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Abstract: Asthma is a chronic respiratory disease that is highly sensitive to environmental pollutants, including engineered
nanoparticles (NPs). Exposure to NPs has become a growing concern for human health, especially for susceptible populations.
Toxicological studies have demonstrated strong associations between ubiquitous NPs and allergic asthma. In this review, we analyze
articles that focus on adverse health effects induced by NPs in animal models of allergic asthma to highlight their critical role in
asthma. We also integrate potential mechanisms that could stimulate and aggravate asthma by NPs. The toxic effects of NPs are
influenced by their physicochemical properties, exposure dose, duration, route, as well as the exposure order between NPs and
allergens. The toxic mechanisms involve oxidative stress, various inflammasomes, antigen presenting cells, immune cells, and
signaling pathways. We suggest that future research should concentrate on establishing standardized models, exploring mechanistic
insights at the molecular level, assessing the combined effects of binary exposures, and determining safe exposure levels of NPs. This
work provides concrete evidence of the hazards posed by NPs in animals with compromised respiratory health and supports the
modifying role of NPs exposure in allergic asthma.
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Introduction
Asthma is a type of inflammatory lung disease resulting from repeated hypersensitivity and allergic reactions.! The
clinical features of asthma include reversible airway obstruction, chronic bronchial inflammation, airway hyperrespon-
siveness (AHR), and bronchial smooth muscle cell hypertrophy, often presenting with wheezing, coughing, and shortness
of breath.” The generally accepted process of asthma is that chronic inflammation involving numerous resident and
immune cells leads to airway remodeling with the features of smooth muscle thickening, epithelial fibrosis, and barrier
alteration.® The remodeling, coupled with intensified smooth muscle contraction and mucus secretion, gives rise to
obstructive events and clinical symptoms.* Airway remodeling and hyperreactivity underlying airway obstruction are the
pathological hallmarks of asthma with a major impact on patient morbidity and mortality.’ Repeated asthma attacks can
lead to irreversible airway obstruction and are associated with avoidable death and economic burden.” More than
330 million people worldwide suffer from asthma, and the prevalence rate of asthma is rising by 50% every decade,
accounting for 250,000 deaths per year.>°

Engineered nanoparticles (NPs, at least one dimension < 100 nm) are manufactured via controlled engineering
processes to provide low impurity and regular morphology, eg, sphere, tube, and plate.” The increasing production and
utilization of nanomaterials due to the development of nanotechnology has resulted in the inevitable emission of NPs,
raising concerns about potential biological exposure and health effects. In addition, despite the benefits of nanomedicine,
which includes the use of NPs in cancer therapy and drug delivery,® it is crucial to evaluate the possible detrimental
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effects of NPs. The unique physicochemical properties of NPs (size, shape, charge, solubility, etc.) may allow them to
enter tissues and cells, interact with proteins and DNA, and directly or indirectly modulate the immune system.’

Numerous studies have confirmed that different NPs tend to have different toxic effects on organisms and different
mechanisms of toxicity.'®!" The toxicity of NPs has mainly been measured at the genetic, cellular, and individual levels
in the laboratory.'> Mechanisms of toxicological damage have been identified and include the production of reactive
oxygen species (ROS), protein misfolding, membrane disruption, and direct physical damage. As research continues, it is
becoming clear that the environmental toxicology of NPs is not only a toxic risk to individual organisms, but also a threat
to ecological and human health.'"'? Their ecotoxicity and toxicity to humans have rarely been reported. Opinions on the
effects of NPs on human health are mainly derived from laboratory studies on specific organs or tissues of model animals
exposed to NPs in vivo, or from machine learning studies based on in vitro model predictions. Previous evidence has
pointed to the potential of NPs to induce and exacerbate type I hypersensitivity responses.” Additionally, possible health
hazards of NPs have been manifested by effects on immune defense, T-helper Th1/Th2 balance, and non-immunological
aspects such as oxidative stress, apoptosis, autophagy, genotoxicity, and carcinogenesis.”'®> The skin, respiratory and
gastrointestinal tracts of the body are connected to the external environment and are therefore the main exposure sites for
NPs.® Furthermore, NPs have the potential to translocate to different distal organs. The lung is the imperative target organ
for NPs exposure, which is associated with impaired lung function, increased lung inflammation and fibrosis.'*'> NPs
can deposit in the alveolar space, penetrate inside cells, and enter the circulatory system.'® Acting as allergic adjuvants,
NPs can facilitate the body’s allergic immune responses to allergens and are considered to have the potential to induce
and/or aggravate asthma, which is possibly associated with early mortality and reduced life expectancy.'®'” Although
much progress has been made in understanding the toxicological effects of NPs, there are still many knowledge gaps
regarding their effects on allergic asthma and the mechanisms involved.

This work explores the knowledge gained from different mouse models of allergic asthma and the influences of
various NPs exposures on the development and exacerbation of asthma. We discuss the current understanding of the
mechanisms underlying such effects and describe important findings regarding the modification of asthma upon co-
exposures of NPs and other risk factors. Furthermore, we identify priority research areas for future investigation. This
review will provide valuable information regarding the impact of NPs on allergic asthma and serve as a useful reference
for the development of preventive strategies and regulatory guidelines to safeguard human health.
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Profile of the Existing Research Articles
Relevant articles in this research field were searched using the Web of Science engine, where the search topics were
“allergic asthma” and “nanoparticle* OR nanomaterial* OR nano-particle* OR nano-material*”. The asterisk “*” stands
for any single or multiple characters, and there were 326 matching articles published before the year 2023. Among them,
194 articles were from the Web of Science Core Collection and we analyzed their keywords based on the CiteSpace
software.'®2° The first article in this Core Collection was published in 2003, and over the past 20 years of research on
allergic asthma associated with NPs, various concerns have been raised. In the keyword co-occurrence analysis for the
194 articles (Figure 1 and Table 1), the most frequent keywords with occurrence counts not less than 20 are asthma,
airway inflammation, nanoparticle, and oxidative stress. The keywords with high centrality scores greater than 0.1,
including dendritic cell, response, asthma, and airway inflammation, play an important role in linking different studies in
the network. Keywords with higher centrality scores are more important and influential in this study field. In the keyword
burst analysis (Table 2), the strength of the burst indicates the increase of the keyword over a certain period of time. The
higher the strength, the more representative of the research hotspot in the field. The keywords with the earliest beginning
years of burst are oxidative stress, carbon nanotube, diesel exhaust particle, antigen presenting cell, and cytokine
expression, which means that they were the focus of early research in this field. The keywords with the most recent
beginning years of burst are delivery, inflammation, antigen, regulatory T cell, and nanoparticle. The burst years of
nanoparticle, regulatory T cell, inflammation, and delivery end in 2022, suggesting that they may represent the frontiers
of research in this area.

After evaluating the content of the searched articles, 54 relevant articles on animal models of asthma were selected for
detailed discussion in this review. They were from the Web of Science Core Collection and we analyzed their keywords
based on the CiteSpace software.'® *° Articles on drug therapy, epidemiological investigation, or pure in vitro cell

Ellergic airway inflammation , - .
g vitro S a ; : ﬂ. Aot
. el . girway inflammation
= H = = .
pultrafine particle = ggengdritic cell g
y - = gXposure .- . ] -
- .
2 3 [} = . . . -
gir pollution = * ] | echanism .
. n B O -janopartlcle :

. O
» msponse e
.

- Eentigen - "'nn.mnﬁresponse ok - = e
. " 3 ginflammation m gnurine model
; s | ] " m [ ] s
- [ gErug delivery . -
z o )i i
. ) pdiesel e).!haust .partlcle A d & 'stﬁma
- . B 507 Barticle m - N V. .
‘xidative stress L . 2
= . J goxicity S -
N L k=] -
’ \ Ellerglc asthma
Ectivation L - L] "
‘arbon nanotube
‘xqression E - A . =
4 - ellergic inflammation -
2005 2010 2015 2020

Figure | The visual network of the keyword co-occurrence analysis for the 194 articles related to allergic asthma and nanoparticles in the Web of Science Core Collection.
Colored squares represent different keywords extracted from the articles. The size and color of a specific square represent the occurrence count and the year of the first
occurrence of the corresponding keyword, respectively. Labels are provided for the squares of keywords with occurrence counts greater than 10.
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Table | The Occurrence Count and Centrality Score of Keywords in the Co-Occurrence Analysis for
the 194 Articles Related to Allergic Asthma and Nanoparticles in the Web of Science Core Collection.
Information is Provided for the Keywords with Occurrence Counts Greater Than 10

Keywords Occurrence Count | Centrality Score | Year of the First Occurrence
Asthma 49 0.18 2010
Airway inflammation 35 0.18 2006
Nanoparticle 26 0.11 2013
Oxidative stress 20 0.11 2007
Allergic asthma 19 0.07 2009
Dendritic cell 18 0.35 2008
Murine model 18 0.08 2012
Diesel exhaust particle 17 0.13 2008
Expression 17 0.10 2003
Inflammation 17 0.08 2013
Air pollution 15 0.10 2008
Allergic airway inflammation 15 0.09 2008
Toxicity 15 0.09 2010
In vitro 15 0.07 2008
Response 14 0.22 2010
Cell 14 0.13 2008
Exposure 14 0.05 2009
Particle 13 0.10 2014
Immune response 13 0.06 2013
Mechanism I 0.06 2013
Drug delivery 11 0.05 2006
Ultrafine particle 10 0.10 2010
Allergic inflammation 10 0.07 2010
Activation 10 0.04 2009
Antigen 10 0.03 2009
Carbon nanotube 10 0.02 2007

experiments for asthma were not concerned in our work. In the keyword co-occurrence analysis for the 54 articles
(Figure 2 and Table 3), the most frequent keywords with occurrence counts not less than 10 are airway inflammation,
asthma, exposure, and expression. The keywords with the highest centrality scores are mouse model, lung, particle,
carbon nanotube, and asthma, which play an important and influential role in this research area. In addition, a statistical
analysis of these 54 relevant articles is shown in Figure 3. Chronologically, the first article®’ on the adjuvant activity of
carbon black NPs (CB NPs) in allergic asthma was published in 2005. The number of published articles has increased
steadily since 2009. Most studies were focused on single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs), followed by nano-sized titanium dioxide (TiO,), silicon dioxide (SiO,), silver (Ag), and gold
(Au). Other carbon-based NPs, including CB, graphene oxide (GO), and fullerene (Cgo and C7¢), as well as metal oxide
NPs, including zinc oxide (ZnO), iron oxide (Fe,03), cerium dioxide (CeO,), nickel oxide (NiO), alumina (Al,0O3), and
copper oxide (CuO), have also been investigated in this research area.

Toxicology of Various Nanoparticles in Asthma

The research on the toxicology of various NPs in asthma covered in this review is summarized in Table 4 and Table 5 and
reviewed according to the types of NPs. Balb/c mice are the most widely tested species, followed by C57BL/6 mice, and
females are more commonly used than males. The most extensively used allergen in the induction of allergic asthma is
ovalbumin (OVA), followed by house dust mite (HDM). Inhalation and intranasal instillation are the most commonly

used routes of NPs exposure, followed by oropharyngeal aspiration, intratracheal instillation, and intraperitoneal
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Table 2 Top 25 Keywords with the Strongest Occurrence Bursts in the Keyword Burst Analysis for the 194
Articles Related to Allergic Asthma and Nanoparticles in the Web of Science Core Collection

Keywords Strength Begin End 2003-2022
Oxidative stress 2.54 2007 2011
Carbon nanotube 1.69 2007 2014
Diesel exhaust particle 5.99 2008 2012
Antigen presenting cell 231 2009 2012
Cytokine expression 2.29 2009 2013
Bacterial endotoxin 2.20 2009 2011
Lung inflammation 2.00 2009 2012
Particulate matter 1.95 2009 2010
Ultrafine particle 1.82 2010 2013
Alveolar macrophage 1.66 2011 2016
Hyperresponsiveness 251 2012 2013
Epithelial cell 2.00 2012 2015
Mice 3.55 2013 2014
Mouse model 3.02 2013 2015
Particle 2.62 2014 2017
Exposure 1.83 2014 2015
Disease 2.04 2015 2018
lung 3.32 2016 2018
Apoptosis 1.67 2016 2018
Mechanism 3.5 2017 2018
Nanoparticle 3.1 2017 2022
Regulatory T cell 2.23 2018 2022
Antigen 2.03 2018 2019
Inflammation 2.28 2019 2022
Delivery 2.47 2020 2022

injection. The exposure order (or sequence) of NPs can be defined by the phases of allergen sensitization and challenge,
but it is not uniform across different studies.

Single-Walled and Multi-Walled Carbon Nanotubes

Carbon nanotubes (CNTs) have been widely reported to facilitate the development and exacerbation of allergic asthma.
SWCNTs were found to aggravate OVA-induced lung inflammation and mucus hypersecretion in mice.>® Compared to
OVA alone, treatment with SWCNTs plus OVA improved the lung levels of T-helper (Th) cytokines and chemokines
involved in allergy and biomarkers related to oxidative stress. Moreover, in vitro, SWCNTs partially promoted the
function of bone marrow-derived dendritic cells. Therefore, the aggravating effect of SWCNTSs on allergic inflammation
could be attributed to increased activation of Th immunity and oxidative stress, as well as inappropriate activation of
antigen presenting cells. It was also reported that SWCNTs exacerbated OVA-sensitized rat asthma, whereas this effect
was antagonized by the co-administration of vitamin E.>' The application of vitamin E can lead to the reduction of
oxidative stress, Th2 responses, and serum immunoglobulin (Ig) concentrations, thereby alleviating asthma symptoms.
For MWCNTs, airway fibrosis was observed in mice co-treated with OVA and MWCNTs, but not in those treated
with either OVA or MWCNTSs alone.*® This suggests that pre-existing allergic inflammation caused by OVA may be
susceptible to airway fibrosis under MWCNTs exposure. The increase in airway resistance was observed in the
MWCNTs-OVA co-exposure group rather than in the MWCNTs or OVA exposure group.28 The sensitization of
MWCNTs combined with OVA accelerated airway inflammation and goblet cell hyperplasia compared to MWCNTs
or OVA alone. Moreover, increased levels of OVA-specific antibodies in serum and cytokines in the lung were observed.
In other words, the combination of MWCNTs and OVA enhanced allergic asthmatic responses. MWCNTs were also
found to aggravate the OVA-induced airway inflammation, as evidenced by eosinophils, neutrophils, and mononuclear
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Figure 2 The visual network of the keyword co-occurrence analysis for the 54 articles discussed in detail in this review. Colored squares represent different keywords
extracted from the articles. The size and color of a specific square represent the occurrence count and the year of the first occurrence of the corresponding keyword,
respectively. Labels are provided for the squares of keywords with occurrence counts greater than 5.

cell infiltration in the lung and an increase in goblet cells in the bronchial epithelium.”’> MWCNTs combined with OVA
elevated the levels of Th cytokines and chemokines in the lung compared to OVA alone, and MWCNTs showed adjuvant
activity for OVA-specific IgG1 and IgE. In vitro, MWCNTs also improved the proliferation of OVA-specific syngeneic
T cells. Therefore, similar to SWCNTs, MWCNTs could aggravate allergic airway inflammation probably via inap-
propriate activation of antigen presenting cells such as dendritic cells. High nickel MWCNTs were found to promote
rapid eosinophilic inflammation in the lung and caused intense exacerbation of pre-existing allergic airway inflammation
by facilitating the production of leukotrienes.>® This finding suggests that the potential therapeutic effects of pharmaco-
logical agents that block leukotriene biosynthesis merit further investigation. On the other hand, a study®? highlighted the
potential of low-dose MWCNTs inhalation to reduce atopic immune responses to allergens. Nonetheless, MWCNTs have
also been shown to promote a pro-inflammatory and pro-fibrotic environment in the lung, which may render exposed
individuals chronically susceptible to allergens or pathogens.

Specially, MWCNTs aggravated the OVA-induced lung inflammation and mucus-cell metaplasia in cyclooxygenase-
2-deficient (COX-2""") mice compared to wild-type (WT) mice.?” Levels of certain prostanoids were increased in COX-
27" mice by exposure to OVA or MWCNTs. Moreover, MWCNTs increased OVA-induced cytokines involved in Th2,
Thl, and Th17 inflammatory responses in COX-2""" mice more than in WT mice. The aggravating effects of MWCNTs
on OVA-induced airway inflammation and mucus cell metaplasia were enhanced by the COX-2 deficiency, which was
associated with the activation of a mixed immune response. OVA and MWCNTs increased eosinophils and neutrophils,
respectively, in bronchoalveolar lavage fluid (BALF) of mice with whole-body knockout of the Statl gene (Statl ") and
WT mice.”> OVA sensitization also inhibited MWCNTs-induced neutrophilia. Treatment with OVA or OVA plus
MWCNTs increased interleukin (IL)-13 in the BALF of Stat] "~ mice more than that of WT mice. The co-exposure of
MWCNTs aggravated the OVA-induced goblet cell hyperplasia, airway fibrosis, and subepithelial apoptosis, as well as
increased the levels of profibrogenic mediators, but decreased IL-10 in Stat] "~ mice. The possible mechanism behind the

susceptibility of Stat] "~ mice to the exacerbating effect of MWCNTSs on allergic airway remodeling was an increase in
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Table 3 The Occurrence Count and Centrality Score of Keywords in the Co-Occurrence Analysis for

the 54 Articles Discussed in Detail in This Review. Information is Provided for the Keywords with

Occurrence Counts Greater Than 5

Keywords

Occurrence Count

Centrality Score

Year of the First Occurrence

Airway inflammation
Asthma

Exposure
Expression

Lung

Oxidative stress
Carbon nanotube
Immune response
Mouse model
Murine model
Particle

Allergic asthma
Epithelial cell
Inflammation
Toxicity

Allergic airway inflammation
Disease
Response
Activation

Cell

Dendritic cell

Inhalation exposure

16
14
13
10

v L1 L1 LT N O O8N NN NN N 00 O 0O O O WV O

0.19
0.20
0.12
0.08
0.26
0.09
0.22
0.17
0.38
0.00
0.25
0.03
0.11
0.12
0.0l
0.06
0.00
0.05
0.02
0.04
0.19
0.18

2010
2010
2009
2007
2012
2005
2007
2014
2013
2005
2009
2012
2012
2012
2011
2009
2011
2009
2010
2012
2005
2012

pulmonary profibrogenic cytokines and collagens from fibroblasts. The study suggests a protective role for the transcrip-

tion factor STATI in allergen-induced airway inflammation and the exacerbation of airway remodeling by MWCNTs.

For another common allergen besides OVA, HDM exposure in mice accelerated serum HDM-specific IgG1 and

inflammatory cell infiltration, and increased Th2 cytokine production, collagen deposition, and mucus hyperproduction in

the airways.*

Compared with HDM alone, total and specific IgG1, eosinophils, neutrophils, macrophages, collagen,

Number of published articles
>
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Carbon nanotubes (n=12)
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= Other carbon based nanoparticles (n=10)
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m Other metal oxide nanoparticles (n=9)

Figure 3 The number of articles closely related to the effects of NPs on the development and exacerbation of allergic asthma. An article investigating both Au and TiO, NPs

is counted twice.
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Table 4 Studies

on the Effects of NPs on Established Allergic Asthma

NPs Species Allergen NPs Exposure Result Reference
Dose Time Route Order
Per Time
MWCNTs Male B6C3FI/N HDM 0.06, 0.2, 30 Whole-body Before MWCNTSs pre-exposure altered the immune response to [22]
mice 0.6 mg/m? inhalation sensitization allergens.
phase
MWCNTs C57BL/6 mice HDM 50 g | Intratracheal After challenge | MWCNTSs had adverse inflammatory effects in individuals [23]
instillation phase suffering from atopic asthma.
MWCNTs Male C57BL/6 HDM 2 mglkg | Oropharyngeal After MWCNTs exacerbated the allergen-induced airway fibrosis [24]
mice aspiration sensitization via suppressing inflammasome activation and IL-1f in the
phase lung.
MWCNTs Male wild-type OVA 4 mglkg | Oropharyngeal After challenge | MWCNTSs exacerbated airway remodeling and transcription [25]
mice and Statl ™~ aspiration phase factor STAT| played a protective role in allergen-induced
mice airway inflammation.
MWCNTs Male Balb/cByJ HDM 75 or 225 3or Intranasal During MWCNTs exhibited a dose-dependent manner in enhancing [26]
mice ng 10 instillation sensitization systemic immune response, as well as airway inflammation
phase and remodeling.
MWCNTs Wild-type OVA 4 mglkg | Oropharyngeal After challenge | The exacerbating effects of MWCNTs on OVA-induced [27]
C57BL/6) mice aspiration phase airway inflammation and mucus-cell metaplasia were
and COX-2"~ intensified via the deficiencies of COX-2.
mice
MWCNTs Male Balb/c mice OVA 03,3, 30 6 Intranasal During The combination of MWCNTSs with OVA enhanced allergic [28]
ug instillation sensitization asthmatic responses.
phase
MWCNTs Male ICR mice OVA 25, 50 g 7 Intratracheal During MWCNTs could aggravate allergic airway inflammation [29]
instillation sensitization and | probably via the inappropriate activation of antigen
challenge phases | presenting cells.
MWCNTs Male C57BL/6 OVA 100 mg/m? | Inhalation After challenge | Pre-existing allergic inflammation caused by OVA could be [30]
mice phase susceptible to airway fibrosis under MWCNTSs exposure.
SWCNTs Male Wistar rats OVA 0.02, 0.2, 13 Intratracheal Before and SWCNTs exacerbated OVA-sensitized rat asthma, which [31]
2 mg/kg instillation during was antagonized by concurrent vitamin E.
sensitization
phase
SWCNTs, Female Balb/c OVA 200 pg (or | Injection into During CNTs induced a stronger IgE response than carbon [32]
MWCNTs, mice 133.3 ug) (or 3) footpad (or sensitization nanofibers, and promoted eosinophil lung inflammation
Carbon intranasal phase rather than carbon nanofibers.
nanofibers instillation)
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SWCNTs Male ICR mice OVA 25, 50 pg 7 Intratracheal During SWCNTs exacerbated OVA-induced murine pulmonary [33]
instillation sensitization and | inflammation and mucus hypersecretion.
challenge phases
CB Female Balb/c OVA 7 ng 2 Oropharyngeal During and after | A low dose of CB NPs did not exacerbate allergic airway [34]
mice application challenge phase | inflammation.
CB Female Balb/c OVA 2.5 mglkg 4 Pharyngeal Before and CB NPs enhanced the allergic airway inflammation and [35]
mice aspiration during specific Th2 response in lymph nodes.
sensitization
phase
CB Female Balb/ OVA 2, 20, 200 3 Intranasal During CB NPs caused early airway inflammation and had adjuvant [21]
cANNCr| mice ug application sensitization activity in mouse allergic airway disease model.
phase
GO Male Balb/c mice OVA 0.04, 0.4, 32 Intraperitoneal Before and GO exacerbated the OVA-sensitized allergic asthma in mice. [36]
4 mg/kg injection during
sensitization
phase
GO Female Balb/c OVA 40, 80 pg 3 Pharyngeal During GO attenuated Th2 immune response in asthmatic mice [37]
mice aspiration sensitization and | while augment AHR and airway remodeling with chitinase
challenge phases | induction.
Cso- Female C57BL/6 OVA 0.128 mg/ 16 Inhalation During Bronchoconstriction, airway inflammation, and eosinophilia [38]
tetraglycolate and Balb/c mice kg sensitization and | of mice with asthma were significantly alleviated by C.
challenge phases
Ceo C57BL/6 mice 2,4-dinitrophenol- 50 ng | Intraperitoneal Before challenge | Cqo NPs inhibited allergic responses. [39]
albumin injection phase
SiO, Female Balb/c OVA 10 mg/kg 7 Tail vein injection Before and SiO, NPs exposure could exacerbate allergic inflammation. [40]
mice during challenge
phase
SiO, Female Balb/c OVA 5, 10, 3 Intranasal Before and SiO, NPs aggravated asthma development via inflammasome [41]
mice 20 mg/kg instillation during challenge | activation.
phase
SiO, Female Balb/c OVA 10 mg/kg 6 Intranasal During SiO, NPs exerted adjuvant effect for OVA to induce allergic [42]
mice inoculation sensitization and | airway inflammation.
challenge phases
SiO, Female Balb/c OVA 200 pg 3 Intranasal During SiO, NPs could give rise to airway inflammation which was [43]
mice instillation challenge phase | not affected by the immunological status of mice.
(Continued)
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Table 4 (Continued).

NPs Species Allergen NPs Exposure Result Reference
Dose Time Route Order
Per Time
SiO, Female Balb/c OVA 10, 100, 4 Intranasal During SiO;, NPs could facilitate allergen sensitization and the [44]
mice 400 pg instillation sensitization manifestation of airway disease.
phase
SiO, Female Balb/c OVA 10, 50, 250 3 Intranasal During SiO; NPs could induce Th2 type allergic immune responses [45]
mice ug instillation sensitization depending on particle size.
phase
SiO, Male Wistar rats OVA 4, 8 g 30 Intratracheal Before and SiO, NPs showed both developing and exacerbating effects [46]
instillation during on allergic asthma.
sensitization
phase
Ag Female Balb/c OVA 3.3 mg/m® 7 Inhalation Between Ag NPs could exhibit respiratory risks to not only [47]
mice sensitization and | susceptible but also healthy individuals.
challenge phases
Ag Female Balb/c OVA 3.3 mg/m® 7 Inhalation Between Ag NPs could provoke immune responses in normal and [48]
mice sensitization and | susceptible individuals.
challenge phases
Ag Female Balb/c OVA 40 mg/kg 5 Inhalation During Signaling pathway of vascular endothelial growth factor was [49]
mice challenge phase | suppressed and airway inflammation was relieved by Ag NPs.
Ag Female C57BL/6 OVA 40 mg/kg 5 Inhalation During Ag NPs moderated asthma symptoms and antioxidation [50]
mice challenge phase | could be a potential mechanism involved.
Au Female Balb/c OVA 20 pg 2 Intranasal Before and Au NPs alleviated airway inflammation and AHR promoted [51]
mice instillation during challenge | by OVA.
phase
Au Swiss-Webster OVA 6, 60 pg/kg | Intranasal Between Au NPs prevented pivotal pathological changes in murine [52]
and A/J mice instillation sensitization and | models of asthma.
challenge phases
Au, TiO, Male Balb/c mice Toluene- 0.8 mg/kg | Oropharyngeal Between Au and TiO, NPs aggravated airway hyperreactivity and [53]
2,4-diisocyanate aspiration sensitization and | pulmonary inflammation.
challenge phases
TiO, Female Balb/c OVA 5, 10, 3 Intranasal During TiO, NPs exacerbated allergic airway inflammation. [54]
mice 20 mg/kg instillation sensitization
phase
TiO, Female Balb/c OVA 1.25 mg 2 Intranasal During TiO, NPs exacerbated allergic airway inflammation. [55]
mice instillation challenge phase
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TiO, Female Balb/c OVA 200 pg/m® 3 Inhalation During TiO, NPs could exacerbate asthma via the release of [56]
mice challenge phase | neuromediator.
TiO, Female Balb/c OVA 50 pg/m’ 3 Inhalation During TiO, NPs contributed to inflammasome activation in [57]
mice challenge phase | asthmatic lung.
TiO, Balb/c mice OVA 8 mg/kg | Intraperitoneal During TiO, NPs could augment the inflammatory responses in the [58]
injection sensitization lung via NF-kB pathway.
phase
TiO, Male DA/OlaHsd OVA 10 mg/mL 10 Aerosol Before and Influences of TiO, NPs on murine immune and airway [59]
and BN/ inhalation during challenge | reactivity could depend on strain/genetics.
SsNOlaHsd rats phase
TiO, Male Brown OVA 9.4, | Inhalation After challenge | TiO, decreased lung inflammation in asthmatic rats. [60]
Norway rats 15.7 mg/m3 phase
TiO, Female Balb/c OVA 10 mg/m? 12 Inhalation During TiO, NPs could modulate airway inflammation which hinged [61]
mice sensitization on the immunological status of mice.
phase
TiO, Female Balb/c OVA 2, 10, 50, | Intraperitoneal During TiO, NPs promoted allergic sensitization and lung [62]
mice 250 pg injection sensitization inflammation in mice.
phase
ZnO Female Balb/c OVA 16.67, 2 Inhalation or skin During ZnO NPs played a limited role in the development of allergic [63]
mice 33.34 mg/ exposure sensitization airway inflammation.
mL phase
ZnO Female Balb/c OVA 0.1, 0.5 mg/ 2 Oropharyngeal During ZnO NPs could lead to eosinophilic airway inflammation with [64]
mice kg aspiration sensitization or without allergen.
phase
Fe;O3 Female Balb/c OVA 1.25, 2.5, | Intratracheal During The mice with established inflammation underwent cell death [65]
mice 5 mglkg instillation challenge phase | when exposed to Fe,O3; NPs.
Fe,O3 Female Balb/c OVA 100, 250, 4 Intratracheal Before and Influences of Fe,O3 NPs on allergic responses hinging on the [66]
mice 500 pg instillation during particle dose.
sensitization
phase
AlLO; Male Balb/c mice OVA 0.5, 5, I Intratracheal Before and Al,O3 NPs aggravated the lung function damage in the OVA- [67]
50 mg/kg instillation during induced allergic asthma model.
sensitization
phase
CuO Female Balb/c OVA 2.5, 10, 40 4 Oropharyngeal During CuO NPs deteriorated allergic airway inflammation via [68]
mice ug aspiration challenge phase | causing neutrophilia in the lung.
(Continued)
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Table 4 (Continued).

NPs Species Allergen NPs Exposure Result Reference
Dose Time Route Order
Per Time
NiO Female Balb/c| OVA 3,40 pg | Oropharyngeal Before NiO NPs surface area was closely correlated with pulmonary [69]
mice aspiration sensitization injury and inflammation.
phase
CeO, Female Balb/c HDM 75, 750 g/ 9 Intranasal During CeO, NPs exacerbated the HDM induced type Il airway [70]
mice kg instillation sensitization inflammation.

and/or challenge
phases
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Table 5 The Role of Different Types of NPs in Allergic Asthma

NPs MWCNTs | SWCNTs | CB | GO | Fullerene | SiO, | Ag | Au | TiO, | ZnO | Fe,0; | ALO; | cuo | Nio | ceo,
Aggravating v v v v v v v v v v
Alleviating v

Dual v v v v

mucus, and some cytokines were dose-dependently increased by HDM-MWCNTSs co-exposure in mice. The study
showed that MWCNTs dose-dependently enhanced the systemic immune response as well as airway inflammation and
remodeling in allergic mice induced by HDM. In another study,”* MWCNTSs caused neutrophilic infiltration in the lungs
and increased IL-1p in BALF and pro-caspase-1 in airway epithelium and macrophages. HDM induced eosinophilic
inflammation and increased IL-13. The MWCNTs exposure after HDM sensitization increased the total cell number in
BALF, but decreased neutrophils and IL-1 in BALF and pro-caspase-1 in the lung. This study suggested that MWCNTs
exacerbated the allergen-induced airway fibrosis by suppressing inflammasome activation and IL-1p in the lung. It was
observed that not only CNTs but also carbon nanofibers elevated the OVA-IgE levels in both the injection and the airway
exposure mouse models of allergy.”> CNTs induced a stronger IgE response than carbon nanofibers, and promoted
eosinophil lung inflammation rather than carbon nanofibers. This suggests that the properties associated with nanotubes
(eg, thin and hollow tube structure, potentially high biopersistence) appear to be important in promoting allergic

responses.

Other Carbon-Based Nanoparticles

In addition to CNTs, CB NPs, GO, and fullerenes were also investigated in NPs-induced toxicity in asthma. There was
a correlation between early airway toxicity and adjuvant effects of CB NPs.*' It was shown that local cytokine production
early after exposure to CB NPs was predictive of allergic airway inflammation. CB NPs enhanced the allergic airway
inflammation in mice and the specific Th2 response in lymph nodes induced by the antigen OVA.?>> The increased
neutrophilic lung inflammation was relative to the adjuvant effect of CB on allergic sensitization, which was suggested
by the application of ectoin to the airways. A relatively low dose of CB NPs, with or without surface polycyclic aromatic
hydrocarbons, did not aggravate the established allergic airway inflammation in asthmatic mice.>* Nevertheless, the
coating of polycyclic aromatic hydrocarbons altered the biological effects of CB NPs on immune responses and airway
epithelial cells.

GO administered during the sensitization phase in a murine model of asthma magnified AHR and airway remodeling
with goblet cell hyperplasia and smooth muscle hypertrophy.>” GO decreased the levels of IL-4, IL-5, and IL-13 and the
accumulation of eosinophils, but increased the accumulation of macrophages in BALF. GO also decreased the levels of
OVA-specific IgE and IgGl, but increased IgG2a in serum. Besides, GO stimulated the production of mammalian
chitinases (AMCase and CHI3L1) by macrophages, which are involved in the pathogenesis of asthma. Molecular
modeling suggested that GO might directly interact with AMCase and affect its activity. In all, GO attenuated the Th2
immune response in asthmatic mice but enhanced AHR and airway remodeling along with chitinase induction. Moreover,
GO exacerbated the OVA-sensitized allergic asthma, as evidenced by increased ROS and total IgE, enhanced Th2
response, and aggravated asthma symptoms, involving airway remodeling, collagen deposition, and AHR.*® However,
the administration of Vitamin E as an antioxidant significantly attenuated the above-mentioned GO effects.

Two types of fullerenes, Cgo and Co, were shown to have an alleviating effect on asthma. Cg( inhibited the release of
histamine and the decrease in core body temperature in a mast cells-dependent murine model of anaphylaxis, demon-
strating the potential function of fullerenes in controlling allergic diseases such as asthma.’® Co-tetraglycolate was
administered intranasally to mice either concurrently with OVA treatment or after the induction of asthma; bronchocon-
striction, airway inflammation, and eosinophilia in asthmatic mice were significantly alleviated by the fullerene.*® The
reason was that fullerene stimulated the production of anti-inflammatory epoxyeicosatrienoic acids in the lung, and the
inhibitors of these products, such as 6-(2-propargyloxyphenyl) hexanoic acid, reversed the effects of fullerene.
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Silicon Dioxide (or Silica) Nanoparticles

The influence of SiO, NPs on allergic asthma is largely shown to be aggravating. SiO, NPs have been found to exhibit
both developmental and exacerbating effects on allergic asthma.*® With or without OVA immunization, SiO, NPs could
lead to AHR and airway remodeling due to the IL-4 increase and the Th1/Th2 cytokine imbalance. Co-exposure of OVA
and 30 nm SiO, NPs induced higher levels of OVA-specific antibodies (including IgE, IgG and IgG1) than co-exposure
of OVA and 70 nm SiO, NPs.*> Moreover, mouse splenocytes exposed to OVA plus 30 nm SiO, NPs secreted more Th2
type cytokines than those exposed to OVA alone. Therefore, SiO, NPs could induce Th2 type allergic immune responses
depending on the particle size.

Exposure of mice to SiO, NPs during OVA sensitization brought about a dose-dependent exacerbation of allergic
airway disease.** SiO, NPs resulted in significantly higher OVA-specific IgE, eosinophil infiltration, and Th2 and Th17
cytokine gene and protein expression in OVA-sensitized mice. While, in healthy mice, SiO, NPs exposure caused an
increase in airway neutrophils. This suggests that SiO, NPs could facilitate allergen sensitization and the manifestation of
airway disease in allergic mice and cause innate immune responses in healthy mice. Three types of SiO, NPs with
different shapes (mesoporous, spherical, and polyethylene glycol-conjugated) could induce airway inflammation and
AHR in healthy mice.* In asthmatic mice, the co-exposure of OVA and SiO, NPs caused more severe airway
inflammation than the exposure of OVA alone. Therefore, SiO, NPs could give rise to airway inflammation which
was not affected by the immunological status of the mice. Moreover, among these three SiO, NPs, mesoporous SiO, NPs
caused the most severe airway inflammation, followed by spherical SiO, NPs, and polyethylene glycol-conjugated SiO,
NPs caused the least inflammation.*

SiO, NPs significantly elevated the characteristic markers of asthma, including AHR, levels of inflammatory
mediators and IgE, inflammatory cell infiltration, and mucus production.*' It was indicated that SiO, NPs had the
potential to intensify asthmatic inflammation via the activation of the NOD-like receptor pyrin domain-containing 3
inflammasome. SiO, NPs could activate IgE-sensitized mast cells via enhancing the mitogen-activated protein kinase
signaling pathway, which could worsen allergic inflammation.*® These findings provide valuable information on potential

therapeutic targets for the treatment of allergic asthma.

Silver and Gold Nanoparticles

Both Ag NPs and Au NPs can play a dual (aggravating or alleviating) role in allergic asthma. In healthy and allergic
mice, the inhalation of Ag NPs provoked infiltration of neutrophils, lymphocytes, and eosinophils into the airways and an
inflammatory response in the peritoneum.”” Ag NPs also increased the levels of allergic biomarkers such as IgE and
leukotriene E-4, Th2 cytokine IL-13, and oxidative stress biomarker 8-hydroxy-2’-deoxyguanosine in both mice. Hence,
Ag NPs could pose respiratory risks to not only susceptible but also healthy individuals. Protein profiles of BALF and
plasma from mice exposed to Ag NPs were determined, and there were 106 (or 40) and 79 (or 26) unique proteins
associated with Ag exposure in BALF (or plasma) of healthy and allergic mice, respectively.*® Additionally, OVA-
specific IgE involved in allergic responses and 18 proteins related to systemic lupus erythematosus were commonly
expressed in healthy and allergic mice after Ag exposure. Therefore, Ag NPs could provoke immune responses in normal
and susceptible individuals. On the contrary, in another study,’® the OVA-induced increases in inflammatory cells, AHR,
and levels of ROS, IL-4, IL-5, IL-13, and nuclear factor kappa-B (NF-xB) were dramatically lowered by Ag NPs. It was
indicated that Ag NPs moderated asthma symptoms and the antioxidation could be a potential mechanism involved. In
another mouse model of asthma induced by OVA, it was pointed out that exposure to Ag NPs decreased the
hypersecretion of the mucin protein MUCSAC (a marker of goblet cell metaplasia).*’ Additionally, the signaling pathway
of vascular endothelial growth factor was suppressed and airway inflammation was alleviated by Ag NPs.

As for Au NPs, they aggravated AHR and pulmonary inflammation, including increased oedema, epithelial damage,
and total cells in BALF.”® These findings were also true for TiO, NPs in this study. On the other hand, a research showed
that asthmatic mice could take in more Au NPs into extrapulmonary organs than healthy mice, and the systemic uptake of
PEGylated Au NPs is higher than that of citrated Au NPs.”' Both Au NPs attenuated OVA-induced airway inflammation
and AHR. The anti-inflammatory effects of Au NPs suggested their therapeutic benefit in asthma, but their potential
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impacts after uptake need to be considered. Furthermore, Au NPs decreased the OVA-induced accumulation of
inflammatory cells, pro-inflammatory cytokines, and ROS in Swiss-Webster (outbred) and A/J (inbred) mice.>* Au
NPs also significantly alleviated OVA-induced mucus hypersecretion, airway remodeling, and AHR in the genetically
asthma-prone A/J mice. The study suggested that the likely mechanism involved was the reduction of oxidative stress by
Au. The multidirectional effect of both Ag and Au NPs may depend on their physicochemical property, the exposure
order between them and the allergen, and the mouse species. This information may provide a reference for the treatment
of allergic asthma.

Titanium Dioxide Nanoparticles

TiO, NPs are another type of popular NPs in this research field besides CNTs, and their role is multiple. TiO, NPs
showed an adjuvant effect in mice, promoting allergic sensitization and airway inflammation.®* The TiO, NPs promoted
a Th2-dominated immune response with high levels of OVA-specific IgE and IgG1 in serum and an influx of eosinophils,
neutrophils, and lymphocytes in BALF. TiO, NPs could lead to the systemic uptake of TiO, NPs in extrapulmonary
organs via intranasal exposure.”> These TiO, NPs caused an increase in Th2 cytokines, including IL-4, IL-5 and IL-13,
and exacerbation of allergic airway inflammation. TiO, NPs also aggravated AHR, lung injury, and immune response in
a murine model of asthma.’® The TiO, elevated the levels of some transcription factors (Stat3, Socs3, and NF-xB) and
pro-inflammatory cytokines (IL-6 and TNF-a). Blocking of NF-«B led to the downregulation of Socs3, IL-6, and TNF-a
expressions. Therefore, TiO, NPs could enhance the inflammatory responses in the lung via the NF-kB pathway.
Moreover, TiO, NPs exacerbated AHR and inflammation, and increased ROS levels and IL-1B, IL-18, and caspase-1
expressions in OVA-sensitized mice.>” These results suggested that TiO, contributed to inflammasome activation in the
asthmatic lung. TiO, NPs aggravated the airway inflammation and responsiveness in OVA mice, and increased the levels
of transient receptor potential vanilloid TRPV1 and TRPV4, ATP-gated ion channels P2 x 4 and P2 x 7 in the lung, and
ATP, substance P, and calcitonin gene-related peptide in BALF.® This indicated that neuroinflammation was involved in
the pathogenesis of asthma, and TiO, could exacerbate asthma via the release of neuromediators. Additionally, TiO, NPs
were found to induce toxicological changes in the respiratory tract and exacerbate the development of asthma,
characterized by increases in AHR, inflammatory cytokines and responses, and mucus overproduction.” The possible
mechanism involved is the activation of the thioredoxin-interacting protein-apoptosis pathway.

It is suggested that TiO, NPs could modulate airway inflammation depending on the immunological status of the
mice. For example, after exposure to TiO, NPs, there was pulmonary neutrophilia and increased expression of the
chemokine CXCLS5 in healthy mice, whereas TiO, attenuated the Th2 type inflammation in asthmatic mice.®' Acute
exposure to TiO, NPs decreased allergic lung inflammation in rats, which was associated with a drop in both Th2 and
Th1 cytokines.® It has been suggested that the characterization of TiO, NPs and the duration of exposure may play an
important role in this protective effect. Exposure to TiO, NPs led to an increase in neutrophils and lymphocytes in
healthy Brown Norwegian (BN) and Dark Aguoti (DA) rats.”® AHR and Thl type immune responses were also enhanced
in healthy DA rats exposed to TiO, NPs. However, the OVA sensitization of rats caused significant OVA-specific IgE and
IgG responses in BN rats, but only IgG response in DA rats. After the OVA challenge, both strains of the sensitized rats
exhibited airway eosinophilia, which was alleviated by TiO, NPs exposure. Furthermore, neutrophils and lymphocytes
were increased by TiO, in DA rats but not in BN rats. Overall, the effects of TiO, NPs on immune and airway reactivity
in mice may be strain/genetics dependent.

Other Metal Oxide Nanoparticles

Other metal oxide NPs of concern include ZnO, Fe,03, CeO,, NiO, Al,O3, and CuO NPs. The impact of ZnO NPs on
asthma may depend on the route of exposure. Inhalation of ZnO NPs could play a role in the development of allergic
airway inflammation in mice.®> However, topically applied ZnO NPs via the skin only played a limited role in the
development of allergic airway inflammation in mice. ZnO NPs treatment without OVA application initially increased the
levels of Th2 cytokines IL-4, IL-5, and IL-13, and then decreased the levels.®* Moreover, treatment with ZnO NPs and
OVA induced airway inflammation with significant neutrophilia and eosinophilia. These suggest that ZnO NPs could
induce eosinophilic airway inflammation with or without allergen.
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In non-sensitized/healthy mice, Fe,O; NPs exposure induced an expansion of inflammatory cells with increased
numbers of lymphocytes, neutrophils, and eosinophils in the airway.®> While in OVA-sensitized mice, Fe,05 NPs caused
a dramatical cellular decrease in the alveolar space, indicating that the mice with established inflammation underwent cell
death when exposed to Fe,O; NPs. One possible explanation for this was that the acidic environment of the inflamed
airways in sensitized mice facilitated the release of Fe ions, thereby promoting ROS generation. OVA triggered allergic
Th2 responses with increases in inflammation, eosinophils, OVA-specific IgE, and IL-4.°° These responses were inhibited
by Fe,O3 NPs at 250 and 500 pg/mouse, as evidenced by the decrease in eosinophil number and IgE level. However,
Fe,O3 NPs at 100 pg/mouse exhibited an adjuvant effect on the Th2 responses. Therefore, the influences of Fe,O3 NPs
on allergic responses may hinge on the particle dose.

CeO, NPs were observed to exacerbate HDM-induced type Il airway inflammation, characterized by increases in
eosinophils, mast cells, IgE, goblet cell metaplasia, and mucin and inflammatory regulators.”” HDM led to a strong
induction of type I interferon and IRF3-dependent gene expression, which was suppressed by co-exposure to CeO, NPs.
It was suggested that regulation of dendritic cells, macrophage functionality, and IRF3 modulation were key early events
in how CeO, directed the lung response to HDM towards type II inflammation. Lower surface area of NiO was
associated with an enhanced Th2 profile, whereas higher surface area was associated with a Thl-dominant profile.®
This suggests that NiO surface area is closely correlated with lung injury and inflammation; other physicochemical
properties, such as particle size, may contribute to the modulation of immune responses in the lung. Al,O3; NPs could
increase ROS levels in lung tissue, decrease glutathione levels, promote the increase of IgE, TGF-f, IL-1p and IL-6, and
stimulate the overexpression of transcription factors GATA-3 and RORyt.®” They also decreased IFN-y and IL-10 levels,
increased IL-4 and IL-17A levels, and led to an imbalance in Th1/Th2 and Treg/Th17 immune responses. Vitamin
E alleviated asthmatic symptoms by blocking oxidative stress. This study showed that exposure to Al,O; NPs may
exacerbate allergic asthma by promoting the imbalance between Th1/Th2 and Treg/Th17. CuO NPs, as well as their
functionalized forms (CuO-COOH and CuO-NHj; NPs), deteriorated the allergic airway inflammation via causing
neutrophilia in the lung.®® Whereas, CuO NPs after the surface PEGylation had a significantly lower potential to trigger
changes in the lung. Therefore, PEGylation may be a promising approach to inhibit the effects of pristine CuO NPs.

Co-Exposure of NPs with Another Risk Factor and Effects on Asthma

In real-world environments, various risk factors (both chemical and physical factors) often co-exist and jointly exert
biological effects.”’ ™ The co-exposure of NPs with another risk factor has the potential to present a combined hazard to
individuals suffering from asthma. For example, the co-exposure of CeO, NPs and diesel exhaust particles after HDM
treatment increased macrophage and IL-17A levels more than levels induced by diesel exhaust particles alone.”” This
suggests that CeO, NPs may alter exhaust particle and HDM-induced inflammatory events in allergic airway disease.
Conversely, nitrogen dioxide, a gaseous pollutant, enhanced lung inflammation and airway reactivity to OVA, but the co-
exposure of nitrogen dioxide and CB NPs led to a lower level of airway reactivity.”® Specially, both high humidity (a
physical risk factor) and CB NPs aggravated the airway remodeling, hyperreactivity, and inflammation in OVA-sensitized
Balb/c mice.” Their co-exposure exhibited an adjuvant effect on the development of asthma, likely via the activation of
oxidative stress and TRPV1 pathways and then the facilitation of type I hypersensitivity. Additionally, their single and
joint exposures altered the microbial community composition in the gut and attenuated the relevant biological functions,
which may interact with the development of asthma. Furthermore, untargeted metabolomics identified the potential lung
biomarkers for asthma development and exacerbation caused by CB NPs and high humidity.”* The perturbed metabolic
pathways by the exposure of CB NPs and/or high humidity were mainly implicated in asthma symptoms.

Conclusions

In this review, we analyzed studies that investigated the impacts of NPs on allergic asthma and summarized major
findings of animal research on adjuvant effects and mechanisms of toxicity induced by NPs. We found that there is
diversity in the approaches used to establish asthma models, the characteristics of NPs, and the endpoints selected for
toxicity assessment in the available studies. Therefore, there is still insufficient information on how an individual will
exactly react to a kind of NPs, and it is nearly impossible to rank different NPs in terms of their toxicity in asthma.
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Nevertheless, it can be derived that the effects of NPs on the development and exacerbation of asthma may be influenced
by the following factors: (1) the physicochemical properties, exposure dose, duration, and route of NPs; (2) the exposure
order between NPs and allergen; (3) the genetics/species/strain and immunological status of mice. The mainstream
mechanisms underlying the effects of different NPs on allergic asthma can be summarized as follows: (1) changes in
oxidative stress; (2) activation or suppression of inflammasomes; (3) interaction with antigen presenting cells; (4)
interaction with key Th2 effector immune cells like mast cells and eosinophils; (5) influence on various signaling
pathways in the airway.

To reliably identify the concerned properties of NPs, the exploitation and adoption of standardized testing or models
to conduct comparative analysis across different NPs and their effects is necessary. Pointing out specific compositions
and physicochemical properties associated with the development and deterioration of asthma will pave the way for
designing safe nanomaterials. Additionally, detailed mechanistic insights into how NPs may influence asthma at cellular
and molecular levels is an ongoing need to advance the safety assessment for disease susceptibility. Co-exposure of NPs
with other risk factors can pose deleterious effects on asthma, thus requiring more in-depth and extensive research. The
papers reviewed here were based on different animal models exposed to high doses of NPs, and the results were
inconsistent and sometimes contradictory. Little is known about the effects of exposure to NPs on the development of
asthma in workers in the nanomaterials industry and other industries, and epidemiological data are still sparse. There are
currently no clear safe levels of exposure to NPs, nor is there robust evidence on which to base relevant standards.
Therefore, epidemiological studies of exposed workers are needed to establish safe levels of exposure to NPs for the
management and control of adverse human health effects, including the prevention of asthma.
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