
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
C

ig
gi

lta
 K

ud
o 

20
23

. D
ow

nl
oa

de
d 

on
 2

0/
07

/2
02

5 
2:

35
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Atmospheric mic
A
a
m
S
g
p
e
p
e
s
S
T
a

Photochemistry and Photobiology.

aGrupo de Investigación de Fotoqúımica y F
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roplastics: exposure, toxicity, and
detrimental health effects

Angela Patricia Abad López,a Jorge Trilleras, b Victoria A. Arana, c

Luz Stella Garcia-Alzatec and Carlos David Grande-Tovar *a

Microplastics (MPs) are micro-particulate pollutants present in all environments whose ubiquity leads

humans to unavoidable exposure. Due to low density, MPs also accumulate in the atmosphere, where

they are easily transported worldwide and come into direct contact with the human body by inhalation

or ingestion, causing detrimental health effects. This literature review presents the sources of

atmospheric MPs pollution, transport routes, physicochemical characteristics, and environmental

interactions. The document also explains the implications for human health and analyzes the risk of

exposure based on the potential toxicity and the concentration in the atmosphere. MPs' toxicity lies in

their physical characteristics, chemical composition, environmental interactions, and degree of aging.

The abundance and concentration of these microparticles are associated with nearby production

sources and their displacement in the atmosphere. The above elements are presented in an integrated

way to facilitate a better understanding of the associated risk. The investigation results encourage the

development of future research that delves into the health implications of exposure to airborne MPs and

raises awareness of the risks of current plastic pollution to promote the establishment of relevant

mitigation policies and procedures.
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Introduction

Plastic is a material present in several articles of daily use due to
its low cost, versatility, ductility, and durability.1,2 However, only
9% of plastic material is recycled, which, combined with the
outstanding resistance, generates a high accumulation.3 More-
over, plastics are quickly released into the environment, and are
fragmented due to the exposure to solar radiation, wind, and
other abiotic or biotic factors, generating smaller particles, even
plastic microparticles.4

In general, the denition of Frias & Nash5 is used to dene
a “microplastic” as “any synthetic solid particle or polymeric
matrix, with a regular or irregular shape, with a size between 1
mm and 5 mm and that is insoluble in water.” Besides, to better
study and categorize these microparticles, Hartmann et al.6

have proposed a framework with descriptors like (a) chemical
composition, e.g., polyethylene (PE), polypropylene (PP), poly-
ethylene terephthalate (PET), polystyrene (PS), among others;
Victoria Andrea Arana Rengifo
graduated from Universidad del
Valle (Cali, Colombia) with
a degree in Chemistry, a master's
degree in Sanitary and Environ-
mental Engineering (2007), and
a PhD in Chemical Sciences
(2015). She is a professor at the
Basic Sciences Faculty of the
Universidad del Atlántico, and
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(b) color, e.g., blue, yellow, green, black; and (c) shape, e.g.,
spheres, pellets, foams, bers, fragments, lms. This last form
of classication represents the primary means to quantify MPs
and also facilitates subsequent analysis since a part of these
microparticles is identied, and the others are evaluated based
on similarities.7

Another way to classify MPs is according to their origin:
“primary” and “secondary” MPs.8 Those MPs that are synthe-
sized at the micrometric scale for multiple applications (such as
components of personal care and cleaning products) are called
primary MPs.9 These MPs end up in wastewater or industrial
water once their life cycle is over, penetrate aquatic ecosystems
due to their incomplete elimination in water treatment plants,
and even penetrate soils when sediments from these plants are
used for agricultural activities.10

Otherwise, MPs that arise from the degradation of macro-
plastics are called secondary MPs and contribute to a greater
extent to global microplastic pollution.11 From a regulatory
point of view, this classication is relevant for risk manage-
ment. It can allow the identication of the main parties
responsible for the release of MPs and assign commitments
aimed at improving their processes so that MPs' emissions or
their sources are reduced through regulatory, economic, and
persuasive instruments.6

Although most of the literature published is based on the
categories mentioned above, these are not the only proposals.
Another alternative was proposed by Kooi and Koelmans,12 who
expose that discrete classications for sizes, shapes, and
densities are unsatisfactory as they do not represent the
continuous nature of environmental MPs. They propose a full
denition of MPs through a three-dimensional (3D) probability
distribution, with size, shape, and density as dimensions. Here
we can see the rst challenge, reaching a consensus on the
classication of the MPs.

Due to microparticle size being an essential factor in
dening their interaction with biota and environmental fate,
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the easy MPs migration to other spaces, spreading pollution,
and complicating control and management have been
studied.13

Since their discovery, the study of MPs has focused on
aquatic10,14 and terrestrial ecosystems.15,16 However, from 2015,
when MPs were detected for the rst time in atmospheric
precipitation,17 studies on airborne MPs have dramatically
increased,18–20 as shown in Fig. 1, because the atmosphere is
a reservoir and a superhighway through which large amounts of
suspended materials are transported.21–23 The research on
airborne MPs is divided into three categories: suspended
atmospheric microplastics (SAMPs), atmospheric fallout, and
dust (indoors or outdoors),24 where the density of theMPs is one
of the essential factors for the classication since a higher
particle density leads to faster deposition.23 Each category has
a specic sampling process; the rst two categories are based on
passive measurements, and the last one is on active sampling,
which more accurately reects airborne MP exposure inten-
sity.25 MPs' presence in the air causes a particular concern since,
in contrast to those in other environmental compartments, they
can enter the human body by inhalation and ingestion.26,27 MPs
in biological systems can cause inammatory lesions, oxidative
stress, and cytotoxicity. Once inside, they can remain intact for
a long time, translocate to other tissues, and even accumulate in
different organs.9 In addition, the inability of the immune
system to eliminate MPs can lead to chronic inammation and
increase the risk of neoplasia.28

Therefore, this investigation aims to recognize the attributes
that confer toxic potential to MPs, associated with their physi-
cochemical characteristics and interactions in the environment.
The research also presents the main routes of exposure to these
atmospheric pollutants, their abundance, sources, mechanisms
of transport, and recent ndings on their implications for
animals and human health.
Methodology

The investigation was performed for articles published between
2015 and May 2022 using the Scopus and Google Scholar
databases. The literature was obtained from a systematic search
Fig. 1 Number of publications about atmospheric MPs per year, since
2015 to May 2022. Source: Scopus database.

7470 | RSC Adv., 2023, 13, 7468–7489
according to the PRISMA methodology – Preferred Reporting
Items for Systematic Reviews and Meta-Analyses.29 Publications
related to the study of atmospheric MPs and their effects
on human health were obtained using the following search
key: (microplastic*ORmicro-plastic*ORmicrober*OR ber*)
AND (air OR atmosphere OR atmospheric* OR airborne) AND
(health OR risk OR inhalation OR toxic* OR exposure).

This search yielded 832 articles ltered by title, abstract, and
general content (Fig. 2). In addition, the search was limited to
documents included in the “Environmental Sciences”; category
and the “English”; and “Spanish”; languages in the Scopus
database. The total number of publications included in this
review was 143, and 81% were published in the last three years,
demonstrating the relevance of the MPs' problem and its
ubiquitous presence in the atmosphere.

Likewise, additional articles were included directly from the
reference search to expand or complement relevant details to
understand better the possible detrimental health effects
caused by MPs.
Abundance of atmospheric MPs

Estimating their abundance in the air is the rst step to
analyzing the exposure and risk associated with atmospheric
MPs. MPs' abundance is generally related to their sources and
transport.

Regarding sources of atmospheric MPs, these can be studied
according to the environment, outdoors or indoors, and all are
Fig. 2 Schematic representation of this review's literature search,
screen, and selection process.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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associated with anthropogenic activities, like industrial, agri-
cultural, or domestic activities.21

Sources of airborne MPs – outdoor environments

The sources of airborne MPs in outdoor environments are
diverse. For example, synthetic clothing has been mentioned as
a predominant source of microplastic bers.30 Likewise, abra-
sion of synthetic textiles,31 incomplete incineration of plastic
waste,32 municipal solid waste,33 dust storms,34 abrasion from
synthetic rubber tires,35 scaffolding mesh on construction sites,
and synthetic turf for ground cover36 are recognized as potential
sources of MPs suspended in outdoor air.

Sources of airborne MPs – indoor environments

In general, site furniture represents an essential source of MPs
in the indoor air because the tiny bers of furniture, curtains,
carpets and other objects can be released into the air.30 Also, the
use of air conditioners,37,38 paint coatings, and the type of oor39

inuence the concentration of MPs suspended indoors.
Likewise, the levels of MPs in the air depend on the activities

that take place indoors, the number of people present,40 and the
plastic contained in the objects used41 since it has been found
that MPs are generated just by opening and handling plastics,
such as containers or wrappers.42

In addition to these local sources, distant sources of MPs are
also important, especially for remote areas with less anthropo-
genic disturbance,8 since atmospheric transport allows the
migration of MPs to sites far from their starting point.23,43 The
MPs' presence in air samples from remote oceanic regions43,44

and even glacial territories45 indicates that it is not a local
problem.

Effects of atmospheric processes on MPs abundance

Although MPs are ubiquitous in atmospheric environments,
their abundance varies from one place to another depending on
the altitude, latitude, environmental conditions, and season of
the year, among others.44 For instance, a higher concentration
of MPs has been found near the ground than at high altitudes
due to the inuence of atmospheric pressure and gravity
(vertical concentration gradient).45 On the other hand, the
vertical temperature gradient helps the ascending movement of
MPs because, in the lower part, the air is warmer and, therefore,
less dense, tending to rise. Still, it may also blockMPs in the so
layers of the atmosphere in case of temperature inversion since
the cold air located at a lower altitude is heavier and cannot rise,
preventing the dispersion of atmospheric pollution and leaving
the pollutants trapped near the surface.21

In addition to these thermodynamic aspects, it is necessary
to consider chemical processes since, in the atmosphere, MPs
can change their size distributions due to the photo-
degradation, inuencing their abundance, transport mecha-
nisms, diffusion, reactivity, and interactions with other
contaminants and microorganisms.46 Free radicals mediate
these photooxidation reactions, and they are initiated by solar
radiation, altering the mechanical, physicochemical, thermal,
and surface properties (e.g., such as hydrophobicity, surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
charge, surface area, and porosity) of MPs, especially for those
with the presence of chromophores.4

Subsequent reactions in photodegradation are associated
with chain scission reactions, which generate lower molecular
weight microparticles that are easier to move in air,47 as well as
gaseous products and soluble organic compounds that can
promote or inhibit microbial growth.46 Themolecules of O3, SO2

(in singlet or triplet reactive state), and NO2 present in the
atmosphere are responsible for the chain scission of polymers
aer the reaction with the carbon–carbon double bonds.4 Fig. 3
illustrates these atmospheric processes and their impact on
MPs' transport.

To address these heterogeneous processes on solid particle
surfaces in the atmosphere, the IUPAC Subcommittee on Eval-
uation of Gas Kinetic Data for Atmospheric Chemistry48 deter-
mines absorption coefficients and adsorption parameters to
calculate rates of heterogeneous trace gas reactions. So far, the
interactions between gases and solid surfaces such as ice, acid
hydrates, and mineral dust have been studied. However, due to
the complexity of these heterogeneous atmospheric processes,
current knowledge is insufficient to allow plastics to be incor-
porated into chemical and atmospheric transport models.
Factors associated with the abundance of airborne MPs

For outdoor environments, meteorological phenomena such as
dust storms34 and monsoons promote transboundary migra-
tions of MPs.49,50 Climatic factors such as wind and rainfalls
(signicant for tropical countries with high intensity and
volume precipitation) positively correlate with MPs abundance,
inuencing the transport and settlement of MPs suspended in
the air.50 In coastal regions, air mass trajectory can affect MPs
deposition; when the inowing air mass is terrestrial
(predominantly from local sources), there is a higher MPs
deposit than when the inowing air mass is marine. Concern-
ing wet and dry periods, MPs deposition is higher during wet
periods. In this period, the amount of MPs will depend on the
intensity of precipitations that may occur (rainfall, snowfall). In
dry periods, MPs deposition may increase when the mean wind
speed and relative humidity increase. MP particles may increase
in size due to hygroscopic growth, increasing the deposition
rate.51 Fibers represent the type of MPs with the highest abun-
dance percentage found in different atmospheric environ-
ments. These particles are more transportable due to the low
density of plastic particles (0.65 to 1.8 g cm−3) concerning soil
particles (∼2.65 g cm−3).52

Also, just as atmospheric MPs can be deposited, those
present on land or water can be resuspended in the air, leading
to a cyclical exchange of MPs via air, water, and land.24 Even
terrestrial plants could temporarily store MPs in their leaves.53

In this exchange dynamic, airborneMPs contribute signicantly
to pollution levels in marine and terrestrial ecosystems by
falling onto their surfaces.22,54,55 Some studies reported that MPs
atmospheric deposition is the main contributor to MPs' pres-
ence in the ocean.23,56

Regarding indoor environments, the movement of MPs is
inuenced by temperature and humidity.57 In addition, the
RSC Adv., 2023, 13, 7468–7489 | 7471
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Fig. 3 Atmospheric processes on MPs. (I) Airborne pristine MP. (II) Photodegradation of MP by solar radiation and interactions with atmospheric
compounds. (III) MP degradation, lower weight particles achieve long-range transport, heavier ones achieve short transport distances ©[Abad]
via https://www.canva.com/.
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presence of air conditioners is relevant because they can
resuspend sedimented particles or bers and control their
distribution through indoor air.37 Diverse studies have shown
that the concentration of MPs in the indoor air environment is
much higher than that in the outdoor within the same area,44,58

which may be attributed to conditions of high population
density and mainly to the poor particle dispersion.41

For the above, the composition of indoor MPs varies signif-
icantly compared to outdoor. Still, in ventilated spaces, similar
patterns are observed59 since an exchange of indoor and
outdoor MPs can occur due to an airow caused by the venti-
lation of a door or window.58

It is worth mentioning that other factors that affect the
abundance, transport, dispersion, and settlement of MPs in the
air are the shape and length of the particles (associated with
their buoyancy), so these physical characteristics play an
essential role in their movement.54,60
Transport of airborne MPs

Some investigations estimate the inuence of distant MPs
sources on the local abundance of these microparticles in
a particular area. For instance, Wright et al.61 studied the long-
range transport of MPs from the time they are suspended in the
air, and the trajectory traveled based on their concentrations,
wind speed, and direction data. The suspension time was
calculated based on the average height of the study site's
boundary layer and the MPs' sedimentation speeds, which were
obtained according to each morphology and the average wind
speed. In addition, they studied the local sources of MPs
through bivariate polar diagrams, which also allowed them to
determine the mean value of the concentration of an environ-
mental pollutant against the direction and speed of the wind.61

To explore the relationship between weather conditions and
atmospheric MPs abundance and also to determine the inner
7472 | RSC Adv., 2023, 13, 7468–7489
connection between environmental factors and MPs distribu-
tion, Liu K. et al.62 calculated a rough estimation of the hori-
zontal transport ux of SAMPs as follows:

FluxðSAMPsÞ ¼
ðh1
0

Ndwqdz

where Nd, w and z represent the MPs abundance (n m−3) (items
per cubic meter of air), the horizontal wind speed (m s−1) in the
q direction, and the approximate sampling height (40 m),
respectively.

To track the areas through which the air masses passed
before reaching the reception points and to analyze the domi-
nant airow directions and possible sources of MPs that affect
the sampling area, Ding et al.56 used backward trajectories. They
used the National Oceanic and Atmospheric Administration
database (in addition to the Global Data Assimilation System
meteorological archives) and the Hybrid Single Particle
Lagrangian Trajectory Integrated (HYSPLIT) model. This
computer model is widely used to calculate the backward
trajectories of airborne MPs to determine how far and in which
direction these microparticles will move.22,49,63 Using backward
trajectories allows entering multiple input meteorological
elds, physical processes, and emission sources to estimate
transport, dispersion, and deposition patterns.56

To assess MP total deposition ux (DF), Kernchen et al.64

used the following equation:

DF ¼ cg

at

where DF: number (nDF, Nm−2 d−1) or mass (mDF, kg ha−1 a−1)
deposition ux, respectively; c: blank subtracted count (N) or
mass (kg) of plastic particles in a eld subsample found by mFT-
IR; g: subsample size; a: exposed surface area of the collecting
funnel (0.05187 m2/5.187 × 10−6 ha); t: duration of sampling
(days per year).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Exposure routes to MPs

Human exposure to airborne MPs occurs along three routes:
inhalation, ingestion, and dermal contact,9,26–28 as shown in
Fig. 4.
Inhalation

Inhalation is the most signicant route of human exposure to
MPs.65 It has been estimated that, on average, a person inhales
between 26 and 130 MPs per day,18 and even with light physical
activity, up to 272 MPs per day can be inhaled.66 Indoors, an
input between 1.9× 10 3 to 1.0× 10 5 MPs per year is estimated,
while a range of 0–3.0 × 107 MPs per year for outdoor
environments.67

Akhbarizadeh et al.68 carried out an estimation of MPs intake
via inhalation on average and dusty days using the following
equation:

ADI = C × IR

Where ADI is the average daily inhale (items per person per
day), C is the MPs number (items per m3) and IR is the inha-
lation rate (m3 per day).

The possible inhalation of MPs depends on their size, which
determines whether they will reach the respiratory system.28

Thus, MPs can be inhalable (that is, capable of being deposited
in the upper respiratory tract aer entering through the nostrils
or the mouth) or breathable (capable of reaching and being
deposited deep in the lung).69 Particles <10 mm are toxicologi-
cally relevant due to their greater probability of crossing
epithelial barriers and increased reactivity with cells and
tissues.18
Fig. 4 Exposure routes and potential effects of MPs in humans ©[Abad]

© 2023 The Author(s). Published by the Royal Society of Chemistry
Similarly, the MPs' shape affects exposure, as there is
evidence that MPs in the form of bers can penetrate deep into
the human lung.70 The size and shape of the microplastic
particles are determined by visual or optical microscopy tech-
niques.71 For example, the uorescent microscope, binocular
microscopy, and polarized light microscopy are options for
use.60,72
Ingestion

MPs intake occurs because their settlement on the food we eat is
more signicant than that due to the bioaccumulation of MPs
in the food chain.73

Approximately 33% of domestic dust fallout corresponds to
MPs.74 In places to eat and drink, up to 105 MPs m −2 d −1 have
been found with higher exposure rates indoors than outdoors.75

Based on average daily dust exposure (100 mg d−1), adult
intake ranges from 17.7 to 75.4 MPs per day76 and varies from 1
× 10 2 to 1.9 × 10 4 MPs per year.67

Zhang et al.77 calculated the Estimated Daily Intake (EDI) of
MPs via ingestion using the:

EDI ¼ c�AMIMP�mingestion

BW

where mingestion Is the soil and dust ingestion rate (g d−1) rec-
ommended by the United States Environmental Protection
Agency (USEPA); BW is the body weight (kg); c is the concen-
tration of MPs (mg g−1) in soil; AMIMP is the average mass of
individual MP particle.

For their part, C. Liu et al.78 calculated the EDI of MPs via
indoor and outdoor dust ingestion according to the:

EDIindoor þ EDIoutdoor ¼ f1 � c1 �mdi;1

BW
þ f2 � c2 �mdi;2

BW
via https://www.canva.com/.
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where f1 and f2 are the indoor and outdoor exposure fractions,
respectively; c1 and c2 are concentrations of the target MPs in
indoor and outdoor dust, respectively; mdi,1 and mdi,2 are the
indoor and outdoor dust ingestion rates (mg d−1), and BW is the
average body weight (kg).

The EDI values of dust are inversely proportional to body
weight,78 so EDI values in adults will be an order of magnitude
lower in contrast to children.60,79,80 Furthermore, due to
pulmonary mucociliary clearance, microparticles can enter the
digestive tract aer inhalation.65

Dermal contact

Dermal contact can occur through the penetration of MPs into
the skin pores, mainly through contact with water contami-
nated with MPs or through cosmetics and other body products
incorporating them.81

This dermal contact with MPs is associated with skin
damage due to local inammation and cytotoxicity.82 However,
this exposure is a function of individual susceptibility since the
pores of human skin can vary according to each individual.83

It should be noted that physical characteristics such as size
(associated with accumulation and translocation in tissues),
color (visibility and preference for ingestion by animals), and
shape (density and adherence capacity) affect the risks of
exposure to MPs.84

Toxicity of MPs

The potential toxicity of MPs, from which the magnitude of
their health implications can be measured (in addition to their
mere presence), is described by their chemical nature1 and is
related to the possible release of chemical constituents (poly-
mer raw materials and additives).85 The release of
microorganisms,86–88 heavy metals, and other substances that
have been adsorbed during their residence in the environment
is also a concerning factor.89,90 The adverse effects of this release
will also depend on the translocation of MPs to other cell
tissues.26,44,91

Chemical identity

The original chemical identity of plastics can be made up of
a mixture of approximately 40 000 substances.92 Within this
mixture, polymers are found as the main constituents. Still,
various additives such as plasticizers, stabilizers, ame retar-
dants, ow modiers, processing aids, impact modiers, anti-
oxidants, pigments, biocides, fragrances, and even residues of
monomers or by-products formed during production can be
found.6

Polymeric matrix

The characterization of MPs based on their constituent poly-
mers can be carried out through various techniques. For
example, pyrolysis with gas chromatography and mass spec-
trometry is a technique that produces pyrograms of the poly-
mers under study aer their thermal degradation, which are
then compared with pyrograms of polymers of known origin to
7474 | RSC Adv., 2023, 13, 7468–7489
achieve identication.93 Similarly, by exposing MPs to infrared
radiation at different wavelengths, Fourier transform infrared
spectroscopy allows the polymers present to be identied by
comparing the infrared spectra obtained from the sample with
the infrared spectra of known polymers.39,71,94 On the other
hand, through a high-frequency laser that excites the surfaces of
materials until reaching the emission of photons, Raman
spectroscopy identies the chemical composition of a sample in
which 1 of every 7–10 photons are emitted at a right angle,
forming what is called Raman scattering. In contrast, the rest of
the photons are cast in line with the laser.59,77,95

The most common polymers found in atmospheric MPs are
polystyrene (PS), polyethylene (PE), polyester (PES), polyamide
(PA), polypropylene (PP), polyethylene terephthalate (PET),
polyacrylonitrile (PAN), polyurethane (PUR), polycarbonate
(PC), epoxy resins (EP), polyvinyl chloride (PVC), and polyvinyl
acetate (PVA).8,19 Table 1 shows the polymers characterized in
some studies of atmospheric MPs (indoor and outdoor
ambient) and the concentrations and physicochemical charac-
teristics reported.

Additives

The most common additives intentionally added to give plastic
qualities and improve specic mechanical properties are toxic
plasticizers, dyes, and ame retardants.98 For example,
Bisphenol A (BPA), a common plasticizer, is considered estro-
genic due to its hormone-disrupting properties in the human
body, which are associated with obesity, cardiovascular disease,
reproductive disorders, and breast cancer.1

Likewise, heavy metals frequently found in pigments and
plastic stabilizers can cause harm to the human body. It has
been estimated that cadmium promotes cell apoptosis and DNA
methylation, inducing oxidative stress, causing DNA damage,
bone and lung damage, alterations in calcium metabolism, and
kidney stone formation.99 Lead, another common metal in
plastics, can cause muscle weakness, brain damage, kidney
damage, and even death.100 The potential human health effects
of other common additives found in MPs are shown in Table 2.

The mechanism of adsorption or desorption of these
substances in MPs is not yet completely understood; however,
possible interactions include hydrophobic interactions, polar
interactions favored by pH variations, particle aging (photo-
oxidation), and polymer decomposition.1

Interactions of MPs in the environment

MPs can interact during their residence in the environment and
serve as vectors for various contaminants adhered to their
surface.68 Their adsorption rate will depend on the type of MPs,
their physical and chemical properties, surface area (affecting
diffusivity), and hydrophobicity (affecting polarity).90 MPs
mainly adsorb chemicals from the surrounding medium
through hydrophobic interactions, p–p type interactions, and
electrostatic interactions. Pollutant-loaded MPs exhibit a high
toxicity potential.101

Once suspended in the air, MPs become a part of atmo-
spheric particulate matter (PM), and their possible interactions
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Some additives in the manufacture of plastics and their toxic potential for health

Category Composite/metal Associated polymers Potential effects References

Flame retardants Polybrominated Diphenyl
Ethers (PBDEs)

PP, PE, PS, PVC, PA Diabetes, neurobehavioral
and developmental
disorders, cancer,
reproductive health effects,
and impaired thyroid
function

107 and 108

Antimony (Sb) PVC, PU, PET Associated with carcinogenic
effects

83, 109 and 110

Pigments Cadmium (Cd) PVC, PP, PE, PC Promotion of cell apoptosis
and DNA methylation,
oxidative stress, DNA
damage, bone and lung
damage, alterations in
calcium metabolism, and
kidney stone formation

99, 111 and 112

Titanium (ti) PP, PS, PE Decreased cell viability and
increased intracellular
reactive oxygen species
(ROS) cytotoxicity in human
lung and colon epithelial
cells

113 and 114

Biocides Arsenic (As) PVC Cell proliferation, apoptosis,
and neoplastic
transformation. Cellular
damage occurs through the
generation of ROS with
oxidative stress, alteration of
the DNA repair mechanism,
and mitochondrial and
cytoskeletal damage. They
are associated with different
types of cancer (skin, kidney,
liver, liver, prostate, lung,
etc.), cardiovascular
disorders, diabetes, and
hypertension

115 and 116

Mercury (Hg) PU Mutagenicity/
carcinogenicity through the
generation of free radicals;
alteration of the molecular
structure of DNA, alterations
in brain functions; damage
to the kidney, brain, and
developing fetus

99 and 115

UV stabilizers Lead (Pb) PVC Carcinogenesis, DNA
damage, alteration of
chromosomal structure and
sequence, toxicity related to
the gastrointestinal tract and
the central nervous system,
alterations in the
functioning of the central
nervous system, and
decreased
neurotransmission

99 and 109

Cobalt (Co) PET Formation of reactive oxygen
species, neurological,
cardiovascular, and
endocrine decits

1 and 117

7476 | RSC Adv., 2023, 13, 7468–7489 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Category Composite/metal Associated polymers Potential effects References

Plasticizers Phthalates (DBP, DEHP) PVC, PET, PE Endocrine disruption,
associated with reproductive
toxicity and carcinogenicity

118–120

Bisphenol A (BPA) PC, PE, PP, PVC Endocrine disruptors
associated with obesity,
fertility problems,
cardiovascular disease,
reproductive disorders, and
breast and prostate cancer

121–123
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with other PM are being studied.23,35 For instance, in urban
environments, owing to atmospheric MPs co-occur with traffic
emissions, they may carry Polycyclic Aromatic Hydrocarbons
(PAHs), transition metals, or other chemicals.69

According to Akhbarizadeh et al.,68 MPs and PAHs are the
critical chemicals found in urban deposited/suspended dust
that has attracted global attention in recent years. They carried
out the Pearson correlation analysis to clarify the relationship
between total PAHs, MPs, and PM2.5 (PM with a diameter of 2.5
micrometers or less), and the results revealed that there was
a moderately signicant relationship between PAHs and PM2.5

(r = 0.45, p < 0.05). There was also a meaningful positive rela-
tionship between MPs and PM2.5 (r = 0.76, p < 0.05), demon-
strating the co-occurrence of MPs and PM2.5, which means that
airborne MPs could act as a vector for PAHs and their presence
in the atmosphere could increase the toxic effects of chemical
contaminants.

Regarding trace elements, Yao et al.102 found that Ca, Al, Na,
Cl, P, S, O, and C are common elements that could be attached
to the airborne MPs and may accelerate the degradation
processes from airborne MPs to nanoplastics. Besides, the
presence of components such as ozone (O3), sulfur dioxide
(SO2), nitrogen dioxide (NO2) and volatile organic compounds
(VOCs) can directly attack MPs and catalyze the formation of
radicals by photochemical reactions, which can also lead to
their degradation.4

Besides, MPs can also serve as a vector for microorganisms
(MOs), due to these can become a microhabitat where MOs
easily adhere to their hydrophobic surfaces, organizing them-
selves into biolms.103 As a barrier, the biolm creates a stable
internal environment for the vital activities of cells, acting as
a protective ecological niche called the “plastisphere”.87 This
biolm structure is adopted when aggregates of MOs irrevers-
ibly adhere to the MPs' surface and reproduce and secrete
a polysaccharide matrix surrounding the colony.101

In aquatic environments, various microorganisms have been
detected adhering to MPs. For example, pathogenic Vibrio
species have been found in marine MPs,88 as well as Pseudo-
monas monteilii, Pseudomonas mendocina,104 and Escherichia coli
strains.105

For terrestrial environments, Gkoutselis et al.87 conducted
studies on the fungal colonization of MPs deposited in the soil
© 2023 The Author(s). Published by the Royal Society of Chemistry
in terrestrial ecosystems. They observed a fast reproduction and
propagation of fungi within the plastisphere (the majority of
these opportunistic human pathogens responsible for a wide
range of human mycoses), where the hyphae adhere to the
plastic surface through small protrusions of the peripheral cell
wall.87

MPs' primary interaction/accumulation pathways with
microorganisms might include bioadsorption, biouptake
(cellular uptake), and biodegradation.106 From these interac-
tions, the possible development of antibiotic-resistant micro-
bial communities within biolms is of concern, either as
a result of horizontal gene transfer by environments exposed to
antibiotics104 or by co-selection from exposure to metals
adsorbed on MPs.106

On the other hand, in addition to acting as pathogens
carriers, plastic surfaces protect them from the surrounding
environment, favoring their survival in the atmosphere.124 For
example, it has been found that (under certain conditions)
SARS-CoV-2 can survive approximately 72 hours on plastic
surfaces.125 A study conrmed a positive correlation between the
severe acute respiratory syndrome coronavirus (SARS-CoV-2)
and the levels of MPs in the air.126 Other examples of MOs
and pathogens found in MPs, along with their potential health
effects, are shown in Table 3.

MOs in MPs must remain investigated in the following years
due to the urgent need for possible health risk prevention. In
addition, the mechanism of growth and dispersion of patho-
genic MOs in MPs is still not clearly understood, so research
must continue in this eld to provide greater clarity and
generate risk prevention strategies.
Effect of aging on the toxicity of MPs

When exposed to the environment, the MPs grow old, altering
some of their properties in contrast to pristine versions.89 The
degree of aging will depend on the exposure time, the envi-
ronment, and the properties of the polymer constituents.147

Solar radiation is the main factor that ages suspended MPs
in the atmosphere.148 Photo-oxidation reactions driven by
ultraviolet radiation are cataloged as the most important envi-
ronmental cause of polymer deterioration since they cause
breaks at the molecular level in polymer chains, thus reducing
RSC Adv., 2023, 13, 7468–7489 | 7477
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Table 3 Potential health risks of some studies on MPs as vectors of MOs and pathogens

Category Species Polymer constituent of MPs Health effects Reference

Bacteria Vibrio spp. PET, PE, PS, PP Cholera, gastrointestinal
diseases, wound infections,
and sepsis

88, 127–129

Bacteria Pseudomonas monteilii,
Pseudomonas mendocina

PVC Hypersensitivity
pneumonitis and
bronchiectasis due to
exacerbation, nosocomial
infections, central nervous
system infections, and skin
and so tissue infections

104 and 130

Bacteria Vibrio spp. Escherichia coli,
Tenacibaculum discolor,
Acinetobacter oleivorans

PET, PE, PP Hemolytic uremic syndrome
and hemorrhagic colitis lead
to acute renal failure and
death. They can also cause
extraintestinal diseases and
sepsis

86, 105, 129 and 131

Fungi Fusarium oxysporum
alternaria alternata,
Didymella glomerata,
Cladosporium, Phoma and
Curvularia lunata, N.
diffluens, Rh. mucilaginosa, R.
anthropophila, P. herbarum

PE, PA, PP, Fusariosis, eumycetoma and
phaeohyphomycosis,
bronchopulmonary
infections, cutaneous,
subcutaneous, and systemic

87 and 132

Bacteria Enterococcus faecalis,
Acinetobacter baumanii
complex

PET, PVC, PS, PE, PP Nosocomial bloodstream
infections, pneumonia, and
infective endocarditis can
cause bacteremia by moving
through the intestine and
accessing the lymphatic
vessels and the bloodstream

133–135

Bacteria Ochrobactrum anthropi,
Acinetobacter lwoffii, Apia
broomeae, Acinetobacter
baumannii, Pseudomonas
aeruginosa, and Escherichia
coli

PS Nosocomial infections
include bacteremia,
secondary meningitis,
urinary tract infection and
pneumonia, skin and wound
infections, and infective
endocarditis

136 and 137

Bacteria Raoultella ornithinolytica,
Stenotrophomonas
maltophilia

PE, PS Infections of the
bloodstream, respiratory
tract, and pneumonia;
urinary tract infections;
gastrointestinal disorders;
wound and skin infections;
and bacteremia,
osteomyelitis, meningitis,
brain abscess, mediastinitis,
pericarditis, conjunctivitis,
and otitis

138–140

Virus SARS-CoV-2 PS, PAN, PA, PVC, PU Fever, cough, dyspnea,
pneumonia, acute
respiratory distress
syndrome, systemic
inammatory response
syndrome and multiple
organ failure,
gastrointestinal tract
infections such as diarrhea
and dysgeusia, hypoxia, and
pulmonary short circuit due
to vasodilation

126, 141 and 142
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Table 3 (Contd. )

Category Species Polymer constituent of MPs Health effects Reference

Bacteria Mycobacterium, Legionella,
Arcobacter

PA, PVC, PE, PET, PP They invade eukaryotic cells,
induce an immune
response, and produce
toxins that damage host
cells, cause enteritis,
bacteremia, ear infections,
etc.

143–146
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the cohesion of the material.149 Unlike in terrestrial or aquatic
environments, more signicant deterioration is observed in the
air because the associated photo-oxidation has higher temper-
atures, higher levels of available oxygen, and ultraviolet
radiation.150

Among the changes caused by aging is the increase in the
adsorption capacity of MPs.151,152 This response to changes in its
hydrophobicity90 and the appearance of rough surfaces
contribute to increasing the effective surface area,89,147,153

offering more adsorption sites for contaminants.150 This
adsorption capacity is also favored when the organic matter has
been bound to the MPs154 since the adsorption facilitates the
subsequent adsorption and mobility of trace elements.155

In addition, as aging is prolonged, a substantial increment
in the cytotoxicity of MPs is observed due to an increase in their
oxidative potential and reactive oxygen species (ROS).156 ROS
have essential biological functions for normal cell development.
However, an increase above the basal level can lead to impaired
homeostasis, reected in cell metabolism alterations and
regulation, in which biological molecules, DNA, membrane
proteins, and lipids can be irreversibly affected.157 In addition, it
has been found that aged MPs can be internalized more effi-
ciently into cells, the key route by which MPs can be transferred
to tissues and where they can cause toxicological effects with
severe implications for human health.158

MPs will continue to age throughout their environmental
migration,150 with color as a strong indicator of chemical
changes due to photodegradation. Discoloration occurs with
a continuous exposure, where extremely weathered particles
can show a loss of color at the edges and surfaces.25
Health effects due to exposure to atmospheric MPs

MPs have been demonstrated to have negative health conse-
quences on animals. Experiments with mice revealed that
molecular or higher-level alterations arise aer prolonged
exposure to MPs.159 The damage that occurs in organs and
tissues depends on the dose exposed,160 and plastic particles
detected in the lungs not only comprise the range of MPs since
smaller plastic particles (100 nm–1 mm) have been observed.161

Likewise, MPs' harmful effects on the respiratory system are
exacerbated in mice with pre-existing respiratory diseases.162 It
was even found that MPs can affect the reproductive system
since, in a study with polystyrene MPs, it was shown that they
caused brosis and apoptosis of ovarian granulosa cells
© 2023 The Author(s). Published by the Royal Society of Chemistry
through oxidative stress, which resulted in a decrease in ovarian
reserve capacity.163 This cell toxicity has also been observed on
the eye's surface in the exposed mucosal tissue, leading to
ocular dysfunction.164 The possible appearance of cellular
lesions by MPs could cause mitochondrial dysfunction, where
the ATP produced by the mitochondria could be released in the
extracellular spaces and induce proinammatory responses in
the surrounding tissue.165 An impairment in energy metabolism
and altered lipid metabolism could result from a signicant
reduction in ATP concentration.166 In shes, the accumulation
of MPs in the intestinal tissue exerts functional damage, such as
reducing calcium levels.167 Similarly, MPs can cause neurotox-
icity and lipid peroxidation in the brain and muscles (oxidative
damage) and change the activity of energy-related enzymes.168

Détrée & Gallardo-Escárate169 detected in mussels that, aer
exposure to MPs, for the regulation of stress proteins and the
preservation of homeostasis, when oxidative stress is induced,
metabolic and energetic costs are required that force a reallo-
cation of the energy assigned to growth to achieve the mainte-
nance of homeostasis.

Several studies have conrmed the presence of MPs inside
the human body.170,171 Once inside, MPs can migrate to various
tissues by translocation, move to the lymphatic system, accu-
mulate in organs, or affect the immune system.172 MPs have
been found even in the human placenta.173 MPs in the body can
act as endocrine disruptors based on additives on their surface
that interfere with the endocrine system's development and
affect the functioning of the organs that respond to hormonal
signals.1

The presence of MPs in the human respiratory system has
been documented. Lung tissue obtained from autopsies, poly-
ethylene (PE), and polypropylene (PP) microbers (MF) were the
most frequent.70 Verifying inhalation as the main route of
exposure, in an analysis of human lung tissue samples, 39 MPs
were detected in 11 of 13 pieces examined. Polypropylene,
polyethylene terephthalate, and resin were the most abundant
in lung tissue obtained from surgical resections. Compared to
the superior and media/lingular lobes, the lower lobe had the
highest levels of MPs.174 The amount of MF gradually increased
as the patients' ages increased in the lower airways using
bronchoalveolar lavage uid (polyester MF).175 The development
of pulmonary ground glass nodules (GGNs) is predisposed by
a high risk of exposure to microbers and MPs.176 Long ber
RSC Adv., 2023, 13, 7468–7489 | 7479
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length may cause frustrated phagocytosis and increased
inammatory biomolecule production.177

Few studies assess the toxicity of MP particles in humans.
Normal human lung epithelial cells showed adverse effects aer
exposure to polystyrene microplastics (PS-MP), causing
inammatory and oxidative stress and inducing alterations in
the pulmonary barrier. The risk of chronic obstructive pulmo-
nary disease (COPD) risk can occur with exposure to high and
low levels of PS-MP. When inhaled MPs enter the respiratory
system, the airway epithelium secretes numerous biochemical
mediators, including ROS and cytokines, to recruit inamma-
tory cells, which can cause tissue damage without effective
repair and alterations in airway structures.178 Lung carcinoma
cells (A549 cells) had a toxic effect on nano-PET exposure, with
a decrease in mitochondrial membrane potential induced by
increased reactive oxygen species (ROS) caused by oxidative
stress as the nano-PET dose increased. However, cell viability
may occur under low nano-PET dose conditions but increasing
the nano-PET dose inhibits cell viability.179 In lung epithelial
cells, two sizes of polystyrene nanoparticles (PS-NP 25 nm and
70 nm) affected cell viability at high concentrations and altered
gene expression, causing inammatory responses and inducing
apoptosis, with the smaller particle size exhibiting more
toxicity. Therefore, the size, exposure time, and concentration
of PS-NPs are factors that may cause functional alterations in
the human respiratory system.180 High concentrations (100 mg
mL−1) and prolonged exposure times (48 h) to waste-derived MP
(mixture mainly PE and PP < 50 mm) induce inammation and
genotoxicity in alveolar lung cells (A549).181 Likewise, the activity
of A549 cells decreases with a combined exposure of PS-NPs
with phthalate esters (PAEs). The toxicity of PAEs depends on
the concentration of PS-NPs; at lower PS-NPs concentrations,
the toxicity of PAEs is reduced, but at higher PS-NPs concen-
trations, the toxicity is dominated by NPs.182 In addition, NPs,
aer prolonged exposure, can cause tissue damage, reducing
the repair capacity of the lungs.183

The toxic effects of PS-NPs with a smaller size and a super-
cially positive charge are more potent.184 Since the size is related
to translocation in tissues, studies have shown that PS-NPs have
a higher absorption potential to enter the human colon and
small intestine epithelial cells than PS-MPs.185 Depending on
their size, MPs can enter cells through endocytosis, signicantly
decreasing the potential of the mitochondrial membrane. NPs
can adsorb Bisphenol A (BPA). NPs can absorb more BPA due to
their substantial specic surface area and cause a signicant
increase in toxicity to cells.186

Cellular oxidative stress is one of the mechanisms of cyto-
toxicity by MPs in the human brain and epithelial cells.82

Studies that simulated the early development of the human
cerebral cortex discovered that exposure to PS-MPs, depending
on their size and concentration, may have adverse effects.187NPs
(PET) and NPs-contaminant complexes (glyphosate, levo-
oxacin, and Hg2+ ions) have also been shown to impact
heterogeneous human epithelial colorectal adenocarcinoma
cells. NPs (PET) can adsorb pollutants. Cell physiology is
signicantly altered in the presence of NPs (PET) and NPs-
contaminant complexes.188
7480 | RSC Adv., 2023, 13, 7468–7489
Given the above, it is worthwhile further to explore the
presence of MPs in the atmosphere and determine their inci-
dence on human health since there are many risks associated
with their accumulation in the body that deserve greater
attention from regulatory government entities and the scientic
community in general.

Discussion

This article provides integrated knowledge that explains MPs as
emerging and biopersistent environmental pollutants, which
are becoming a potential problem for human and animal
health, focusing on their presence in the air. The concern that
airborne MPs have generated in the scientic community is
reected in the fact that, although the research is at a relatively
early stage, there is a clear upward trend and rapid increase in
the number of publications in recent years.

In addition, although contamination by MPs has been evi-
denced in the different environmental compartments, the
atmosphere has played a fundamental role in connecting them,
favoring the source-pathway-sink network and inuencing the
ow and accumulation of MPs in the environmental matrices.
Therefore, it is essential that future studies address this
contamination globally and not consider the environments
independently because they are closely related.

Primary and secondary MPs contribute to the total amount
of MPs in the environment. In this task, analyzing the
morphology and composition and observing the degradation of
the MPs can help trace their origin. As discussed, atmospheric
transport makes it possible for MPs to reach remote areas
without the need for local sources of plastics, which represents
a challenge in source attribution given the variability and
geographic distribution of potential sources.

The tracking of atmospheric sources of MPs and the study of
their transport is new in investigating MPs in the air. To
describe the dynamics of the transportation of atmospheric
MPs, the use of Lagrangian atmospheric models such as HYS-
PLIT represents valuable tools. Those models allow us to carry
out a deep and detailed analysis of the movement of MPs, being
also helpful for the identication of possible sources of origin
and the atmospheric trajectory traveled. However, studies on
the fate and transport mechanisms of microplastics in the air
are still limited, and further research is required regarding the
contribution of resuspension of MPs from aquatic or terrestrial
environments on the abundance of airborne MPs, as well as the
contribution of dry and wet atmospheric precipitation of
atmospheric MPs to these environments.

On the other hand, it should be noted that the circulation of
MPs in the air can be amplied by meteorological events that
favor the transport of large amounts of pollutants along their
path and that without the presence of signicant winds, low
temperatures, and excellent atmospheric stability, there would
be no dispersion or dilution processes of pollutants.

Additionally, the transport of MPs also involves the trans-
portation of contaminants that adhered to their surface during
their stay in the environment, increasing the potential threat
they represent to health since these contaminants can cause
© 2023 The Author(s). Published by the Royal Society of Chemistry
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genotoxicity when desorbed, added to the fact that the MPs
themselves and their additives lead to reproductive damage,
carcinogenic effects, and mutagenicity. Knowledge about the
interactions betweenMPs and other particles in the atmosphere
and their combined inuence and impact on human health is
still limited; future research is expected to broaden these
aspects.

Regarding the evidence collected on the possible effects of
the entry of MPs into the body, given that MPs are a mixture of
compounds and most toxicological tests differ in nature in
contrast to environmental microparticles (in terms of surface,
adsorbed compounds, and microorganisms), results obtained
may be different or inaccurate with reality, so they should be
considered as approximations under certain simulated
conditions.

In addition, the current knowledge of the health risks due to
the presence of MPs comes from mathematical models, animal
studies, and in vitro tests that, although essential to identify
possible adverse effects, do not replace ndings obtained
through studies in humans. It is necessary to advance with this
focus for greater clarity regarding the real risks in the human
body and, even more, to understand if the fact of presenting
comorbidities that cause a decrease in epithelial barriers
signicantly implies an increase in permeability for MPs and,
therefore, whether the people who give them would be consid-
ered as the most vulnerable population to this exposure.

Other challenges in future studies are identifying the routes
of elimination of MPs from the human body and determining if
a particular path of entry causes more signicant effects than
another. Likewise, research needs to be expanded to under-
stand all possible access routes and their implications.
Although it is well known that MPs that enter the body through
inhalation and ingestion represent a signicant amount, these
are not the only routes of entry. Given the evidence, the possible
dermal penetration and the potential exposure to MPs via the
transplacental route to fetuses should be studied in depth.

Finally, it should be noted that the concern for plastic
pollution does not end with MPs since these microparticles can
continue to fragment to nanoplastics, whose research is much
more recent, and consequently, their transport processes and
interactions with the environment are unknown; due to their
smaller size, the sampling and analysis protocols are more
complex, and its penetration into cell barriers is further facili-
tated. All of the above should motivate the establishment
regulatory policies for MPs, just as they exist for other air
pollutants.

Conclusions

The atmosphere plays a crucial role in the global challenge
posed by microplastic pollution. Understanding the source of
airborne MPs is essential to reduce plastic pollution and to
explore the potential source routes and transport pathways of
atmospheric MPs, for what some models have been proposed.

In the atmosphere, transport, dispersion, and deposition
mechanisms are the driver for MPs movement, which is inu-
enced by their size, shape, and length. MPs can be transported
© 2023 The Author(s). Published by the Royal Society of Chemistry
to distant areas, reaching ubiquity and causing inevitable
exposure. Inhalation and ingestion are the main routes by
which MPs suspended in air can enter the body's interior. Once
inside, they can translocate and accumulate in different organs
and tissues. The toxic effects of MPs can be attributed to their
physical characteristics (size, shape, and length), chemical
constitution (presence of additives and type of polymer),
concentration level, and the possible presence of microbial
biolms. The health detrimental lies in the ubiquitous pres-
ence, the constituents releasing and aging during permanence
in the environment. Besides, due to the direct photo-
irradiation, MPs aging in the atmosphere generates changes
in their surface (such as roughness and hydrophobicity), which
exacerbate their cytotoxicity, adsorption of contaminants, and
transport of microorganisms.

MPs-induced cytotoxicity stimulates oxidative stress by
generating free radicals that originate from ROS and whose
overproduction can alter cell homeostasis. Inammatory
lesions, metabolic alterations, and increased risk of cancer are
some of the health implications caused by MPs when they
encounter the interior of the body.

Future perspectives

Signicant advances have been made in understanding the
sources, transport, contact routes, and factors that inuence the
toxicity of MPs to analyze the potential risks associated with
exposure to MPs. However, there is scarce information about
MPs' implications for human health. Some elements to
consider advancing in this eld are:

� Delve into the scope and impact of MPs by inhalation and
ingestion exposure and investigate the possible dermal
exposure.

� Study and propose mechanisms that describe how
substances and MOs' adsorption/desorption processes occur on
the surface of MPs.

� Analyze the possible toxic effects generated by the different
additives and contaminants adsorbed by MPs in greater detail.

� Advance in quantifying the adsorption of atmospheric
pollutants by MPs in air.

� Advances in models allow simulating of the transport of
MPs, including the possible resuspension of MPs as a variable
since strong winds can remobilize the deposited ones.

� Continue exploring potential interactions between
airborne MPs and other air pollutants, their combined effects,
and implications for ecosystems and health.

� Examine more human tissue samples for the possible
presence of MPs.
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Felizardo, R. P. Cardoso, R. M. dos Anjos, et al., Dispersal
of potentially pathogenic bacteria by plastic debris in
Guanabara Bay, RJ, Brazil, Mar. Pollut. Bull., 2019, 141,
561–568, DOI: 10.1016/j.marpolbul.2019.02.064.

106 F. K. Mammo, I. D. Amoah, K. M. Gani, L. Pillay,
S. K. Ratha, F. Bux, et al., Microplastics in the
environment: Interactions with microbes and chemical
contaminants, Sci. Total Environ., 2020, 743, 140518, DOI:
10.1016/j.scitotenv.2020.140518.

107 Y. R. Kim, F. A. Harden, L. M. L. Toms and R. E. Norman,
Health consequences of exposure to brominated ame
retardants: A systematic review, Chemosphere, 2014, 106,
1–19, DOI: 10.1016/j.chemosphere.2013.12.064.

108 A. Turner, PBDEs in the marine environment: Sources,
pathways and the role of microplastics, Environ. Pollut.,
2022, 301, 118943, DOI: 10.1016/j.envpol.2022.118943.

109 A. Turner and M. Filella, Hazardous metal additives in
plastics and their environmental impacts, Environ. Int.,
2021, 156, 106622, DOI: 10.1016/j.envint.2021.106622.

110 M. Filella, P. Hennebert, G. Okkenhaug and A. Turner,
Occurrence and fate of antimony in plastics, J. Hazard.
Mater., 2020, 390, 121764, DOI: 10.1016/
j.jhazmat.2019.121764.

111 A. Turner, Cadmium pigments in consumer products and
their health risks, Sci. Total Environ., 2019, 657, 1409–
1418, DOI: 10.1016/j.scitotenv.2018.12.096.

112 A. Massos and A. Turner, Cadmium, lead and bromine in
beached microplastics, Environ. Pollut., 2017, 227, 139–
145, DOI: 10.1016/j.envpol.2017.04.034.

113 H. K. Imhof, C. Laforsch, A. C. Wiesheu, J. Schmid,
P. M. Anger, R. Niessner, et al., Pigments and plastic in
limnetic ecosystems: A qualitative and quantitative study
on microparticles of different size classes, Water Res.,
2016, 98, 64–74, DOI: 10.1016/j.watres.2016.03.015.

114 D. Gandamalla, H. Lingabathula and N. Yellu, Nano
titanium exposure induces dose- and size-dependent
7486 | RSC Adv., 2023, 13, 7468–7489
cytotoxicity on human epithelial lung and colon cells,
Drug Chem. Toxicol., 2019, 42(1), 24–34.

115 M. Sendra, P. Pereiro, A. Figueras and B. Novoa, An
integrative toxicogenomic analysis of plastic additives, J.
Hazard. Mater., 2021, 409, 124975, DOI: 10.1016/
j.jhazmat.2020.124975.

116 N. Medda, S. K. De and S. Maiti, Different mechanisms of
arsenic related signaling in cellular proliferation,
apoptosis and neo-plastic transformation, Ecotoxicol.
Environ. Saf., 2021, 208, 111752, DOI: 10.1016/
j.ecoenv.2020.111752.

117 L. Leyssens, B. Vinck, C. Van Der Straeten, F. Wuyts and
L. Maes, Cobalt toxicity in humans—A review of the
potential sources and systemic health effects, Toxicology,
2017, 387, 43–56, DOI: 10.1016/j.tox.2017.05.015.

118 Z. M. Zhang, L. Y. Wang, Y. Y. Gu, A. L. Sun, J. J. You,
X. Z. Shi, et al., Probing the contamination
characteristics, mobility, and risk assessments of typical
plastic additive–phthalate esters from a typical coastal
aquaculture area, China, J. Hazard. Mater., 2021, 416,
125931, DOI: 10.1016/j.jhazmat.2021.125931.

119 Z. Xu, X. Xiong, Y. Zhao, W. Xiang and C. Wu, Pollutants
delivered every day: Phthalates in plastic express
packaging bags and their leaching potential, J. Hazard.
Mater., 2020, 384, 121282, DOI: 10.1016/
j.jhazmat.2019.121282.

120 H. C. Erythropel, M. Maric, J. A. Nicell, R. L. Leask and
V. Yargeau, Leaching of the plasticizer di(2-ethylhexyl)
phthalate (DEHP) from plastic containers and the
question of human exposure, Appl. Microbiol. Biotechnol.,
2014, 98(24), 9967–9981.

121 W. Kouidhi, L. Thannimalay, C. S. Soon and M. A. Mohd,
Occupational exposure to bisphenol a (BPA) in a plastic
injection molding factory in Malaysia, Int. J. Occup. Med.
Environ. Health, 2017, 30(5), 743–750.

122 H. Hirai, H. Takada, Y. Ogata, R. Yamashita, K. Mizukawa,
M. Saha, et al., Organic micropollutants in marine plastics
debris from the open ocean and remote and urban beaches,
Mar. Pollut. Bull., 2011, 62(8), 1683–1692, DOI: 10.1016/
j.marpolbul.2011.06.004.

123 W. Wei, Q. S. Huang, J. Sun, J. Y. Wang, S. L. Wu and
B. J. Ni, Polyvinyl Chloride Microplastics Affect Methane
Production from the Anaerobic Digestion of Waste
Activated Sludge through Leaching Toxic Bisphenol-A,
Environ. Sci. Technol., 2019, 53(5), 2509–2517.

124 R. Han, C. Yu, X. Tang, S. Yu, M. Song, F. Shen, et al.,
Release of inhalable particles and viable microbes to the
air during packaging peeling: Emission proles and
mechanisms, Environ. Pollut., 2021, 285, 117338, DOI:
10.1016/j.envpol.2021.117338.

125 N. van Doremalen, T. Bushmaker and D. Morris, Aerosol
and Surface Stability of SARS-CoV-2 as Compared with
SARS-CoV-1, N. Engl. J. Med., 2020, 382(16), 1564–1567.

126 L. F. Amato-Lourenço, N. de Souza Xavier Costa,
K. C. Dantas, L. dos Santos Galvão, F. N. Moralles,
S. C. F. S. Lombardi, et al., Airborne microplastics and
SARS-CoV-2 in total suspended particles in the area
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1016/j.jhazmat.2021.126915
https://doi.org/10.1016/j.jhazmat.2021.126915
https://doi.org/10.1016/j.envres.2021.112142
https://doi.org/10.1016/j.watres.2019.114979
https://doi.org/10.1016/j.marpolbul.2019.02.064
https://doi.org/10.1016/j.scitotenv.2020.140518
https://doi.org/10.1016/j.chemosphere.2013.12.064
https://doi.org/10.1016/j.envpol.2022.118943
https://doi.org/10.1016/j.envint.2021.106622
https://doi.org/10.1016/j.jhazmat.2019.121764
https://doi.org/10.1016/j.jhazmat.2019.121764
https://doi.org/10.1016/j.scitotenv.2018.12.096
https://doi.org/10.1016/j.envpol.2017.04.034
https://doi.org/10.1016/j.watres.2016.03.015
https://doi.org/10.1016/j.jhazmat.2020.124975
https://doi.org/10.1016/j.jhazmat.2020.124975
https://doi.org/10.1016/j.ecoenv.2020.111752
https://doi.org/10.1016/j.ecoenv.2020.111752
https://doi.org/10.1016/j.tox.2017.05.015
https://doi.org/10.1016/j.jhazmat.2021.125931
https://doi.org/10.1016/j.jhazmat.2019.121282
https://doi.org/10.1016/j.jhazmat.2019.121282
https://doi.org/10.1016/j.marpolbul.2011.06.004
https://doi.org/10.1016/j.marpolbul.2011.06.004
https://doi.org/10.1016/j.envpol.2021.117338
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07098g


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
C

ig
gi

lta
 K

ud
o 

20
23

. D
ow

nl
oa

de
d 

on
 2

0/
07

/2
02

5 
2:

35
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
surrounding the largest medical centre in Latin America,
Environ. Pollut., 2022, 292, 118299.

127 S. Oberbeckmann, A. M. Osborn and M. B. Duhaime,
Microbes on a bottle: Substrate, season and geography
inuence community composition of microbes colonizing
marine plastic debris, PLoS One, 2016, 11(8), 1–25, DOI:
10.1371/journal.pone.0159289.

128 Y. Zhang, J. Lu, J. Wu, J. Wang and Y. Luo, Potential risks of
microplastics combined with superbugs: Enrichment of
antibiotic resistant bacteria on the surface of
microplastics in mariculture system, Ecotoxicol. Environ.
Saf., 2020, 187, 109852, DOI: 10.1016/j.ecoenv.2019.109852.

129 C. Baker-Austin, J. D. Oliver, M. Alam, A. Ali, M. K. Waldor,
F. Qadri, et al., Vibrio spp. infections, Nat. Rev. Dis. Primers,
2018, 4(1), 1–19, DOI: 10.1038/s41572-018-0005-8.

130 P. Ioannou and G. Vougiouklakis, A Systematic Review of
Human Infections by Pseudomonas mendocina, Trop.
Med. Infect Dis., 2020, 5(2), 1–9.

131 J. Jang, H. G. Hur, M. J. Sadowsky, M. N. Byappanahalli,
T. Yan and S. Ishii, Environmental Escherichia coli:
ecology and public health implications—a review, J. Appl.
Microbiol., 2017, 123(3), 570–581.
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