of industries and politi-
cians are contemplating feedstock substitution, the expansion of con-
sumer reuse options, and the adoption of novel delivery models.

A notable example of this shift is the work led by the Ellen MacArthur
Foundation, UNEP, and the International Trade Centre. Between 2016
and 2021, these organizations spearheaded efforts to promote sustain-
able packaging, national recycling programs, and the development of
reusable, renewable, or recyclable packaging (UNEP, 2021). Multina-
tional corporations have also embraced these sustainability goals,
aligning their packaging strategies with broader industry commitments
to meet public demands for responsible production, disposal, and
recycling. One notable trend in the push for sustainable alternatives is
the rise of bio-based plastics, which have gained popularity and positive
public reception. Biodegradable plastics, in particular, are seen as more
environmentally friendly than conventional plastics, including those
marketed as “easily recyclable” (Dilkes-Hoffman et al., 2019). The term
"bio-based" is often associated with positive environmental attributes,
such as naturalness and sustainability (Sijtsema et al., 2016). However,
it is essential to acknowledge that public perception is complex, with
concerns surrounding the potential health risks and technological im-
plications of these new materials. Nonetheless, promoting industry in-
vestment in research and development of innovative materials presents
a significant long-term opportunity, particularly as companies respond
to increasing consumer demand for environmentally responsible prod-
ucts (Prata et al., 2019).

Industry-led initiatives play a pivotal role in supporting and
advancing policy actions to achieve government-mandated objectives or
those currently under consideration. These efforts serve as a connection
between the practices of the private sector and the goals of public policy,
promoting collaboration and synergy between industries and govern-
ment entities. Industries can provide significant ideas, experience, and
resources by actively participating in the development and execution of
policies. This ensures that regulatory measures are not only effective but
also in line with the practicalities of business operations. An important
way for industries to get involved is by sharing product information,
which is crucial for promoting transparency and accountability. This can
be accomplished through several methods, such as implementing
voluntary labeling programs or using environmental indicators. Volun-
tary labeling programs or eco-labeling allow enterprises to offer precise
and concise information about their products, including details about
their environmental impact, sustainability characteristics, or compli-
ance with specified requirements. This not only enables consumers to
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make well-informed decisions in line with their values but also en-
courages healthy competition among industries to embrace more sus-
tainable practices. Industries demonstrate their dedication to
responsible business practices and contribute to a wider corporate social
responsibility and environmental stewardship culture throughout the
entire value chain by willingly adopting and promoting such programs.
Public bodies can ensure eco-labeling method alignment with the most
up-to-date scientific findings and best practices by engaging in collab-
orative efforts with industries. This collaboration can incentivize firms
to allocate resources towards research and development in order to
mitigate their impact on atmospheric microplastics, thus promoting a
culture of ongoing enhancement. From a business standpoint, engaging
in eco-labeling efforts presents a chance to demonstrate dedication to
environmental conservation and sustainable methodologies. Products
that have been certified with eco-labels and comply with policies for
managing atmospheric microplastics have a distinct advantage in the
market, as they appeal to ecologically aware consumers. By engaging in
collaboration, industries can actively contribute to advancing and
enhancing eco-labelling standards, ensuring their practicality, feasi-
bility, and effectiveness. The synergy between public activism, well-
informed consumer decisions, and business compliance with eco-
labeling can together foster a positive feedback loop, leading to
enhanced regulations for managing atmospheric microplastics and a
more sustainable future.

5.3.3. Opportunities and challenges in public-academia collaboration
Understanding and mitigating public concerns surrounding the
accumulation of plastic waste and its environmental consequences is
imperative for the formulation of effective policies and interventions. In
this complex landscape, citizen science emerges as a vital link between
scientific expertise and public sentiment, providing a collaborative
platform for meaningful dialogue and knowledge exchange. As scientific
discoveries and innovations continue to shape societal development,
public engagement becomes a fundamental necessity in contemporary
research initiatives. Establishing successful public engagement strate-
gies involves cultivating a productive two-way dialogue between sci-
entists and the public, where both parties contribute to each other's
understanding of scientific developments and their applications to so-
ciety (Mofokeng et al., 2024). Given the ever-evolving state of scientific
comprehension, community engagement becomes indispensable,
fostering knowledge and consciousness. The active participation of cit-
izens in the scientific process elevates their viewpoints and knowledge.
It becomes an essential element in decision-making processes, thereby
enhancing the democratic aspect of scientific governance.
Furthermore, public risk perception becomes a focal point for
leveraging citizen science initiatives to address the pervasive issue of
plastic pollution in the biosphere. The efficacy of citizen science extends
beyond data production; it lies in its ability to offer valuable recom-
mendations. Scientists and policymakers can harness the insights and
suggestions derived from citizen science activities to develop effective
methods for addressing environmental challenges. Public engagement
should focus on education, collaborative discussion, and precautionary
policy changes to counteract scientific negationism and denialism.
Consensus conferences and deliberative forums within citizen science
become pivotal in fostering transparency and civic engagement.
Despite ongoing efforts to address atmospheric microplastics, raising
public awareness through scientific communication remains a signifi-
cant challenge. One major barrier is the lack of comprehensive scientific
data, particularly regarding the types, sources, and ultimate fate of
microplastics in both indoor and outdoor air. These knowledge gaps
hinder the ability to convey the full scope of the issue to the public.
Additionally, public risk perceptions often differ from expert evalua-
tions, as the public tends to consider a broader range of factors beyond
formal scientific risk assessments. Variables such as demographics and
educational background further complicate this divide in understanding
(Garcia-Vazquez and Garcia-Ael, 2021; Onyena et al.,, 2021). In
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particular, addressing the challenges of atmospheric microplastic
pollution in regions like Asia, where knowledge remains relatively
limited, requires promoting environmental literacy and education (Deng
et al., 2020).

To overcome resource limitations and maintain advocacy and
monitoring efforts, innovative and resource-optimized engagement
strategies are essential. The dynamic nature of civil society requires a
thorough analysis of innovative strategies that can be employed to
optimize effectiveness. An essential aspect of productive policy discus-
sions is promoting inclusiveness, necessitating proactive steps to reduce
the potential influence of specific viewpoints and ensuring representa-
tion from different communities. Community engagement programs,
grassroots movements, and inclusive forums are instrumental in
ensuring that policy conversations encompass a diverse range of opin-
ions present in society.

Furthermore, ethics and human rights play a critical role in policies
governing microplastics, particularly regarding their entry into the food
chain due to the absence of reliable risk information. Ethics appeal to
individual actors' social responsibility, such as fishers' responsibility for
their gear or market actors' and consumers' responsibility for choices of
food and drinks packaging and recycling (Koelmans et al., 2019).
Effective policy implementation requires more than just legal measures;
it demands a concerted effort to engage with various stakeholders and
foster behavioral change. This can be achieved through targeted
engagement campaigns and dialogues that raise awareness about the
risks associated with microplastics and promote responsible practices.
By combining scientific expertise with public engagement, policymakers
can navigate the complex landscape of environmental policy and
develop comprehensive solutions to the multifaceted challenges posed
by microplastics.

5.3.4. Opportunities and challenges in public-environment interaction

The intersection of public-environment interaction within the
framework of policies addressing atmospheric microplastic manage-
ment not only poses difficulties but also offers an opportunity for
cooperation and participation in SDGs initiatives. As people become
more aware of the extensive impact of atmospheric microplastics on
ecosystems and human well-being, there is a special chance for them to
participate in SDG projects actively. When effectively utilized, public
awareness and involvement can become a powerful advocate for policies
that support the SDGs, especially those pertaining to environmental
sustainability, health, and responsible consumerism. The successful
attainment of the United Nations SDGs by 2030 depends on efficiently
tackling the intricate issues presented by the management and recovery
of plastic waste. Sarkar et al. (2022) highlight the importance of
implementing economically feasible, socially agreeable, and environ-
mentally sustainable approaches in the field. Efficiently incorporating
strategies for managing microplastics necessitates a collaborative effort
encompassing regulatory entities, businesses, and the general popula-
tion. Engaging in a collaborative approach with these stakeholders will
not only help accomplish specific SDGs but also promote a compre-
hensive and sustainable influence on the wider socio-economic and
environmental context. The United Nations, in 2010, established spe-
cific aims to achieve goal number 12 of the SDGs, which is “responsible
consumption and production.” These targets emphasize the importance
of effectively managing chemicals and other types of waste from their
creation to their disposal.

The focus is on minimizing waste to alleviate adverse effects on
ecosystems. An essential element in attaining SDG 12 entails shifting
from the linear economic paradigm of “take, make, and dispose” to a
circular economy framework that promotes recycling and resource re-
covery (Brennholt et al., 2018). This paradigm change can profoundly
alter plastic disposal practices, introducing enhanced plastic recovery
through new approaches such as recycling and upcycling (Blank et al.,
2020). Tackling plastic waste management extends beyond the scope of
SDG 12, yielding positive impacts on multiple other sustainable

24

Science of the Total Environment 954 (2024) 176063

development goals. Progress towards achieving SDG 3, “Good health
and wellbeing”; SDG 12, “Responsible Consumption and Production”;
SDG 13, “Climate Actions”; SDG 14, “Life below water”; and SDG 15,
“Life on land” is made by reducing plastic waste and minimizing the
discharge of microplastics into the environment. The detrimental im-
pacts of microplastics on both aquatic and terrestrial creatures,
including people, emphasize the pressing need to promptly adopt effi-
cient methods for recovering plastic waste. Promoting research and
studies that provide sustainable solutions for microplastics in the
ecosystem is essential, in line with the wider global objective of meeting
the United Nations SDGs and fostering a healthier and more resilient
planet.

In conjunction with the SDGs, the public-environment interface
provides an opportunity to improve understanding and effectiveness in
applying circular economy ideas to various lifestyles. As people under-
stand the consequences of ambient microplastics, there is an increasing
need for sustainable alternatives. This entails shifting from the con-
ventional take-make-dispose paradigm to a circular mindset that prior-
itizes the processes of recycling, reusing, and renewing resources. Public
awareness campaigns can have a crucial impact on clarifying the con-
crete advantages of circular economy principles and motivating in-
dividuals to embrace more environmentally friendly consumption
habits. The growing awareness of microplastic issues is a key factor
behind the swift adoption of a circular economy. The concept of a cir-
cular economy is founded on the intricate equilibrium between
ecological sustainability, economic growth, and social equity. It repre-
sents a departure from the traditional linear method to build a closed-
loop system in which resources are continuously reused, recycled, and
regenerated (Syberg et al., 2022). This holistic plan acknowledges the
interdependence of environmental health, financial prosperity, and so-
cial fairness, fostering a mutually advantageous symbiotic relationship
between human society and the planet. To develop a circular economy,
it is important to undergo a substantial shift at various phases of a
product's life cycle, encompassing design, manufacturing, use, and
disposal, with a specific emphasis on plastic commodities. This modifi-
cation requires innovative design thinking that prioritizes recyclability,
durability, and ease of disassembly. It involves the revision of industrial
processes in order to minimize both waste and energy consumption.
Furthermore, consumer behavior plays a crucial role; individuals must
adopt more sustainable purchasing patterns by selecting products that
align with circular ideals. Embracing a comprehensive transformation
safeguards the environment and enhances economic progress by
creating fresh markets for recycled materials and fostering employment
in sustainable industries.

As awareness of the detrimental effects of microplastics on ecosys-
tems and human health grows, consumers are increasingly making more
informed and eco-conscious purchasing decisions. This increased
awareness serves as a powerful tool for fostering a deeper understanding
of sustainable lifestyles. As a result, it encourages consumers to make
educated decisions that prioritize products made using circular economy
principles. Society may promote the use of ecologically friendly alter-
natives and stimulate the market for circular economy products by
launching educational programs and increasing awareness. Ultimately,
this cultural shift can significantly influence the creation of a more
ecologically sustainable and harmonious future for both our planet and
its residents.

However, obstacles continue to exist, and the importance of efficient
communication remains crucial. It is essential to disseminate clear and
accurate information about the link between microplastics and circular
economy practices to gain widespread public support. Addressing mis-
conceptions and explaining complex scientific concepts are crucial for
ensuring that the public is well-informed and actively engaged. Over-
coming conflicting agendas and fostering a sense of individual
empowerment within the circular economy framework are also vital. By
effectively addressing these issues and leveraging opportunities for
collaboration, the interaction between the public and environmental
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initiatives can be optimized. This dynamic engagement supports the
achievement of SDGs and helps build a more resilient and environ-
mentally conscious society.

5.4. Environmental resilience

Microplastics present a diverse and significant environmental chal-
lenge requiring a comprehensive understanding and response. Their
pervasive presence across a wide variety of ecosystems, including ma-
rine settings, freshwater systems, the atmosphere as a medium of
transportation, and terrestrial habitats, is a major cause for concern.
Microplastics have the potential to act as vectors for hazardous chem-
icals and pathogens, posing risks to the physiological health of diverse
species and, consequently, the resilience of entire ecosystems. As the
concentration of microplastics in the environment increases, the likeli-
hood of their interactions with various components of ecosystems also
rises. The impacts of microplastics on ecosystems can manifest in various
ways, including physical damage, toxicity, and disruptions to ecosystem
functions. For instance, microplastics can cause physical entanglement
and obstruction in smaller organisms such as zooplankton, similar to the
effects observed with macroplastics on larger fauna (Ziajahromi et al.,
2017). Moreover, microplastics can disrupt biological functions by
introducing toxicants into the food chain, which may ultimately affect
human health through dietary pathways. The complex pathways
through which microplastics make their way into food webs and have
the potential to influence human health highlight the interconnected
nature of environmental and public health concerns.

Microplastics also pose a significant threat to vulnerable ecosystems,
particularly those with low genetic diversity and extreme ecological
conditions. These ecosystems, already stressed by climate change, face
additional challenges due to plastic pollution. The accumulation of
microplastics in the environment over time is a direct result of human
activities, which have increased carbon footprint and led to issues that
threaten the survival of living species. Therefore, to mitigate the nega-
tive effects that plastic pollution has on the environment, proposals have
been made to reduce greenhouse gas emissions by approximately 45%
by 2030 and achieve net-zero emissions by 2050 (Sarma et al., 2022).

Additionally, microplastics contribute to the broader climate crisis.
Similar to other aerosols, these particles scatter and absorb sunlight,
influencing Earth's temperature. A study by Revell et al. (2021)
measured the effective radiative forcing (ERF) of microplastics at
approximately 0.75 milliwatts per square meter, compared to the ERF of
other aerosols, which ranges from 0.71 to 0.14 watts per square meter.
Although these values seem small, the cumulative effect of microplastics
contributes to global warming by exacerbating the overall energy
imbalance. On a global scale, this warming effect, in conjunction with
greenhouse gases, outweighs the cooling impacts of other aerosols.
Recent research by Parvez et al. (2024) has also indicated that airborne
microplastics may facilitate cloud formation and disrupt atmospheric
cooling.

To establish a definitive link between microplastic exposure and
harm to biota and humans, it is essential to enhance the quality of
analytical procedures (Ziani et al., 2023). However, a major limitation in
addressing microplastic pollution is the lack of international standard-
ization in methods used to assess microplastic exposure, hazards, and
impacts. This hinders the development of effective mitigation strategies
and emphasizes the need for a consistent and standardized approach to
measuring policy performance. A crucial step towards addressing this
limitation is to establish transparent and accessible metrics available for
broad use. Implementing a uniform monitoring system across all plastic
policies within a nation, with data collection synchronized across the
same time periods, would enable direct comparisons between different
policy types. To facilitate global coordination and comparability, data
collection for plastic policies should be linked to international stan-
dardization metrics. The development of an internationally legally
binding convention to end plastic pollution could provide a framework
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for establishing these metrics. By harmonizing data collection and
analysis, policymakers can develop more effective strategies to mitigate
the impacts of microplastics and ultimately protect environmental and
human health.

6. Sunway city, a case study

Using the Quintuple Helix model in microplastic pollution control
involves collaborating and integrating ideas from government,
academia, industry, civil society, and the environment. Sunway City in
Malaysia has embraced a forward-thinking sustainability approach by
implementing a plastic ban, showcasing its dedication to environmental
conservation as modelled in Fig. 12.

Sunway City demonstrated strong leadership by enacting compre-
hensive legislation to ban single-use plastics. This decisive action was
underpinned by the government's commitment to environmental pro-
tection and public health by eliminating single-use plastic consumption
by 2030 across various components. Policymakers worked closely with
environmental experts to draft laws that are both practical and im-
pactful, setting a clear timeline for the phase-out of plastics via Malay-
sia's Roadmap Towards Zero Single-Use Plastics 2018-2030 (MyGOV -
The Government of Malaysia's Official Portal, n.d.).

Sunway University, a prominent university within Sunway City, is at
the forefront of research and education on sustainability. It spearheads
projects like “Turning Waste to Watts” which aims to convert plastic
waste into valuable materials with reduced environmental impact. The
team upcycles single-use plastic into carbon nanomaterials such as
graphene through an innovative technique. The resulting materials
show tremendous potential in developing advanced batteries and
supercapacitors to store and discharge energy from renewable yet
intermittent sources like solar and wind. These initiatives not only
contribute to scientific understanding and innovation but also educate
and engage the university community in sustainable practices (Abdah
et al., 2024).

Within Sunway city, businesses and industry are actively engaging in
sustainable practices, showcasing a concerted effort towards environ-
mental stewardship. Notably, Sunway Hotels & Resorts has imple-
mented impactful measures to combat plastic pollution, such as
transitioning to biodegradable materials and adopting zero-waste
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policies across its chain of hotels and malls. An exemplar of their
commitment is the cessation of single-use plastic straws in 2019,
replaced solely with sugarcane alternatives, aligning with Malaysia's
Roadmap Towards Zero Single Use Plastics 2018-2030. This proactive
stance extends to partnerships with academia, particularly Sunway
University, fostering research and development of eco-friendly mate-
rials. Such collaborations emphasize the pivotal role of the industry
sector in driving innovation and sustainability, contributing to a col-
lective effort towards a greener future (Towards Zero Single-Use Plastic by
2030, n.d.).

NGOs and community groups within Sunway City play a critical role
in raising awareness about the dangers of plastic pollution and mobi-
lizing community action and campaigns such as “Say No to Plastics”.
Through educational programs, community clean-ups, and recycling
drives, civil society acts as both a conscience and a catalyst, encouraging
sustainable habits among residents and businesses alike (Say ‘No’ to
Plastics! Sustainability, Sunway University, n.d.)

The Quintuple Helix model recognizes the environment as an active
participant in the development process. In Sunway City, sustainable
practices such as the banning of plastics and the promotion of recycling
are designed to protect and enhance the natural environment. The
success of these initiatives is ultimately measured by their positive
impact on the local ecosystem, demonstrating a harmonious balance
between development and environmental preservation. However, there
is no existing data on the effectiveness of the model yet, which limits our
ability to fully assess its impact; further research and data collection are
needed to evaluate its long-term outcomes.

Sunway City's application of the Quintuple Helix approach in tack-
ling plastic pollution is a testament to the power of collaborative effort
across all sectors of society. By engaging academia, industry, govern-
ment, civil society and considering the environment's well-being, Sun-
way City sets a global benchmark for sustainable urban development.
This model city not only addresses the immediate challenges of plastic
waste but also fosters a culture of sustainability that will benefit future
generations.

7. Limitations of the study

The integration of the Quintuple Helix approach into atmospheric
microplastic management policies represents a significant step forward
in addressing the complexities of microplastic pollution and its impact
on planetary health. However, this approach is not without its limita-
tions, which must be acknowledged and addressed to ensure effective
policy implementation. One major challenge lies in coordinating efforts
across the five key sectors involved in the Quintuple Helix model:
academia, government, industry, civil society, and the environment. The
complexity of aligning objectives, resources, and timelines across these
diverse sectors can hinder seamless collaboration. Furthermore, the
need to coordinate actions across local, national, and international
levels further complicates the implementation of integrated policies.

Despite the increasing focus on microplastics research, significant
data gaps remain, particularly concerning the long-term impacts of
microplastics on human health and ecosystems. The lack of standardized
methods for detecting and quantifying microplastics, especially in at-
mospheric contexts, further exacerbates these gaps. Additionally, the
interdisciplinary nature of the Quintuple Helix approach necessitates
the integration of diverse data sources, which can be inconsistent or
incomplete, thereby limiting the effectiveness of policy decisions. While
the Quintuple Helix model promotes a holistic approach, existing reg-
ulatory frameworks are often fragmented and inconsistent across
different regions and sectors. This fragmentation hinders the develop-
ment of comprehensive policies that effectively address microplastic
pollution. Moreover, the lack of specific regulations targeting atmo-
spheric microplastics creates a gap in the legislative landscape, limiting
the ability to enforce meaningful changes.

The application of advanced technologies, such as AI and remote
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sensing for microplastics detection and monitoring, is a promising
aspect of the Quintuple Helix approach. However, these technologies are
often expensive and require significant investment in infrastructure and
training. Financial constraints, especially in developing regions, can
limit access to these technologies, thereby reducing the overall effec-
tiveness of microplastic management policies. Public awareness and
engagement are also crucial to the success of the Quintuple Helix model,
but a lack of understanding among the general public about atmospheric
microplastics can lead to resistance to policy measures or insufficient
public support for necessary behavioral changes. Effective civil society
engagement requires sustained efforts in education and outreach, which
can be resource-intensive and time-consuming.

Additionally, the environmental and ecological impacts of micro-
plastics, especially in the atmosphere, remain largely unknown. The
Quintuple Helix approach, despite its thoroughness, is constrained by
these uncertainties, hindering the creation of precise and effective
management strategies. Moreover, the dynamic nature of ecosystems
and the possibility of unexpected interactions between microplastics and
other environmental pollutants introduce additional complexity to
policy implementation. To overcome these challenges, continued
research, enhanced coordination among stakeholders, and the devel-
opment of more comprehensive and cohesive policies are necessary. By
acknowledging and addressing these limitations, the full potential of the
Quintuple Helix model can be realized in preserving planetary health in
the face of microplastic pollution.

8. Conclusion

The Quintuple Helix model offers a comprehensive framework for
addressing the complex issue of microplastic pollution, which poses
significant environmental and health concerns. By integrating the per-
spectives of government, academia, industry, civil society, and the
environment, this approach can inform the development of effective
policies and strategies to mitigate microplastic pollution. Key policy
interventions, such as banning single-use plastics, implementing EPR,
and introducing a plastic tax, can significantly reduce plastic waste.
Additionally, upgrading wastewater treatment facilities and promoting
Eco-labeling initiatives can help minimize microplastic pollution.
Furthermore, cross-disciplinary research is essential to address knowl-
edge gaps and obstacles related to human-environment interactions
with microplastics, transfer pathways, and associated risks. Ultimately,
addressing the challenges and limitations that arise from prioritizing
short-term economic gains and industry lobbying is crucial for
advancing research and developing effective strategies to combat
microplastic pollution, thereby protecting both human health and the
environment.

CRediT authorship contribution statement

M. Dewika: Writing — original draft, Supervision, Project adminis-
tration, Formal analysis. Kalaimani Markandan: Writing — original
draft, Formal analysis. J. Nor Ruwaida: Writing — review & editing,
Investigation. Y.Y. Sara: Writing — review & editing, Resources. Anjan
Deb: Writing — original draft, Visualization. N. Ahmad Irfan: Visuali-
zation, Investigation, Formal analysis. Mohammad Khalid: Writing —
review & editing, Resources, Project administration, Conceptualization.

Declaration of competing interest

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

Data availability

Data will be made available on request.



M. Dewika et al.
Acknowledgement

The authors thank Sunway University, Malaysia, for supporting this
work through the internal grant scheme (GRTIN-IGS-CAE[S]-18-2022).

References

Abbasi, S., Keshavarzi, B., Moore, F., Turner, A., Kelly, F.J., Dominguez, A.O.,
Jaafarzadeh, N., 2019. Distribution and potential health impacts of microplastics
and microrubbers in air and street dusts from Asaluyeh County, Iran. Environ. Pollut.
244, 153-164. https://doi.org/10.1016/j.envpol.2018.10.039.

Abdah, M.A.A.M., Azlan, F.N.M., Wong, W.P., Mustafa, M.N., Walvekar, R., Khalid, M.,
2024. Microwave-assisted upcycling of plastic waste to high-performance carbon
anode for lithium-ion batteries. Chemosphere 349, 140973. https://doi.org/
10.1016/j.chemosphere.2023.140973.

Adeniji, A.O., Okaiyeto, K., Mohammed, J.N., Mabaleha, M., Tanor, E.B., George, M.J.,
2023. A mixed method assessment of research productivity on microplastics in
various compartments in the environment. Int. J. Environ. Sci. Technol. 20 (11),
12847-12874. https://doi.org/10.1007/513762-023-04916-7.

Alberghini, L., Truant, A., Santonicola, S., Colavita, G., Giaccone, V., 2023. Microplastics
in fish and fishery products and risks for human health: a review. Int. J. Environ. Res.
Public Health 20 (1), 1. https://doi.org/10.3390/ijerph20010789.

Aliani, S., Lusher, A., Galgani, F., Herzke, D., Nikiforov, V., Primpke, S., Roscher, L., da
Silva, V.H., Strand, J., Suaria, G., Vanavermaete, D., Verlé, K., De Witte, B., van
Bavel, B., 2023. Reproducible pipelines and readiness levels in plastic monitoring.
Nat. Rev. Earth Environ. 4 (5), 5 https://doi.org/10.1038/s43017-023-00405-0.

Alijagic, A., Hedbrant, A., Persson, A., Larsson, M., Engwall, M., Sarndahl, E., 2023.
NLRP3 inflammasome as a sensor of micro- and nanoplastics immunotoxicity. Front.
Immunol. 14 https://doi.org/10.3389/fimmu.2023.1178434.

Almagqtari, F.A., Elsheikh, T., Abdelkhair, F., 2023. impact of corporate environmental
disclosure practices and board attributes on sustainability: empirical evidence from
Asia and Europe. Heliyon 9 (8), e18453. https://doi.org/10.1016/j.heliyon.2023.
e18453.

Almeida, M.P.d., Gaylarde, C., Pompermayer, F.C., Lima, L. da S., Delgado, J. de F.,
Scott, D., Neves, C.V., Vieira, K.S., Baptista Neto, J.A., Fonseca, E.M., 2023. The
complex dynamics of microplastic migration through different aquatic
environments: subsidies for a better understanding of its environmental dispersion.
Microplastics 2 (1), 62-77. https://doi.org/10.3390/microplastics2010005.

Anuar, N.A.S., Pang, L.-Y., Selvam, S.B., Gibbins, C.N., Nee, T.K., 2022. Polyethylene
microplastics adversely affect airway patency. Life Sci. Med. Biomed. 6 (1), 1
https://doi.org/10.28916/1smb.6.1.2022.93.

Anunobi, T.J., 2022. Hazardous effects of plastic wastes on land biodiversity: a review.
Zoologist 20 (1), 1. https://doi.org/10.4314/tzool.v20i1.10.

Axon, S., 2020. The socio-cultural dimensions of community-based sustainability:
implications for transformational changelJ. Clean. Prod. 266, 121933 https://doi.
0rg/10.1016/j.jclepro.2020.121933.

Ball, S., Booth, C.A., Mahamadu, A.-M., Manu, P., 2022. A roadmap for sustainable
development through responsible sourcing in construction. Proc. Inst. Civ. Eng. Eng.
Sustainability 175 (6), 267-282. https://doi.org/10.1680/jensu.21.00043.

Koelmans, B., Phal, S., Backhaus, T., et al., 2019. A scientific perspective on microplastics
in nature and society. Evidence Review Report No. 4. SAPEA. https://doi.org/
10.26356/microplastics.

Balsi, M., Bouchelaghem, S., Conti, L., Moroni, M., Scalia, R., 2023. 13th Workshop on
Hyperspectral Imaging and Signal Processing: Evolution in Remote Sensing
(WHISPERS), Athens, Greece, pp. 1-4. https://doi.org/10.1109/
WHISPERS61460.2023.10431217.

Barrett, S., White, R., 2017. Disrupting environmental crime at the local level: an
operational perspective. Palgrave Commun. 3, 2. https://doi.org/10.1057/541599-
017-0006-3.

Batory, A., Svensson, S., 2020. Regulating collaboration: the legal framework of
collaborative governance in ten European countries. Int. J. Public Adm. 43 (9),
780-789. https://doi.org/10.1080/01900692.2019.1658771.

Battistin, G., Latella, L., Iannilli, V., 2023. Microplastic pollution in the food web:
observation of ingestion by the talitrid amphipod Cryptorchestia garbinii on the
shores of Lake Garda. Eur. Zool. J. 90 (1), 73-82. https://doi.org/10.1080/
24750263.2022.2160019.

Beaumelle, L., Laender, F.D., Eisenhauer, N., 2020. Biodiversity Mediates the Effects of
Stressors but not Nutrients on Litter Decomposition. Elife 9, €55659. https://doi.org/
10.7554/eLife.55659.

Belioka, M.-P., Achilias, D.S., 2023. Microplastic pollution and monitoring in seawater
and harbor environments: a meta-analysis and review. Sustainability 15 (11), 11.
https://doi.org/10.3390/su15119079.

Berlino, M., Sara, G., Mangano, M.C., 2023. Functional trait-based evidence of
microplastic effects on aquatic species. Biology 12 (6), 6. https://doi.org/10.3390/
biology12060811.

Bey, N., 2022. Configurational analysis of environmental NGOs and their influence on
environmental policy in Turkey. Human. Soc. Sci. Commun. 9 (1), 1 https://doi.org/
10.1057/541599-022-01458-0.

Bhat, M.A., Gedik, K., Gaga, E.O., 2023. Atmospheric micro (nano) plastics: future
growing concerns for human health. Air Qual. Atmos. Health 16 (2), 233-262.
https://doi.org/10.1007/5s11869-022-01272-2.

Biber, E., 2013. The challenge of collecting and using environmental monitoring data.
Ecol. Soc. 18 (4) https://doi.org/10.5751/ES-06117-180468.

27

Science of the Total Environment 954 (2024) 176063

Blank, L.M., Narancic, T., Mampel, J., Tiso, T., O’Connor, K., 2020. Biotechnological
upcycling of plastic waste and other non-conventional feedstocks in a circular
economy. Curr. Opin. Biotechnol. 62, 212-219. https://doi.org/10.1016/j.
copbio.2019.11.011.

Boakes, L.C., Patmore, L.R., Bancone, C.E.P., Rose, N.L., 2023. High temporal resolution
records of outdoor and indoor airborne microplastics. Environ. Sci. Pollut. Res. 30
(13), 39246-39257. https://doi.org/10.1007/511356-022-24935-0.

Boersma, A., Grigoriadi, K., Nooijens, M.G.A., Henke, S., Kooter, .M., Parker, L.A.,
Dortmans, A., Urbanus, J.H., 2023. Microplastic index—how to predict microplastics
formation? Polymers 15 (9), 9. https://doi.org/10.3390/polym15092185.

Bohrer, K., Belligoni, S., Redd, B., Reeling, C., Vasquez, M.A., 2023. ETHICS-2023 session
E2 - panel: 4+1: the impacts of academia, industry, government and civil society on
sustainable development (sponsored by IEEE TechEthics). In: 2023 IEEE
International Symposium on Ethics in Engineering, Science, and Technology
(ETHICS), 00-01. https://doi.org/10.1109/ETHICS57328.2023.10154964.

Brennholt, N., HeB, M., Reifferscheid, G., 2018. Freshwater microplastics: challenges for
regulation and management. In: Wagner, M., Lambert, S. (Eds.), Freshwater
Microplastics, vol. 58. Springer International Publishing, pp. 239-272. https://doi.
org/10.1007/978-3-319-61615-5_12.

Brepohl, E., Paschetag, M., Scholl, S., 2023. Monomer recycling as complementary
technology in a circular economy. Chem. Ing. Tech. 95 (8), 1282-1289. https://doi.
org/10.1002/cite.202300052.

Brouwer, M.T., Thoden van Velzen, E.U., Ragaert, K., ten Klooster, R., 2020. Technical
limits in circularity for plastic packages. Sustainability 12 (23), 10021. https://doi.
org/10.3390/s5u122310021.

Buijs, A.E., de Koning, S., Mattijssen, T.J.M., Smeding, I.W., Smits, M.-J., Steins, N.A.,
2023. Civil society for sustainable change: strategies of NGOs and active citizens to
contribute to sustainability transitions. J. Environ. Plan. Manag. 67 (12),
2863-2884. https://doi.org/10.1080/09640568.2023.2205571.

Biiks, F., Loes van Schaik, N., Kaupenjohann, M., 2020. What do we know about how the
terrestrial multicellular soil fauna reacts to microplastic? SOIL 6 (2), 245-267.
https://doi.org/10.5194/s0il-6-245-2020.

Bule Mozar, K., Miloloza, M., Martinjak, V., Cvetni¢, M., Kusi¢, H., Bolanca, T., Kuci¢
Grgi¢, D., Ukié, S., 2023. Potential of advanced oxidation as pretreatment for
microplastics biodegradation. Separations 10 (2), 2. https://doi.org/10.3390/
separations10020132.

Calik, E., Badurdeen, F., Bal, A., 2020. Cooperation networks and organizational factors
on sustainable innovation. J. Innov. Sustain. RISUS 11 (1), 94-121. https://doi.org/
10.23925/2179-3565.2020v11i1p94-121.

Calore, D., Fraticelli, N., 2022. State of the art offshore In situ monitoring of microplastic.
Microplastics 1 (4), 4. https://doi.org/10.3390/microplastics1040044.

Camoletto, S., Corazza, L., Pizzi, S., Santini, E., 2022. Corporate social responsibility due
diligence among European companies: the results of an interventionist research
project with accountability and political implications. Corp. Soc. Responsib. Environ.
Manag. 29 (5), 1122-1133. https://doi.org/10.1002/csr.2258.

Cao, G., Cai, Z., 2023. Getting health hazards of inhaled nano/microplastics into focus:
expectations and challenges. Environ. Sci. Technol. 57 (9), 3461-3463. https://doi.
org/10.1021/acs.est.3c00029.

Carayannis, E.G., Campbell, D.F.J., 2010. Triple helix, quadruple helix and quintuple
helix and how do knowledge, innovation and the environment relate to each other?:
A proposed framework for a trans-disciplinary analysis of sustainable development
and social ecology. Int. J. Social Ecol. Sustainable Dev. 1 (1), 41-69. https://doi.org/
10.4018/jsesd.2010010105.

Carayannis, E.G., Grigoroudis, E., Campbell, D.F.J., Meissner, D., Stamati, D., 2018. The
ecosystem as helix: an exploratory theory-building study of regional co-opetitive
entrepreneurial ecosystems as quadruple/quintuple Helix innovation models. R&D
Manag. 48 (1), 148-162. https://doi.org/10.1111/radm.12300.

Carayannis, E.G., Campbell, D.F.J., Grigoroudis, E., 2022. Helix trilogy: the triple,
quadruple, and quintuple innovation helices from a theory, policy, and practice set
of perspectives. J. Knowl. Econ. 13 (3), 2272-2301. https://doi.org/10.1007/
$13132-021-00813-x.

Carvalho, P.N., Matamoros, V., 2022. Nature-based solutions for the mitigation of
persistent and emerging contaminants. Water 14 (13), 13. https://doi.org/10.3390/
w14132105.

Casillas, G., Hubbard, B.C., Telfer, J., Zarate-Bermudez, M., Muianga, C., Zarus, G.M.,
Carroll, Y., Ellis, A., Hunter, C.M., 2023. Microplastics scoping review of
environmental and human exposure data. Microplastics 2 (1), 1. https://doi.org/
10.3390/microplastics2010006.

Catarino, A.I,, Mahu, E., Severin, M.I., Akpetou, L.K., Annasawmy, P., Asuquo, F.E.,
Beckman, F., Benomar, M., Jaya-Ram, A., Malouli, M., Mees, J., Monteiro, 1.,
Ndwiga, J., Neves Silva, P., Nubi, O.A., Martin-Cabrera, P., Sim, Y.K., Sohou, Z.,
Woo, S.P., Seeyave, S., 2023. Addressing data gaps in marine litter distribution:
citizen science observation of plastics in coastal ecosystems by high-school students.
Front. Mar. Sci. 10 https://doi.org/10.3389/fmars.2023.1126895.

Cerkasova, N., Enders, K., Lenz, R., Oberbeckmann, S., Brandt, J., Fischer, D., Fischer, F.,
Labrenz, M., Schernewski, G., 2023. A public database for microplastics in the
environment. Microplastics 2 (1), 1. https://doi.org/10.3390/
microplastics2010010.

Cervello, C., Bruschi, M., Candiano, G., Kajana, X., Garbarino, A., Rumeo, N.,

Petretto, A., Cravedi, P., Gentile, M., Angeletti, A., Lugani, F., Ghiggeri, G.M.,
Verrina, E.E., Bigatti, C., Giordano, P., Esposito, P., Viazzi, F., Verzola, D., La
Porta, E., 2023. Microplastics: first extended proteomic analysis on kidney tubular
cells. Nephrol. Dial. Transplant. 38 (Supplement_1), gfad063a_6225 https://doi.org/
10.1093/ndt/gfad063a_6225.

Chang, X., Fang, Y., Wang, Y., Wang, F., Shang, L., Zhong, R., 2022. Microplastic
pollution in soils, plants, and animals: a review of distributions, effects and potential


https://doi.org/10.1016/j.envpol.2018.10.039
https://doi.org/10.1016/j.chemosphere.2023.140973
https://doi.org/10.1016/j.chemosphere.2023.140973
https://doi.org/10.1007/s13762-023-04916-7
https://doi.org/10.3390/ijerph20010789
https://doi.org/10.1038/s43017-023-00405-0
https://doi.org/10.3389/fimmu.2023.1178434
https://doi.org/10.1016/j.heliyon.2023.e18453
https://doi.org/10.1016/j.heliyon.2023.e18453
https://doi.org/10.3390/microplastics2010005
https://doi.org/10.28916/lsmb.6.1.2022.93
https://doi.org/10.4314/tzool.v20i1.10
https://doi.org/10.1016/j.jclepro.2020.121933
https://doi.org/10.1016/j.jclepro.2020.121933
https://doi.org/10.1680/jensu.21.00043
https://doi.org/10.26356/microplastics
https://doi.org/10.26356/microplastics
https://doi.org/10.1109/WHISPERS61460.2023.10431217
https://doi.org/10.1109/WHISPERS61460.2023.10431217
https://doi.org/10.1057/s41599-017-0006-3
https://doi.org/10.1057/s41599-017-0006-3
https://doi.org/10.1080/01900692.2019.1658771
https://doi.org/10.1080/24750263.2022.2160019
https://doi.org/10.1080/24750263.2022.2160019
https://doi.org/10.7554/eLife.55659
https://doi.org/10.7554/eLife.55659
https://doi.org/10.3390/su15119079
https://doi.org/10.3390/biology12060811
https://doi.org/10.3390/biology12060811
https://doi.org/10.1057/s41599-022-01458-0
https://doi.org/10.1057/s41599-022-01458-0
https://doi.org/10.1007/s11869-022-01272-2
https://doi.org/10.5751/ES-06117-180468
https://doi.org/10.1016/j.copbio.2019.11.011
https://doi.org/10.1016/j.copbio.2019.11.011
https://doi.org/10.1007/s11356-022-24935-0
https://doi.org/10.3390/polym15092185
https://doi.org/10.1109/ETHICS57328.2023.10154964
https://doi.org/10.1007/978-3-319-61615-5_12
https://doi.org/10.1007/978-3-319-61615-5_12
https://doi.org/10.1002/cite.202300052
https://doi.org/10.1002/cite.202300052
https://doi.org/10.3390/su122310021
https://doi.org/10.3390/su122310021
https://doi.org/10.1080/09640568.2023.2205571
https://doi.org/10.5194/soil-6-245-2020
https://doi.org/10.3390/separations10020132
https://doi.org/10.3390/separations10020132
https://doi.org/10.23925/2179-3565.2020v11i1p94-121
https://doi.org/10.23925/2179-3565.2020v11i1p94-121
https://doi.org/10.3390/microplastics1040044
https://doi.org/10.1002/csr.2258
https://doi.org/10.1021/acs.est.3c00029
https://doi.org/10.1021/acs.est.3c00029
https://doi.org/10.4018/jsesd.2010010105
https://doi.org/10.4018/jsesd.2010010105
https://doi.org/10.1111/radm.12300
https://doi.org/10.1007/s13132-021-00813-x
https://doi.org/10.1007/s13132-021-00813-x
https://doi.org/10.3390/w14132105
https://doi.org/10.3390/w14132105
https://doi.org/10.3390/microplastics2010006
https://doi.org/10.3390/microplastics2010006
https://doi.org/10.3389/fmars.2023.1126895
https://doi.org/10.3390/microplastics2010010
https://doi.org/10.3390/microplastics2010010
https://doi.org/10.1093/ndt/gfad063a_6225
https://doi.org/10.1093/ndt/gfad063a_6225

M. Dewika et al.

mechanisms. Sci. Total Environ. 850, 157857 https://doi.org/10.1016/j.
scitotenv.2022.157857.

Chen, A., 2023. Impact of microplastic pollution on freshwater ecosystems and effective
mitigation measures in Canada. Eur. J. Phys. Sci. 6 (1), 1-11. https://doi.org/
10.47672/ejps.1442.

Chen, Q., Gao, J., Yu, H., Su, H,, Yang, Y., Cao, Y., Zhang, Q., Ren, Y., Hollert, H., Shi, H.,
Chen, C., Liu, H., 2022. An emerging role of microplastics in the etiology of lung
ground glass nodules. Environ. Sci. Eur. 34 (1), 25. https://doi.org/10.1186/512302-
022-00605-3.

Chen, W., Di, K., Cai, Q., Li, D., Liu, C., 2023. Research on motivational mechanisms and
pathways for promoting public participation in environmental protection behavior.
Int. J. Environ. Res. Public Health 20 (6), 6. https://doi.org/10.3390/
ijerph20065084.

Chen, J., Wu, J., Sherrell, P.C., Chen, J., Wang, H., Zhang, W., Yang, J., 2022. How to
Build a Microplastics-Free Environment: Strategies for Microplastics Degradation
and Plastics Recycling. Adv. Sci. 9, 2103764 https://doi.org/10.1002/
advs.202103764.

Chia, R.W., Lee, J.-Y., Kim, H., Jang, J., 2021. Microplastic pollution in soil and
groundwater: a review. Environ. Chem. Lett. 19 (6), 4211-4224. https://doi.org/
10.1007/510311-021-01297-6.

Chotimah, H.C., Iswardhana, M.R., Rizky, L., 2022. Model Collaborative Governance
dalam Pengelolaan Sampah Plastik Laut Guna Mewujudkan Ketahanan Maritim di
Indonesia. J. Ketahanan Nasional 27 (3), 3. https://doi.org/10.22146/jkn.69661.

Chun, S., Muthu, M., Gopal, J., 2022. Mass spectrometry as an analytical tool for
detection of microplastics in the environment. Chemosensors 10 (12), 530. https://
doi.org/10.3390/chemosensors10120530.

Coffin, S., Wyer, H., Leapman, J.C., 2021. Addressing the environmental and health
impacts of microplastics requires open collaboration between diverse sectors. PLoS
Biol. 19 (3), €3000932 https://doi.org/10.1371/journal.pbio.3000932.

Corcoran, P.L., 2022. Degradation of microplastics in the environment. In: Rocha-
Santos, T., Costa, M.F., Mouneyrac, C. (Eds.), Handbook of Microplastics in the
Environment. Springer International Publishing, pp. 531-542. https://doi.org/
10.1007/978-3-030-39041-9_10.

Crosta, A., Parolini, M., De Felice, B., 2023. Microplastics contamination in nonalcoholic
beverages from the Italian market. Int. J. Environ. Res. Public Health. 20 (5), 4122
https://doi.org/10.3390/ijerph20054122.

Curtean-Banaduc, A., Mihut, C., Burcea, A., McCall, G.S., Matei, C., Banaduc, D., 2023.
Screening for Microplastic Uptake in an Urbanized Freshwater Ecosystem:
Chondrostoma nasus (Linnaeus, 1758) Case Study. Water 15 (8), 1578. https://doi.
org/10.3390/w15081578.

Dauvergne, P., Islam, S., 2023. The politics of anti-plastics activism in Indonesia and
Malaysia. Cambridge Prisms: Plast. 1, el https://doi.org/10.1017/plc.2023.3.

Deme, G.G., Ewusi-Mensah, D., Olagbaju, O.A., Okeke, E.S., Okoye, C.O., Odii, E.C.,
Ejeromedoghene, O., Igun, E., Onyekwere, J.O., Oderinde, O.K., Sanganyado, E.,
2022. Macro problems from microplastics: toward a sustainable policy framework
for managing microplastic waste in Africa. Sci. Total Environ. 804, 150170 https://
doi.org/10.1016/j.scitotenv.2021.150170.

Deng, L., Cai, L., Sun, F., Li, G., Che, Y., 2020. Public attitudes towards microplastics:
perceptions, behaviors and policy implications. Resour. Conserv. Recycl. 163,
105096 https://doi.org/10.1016/j.resconrec.2020.105096.

Despeisse, M., Acerbi, F., 2022. Toward eco-efficient and circular industrial systems: ten
years of advances in production management systems and a thematic framework.
Prod. Manuf. Res. 10 (1), 354-382. https://doi.org/10.1080/
21693277.2022.2088634.

Dewika, M., Markandan, K., Irfan, N.A., Mohd Abdah, M.A.A., Ruwaida, J.N., Sara, Y.Y.,
Khalid, M., 2023. Review of microplastics in the indoor environment: distribution,
human exposure and potential health impacts. Chemosphere 324, 138270. https://
doi.org/10.1016/j.chemosphere.2023.138270.

Diana, Z., Vegh, T., Karasik, R., Bering, J., Llano Caldas, D.J., Pickle, A., Rittschof, D.,
Lau, W., Virdin, J., 2022. The evolving global plastics policy landscape: An inventory
and effectiveness review. Environ. Sci. Pol. 134, 34-45. https://doi.org/10.1016/j.
envsci.2022.03.028.

Dilkes-Hoffman, L., Ashworth, P., Laycock, B., Pratt, S., Lant, P., 2019. Public attitudes
towards bioplastics — knowledge, perception and end-of-life management. Resour.
Conserv. Recycl. 151, 104479 https://doi.org/10.1016/j.resconrec.2019.104479.

Du, Y., Liu, X., Dong, X., Yin, Z., 2022. A review on marine plastisphere: biodiversity,
formation, and role in degradation. Comput. Struct. Biotechnol. J. 20, 975-988.
https://doi.org/10.1016/j.csbj.2022.02.008.

Dubey, L., Khan, S., Kushwaha, S., 2022. Developmental and reproductive toxic effects of
exposure to microplastics: a review of associated signaling pathways. Front. Toxicol.
4 https://doi.org/10.3389/ftox.2022.901798.

Duran-Romero, G., Lopez, A.M., Beliaeva, T., Ferasso, M., Garonne, C., Jones, P., 2020.
Bridging the gap between circular economy and climate change mitigation policies
through eco-innovations and quintuple Helix model. Technol. Forecast. Soc. Chang.
160, 120246 https://doi.org/10.1016/j.techfore.2020.120246.

Elgammal, N.-E.M., 2023. The impact of awareness kiosks (Ethics kiosks) on achieving
sustainable development in Egyptian society. J. Sustain. Dev. 16 (3), 18-33. https://
doi.org/10.5539/jsd.v16n3p18.

Emilia, V., Ene, A.G., Grosu, M.C., Miclea, P.T., Scarlat, R.V., 2023. The structural
influence of airborne particles on their toxicity. Adv. Mater. Lett. 14 (2), 2302-1718
https://doi.org/10.5185/amlett.2023.021718.

Enyoh, C.E., Shafea, L., Verla, A.W., Verla, E.N., Qingyue, W., Chowdhury, T.,

Paredes, M., 2020. Microplastics Exposure Routes and Toxicity Studies to
Ecosystems: An Overview. Environ. Anal. Health Toxicol. 35 (1), 2020004 https://
doi.org/10.5620/EAHT.E2020004.

28

Science of the Total Environment 954 (2024) 176063

Exacoustos, O., Artini, C., Massardo, S., Caboni, C., Pastorino, A., Chiarenza, S., Zaza, G.,
Stallone, G., Ghiggeri, G.M., Angeletti, A., Lugani, F., Verrina, E.E., La Porta, E.,
Esposito, P., Viazzi, F., Verzola, D., Paccagnella, C., Alberti, S., 2023. First
identification and characterization of microplastics in human kidney and urine.
Nephrol. Dial. Transplant. 38 (Supplement_1), gfad063a_6111 https://doi.org/
10.1093/ndt/gfad063a_6111.

Faltstrom, E., Anderberg, S., 2020. Towards control strategies for microplastics in urban
water. Environ. Sci. Pollut. Res. 27 (32), 40421-40433. https://doi.org/10.1007/
$11356-020-10064-z.

Felipe-Rodriguez, M., Bohm, G., Doran, R., 2022. What does the public think about
microplastics? Insights from an empirical analysis of mental models elicited through
free associations. Front. Psychol. 13. https://www.frontiersin.org/articles/10.338
9/fpsyg.2022.920454.

Fournier, E., Leveque, M., Ruiz, P., Ratel, J., Durif, C., Chalancon, S., Amiard, F.,
Edely, M., Bezirard, V., Gaultier, E., Lamas, B., Houdeau, E., Lagarde, F., Engel, E.,
Etienne-Mesmin, L., Blanquet-Diot, S., Mercier-Bonin, M., 2023. Microplastics: What
Happens in the Human Digestive Tract? First Evidences in Adults Using In Vitro Gut
Models. J. Hazard. Mater. 442, 130010 https://doi.org/10.1016/j.
jhazmat.2022.130010.

Fu, Y., Pang, Q., Ga, S.L.Z., Wu, P., Wang, Y., Mao, M., Yuan, Z., Xu, X., Liu, K., Wang, X.,
Li, D., Zhang, Y., 2023. Modeling atmospheric microplastic cycle by GEOS-Chem: An
optimized estimation by a global dataset suggests likely 50 times lower ocean
emissions. One Earth 6 (6), 705-714. https://doi.org/10.1016/j.
oneear.2023.05.012.

Gaikwad, L., Sunnapwar, V., 2020. The role of lean manufacturing practices in greener
production: A way to reach sustainability. Int. J. Ind. Manuf. Syst. Eng. 5 (1), 1.
https://doi.org/10.11648/j.ijimse.20200501.11.

Gangula, A., Chhetri, T., Atty, M., Shanks, B., Kannan, R., Upendran, A., Afrasiabi, Z.,
2023. Unaccounted microplastics in the outlet of wastewater treatment
plants—challenges and opportunities. Processes 11(3), Article 3. https://doi.org/
10.3390/pr11030810.

Garcia, M.M., Romero, A.S., Merkley, S.D., Meyer-Hagen, J.L., Forbes, C., Hayek, E.E.,
Sciezka, D.P., Templeton, R., Gonzalez-Estrella, J., Jin, Y., Gu, H., Benavidez, A.,
Hunter, R.P., Lucas, S., Herbert, G., Kim, K.J., Cui, J.Y., Gullapalli, R.R., In, J.G.,
Campen, M.J., Castillo, E.F., 2024. In Vivo Tissue Distribution of Polystyrene or
Mixed Polymer Microspheres and Metabolomic Analysis after Oral Exposure in Mice.
Environ. Health Perspect. 132 (4), 47005. https://doi.org/10.1289/EHP13435.

Garcia-Vazquez, E., Garcia-Ael, C., 2021. The invisible enemy. Public knowledge of
microplastics is needed to face the current microplastics crisis. Sustainable Prod.
Consumption 28, 1076-1089. https://doi.org/10.1016/j.spc.2021.07.032.

Garcia-Vazquez, E., Garcia-Ael, C., Mesa, M.L.C., Dopico, E., Rodriguez, N., 2022.
Enhancing marine citizenship as a strategy to promote the reduction of single-use
plastics consumption in different cultures. Frontiers in marine. Science 9. https://doi.
org/10.3389/fmars.2022.941694.

Geng, M.-M., He, L.-Y., 2021. Environmental regulation, environmental awareness and
environmental governance satisfaction. Sustainability 13 (7), 3960. https://doi.org/
10.3390/5u13073960.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever
made. Sci. Adv. 3 (7) https://doi.org/10.1126/sciadv.1700782.

Gkika, D.A., Tolkou, A.K., Evgenidou, E., Bikiaris, D.N., Lambropoulou, D.A.,
Mitropoulos, A.C., Kalavrouziotis, LK., Kyzas, G.Z., 2023. Fate and removal of
microplastics from industrial wastewaters. Sustainability 15 (8), 6969. https://doi.
0rg/10.3390/su15086969.

Godoy, V., Martinez-Férez, A., Martin-Lara, M.A., Vellido-Pérez, J.A., Calero, M.,
Blazquez, G., 2020. Microplastics as vectors of chromium and Lead during dynamic
simulation of the human gastrointestinal tract. Sustainability 12 (11), 4792. https://
doi.org/10.3390/su12114792.

Gong, L., Martinez, O., Mesquita, P., Kurtz, K., Xu, Y., Lin, Y., 2023. A microfluidic
approach for label-free identification of small-sized microplastics in seawater. Sci.
Rep. 13 (1), 1 https://doi.org/10.1038/541598-023-37900-9.

Goodman, K.E., Hua, T., Sang, Q.-X.A., 2022. Effects of polystyrene microplastics on
human kidney and liver cell morphology, cellular proliferation, and metabolism.
ACS Omega 7 (38), 34136-34153. https://doi.org/10.1021/acsomega.2c03453.

Grant, M.L., Nguyen, T.T., Vieira, A., Niner, S.L., Roche, C., 2023. Working together: a
study of civil society partnerships between WASH (water, sanitation, and hygiene)
and GESI (gender equality and social inclusion) organisations in Timor-Leste. Front.
Water 5. https://www.frontiersin.org/articles/10.3389/frwa.2023.1047955.

Grundel, 1., Dahlstrom, M., 2016. A quadruple and quintuple Helix approach to regional
innovation systems in the transformation to a forestry-based bioeconomy. J. Knowl.
Econ. 7 (4), 963-983. https://doi.org/10.1007/s13132-016-0411-7.

Griinzner, M., Pahl, S., White, M.P., Thompson, R.C., 2023. Exploring expert perceptions
about microplastics: from sources to potential solutions. Microplast. Nanoplast. 3
(1), 7. https://doi.org/10.1186/s43591-023-00055-5.

Guerrini, F., 2023. Data-informed models for the coupled dispersal of microplastics and
related pollutants applied to the Mediterranean Sea. In: Riva, C.G. (Ed.), Special
Topics in Information Technology. Springer International Publishing, pp. 3-14.
https://doi.org/10.1007/978-3-031-15374-7_1.

Hamilton, B.M., Rochman, C.M., Hoellein, T.J., Robison, B.H., Houtan, K.S.V., Choy, C.
A., 2021. Prevalence of microplastics and anthropogenic debris within a deep-sea
food web. Mar. Ecol. Prog. Ser. 675, 23-33. https://doi.org/10.3354/meps13846.

Hammami, K., Souissi, Y., Cherif, A., Neifar, M., 2023. Sustainable bioconversion of
synthetic plastic wastes to polyhydroxyalkanoate (PHA) bioplastics: recent advances
and challenges. MOJ Appl. Bionics Biomech. 7 (1) https://doi.org/10.15406/
mojabb.2023.07.00175.


https://doi.org/10.1016/j.scitotenv.2022.157857
https://doi.org/10.1016/j.scitotenv.2022.157857
https://doi.org/10.47672/ejps.1442
https://doi.org/10.47672/ejps.1442
https://doi.org/10.1186/s12302-022-00605-3
https://doi.org/10.1186/s12302-022-00605-3
https://doi.org/10.3390/ijerph20065084
https://doi.org/10.3390/ijerph20065084
https://doi.org/10.1002/advs.202103764
https://doi.org/10.1002/advs.202103764
https://doi.org/10.1007/s10311-021-01297-6
https://doi.org/10.1007/s10311-021-01297-6
https://doi.org/10.22146/jkn.69661
https://doi.org/10.3390/chemosensors10120530
https://doi.org/10.3390/chemosensors10120530
https://doi.org/10.1371/journal.pbio.3000932
https://doi.org/10.1007/978-3-030-39041-9_10
https://doi.org/10.1007/978-3-030-39041-9_10
https://doi.org/10.3390/ijerph20054122
https://doi.org/10.3390/w15081578
https://doi.org/10.3390/w15081578
https://doi.org/10.1017/plc.2023.3
https://doi.org/10.1016/j.scitotenv.2021.150170
https://doi.org/10.1016/j.scitotenv.2021.150170
https://doi.org/10.1016/j.resconrec.2020.105096
https://doi.org/10.1080/21693277.2022.2088634
https://doi.org/10.1080/21693277.2022.2088634
https://doi.org/10.1016/j.chemosphere.2023.138270
https://doi.org/10.1016/j.chemosphere.2023.138270
https://doi.org/10.1016/j.envsci.2022.03.028
https://doi.org/10.1016/j.envsci.2022.03.028
https://doi.org/10.1016/j.resconrec.2019.104479
https://doi.org/10.1016/j.csbj.2022.02.008
https://doi.org/10.3389/ftox.2022.901798
https://doi.org/10.1016/j.techfore.2020.120246
https://doi.org/10.5539/jsd.v16n3p18
https://doi.org/10.5539/jsd.v16n3p18
https://doi.org/10.5185/amlett.2023.021718
https://doi.org/10.5620/EAHT.E2020004
https://doi.org/10.5620/EAHT.E2020004
https://doi.org/10.1093/ndt/gfad063a_6111
https://doi.org/10.1093/ndt/gfad063a_6111
https://doi.org/10.1007/s11356-020-10064-z
https://doi.org/10.1007/s11356-020-10064-z
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.920454
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.920454
https://doi.org/10.1016/j.jhazmat.2022.130010
https://doi.org/10.1016/j.jhazmat.2022.130010
https://doi.org/10.1016/j.oneear.2023.05.012
https://doi.org/10.1016/j.oneear.2023.05.012
https://doi.org/10.11648/j.ijimse.20200501.11
https://doi.org/10.3390/pr11030810
https://doi.org/10.3390/pr11030810
https://doi.org/10.1289/EHP13435
https://doi.org/10.1016/j.spc.2021.07.032
https://doi.org/10.3389/fmars.2022.941694
https://doi.org/10.3389/fmars.2022.941694
https://doi.org/10.3390/su13073960
https://doi.org/10.3390/su13073960
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.3390/su15086969
https://doi.org/10.3390/su15086969
https://doi.org/10.3390/su12114792
https://doi.org/10.3390/su12114792
https://doi.org/10.1038/s41598-023-37900-9
https://doi.org/10.1021/acsomega.2c03453
https://www.frontiersin.org/articles/10.3389/frwa.2023.1047955
https://doi.org/10.1007/s13132-016-0411-7
https://doi.org/10.1186/s43591-023-00055-5
https://doi.org/10.1007/978-3-031-15374-7_1
https://doi.org/10.3354/meps13846
https://doi.org/10.15406/mojabb.2023.07.00175
https://doi.org/10.15406/mojabb.2023.07.00175

M. Dewika et al.

Haque, F., Fan, C., 2023. Fate and impacts of microplastics in the environment:
hydrosphere, pedosphere, and atmosphere. Environments 10(5), Article 5. https://
doi.org/10.3390/environments10050070.

Hasan, I., Habib, M.M., 2022. Sustainable procurement practices and its effects on supply
chain management. Int. Supply Chain Technol. J. 8(6), Article 6. https://isctj.
com/index.php/isctj/article/view/299.

He, L., Ou, Z., Fan, J., Zeng, B., Guan, W., 2022. Research on the non-point source
pollution of microplastics. Front. Chemistry 10. https://doi.org/10.3389/
fchem.2022.956547.

Heath, A., Cotton, M., 2022. Responsibility, engagement, and policy strategy for ocean
plastic waste management: A Q-method study of stakeholder perspectives.

J. Environ. Plan. Manag. 65 (13), 2412-2435. https://doi.org/10.1080/
09640568.2021.1971954.

Hermsen, E., Mintenig, S.M., Besseling, E., Koelmans, A.A., 2018. Quality criteria for the
analysis of microplastic in biota samples: a critical review. Environ. Sci. Technol. 52
(18), 10230-10240. https://doi.org/10.1021/acs.est.8b01611.

Hernandez-Fernandez, J., Puello-Polo, E., Castro-Suarez, J.R., 2023. Characterization of
the morphological and chemical profile of different families of microplastics in
samples of breathable air. Molecules 28 (3), 1042. https://doi.org/10.3390/
molecules28031042.

Hino, M., Benami, E., Brooks, N., 2018. Machine learning for environmental monitoring.
Nat. Sustain. 1, 583-588. https://doi.org/10.1038/541893-018-0142-9.

Holm, J., Kj, B., 2015. Politics of coordination in environmental health. J. Transdiscipl.
Environ. Stud. 14 (2), 87-102.

Huang, S., Huang, X., Bi, R., Guo, Q., Yu, X., Zeng, Q., Huang, Z., Liu, T., Wu, H.,
Chen, Y., Xu, J., Wu, Y., Guo, P., 2022. Detection and analysis of microplastics in
human sputum. Environ. Sci. Technol. 56 (4), 2476-2486. https://doi.org/10.1021/
acs.est.1c03859.

Huang, Q., Wu, X., Cao, G., Zhang, J., Wu, P., Cai, Z., 2024. Mass spectrometry-based
techniques for determination of microplastics in terrestrial ecosystems. TrAC, Trends
Anal. Chem. 178, 117853 https://doi.org/10.1016/j.trac.2024.117853.

Ikenson, B., 2023. Combining numerical modeling and machine learning for microplastic
monitoring. Scilight 2023 (2), 021105. https://doi.org/10.1063/10.0016904.

Islam, M.S., Rahman, Md.M., Larpruenrudee, P., Arsalanloo, A., Beni, H.M., Islam, Md.A.,
Gu, Y., Sauret, E., 2023. How microplastics are transported and deposited in realistic
upper airways? Phys. Fluids 35 (6), 063319. https://doi.org/10.1063/5.0150703.

Issac, M.N., Kandasubramanian, B., 2021. Effect of microplastics in water and aquatic
systems. Environ. Sci. Pollut. Res. 28 (16), 19544-19562. https://doi.org/10.1007/
s11356-021-13184-2.

Ivleva, N.P., 2021. Chemical analysis of microplastics and Nanoplastics: challenges,
advanced methods, and perspectives. Chem. Rev. 121 (19), 11886-11936. https://
doi.org/10.1021/acs.chemrev.1c00178.

Janzik, R., Koch, S., Zamariola, G., Vrbos, D., White, M.P., Pahl, S., Berger, N., 2023.
Exploring public risk perceptions of microplastics: findings from a cross-national
qualitative interview study among German and Italian citizens. Risk Anal. 44 (3),
521-535. https://doi.org/10.1111/risa.14184.

Jarosz, K., Janus, R., Wadrzyk, M., Wilczyriska-Michalik, W., Natkanski, P., Michalik, M.,
2022. Airborne microplastic in the atmospheric deposition and how to identify and
quantify the threat: semi-quantitative approach based on Krakéw case study. Int. J.
Environ. Res. Public Health 19 (19), 12252. https://doi.org/10.3390/
ijerph191912252.

Jassim, A.K., 2023. Effect of microplastic on the human health. In: Advances and
Challenges in Microplastics. IntechOpen. https://doi.org/10.5772/
intechopen.107149.

Jenkins, T., Persaud, B.D., Cowger, W., Szigeti, K., Roche, D.G., Clary, E., Slowinski, S.,
Lei, B., Abeynayaka, A., Nyadjro, E.S., Maes, T., Thornton Hampton, L.,
Bergmann, M., Aherne, J., Mason, S.A., Honek, J.F., Rezanezhad, F., Lusher, A.L.,
Booth, A.M., Van Cappellen, P., 2022. Current state of microplastic pollution
research data: trends in availability and sources of open data. Front. Environ. Sci. 10
https://doi.org/10.3389/fenvs.2022.912107.

Jenner, L.C., Kureshi, R.R., White, D., Chapman, E., Sadofsky, L.R., Rotchell, J.M., 2022.
Outdoor microplastic analysis using inlet filters from an NOy regulatory air quality
monitoring device. Atmosphere 13 (12), 2017. https://doi.org/10.3390/
atmos13122017.

Jia, T., Igbal, S., Ayub, A., Fatima, T., Rasool, Z., 2023. Promoting responsible
sustainable consumer behavior through sustainability marketing: the boundary
effects of corporate social responsibility and brand image. Sustainability 15 (7),
6092. https://doi.org/10.3390/s5u15076092.

Ju, S., Yi, J., Lee, J., Kim, J., Lim, C., Lee, J., Kim, K., Yoon, Y., 2023. High-efficiency
microplastic sampling device improved using CFD analysis. Sustainability 15 (5), 5.
https://doi.org/10.3390/s5u15053907.

Jung, D., 2023. An international legal framework for marine plastics pollution: time for a
change to regulate the lifecycle of plastics. In: Pozdnakova, A., Platjouw, F.M. (Eds.),
The Environmental Rule of Law for Oceans: Designing Legal Solutions. Cambridge
University Press, pp. 46-57. https://doi.org/10.1017/9781009253741.008.

Jung, S.-G., Kim, H., Kim, H.-Y., Kim, H.-J., Lee, K.-H., Jo, H.-J., Jeong, J.-Y., 2023. An
assessment of microplastic pollution in several streams of Gyeonggi-do. J. Environ.
Anal. Health Toxicol. 26 (2), 37-44. https://doi.org/10.36278/jeaht.26.2.37.

Kallenbach, E.M.F., Rgdland, E.S., Buenaventura, N.T., Hurley, R., 2022. Microplastics in
terrestrial and freshwater environments. In: M. S. Bank (Ed.), Microplastic in the
Environment: Pattern and Process. Springer International Publishing, pp. 87-130.
https://doi.org/10.1007/978-3-030-78627-4_4.

Khan, W., Hassan, H.U., Gabol, K., Khan, S., Gul, Y., Ahmed, A.E., Swelum, A.A.,
Khooharo, A.R., Ahmad, J., Shafeeq, P., Ullah, R.Q., 2022. Biodiversity, distributions
and isolation of microplastics pollution in finfish species in the Panjkora River at

29

Science of the Total Environment 954 (2024) 176063

lower and upper Dir districts of Khyber Pakhtunkhwa province of Pakistan. Braz. J.
Biol. 84, €256817 https://doi.org/10.1590/1519-6984.256817.

Khan, F.R., Oliveria, M., Walker, T.R., Panti, C., Hardiman, G., 2023a. Ecotoxicological
impacts of Micro(Nano)plastics in the environment: biotic and abiotic interactions.
Microplastics 2(3), Article 3. https://doi.org/10.3390/microplastics2030017.

Khan, M.L., Hassan, H.U., Khan, F.U., Ghaffar, R.A., Rafiq, N., Bilal, M., Khooharo, A.R.,
Ullah, S., Jafari, H., Nadeem, K., Siddique, M.A.M., Arai, T., 2023b. Effects of
microplastics in freshwater fishes health and the implications for human health.
Braz. J. Biol. 84, €272524 https://doi.org/10.1590/1519-6984.272524.

Kholiavko, N., Grosu, V., Safonov, Y., Zhavoronok, A., Cosmulese, C.G., 2021. Quintuple
Helix model: investment aspects of higher education impact on sustainability.
Manag. Theory Stud. Rural Bus. Infrastructure Dev. 43 (1), 111-128. https://doi.
org/10.15544/mts.2021.10.

Khurana, S., Luthra, S., Haleem, A., Kumar, A., Mannan, B., 2022. Can sustainability be
achieved through sustainable oriented innovation practices? Empirical evidence of
micro, small and medium scale manufacturing enterprises. Sustain. Dev. 30 (6),
1591-1615. https://doi.org/10.1002/5d.2330.

Kong, Z.H., Burdon, F.J., Truchy, A., Bundschuh, M., Futter, M.N., Hurley, R., McKie, B.
G., 2023. Comparing effects of microplastic exposure, FPOM resource quality, and
consumer density on the response of a freshwater particle feeder and associated
ecosystem processes. Aquat. Sci. 85 (3), 70. https://doi.org/10.1007/500027-023-
00964-w.

Konig, J., Suwala, L., Delargy, C., 2021. Helix models of innovation and sustainable
development goals. In: Leal Filho, W., Azul, A.M., Brandli, L., Lange Salvia, A.,
Wall, T. (Eds.), Industry, Innovation and Infrastructure. Springer International
Publishing, pp. 1-15. https://doi.org/10.1007/978-3-319-71059-4 91-1.

Kountouris, Y., 2022. The influence of local waste management culture on individual
recycling behavior. Environ. Res. Lett. 17 (7), 074017 https://doi.org/10.1088/
1748-9326/ac7604.

Kumar, L., Kamil, I., Ahmad, M., Naqvi, S.A., Deitch, M.J., Amjad, A.Q., Kumar, A.,
Basheer, S., Arshad, M., Sassanelli, C., 2022. In-house resource efficiency
improvements supplementing the end of pipe treatments in textile SMEs under a
circular economy fashion. Frontiers in environmental. Science 10. https://www.fr
ontiersin.org/articles/10.3389/fenvs.2022.1002319.

La Nasa, J., 2022. Microplastics Degradation and Characterization. MDPI -
Multidisciplinary Digital Publishing Institute. https://doi.org/10.3390/books978-3-
0365-5265-1

Lamichhane, G., Acharya, A., Marahatha, R., Modi, B., Paudel, R., Adhikari, A., Raut, B.
K., Aryal, S., Parajuli, N., 2023. Microplastics in environment: global concern,
challenges, and controlling measures. Int. J. Environ. Sci. Technol. 20 (4),
4673-4694. https://doi.org/10.1007/s13762-022-04261-1.

Lampitt, R.S., Fletcher, S., Cole, M., Kloker, A., Krause, S., O’Hara, F., Ryde, P., Saha, M.,
Voronkova, A., Whyle, A., 2023. Stakeholder alliances are essential to reduce the
scourge of plastic pollution. Nature. Communications 14(1), Article 1. https://doi.
org/10.1038/s41467-023-38613-3.

Leclerc, S.H., Badami, M.G., 2023. Extended producer responsibility: an empirical
investigation into municipalities’ contributions to and perspectives on e-waste
management. Environ. Policy Gov. 34 (2), 111-124. https://onlinelibrary.wiley.
com/doi/10.1002/eet.2059.

Li, S., 2016. Does Environmental Information Transparency Lead to more Collaborative
Governance in China? Lund University Centre for Sustainability Studies.

Li, R., 2022a. Analysis of pollution harm and prevention methods in microplastics.
Scientific. J. Technol. 4(11), Article 11 https://doi.org/10.54691/sjt.v4i11.2755.

Li, Y., 2022b. Legislation and policy on pollution prevention and the control of marine
microplastics. Water 14(18), Article 18. https://doi.org/10.3390/w14182790.

Li, W.C., Tse, H.F., Fok, L., 2016. Plastic waste in the marine environment: a review of
sources, occurrence and effects. Sci. Total Environ. 566-567, 333-349. https://doi.
org/10.1016/j.scitotenv.2016.05.084.

Li, W., Zu, B., Yang, Q., Guo, J., Li, J., 2023. Sources, distribution, and environmental
effects of microplastics: a systematic review. RSC Adv. 13 (23), 15566-15574.
https://doi.org/10.1039/D3RA02169F.

Ling, Q., Wu, Gang, Tian, Z., Ling, Q., Wu, Gang, Tian, Z., 2011. Collaborative
Environmental Monitoring with Hierarchical Wireless Sensor Networks. IntechOpen,
In Environmental Monitoring. https://doi.org/10.5772,/29089.

Liu, J., Hu, Z., Du, F., Tang, W., Zheng, S., Lu, S., An, L., Ding, J., 2023a. Environment
education: a first step in solving plastic pollution. Frontiers in environmental. Science
11. https://www.frontiersin.org/articles/10.3389/fenvs.2023.1130463.

Liu, N,, Liu, Y., Yu, X., 2023b. The impact of public environmental concern on
environmental pollution: the moderating effect of government environmental
regulation. PLoS One 18 (8), €0290255. https://doi.org/10.1371/journal.
pone.0290255.

Liu, Y., Niu, J., Zhou, Y., Huang, R., 2023c. Achieving corporate sustainable development
through social responsibility, green activities, and stakeholders management: A
multidirectional cause analysis. Sustain. Dev. 31 (4), 2997-3007. https://doi.org/
10.1002/5d.2564.

Lombardi, G., Di Russo, M., Zjalic, D., Lanza, T., Simmons, M., Moscato, U., Ricciardi, W.,
Chiara, C., 2022. Microplastics inhalation and their effects on human health: A
systematic review. Eur. J. Pub. Health 32 (Supplement_3), ckac131.152. https://doi.
org/10.1093/eurpub/ckac131.152.

Lopez, A.P.A., Trilleras, J., Arana, V.A., Garcia-Alzate, L.S., Grande-Tovar, C.D., 2023.
Atmospheric microplastics: exposure, toxicity, and detrimental health effects. RSC
Adv. 13 (11), 7468-7489. https://doi.org/10.1039/D2RA07098G.

Luéin, B., Carija, Z., Alvir, M., Luéin, 1., 2023. Strategies for green shipbuilding design
and production practices focused on reducing microplastic pollution generated
during installation of plastic pipes. J. Mar. Sci. Eng. 11 (5), 5 https://doi.org/
10.3390/jmse11050983.


https://doi.org/10.3390/environments10050070
https://doi.org/10.3390/environments10050070
https://isctj.com/index.php/isctj/article/view/299
https://isctj.com/index.php/isctj/article/view/299
https://doi.org/10.3389/fchem.2022.956547
https://doi.org/10.3389/fchem.2022.956547
https://doi.org/10.1080/09640568.2021.1971954
https://doi.org/10.1080/09640568.2021.1971954
https://doi.org/10.1021/acs.est.8b01611
https://doi.org/10.3390/molecules28031042
https://doi.org/10.3390/molecules28031042
https://doi.org/10.1038/s41893-018-0142-9
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf0485
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf0485
https://doi.org/10.1021/acs.est.1c03859
https://doi.org/10.1021/acs.est.1c03859
https://doi.org/10.1016/j.trac.2024.117853
https://doi.org/10.1063/10.0016904
https://doi.org/10.1063/5.0150703
https://doi.org/10.1007/s11356-021-13184-2
https://doi.org/10.1007/s11356-021-13184-2
https://doi.org/10.1021/acs.chemrev.1c00178
https://doi.org/10.1021/acs.chemrev.1c00178
https://doi.org/10.1111/risa.14184
https://doi.org/10.3390/ijerph191912252
https://doi.org/10.3390/ijerph191912252
https://doi.org/10.5772/intechopen.107149
https://doi.org/10.5772/intechopen.107149
https://doi.org/10.3389/fenvs.2022.912107
https://doi.org/10.3390/atmos13122017
https://doi.org/10.3390/atmos13122017
https://doi.org/10.3390/su15076092
https://doi.org/10.3390/su15053907
https://doi.org/10.1017/9781009253741.008
https://doi.org/10.36278/jeaht.26.2.37
https://doi.org/10.1007/978-3-030-78627-4_4
https://doi.org/10.1590/1519-6984.256817
https://doi.org/10.3390/microplastics2030017
https://doi.org/10.1590/1519-6984.272524
https://doi.org/10.15544/mts.2021.10
https://doi.org/10.15544/mts.2021.10
https://doi.org/10.1002/sd.2330
https://doi.org/10.1007/s00027-023-00964-w
https://doi.org/10.1007/s00027-023-00964-w
https://doi.org/10.1007/978-3-319-71059-4_91-1
https://doi.org/10.1088/1748-9326/ac7604
https://doi.org/10.1088/1748-9326/ac7604
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1002319
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1002319
https://doi.org/10.3390/books978-3-0365-5265-1
https://doi.org/10.3390/books978-3-0365-5265-1
https://doi.org/10.1007/s13762-022-04261-1
https://doi.org/10.1038/s41467-023-38613-3
https://doi.org/10.1038/s41467-023-38613-3
https://onlinelibrary.wiley.com/doi/10.1002/eet.2059
https://onlinelibrary.wiley.com/doi/10.1002/eet.2059
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf0645
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf0645
https://doi.org/10.54691/sjt.v4i11.2755
https://doi.org/10.3390/w14182790
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://doi.org/10.1039/D3RA02169F
https://doi.org/10.5772/29089
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1130463
https://doi.org/10.1371/journal.pone.0290255
https://doi.org/10.1371/journal.pone.0290255
https://doi.org/10.1002/sd.2564
https://doi.org/10.1002/sd.2564
https://doi.org/10.1093/eurpub/ckac131.152
https://doi.org/10.1093/eurpub/ckac131.152
https://doi.org/10.1039/D2RA07098G
https://doi.org/10.3390/jmse11050983
https://doi.org/10.3390/jmse11050983

M. Dewika et al.

Lusher, A.L., Provencher, J.F., Baak, J.E., Hamilton, B.M., Vorkamp, K., Hallanger, L.G.,
Pijogge, L., Liboiron, M., Bourdages, M.P.T., Hammer, S., Gavrilo, M., Vermaire, J.
C., Linnebjerg, J.F., Mallory, M.L., Gabrielsen, G.W., 2022. Monitoring litter and
microplastics in Arctic mammals and birds. Arct. Sci. 8 (4), 1217-1235. https://doi.
org/10.1139/as-2021-0058.

Lv, L., Yan, X., Feng, L., Jiang, S., Lu, Z., Xie, H., Sun, S., Chen, J., Li, C., 2021. Challenge
for the detection of microplastics in the environment. Water Environ. Res. 93 (1),
5-15. https://doi.org/10.1002/wer.1281.

Ma, Z.F., Ibrahim, Y.S., Lee, Y.Y., 2020. Microplastic pollution and health and relevance
to the Malaysia’s roadmap to zero single-use plastics 2018-2030. Malays. J. Med.
Sci. 27 (3), 1-6. https://doi.org/10.21315/mjms2020.27.3.1.

Maas, T.Y., Pauwelussen, A., Turnhout, E., 2022. Co-producing the science-policy
interface: towards common but differentiated responsibilities. Humanities and social
sciences. Communications 9 (1), 1. https://doi.org/10.1057/541599-022-01108-5.

Markell, D.L., Glicksman, R.L., 2014. A holistic look at agency enforcement. SSRN
Electron. J. https://doi.org/10.2139/ssrn.2404930.

Masrom, N.R., Rahman, N.A.A., Daut, B.A.T., 2018. Ind. Solid Waste Manag.Better
Green. 2 (1).

Mazzanti, M., Tapia, C., Pegoraro, A., 2020. Innovative local policy instruments enabling
sustainable innovation: benchmarking worldwide best practices. Argomenti 16,
Article 16. https://doi.org/10.14276,/1971-8357.2138.

Mbachu, O., Jenkins, G., Pratt, C., Kaparaju, P., 2020. A new contaminant
superhighway? A review of sources, measurement techniques and fate of
atmospheric microplastics. Water Air Soil Pollut. 231 (2), 85. https://doi.org/
10.1007/511270-020-4459-4.

McCormick, M.I., Chivers, D.P., Ferrari, M.C.O., Blandford, M.L., Nanninga, G.B.,
Richardson, C., Fakan, E.P., Vamvounis, G., Gulizia, A.M., Allan, B.J.M., 2020.
Microplastic exposure interacts with habitat degradation to affect behaviour and
survival of juvenile fish in the field. Proc. R. Soc. B Biol. Sci. 287 (1937), 20201947
https://doi.org/10.1098/rspb.2020.1947.

McNamee, R., 2023. An Ecotoxicological Assessment of the Impact of Microplastics on
Daphnia magna using Acute and Chronic Toxicity Endpoints with a Focus on Stress
Behaviour [Thesis, Toronto Metropolitan University]. https://doi.org/10.32920/
23542098.v1.

Medyniska-Juraszek, A., Jadhav, B., 2022. Influence of different microplastic forms on pH
and mobility of Cu2+ and Pb2+ in soil. Molecules 27(5), Article 5. https://doi.org/
10.3390/molecules27051744.

Mehmood, T., Hassan, M.A., Faheem, M., Shakoor, A., 2022. Why is inhalation the most
discriminative route of microplastics exposure? Environ. Sci. Pollut. Res. 29 (33),
49479-49482. https://doi.org/10.1007/511356-022-20653-9.

Meiller, J., Sosa, A., May, E., Frederick, J.A., 2022. Isolating microplastics from biofilm
communitiesconnecting project-based learning & research. Am. Biol. Teach. 84 (9),
555-561. https://doi.org/10.1525/abt.2022.84.9.555.

Méndez-Rodriguez, K.B., Jiménez-Avalos, J.A., Fernandez-Macias, J.C., Gonzalez-
Palomo, A.K., 2023. Microplastics: Challenges of Assessment in Biological Samples
and Their Implication for in Vitro and in Vivo Effects. https://doi.org/10.21203/
rs.3.rs-2931984/v1.

Menéndez-Pedriza, A., Jaumot, J., 2020. Interaction of environmental pollutants with
microplastics: a critical review of sorption factors, bioaccumulation and
ecotoxicological effects. Toxics 8 (2), 40. https://doi.org/10.3390/toxics8020040.

Michler-Kozma, D.N., Kruckenfellner, L., Heitkamp, A., Ebke, K.P., Gabel, F., 2022.
Uptake and transfer of polyamide microplastics in a freshwater Mesocosm study.
Water 14(6), Article 6. https://doi.org/10.3390/w14060887.

Mills, C.L., Savanagouder, J., de Almeida Monteiro Melo Ferraz, M., Noonan, M.J., 2023.
The need for environmentally realistic studies on the health effects of terrestrial
microplastics. Microplast. Nanoplast. 3 (1), 11. https://doi.org/10.1186/s43591-
023-00059-1.

Mofokeng, R.P., Faltynkova, A., Alfonso, M.B., Boujmil, I., Carvalho, I.R.B., Lunzalu, K.,
Zanuri, N.B.M., Nyadjro, E.S., Puskic, P.S., Lindsay, D.J., Willis, K., Adyel, T.M.,
Serra-Gongalves, C., Zolich, A, Eriksen, T.S., Evans, H.-C., Gabriel, D., Hajbane, S.,
Suaria, G., Lobelle, D., 2024. The future of ocean plastics: designing diverse
collaboration frameworks. ICES J. Mar. Sci. 81 (1), 43-54. https://doi.org/10.1093/
icesjms/fsad055.

Mokhtari-Moghadam, A., Pourhejazy, P., Gupta, D., 2023. Integrating sustainability into
production scheduling in hybrid flow-shop environments. Environ. Sci. Pollut. Res.
https://doi.org/10.1007/s11356-023-26986-3.

Munhoz, D.R., Harkes, P., Beriot, N., Larreta, J., Basurko, O.C., 2023. Microplastics: A
review of policies and responses. Microplastics 2 (1), 1-26. https://doi.org/
10.3390/microplastics2010001.

Munz, M., Krei8, J., Kriiger, L., Schmidt, L.K., Bochow, M., Bednarz, M., Bannick, C.G.,
Oswald, S.E., 2023. Application of high-resolution near-infrared imaging
spectroscopy to detect microplastic particles in different environmental
compartments. Water Air Soil Pollut. 234 (5), 286. https://doi.org/10.1007/s11270-
023-06245-4.

MyGOV - The Government of Malaysia"s Official Portal. (n.d.). Retrieved 21 March
2024, from https://www.malaysia.gov.my/portal/content/30918.

Nadeau, N., Koebele, E.A., 2023. Collaborating to reduce food waste: building
collaborative advantage in local food systems. Renewable Agric. Food Syst. 38, e32
https://doi.org/10.1017/S1742170523000285.

Nagadi, K., 2022. Implementation of green, lean and six sigma operations for sustainable
manufacturing. A review. Int. J. Prod. Manag. Eng. 10 (2), 2 https://doi.org/
10.4995/ijpme.2022.16958.

Narayana, T.L., Venkatesh, C., Kiran, A., Babu, J, Kumar, A., Khan, S.B., Almusharraf, A.,
Quasim, M.T., 2024. Advances in real time smart monitoring of environmental
parameters using IoT and sensors. Heliyon 10 (7), e28195. https://doi.org/10.1016/
j-heliyon.2024.e28195.

30

Science of the Total Environment 954 (2024) 176063

Nath, J., De, J., Sur, S., Banerjee, P., 2023. Interaction of microbes with microplastics and
Nanoplastics in the agroecosystems—impact on antimicrobial resistance. Pathogens
12 (7), 888. https://doi.org/10.3390/pathogens12070888.

Neef, N.E., Shihepo, K., Roos, C., Richter, I., 2023. Creating a shared vision by uniting
local stakeholders to tackle plastic bag consumption. Front. Commun 8. https://doi.
org/10.3389/fcomm.2023.1177334.

Nelms, S.E., Easman, E., Anderson, N, et al., 2022. The role of citizen science in
addressing plastic pollution: Challenges and opportunities. Environ. Sci. Policy. 128,
14-23. https://doi.org/10.1016/j.envsci.2021.11.002.

Nielsen, M.B., Clausen, L.P.W., Cronin, R., Hansen, S.F., Oturai, N.G., Syberg, K., 2023.
Unfolding the science behind policy initiatives targeting plastic pollution.
Microplast. Nanoplast. 3 (1), 3. https://doi.org/10.1186/543591-022-00046-y.

Nikiema, J., Asiedu, Z., 2022. A review of the cost and effectiveness of solutions to
address plastic pollution. Environ. Sci. Pollut. Res. 29 (17), 24547-24573. https://
doi.org/10.1007/511356-021-18038-5.

Noonan, M.J., Ribeiro, N.G., Mills, C.L., Ferraz, M.de A.M.M., 2023. Microplastics
Analytics: Why we Should not Underestimate the Importance of Blank Controls.
Micropl. Nanopl. 3, 17. https://doi.org/10.1186/s43591-023-00065-3.

Northen, S.L., Nieminen, L.K., Cunsolo, S., Iorfa, S.K., Roberts, K.P., Fletcher, S., 2023.
From shops to bins: a case study of consumer attitudes and behaviours towards
plastics in a UK coastal city. Sustain. Sci. 18 (3), 1379-1395. https://doi.org/
10.1007/511625-022-01261-5.

Ohno, H., lizuka, Y., 2023. Microplastics in snow from protected areas in Hokkaido, the
northern island of Japan. Sci. Rep. 13 (1), 9942. https://doi.org/10.1038/541598-
023-37049-5.

Oleksiuk, K., Krupa-Kotara, K., Wypych-Slusarska, A., Glogowska-Ligus, J., Spychata, A.,
Stowinski, J., 2022. Microplastic in food and water: current knowledge and
awareness of consumers. Nutrients. 14 (22), 4857. https://doi.org/10.3390/
nul4224857.

Onyena, A., Aniche, D., Ogbolu, B., Rakib, Md., Uddin, J., Walker, T., 2021. Governance
strategies for mitigating microplastic pollution in the marine environment: a review.
Microplastics 1 (1), 15-46. https://doi.org/10.3390/microplastics1010003.

Osman, H., Kadri, A., 2022. Compliance and rhetoric in sustainability reports published
by A Malaysian plantation company. Pertanika J. Soc. Sci. Human. 30 (4),
1895-1916. https://doi.org/10.47836/pjssh.30.4.22.

Osman, A.L, Hosny, M., Eltaweil, A.S., Omar, S., Elgarahy, A.M., Farghali, M., Yap, P.-S.,
Wu, Y.-S., Nagandran, S., Batumalaie, K., Gopinath, S.C.B., John, O.D., Sekar, M.,
Saikia, T., Karunanithi, P., Hatta, M.H.M., Akinyede, K.A., 2023. Microplastic
sources, formation, toxicity and remediation: a review. Environ. Chem. Lett. 21 (4),
2129-2169. https://doi.org/10.1007/s10311-023-01593-3.

Oturai, N.G., Syberg, K., Fraisl, D., Hooge, A., Ramos, T.M., Schade, S., Hansen, S.F.,
2023. UN plastic treaty must mind the people: citizen science can assist citizen
involvement in plastic policymaking. One Earth 6 (6), 715-724. https://doi.org/
10.1016/j.oneear.2023.05.017.

Pan, Y., Gao, S.-H., Ge, C., Gao, Q., Huang, S., Kang, Y., Luo, G., Zhang, Z., Fan, L.,
Zhu, Y., Wang, A.-J., 2023. Removing microplastics from aquatic environments: a
critical review. Environ. Sci. Ecotechnol. 13, 100222 https://doi.org/10.1016/j.
ese.2022.100222.

Parvez, M., Ullah, H., Faruk, O., Simon, E., Czédli, H., 2024. Role of Microplastics in
Global Warming and Climate Change: A Review. Water Air Soil Pollut. 235, 201.
https://doi.org/10.1007/s11270-024-07003-w.

Paul, M.B., Fahrenson, C., Givelet, L., Herrmann, T., Loeschner, K., Bohmert, L.,
Thiinemann, A.F., Braeuning, A., Sieg, H., 2022. Beyond
microplastics—investigation on health impacts of submicron and nanoplastic
particles after oral uptake in vitro. Microplast. Nanoplast. 2 (1), 16. https://doi.org/
10.1186/543591-022-00036-0.

Peng, L., Fu, D., Qi, H., Lan, C.Q., Yu, H., Ge, C., 2020. Micro- and nano-plastics in
marine environment: source, distribution and threats—a review. Sci. Total Environ.
698, 134254 https://doi.org/10.1016/j.scitotenv.2019.134254.

Periyasamy, A.P., 2023. Environmentally friendly approach to the reduction of
microplastics during domestic washing: prospects for machine vision in
microplastics reduction. Toxics 11 (7), 575. https://doi.org/10.3390/
toxics11070575.

Peters, R., de Jong, N., de Haan, L., Wright, S., Bouwmeester, H., 2022. Release and
intestinal translocation of chemicals associated with microplastics in an in vitro
human gastrointestinal digestion model. Microplast. Nanoplast. 2 (1), 3. https://doi.
org/10.1186/s43591-021-00022-y.

Phan, S., Luscombe, C.K., 2023. Recent trends in marine microplastic modeling and
machine learning tools: potential for long-term microplastic monitoring. J. Appl.
Phys. 133 (2), 020701 https://doi.org/10.1063/5.0126358.

Pinho, M., Gomes, S., 2023. What role does sustainable behavior and environmental
awareness from civil society play in the Planet’s sustainable transition. Resources 12
(3), 42. https://doi.org/10.3390/resources12030042.

Prata, J.C., Silva, A.L.P., Da Costa, J.P., Mouneyrac, C., Walker, T.R., Duarte, A.C.,
Rocha-Santos, T., 2019. Solutions and integrated strategies for the control and
mitigation of plastic and microplastic pollution. Int. J. Environ. Res. Public Health
16 (13), 2411. https://doi.org/10.3390/ijerph16132411.

Prata, J.C., da Costa, J.P., Lopes, L., Duarte, A.C., Rocha-Santos, T., 2020. Environmental
exposure to microplastics: an overview on possible human health effects. Sci. Total
Environ. 702, 134455 https://doi.org/10.1016/j.scitotenv.2019.134455.

Rai, M., Pant, G., Pant, K., Aloo, B.N., Kumar, G., Singh, H.B., Tripathi, V., 2023.
Microplastic pollution in terrestrial ecosystems and its interaction with other soil
pollutants: a potential threat to soil ecosystem sustainability. Resources 12 (6), 67.
https://doi.org/10.3390/resources12060067.

Ramasubramanian, B., Tan, J., Chellappan, V., Ramakrishna, S., 2023. Recent advances
in extended producer responsibility initiatives for plastic waste Management in


https://doi.org/10.1139/as-2021-0058
https://doi.org/10.1139/as-2021-0058
https://doi.org/10.1002/wer.1281
https://doi.org/10.21315/mjms2020.27.3.1
https://doi.org/10.1057/s41599-022-01108-5
https://doi.org/10.2139/ssrn.2404930
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf0730
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf0730
https://doi.org/10.14276/1971-8357.2138
https://doi.org/10.1007/s11270-020-4459-4
https://doi.org/10.1007/s11270-020-4459-4
https://doi.org/10.1098/rspb.2020.1947
https://doi.org/10.32920/23542098.v1
https://doi.org/10.32920/23542098.v1
https://doi.org/10.3390/molecules27051744
https://doi.org/10.3390/molecules27051744
https://doi.org/10.1007/s11356-022-20653-9
https://doi.org/10.1525/abt.2022.84.9.555
https://doi.org/10.21203/rs.3.rs-2931984/v1
https://doi.org/10.21203/rs.3.rs-2931984/v1
https://doi.org/10.3390/toxics8020040
https://doi.org/10.3390/w14060887
https://doi.org/10.1186/s43591-023-00059-1
https://doi.org/10.1186/s43591-023-00059-1
https://doi.org/10.1093/icesjms/fsad055
https://doi.org/10.1093/icesjms/fsad055
https://doi.org/10.1007/s11356-023-26986-3
https://doi.org/10.3390/microplastics2010001
https://doi.org/10.3390/microplastics2010001
https://doi.org/10.1007/s11270-023-06245-4
https://doi.org/10.1007/s11270-023-06245-4
https://www.malaysia.gov.my/portal/content/30918
https://doi.org/10.1017/S1742170523000285
https://doi.org/10.4995/ijpme.2022.16958
https://doi.org/10.4995/ijpme.2022.16958
https://doi.org/10.1016/j.heliyon.2024.e28195
https://doi.org/10.1016/j.heliyon.2024.e28195
https://doi.org/10.3390/pathogens12070888
https://doi.org/10.3389/fcomm.2023.1177334
https://doi.org/10.3389/fcomm.2023.1177334
https://doi.org/10.1016/j.envsci.2021.11.002
https://doi.org/10.1186/s43591-022-00046-y
https://doi.org/10.1007/s11356-021-18038-5
https://doi.org/10.1007/s11356-021-18038-5
https://doi.org/10.1186/s43591-023-00065-3
https://doi.org/10.1007/s11625-022-01261-5
https://doi.org/10.1007/s11625-022-01261-5
https://doi.org/10.1038/s41598-023-37049-5
https://doi.org/10.1038/s41598-023-37049-5
https://doi.org/10.3390/nu14224857
https://doi.org/10.3390/nu14224857
https://doi.org/10.3390/microplastics1010003
https://doi.org/10.47836/pjssh.30.4.22
https://doi.org/10.1007/s10311-023-01593-3
https://doi.org/10.1016/j.oneear.2023.05.017
https://doi.org/10.1016/j.oneear.2023.05.017
https://doi.org/10.1016/j.ese.2022.100222
https://doi.org/10.1016/j.ese.2022.100222
https://doi.org/10.1007/s11270-024-07003-w
https://doi.org/10.1186/s43591-022-00036-0
https://doi.org/10.1186/s43591-022-00036-0
https://doi.org/10.1016/j.scitotenv.2019.134254
https://doi.org/10.3390/toxics11070575
https://doi.org/10.3390/toxics11070575
https://doi.org/10.1186/s43591-021-00022-y
https://doi.org/10.1186/s43591-021-00022-y
https://doi.org/10.1063/5.0126358
https://doi.org/10.3390/resources12030042
https://doi.org/10.3390/ijerph16132411
https://doi.org/10.1016/j.scitotenv.2019.134455
https://doi.org/10.3390/resources12060067

M. Dewika et al.

Germany and UK. Mater. Circ. Econ. 5 (1), 6. https://doi.org/10.1007/542824-023-
00076-8.

Répa, M., Darie-Nita, R.N., Matei, E., Predescu, A.-M., Berbecaru, A.-C., Predescu, C.,
2023. Insights into anthropogenic micro- and nanoplastic accumulation in drinking
water sources and their potential effects on human health. Polymers 15 (11), 2425.
https://doi.org/10.3390/polym15112425.

Rasooly, A., Ben-Sheleg, E., Davidovitch, N., Ellen, M., 2023. Rethinking the path from
evidence to decision-making. Isr. J. Health Policy Res. 12 (1), 10. https://doi.org/
10.1186/513584-023-00559-8.

Raza, M., Lee, J.-Y., Cha, J., 2022. Microplastics in soil and freshwater: understanding
sources, distribution, potential impacts, and regulations for management. Sci. Prog.
105 (3) https://doi.org/10.1177/00368504221126676.

Reed, M.R., Chen, W.-T., 2022. Plastics crash course: a website for teaching plastics
recycling and microplastics prevention through infographics. Recycling 7 (5), 65.
https://doi.org/10.3390/recycling7050065.

Revell, L.E., Kuma, P., Le Ru, E.C., Somerville, W.R.C., Gaw, S., 2021. Direct radiative
effects of airborne microplastics. Nature 598 (7881), 462-467. https://doi.org/
10.1038/541586-021-03864-x.

Rifa, T., Hossain, M.B., 2022. Micro plastic pollution in South Asia: the impact of plastic
pollution over the unsustainable development goals. Lex Publica 9 (2), 2. https://
doi.org/10.58829/1p.9.2.2022.01-28.

Ritchie, H., Samborska, V., Roser, M. (2023). Plastic Pollution. Published online at
OurWorldInData.org. Retrieved 13 September 2024, from https://ourworldindata.or
g/plastic-pollution.

Rojas, R.R., Arango-Mora, C., Nolorbe-Payahua, C., Medina, M., Vasquez, M., Flores, J.,
Murayari, F., Vasquez, C., Almeida, V.de, Ramos, W., Rios Isern, E., Marapara Del
Aguila, J., Castro, J.C., Del Aguila, J., Diaz Jarama, F., Vasconcelos-Souza, M., 2023.
Microplastic occurrence in fish species from the Iquitos region in Peru, western
Amazonia. Acta Amazon 53, 65-72. https://doi.org/10.1590/1809-
4392202201212.

Rillig, M.C., Hoffmann, M., Lehmann, A., Liang, Y., Liick, M., Augustin, J., 2021.
Microplastic Fibers Affect Dynamics and Intensity of CO2 and N20 Fluxes From Soil
Differently. Micropl. Nanopl. 1, 3. https://doi.org/10.1186/543591-021-00004-0.

Roman, M., Varga, H., Cvijanovic, V., Reid, A., 2020. Quadruple Helix models for
sustainable regional innovation: engaging and facilitating civil society participation.
Economies 8 (2), 48. https://doi.org/10.3390/economies8020048.

Ruippo, L., Koivula, H., Korhonen, J., Toppinen, A., Kylkilahti, E., 2023. Innovating for
sustainability: attributes, motivations, and responsibilities in the Finnish food
packaging ecosystem. Circ. Econ. Sustain. 3 (2), 919-937. https://doi.org/10.1007/
543615-022-00217-2.

RuBwurm, M., Venkatesa, S.J., Tuia, D., 2023. Large-scale Detection of Marine Debris in
Coastal Areas with Sentinel-2. iScience 26 (12), 108402. https://doi.org/10.1016/j.
isci.2023.108402.

Ryberg, M.W., Hauschild, M.Z., Wang, F., Averous-Monnery, S., Laurent, A., 2019.
Global environmental losses of plastics across their value chains. Resour. Conserv.
Recycl. 151, 104459 https://doi.org/10.1016/j.resconrec.2019.104459.

Saeedi, M., 2023. How microplastics interact with food chain: A short overview of fate
and impacts. J. Food Sci. Technol. 61, 403-413. https://doi.org/10.1007/s13197-
023-05720-4.

Saini, A., Sharma, J.G., 2022. Emerging microplastic contamination in ecosystem: An
urge for environmental sustainability. J. Appl. Biomater. Biomech. 10 (5), 66-75.
https://doi.org/10.7324/JABB.2022.100508.

Samitthiwetcharong, S., Kullavanijaya, P., Suwanteep, K., Chavalparit, O., 2023.
Towards sustainability through the circular economy of plastic packaging waste
management in Rayong Province, Thailand. J. Mater. Cycles Waste Manage. 25 (4),
1824-1840. https://doi.org/10.1007/5s10163-023-01657-0.

Sanders, D., Brandes, J., 2020. Helping the public understand the microplastics issue:
integrating citizen science techniques and hands-on education experiences with
ongoing microplastic Research. Current: The Journal of Marine Education 34 (3),
1-8. https://doi.org/10.5334/cjme.53.

Sarkar, B., Dissanayake, P.D., Bolan, N.S., Dar, J.Y., Kumar, M., Haque, M.N.,
Mukhopadhyay, R., Ramanayaka, S., Biswas, J.K., Tsang, D.C.W., Rinklebe, J., Ok, Y.
S., 2022. Challenges and opportunities in sustainable management of microplastics
and nanoplastics in the environment. Environ. Res. 207, 112179 https://doi.org/
10.1016/j.envres.2021.112179.

Sarma, H., Hazarika, R.P., Kumar, V., Roy, A., Pandit, S., Prasad, R., 2022. Microplastics
in marine and aquatic habitats: sources, impact, and sustainable remediation
approaches. Environ. Sustain. 5 (1), 39-49. https://doi.org/10.1007/542398-02.2-
00219-8.

Say ‘No’ to Plastics! Sustainability, Sunway University. (n.d.). Retrieved 21 March 2024,
from https://sunwayuniversity.edu.my/sustainability/projectsandcampaigns/recy
cling/say-no-plastics.

Schlaufer, C., Pilkina, M., Chalaya, T., Khaynatskaya, T., Voronova, T., Pozhivotko, A.,
2022. How do civil society organizations communicate in an authoritarian setting? A
narrative analysis of the Russian waste management debate. Rev. Policy Res. 39 (6),
730-751. https://doi.org/10.1111/ropr.12492.

Schwabl, P., Koppel, S., Konigshofer, P., Bucsics, T., Trauner, M., Reiberger, T.,
Liebmann, B., 2019. Detection of various microplastics in human stool. Ann. Intern.
Med. 171 (7), 453-457. https://doi.org/10.7326/M19-0618.

Setald, O., Tirroniemi, J., Lehtiniemi, M., 2022. Testing citizen science as a tool for
monitoring surface water microplastics. Environ. Monit. Assess. 194 (12), 851.
https://doi.org/10.1007/510661-022-10487-w.

Severin, M.1., Akpetou, L.K., Annasawmy, P., Asuquo, F.E., Beckman, F., Benomar, M.,
Jaya-Ram, A., Malouli, M., Mees, J., Monteiro, I., Ndwiga, J., Neves Silva, P.,
Nubi, O.A., Sim, Y.K., Sohou, Z., Shau-Hwai, A.T., Woo, S.P., Zizah, S., Buysse, A.,
Catarino, A.I, 2023. Impact of the citizen science project collect on ocean literacy

31

Science of the Total Environment 954 (2024) 176063

and well-being within a north/west African and south-east Asian context. Front.
Psychol. 14 https://doi.org/10.3389/fpsyg.2023.1130596.

Shah, S.A.R., Zhang, Q., Abbas, J., Tang, H., Al-Sulaiti, K.I., 2023. Waste management,
quality of life and natural resources utilization matter for renewable electricity
generation: The main and moderate role of environmental policy. Util. Policy 82,
101584. https://doi.org/10.1016/j.jup.2023.101584.

Shaharudin, M.S., Fernando, Y., Ahmed, E.R., Shahudin, F., 2020. Environmental NGOs
involvement in dismantling illegal plastic recycling factory operations in Malaysia.
J. Gov. Integr. 4 (1), 1 https://doi.org/10.15282/jgi.4.1.2020.5610.

Sharma, R., Jha, B.K., Pahuja, V., 2021. Role of sustainable techniques in manufacturing
process: a review. Int. J. Eng. Technol. Manag. Res. 8 (2), 2 https://doi.org/
10.29121/ijetmr.v8.i2.2021.869.

Sharma, A., Kumari, S., Chopade, R.L., Pandit, P.P., Rai, A.R., Nagar, V., Awasthi, G.,
Singh, A., Awasthi, K.K., Sankhla, M.S., 2023a. An assessment of the impact of
structure and type of microplastics on ultrafiltration technology for microplastic
remediation. Sci. Prog. 106 (2) https://doi.org/10.1177/00368504231176399,
00368504231176399.

Sharma, S., Sharma, V., Chatterjee, S., 2023b. Contribution of plastic and microplastic to
global climate change and their conjoining impacts on the environment—a review.
Sci. Total Environ. 875, 162627 https://doi.org/10.1016/j.scitotenv.2023.162627.

Shruti, V.C., Pérez-Guevara, F., Roy, P.D., Kutralam-Muniasamy, G., 2022. Strengthening
citizen science partnerships with frontline sanitation personnel to study and tackle
plastic pollution. Environ. Sci. Pol. 137, 70-74. https://doi.org/10.1016/j.
envsci.2022.08.011.

Sijtsema, S.J., Onwezen, M.C., Reinders, M.J., Dagevos, H., Partanen, A., Meeusen, M.,
2016. Consumer perception of bio-based products—An exploratory study in 5
European countries. NJAS: Wageningen journal of. Life Sci. 77 (1), 61-69. https://doi.
org/10.1016/j.njas.2016.03.007.

Sjogren Forss, K., Kottorp, A., Rdmgérd, M., 2021. Collaborating in a penta-helix
structure within a community based participatory research programme: ‘wrestling
with hierarchies and getting caught in isolated downpipes’. Arch. Public Health 79
(1), 27. https://doi.org/10.1186/513690-021-00544-0.

Sorensen, A.E., Jordan, R.C., Blaise, G., Brown, J., Campbell, L.K., Aronson, M.F.J.,
Johnson, M.L., 2018. Drivers of public participation in urban restoration stewardship
programs: linkages between environmental identity and knowledge, and
motivations. Arboricult. Urban For. 44 (6), 266-282. https://doi.org/10.48044/
jauf.2018.024.

Steenmans, K., Lesniewska, F., 2023. Limitations of the circular economy concept in law
and policy. Front. Sustain. 4 https://doi.org/10.3389/frsus.2023.1154059.

Steenmans, K., Malcolm, R., 2023. Using plastic wastes to exemplify justice dimensions
of extended producer responsibility. Adv. Environ. Eng. Res. 4 (1), 24. https://doi.
org/10.21926/aeer.2301024.

Suzuki, G., Uchida, N., Tuyen, L.H., Tanaka, K., Matsukami, H., Kunisue, T.,
Takahashi, S., Viet, P.H., Kuramochi, H., Osako, M., 2022. Mechanical recycling of
plastic waste as a point source of microplastic pollution. Environ. Pollut. 303,
119114 https://doi.org/10.1016/j.envpol.2022.119114.

Syal, R., van Wessel, M., Sahoo, S., 2021. Collaboration, co-Optation or navigation? The
role of civil Society in Disaster Governance in India. Voluntas 32 (4), 795-808.
https://doi.org/10.1007/5s11266-021-00344-8.

Syberg, K., Nielsen, M.B., Oturai, N.B., Clausen, L.P.W., Ramos, T.M., Hansen, S.F., 2022.
Circular economy and reduction of micro(nano)plastics contamination. J. Hazard.
Mater. Adv. 5, 100044 https://doi.org/10.1016/j.hazadv.2022.100044.

Tamargo, A., Molinero, N., Reinosa, J.J., Alcolea-Rodriguez, V., Portela, R., Banares, M.
A., Fernandez, J.F., Moreno-Arribas, M.V., 2022. PET microplastics affect human gut
microbiota communities during simulated gastrointestinal digestion, first evidence
of plausible polymer biodegradation during human digestion. Sci. Rep. 12(1), Article
1 https://doi.org/10.1038/s41598-021-04489-w.

Tan, Y., Dai, J., Wu, X., Wu, S., Zhang, J., 2022. Characteristics, occurrence and fate of
non-point source microplastic pollution in aquatic environments. J. Clean. Prod.
341, 130766 https://doi.org/10.1016/j.jclepro.2022.130766.

Tang, K.H.D., 2023. Attitudes towards plastic pollution: a review and mitigations beyond
circular economy. Waste 1 (2), 569-587. https://doi.org/10.3390/waste1020034.

Thapa, K., Vermeulen, W.J.V., De Waal, M.M., Deutz, P., Nguyén, H.Q., 2024. Towards a
Just Circular Economy Transition: the Case of European Plastic Waste Trade to
Vietnam for Recycling. Circ. Econ. Sust. 4, 851-876. https://doi.org/10.1007/
$43615-023-00330-w.

Thomas, P.J., Perono, G., Tommasi, F., Pagano, G., Oral, R., Buri¢, P., Kovacic, I.,
Toscanesi, M., Trifuoggi, M., Lyons, D.M., 2021. Resolving the effects of
environmental micro- and nanoplastics exposure in biota: a knowledge gap analysis.
Sci. Total Environ. 780, 146534 https://doi.org/10.1016/j.scitotenv.2021.146534.

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, A.W.G.,
McGonigle, D., Russell, A.E., 2004. Lost at sea: where is all the plastic? Science 304
(5672), 838. https://doi.org/10.1126/science.1094559.

Tiernan, H., Friedman, S., Clube, R.K.M., Burgman, M.A., Castillo, A.C., Stettler, Marc E.
J., Kazarian, S.G., Wright, S., De Nazelle, A., 2022. Implementation of a structured
decision-making framework to evaluate and advance understanding of airborne
microplastics. Environ. Sci. Pol. 135, 169-181. https://doi.org/10.1016/j.
envsci.2022.05.005.

Torres-Giner, S., 2023. Sustainable polymer technologies for a circular economy. Appl.
Sci. 13 (10), 10 https://doi.org/10.3390/app13105864.

Towards Zero Single-use Plastic by 2030. (n.d.). Retrieved 21 March 2024, from https
://www.sunwayhotels.com/sunway-lagoon/sunwayforgood/shr-corporate-sus
tainability/zero-single-use-plastic.

Tran, T.T., van Leeuwen, J., Tran, D.T.M., Bush, S.R., 2023. Beyond compliance: public
voluntary standards and their effect on state institutional capacity in Vietnam.


https://doi.org/10.1007/s42824-023-00076-8
https://doi.org/10.1007/s42824-023-00076-8
https://doi.org/10.3390/polym15112425
https://doi.org/10.1186/s13584-023-00559-8
https://doi.org/10.1186/s13584-023-00559-8
https://doi.org/10.1177/00368504221126676
https://doi.org/10.3390/recycling7050065
https://doi.org/10.1038/s41586-021-03864-x
https://doi.org/10.1038/s41586-021-03864-x
https://doi.org/10.58829/lp.9.2.2022.01-28
https://doi.org/10.58829/lp.9.2.2022.01-28
https://ourworldindata.org/plastic-pollution
https://ourworldindata.org/plastic-pollution
https://doi.org/10.1590/1809-4392202201212
https://doi.org/10.1590/1809-4392202201212
https://doi.org/10.1186/s43591-021-00004-0
https://doi.org/10.3390/economies8020048
https://doi.org/10.1007/s43615-022-00217-2
https://doi.org/10.1007/s43615-022-00217-2
https://doi.org/10.1016/j.isci.2023.108402
https://doi.org/10.1016/j.isci.2023.108402
https://doi.org/10.1016/j.resconrec.2019.104459
https://doi.org/10.1007/s13197-023-05720-4
https://doi.org/10.1007/s13197-023-05720-4
https://doi.org/10.7324/JABB.2022.100508
https://doi.org/10.1007/s10163-023-01657-0
https://doi.org/10.5334/cjme.53
https://doi.org/10.1016/j.envres.2021.112179
https://doi.org/10.1016/j.envres.2021.112179
https://doi.org/10.1007/s42398-022-00219-8
https://doi.org/10.1007/s42398-022-00219-8
https://sunwayuniversity.edu.my/sustainability/projectsandcampaigns/recycling/say-no-plastics
https://sunwayuniversity.edu.my/sustainability/projectsandcampaigns/recycling/say-no-plastics
https://doi.org/10.1111/ropr.12492
https://doi.org/10.7326/M19-0618
https://doi.org/10.1007/s10661-022-10487-w
https://doi.org/10.3389/fpsyg.2023.1130596
https://doi.org/10.1016/j.jup.2023.101584
https://doi.org/10.15282/jgi.4.1.2020.5610
https://doi.org/10.29121/ijetmr.v8.i2.2021.869
https://doi.org/10.29121/ijetmr.v8.i2.2021.869
https://doi.org/10.1177/00368504231176399
https://doi.org/10.1016/j.scitotenv.2023.162627
https://doi.org/10.1016/j.envsci.2022.08.011
https://doi.org/10.1016/j.envsci.2022.08.011
https://doi.org/10.1016/j.njas.2016.03.007
https://doi.org/10.1016/j.njas.2016.03.007
https://doi.org/10.1186/s13690-021-00544-0
https://doi.org/10.48044/jauf.2018.024
https://doi.org/10.48044/jauf.2018.024
https://doi.org/10.3389/frsus.2023.1154059
https://doi.org/10.21926/aeer.2301024
https://doi.org/10.21926/aeer.2301024
https://doi.org/10.1016/j.envpol.2022.119114
https://doi.org/10.1007/s11266-021-00344-8
https://doi.org/10.1016/j.hazadv.2022.100044
https://doi.org/10.1038/s41598-021-04489-w
https://doi.org/10.1016/j.jclepro.2022.130766
https://doi.org/10.3390/waste1020034
https://doi.org/10.1007/s43615-023-00330-w
https://doi.org/10.1007/s43615-023-00330-w
https://doi.org/10.1016/j.scitotenv.2021.146534
https://doi.org/10.1126/science.1094559
https://doi.org/10.1016/j.envsci.2022.05.005
https://doi.org/10.1016/j.envsci.2022.05.005
https://doi.org/10.3390/app13105864
https://www.sunwayhotels.com/sunway-lagoon/sunwayforgood/shr-corporate-sustainability/zero-single-use-plastic
https://www.sunwayhotels.com/sunway-lagoon/sunwayforgood/shr-corporate-sustainability/zero-single-use-plastic
https://www.sunwayhotels.com/sunway-lagoon/sunwayforgood/shr-corporate-sustainability/zero-single-use-plastic

M. Dewika et al.

J. Environ. Policy Plan. 25 (5), 511-523. https://doi.org/10.1080/
1523908X.2023.2175350.

Tumu, K., Vorst, K., Curtzwiler, G., 2023. Global plastic waste recycling and extended
producer responsibility laws. J. Environ. Manag. 348, 119242 https://doi.org/
10.1016/j.jenvman.2023.119242.

United Nations Environment Programme, 2021. From Pollution to Solution: A Global
Assessment of Marine Litter and Plastic Pollution.

Usman, S., Abdull Razis, A.F., Shaari, K., Azmai, M.N.A., Saad, M.Z., Mat Isa, N.,
Nazarudin, M.F., 2022. The burden of microplastics pollution and contending
policies and regulations. Int. J. Environ. Res. Public Health 19(11), Article 11.
https://doi.org/10.3390/ijerph19116773.

van de Meene, S., Bettini, Y., Head, B.W., 2020. Transitioning toward sustainable
cities—challenges of collaboration and integration. Sustainability 12(11), Article 11.
https://doi.org/10.3390/5u12114509.

van Emmerik, T., 2021. Macroplastic research in an era of microplastic. Microplast.
Nanoplast. 1 (1), 4. https://doi.org/10.1186/543591-021-00003-1.

Vlachokostas, C., 2020. Closing the loop between energy production and waste
management: A conceptual approach towards sustainable development.
Sustainability 12 (15), 5995. https://doi.org/10.3390/sul2155995.

Walker, T.R., 2022. Communicating threats and potential opportunities to reduce
microplastic pollution with key stakeholders. Microplastics 1(2), Article 2. https://
doi.org/10.3390/microplastics1020023.

Wamba, S.F., Fotso, M., Mosconi, E., Chai, J., 2023. Assessing the potential of plastic
waste management in the circular economy: A longitudinal case study in an
emerging economy. Ann. Oper. Res. https://doi.org/10.1007/510479-023-05386-3.

Wani, A.K., Akhtar, N., Naqash, N., Rahayu, F., Djajadi, D., Chopra, C., Singh, R.,
Mulla, S.I., Sher, F., Américo-Pinheiro, J.H.P., 2023. Discovering untapped microbial
communities through metagenomics for microplastic remediation: recent advances,
challenges, and way forward. Environ. Sci. Pollut. Res. 30 (34), 81450-81473.
https://doi.org/10.1007/5s11356-023-25192-5.

Weber, F., Zinnen, A., Kerpen, J., 2023. Development of a machine learning-based
method for the analysis of microplastics in environmental samples using p-Raman
spectroscopy. Microplast. Nanoplast. 3 (1), 9. https://doi.org/10.1186/543591-023-
00057-3.

Willans, M., Szczecinski, E., Roocke, C., Williams, S., Timalsina, S., Vongsvivut, J.,
Mcllwain, J., Naderi, G., Linge, K.L., Hackett, M.J., 2023. Development of a rapid
detection protocol for microplastics using reflectance-FTIR spectroscopic imaging
and multivariate classification. Environ. Sci.: Adv. 2 (4), 663-674. https://doi.org/
10.1039/D2VA00313A.

Williams, B., Vito, L.D., Sardo, A.M., Pringle, K., Hansen, M., Taylor, M., Lamb-
Riddell, K., Laggan, S., Cox, T., Radford, F., Hayes, E.T., 2023. Embedding citizens
within airborne microplastic and microfibre research. Cambridge Prisms: Plast. 1,
ell https://doi.org/10.1017/plc.2023.11.

Willis, B., Fytianos, G., 2022. Towards microplastic reduction within institutions. Water
Air Soil Pollut. 233 (8), 337. https://doi.org/10.1007/511270-022-05790-8.

Wu, X., Wu, Q., Huang, Q., Yu, Q., Jin, H., Zhu, M., 2023. Mass spectrometry-based
multimodal approaches for the identification and quantification analysis of
microplastics in food matrix. Front. Nutr. 10, 1163823. https://doi.org/10.3389/
fnut.2023.1163823.

Xie, A., Jin, M., Zhu, J., Zhou, Q., Fu, L., Wu, W., 2023. Photocatalytic technologies for
transformation and degradation of microplastics in the environment: current
achievements and future prospects. Catalysts 13 (5), 5. https://doi.org/10.3390/
catal13050846.

32

Science of the Total Environment 954 (2024) 176063

Xu, C., Zhang, B., Gu, C., Shen, C,, Yin, S., Aamir, M., Li, F., 2020. Are we
underestimating the sources of microplastic pollution in terrestrial environment?
J. Hazard. Mater. 400, 123228 https://doi.org/10.1016/j.jhazmat.2020.123228,.

Yang, W., Jannatun, N., Zeng, Y., Liu, T., Zhang, G., Chen, C., Li, Y., 2022. Impacts of
microplastics on immunity. Front. Toxicol. 4 https://doi.org/10.3389/
ft0x.2022.956885.

Yang, W., Li, Y., Boraschi, D., 2023a. Association between microorganisms and
microplastics: how does it change the host—pathogen interaction and subsequent
immune response? Int. J. Mol. Sci. 24 (4), 4 https://doi.org/10.3390/ijms24044065.

Yang, Y., Barnes, H., Yang, B., Onofrei, G., Nguyen, H., 2023b. Food waste management
for the UK grocery retail sector—a supply chain collaboration perspective. Prod.

Yao, Y., Lili, W., Shufen, P., Gang, L., Hongmei, L., Weiming, X., Lingxuan, G.,
Jianning, Z., Guilong, Z., Dianlin, Y., 2022. Can microplastics mediate soil
properties, plant growth and carbon/nitrogen turnover in the terrestrial ecosystem?
Ecosyst. Health Sustain. 8 (1), 2133638 https://doi.org/10.1080/
20964129.2022.2133638.

You, Y., Della Penna, A., Thrush, S., 2023. Modelled broad-scale shifts on seafloor
ecosystem functioning due to microplastic effects on bioturbation. Sci. Rep. 13,
17121 https://doi.org/10.1038/541598-023-44425-8.

Yu, Y., Zhou, D., Li, Z., Zhu, C., 2018. Advancement and challenges of microplastic
pollution in the aquatic environment: a review. Water Air Soil Pollut. 229 (5), 140.
https://doi.org/10.1007/s11270-018-3788-z.

Zen, 1.S., 2018. Nudge to promote sustainable shopping lifestyle. Proceedings 2 (22), 22.
https://doi.org/10.3390/proceedings2221394.

Zen, LS., Shibakawa, H., 2022. Quintuple Helix Lens for transformation: an Okayama
model of education for sustainable development. Front. Sustain. 3, 798330 https://
doi.org/10.3389/frsus.2022.798330.

Zhang, Y., Zhang, D., Zhang, Z., 2023. A critical review on artificial intelligence—based
microplastics imaging technology: recent advances, hot-spots and challenges. Int. J.
Environ. Res. Public Health 20 (2), 1150. https://doi.org/10.3390/ijerph20021150.

Zhao, C., Ting, Z., You, Z., Kim, H., Shah, K.J., 2022. Uncontrolled disposal of used masks
resulting in release of microplastics and co-pollutants into environment. Water 14
(15), 2403. https://doi.org/10.3390/w14152403.

Zhao, J., Ruan, Y., Zheng, Z., Li, Y., Sohail, M., Hu, F., Ling, J., Zhang, L., 2023a. Gold
nanoparticles-anchored peptides enable precise colorimetric estimation of
microplastics. iScience 26 (6). https://doi.org/10.1016/j.isci.2023.106823.

Zhao, X., Wu, X., White, J.C., Tang, Z., Wu, F., 2023b. Micro/nanoplastics contamination
of the terrestrial environment: exposure routes, dose, and co-contaminants
complicate the risk calculus. Carbon Res. 2 (1), 24. https://doi.org/10.1007 /s44246-
023-00059-z.

Zhu, Q., Liu, A, Li, Z., Yang, Y., Miao, J., 2022. Sustainable supplier selection and
evaluation for the effective supply chain management system. Systems 10 (5), 5.
https://doi.org/10.3390/systems10050166.

Zhu, X., Hoffman, M.J., Rochman, C., 2023. A city-wide emissions inventory of plastic
pollution. Environ. Sci. Technol. 58 (7), 3375-3385. https://doi.org/10.1021/acs.
est.3c04348.

Ziajahromi, S., Neale, P.A., Rintoul, L., Leusch, F.D.L., 2017. Wastewater treatment
plants as a pathway for microplastics: development of a new approach to sample
wastewater-based microplastics. Water Res. 112, 93-99. https://doi.org/10.1016/].
watres.2017.01.042.

Ziani, K., Ionita-Mindrican, C.-B., Mititelu, M., Neacsu, S.M., Negrei, C., Morosan, E.,
Draganescu, D., Preda, O.-T., 2023. Microplastics: a real global threat for
environment and food safety: a state of the art review. Nutrients 15 (3), 617. https://
doi.org/10.3390/nu15030617.


https://doi.org/10.1080/1523908X.2023.2175350
https://doi.org/10.1080/1523908X.2023.2175350
https://doi.org/10.1016/j.jenvman.2023.119242
https://doi.org/10.1016/j.jenvman.2023.119242
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf1165
http://refhub.elsevier.com/S0048-9697(24)06219-3/rf1165
https://doi.org/10.3390/ijerph19116773
https://doi.org/10.3390/su12114509
https://doi.org/10.1186/s43591-021-00003-1
https://doi.org/10.3390/su12155995
https://doi.org/10.3390/microplastics1020023
https://doi.org/10.3390/microplastics1020023
https://doi.org/10.1007/s10479-023-05386-3
https://doi.org/10.1007/s11356-023-25192-5
https://doi.org/10.1186/s43591-023-00057-3
https://doi.org/10.1186/s43591-023-00057-3
https://doi.org/10.1039/D2VA00313A
https://doi.org/10.1039/D2VA00313A
https://doi.org/10.1017/plc.2023.11
https://doi.org/10.1007/s11270-022-05790-8
https://doi.org/10.3389/fnut.2023.1163823
https://doi.org/10.3389/fnut.2023.1163823
https://doi.org/10.3390/catal13050846
https://doi.org/10.3390/catal13050846
https://doi.org/10.1016/j.jhazmat.2020.123228
https://doi.org/10.3389/ftox.2022.956885
https://doi.org/10.3389/ftox.2022.956885
https://doi.org/10.3390/ijms24044065
https://doi.org/10.1080/09537287.2023.2226622
https://doi.org/10.1080/20964129.2022.2133638
https://doi.org/10.1080/20964129.2022.2133638
https://doi.org/10.1038/s41598-023-44425-8
https://doi.org/10.1007/s11270-018-3788-z
https://doi.org/10.3390/proceedings2221394
https://doi.org/10.3389/frsus.2022.798330
https://doi.org/10.3389/frsus.2022.798330
https://doi.org/10.3390/ijerph20021150
https://doi.org/10.3390/w14152403
https://doi.org/10.1016/j.isci.2023.106823
https://doi.org/10.1007/s44246-023-00059-z
https://doi.org/10.1007/s44246-023-00059-z
https://doi.org/10.3390/systems10050166
https://doi.org/10.1021/acs.est.3c04348
https://doi.org/10.1021/acs.est.3c04348
https://doi.org/10.1016/j.watres.2017.01.042
https://doi.org/10.1016/j.watres.2017.01.042
https://doi.org/10.3390/nu15030617
https://doi.org/10.3390/nu15030617

	Integrating the quintuple helix approach into atmospheric microplastics management policies for planetary health preservation
	1 Introduction
	2 Atmospheric microplastics pollution: Impacts and challenges
	2.1 Environmental impacts
	2.1.1 Ecosystem disruption
	2.1.2 Biodiversity loss
	2.1.3 Habitat degradation
	2.1.4 Trophic transfer
	2.1.5 Ecological imbalance

	2.2 Human health implications
	2.2.1 Ingestion and accumulation
	2.2.2 Health risks associated with ingested microplastics
	2.2.3 Inhalation of microplastics
	2.2.4 Chemical exposure and toxicological effects

	2.3 Challenges in atmospheric microplastics management
	2.3.1 Detection and monitoring
	2.3.2 Mitigation and remediation
	2.3.3 Waste management and circular economy
	2.3.4 Legislative and regulatory gaps
	2.3.5 Public awareness and behavioral change


	3 The quintuple helix approach
	3.1 Overview of quintuple helix
	3.2 Significance of the quintuple helix approach
	3.3 Sustainable development goals

	4 Roles of each quintuple helix
	4.1 Academia
	4.1.1 Research data collection
	4.1.2 Educational programs and awareness campaigns
	4.1.3 Technological advancements

	4.2 Government
	4.2.1 Policy development
	4.2.2 Enforcement and compliance
	4.2.3 Collaboration and coordination

	4.3 Industry
	4.3.1 Sustainable production and innovation
	4.3.2 Supply chain management
	4.3.3 Corporate social responsibility

	4.4 Civil society
	4.4.1 Awareness and advocacy
	4.4.2 Community engagement
	4.4.3 Collaboration and partnership

	4.5 Environment
	4.5.1 Ecological impact assessment
	4.5.2 Conservation and restoration
	4.5.3 Monitoring and surveillance


	5 Opportunities and challenges in collaboration
	5.1 Synergy in policy development
	5.2 Feedback loop of innovation
	5.3 Public engagement
	5.3.1 Opportunities and challenges in public-government collaboration
	5.3.2 Opportunities and challenges in public-industry collaboration
	5.3.3 Opportunities and challenges in public-academia collaboration
	5.3.4 Opportunities and challenges in public-environment interaction

	5.4 Environmental resilience

	6 Sunway city, a case study
	7 Limitations of the study
	8 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	References


