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Abstract

Accumulation of plastic litter exerts pressure on the environment. Microplastics (MPs) pollution
hasbecome a universal challengedue to theoverexploitation of plastic products and unsystematic
dumping of plastic waste. Initial studies onMPs and their implications had been confined to aquatic
and terrestrial ecosystems, but recent research has also focused on MPs in the air. Their impacts on
urban air quality and atmospheric transport to pristine habitats have emerged to be a serious concern.
However, the extent and the significance of impacts of airborne particulate matter (PM) MPs on
human health are not clearly understood.Further, the influence of airborneMPson indoor and outdoor
air quality remains unknown. We highlight the human health impacts of airborne PM-MPs with a
special focus on the occupational safety of the industry workers, their possibleinfluence on Air
Quality Index (AQI), their potential exposure, and accumulation in the canopy/arboreal, above-
canopy and atmospheric (aerial) habitats. The present review emphasizes the data limitations and
knowledge gaps on the atmospheric transport and contribution of particulate plastics to the
worsening of overall urban air quality and throws critical perspectives on whether atmospheric MPs
pollution is trivial or an actual matter of concern.
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1. Introduction

Plastic litter, which has been identified as a planetary crisis of this generation, has already become

widespread in all the marine ecosystems via river transport (Lebreton et al., 2019; Routti et al., 2019;

PlasticsEurope, 2018).Plastic waste accounts for around 80-85% of the ocean litter (Barnes

2019;0stle et al., 2019). With a global plastic production of 400 million tons per year (Henry et

al.,2019) by 2025, 11 billion metric tons of plastics arelikely topool up in the environment (Brahney

et al., 2020).Within five decades, plastic production has progressed into a global industry of 600
billion USD (Uheida et al., 2021). Around 60% of the globally manufactured plastics are likely to

have already accumulated in the environment (UNEP beat plastic pollution).Only 9% of plastic

waste is being recycled (only in developed countries), and the remaining 91% stays in the

environment for centuries (Brooks et al., 2018) and generatesMPs (1 um — 5 mm). Primary (designed

<5 mm) and secondary (abraded from larger plastic particles; varied size range) MPs have been
detected inmost biomes, which has emerged to be a critical global challenge(Barnes, 2019; Ifiguez et
al., 2018; Zettler et al., 2013).

MPs have been widely acknowledged as a universal emerging contaminant in the terrestrial and
aquatic environment. Goeppert and Goldscheider (2021) observed long-range transport of 1 - 5 um

MP tracer particles in alluvial aquifers through advection and dispersion, highlighting their pervasion
into groundwater. Contaminated rivers accumulate and transport MPs to the ocean. Synthetic textile

fibers significantly contribute to theMPs pollution in the marine environment(Routti et al., 2019)

mainly from wastewater treatment plants (Revel et al., 2018) and sewage sludge used for land

applications (Xu et al., 2020a; 2020b). Processed biosolids and sewage sludge applications deposit

MPs in the terrestrial environment and further spread them to the aquatic environment (Xu et al.

2020a). Compost spreading is recognized to be an important source of airborne MPs. For example,
the New South Wales Environmental Protection Agency (2016) specified that composts supplied for
land application should not contain >0.5% (dry weight) of glass, metal, and rigid plastics (> 2 mm),
or 0.05% (dry weight) for flexible plastics (> 5 mm). Moreover, wastewater treatment plants (e.g.,
textile and fiber industries), which usually do not retain primary MPs,are also recognized as a
potential source of secondary MPs (disintegration of large particles to MPs during treatment

processes) (Kay et al., 2018). Nearly 35% of primary MPs in the oceans are textile microfibers

(MFs), with polyester being the predominantly produced synthetic fiber (Henry et al., 2019).The

major synthetic fibers documented in shorelines includepolyester (56%), acrylic (23%),
polypropylene (PP)(7%), polyethylene (PE)(6%), and polyamide (PA)(3%) (Henry et al., 2019).

However, a few recent studies document the predominance of natural fibers (like wool, cotton) in the




environment over the synthetic ones, highlighting the possible misidentification of natural fibers as
synthetic MPs in the previous studies due to the limited characterization methods. For instance,

Stanton et al. (2019)demonstrated the abundance of natural textile fibers (93.8%) among the total

fiberamount estimated from the River Trent (United Kingdom).Nevertheless, fibrous MPs(both
biodegradable and synthetic polymers) pose greater implicationsforthe environment and

health(Henry et al., 2019), but the relationship between MFs dispersion in air and the MFs

abundance in the oceans and rivers remains largely unexplored.These light fibersreadily get
dispersed to air due to smaller sizes/lengths as opposed to comparatively heavier particulates of

larger sizes (Enyoh et al., 2019). Asof 2016, the global production of synthetic fibers has surpassed

60 million metric tons (Gasperi et al., 2018).Fragments and fibers are the predominant forms of

atmospheric MPs (Zhang et al., 2020c). Every wash of a 5 kg load of polyester-fibertextile fabric can

release more than 6 million MFs (Falco et al., 2018).However, quantitatively not much is known

about the contribution of laundry in the atmospheric MPs. Although natural and
biodegradable(processed) MFssuch as cotton, wool, hemp, cellulose, etc.have received very little
attention in comparison with synthetic MFs, the implications of natural fibers on the environment

and human health are also important, which remain largely unknown.

MPs have been identified not only in water and the soil, but also in the air: an underrated, buta
potential source of respiratory and oral exposure (Amato-Lourenco et al., 2020;Prata, 2018). For
instance, Shruthi et al. (2020)identifiedMPs (epoxy, polytrimethylene terephthalate (PTT)) from

public potable water fountains in 42 different metro stations in Mexico City. These contaminated
decorative/potable public fountains can spray MPs along with the mist/water aerosols into the
air,which may also be a potential source, but its contributions are underestimated for air MPs.
However, unfortunately, the study did not explore ifsuchcontaminated public fountains could be a
possible source forairborne MPs.Airborne MPs (fibers, fragments, filaments) identified so far across
the world range from 2um to 1mm, with rayon, PA, PE, PP, polystyrene (PS), polyethylene
terephthalate (PET),polyvinyl chloride (PVC), polyurethane (PUR), polyacrylonitrile (PAN)being
the predominant polymers (Enyoh et al., 2019). Moreover, studies confirm that plastics involved in

packaging applications like PS, PE, PET, biothene (acommercial biodegradable brand) deteriorate

and generate MPs much faster in the air than in water(Biber et al., 2019).Therefore,the risk of

exposure to air-borne MPs is very high for industrial workers (mainly polymer, packaging, flock,

textile industries) (Chen et al., 2020a), but the effectiveness ofpersonal protection available for them

is uncertain.



The risk factors associated with MPs increase with weathering of plastic waste when exposed to

environmental conditions (Mao et al., 2020). Weathering mechanisms and behavior of the airborne

MPs are different from terrestrial or aquatic plastics (Ding et al., 2020).The MPs that get exposed to

the environment (ultraviolet rays, hydrological conditions such as turbulence) become ‘aged’ due to
weathering and aged MPs pose a greater threat to the environment and health than the virgin
(fresh/unaged) MPs(Mao et al., 2020; Song et al., 2021). Ding et al. (2020)explored the long-term
aging and adsorption processes of PS MPs in air, seawater, and freshwater, and at high temperatures

(75°C), they observed a characteristic carbonyl bond (C=0) formation in aged airborne MPs. As
C=0 bondis highly reactive, it changes the surface texture and characteristics of MPs (pits,

grooves)(Mao et al., 2020), which can enhance their adsorption behavior. Therefore, environmental

exposure can influence the adsorption characteristics of MPs. For instance, PE MPs exposed to air
can adsorb copper and tetracycline more effectively than the fresh or virgin (unexposed) particles

(Wang et al., 2021d). Therefore, aged airborne MPs maypossess their own intrinsic toxicity in

addition to their chemical additivesor adsorbed co-existing pollutants, and hence carries higher
health risks than the fresh or virgin MPs entering the atmosphere.Exposureto aerial MPs or
nanoplastics (NPs) can occur through oceanic waves (sea spray), atmospheric fallout from

wastewater sludgethrough land applications or other matrices (Revel et al., 2018), waste incineration,

landfills, building materials, plastic fragments from house furniture, traffic particles (tire/brake

wear), industrial emissions, mulching particles in soil (Wang et al., 2021a). MPs can adsorb/desorb

co-existing pollutants like polycyclic aromatic hydrocarbons (PAHS), polychlorinated biphenyls
(PCBs), antibiotics,and also leach out additives like Bisphenol A (BPA), phthalates, and other
endocrine disruptors into the environment (Akhbarizadeh et al., 2021; Wang et al., 2021d).

Temperature plays a key role in the adsorption and release of additives to the environment. For
instance, Ranjan et al. (2021) observed the release of ~25,000 small MP particles from a PE liner of a

hot paper cup, with traces of heavy metals. Several studies confirm the toxicity of MPs linked
withintestinal blockage, internalization by white blood cells, cerebral oxidative stress, and metabolic

disorders (Revel et al., 2018).Chen et al. (2020a) carefully reviewed the ubiquity, wind transport,

human exposure, health implications of airborne MPs, and the factors favoringtheir deposition in the
aquatic environment. However, the study did not discuss whether the scavenging effect, a potential

route of transfer, could lead to wet or dry precipitation of MPs in a remote ecosystem.

Worldwide, exposure and health implications of airborne MPs are much less understood than
aquatic/terrestrial MPs (Figure 1), because detailed documentation of the major types, sources, and

concentrations of MPs in ambient air is lacking in many countries. In recent times, research is



emerging to explore more about the abundance and potential threats of MPs in the aerial
environment.However,very little is known of airborne MPs and more extensive studies are needed to
understand and comprise them in the mainstream air pollution research as well as in governance and

policy (Amato-Lourenco et al., 2020; Gasperi et al., 2015).Though research on the characterization

of airborne MPs started in 2015, there arejustaround40 scientific articles that document atmospheric

MPs and NPs (Can-Guven, 2020). Out of nearly 180peer-reviewed papers and reports focusing on

the implications of MP pollution concerning human health, only 22 papers are dedicated to the health
impacts of atmospheric MPs (Figure 1). All the existing reviews highlighted the following: (1) MPs
are present in every biome of this planet including polar regions (Kanhai et al., 2020; Reed et al.,
2018;1sobe et al., 2016;Lusher et al., 2015) and remote locations (Allen et al., 2019; Imhof et al.,
2017;Bouwman et al., 2016;Veerasingam et al., 2016) (2) MPs can be transported to remote

ecosystems via atmospheric wind circulation and sea-breeze (Chen et al., 2020a; Evangeliou et al.,
2020; Wang et al., 2020;Zhang et al., 2019); (3) MPs are detrimental to the global ecosystem (Kumar
et al., 2021; Wang et al., 2021b; Brahney et al., 2020; Kumar et al., 2020; Malizia and Monmany-
Garzia, 2019) (4) MPs are present at non-negligible concentrations in urban air and street dust (Allen
et al., 2020;Jarlskog et al., 2020;Thinh et al., 2020;Abbasi et al., 2019) (5) MPs are found not only in

the outdoor but also in the indoor environment (O’Brien et al.. 2020; Wright et al., 2019; Yurtsever

et al., 2018;Dris et al., 2017); (6) Airborne MPs can absorb and carry along other toxic pollutants to
isolated regions (Akhbarizadeh et al., 2021; Sun et al., 2020;Xu et al., 2020a;Hahladakis et al.,
2018).

None of the available literaturereports an extensive study on the implications of airborne MPs toward
occupational safety and long-term inhalation exposure in plastic industries. To the best of the
authors’ knowledge, 30 published reviews are focusing onairborne MPs, yet there is no policy
reviewavailable to date.No studyattempts to quantify the influence of airborne MPs in the overall air
quality of a region. A few review articles on airborne MPs have focused on the identification and
characterization (from indoor/outdoor air) (Enyoh et al., 2019; Dris et al., 2017; Dris et al., 2016),

humanexposure, pathogenesis, toxicity, and health impacts(Chen et al., 2020a; Prata et al., 2020;

Prata, 2018), their sources and fate (Can-Guven, 2020; Chen et al., 2020a), polymer types and

distribution in urban/rural atmosphere (Amato-Lourenco et al., 2020). However, more information is

needed to understand how much airborne MPs contribute to the overall PM pollution of a region.
The available literature does not highlight the potential exposure of atmospheric MPs to the top
layers of the forest (canopy and emergent) ecosystem, which are prone to direct MPs deposition

(flora) and inhalation (fauna). The present review critically investigates MPs as an emerging source



of particulate air pollution by atmospheric transport to remote locations (wind transport of MPs
followed by wet and dry deposition by scavenging effect from the atmospheric to the terrestrial and
aquatic environment), with a special focus on the emerging and less explored problems such as the
current addressal(policy and science) of the industrial/domestic human exposure, implications
relating to the COVID-19 pandemic, direct exposure and the possible impacts on the remote forest
ecosystems (not discussed till date) and the aerial food chain, visibility and AQI. Thus, we
systematically analyze the available literature on the field and provide some novel insights into the
current issues. Documentation studies on airborne MPs (indoor and outdoor) along with the applied

characterization methods have also been overviewed (Table 1).
2. Methodology

The potential papers were searched, screened, and selected as represented in Figure 2.For this
review, peer-reviewed journal articles/books,reports, and methodicallyscrutinized information from
commercial websites were thoroughly studied.The primary search engine used for the literature

survey was Google Scholar. The existing literature wasthoroughly searched through the most

accessible and widely acknowledged databases like PubMed (40 references), Scopus (62 references),
Web of Science (10 references), ScienceDirect (18 references), ResearchGate (4 references),and
other online sources (www.who.int,

www.semanticscholar.org, https://www.tandfonline.com/,https://www.ptonline.com/).The initial

keywords used for the literature survey includedplastic litter; microplastics; nanoplastics;
microfibers; microplastics human health;microplastics exposure, which were further specified to
airborne microplastics; atmospheric microplastics; microplastics atmospheric transport; microplastics
deposition; microplastics inhalation;microplastics in indoor air, then further screened for studies or
reviews linking AQI;particulate matter; aerosol. The total number of entities collected from each
database was carefully saved, scrutinized, and sorted to overcome repetitive results among the search
engines. Then the collected papers were studied and screened in regard to the objectives of the
present review. The available review articles in this field were carefully sorted outand analyzed.
Although it is acknowledged that airborne MPs are a threat to global ecosystems and health, the
degree of impact is poorly understood. To understand the magnitude of the problem, the routes for

atmospheric MPs emission and transport need to be explored.
3. Sources of atmospheric MPs

To understand the atmospheric fallout of MPs, it is essential to understand the deterioration and
disintegration characteristics of various plastics in the air. For instance, PS generates secondary MPs
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very rapidly in the air as themolecular chains of the polymers can be broken easily by irradiation of

solar ultraviolet rays (Biber et al., 2019). It is also important to note that plastics thatpersist in the

environment for a long time (long service life) disintegrateless frequently but do still generate MPs
(Biber et al., 2019). Compost spreading (NSW Environmental Protection Agency, 2016), wastewater
sludge (Revel et al., 2018), tire (Abbasi et al., 2019), paint (Horton and Dixon, 2018) are widely

identified as potential sources for atmospheric MPs. As the aerial fallout rates of plastic particulates

vary with locations (local emission) depending on the source and type of polymer, the release of MPs
into the air varies with geography (distribution of land, water, climate, wind) and land use pattern

(agriculture, industries) (Kawecki and Nowack, 2020). The concentration and characteristics of

airborne MPs are dependent on wind and distance from source areas (Wright et al., 2020).

Meteorological factors like windspeed, boundary layer mixing, temperature, etc., also influence the
transport of atmospheric PM-MPs (QOjha et al., 2020). An increase in the concentration of synthetic

MPs in terrestrial and aquatic ecosystems during winter suggests that precipitation and rainfall can

potentially influence the atmospheric MPs (Dris et al., 2017). Precipitation (monsoon) leads to

theland surface deposition of tiny atmospheric particulates, which are emitted back to air through the
post-monsoon winds (flow from high pressure to low-pressure zones), and hence air pollution
hotspots like Indo-Gangetic Plain regularlywitness increased levels of fine PM (PMazs)in winter
(Ojha et al., 2020).

Monsoon windsalso play an important role in the continental transboundary transport of airborne
MPs. For instance, the East Asian summer monsoon can transport some of the atmospheric MPs
from Vietnam to southeastern China via the Philippines and Malaysia (Wang et al., 2021c).Rezaei et
al., (2019) observed that light-density MPs were abundant in the wind-eroded sediments of natural
and agricultural soils by 2.83 to 7.63 enrichment ratio (MPs content in the eroded material to the that

in the original soil), suggesting a key role in atmospheric MPs transport by wind. Brahney et al.
(2020)reported the sensitivity of MPs to wind entrainmentdue to wet and dry deposition. They
studied the deposition rates of MPs in 11 protected national parks in the United States of America
(U.S.A) for 2 years, where 98% of the rainwater samples contained MPs. The study established the
long-range transport and precipitation of MPs into remote protected forests.Therefore, due to the
airborne migration of MPs, all the atmospheric compartments (atmospheric fallout, suspended
orstreet/road dust, outdoor and ambient air) can become their potential sinkand source for terrestrial
and aquatic MPs pollution(Mbachu et al., 2020).




4. Role of the atmosphere in the global transport of MPs

Airborne MPs tend to have densities lower than soil minerals, and hence MP dust particulates stay in
the air for a prolonged period compared to natural dust aggregates of the same size, which facilitate
their transport to distant locations (Rochman and Hoellein, 2020). Thus, the atmosphere is a potential

vehicle for the transport of MPs to broader biomes: terrestrial, aquatic, and aerial. Air-sea
interactions are modulated by the cloud cover and meteorological factors, which play a role in the

worldwide transport of atmospheric particles (Takahashi and Hayasaka, 2020). Atmospheric currents

are as important as oceanic currents (gyres) in the global transport of MPs (Gouin et al., 2011).Wind

stress and sea spray form sea salt-MP aerosols (<0.2 to >2000 um) and disperse the aerosolized sea-
surface particles to urban areas near the coasts, which also may carryMPs, which remain largely

unknown (Wright and Kelly, 2017).Liu et al. (2019c)provided field-based evidence of atmospheric

transport of MPs from terrestrial to the marine environment. Through continuous cruise sampling of
suspended atmospheric MPs in the western Pacific Ocean, the study observed airborne MPs with
consistent morphology and composition, having high abundance in the atmosphere along the coasts
(0.13 + 0.24 items m=) as opposed to the pelagic area (0.01 + 0.01 items m=), which proved
significant atmospheric transport of MPs to the marine environment. However, another study by Liu
et al. (2020b) found inconsistency in the sizes and composition of MPs between aerosols and
atmospheric deposition, suggesting only a little atmospheric transport to the ocean as opposed to the

riverine inputs.

Rain (especially freezing rain at 0°C) andsnow (in colder environment around -10°C) can scavenge

organic vapors and particles from the atmosphere (Lei and Wania, 2004), which may transport
airborne MPs and their additives (Hahladakis et al., 2018) or adsorbed co-pollutants (Akhbarizadeh

et al., 2021) to remote locations. Bergmann et al., (2019) identified MPs from polar snow, suggesting
substantial contamination in the Arctic atmosphere. The authors indicated the scavenging effect as an
important pathway where MPs might get transported through the atmosphere, pass through clouds,
bind with snow, and get deposited in tundra (Figure 3).When MPs travel with the atmospheric
currents, the cloud scavenges (wet/dry deposition) them along with the atmospheric particles and
gases, popularly known as “scavenging effect”, which precipitates them to the terrestrial and aquatic
niches. Remote Arctic lakes become a potential sink of MPs, especially MFs deposited possibly by

wind-driven long-range atmospheric transport (Gonzélez-Pleiter et al., 2020). Klein and Fischer

(2019) found that atmospheric transport was responsible for the increased accumulation of MP
fragments inthe rural, fir forest, and urban areas of Hamburg, Germany. Zhou et al. (2021)interpreted

that MPs (mainly < 200 um PA fragments, fibers) present in riparian topsoil and sub-surface soil of
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remote mountains along the Yangtze River could have been transported by atmospheric deposition
along with street runoff and wastewater discharge. Many studies across the world document MPs
from various environmental matrices and commercial food samples, but most of them could not

estimate the input of aerial transport in MP deposition. For instance, Selvam et al. (2020)identified

natural and synthetic MPs from the sea salt samples of the Tuticorin coast (Tamilnadu), India.
Though the study focused mainly on the sedimentation and resuspension from the ocean, the authors

could not disregard atmospheric transfer as a potential route of transmission.
5. Occurrence of MPs in air

The key sources of airborne MPs include synthetic textile clothing, furniture, construction materials,

abrasion of rubber tires, and urban dust (Dris et al., 2016; Boucher and Friot, 2017). Moreover,the

airborne MPsthat originate from the resuspension of deposited dirt from automobiles (Dris et al.

2017), suspended in the atmosphere, get carried away, and further accumulate and contaminate

aquatic or terrestrial environments (Allen et al., 2019). Still,only limited knowledge existsabout the

concentrations of airborne MPs and MFs globally in outdoor and indoor air.
5.1MPs in street dust and outdoor air

A study on the existence of MPs in street dust (Abbasi et al., 2019) threw light on an underestimated

source of airborne MPs. Street dust samples (<5 mm) retrieved from 15 sites in Asaluyeh, southern
Iran, were found to be dominated by MPs (spheres, films, and fibers) and micro rubber (MR)
particles, with an average as high as 900 MPs and 250 MRs per 15 g of the sample respectively
(Abbasi et al., 2019). The authors prepared 15 g aliquots with 35 mL of 30% H20> to remove organic

matter so that the identified particles were inferred to be synthetic. From the above study, it can be
concluded that increased vehicular movements and urban road traffic could generate synthetic MR
particles through tire abrasion and lead to suspended PM. Tire and paint aggregates are important
sources of urban dust contributing to atmospheric MP input (Horton and Dixon, 2018). In recent

times, latex paints that typically combine water and plastics have increased dramatically in

popularity.Jarlskog et al. (2020) identified tire and bitumen MPs from the road surface, stormwater,

and sweeper sediment samples, highlighting them as a major emission source. Several desk studies
have reported that vehicular tire abrasion could be a major source for MP aggregates in urban air
(Lassen et al., 2015; Sundt et al., 2015). Knight et al. (2020) identified and quantified the synthetic

tire wear aggregates from environmental samples in the roadside drains of Plymouth, U.K., where
they found that tire wear aggregates from the road significantly contributed to the drainage MR

pollution. The above study implies that future research should focus on the environmental estimation
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of urban outdoor MP pollution from tire abrasion. Generally, MPs emitted from tire abrasion are

coarse particulate pollutants (EPA AQI guidelines, 2014). Airflow and strong air currents emerging

from rotating vehicular tires (wheels) can also emit and transport PM into the air (Song et al., 2020).

Modeling approaches can be used to understand the abrasion and release of MPs from the tire or any

other source (Unice et al., 2019).

Likewise, MPs can also be emitted from brake wear particles, which predominantly contain metals

and plastics (fibers, binders, fillers, etc., from the brake lining) (Evangeliou et al., 2020). Similarly,

MPs emitted from paint are underrated sources of indoor or outdoor air pollution as latex paints that
typically combine water and plastics have increased dramatically in popularity. For instance,Rist et
al. (2020) identified several paint fragments in the Arctic coast, suggesting that ship paint could be
an underestimated source of not only marine, but also airborne MPs. Even disposable plastic bags
can emit MPs into indoor or outdoor air(Sobhani et al., 2020). Plastic films used for mulching in

agricultural land areas can emit high concentrations of MPs to the environment (Huang et al.,
2020).Incineration is a potential, but unfortunately a less explored source for airborne MPs. For

instance, Yang et al. (2021) identified around 360 - 102,000 particles per metric ton of MPs (mainly

PP and PS) in the bottom ash of municipal solid waste incinerators (mass burn and fluidized bed) in
the Chinese cities, which suggested incineration as a potential source of MPs discharge to the
environment. However, the study did not discuss if MPs occur in the fly ash of solid waste
incinerators, which in the case could be a potential source for airborne MPs. Atmospheric fallout
from waste dumps and landfills is known to be a potential pathway for MPs transfer in the air (Chen

et al., 2020a). For instance, Chai et al. (2020)reported that the soil near an electronic-waste dump in

Guiyu, China was highly contaminated with MPs (up to 34,100 particles kg?), highlighting a
possible atmospheric transport.Gonzélez-Pleiter et al. (2021)sampled airborne MPs through aircraft

(air sampling within and above the planetary boundary layer) and found that the urban air was
generally polluted by fragments whereas the rural/sub-rural air was predominantly polluted by fibers.
Using air mass trajectory analyses, the study hypothesized the atmospheric transport of MPs for over
1000 km before deposition. Synthetic textile fibers are acknowledged as a major source of MPs in
atmospheric fallout (Chen et al., 2020a; Dris et al., 2016). Atmospheric fallout analysis of Dongguan

city, China, indicated that PE, PP, and PS are the predominant types of urban wind-carried MPs (Cai
et al., 2017). The MP levels in London’s outdoor air have been estimated to be 20 times higher than

any remote rural location, which infers the influence of local sources such as people or vehicular
movements (Wright et al., 2020).

12



Despite the limited number of studies, tracing the possible sources and types of MPs in the
atmosphere is crucial to understand their mechanisms of migration; because the types, shapes, and
sources of airborne MPs are unevenly distributed across the world, depending on the regional
anthropogenic activities, population density, and waste disposal and management practices (Henry et
al., 2019). However, many studies lack seasonal sampling, and hence the combined approach of both
wet and dry deposition sampling is required to understand the abundance of atmospheric MP

pollution and its deposition to terrestrial and aquatic ecosystems (Chen et al., 2020b) (Table 1).

Though recognized to be an ever-increasing global issue, there is a lack of data on atmospheric
deposition and transport of MPs, with exception of a few megacities (London, Paris, Asaluyeh,

Dongguan) (Dris et al., 2017) and anisolatedFrench mountain catchment (Allen et al., 2019). To

overcome this limitation, standard methods and protocolsneed to be improved tocharacterize and
quantifythe MPs not only in the air (ambient as well as indoor) (Wesch et al., 2017) but also in any

environmental matrix (Enyoh et al., 2019).Minimization of background contamination throughout

MPs analysis is quite challenging (Miller et al., 2021; Prata et al., 2021). Though many research

publications deal with and emphasize the atmospheric transport of MP particulates, most aspects
including the mechanisms and potential pathways are unknown and need to be focused on in future
research. Knowledge of the aerial deposition, transport, scavenging, and precipitation of MP
particulates is crucial to map the potential sources and predict the corresponding impacts on the
susceptible ecosystems(Figure 4). If the vulnerable regions can be identified, the extent to which
MPs contribute to the particulate air pollution in these areas can be studied.The literature on the
loading rates of airborne MPs from urban areas to remote or rural locations is very scarce. Therefore,
future studies must explore the mechanisms and pathways of atmospheric transfer of both the

primary and secondary MPs (Brahney et al., 2020).

5.2 MPs in indoor air

In indoor environments, airflow turbulence greatly affects the resuspension of airborne MPs and
NPs (Zhang et al., 2020b).The available studies infer that synthetic fibers and MPs in indoor air

usually size range from 50-250 pm(Catarino et al., 2018; Dris et al., 2017). These small MP particles

can penetrate more easily in the human respiratory system (Hwang et al., 2019). A study conducted
in Paris noticed the ubiquity of MPs (33% of the total fibers) in indoor and outdoor air, along with

the risk of human exposure: inhalable and settled dust ingestion (Dris et al., 2017). The

concentrations of fibrous MPs were higher in indoor/ambient air than in outdoor air (in France),
suggesting air exchange as a transfer route from indoors to outdoors. The authors highlighted that the

dynamics of fibrous MPs in an urban environment could be understood by estimating their
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deposition rate and concentration. In a dry deposition fallout study that was conducted for 13 weeks
in 3 indoor sites (students’ dormitory, office, and corridor) of East Normal China University
(Shanghai), the identified plastic particulates (rayon, acrylic, polyester, PET) were sourced mainly
from clothing, beddings, and curtains. However, 60% of the collected fibrous particulates were
identified to be natural fibers (cotton, wool) (Zhang et al., 2020b). Zhang et al. (2020a)documented

MPs from air dust in the indoor environment from 12 different countries and observed a robust
increase in the concentrations of terephthalic acid and BPAiIn PET and polycarbonate (PC)MPs,

respectively.

Laundry is a widely established source for the indoor emission of fibrous MPs (Song et al., 2021;

Falco et al., 2020; O’Brien et al., 2020). Drying of synthetic clothes under direct sunlight is a

potential source for suspended atmospheric MPs (Liu et al., 2019b). Belzagui et al. (2019)estimated

the rate of the detachment of MPs from textiles and suggested that the levels of synthetic MFs
getting emitted to the ocean might be much higher than reported earlier.However, the emission levels
of fibers to air from apparel wear are as important as laundry discharge (lint from washing machines)

to water (Falco et al., 2020). E-waste dust may also emit MPs or additives to the air. Electrical and

electronic products can release plasticizers (phthalate alternatives, monoesters) and other synthetic

organic compounds into the indoor dust (Deng et al. 2021). As it is inferred that winds in urban areas

may carry a non-negligible concentration of MPs, future research should throw light on the exposure
and the associated health impacts of MPs/MRs from ambient air. Moreover, the extent to which the
fallout of MPs from indoor environments can disperse and contribute to outdoor particulate pollution
needs to be quantified. One of the ultimate aims of exploring indoor and outdoor air pollution is to

understand the exposure and human health risks of airborne MPs.
5.3 Atmospheric MPs in the vulnerable ecosystems

Scavenging effect (Figure 3) can precipitate MPs to pristineand fragile ecosystems. When
atmospheric MPs deposit to the lithosphere and hydrosphere, ecosystems at high altitudes are

particularly vulnerable to airborne exposure. For instance, Napper et al. (2019) identified MPs from

remote areas of Mt. Everest, and interpreted the likely sources as the clothing and gears of trekkers.
However, the authors also hypothesized wind-driven atmospheric transport as another potential

source.There are several notable studies on the polar ecosystems (Peeken et al., 2018; Roultti et al.,

2019). However, the exposure of Antarctic fauna to MPs is very limited in comparison to the Arctic.

Several studies document MPs from pristine freshwater (Napper et al., 2019; 2021) and marine

(Peeken et al., 2018) ecosystems. However, airborne MPs that get deposited to the water surface may

pose the same modes of exposure to the aquatic flora and fauna. Therefore, the major emphasize of
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the faunal/floral exposure to airborne MPs needs to be given to the terrestrial ecosystems. Terrestrial
forests (along with the ocean) play a key role in the planetary rainfall and climate regulation. Forest
ecosystems deliver a number of key ecosystem services. Canopy ecosystems are one of the most
biodiverse and productive terrestrial ecosystems. As tall tree canopies can reach a height up to 30 m

(Potapov et al., 2021), forest ecosystems (notably mountain and temperate forests, tropical

rainforests) aresusceptible to airborne MPs exposure. Unfortunately, the canopy niches and their

interactions are quite complex (Bortolazzi et al., 2021), and research needs to start exploring the

impacts from species level.

A typical forest (temperate deciduous or rainforest) ecosystem comprises several layers: forest floor
(soil), understory (shrub layer), canopy (tree cover, mostly arboreal ecosystem), and emergent (top-
most layer, tallest trees). Almost all the studies on airborne MPs highlight their health implications
(Revel et al., 2018), but studies on theirecological impacts are comparably less.Particularly, their

implications in the remote canopy, above-tree canopy,and aerial habitats (exposure through wet/dry
precipitation) have not been discussed to date. Though knowledge on the canopy, emergent layer, and
airborne ecosystems and their community interactions is very limited, aerial (avian) and emergent
layer ecosystems are known to play very important roles in atmospheric biogeochemical cycles

(Gusareva et al., 2019), mainly the atmospheric carbon cycle. For instance, tree canopies of the

tropical rainforests play an important role in the carbon fluxes and forest dynamics, and gaps created
in thesecanopies (due to tree mortality) can disturb the community structure of the deadwood
decomposersand hence the natural carbon cycle (Griffiths et al., 2021). The canopy ecosystems are

mostly arboreal, which play a crucial role in the carbon and nitrogen biogeochemical cycles
(Bortolazzi et al., 2021).

Emergent and canopy layers of the forest ecosystems are directly exposed to the atmospheric MPs
deposition by precipitation (wet/dry) or wind circulation. Suspended atmospheric MPs that deposit in

the terrestrial environment can adhere to the plant surfaces (Liu et al., 2020a). Most of the studies on

the transport and deposition of airborne MPs indicate the predominance of low-density polymers.
Low-density PE MPs can alter the soil characteristics and natural microbiome (community
composition) of forest soil, and enhance the anaerobic communities resulting in increased soil
respiration (by carbon dioxide fluxes and methane emission), leaving direct consequenceson climate

change (Ng et al., 2020). Therefore, atmospheric deposition of MPs may have serious implications in

not only the canopy and understory layers but also the forest floor ecosystem.The emergent and
atmospheric ecosystems mostly comprise birds, bats, and insects. Migratory seabirds are known to

consume MPs (Masié et al., 2019; Zhao et al., 2016),which are preyed on by many avian predators
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such as hawks (Pokharel, 2020), thus transportingMPs in the aerial food chain (Figure 5). Even

mosquitoes can consume and transportMPs through various ontogenic levels of their life cycle: from
larva to adulthood, which is in turn preyed on by adult flies (in larval stage), spiders (while resting),
birds, and bats (on flight) (Al-Jaibachi et al., 2018), thus contaminating the aerial food chain. As

MPs can significantly accumulate inthe canopy and emergent layers,there is a clear need to
explorethe impacts caused by MPs on the atmospheric microbial communitiesand arboreal

biodiversity (Figure 5).

Moreover, carbon emissions from atmospheric and ocean plastic particulatescan directly influence

naturalcarbon sequestration and climate change(Fadare and Okoffo, 2020; Shen et al., 2020). In

order to understand the global plastic cycle, it is preferable to develop a methodologywith very high
spatial resolution, along with reliable modeling approaches based on air-mass trajectories, dust,
wet/dry deposition rates, and population statistics (Brahney et al., 2020).To map the possible sources

and residential/forest areas that are susceptible to airborne fallout of MPs, it is necessary to document
and explore the prevalence, distribution, and of MPs in outdoor and ambient air.Reports on the
estimation of MPs in indoor and outdoor air have been summarized in Table 1. All these studies
successfully documented MPs in the air (outdoor/indoor), but unfortunately, many of them could not

effectively trace the possible sources of fallout.
6. Exposure routes and health risk of aerial MPs

Airborne MPs can have direct exposure and impacts on human health (Table 2), but unfortunately,

the data available on environmentally relevant and realistic exposure is limited.
6.1 Routes of domestic and industrial exposure

Airborne MPsspread in terrestrial environments by wind erosion, creating a potential risk of

exposure through direct inhalation of MPs suspended in the dust (Rezaei et al., 2019).Inhalation is a

major route of aerial MP exposure and dust is a significant medium for human inhalation (Liu et al.,

2019a;Revel et al., 2018). Aerial MPs, when inhaled, may potentially induce a wide range of

diseases in the respiratory and cardiovascular systems, or even cancer (Barboza et al., 2018; Prata,

2018). Inhalable fibers (small micro and nanofibers) dispersed in air, could even release absorbed
chemicals into the lungs.Catarino et al. (2018)observeda greater exposureto MP through household

fallout than that through consumption ofcontaminated mussel, Mytilus edulis. In urban China, the
geomean daily exposure of PET for children through indoor dust is estimated to be 17,300

ng/kgbody weight (Liu et al., 2019a), which is non-negligible. But Vianello et al.

(2019)demonstrated through an indoor breathing thermal manikin experimentin 3 residential
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apartments (Denmark) that the human inhalation exposure to natural MFs (91%) is greater thanthat
to synthetic (plastic)fibers (4%). However, the study interestingly found that fibrous MPs are usually
smaller than the natural fibers, making them more readily inhalable. The available studies suggest
that MPs in particular MFconcentrations in the indoor are higher than in the outdoor environments.
However, due to the insufficiency and uncertainty in the available data, disparity arises in the
pulmonary exposure and parameters (like vital capacity,expiration rate, maximal inspiratory
pressure, etc.). Therefore, ingestion exposure is generally deemed to be higher than inhalation
(Senathirajah et al., 2021). However, airborne MPs may also be ingested via oral exposure in a

contaminated environment (ambient or outdoor) during everyday activities like talking, eating,
etc.Moreover, human exposure to airborne plastic additives including phthalates and other co-
pollutants remains unknown. For instance, humans can be exposed to airborne BPA through
inhalation, air/dust ingestion, both from MP or non-MP sources (Smith et al., 2018). But

unfortunately, inhalation, skin contact, and ingestion are not the only sources of exposure to airborne
MPs. Airborne MPs may adhere to hair, and hence the dermal contact through the scalp is

underestimated but a potential source of exposure(Abbasi and Turner, 2021).

In a study conducted in Iran on saliva, hair, and skin of the residents (local), PE, PET, and PP fibers
(sourced from both indoor and outdoor settings) were consistently present, especially in all the hair

samples, highlighting a major source of exposure (Abbasi and Turner, 2021). The study interpreted

that the human head hair has a high surface area, and tortuosity, which make them acquire
electrostatic charge to attract, trap and harbor airborne MPs, particularly fibers emitted from garment
wear, soft furniture, etc. These harbored MPs may enter the human system through dermal contact
and absorption (scalp) though it remains unproven. MF composition in air changes with different

clothing demandsaccording to seasons(Kaya et al., 2018).Therefore, to enunciate the impacts of MPs

on human health with respect to exposure, one needs to understand the airborne pathways and the

environmentally realistic exposure levels (Kelly and Fussel, 2020; Kelly et al., 2020).Regional, inter-

regional, and local sources play a major role in human exposure to outdoor airborne MPs (Abbasi

and Turner, 2021). Therefore, the spatial distribution and origin of tropospheric MPs need to be

tracked to estimate the inhalation exposure (Kelly et al., 2020). As humans living near the source
areas (urban) are being more susceptible to aerial MP exposure, it is necessary to explore if aerial

MPs do considerably contribute to PM level in urban air.

Workers of synthetic textile industries are being exposed to airborne MPs like nylon, PE, PP, PS,
PET, etc. (Kelly and Fussel, 2020). A study demonstrates that inhalable MFs (polyester and nylon

textile fibers) retarded the development and inhibited the cell repair of pulmonary airway organoids
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(in vitro) in both human and murine cells (Dijk et al., 2021). Workers in industries dealing with

electronics, packaging, automobile, chemical additives, pigment, toys, etc., are exposed to PS. A
recent study on PS MPs observed significant toxicological effects including morphological change
and retarded human alveolar cell proliferation within 24 hours of exposure (Goodman et al., 2021).

However, another in vivo study showed no significant inhalation (intra-tracheal exposure) impact of

PE MPs on pregnant mice (gestational and neonatal study) (Han et al., 2021). Almost all the

available toxicity studies show inconsistent impacts, majorly due to limited knowledge on the
realistic industrial exposure to airborne MPs. The Occupational Safety and Health Administration
(OSHA) (United States of America) does not include long-term exposure to plastics in its 2016

guidelines (OSHA, 2016). Unfortunately, none of the countries in the world has framed active

legislation or occupational exposure limit for airborne MPs. There are 2 major reasons for the lack of
a legal framework: 1) MPs are still considered as contaminants of emerging concern and there is
limited documentation of airborne MPs across the world; 2) The first measurements of airborne MPs
were performed only 5 years ago and hence standard characterization methods are not yet available.
For instance, the government of India has issued guidelines for occupational hazards like Beedi and
Cigars Act (amended in 1993), The Building and Other Construction Workers Act (1996), etc., but

those do not include plastic exposure (India OSH guidelines, 2018). But still, Indian workers of

plastics and rubber industries have been observed to consistently develop health conditions like
carcinomas, cytogenetic damage, high levels of oxidative stress, and liver enzymes, low levels of
glutathione, hemoglobin, etc. (India OSH guidelines, 2018). Many countries around the world

(United States of America, England, China, etc.) have updated their guidelines/regulations on
outdoor and ambient PM (EPA AQI guidelines, 2014), andMPscan be considered as a part of the PM

(Table 3). However, more studies are needed to develop an updated regulatory policy on the

occupational hazards and long-term exposure and toxicity of PM.There is no recent study available
on the occupational hazards of inhalable/non-inhalable PM-MPs. Also, the available PM guidelines
focus mainly on the inhalable particles, while MPs can also adhere to the hair (which could be a

major exposure route) and skin (Abbasi and Turner, 2021), and only a little or no information is

available on the long-term dermal (scalp, face, hand) exposure of airborne MPs concerning the
industrial workers.Workers in the flock (decorative fibers), synthetic textile, plastic, and packaging
industries are prone to the high exposure of airborne MPs, which may lead to occupational diseases

(Prata, 2018), while the general public may not. Therefore, health impacts associated with airborne

MPs need to be understood in relevance to the exposure.
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6.2 Health implications

Once inhaled, MPs or NPs can enter the central airway and distal lung (Levermore et al., 2020), and

cause DNA damage, cellular damage, oxidative stress, inflammation, secretion of cytokines, etc.
(Vethaak and Legler, 2021). A few in vivo and in vitro studies have provided evidence for

pulmonary toxicity, cellular permeability, and teratogenicity of airborne MPs(Lim et al., 2021;

Isinibilir et al., 2020; Hwang et al., 2019). Exposure to high concentrations of atmospheric MPs may

lead to immune disorders, inflammation, and neurodegeneration (Prata et al., 2020). Airborne MPs

can harbor microbes and some of the deposited invasive communities can adhere firmly to the

surface (Pickett et al., 2019). Several bacterial communities isolated from environmental MP

surfaces (soil, water, air) have been identified as invasive, virulent, and antibiotic-resistant strains
(Liu et al., 2021; Bank et al., 2020). Both synthetic and biodegradable MPs can harbor multi-drug

resistant and antibiotic-resistant biofilms (Sun et al., 2021). A recent preclinical study has identified

PP MPs in the amniochorial, maternal and fetal membranes of human placenta collected during

vaginal birth of healthy women volunteers (Ragusa et al., 2021), highlighting the possible

teratogenicity of MPs and their associated endocrine disrupting agents such as BPA, phthalates,
monomers, etc. (Rai et al., 2021).In marine animals, inhaled MPs can interact with epithelial tissues,

and carry pathogens, leading to toxicological, nutritional, developmental, or immunological
implications, which seem very similar to ingestion, leading to tissue inflammation, cell

proliferation/necrosis, and immune suppression (Wright and Kelly, 2017).Nano-sized particulates

can readily interact with proteins, enzymes, or biochemical components of cells, causing injury,

inflammation, etc. (Nho et al., 2020). Some notable studies on the health implications associated

with exposure to airborne MPs have been summarized in (Table 2).
7. Airborne MPs and the new normal

There is a worldwide increase in domestic and medical waste throughout the COVID-19 pandemic

due to the dearth of manpower to handle the accumulating litter (You et al., 2020). Disposed

personal protective equipment (PPE) kits and single-use face masks used by medical personnel have
led to the massive accumulation of plastics in the environment (Adyel, 2020). Moreover, the
synthetic head covers, shoe covers and gowns of PPE are also expected to be a source of airborne
MPs. But the rate of atmospheric fallout of MPs from this emerging waste is unclear. Fabric face
masks used by people across the world have become a latent source for atmospheric MPs

(natural/synthetic) (Fadare and Okoffo, 2020). Wearing and reusing synthetic face masks increase

the inhalation (nasal/oral) exposureof MPs, whileother commonly used masks (cotton, fashion fabric,

surgical, activated carbon)other than N95, whichcould filter 95% of the tiny airborne particulates
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(effectively reduced MPs inhalation) pose a higher risk of atmospheric MPs inhalation (Li et al.,
2021). However, the study interestingly found that wearing masks, even for the long-term (720h),
lowered the risk of airborne particulate (granules, fragments) MPs inhalation, while increased the
risk of fibrous (synthetic fibers) MPs inhalation. Nevertheless, regardless of wearing masks, the

inhalation risk of airborne (outdoor/indoor) MPs and NPs was high.

Air pollution not only transmits airborne pathogens but also suppresses innate immunity and

antimicrobial peptides (Crane-Godreau et al., 2020). Gupta et al. (2020)estimated that the rate of

COVID-19 fatality in nine Asian cities increased with increasing particulate (PM1o and PM2s) air
pollution. It is already known that SARS-CoV-2 remains stable in aerosol and on solid surfaces

(Arslan et al., 2020).Enyoh et al. (2020)suggested that contaminated MP surfaces in the air could be

a potential transmission route for COVID-19 without having to travel or contact an infected person.
While it has been well demonstrated that MP in aquatic system serves as a vector for the transport of
microorganisms including bacteria and virus, there has not been any study so far demonstrating
whether airborne MPs could be a vector for the virus. Due to the wide improper disposal of PPEs and
masks, airborne MPs emitted from the contaminated waste sites can become a potential vector of
transmission (Liu and Shauer, 2021).Moreover, MPs can also carry animal pathogens to various

ecosystems. For instance, Radisic et al. (2020)identified virulent strains of fish pathogens,

opportunistic human pathogens, and antibiotic-resistant microbial communitiesin marine plastics
from the NorwegianWest Coast. As atmospheric MPs can harbor resistant and virulent strains (Liu et
al., 2021; Radisic et al. 2020), their possible role in the transmission of variant or mutant strains must

be explored. As airborne MPs are acknowledged as harmful to the environment and health, it is

important to understand and quantify their influence on AQI.
8. Implications of MPs in the AQI

AQI refers to the measure of the pollution in the air, which can causehealth impacts upon exposure

(within hours or days) (EPA AQI guidelines, 2014). It is a normalized scale to measure the overall

air pollution of a region. It includes various parameters like PM, tropospheric ozone (Os), oxides of
sulphur (SOx) and nitrogen (NOx), carbon monoxide (CO), ammonia (NHs), lead (Pb) (WHO air
quality guidelines, 2005). The numerical scale (usually 0-500) and index vary for different countries,

and hence there are various AQIs followed across the world. PM refers to fine particles (a mixture of
liquid droplets or solid) suspended in the air. The minimum breathing height for an average adult
human is 0 - 1.2 m above ground level,where airborne MPs (inhalable/ingestible) have been
generally documented (Mbachu et al., 2020). Air pollution guidelines do not include MPs as a

specified separate entity, but they come under the PM(generalized) as airborne aggregates.PM in the
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air can decrease the air visibility, which is measured using nephelometer as difference in light

scattering(scattering potential) (Hu et al., 2021). Particulate plastics like vehicular MR, MF, sea-
spray MP aerosols, etc., can scatter light, thus changing the scattering potential. As synthetic fibers
(particularly PA) absorb moisture due to their hygroscopic surface (Kreider et al., 2021), and occur

in windblown street dust (Abbasi et al., 2019), MPs can form aerosols, which may restrict the

visibility to a non-negligible extent. However, the possible influence of MPs on the air visibility
remains unexplored to date. Even though airborne MPs potentially contaminate the urban and the
industrial air, little attention has been paid to their role in policy frameworks and assessment

guidelines (Abbasi et al., 2019). As discussed earlier, research needs to overcome the limitations in

characterization, health impact assessment, and understand the realistic exposure levels before
advancing to the policy framework. World Health Organization released a detailed report on the
documentation, exposure, and possible sanitary impacts of MPs in potable water (WHO Report,
2019). But extensive exposure studies and policy standards are unavailable for inhalable MPs/NPs in

ambient air.

According to AQI, plastic particulates, especially come under PM, as either PM1o (<10um) (MPs) or
PM2s (<2.5um) (NPs).But unfortunately, universal ambient air quality standards are not available
exclusively for MPs/NPs which is becoming an emerging source of PM1o and PM2s. Most of the
countries of the world have not set national standards either, because many developing and
industrialized nations have not yet attempted to document and monitor MPs in ambient air. For
instance, in India, there areso far only 2 studiesthat documentedairborne particulate plastics in
metropolitan cities (Chennai and Nagpur) (Patchaiyappan et al., 2021; Narmada et al., 2020). Even

while PMsignificantly increases in Delhi during winter, leading to a sudden surge in the city’s AQI,
there is no documentation available foratmospheric MPs.The global studies on airborne MPs are
fragmented, and none of them hascorrelated the MP levels with an effect on AQI.No extensive
research has been carried out yet to understand the extentofthe contribution of MPs/NPsto PM1o or
PM2s emissions.Moreover, standard methods for the measurement of airborne MPs need to be

developed before the definition of air quality standards.

High PM (<10 um) levels in the air are responsible for theincreased number of deaths due to air
pollution(EPA AQI guidelines, 2014; WHO air quality guidelines, 2005).Biomass burning (including

bushfire) is regarded as animportant source of PM pollution in the air. Airborne PM from smoke
haze caused by uncontrolled biomass burning together with forest/peat fires impairs the air quality,
atmospheric visibility, hydrologic cycle, ecosystems, climate, and human health (Adam et al., 2020).

Plastics used for mulching and land applications may release MPs and chemical vapors when burned.
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Bushfire can release these MPs into the air. However, it is still unclear if the abundance of MP/NP

particulates in the air can increase the risk of fatality. Dong et al. (2020)has recently reported that PS
MPs not only promoteinflammation and cytotoxicity in BEAS-2B (human pulmonary epithelium)
cells but also diminish certain proteins called zonula occludens, which can lead to chronic
obstructive pulmonary disease (COPD). They concluded that PS particulates entering the lungs, even
at low concentration (1 pg cm) could disrupt the pulmonary barrier, and hencecould causeserious

lung disorders.The toxicity of airborne MPs is influenced by weathering or aging (Zhu et al., 2020).

The available global guidelines have set the annual mean exposurefor PMzsand PMioas 10pgm=and
3

20 ug m™ respectively(WHO air quality guidelines, 2005) (Table 3). Considering MPs as
atmospheric particulates, more research studies need to be undertakento understand the impacts and
exposure of airborne MPs. The global framework for air quality assessment has identified and set
exposure limits for various chemical contaminants including mercury (Hg), lead (Pb), phenols, other

organic compounds, etc.(EPA _AQI guidelines, 2014), but not for plastic particulates, which can

facilitate the transport of all the above-mentioned pollutants in the air.Atmospheric aerosolPM can

also contain MPs/NPs (Brahney et al., 2020). Moreover, the rates at which atmospheric MPs adsorb

and desorb the other airborne pollutants including volatile organic compounds and modes of
transmission of toxic air pollutants need to be investigated and conceptualized. Air quality
assessment studies should quantify the proportion of MPs in the overall PMto derive a clear insight

into the sources and implications of air pollution.
Concluding remarks, challenges and prospects for future research

The present article briefly summarizes the current status, recent advances, and research gaps in the
field of airborne MPs, and attempts to recommend major imminent implications to the
environmentalists, researchers, and policymakers.We systematically discuss the available literature
on the atmospheric transport, global documentation, and health implications of airborne MPs, and
provide critical and novel insights on their implications in the canopy and emergent ecosystems,
overall PM pollution, AQI of a region, and airborne transmission of an epidemic or a pandemic
disease. The present review highlights the crucial knowledge gaps in the field, on which future

research needs to focus.

Standard characterization methods for MPs need to be established not only for aquatic and terrestrial
systems but also for the MPs in the air. With the accumulating shreds of evidence, one can
hypothesize that the airborne MPs are likely to havesignificantconsequences on the environment and
human/animal health. Significant MP depositionhas been measured in the atmosphere (for instance,
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175 - 313 particlesm2day™* in the fallout from Dongguan (Cai et al., 2017)). Nevertheless, the extent

to which they account for the increase in PM levels in the air remains unquantified.The global

distribution of aerial MPs needs to be mapped to mitigate the levels and to understand the extent of

pollution especially in remote ecosystems resulting from the transboundary transport of airborne

MPs. Thus, irrespective of the environmental and human health impacts, aerial/terrestrial plastic

waste generation needs to be curtailed and research on sustainable plastic waste management needs

to be undertaken.Here are a few criticalrecommendations for environmentalists, researchers, and

policymakers in the field:

Future research should throw more light on the pathways of atmospheric transport of
airborne MPs so that susceptible hotspots concerning potential sources can be identified.

The contribution of airborne MPs and NPs to PM including atmospheric aerosols needs to be
investigated and quantified.

There is a need to focus on understanding the atmospheric transport of MPs and the mapping
of the majorly vulnerable ecosystems. For example, as MPs can spread and accumulate in
polar snow, the associated impacts on the polar ecosystem and trophic levels need to be
analyzed.

Recent research has beenfocusing on the development of standard characterization and
quantification techniques for aquatic and terrestrial MPs and NPs, whereas sampling of MPs
from air requires different tools and approaches. Future research should attempt to establish
standardized techniques and methods that are specific for airborne MPs/NPs.

There is a lack of data on the concentrations at which aerial MPs are being inhaled or
ingested. Also, ecotoxicological studies on airborne MPs should be established to understand
their environmental and biological impacts.

Methods like in vivo and in vitro cell assays should be optimized to explore cellular
interaction, toxicity or genetic disruptions by inhaled MPs, and other possible respiratory
ailments.

Data on MP respiratory exposure of workers in any industrial sector dealing withall forms of
plastics including airborne MPs needs to be collected. Issueing policy guidelines for aerial
exposure of MPs is much needed and the corresponding health effects due to long-term
exposure need to be studied.

AQI and other assessment guidelines should recognize MPs as an emerging air pollutant and
suggest relevant standards and exposure limits so that the air quality of the vulnerable (near-

source) areas can be monitored.
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e Further intensive inter-disciplinary research should gather evidence of human health effects
of air-borne MPsincluding the associated pollutants and additives.

e As the dust falloutprecipitation in remote environments can be polluted with MPs/NPs,
sensitive habitats like above tree canopies or aerial microbiota arevulnerable to atmospheric
MPs. Therefore, their corresponding impacts on air and arboreal ecosystems need to be
evaluated.

e Extensive studies are required to clearly understand the possible links between atmospheric
MPs/NPs and the atmospheric transport of virulent/antibiotic-resistant microbial strains,
particularly concerningthe transmission of the ongoingSARS-CoV-2(COVID-19) pandemic.
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Table 1.

Country Sampling site Forms of Assessment Sampling Refe
MPs method renc
es
India (Chennai, Street dust (urban) Predominantly  Abundance: 227.94 Passive  Patchai
Tamilnadu) fragments +91.37/100g sampling  yappan

(street dust et al
collectors) (2021

Australia (Victoria) Roadside dust (urban  Predominantly  Abundance: 20.6 -  Streetdust  Su et
and rural) fibers 529.3 itemskg™ sampling al.
(2020)
India (Nagpur, 4 outdoor sitesinand  Predominantly Abundance: 50-120  Particulate Narma
Maharashtra) around Nagpur city fragments, particles d samplers da et
filaments, fibers al.
(2020)
United States of 11 protected national ~ Predominantly Mean annual Passive Brahne
America (West U.S.A)  parks across western microfibers  deposition rate: 132 sampling  yetal.
America + 6 particles m?d* (dry 2020
deposition
and
precipitation)
United States of Indoor and outdoor air Microfibers and - Active Gaston
America (California) in coastal southern fragments sampling etal.
California (5 locations (vacuum  (2020)
across 100km) glass
microfiber
filter)

Vietnam (Ho Chi
Minh)

United Kingdom
(London)

China (Beijing)

United Kingdom
(Nottingham)

Atmospheric fallout
(Phuoc Hiep landfill,
Cu Chi)

Atmospheric
deposition (a tall
building in Central
London)

Urban area in
northwest Beijing (at
1.5m and 18m above

ground)
Surface water samples
(urban Trent
catchments) and
atmospheric fallout
(Roofs of University of

Predominantly
microfibers

Deposition rates:
1,801.2 particles m-
2d1 (dry season) and
913 particles m2d*

(rainy season)

Predominantly Deposition rate: 712
microfibers + 162 m2d?
(January-February:
Cool and dry
season)
Predominantly At 1.5m: 16.7 x 1073
microfibers fibers mlt; At
18m:14.1 x 1073
fibers mI?t
720 fibers
(freshwater); 1100
fibers (fallout)

Predominantly
natural fibers

Asimplified Thinh
sampling et al
device to 2020

collect
rainfall and
dust
Passive Wright

sampling et al
(outdoor 2020

deposition)

Passive Li et
sampling al.
(atmospheric  (2020)

deposition)

Passive  Stanton
sampling etal.
(atmospheric  (2019)
deposition)




Nottingham)

China (Shanghai) 6 sampling stations ~ Predominantly Mean concentration: Total Liu et
across the district fibers, 1.42+1.42nm?3  suspended al.
(atmospheric fragments, particulate  (2019b
particulate sampling) granules sampling )
device
(active
sampling)

Iran (Asaluyeh city) Street dust from 2 Predominantly Total concentration:  Particulate  Abbasi
sampling stations (an  microfibersand 13,132 MPs and dust etal.
industrial zone and an filaments 3691 MRs from 15 sampling  (2019)

urban zone) samples (active
sampling:
ambient

filter)

Germany (Hamburg) 6 sampling sites in Predominantly Deposition rate: 275 Passive Klein
Hamburg city (selected fragmentsand  particles m2day™ sampling and

based on population fibers (atmospheric Fischer

density) deposition) (2019)

France (Vicdessos A meteorological Predominantly Deposition rate: 365 Atmospheric  Allen

catchment) station in mid-Pyrenees microfibers and  particles m2day* fallout etal.
films (2019)
United Kingdom Mussels tissue and Microfibers MP ingestion by Soft tissue  Catarin
(Edinburg) indoor air (dust fallout consumption: 4620  extraction oetal.
during a meal) particles/y/capita;  (for mussels) (2018)

MP exposure upon  and passive
indoor fallout: sampling

13,731-68,415 (stationary
particles/Y/capita  sampler for

indoor
airborne
fibers)
China (Dongguan) 3 air monitoring Predominantly Concentration: 36 + Passive Cai et
sampling sites microfibers 7 particles m2day*  sampling al.
(atmospheric fallout) (atmospheric  (2017)
fallout)
Iran (Tehran) Roadside dust from 10 Microfibers and Highest Street dust Dehgh
sites in the central ~ fragments (2649 concentration: 605 £ collection by ani et
district particles) 10 particles/30 g dry gentle al.
dust sweeping  (2017)
France (Paris) Indoor (2 apartments  Predominantly  Concentrations: 0.9 Passive Dris et
and an office room), microfibers  fibers m (outdoor),  sampling al.
outdoor (building roof) 5.4 fibers m™ (dust fall and (2017)
air (indoor) deposition
for 4
seasons)
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China (Shandong
province)

France (Paris)

Precipitation samples Microfibers,  Highest deposition Passive Zhou

from Yantai city’s foam, flux: 1.46x105 n m?  sampling etal.
coastal air fragments, films a® (2.33x108* MP  (precipitation (2017)

particles) deposition in

the coastal

atmosphere)

2 sites (urban and semi- Predominantly Highest fallout: 355 Passive Dris et
urban) in Paris city microfibers particles m2d* sampling al.

(atmospheric  (2016)

deposition)
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Table 2.

Type of Polyme Size Mode of Exposure Observation References
study rs range exposure dosage and
studied time
Quantitative PE, <100 um  Skin (face, >3.5 MPs per  MPs sourced from both indoor ~ Abbasi and
exposure PET, hand), saliva, individual per and outdoor settings, highly Turner
study of and PP hair (head) day (hair), 7 heterogeneous exposure. (2021)
MPs to fibers days Adherence to hair was a major
adult source of exposure. Males had
humans twice the MP levels of females
Toxicology PS 20 nm Inhalation 2.64 x 10 NP Upon pulmonary exposure, Fournier et
study of (NPs) (intratracheal particles, 1 day NPs cross maternal pulmonary  al. (2020)
NPs instillation barriers to reach the placenta
translocatio during within 24 hours during late-
n from the gestation) stage pregnancy
lung to the
placenta
In vitro PS 20-100 Transfer to 706 ng mL?, NPs could translocate and Yacobi et
study (rat nm alveolar 0-24 hours localize the cytoplasm of the al. (2008)
epithelial (NPs) epithelial alveolar cells, with trafficking
cell cells by rates being dependent on
monolayers) crossing particle size, temperature,
pulmonary charge density, and cellular
cell barriers energy. However, no NPs were
identified in nuclei and cell
junctions
In vivo PS 24+1 Venous 1.3-1.95 Tests showed accumulation of ~ Zagorski et
study of spheric um infusion million beads cytokine in lungs, vascular al. (2003)
chemokine- al MPs per 100 g body  occlusion, and other changes
mediated weight, 18 similar to those of pulmonary
inflammator hours thromboembolism in humans
y response
in rat lungs
An assay PP 25-200 Addition to 0.1-4.5mg MPs triggered pro- Hwang et
based um cultures per well, 24 inflammatory cytokines al. (2019)
invitro (media) of hours causing a local immune
toxicity somatic cells, response
study in blood cells,
human- and murine
derived immune cells
cells
Lab PS 8 um Ingestion and 108 The crabs inhaled MPs into Watts et al.
aquarium  spheric inhalation, 1 and 107 gills, but no significant impact (2016)
study on the al MPs hour particles L2, was observed
shore crab 24 hours
Carcinusma
enas
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In vivo PS 0.10 pm Inhalation (0.75 x 10°to Impacts were sex-dependent: Lim et al.
inhalation (whole-body 3.00 x 10°) male rats showed increased 2021
toxicity inhalation particle/cm®+  heart weight, decreased AST
study on system), 14  20%, 14 days levels, and decreased
rats days (6 hours/day inspiratory time, while female
for 5 rats showed decreased immune
days/week) cell counts, increased
respiration frequency, and
decreased inspiratory and
expiratory time
Ingestion Mixed 6 um Consumption 5000 MPs ml- Impacted respiration rate, Isinibilir et
study on the  (microb ! 3-8 days deteriorated the energy al. 2020
copepod eads) metabolism, accelerated
Calanus starvation, damage to intestinal
helgolandic tissues (parenchyma)
usco-
cultures
with algae
(Rhodomon
as salina)
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Table 3.

Plastic
particulates as
Parameters PM1o PMzs Aerosol ~ MPs/NPs airborne PM and
aerosol
0.001pm -
5mm Apply
Aerpdynamlc 10um 2 5um 0.01pm - (aerO(_jynamlc
diameter 1mm equivalent
diameter
varies
Particle form Solid Solid  Solid/liquid Solid Apply
General PM
guidelines
Standards  Available Available  Available ] apply, but the
exposure limit
of inhalable
MPs is missing
Inhalability Yes Yes Yes Yes Apply

51



