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Abstract

Nanotechnology offers great potential as an advanced therapeutic strategy for drug delivery and other biomedical applications. Nanoparticles (NPs) have individual
characteristics that can be exploited for diagnostic or therapeutic purposes. They can access cells and interact with different cellular components including the nucleus.
However, they can act as foreign materials that might aggravate different pathologies like chronic obstructive pulmonary disease (COPD) and asthma. Asthma is a
chronic inflammatory obstructive lung disease characterized by hyperreactivity of the airways caused by diverse stimuli. Particulate matter (PM) and diesel exhaust
nanoparticles (DE) are nanoparticles that appear to have a number of serious side effects like respiratory tract irritation and carcinogenicity. They can also exacerbate
allergic inflammation and asthma. This review summarizes the impact of air pollution particulates and provides an overview of different nanoparticles that affect our

respiratory health and trigger airway inflammation.

Abbreviations: NPs: Nanoparticles; COPD: Chronic obstructive
pulmonary disease; PM: Particulate matter; DE: Exhaust nanoparticles;
DEP: Diesel exhaust engines; AgNPs: Silver nanoparticles; TiO,NPs:
Titanium dioxide nanoparticles; AHR: Airway hyperresponsiveness;
ZnO NPs: Zinc oxide nanoparticles; BALF: Bronchoalveolar lavage
fluid; CuO NPs: Copper oxide nanoparticles; SNPs: Silica nanoparti-
cles; GONPs: Graphene oxide nanoparticles; Nano-SiO,: Nano-silicon
dioxide; CNTs: Carbon nanotubes; SWCNTSs: Single-walled carbon
nanotubes; DWCNTs: Double-walled carbon nanotubes; MWCNTs:
Multi-walled carbon nanotubes

Introduction

Nanoparticles (NPs) have become a promising biomedical
tool due to their physiochemical features such as biodegradability,
biocompatibility, presumed minimal toxicity, and ease of modification
[1]. NPs are defined as solid particulates or particle dispersions with
sizes ranging from 1 to 100 nm. They can permeate and remain active
in different living tissues, cells, and the bloodstream, where they
exert their effects [2]. Definition of the harmful effects of NPs is also
important since they might induce tissue damage, inflammation,
undesirable signal transduction, toxicological stress, and even creat
genotoxicity [3,4]. Additionally, NPs can act as foreign materials
that might aggravate different pathologies like chronic obstructive
pulmonary disease (COPD) and asthma.

Asthma is a chronic inflammatory respiratory disease characterized
by episodes of airway obstruction caused by a narrowing of the small
airways in response to asthmatic “triggers” [5]. According to the
World Health Organization (WHO), hundreds of millions of people
suffer from asthma globally, and this number is rising; deaths from
asthma have reached over 180,000 annually. Asthma attacks can vary
from mild to life-threatening and mostly consist of a combination of
symptoms including shortness of breath, cough, wheeze, chest pain,
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and chest tightness [6,7]. Many factors can trigger an asthma attack
including allergens, infections, exercise, abrupt changes in the weather,
or exposure to airway irritants such as tobacco smoke, engineered
nanomaterials, and air pollutants.

Worldwide, air pollution and its particulate matter (PM) have
received great attention due to their harmful effects on public health.
Moreover, pollution in big cities is recognized as a major cause for
asthma morbidity [7]. In our review, the toxicity of air pollutants
including PMs and diesel exhaust (DE) nanoparticles will be redefined
in order to quantify human exposure and improve population health.

Nanoparticles trigger airway inflammation and exacer-
bate asthma

Silver nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) have been widely exploited in
biomedicine due to their excellent physicochemical properties [8,9].
They are the most commercialized nanomaterial, and they are used in
a wide variety of products ranging from medical products to anti-odor
textiles and paints.
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Recently, Kim, et al. reported the results of an immunomodulatory
toxicity study of AgNPs after oral application at different doses (60 nm
average size for 28 days). They found that these particles accumulated
in rat blood, stomach, lungs, testes, liver, brain, and kidneys without
significant genotoxicity [10]. In addition, AgNPs triggered lymphocyte,
neutrophil, and eosinophil infiltration into the airways and increased
the levels of the interleukin (IL)-13 [11].

Titanium dioxide nanoparticles (TiO,NPs)

Titanium dioxide (TiO,) and its derivatives in nanoscale forms are
widely used in biomedical and clinical research [12]. These particles
have attracted considerable attention for different applications
including semiconductors, solar cells, photocatalyst belts, and in
consumer products like sunscreen and paints [13-15]. Inhalation,
intratracheal instillation, and intranasal application suggest that
TiO,NPs can translocate from the nasal cavity into sensory nerves to
the nervous system and from the lung into different organs and tissues.
TiO,NPs alter cell signal transduction pathways, generate reactive
oxygen species (ROS), and can be carcinogenic at high doses [16].
Further, inflammation, airway hyperresponsiveness (AHR), IL-18 and
IL-1P levels were increased in ovalbumin-sensitized/challenged mice,
and these responses were aggravated after TiO, NP exposure [17].
The authors also reported that TiO, NPs increased the expression of
caspase-1 and NLRP3, leading to the production of active caspase-1
in the lung [17]. Additionally, levels of ROS and caspase-1 tended to
be augmented in ovalbumin-sensitized/challenged and ovalbumin-
sensitized/challenged-TiO,NP-treated mice [17].

Zinc oxide nanoparticles (ZnONPs)

Zinc oxide NPs have been widely used in cosmetics, paints, coatings,
personal hygiene products, and in biomedicine [18,19]. However,
exposure to low doses of ZnONPs induced pulmonary cytotoxicity and
inflammation in mice [20].

It has been observed that ZnONPs promoted pulmonary fibrosis,
proliferation of airway epithelial cells and goblet cell hyperplasia [21].
IgE levels were up-regulated while IgA levels were down-regulated
following ZnONPs exposure [21]. In addition, ZnONPs increased
significantly the levels of Th2 cytokines including IL-4, IL-5, and IL-13,
and induced significant eosinophilia and neutrophilia in BALF [22].
The specific technique by which ZnO NPs induced eosinophilic airway
inflammation is not completely understood [22].

Copper oxide nanoparticles (CuONPs)

Copper metal oxide nanoparticles (CuONPs) have been used in
different domains including antimicrobial textiles, heat transfer fluid
in machines, wood preservation, and catalysts for CO oxidation [23].
In OVA asthma model, CuONPs promoted airway inflammation, cell
infiltration into the lung, and mucus secretion [24]. They also increased
the phosphorylation of MAPK intracellular signaling pathway
components (JNK, Erk, and p38). In addition, these nanoparticles
augmented inflammatory cell numbers and increased AHR, ROS,
proinflammatory cytokines and IgE levels [24]. This suggests that CuO
NPs can significantly aggravate the evolution of asthma [24].

Silica nanoparticles (SNPs)

Silica NPs are widely employed in many industrial and scientific
area and are considered as a main component of glass and concrete [25].
Occupational exposure to crystalline silica induced airway obstruction,
silicosis (a fibrotic lung disease), and lung cancer [26]. Oxidative stress
induced by SNPs could injure cells and promote apoptosis [27].
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In asthma model, mice exposed to OV A with silica nanoparticles
showed a significant increase in AHR and airway inflammation,
higher than those treated only with OVA alone [25]. In this study,
interferon-y, IL-5, IL-1pB, and IL-13 levels were correlated with the
degree of airway inflammation in these animals [25]. Therefore, the
airway inflammation was not only induced by the Th2 pathway but also
by the Th1 pathway [25].

Graphene oxide nanoparticles (GONPs)

Graphene oxide NPs (GONPs) are carbonaceous NPs with
excellent physicochemical attributes suited to a range of industrial and
medical applications. In particular, GONPs might interact with our
environment if they make their way into surface water such as lakes or
rivers or ground water sources. GONPs have been shown to be strong
and sharp enough to penetrate the cell membranes of human lung, skin,
and immune cells, leading to several types of tissue damage [28,29].

In a murine model of asthma, GO, used at the sensitization stage,
increased airway remodeling and AHR in the form of smooth muscle
hypertrophy and goblet cell hyperplasia. However, IL-4, IL-5, and
IL-13 levels were decreased in the BALF. Exposure to GO during
OVA challenge reduced eosinophil accumulation and augmented
macrophage recruitment in the BALF [30]. Moreover, GO treatment
elevated the production of the mammalian chitinases CHI3L1 and
AMCase in macrophages, whose production is associated with allergic
asthma [30]. GO exposure attenuated Th2 responses in OVA-induced
asthma and enhanced AHR and remodeling with the induction of
mammalian chitinases [30].

Nano-silicon dioxide (nano-SiO,)

An essential component of the earth’s crust, SiO, has long been
recognized as toxic [31]. However, by virtue of its characteristics
such as adjustable pore size and a high specific surface area, SiO,
nanoparticles have recently been employed in biomedicine applications
[32]. With the commercial development of nanotechnology, human
exposure to nano-SiO, products has increased. This preliminary
research for the first time included the impact of nano-SiO, on OVA-
induced rat asthma. Intratracheal application of nano-SiO, caused
airway remodeling and AHR with or without OVA immunization
[33]. Moreover, by increasing nano-SiO, exposure, IL-4 levels in lung
homogenate were increased and IFN-y showed a reverse insignificant
modulation. Table 1 summarizes the effect of different nanoparticles
on airway inflammation.

Carbon nanotubes (CNTs)

The discovery of carbon nanotubes (CNTs) by Suomi Iijima in
1991 opened up a novel era in materials science. CNTs attracted
considerable attention due to their wide potential applications.
CNTs are rolled hexagonal carbon networks capped by half fullerene
molecules, less than 100 nanometers in diameter and as thin as 1 or
2 nm (Figure 1). Recently, they have been used in optics, electronics,
and other inventions like medicines and sensor technologies. CNTs
form a category of carbon nanomaterials with different structural
features to other carbon materials including diamond and graphite
[34]. Among several different types of nanomaterials, CNTs are one of
the most attractive materials because of their size, strength, and surface
chemistry [35,36]. In addition, they have a relatively large surface area
for chemical modification and can carry a large amount of antigen.

Single-walled CNTs (SWCNTs), double-walled CNTs (DWCNTs),
and multi-walled CNTs (MWCNTs) are three common CNT
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Table 1. Nanoparticles and their effects on airway inflammation.

Nanoparticles  Mechanism of action Effects on airway inflammation
Evoke neutrophil, lymphocyte and eosinophil infiltration into the airways and elevate the . . . .

Ag levels of (Th2) allergic cytokines like IL -13. Stimulate airway inflammation.

TiO, Increase the expression of IL-1f, IL-18, NLRP3 and caspase-1. Increase airway inflammation and AHR.

ZnO Enhance the expression of Th2 cytokines and increase IL-5 levels and eosinophil infiltration. | Induce eosinophilic airway inflammation.

CuO Increase inflammatory cell infiltration into the lung and also pro-inflammatory cytokines. Induce airway inflammation, AHR, and mucus secretion.
Increase levels of interleukins . . .

S IL-5, IL-13, IL-1, and interferon-y. Increase airway inflammation and AHR.

GO Stimulate the production of OVA-specific [gG2a and augment macrophage recruitment. Augment airway remodeling, AHR, and muscle hypertrophy.

SiO: Increase the tissue IL-4 production and Th1/Th2 cytokine imbalance. Increase airway remodeling and AHR.

Various types of carbon nanotubes

Multi walled carbon nanotubes
(MWCNTSs)

Single walled carbon nanotubes
(SWCNTs)

Double walled carbon nanotubes
(DWCNTs)

Figures 1. Inflammatory cascade and mediators in the pathogenesis of asthmatic
inflammation. The inflammation cycle starts from the respiratory epithelium where
the antigens, environmental stimuli and nanoparticles can enter and start inducing the
inflammatory cells to produce their mediators. These inhaled nanoparticles are able to
interact with the immune system and stimulate the production of chemokines and cytokines
like interleukin 4 (IL-4), IL-13 and immunoglobulin E (IgE). The released inflammatory
mediators cause bronchoconstriction, mucus secretion and lung damage

configurations. The SWCNT structure can be conceptualized by
wrapping a one-atom-thick layer of graphite called graphene into a
seamless cylinder, while MWCNTSs consist of multiple rolled layers
(concentric tubes) of graphene. DWCNTs form a special class of
nanotubes because their properties and morphology are similar to
those of SWNT's but they are more resistant to chemicals.

CNTs can be used as potential carriers for immunization. The
conjugation of antigenic epitopes such as viral peptides to CNTs
stimulates phagocytosis, rapidly inducing the immune system and
improving antibody responses in mice [37].

Recently, it was found that short-term inhalation of the rod-like
CNT stimulated a new innate immunity-mediated allergic-like airway
inflammation in healthy mice [38]. Investigation of the early stages
by transcriptomics showed that exposure to rod-shaped CNTs led to
eosinophilia with high expression of Th2-type cytokines, AHR, and
mucus hypersecretion [38]. Furthermore, mast cells were used to
slightly regulate the airway inflammation caused by rod-like CNTs,
and alveolar macrophages were also important participants in the early
phases [38].

MWCNTs have many outstanding physical and chemical
properties that make them useful in many applications in nanoscience
[39]. However, they could trigger allergen-induced inflammation in
mouse models, as recognized by the increase in the number of goblet
cells in the bronchial epithelium and the infiltration of immune cells
(neutrophils, eosinophils, and mononuclear cells) [40].

Another study proposed that airway fibrosis produced by the
interaction between inhaled MWCNTSs and OVA challenge elevated
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IL-5 mRNA levels, which could lead to airway fibrosis [41]. These
experiments also showed that MWCNT inhalation needs pre- allergic
inflammation to contribute to airway fibrosis, suggesting that persons
with pre-existing inflammation might be more susceptible to airway
fibrosis from inhaled MWCNTs [41].

Similarly, Li, et al. investigated the effects of SWCNTs in allergic
asthma model. Their findings indicated that SWCNTs in rats triggered
OVA-induced asthmatic responses [42]. This aggravation was
counteracted by the synchronous application of vitamin E [42]. A
technique including the downregulation of Th2 reactions, elimination
of ROS, and release of allergic asthma symptoms was suggested to
explain the antagonistic impact of vitamin E and provided a preventative
therapeutic avenue for asthmatic people exposed to SWCNTs or other
nanomaterial-stimulated aggravating activities [42] (Figure 2).

Impact assessment of respiratory exposure to toxic air
pollutants

According to the WHO, air pollution remains a fundamental
public and environmental health problem, impacting everyone in
developed and developing countries. In spite of improvements in air
quality in North America and Western Europe over the last 50 years,
mortality and morbidity from air pollution remain high. The WHO
estimated that air pollution was accountable for the premature deaths
of 3.7 million people under the age of 60 in 2012, and 14% of deaths
were due to chronic obstructive pulmonary disease (COPD) or acute
lower respiratory tract infections.

Air pollution is described as contamination by different physical,
chemical, or biological agents that modify the natural properties of the
atmosphere. Household combustion devices, burning of fossil fuels,
motor vehicles, agricultural activities, industrial facilities, and forest
fires are common sources of air pollution. Pollutants of major public
health concern include particulate matter (PM), carbon monoxide
(CO), ozone (0,), nitrogen dioxide (NO,), and sulfur dioxide (SO,).
Research into air pollution has recently focused on the new categories
of toxicants from micro- and nano-sized particles such as particulate
matter (PM) and diesel exhaust (DE) nanoparticles.

Particulate matter (PM)

PM refers to a mix of fluid droplets and solid particles in the air.
Some PM like dirt, dust, bloat, or smoke are large enough to be seen
by eye, while others are so small that they can be only visualized by
electron microscopy. PMs come in different sizes and shapes and can be
released from construction sites, automobile exhaust, fields, industry,
smokestacks, and fires.

With urban renovation and evolution, environmental and air
pollution have significantly increased and their effect on human
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Figures 2. Three common carbon nanotube configurations: single-walled (SWCNTs), double-walled (DWCNTs), and multi-walled (MWCNTs). These incredible structures have an array

of unique electronic, magnetic, and mechanical properties

health has attracted renewed research interest. The concept of air
pollutants includes PM and gaseous pollutants [43]. Many studies
have demonstrated that PM less than 10 um in diameter has a greater
effect on human health than larger particles, and an increased PM
concentration in the air can accelerate morbidity and mortality at the
population level [44]. PM in the atmosphere causes haze, which is not
only an annoyance but also dangerously affects human health. PM and
its components are closely associated with several cardiovascular and
respiratory diseases, including COPD, and asthma [45].

Moreover, exposure to PM during sensitization to allergens has
been shown to be sufficient to modify the allergic immune reaction by
acting as an adjuvant and facilitating immune memory formation as
part of the adaptive immune response [7].

According to American Cancer Society, overall mortality and
mortality from cardiopulmonary diseases and lung cancer increased
by 4%, 6%, and 8%, respectively, for each 10 pg/m* PM2.5 (particles
smaller than 2.5 pm in diameter) increase. These data were collected
from 500,000 adults living in big cities [46]. It has been also reported
that PM2.5 can penetrate the lung, irritate the alveolar walls, and

decrease lung function [43].
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Diesel exhaust (DE) nanoparticles

DE nanoparticles are defined as a group of PMs derived from
diesel fossil fuels and combustion engines. Small particles released
from diesel exhaust (DEP) are associated with different pulmonary and
cardiovascular pathologies like asthma and pulmonary fibrosis [47-
50]. In the 1990s, several epidemiological studies reported an increase
in asthma incidence in urban areas. Moreover, respiratory toxicity
characterized by airway inflammation, lung fibrosis, AHR, and goblet
cell hyperplasia was observed in a mouse model after long-term DEP

exposure [51].

Recently, an ovalbumin (OVA) mouse model of asthma was used
to investigate the effects of intranasal administration of diesel exhaust
particles. Mice exposed to DEPs were more hypersensitive to ovalbumin
than controls as demonstrated by AHR, airway inflammation, and
ovalbumin-specific IgE levels [52]. In another study, the impact of DEP
treatment on asthma severity was studied in a house dust mite (HDM)
mouse model. DEP exposure alone did not stimulate an asthmatic
reaction, while co-exposure (DEP-HDM) increased airway hyper-
responsiveness compared with HDM exposure alone [53].
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The authors of the previous studies concluded that smog including
PMs increased the likelihood of suffering from asthma, respiratory
tract infections, and influenza. Therefore, reducing the impact of air
pollution and its PMs on respiratory health is highly topical issue and
a challenging task.

Conclusion

Asthma is a chronic obstructive disease associated with chronic
airway inflammation that results in symptoms like a temporary
airway narrowing with shortness of breath, wheezing, cough, and
chest tightness. Nanoparticles are a promising instrument for future
therapeutic strategies due to their unique properties. However, they
can also lead to harmful diseases and trigger asthmatic inflammation.
Toxicity and safety studies like neurotoxicity, carcinogenicity,
and immunotoxicity must be performed on each individual NP to
investigate harmful and/or undesirable outcomes. The physiochemical
characterization of NPs including their administration, distribution,
metabolism, and excretion should be also analyzed to improve safety
and efficacy. When such analyses have been examined and validated,
the product can be transmitted from the preclinical to clinical phase
and applied to humans.

The impact of air pollution and its components like PM have
attracted worldwide attention in attempts to limit our body’s exposure
to harmful substances. This review focused on the ongoing studies
of different types of nanoparticles given their leading role in airway
inflammation and summarized some in vivo experiments as an initial
step towards clinical translation.
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