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(PET), polypropylene (PP) and polystyrene (PS), etc [2]. 
It is expected that global production will increase from 
390.7 million tons in 2021 to approximately 590 million 
tons in 2050 [3]. Currently, only 21% of plastic is recycled, 
leading to exponential growth in plastic waste generated 
over the past few decades [4]. When plastic enters the 
environment, external factors such wave erosion, ocean 
currents, UV radiation, weathering of the environment, 
air oxidation, and biodegradation continuously work to 
break it down into MNPs [5]. Any synthetic solid parti-
cles or polymer matrices with regular or irregular forms 
and sizes ranging from 1 μm to 5 mm that are insoluble 
in water are referred to as microplastics (MPs) [6]. And 
sub-micrometer (< 1 μm) plastic particles are referred to 
as nanoplastics (NPs) [7].

Increasing evidence suggests that AMNPs are widely 
present in many regions of the world and play an impor-
tant role in the occurrence of diseases, which has raised 
concerns about their impacts on human health [8]. The 

Introduction
Plastic is a cheap and durable multifunctional material. 
It is made from polymers through industrial polymer-
ization processes. By adding specific additives to these 
polymers or mixing them with other substances, such 
as carbon fibers, people can customize their physico-
chemical and mechanical properties to suit specific 
applications, bringing great convenience to human life 
[1]. Plastic can be classified based on the main poly-
mers and chemical compositions of any side chains, 
including polyamide (PA), polyethylene terephthalate 
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Abstract
Airborne micro- and nanoplastics (AMNPs) are ubiquitously present in human living environments and pose 
significant threats to respiratory health. Currently, much research has been conducted on the relationship 
between micro- and nanoplastics (MNPs) and cardiovascular and gastrointestinal diseases, yet there is a clear 
lack of understanding regarding the link between AMNPs and respiratory diseases. Therefore, it is imperative to 
explore the relationship between the two. Recent extensive studies by numerous scholars on the characteristics 
of AMNPs and their relationship with respiratory diseases have robustly demonstrated that AMNPs from various 
sources significantly influence the onset and progression of respiratory conditions. Thus, investigating the intrinsic 
mechanisms involved and finding necessary preventive and therapeutic measures are crucial. In this review, we 
primarily describe the fundamental characteristics of AMNPs, their impact on the respiratory system, and the 
intrinsic toxic mechanisms that facilitate disease development. It is hoped that this article will provide new insights 
for further research and contribute to the advancement of human health.
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respiratory system, as the main structure through which 
the human body directly contacts the external air, can be 
directly exposed to the threats of AMNPs [9]. Inhaled 
from the respiratory system and deposited in the upper 
respiratory tract (such as in the throat), AMNPs can 
potentially be swallowed, leading to oral absorption. Pre-
vious reviews have extensively analyzed the effects of 
orally ingested MNPs on human health [10]. Therefore, 
this article will not reiterate those findings but instead 
focus on MNPs deposited in the respiratory system. Cur-
rently, some well-defined toxic mechanisms of AMNPs 
on the respiratory system include: (1) oxidative stress 
imbalance [11]; (2) inflammation [12]; (3) endoplasmic 
reticulum (ER) stress [13], which can lead to or aggra-
vate the occurrence and development of respiratory sys-
tem diseases such as asthma, pulmonary fibrosis, chronic 
obstructive pulmonary disease (COPD) and tumors. The 
toxicity of AMNPs is closely related to their physical 
properties, including size, shape, and ζ-potential, which 
will be further discussed in the following text.

Due to the scarcity of research papers on the impact 
of AMNPs on the respiratory system, we conducted a 
literature search on PubMed and Web Of Science using 
the keywords “microplastics” AND “lung”, “polysty-
rene nanoparticles” AND “lung”, “nanoplastics” AND 
“lung”, “microplastics” AND “respiratory”, and “nano-
plastics” AND “respiratory”. We didn’t restrict the search 
to a specific time period, aiming to provide a systematic 
and comprehensive review of the relationship between 

AMNPs and respiratory diseases. This review is intended 
to offer new insights that could inform future research 
and disease prevention strategies.

Basic characteristics of AMNPs
Similar to how plastics are found everywhere in human 
life, once AMNPs are released into the environment, 
they will spread to every part of the planet due to fac-
tors including wind, rivers, rainfall, snowfall, and biotic 
transport [14, 15]. Since the first detection of AMNPs in 
2015, widespread records of AMNP transport have been 
reported worldwide, including in urban, rural, marine, 
and remote mountainous areas [16–19]. AMNPs can 
travel great distances and for extended periods of time in 
the atmosphere because of their small size and low den-
sity, which allows them to be suspended by wind or air 
turbulence [20].

Currently, the majority of laboratory scientific stud-
ies on the ecological effects of AMNPs use commercial 
standard plastic particles for experimental research. The 
physicochemical properties of these particles significantly 
differ from microplastics found in the environment. The 
generation of real microplastics in reality is influenced 
by various environmental factors, including the aging of 
materials such as polyethylene caused by ultraviolet light 
exposure [21]. Therefore, in future experiments, it is cru-
cial to explore how to produce microplastics with charac-
teristics that are more similar to those found in the real 
environment.

Graphical Abstract
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Sources and major harmful components of AMNPs
There are many sources for AMNPs. Because of their 
great elasticity and durability, synthetic textiles are fre-
quently utilized. However, throughout the washing, dry-
ing, and use processes, MNPs are shed and released into 
the air, which makes them a significant source of atmo-
spheric fiber AMNPs [22]. Furthermore, a significant 
amount of microfibers are released into the atmosphere 
during the industrial processing of polymer fibers used 
in the textile production process [23]. Additionally, the 
COVID-19 epidemic has led to a global upsurge in the 
manufacture and application of protective gear, including 
masks, clothes, and gloves composed of polymers like PS, 
PE, and PP [24]. Data suggests that during the 2019 coro-
navirus pandemic, 129  billion masks were used globally 
each month [25]. It is estimated that in 2020, over 1.37 
trillion MPs were released into the environment from 
discarded masks alone [26], contributing to the AMNPs 
burden to some extent. Re-suspension of road dust and 
vehicle emissions are significant sources of MPs released 
into the atmosphere [27, 28]. Other important sources 
of AMNPs include industrial processes, agricultural 
practices (fertilizer bags and plastic films), human waste 
disposal (bio-solids, incineration, landfilling), and the 
physical and chemical degradation of large plastic mate-
rials (synthetic furniture and construction materials) 
[29]. Electronics, paints, adhesives, and cosmetics can all 
release MNPs into the atmosphere when they are used 
[30]. It can be said that wherever there are human activi-
ties, AMNPs are continuously generated.

MNPs release various components that pose threats 
to the environment and human health, including plastic 
additives, organic pollutants, heavy metals, pathogens, 
and toxins [31–34]. Plastic additives are intentionally 
added chemicals used during production to improve 
the performance of plastics, such as phthalate esters 
(PAEs). Most additives are not chemically bound to poly-
mer chains, so they can be released into the surround-
ing environmental media during the use, handling, and 
recycling processes of plastics [35]. These plastic addi-
tives undoubtedly have adverse effects on human health. 
Studies have shown that potential mechanisms include 
neurotoxicity, inflammation, lipid metabolism disorders, 
and tumor occurrence [36, 37]. Due to their hydropho-
bic surfaces, MNPs are important carriers of environ-
mental organic pollutants. The increased surface area/
volume ratio of MNPs and their hydrophobicity enhance 
their affinity for various hydrophobic and persistent com-
pounds. Organic pollutants can adsorb and attach to 
their surfaces through charge adsorption, allowing them 
to be transported and ultimately delivered to humans or 
other organisms through environmental media [38, 39]. 
Similarly, studies have also shown that AMNPs provide 
adsorption sites for metals such as Cu, Cd, Ni, Zn, and 

Pb, which can be absorbed by organisms after expo-
sure in the environment [40, 41]. However, the study by 
Mohamed Nor et al. showed that the chemical contribu-
tion of AMNPs to the total chemical intake is negligible 
and can be disregarded [42].

AMNPs are a part of PM2.5/PM10. Recently, a study 
conducted in a coastal city in southeast Spain indicated 
that with a 95% interval confidence level, the average 
AMNPs-PM10 and AMNPs-PM2.5 concentrations were 
2.09 ± 0.8 ng/m− 3 and 1.81 ± 0.6 ng/m− 3 respectively. 
Although the average AMNPs-PM10 concentration is 
slightly higher than the average AMNPs-PM2.5 concen-
tration, analysis of variance tests showed no significant 
difference between these values (p > 0.05) [43]. How-
ever, another study conducted in a purely agricultural 
area found a concentration of 36 ng/m− 3 of AMNPs-
PM10 [44]. As mentioned earlier, long-term exposure to 
AMNPs, which contain plastic additives, organic pol-
lutants, and heavy metals, can have serious effects on 
the respiratory system. An observational cross-sectional 
study conducted in Chengdu, China recruited 20 par-
ticipants from a plastic factory (high exposure to micro-
plastics area) and a park (low exposure to microplastics 
area). Inclusion criteria included participants spending 
more than 20  h per day in the respective areas, contin-
uous exposure for over 3 years, and less than 7 days of 
absenteeism per year. Microbial analysis of nasal secre-
tions was performed using 16  S rDNA sequencing. The 
results showed a significantly higher detection rate of 
microplastics in the high-exposure area compared to the 
low-exposure area. High exposure increased the number 
of harmful microbial communities in the nasal cavity, 
such as Klebsiella and Spirochaetes, which are associated 
with respiratory diseases, while reducing the abundance 
of beneficial communities such as Bacteroidetes. Com-
prehensive analysis showed that extensive exposure to 
microplastics not only alters the nasal microbial commu-
nity but also affects the symbiotic relationships between 
microbial communities in the nasal cavity [45]. Previous 
studies have predominantly focused on research on labo-
ratory animals, and research on the effects of microplas-
tics on human health is still in its early stages. Therefore, 
further studies in this area are urgently needed.

Compared to MNPs in other environmental media, 
research on the composition of AMNPs and their effects 
on the human respiratory system is still limited. Never-
theless, these findings provide some insights for future 
research on AMNPs and more exploration is needed.

Recognition of AMNPs
In previous studies, researchers have used various meth-
ods to collect and characterize MNPs, but they often 
find inconsistent results in the same environment [46]. 
Therefore, in the relevant research on AMNPs and lung 
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diseases, people have also explored the effective rec-
ognition of AMNPs in the model, which will lay a solid 
foundation for subsequent research on the relation-
ship between AMNPs and respiratory system diseases 
(Table 1).

Jenner LC et al. analyzed digested human lung tissue 
samples (n = 13) in a lung tissue model using muFTIR 
spectroscopy (size limit of 3  μm) to identify and char-
acterize AMNPs present in the tissue. The study’s find-
ings validate inhalation as a route of exposure to ambient 
AMNPs, and this characteristic can now give information 
for realistic exposure scenarios in lab studies to ascertain 
how AMNPs affect human lung health [47]. Levermore 
et al. optimized existing Raman spectroscopic imaging 
with different chemometric techniques to identify MPs 
(≥ 2  μm) in ambient particulate matter. The applicabil-
ity was demonstrated by identifying AMNPs larger than 
4.7 μm in outdoor particle samples obtained at sampling 
points in London, UK. This semi-quantitative method 
will be able to obtain the exposure concentration of 
AMNPs, thus guiding future toxicological assessments 
[48]. A different study proposed a thermogravimetry-
mass spectrometry method that needed minimal sample 
preparation. By using this technique to quantify gas-
phase PS in PM10 and PM2.5, researchers discovered that 
the alveolar component of the air contains the majority of 
PS-MPs, which are linked to serious respiratory and car-
diovascular conditions [43]. Geppner et al. demonstrated 
that a 10% KOH solution is most suitable for dissolving 
different organ samples, thus allowing efficient, economi-
cal, and non-destructive separation of MNPs [49].

Research models on the relationship between AMNPs 
and lung diseases also include artificially constructed 
models, and it is crucial to better achieve the objectives of 
in vitro experiments. In contrast to the changing cellular 
milieu found in vivo, most cell culture models are static. 
In order to assess cell uptake of NPs, Gupta et al. devel-
oped a microfluidic-based model of human bronchial 
epithelial cells in vitro, in which the cells are stationary 
but the food supply is dynamic. The study discovered that 
cell absorption of NPs is highly dependent on the culture 
conditions and shown that it is possible to culture human 
lung cells without the use of animals using microfluidic-
based technologies. Consequently, low-density particle 
uptake may not be effectively reflected in typical cell cul-
ture, which could result in an underestimating of the par-
ticles’ cellular effects [50]. Due to the varying methods 
of culturing cells in vitro and exposing them to AMNPs, 
this can lead to different reactions compared to those 
observed in vivo. Furthermore, distinct responses may 
also be observed in monoculture and co-culture models 
in vitro. Currently, research on the aforementioned issues 
is relatively scarce, and further in-depth investigation is 
required.

The physical properties of AMNPs
The physical properties of AMNPs include size, shape, 
color, and charge. Among them, size, shape, and charge 
are closely related to the toxicity of AMNPs to specific 
organisms [51, 52](Table 2).

Smaller particles generally pose a greater toxicity risk 
because they are more easily transported within organ-
isms and increase reactivity with cells and tissues by 
crossing epithelial barriers [53, 54]. The diameter of 
atmospheric MPs is typically found to range from 15 to 
250  μm, which is significantly lower than the diameter 
of MPs seen in aquatic and soil/sediment environments 
[55]. The density and aerodynamic characteristics of 
atmospheric MPs are connected to their size dispersion. 
Generally, larger particles are more likely to settle. Some 
AMNPs that adsorb other substances (such as dust) 
become larger in size/mass, increasing the likelihood of 
settling under gravity [53]. Quantitative classification 
of the size and distribution of AMNPs is beneficial for 
assessing their risks to human health.

It has been reported that AMNPs have various colors, 
including red, white, black and yellow [56, 57]. However, 
weathering in the environment and preparation of labo-
ratory samples can also modify the hue of AMNPs [58]. 
Additionally, color assessment may be influenced by 
experimenter bias because bright colors are more easily 
detected in visual inspections. Therefore, color inspec-
tion alone is usually insufficient to infer the type and 
source of MNPs. However, color can still serve as a useful 

Table 1  Recognition of AMNPs
Models Sample 

size
The limitation 
of AMNPs

Method Ref-
er-
ences

Human 
lung tissue 
samples

13 patients ≤ 3 μm muFTIR 
spectroscopy

 [47]

Outdoor 
particle 
samples

Not clear ≥ 4.7 μm Raman spectro-
scopic imaging 
with different 
chemometric 
techniques

 [48]

Thorax and 
alveoli

136 patients PM10 and PM2.5 thermogra-
vimetry-mass 
spectrometry

 [43]

Lung tissue Not clear 1 μm and 5 μm proteinase K, pep-
sin/pancreatin, 
and 10% potas-
sium hydroxide 
(KOH) solution

 [49]

BEAS−2B 
cells

Not clear 10 µg/ml a microfluidic-
based model of 
human bronchial 
epithelial cells in 
vitro

 [50]
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parameter to assist in identifying potential sources and 
associated surface contaminants related to AMNPs.

MPs can take on a variety of shapes in the environment, 
such as spheres, fibers, films, and pieces. The form of 
AMNPs frequently offers crucial hints on the source and 
polymer makeup of the particles. However, the original 
shape of AMNPs is affected by aging processes, residence 
duration in the environment, and decrease of surface 
performance [59]. Furthermore, the shape of AMNPs 
can also be influenced by different regional economic 
and industrial development [60–62]. There is evidence to 
suggest that fibrous particles may increase the toxicity of 
AMNPs compared to spherical particles [63]. In addition 
to fiber length, their bending stiffness may also deter-
mine their toxicity, affecting whether they can curl and 
be engulfed [64]. Since the inhibitory engulfment effect 
mainly depends on the geometric shape of particles, it 
may be a highly correlated toxicological mechanism for 
all fibrous AMNPs.

Another important physical feature of AMNPs is 
ζ-potential. The ζ-potential of AMNPs depends on their 
surface charge, such as the charge generated by func-
tional surface groups [65, 66]. Surface functionalization 
is a common method to adjust material properties in the 
manufacture of plastic products. Studies have shown that 
the interaction between particles and cells varies with the 
ζ-potential of the particles, involving in the cytotoxicity 
of AMNPs [65]. Therefore, we believe that this should 
always be taken into account in future studies on the in 
vitro and in vivo effects of MNP particles.

Routes of human exposure to AMNPs
Humans can be exposed to AMNPs in various settings, 
including indoors and outdoors. Based on estimates 
from relevant studies, the annual indoor exposure level is 
24.3/m³, while the annual outdoor exposure level is 23.5/
m³ [67]. Researches on the relationship between AMNP 
exposure and health are gradually increasing. Eberhard et 
al. published a systematic review using PRISMA guide-
lines to systematically search all unpublished papers, 
published peer-reviewed journal articles and grey lit-
erature focusing on AMNPs in indoor and outdoor air, 
and calculated the inhalation exposure of AMNPs for 
different age groups for the first time. The findings dem-
onstrated that different age groups have varied levels of 
AMNP inhalation exposure. Preschoolers, middle school 
students, pregnant women, teenagers, and non-pregnant 
adults had the highest calculated dose values across all 
locations, followed by newborns [68]. This study pro-
vides some ideas and theoretical basis for the protection 
of different age groups from AMNPs exposure and also 
prompts researchers to consider the causes of indoor 
and outdoor AMNPs generation and people’s normal life 
exposure levels.

During the COVID-19 pandemic, respiratory equip-
ment and masks are widely used for virus protection 
measures. These disposable protective devices are typi-
cally made of plastic fiber-based nonwoven fabrics. If 
used masks are reused or improperly disposed of, they 
can become an important source of MNPs, thereby con-
taminating the environment and increasing the risk of 
human exposure to inhaled MNPs and organic pollut-
ants [69–71]. Quantitative analysis of MNPs by pyrolysis 
gas chromatography-mass spectrometry revealed that 
reusable masks have a greater potential for release [72]. 
Kubátová et al. conducted thermal stability testing of 
MNPs using differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA), and found that MNPs 
from protective equipment sources have a significant 
impact on soil organisms [73].

The routes of AMNP exposure also include personal 
habits such as smoking, work environments, and liv-
ing areas. A prospective study conducted in Zhuhai, 

Table 2  The physical properties of AMNPs
Characteristics Categories Descriptions/Examples Ref-

er-
enc-
es

Size 15–250 μm ①Smaller particles gener-
ally pose a greater toxicity 
risk.
②The density and aero-
dynamic characteristics 
of atmospheric MPs are 
connected to their size 
dispersion.

 [53, 
54]

Color Red, white, 
black and 
yellow

①Color assessment can 
be influenced by experi-
menter bias.
②Color can serve as a 
useful parameter to assist 
in identifying potential 
sources and associated 
surface contaminants 
related to AMNPs.

 [56, 
57]

Shape Spheres, fibers, 
films, and 
pieces

①Offers crucial hints on 
the source and polymer 
makeup.
②The original shape of 
AMNPs is affected by 
aging processes, resi-
dence duration in the en-
vironment, and decrease 
of surface performance.
③Fibrous particles and 
their bending stiffness 
can increase the toxicity 
of AMNPs.

 [59, 
63, 
64]

Potential ζ-potential ①Depends on their 
surface charge.
②Involve in the cytotoxic-
ity of AMNPs.

 [65, 
66]
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China, combining population-based and experimental 
work found that the concentration of total MNPs (9.99 
particles/L) in bronchoalveolar lavage fluid (BALF) of a 
smoking simulation model was higher than that of the 
control group of non-smokers. The experiment demon-
strated that AMNPs can accumulate in the lower respira-
tory tract as a result of smoking [74, 75]. Jiang et al. used 
polarized light microscopy and a laser direct infrared 
imaging system to quantitatively examine MNPs after 
collecting sputum and nasal lavage fluid from messen-
gers and office workers that results revealed questionable 
MNPs. Compared to couriers, office workers’ nasal lavage 
fluid had a noticeably higher concentration of MNPs [76]. 
Research has shown that shoe factory workers also have 
AMNPs in their lower respiratory tract in fibrous form, 
which is significantly associated with a higher incidence 
of respiratory system diseases [77]. Therefore, these 
studies indicate that regulatory authorities should take 
stronger protective measures for occupational exposure 
of workers in specific locations. In addition, different liv-
ing areas have different characteristics and abundance 
of AMNPs due to industrial development, environmen-
tal climate, population density, and other factors, which 
undoubtedly pose a threat to the health of local residents 
[78, 79].

Absorption, deposition, clearance and in vivo 
translocation of AMNPs in the respiratory system
MNPs can be directly inhaled by humans through air-
borne transmission, and smaller-sized particles are more 
likely to deposit within the lung tissue [23]. It has been 
proposed that future research should focus on quan-
tifying MNPs in the air with aerodynamic equivalent 
diameter (AED) less than 10 μm, as this is important for 
assessing the risks of AMNPs to human health [80]. The 
deposition of AMNPs in the lungs also triggers the body’s 
clearance mechanism [81](Fig.  1). The potential adverse 
effects on health mainly depend on the balance between 
the deposition rate and clearance rate in the respiratory 
system. Additionally, MNPs entering the body through 
the respiratory tract can also translocate to other tissues 
via lymph or blood circulation [82](Fig. 2).

Absorption, deposition and clearance of AMNPs in the 
respiratory tract
MNPs are a part of the plastic pollution that can infil-
trate the human body through the respiratory system and 
endanger health. In A549 cells and BEAS-2B cells, Liu et 
al. investigated the properties of endocytosis, distribu-
tion, and exocytosis of 50 nm and 100 nm PS-MNPs. It 
was discovered that MNP cellular uptake increased with 
exposure duration and dose, with A549 cells absorbing 
more MNPs than BEAS-2B cells. Furthermore, there 
were more 50 nm particles than 100 nm particles inside 
the cells. The lysosomes contained the majority of the 
ingested MNPs. In terms of exocytosis, it was harder to 

Fig. 1  Absorption, deposition, clearance of AMNPs in the respiratory system. (By Figdraw)
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expel 100 nm particles than 50 nm ones. For the purpose 
of evaluating the safety of nanoplastics in the environ-
ment, these findings offer insightful information on the 
translocation of nanoplastics in lung cells [83]. Neverthe-
less, very little is now known regarding MNP absorption 
and exocytosis in human lung organ cells.

AMNPs are deposited in the respiratory system 
through three primary mechanisms: Brownian diffu-
sion, gravitational settling, and inertial impaction [84]. 
The site of deposition in the respiratory tract is closely 
related to its AED, with AMNPs having lower AED more 
likely to penetrate the respiratory tract deeply [85]. Stud-
ies have shown that particles with AED of 5–10 μm can 
be inhaled and deposit on the upper respiratory tract 
wall through impaction, primarily in the nasal-pharyn-
geal region. Particles with AED of 2–5 μm may penetrate 
into the trachea and bronchial regions by diffusion and 
deposit in the lungs. In contrast, because of Brown-
ian motion, particles with an AED smaller than 1  μm 
are more likely to lodge in the gas exchange region and 
alveoli, resulting in irreversible lung injury. Particles with 
an AED less than 0.5  μm are even capable of entering 
the lymphatic and bloodstreams and moving to different 
bodily tissues. Particles with AED smaller than 0.1  μm, 
due to their thermodynamic properties, can effectively 
deposit throughout the respiratory tract (from the upper 
respiratory tract to the alveoli) by diffusion [53, 86, 87].

The major clearance pathways of AMNPs in the respi-
ratory tract include: (1) mechanical means, such cough-
ing or sneezing; (2) mucociliary clearance entry into 

the pharynx, which causes swallowing or coughing; 
(3) phagocytosis by alveolar macrophages, which trig-
gers immunological responses to eliminate undesired or 
unidentified cells; (4) clearance by the lymphatic system. 
Given that plastic fibers are difficult to remove due to 
their wide and irregular surface, particle shape may be a 
significant attribute [88].

Particle deposition patterns and respiratory tract diam-
eters affect MNP deposition and clearance processes in 
addition to exposure duration, polymer kinds, and abun-
dance of MNP exposure. Studying the MNPs’ deposition 
and clearance mechanisms in the human body under 
real-world exposure conditions is therefore critically 
important. Revealing the absorption, deposition, and 
clearance of AMNPs in the respiratory system will con-
tribute to the specific mechanistic study of tissue toxic-
ity caused by AMNPs. Subsequent research can focus on 
exploring treatments and protective measures for lung 
diseases caused by AMNPs based on these aspects.

Translocation of AMNPs in vivo
After entering the human body through the respiratory 
tract, AMNPs can undergo translocation within the 
body, thus it is impossible to overlook their eventual des-
tination or possible build-up within the body. The frag-
ile barrier of human lung tissue may allow MNPs smaller 
than 20  μm to penetrate and enter the bloodstream, 
migrating to other tissues and organs, causing damage 
to these organs or systems, including the cardiovascular 
system [89]. Studies have found that MPs can be found 

Fig. 2  Internal translocation of AMNPs. (By Figdraw)
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in both the alveoli and interstitium when fluid contain-
ing MPs is administered into the mouse airway through 
nasal infusion, suggesting that MPs can penetrate the 
alveolar epithelial barrier [90]. The thymus is the larg-
est MNPs storage outside the lungs, which may also be 
due to the influence of lung-related lymphatic movement 
[91]. In addition, AMNPs can also undergo maternal or 
mother-to-child transmission [92]. In their investigation, 
Fournier et al. verified that the fetal placental unit may 
be vulnerable to negative consequences due to the trans-
fer of plastic particles to the placenta and fetal tissues as 
a result of the mother’s lung exposure to MNPs formed 
from PS [93]. In another study, Wang et al. detected the 
presence of MNPs in lung tissue and also found changes 
in platelets, plateletcrit, fibrinogen, and direct bilirubin in 
the blood [94]. Although it is currently unclear whether 
the changes in these indicators are directly caused by 
MNPs entering the bloodstream or indirectly caused by 
the deposition of AMNPs in the lungs, these experimen-
tal results undoubtedly provide a theoretical basis for the 
harm caused by AMNPs to the body, which is crucial for 
understanding the toxicology of plastic particles and the 
origin of health and disease.

Potential driving factors of AMNPs toxicity
As mentioned earlier, the toxicity of AMNPs to the 
human body is related to several physical factors such 
as size, shape, and ζ-potential. Smaller, fibrous, or low 
ζ-potential MNPs with cationic properties have stron-
ger toxic effects [95–97]. Environmental factors can also 
alter the chemical properties of MNPs, further changing 
their toxicity. Ultraviolet (UV) light is an inevitable envi-
ronmental factor that can cause photoaging of AMNPs. 
Following photoaging treatment of MNPs, Hayek et al. 
examined the biological reactions of A549 cells to origi-
nal and irradiated particles. High-resolution X-ray photo-
electron spectroscopy and scanning electron microscopy 
revealed that photoaging enhanced the intensity of polar 
groups in the near-surface region and changed the sur-
face shape of irradiated particles. In A549 cells, photo-
aged MNPs had more notable biological reactions than 
original MNPs, even at low doses (1–30 µg/ml) [98]. The 
mechanism of this occurrence may be attributed to the 
altered oxidative potential (OP) of photoaged MNPs, 
resulting in dynamic evolution of oxidative and reduc-
tive active species (including environmentally persistent 
free radicals (EPFRs), reactive oxygen species (ROS), per-
oxides, and conjugate carbonyl compounds), as well as 
related cellular toxicity and decreased cell viability [99]. 
Additionally, surface modification of AMNPs also plays 
a role. Shi et al. studied the cytotoxicity and genotoxic-
ity of surface-modified MNPs (carboxyl- and amine-
functionalized PS, original PS) in A549 cells and found 
that the modified MNPs exhibited stronger inhibition of 

cell viability [51]. Surface roughness is also considered a 
possible determining factor in the interaction between 
MNPs and cell membranes, as it can enhance physical 
damage to human cells [52]. The potential driving factors 
of MNPs’ toxicity are still poorly understood, and further 
exploration is needed in the future (Table 3).

AMNPs are one of the risk factors for respiratory 
diseases
After entering the human body through the respiratory 
tract, AMNPs deposit in lung tissues and can be detected 
in BALF and sputum [100, 101]. They are closely associ-
ated with the occurrence and development of various 
respiratory diseases, including asthma, pulmonary fibro-
sis, COPD, and tumors. Possible mechanisms include 
oxidative stress, inflammation, and imbalances in lung 
microbiota (Table  4). Studying the effects of MNPs on 
respiratory diseases and the role of particulate matter in 
healthy and diseased organisms will be beneficial for dis-
ease prevention and treatment and has significant clinical 
implications.

AMNPs are closely related to respiratory diseases
AMNPs can cause or worsen the occurrence and devel-
opment of various respiratory diseases (Fig. 3). Asthma, 
a common respiratory allergic disease, may be negatively 
affected by AMNPs. When Guo et al. examined how 
exposure to MPs affected the physiology of the asth-
matic mouse lung, they discovered that MPs exposure led 
to a considerable increase in macrophage aggregation, 
inflammatory cell infiltration, and mucus formation. A 
set of transmembrane B-cell antigen molecular mecha-
nisms were activated, resulting in the regulation of cel-
lular stress and programmed cell death in the asthma 
model. Additionally, it altered gene clusters related to 
cellular stress response, immunological response, and 
programmed cell death. These mechanisms were stimu-
lated by tumor necrosis factor and immunoglobulin 
production [90]. Exposure to AMNPs also increases the 
risk of COPD, possibly by causing protease-antiprotease 
imbalance, mitochondrial dysfunction, ferroptosis, and 
ER stress, resulting in respiratory function decline and 
promoting the development of COPD [102, 103]. In addi-
tion, inhalation of AMNPs can cause changes in mouse 
lung genes, promoting the expression of pro-fibrotic 
genes, including Igkv14-126000, Egr1, Scel, Lamb3, and 
Upk3b [104]. miR-1a-3p can also inhibit the formation 
of F-actin by targeting the cell skeleton-regulating twin-
filin-1 protein, leading to MNPs-induced lung fibrosis 
damage [105]. Epithelial-mesenchymal transition, oxida-
tive stress, and Wnt/β-catenin protein signaling pathway 
activation also play important roles in the induction of 
pulmonary fibrosis [106, 107]. Exposure to MNPs may 
cause or exacerbate lung nodules [108]. Inhaling AMNPs 
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can also indirectly affect the health of the gastrointesti-
nal system [109]. It can also serve as a medium for the 
transmission of respiratory infectious diseases, including 
COVID-19 and H1N1 [110–112]. AMNPs are carcino-
genic, which may be related to their endocrine-disrupting 
effects [113, 114]. The etiology of respiratory system dis-
eases is diverse, and according to the current researches, 
it’s not yet possible to identify specific diseases related to 
AMNPs. Further research on the underlying mechanisms 
of AMNPs causing various respiratory diseases is of cru-
cial importance to human health.

Possible mechanisms of AMNPs on respiratory health
Oxidative imbalance
One of the processes behind the development of lung 
disorders like asthma, COPD, and acute respiratory dis-
tress syndrome (ARDS) is oxidative stress brought on 
by oxidative imbalance. Recent studies have shown that 
AMNPs can also induce this process in the lungs [98, 
115–119]. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and Gene ontology (GO) analyses have sug-
gested that oxidative imbalance is involved in the lung-
damaging effects of AMNPs, which has been confirmed 
by ROS staining [120]. MNPs have the ability to infiltrate 
cells and alter the potential of the mitochondrial mem-
brane, impede mitochondrial respiration, and produce 
excessive amounts of ROS [11, 118]. Yang et al. found 
that oxidative stress-induced mitochondrial damage can 
lead to ferroptosis, with autophagy-dependent ferritin-
ophagy acting as a crucial intermediate step that causes 
ferritin degradation and release of iron ions. Further-
more, the use of iron chelator-1 can inhibit lung ferrop-
tosis, alleviate lung and systemic toxicity, and reverse 
AMNP-induced lung injury in mice [121]. Polytetra-
fluoroethylene MNPs (PTFE-MNPs) can activate MAPK 
signaling pathways, particularly the ERK pathway, ulti-
mately leading to the generation of ROS and oxidative 
stress [122]. Due to particle degradation and instability, 
superoxide dismutase (SOD) is the main enzyme trig-
gering cellular toxicity [123]. In an in vitro experiment 
using two types of human lung epithelial cells (HPAEpiC 
and BEAS-2B), MNPs were found to significantly reduce 
cell viability in a dose-dependent manner. Functional 
analysis showed that MNPs can disrupt redox balance, 
decrease levels of tight junction proteins, reduce levels 
of matrix metalloproteinase 9 and surfactant protein A, 
thereby impairing lung repair capacity and causing tis-
sue damage [124]. Oxidative stress induced by PS-NPs is 
characterized by increased cell apoptosis, levels of malo-
ndialdehyde (MDA) and iron content, decreased levels of 
key ferroxidases (GPX4 and FTH1), and mitochondrial 
changes [13].

Table 3  Potential driving factors of AMNPs toxicity
Characteristics Mechanisms Outcome References
Size Smaller par-

ticles are more 
easily trans-
ported within 
organisms 
and increase 
reactivity with 
cells and tissues 
by crossing epi-
thelial barriers.

Toxicity-increased  [53, 54]

Shape Fibrous parti-
cles’ length and 
their bending 
stiffness affect 
whether they 
can curl and be 
engulfed.

Toxicity-increased  [63, 64]

ζ-potential A lower 
ζ-potential 
shows more 
particle–cell in-
teractions and 
consequently 
decreased 
cell me-
tabolism and 
proliferation

Toxicity-increased  [65, 66]

Photoaging It can enhance 
the intensity of 
polar groups in 
the near-sur-
face region and 
changed the 
surface shape 
of irradiated 
particles.

Toxicity-increased  [98]

It alter the 
OP, resulting 
in dynamic 
evolution of 
oxidative and 
reductive active 
species, as 
well as related 
cellular toxicity 
and decreased 
cell viability.

Toxicity-increased  [99]

Surface 
modification

carboxyl-, 
amine-func-
tionalized- and 
original PS-
MNPs exhibite 
stronger 
inhibition of 
cell viability.

Toxicity-increased  [51]

Surface roughness It can enhance 
physical dam-
age to human 
cells .

Toxicity-increased  [52]
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Characteristics Sample type AMNPs
type

The Sources of 
AMNPs

Shape Size Mechanism Refer-
ences

Oxidative 
Imbalance

HPAEpiC and 
BEAS-2B cells

PS-MNPs Commercially 
available beads

Not clear 7.5, 15, and 30 µg/cm2 Oxidative stress-in-
duced mitochondrial 
damage can lead to 
ferroptosis

 [121]

A549 cells PTFE-MNPs Ground PTFE 
raw powder 
materials with 
450 μm average 
particle size using 
a homogenize

Not clear 31.7 ± 5.6 μm and 
6.0 ± 2.1 μm

Activate ERK signaling 
pathways, ultimately 
leading to the gen-
eration of ROS and 
oxidative stress

 [122]

HPAEpiC and 
BEAS-2B cells

PS-MNPs Commercially 
available beads

Irregular 
geometric 
shape

40 nm Disrupt redox bal-
ance, decrease levels 
of tight junction 
proteins, reduce 
levels of matrix metal-
loproteinase 9 and 
surfactant protein A, 
thereby impairing 
lung repair capacity 
and causing tissue 
damage

 [125]

BEAS-2B cells PS-MNPs Commercially 
available beads

Spheres 10 μm and 20 μm Increased cell apop-
tosis, levels of MDA 
and iron content, 
decreased levels 
of key ferroxidases 
(GPX4 and FTH1), 
and mitochondrial 
changes

 [13]

A549 cells, 
BEAS-2B cells 
and 5–8 weeks
BALB/c mice

PE-, PP-, PS-, 
PVC-MNPs

Commercially 
available beads

PE, PS AND 
PVC are regu-
lar spheres 
but have 
non-uniform 
size, while 
PP displays 
irregular 
geometric 
shape

6.5 μm−1 mm, 
6.5–100 μm, 3–100 μm, 
and 6.5–25 μm

Disrupt the cellular 
redox homeostasis 
and prompt cellular 
senescence

 [115]

A549 cells PS-MNPs Commercially 
available beads

Spheres 1 and 5 μm Reduce the integrity 
of the single-layer 
barrier and slowed 
down the regenera-
tion in wound healing 
experiments

 [98]

A549 cells PS-MNPs Commercially 
available beads

Spheres 50 nm Induce significant 
increases in ROS 
production

 [116]

A549 cells PET-MNPs Commercially 
available beads

Spheres ≤ 20 nm Oxidative stress 
induces a decrease 
in the mitochondrial 
membrane potential

 [118]

Generation of 
inflammation

A549 cells PTFE-MNPs Ground PTFE 
raw powder 
materials with 
450 μm average 
particle size using 
a homogenize

Not clear 31.7 ± 5.6 μm and 
6.0 ± 2.1 μm

Increase the secretion 
of IL−6 and TNF-α

 [122]

Table 4  Possible mechanisms of AMNPs on respiratory health
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Characteristics Sample type AMNPs
type

The Sources of 
AMNPs

Shape Size Mechanism Refer-
ences

A549 cells PS-MNPs Commercially 
available beads

Not clear 25 and 75 nm Increase the secretion 
of NF-κB, TNF-α and 
IL−8

 [132]

Mice PP-MNPs Precipitate a 
solution dissolved 
at 200 °C on a 
hot plate with PP 
beads and xylene 
solvent with 
ethanol

irregular frag-
ments with 
a spherical 
shape

0.66 ± 0.27 μm The NF-κB pathway 
regulated by p38 
phosphorylation as 
a result of mitochon-
drial damage

 [12]

Six-week-old 
male and 
female (n = 40; 
20 males and 
20 females) 
specific 
pathogen-free 
(SPF) Sprague-
Dawley rats

PS-MNPs Commercially 
available beads

Spheres 0.10 μm The lung tissue ex-
hibited an increase in 
TGF-β and TNF-α that 
is dependent on ex-
posure concentration

 [131]

BEAS-2B cells PS-MNPs, 
NH2PS-MNPs,
COOH-PS-MNPs

Commercially 
available beads

Spheres 100 nm Increase the expres-
sion and secretion of 
the pro-inflammatory 
cytokine IL-β

 [129]

C57BL/6 mice, 
BALB/c and ICR 
mice

PE-, PP-, PS-MNPs Commercially 
available beads

Irregular 
geometric 
shape

6.40 ± 1.48 μm for PP, 
17.53 ± 2.11 μm for PS 
and 21.27 ± 6.07 μm 
for PE

Induce lung inflam-
mation through the 
TLR4 pathway and 
raise levels of IL−1β 
in BALF and elevated 
levels of NLRP3, ASC, 
and Caspase−1 in the 
lung tissue

 [133]

ICR mice PET-MNPs Microplastics 
were prepared 
from polyethyl-
ene beads (5 mm)

Irregular 
geometric 
shape

27.0 ± 10.9 μm Not clear  [127]

A549 cells PS-MNPs Commercially 
available beads

Spheres 104.77 ± 1.47 nm Increase the secretion 
of pro-inflammatory 
cytokines

 [128]

A549 cells Plastic-waste 
derived MNPs

Were recovered 
in the laboratory 
from industrially 
recycled plastic 
granules

Irregular 
shape, 
encompass-
ing fiber-like 
formations, 
with notice-
able surface 
irregularities 
and structural 
flaws at the 
submicron 
level

≤ 50 μm Increase the secretion 
of IL−6 and IL−8

 [126]

ER stress BEAS-2B cells PS-MNPs, 
NH2PS-MNPs,
COOH-PS-MNPs

Commercially 
available beads

Spheres 100 nm The protein levels 
associated with 
the PERK-EIF2α and 
ATF4-CHOP pathways 
increased

 [128]

BEAS-2B cells PS-MNPs Commercially 
available beads

Spheres 570 nm Amino acids and TCA 
cycle intermediate 
metabolites

 [119]

Table 4  (continued) 
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Characteristics Sample type AMNPs
type

The Sources of 
AMNPs

Shape Size Mechanism Refer-
ences

BEAS-2B cells PS-MNPs Commercially 
available beads

Spheres 10 μm and 20 μm The elevation of 
IRE1α, PERK, XBP1S, 
and CHOP

 [13]

Apoptosis A549 cells PS-MNPs Commercially 
available beads

Not clear 25 nm and 70 nm the expression of 
Bax/Bcl−2, DR5, cas-
pase−3, caspase−8, 
caspase−9, and cyto-
chrome c significantly 
upregulate, resulting 
in cell apoptosis

 [132]

A549 cells Bap@PS-MNPs Ground styrene 
materials

Spheres 410–470 nm lead to a significant 
decrease in mito-
chondrial membrane 
potential and involve-
ment of mitochondria 
in the apoptotic 
pathway

 [138]

Autophagy cell 
death

BEAS-2B cells PS-MNPs, 
NH2PS-MNPs,
COOH-PS-MNPs

Commercially 
available beads

Spheres 100 nm Inhibit the PI3K/Akt/
mTOR pathway in 
cells. They in lyso-
somes and nuclear 
deformation can also 
be observed, result-
ing in autophagic cell 
death

 [129]

Human primary 
nasal epithelial 
cells

PET-MNPs Self-preparation 
within the 
laboratory

Irregular 
geometric 
shape

62.38 nm ± 3.51 μm Increases in the 
expression levels 
of LC3-II and p62 
proteins, altering the 
autophagy pathway

 [139]

A549 cells PS-MNPs Commercially 
available beads

Not clear 20 nm Increased autophagic 
activity, but limit to 
autophagic capacity

 [140]

Impact on LS LS extracted 
from porcine 
lungs

PS-MNPs Commercially 
available beads

Spheres 500–1000 nm It can quicken the 
process of ascorbic 
acid to dehydroascor-
bic acid conversion, 
which causes hydro-
gen peroxide (HOOH) 
to be produced in 
simulated LS, which 
raises the level of 
hydroxyl radicals (·OH)

 [142]

Simulated lung 
fluid

aged MNPs Commercially 
available beads

Irregular 
geometric 
shape

200 μm Lipid peroxidation 
and protein degrada-
tion in LS

 [143]

BALB/c mice PS-, PP-, 
PVC-MNPs

Self-preparation PP-MNPs
: irregular 
block like 
structure; PS-, 
PET-MNPs: 
crinkled 
flocculent 
morphology

PP-, PET-MNPs are all 
larger than 200 nm, 
while the PS-MNPs are 
around 52 nm

Particles adhered to 
the air-water interface 
and aggregated with 
the LS membrane

 [144]

Table 4  (continued) 
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Characteristics Sample type AMNPs
type

The Sources of 
AMNPs

Shape Size Mechanism Refer-
ences

Alveolar fluid PS-, PET-, PP-, PE-, 
PVC-MNPs

Using melting-an-
nealing approach 
to fabricate 
nanoplastics of 
different materials

Spheres 10 nm and 5 nm Once AMNPs have 
reached the alveolar 
air-water interface, 
they can disrupt the 
ultrastructure and 
fluidity of LS, which 
can interfere with LS’s 
regular biophysical 
function and lead 
to LS membrane 
collapse

 [81]

Microbiota 
dysbiosis

ICR male mice AMNPs Self-preparation 
within the 
laboratory

Not clear 5 μm and 99 nm The most closely 
linked to MP were 
nasal Staphylococcus 
and pulmonary Ro-
seomonas, while the 
most closely linked 
to NP were nasal 
Prevotella and pulmo-
nary unclassified bac-
teria. Both MP and NP 
were associated with 
nasal Staphylococcus, 
pulmonary Roseomo-
nas, pulmonary 
Aggregatibacter, and 
pulmonary Bacillus

 [145]

20 subjects 
from a Plastic 
Factory and the 
other 20 from 
Huanhuaxi Park

AMNPs Realistic MNPS Not clear Not clear Increase the abun-
dance of nasal micro-
biota and decrease 
the abundance of 
beneficial microor-
ganisms. It can also 
increase the abun-
dance of intestinal 
microbiota

 [146]

20 subjects 
from a Plastic 
Factory and the 
other 20 from 
Huanhuaxi Park

AMNPs Realistic MNPS Not clear Not clear Not only cause 
changes in the major 
microbial communi-
ties in the intestines 
and nose, but also 
alter the symbiotic 
relationship between 
intestinal and nasal 
microbiota

 [147]

Inhibition of cell 
proliferation

A549 cells PS-MNPs Commercially 
available beads

Spheres 1 μm and 10 μm Decrease in cell 
proliferation

 [148]

A549 cells PS-MNPs Commercially 
available beads

Not clear 25 nm and 70 nm Induce cell cycle 
arrest and have a 
substantial impact on 
cell viability

 [132]

Promotion of 
aging

MLE12 PS-MNPs Commercially 
available beads

Spheres 100 nm circ_kif26b binds 
to miR-346-3p and 
co-regulates the 
target gene, p21 of 
miR-346-3p

 [148]

Table 4  (continued) 
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Characteristics Sample type AMNPs
type

The Sources of 
AMNPs

Shape Size Mechanism Refer-
ences

A549 cells, 
BEAS-2B cells 
and 5–8 weeks
BALB/c mice

PVC-MNPs Commercially 
available beads

PE, PS AND 
PVC are regu-
lar spheres 
but have 
non-uniform 
size, while 
PP displays 
irregular 
geometric 
shape

6.5 μm−1 mm, 
6.5–100 μm, 3–100 μm, 
and 6.5–25 μm

Increase the levels of 
ROS in A549 cells and 
the aging features 
induced by them can 
be largely reversed 
by antioxidant treat-
ment. Increase in 
systemic inflamma-
tion levels can cause 
the accumulation of 
senescent cells

 [115]

Metabolism HaCaT cells, 
A549cells and 
RAW 264.7

ulfate-modified 
MNPs

Commercially 
available beads

Irregular 
geometric 
shape

210 ± 4.63 nm Human macrophages 
exposed to them can 
stimulate the accu-
mulation of LDs in the 
cytoplasm, and the 
accumulated LDs are 
further transported 
and accumulated in 
lysosomes, leading 
to lysosomal damage 
and further differenti-
ation of macrophages 
into foam cells

 [150]

BEAS−2B cells 
and RAW264.7

PS-MNPs Commercially 
available beads

Spheres 100 nm Cause cell damage by 
regulating prosta-
glandin B1 and other 
metabolites via the 
cGAS-STING pathway

 [151]

Induction of 
ferroptosis

BEAS-2B cells PS-MNPs Commercially 
available beads

Spheres 100 and 200 nm The HIF-1α/HO-1 sig-
naling pathway plays 
an important role in 
regulating ferroptosis 
in lung injury

 [152]

Genetic toxicity A549 cells PET-MNPs Was produced 
by grinding food 
containers

Spheres 136 nm Increase the level of 
DNA strand breaks

 [153]

Impairment 
of lysosomal 
function

A549 cells PS-MNPs Commercially 
available beads

Not clear 10 μm Lysosomal 
dysfunction

 [154]

Damage to 
epithelial airway 
cell

Human and 
murine alveolar 
and airway-
type organoids 
as well as air–
liquid interface 
cultures 
derived from 
primary lung 
epithelial pro-
genitor cells

PS-MNPs Self-preparation 
within the 
laboratory

Fibers 15 × 52 μm Damage develop-
ing and/or repairing 
airways

 [157]

Primary rat al-
veolar epithelial 
monolayers

PS-MNPs Commercially 
available beads

Not clear 20, 100, 120 nm Disrupt the character-
istics of the alveolar 
epithelial barrier and 
involve changes in 
cellular transport 
pathways

 [159]

Table 4  (continued) 
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Fig. 3  AMNPs and respiratory diseases. (By Figdraw)

 

Characteristics Sample type AMNPs
type

The Sources of 
AMNPs

Shape Size Mechanism Refer-
ences

Immune 
responses

Not clear AMNPs Not clear Not clear Not clear Insufficient response 
(immune suppres-
sion, increased 
susceptibility to infec-
tion and disease) and 
excessive response 
(pathological inflam-
mation, allergies, au-
toimmune disorders)

 [156]

Sulfonamide 
resistance

KM mice PET-MNPs Locally purchased 
mineral water 
bottles were cut 
and mechanically 
broke into small 
particles with the 
aid of a kitchen 
blender

Not clear 63.4 μm Increase the relative 
abundance of multi-
drug genes

 [158]

Table 4  (continued) 
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Generation of inflammation
Inflammation is a common manifestation in the develop-
ment of human diseases. AMNPs can lead to the genera-
tion of lung inflammation [125–128]. PTFE-MPs not only 
cause oxidative imbalance, but also increase the secretion 
of interleukin-6 (IL-6) and tumor necrosis factor α (TNF-
α) in A549 lung epithelial cell lines, inducing the occur-
rence of inflammation [122]. Other factors involved in 
this process include interleukin-1β (IL-1β), interleukin-8 
(IL-8), transforming growth factor β (TGF-β), nuclear 
factor κB (NF-κB) and p38 [12, 129–132]. A study evalu-
ating the toxicity of PS-MNPs in mice found that toll-like 
receptor 4 (TLR4) protein levels increased, while TLR1, 
TLR5, and TLR6 protein levels remained unchanged. In 
addition, there was a significant increase in phosphory-
lation of NF-κB and NF-κα, as well as increased expres-
sion of NLRP3 inflammasomes, indicating that PS-MNPs 
can induce lung inflammation through the TLR4 pathway 
[133]. Studies have shown that the expression of these 
inflammation-related proteins increases in a concentra-
tion-dependent manner [131].

ER stress
In response to situations like improper protein folding 
and aggregation and abnormal calcium ion balance in the 
endoplasmic reticulum, cells’ protective stress response 
known as ER stress triggers signaling pathways such as 
endoplasmic reticulum overload response, the unfolded 
protein response, and caspase-12 mediated apop-
totic pathway [134]. In an experiment on the toxicity of 

PS-MPs, it was found that the protein levels associated 
with the protein kinase R-like endoplasmic reticulum 
kinase-eukaryotic translation initiation factor 2 subunit α 
(PERK-EIF2α) and activating transcription factor-C/EBP-
homologous protein (ATF4-CHOP) pathways increased, 
mediating ER stress [129]. Other stress proteins include 
inositol-requiring enzyme 1α (IRE1α), x-box binding 
protein 1 spliced (XBP1S) and ATF6 [13, 135]. Lim et 
al. found that nanoparticle exposure showed metabolic 
changes related to autophagy and ER stress, such as an 
increase in intermediates of amino acid and tricarboxylic 
acid cycle (TCA), which play a key role in regulating cell 
resistance to cytotoxic effects. Autophagy is reciprocally 
regulated to couple transcriptional reprogramming and 
metabolism, as demonstrated by metabolomic analysis, 
the ER stress pathway, and quantitative real-time poly-
merase chain reaction (qRT-PCR) analysis [119](Fig. 4).

Apoptosis and autophagy cell death
Apoptosis and autophagy cell death are forms of pro-
grammed cell death. Apoptosis is a process in which cells 
form apoptotic bodies and are eventually engulfed by 
neighboring cells or phagocytes. Autophagic cell death 
is characterized by the presence of a large number of 
autophagosomes and autolysosomes in the cytoplasm, 
which are ultimately degraded by lysosomes within the 
cells. It is a self-protective mechanism of cells for the deg-
radation and recycling of intracellular biomolecules (e.g., 
misfolded proteins) and dysfunctional organelles. It plays 
an important role in the regulation of cell growth and 

Fig. 4  ER stress triggered by AMNPs. (By Figdraw)
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maintenance of intracellular homeostasis [136]. PS-MPs 
can inhibit the PI3K/Akt/mTOR pathway in cells. They in 
lysosomes and nuclear deformation can also be observed, 
resulting in autophagic cell death [129]. In lung tissue 
exposed to PS-MPs, the expression of Bax/Bcl-2 and cas-
pase family proteins increases, the phosphorylation lev-
els of the MAPK signaling pathway (p38, ERK, and JNK) 
increase, and the expression of apoptotic proteins such as 
DR5, caspase-3, caspase-8, caspase-9, and cytochrome c 
significantly upregulate, leading to a significant decrease 
in mitochondrial membrane potential and involvement of 
mitochondria in the apoptotic pathway, resulting in cell 
apoptosis [132, 137, 138]. Human primary nasal epithelial 
cells (HNEpCs) exposed to PET-NPs showed significant 
increases in the expression levels of microtubule-associ-
ated protein 1 light chain 3-II (LC3-II) and p62 proteins, 
altering the autophagy pathway in HNEpCs [139]. A549 
cells exposed to AMNPs showed increased autophagic 
activity, but there is a limit to autophagic capacity [140].

Impact on lung surfactant (LS)
LS lowers surface tension in the alveoli by combining 
proteins and lipids [141]. It is yet unknown how MNPs 
affect the interfacial characteristics of LS and how 
this affects the production of reactive ROS. Research 
has revealed that the phase behavior, surface tension, 
and membrane structure of LS are all changed by the 
presence of MNPs. Adsorption tests revealed that PS 
adsorbed more strongly to the phospholipid compo-
nent than to the protein in a mixed solution of PS and 
LS. Moreover, PS can quicken the process of ascorbic 
acid to dehydroascorbic acid conversion, which causes 
hydrogen peroxide (HOOH) to be produced in simulated 
lung fluid (which contains LS), which raises the level of 
hydroxyl radicals (·OH) [142]. Another study looked at 
the possible processes underlying the oxidative damage 
caused by aged MNPs in simulated lung fluid and the 
relationship between inhalable old MNPs and LS in vitro. 
The findings demonstrated that aged MNPs considerably 
decreased liquid paraffin’s capacity to foam and raised its 
surface tension. Additionally, they raised surface tension 
and improved the adsorption capacity to phospholipids; 
on the other hand, the structural alterations in proteins 
and their adsorption on MNPs may have contributed to 
the change in foaming ability. Reduced hydrodynamic 
diameter in aged MNPs may interact with bodily fluid 
biomolecules and intensify health risks. Additionally, 
they produced persistent free radicals, which raised the 
risk of respiratory illnesses by causing the production 
of ROS such superoxide radicals (O2•-), HOOH, and 
hydroxyl radicals (OH). These ROS caused lipid peroxi-
dation and protein degradation in LS [143]. Mice that 
were exposed intranasally to AMNPs from foam boxes 
likewise experienced the greatest degree of lung damage 

and inflammation. MNP particles adhered to the air-
water interface and aggregated with the LS membrane, 
as demonstrated by atomic force microscopy. These find-
ings imply that, although though incidentally generated 
nanoparticles make just a little portion of the mass frac-
tion, by aggregating at the alveolar-capillary interface, 
they may have a significant impact on determining nano-
biointeractions and the pulmonary toxicity of AMNPs 
[144]. Once AMNPs have reached the alveolar air-water 
interface, they can disrupt the ultrastructure and fluidity 
of LS, which can interfere with LS’s regular biophysical 
function and lead to LS membrane collapse [81]. These 
findings offer fresh perspectives on the molecular destiny 
and toxicity of AMNPs in the human respiratory system.

Microbiota dysbiosis
It has been confirmed that dysbiosis of the human micro-
biota plays a significant role in the occurrence and devel-
opment of many diseases. Zha et al. investigated the 
effects of MP and NP in the air on the nasal and pulmo-
nary microbiota of mice by performing a number of bio-
informatics and statistical analysis. The results showed 
that both MP and NP can cause dysbiosis of the nasal 
microbiota, with MP having a greater impact on the pul-
monary microbiota. Both MP and NP were linked to a 
number of nasal and pulmonary bacterial communities. 
The most closely linked to MP were nasal Staphylococ-
cus and pulmonary Roseomonas, while the most closely 
linked to NP were nasal Prevotella and pulmonary 
unclassified bacteria. Both MP and NP were associated 
with nasal Staphylococcus, pulmonary Roseomonas, pul-
monary Aggregatibacter, and pulmonary Bacillus, which 
are putative indicators of airway dysbiosis brought on by 
micro/nanoplastics. In the MP group, SAR11_Clade_II 
and SAR11_Clade_Ia were correlated with nasal and 
pulmonary microbiota, while such bacteria were not 
detected in the NP group [145]. An observational study 
conducted in Sichuan, China found that high exposure 
to AMNPs may increase the abundance of nasal micro-
biota, such as Klebsiella and Treponema, which are posi-
tively correlated with respiratory diseases, and decrease 
the abundance of beneficial microorganisms, such as 
Bacteroides. At the same time, it can also increase the 
abundance of intestinal microbiota, which is positively 
correlated with gastrointestinal diseases, such as Lac-
tobacillus, Streptococcus, and Shewanella, and decrease 
the quantity of beneficial and healthy intestinal micro-
biota, such as Bifidobacterium, Geobacillus, Clostridium, 
and Faecalibacterium. A comprehensive analysis showed 
that extensive exposure to microplastics may not only 
cause changes in the major microbial communities in the 
intestines and nose, but also alter the symbiotic relation-
ship between intestinal and nasal microbiota [45, 146]. 
The effects of AMNPs on the airway microbiota are still 
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poorly understood and require further investigation in 
the future.

Inhibition of cell proliferation and promotion of aging
As a model for environmental contaminants, PS-MPs 
with sizes of 1  μm and 10  μm were introduced to cul-
tured human lung epithelial A549 cells. Trypan blue 
staining and calcein-AM staining for cell viability mainte-
nance rate showed a significant decrease in cell prolifera-
tion for both sizes [147]. PS-NPs induced cell cycle arrest 
and had a substantial impact on cell viability [132]. After 
treatment with PS-MPs, the mouse lung epithelial cell 
line MLE12 showed increased senescent cells in lung tis-
sue as indicated by β-galactosidase staining, elevated lev-
els of senescence-associated secretory phenotype (SASP) 
in BALF determined by ELISA, and increased levels of 
senescence markers p21, p16, and p27. circ_kif26b is a 
circular structure of non-coding RNA (ncRNA) that is 
conserved in humans, rats, and mice. In both MLE12 
cells treated with PS-MPs and rat lung tissue exposed 
to PS-MPs, its expression is elevated. circ_kif26b binds 
to miR-346-3p and co-regulates the target gene, p21 of 
miR-346-3p, according to luciferase reporter gene tests. 
In MLE12 cells, circ_kif26b knockdown or miR-346-3p 
overexpression reduces PS-MPs-induced senescence and 
the release of SASP cytokines IL-6 and IL-8 [148]. Polyvi-
nyl chloride (PVC)-MNPs can increase the levels of ROS 
in A549 cells, and the aging features induced by them can 
be largely reversed by antioxidant treatment. Importantly, 
tracheal instillation of PVC-MNPs can effectively impair 
the physiological function of mice, induce an increase in 
systemic inflammation levels, and cause the accumula-
tion of senescent cells [115]. These experimental results 
provide new insights into the potential mechanisms of 
AMNPs in the development of pulmonary diseases.

Others
AMNPs toxic mechanisms on the respiratory system 
include effects on metabolism, induction of ferroptosis, 
genetic toxicity, impairment of lysosomal function, and 
damage to epithelial airway cell differentiation. Experi-
mental evidence has shown that oral ingestion of PS-NPs 
can cause hematological damage and lipid metabolism 
disorders [149]. Human macrophages exposed to PS-NPs 
(100 g/mL) can stimulate the accumulation of lipid drop-
lets (LDs) in the cytoplasm, and the accumulated LDs 
are further transported and accumulated in lysosomes, 
leading to lysosomal damage and further differentiation 
of macrophages into foam cells [150]. Lei et al. demon-
strated through non-targeted metabolomics and pro-
tein imprinting that PS-MNPs can cause cell damage by 
regulating prostaglandin B1 and other metabolites via the 
cGAS-STING pathway. Prostaglandin B1 supplementa-
tion reduced immunological activation and metabolic 

abnormalities brought on by exposure to PS-MNPs [151]. 
RNA-seq revealed that differentially expressed genes in 
BEAS-2B cells exposed to PS-MNPs were enriched in 
lipid metabolism and iron ion binding processes, with 
significant changes in the expression levels of high iron 
proteins, and further confirmed that the HIF-1α/HO-1 
signaling pathway plays an important role in regulating 
ferroptosis in lung injury caused by PS-MNPs exposure 
[152]. In addition, exposure to PET-MNPs can increase 
the level of DNA strand breaks, leading to genetic tox-
icity [153]. The interaction between AMNPs and A549 
cells also involves lysosomal dysfunction [154]. Chronic 
inhalation of AMNPs in rats leads to pulmonary over-
load, resulting in fibrosis and cancer in the lungs [155]. 
AMNPs pollutants can also have an impact on immune 
responses, including insufficient response (immune sup-
pression, increased susceptibility to infection and dis-
ease) and excessive response (pathological inflammation, 
allergies, autoimmune disorders) [156]. The ingredients 
in MNPs may also damage developing and/or repairing 
airways [157]. Currently, it has been found that ingested 
MNPs may exacerbate sulfonamide resistance and 
increase the relative abundance of multidrug genes [158], 
but there have been no reports on the impact of lung 
antibiotic resistance. Yacobi et al. found that exposure 
to specific AMNPs compositions, shapes, and/or surface 
charges can disrupt the characteristics of the alveolar epi-
thelial barrier and involve changes in cellular transport 
pathways [159].

The toxicity of nanoplastics on aquatic and marine 
organisms has received extensive attention, while stud-
ies on its toxicity evaluation in mammals are relatively 
limited. The above results are only a partial exploration 
of the toxicity of AMNPs on the respiratory system, and 
further research in this area is still needed. These findings 
are of great significance for the toxicological research and 
ecosystem protection of PS-MPs, and provide new per-
spectives on the toxicological mechanisms of AMNPs.

Discussion
With the development of human society, people are 
almost inevitably exposed to various sources of MNPs, 
which are one of the important threats to human life 
and health. Numerous research on the negative effects 
of AMNPs on human health have been conducted in 
recent years. Existing published data partly confirm the 
harm of AMNPs to the human respiratory system. How-
ever, the specific toxic mechanism is still unclear. There 
are also some challenges in the research on the preven-
tion and treatment of AMNPs. (1) Firstly, there is a lack 
of data on the respiratory system exposure of suscepti-
ble groups, including infants, pregnant women, and the 
elderly. (2) In addition, as mentioned earlier, the indoor 
exposure to AMNPs is even higher than the outdoor 
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exposure. However, data on indoor AMNPs are lim-
ited. It is necessary to study the existence, exposure, and 
health effects of indoor AMNPs in order to clarify pos-
sible health consequences and strengthen the necessity of 
taking mitigation measures. (3) There are some method-
ological obstacles in the detection, characterization, and 
quantification of AMNPs in lung tissue. The scientific 
community needs sensitive, high-throughput techniques 
and standardized methods to determine AMNPs. (4) So 
far, there is still insufficient research on the incidence 
and health effects of AMNPs in humans, especially in the 
respiratory system. (5) Currently, most of the MNPs used 
in experiments are commercially available, with relatively 
uniform characteristics such as shape, size, and compo-
sition. These polymers cannot represent the real world 
situation. (6) The research on AMNPs is currently mainly 
focused on in vitro and animal experiments, with rela-
tively less research in the population. Further research is 
needed in the future.

Conclusion
In summary, the role of AMNPs in respiratory diseases is 
increasingly attracting attention and they are ubiquitous 
in human life. People can be exposed to them through 
masks, tobacco, and occupational contact, and they sub-
sequently deposit in the respiratory tract and even circu-
late throughout the body through blood circulation. The 
harm to the respiratory system is closely related to the 
balance between the deposition rate and clearance rate 
in the body. Existing studies have shown that AMNPs 
can be toxic to the body through mechanisms such as 
oxidative stress imbalance, ER stress, and inflammation, 
leading to the occurrence and development of respira-
tory diseases such as asthma, COPD, pulmonary fibrosis, 
and tumors. In addition, the toxicity of AMNPs is closely 
related to their physical properties, including size, shape, 
and ζ-potential. Although research on the relationship 
between AMNPs and respiratory diseases has been ongo-
ing in recent years, there are still significant knowledge 
gaps that require further exploration by researchers to 
contribute to human health.
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