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ABSTRACT

It is estimated that 99 % of the world population is exposed to air pollution above air quality guidelines and this
is responsible for 6.7 million premature deaths annually. Lung and skin are the first organs exposed to air
pollution, and this is associated with carcinogenesis, inflammation and atopic disease. Proposed mechanisms of
adverse health effects in lung and skin include oxidative stress, inflammation, and loss of epithelial barrier
integrity. Most knowledge has been gained using simple 2D or more complex culture models, however these
cultures have important limitations, such as a lack of perfusion and stretching and lack of cell-cell crosstalk.
Organ-on-chip (OoC) technology may be used to overcome limitations of the in vitro models currently used in air
pollution research and opens possibilities for studying the pathways underlying adverse health effects of air
pollution on immune-mediated diseases of the lung and skin using more physiologically relevant exposure ex-
periments. In this review we discuss currently used in vitro models to study the effect of air pollution on epithelial
barrier integrity and development of immune-mediated diseases and identify gaps in current knowledge on
adverse health effects of air pollution. We then focus on how OoC technology can enhance mechanistic studies of

the skin and lung’s response to air pollution.

1. Introduction

The skin and lungs, both epithelial barrier tissues, are continuously
exposed to environmental stressors, including air pollutants. Air, soil,
and water pollution have garnered most attention, as they are believed
to contribute to approximately 9 million deaths annually, with most
occurring in developing countries (Fuller et al., 2022). Air pollution is a
major contributor to these deaths. According to the WHO, ~99 % of the
global population is exposed to air pollution levels that exceed air
quality guidelines, leading to 6.7 million premature deaths each year
(World Health Organisation, 2024). Air pollution is associated with
cardiovascular disease (Dominski et al., 2021) and an increased risk of
developing various cancers, including but not limited to acute lym-
phocytic leukemia (ALL), acute myeloid leukemia (AML), cancers of the
upper aerodigestive tract as well as breast and ovarian cancer (Fang

* Corresponding author.
E-mail address: e.degeus@erasmusmc.nl (E.D. de Geus).

https://doi.org/10.1016/j.envres.2025.122289

et al., 2024; Heck et al., 2024; Kentros et al., 2024; Nagel et al., 2024;
Turner et al., 2020; Madrigal et al., 2024). It is also linked to skin issues
such as aging, atopic dermatitis, acne, skin cancer, psoriasis, eczema,
and melasma/hyperpigmentation (Abolhasani et al., 2021; Gu et al.,
2024; Jin et al., 2024; Huls et al., 2019; Patella et al., 2020; Mazur et al.,
2023). In the lungs, air pollution is associated with a higher incidence of
respiratory diseases (Analitis et al., 2006; Turner et al., 2011; Zanobetti
et al., 2009), including lung cancer, development and exacerbation of
chronic obstructive pulmonary disease (COPD) and asthma and
impaired lung function (Tiotiu et al., 2020; Kyung and Jeong, 2020;
Garcia et al., 2019; Herbert and Kumar, 2017; Al-Daghri et al., 2013;
Agache et al., 2024; Loomis et al., 2018; Hvidtfeldt et al., 2021).

Air pollution can be categorized into ambient and household pollu-
tion, with both serving as significant sources of pollutants that can
impact health. Volatile and semi-volatile compounds (VOCs),
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particulate matter (PM), and gaseous compounds such as carbon mon-
oxide (CO), ozone (O3), nitrogen dioxide (NO3) and sulfur dioxide (SO3)
are of particularly large concern to health (Leung, 2015). Airborne PM
consists of a wide variety of compounds, and its chemical composition is
significantly influenced by both geographical location and time of year
(Chen et al., 2023; Zalakeviciute et al., 2020; van Donkelaar et al.,
2019). Polycyclic aromatic hydrocarbons (PAHs), which are often
bound to PM are a particularly harmful class of VOCs (Saarnio et al.,
2008). PAHs are classified as either group 1 carcinogens (sufficient ev-
idence for carcinogenicity), or group 2A/B carcinogens (probable and
possible carcinogens) (Baird et al., 2005). PMjg (<10 pm) has greater
impact on human health than larger particles, as these can readily enter
the body. Respiratory disease prevalence increases with 2.07 % for every
10 pg/m3 increase in PM;, while mortality increases by 0.58 % (Xing
et al., 2015).

There are three primary routes through which pollutants can enter
the body: ingestion (Wu et al., 2022), inhalation (Wu et al., 2022; Luo
et al., 2021) and absorption through the skin and mucous membranes
(Luo et al., 2020). Since the skin covers approximately 1.85 m? of sur-
face area, it offers ample opportunity for pollutants to enter the body,
potentially causing local and systemic effects. Pollutants enter the skin
through three routes: the intercellular route, the transcellular route and
via the appendages (i.e., sweat glands, hair follicles). After dermal
exposure, the intercellular and transcellular routes are considered the
primary routes (Jin et al., 2018; Larese Filon et al., 2015). The stratum
corneum, the outermost layer of the epidermis, serves as a protective
barrier against the external environment. However, substances like
benzo-a-pyrene (BaP) and other PAHs can easily penetrate the skin and
are subsequently metabolized in the skin (Kao et al., 1985; Ng et al.,
1992; Kim et al., 2023).

In the lungs, deposition and uptake of PM is primarily determined by
particle size. PM with different diameters will penetrate to varying
depths within the respiratory tract (Deng et al., 2019; Morawska and
Buonanno, 2021). Coarse particles (10-2.5 pm) are primarily deposited
in the upper airways. Fine particles (2.5-0.1 pm) tend to reach the lower
respiratory tract. Particles smaller than 0.1 pm behave like gases and can
exchange through the alveoli into the systemic circulation (Sturm, 2016;
Yacobi et al., 2010; Oberdorster et al., 2002; Heyder et al., 1986). In
silico modelling of particle deposition in the human lungs, however,
suggests that coarse particles (10-2.5 pm) can also penetrate the lower
airways (Deng et al., 2019). Finally, the penetration of particles into the
respiratory tract also depends on the route of inhalation (nose versus
mouth) and age, with children experiencing higher penetration than
adults (Brown et al., 2013).

Various animal and tissue models have been used to investigate the
pathways involved in stress responses and disease processes in the lungs
and skin. Significant knowledge on how the lungs respond to air
pollution has been gained using animal studies, while the skin has been
studied less extensively. In rodents, exposure to different air pollutants
(DEP, NO,, PM;5+03) enhances asthma susceptibility, and results in
influx of neutrophils into the airways, as well as other immune cell types
including macrophages, monocytes, lymphocytes and eosinophils (Liu
et al., 2008; Han et al., 2017; Cassee et al., 2005; Sidwell et al., 2022;
Valderrama et al., 2022). The specific outcome, and immune cell
effector functions depends on particle size and chemical composition.
Induction of oxidative stress has also been reported, however, more
research is needed to identify the causal components of air pollution
contributing to oxidative stress (Valderrama et al., 2022). PM as well as
03 exposure affected respiratory epithelial barrier integrity in murine
models (Smyth et al., 2021), but more research is needed to elucidate the
underlying mechanism and how the specific composition of the
epithelial layer is affected. Moreover, epithelial-immune cell in-
teractions have not been studied extensively in this field. After inhala-
tion, cardiovascular effects were also observed, with an increase in
systemic IL-6 (Watkinson et al., 2001; Lee et al., 2024a; Kodavanti et al.,
2000). Although animal studies often show good concordance with
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human pathophysiology in general, data cannot always be translated to
the heterogeneous human population. Moreover, in a number of studies,
intratracheal/intranasal installation was used instead of inhalation. This
has many advantages, including achievement of an accurate dose, but
can affect the pattern of particle deposition and downstream intra- and
extrapulmonary inflammatory responses (Todo, 2017).

In AD-like mice, topical application of PM;q resulted in increased AD
symptoms and skin inflammation (Woo et al., 2020; Costa et al., 2006;
Dijkhoff et al., 2020). In murine models, topical application of PM re-
sults in decreased expression of epithelial barrier proteins and increased
oxidative stress. PM penetrates into the skin, and the level of penetration
increases on disrupted skin. For the development of dermo-protective
technologies, more mechanistic knowledge needs to be gained
regarding effects of air pollution on the skin. Rodents are not an ideal
model for studying human skin responses, as there are important dif-
ferences between human and mouse skin that influence how substances
are absorbed through the skin. For example, mouse skin has more ap-
pendages and a thinner epidermis (Huh et al., 2010). Porcine skin is
more similar to human skin; however, pigs are costly and difficult to
handle in experiments.

From an ethical perspective it is desirable to move towards relevant
in vitro models. Cell and tissue culture models have provided valuable
insights into the health impacts of air pollution on the skin and lungs
(Further discussed in section 2; Fig. 1). However, traditional cell culture
techniques often lack crucial biophysical cues. Furthermore, most air
pollution studies focus on the direct effects of air pollutants by using
high concentrations (Rynning et al., 2018; Mokrzynski and Szewczyk,
2024; Institute, 2024). In vitro PM3 5 exposures reported in the literature
sometimes exceed 300 pg/ml, which is significantly higher than the
annual average exposure levels, such as ~10 pg/m> in Western Europe
and ~50 pg/m3 in India (Klein et al., 2013), as most exposure protocols
aim to reduce exposure time and increase PM concentration to obtain
the same results as chronic exposure with low concentrations. Moreover,
most studies expose the cells to PM by adding these directly to the
culture medium. These studies have gained valuable insights into the
pathways underlying harmful effects of PM; 5 exposure. Direct trans-
lation of these results to air pollutant exposure in real-world conditions
is difficult since the used models often do not accurately mimic how the
skin and lungs are exposed to air pollution Furthermore, long-term and
repeated exposures beyond 7 days are understudied. Since immortalized
cell lines often overgrow during extended cell culture periods, primary
cells and induced pluripotent stem cells (iPSCs) could be used to prevent
excessive growth. Experiments that utilize physiological pollution levels
and repeated exposure would provide deeper insights into
pollution-related diseases. However, to more accurately study the effects
of long-term air pollutant exposure, more complex models that also
incorporate immune cells are required (Ryu et al., 2019).

In this review we discuss currently used in vitro models to study the
effect of air pollution, and identify gaps in current knowledge on how
exposure to air pollution results in the development of immune-
mediated diseases of the skin and the lung, as these two epithelial bar-
rier tissues are the first to be exposed to air pollution. Furthermore,
inflammation in the skin affects responses in the lung. For example,
atopic dermatitis predisposes to the development of asthma, referred to
as atopic march (Somanunt et al., 2017; Spergel and Paller, 2003). We
focus in more detail on how organ-on-chip (OoC) technology can
enhance mechanistic studies of the skin and lung’s response to air
pollution.

2. Current in vitro models for studying effects of air pollutant
exposure

2.1. 2-Dimensional (2D) cell culture models

The simplest models used to study the effects of air pollution on the
development and/or exacerbation of immune-mediated diseases of
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Fig. 1. A schematic representation illustrating the impact of various environmental stressors on the lung and skin tissue. Different environmental stressors,
here subdivided into particulate matter, volatile compounds, and inorganic gasses, are depicted. These exposures trigger cellular stress responses, such as the
upregulation of cytokines, and a decrease in barrier integrity. Moreover, the Aryl hydrocarbon Receptor pathway is activated by xenobiotic particles like B(a)P, which
in turn upregulates other pro-inflammatory responses and transcription of cytochrome P450 for the degradation of these particles. Created in BioRender. Koornneef,

S. (2025) https://BioRender.com/079w301.

epithelial barrier tissues such as the skin and the lung are based on 2D
cell cultures using immortalized cell lines or patient derived cells.

Before the development of more advanced co-culture models for lung
tissue, lung cell lines were commonly stimulated by adding air pollut-
ants to culture medium, resulting in the production of pro-inflammatory
cytokines and oxidative stress (Engels et al., 2024; Grilli et al., 2018;
Stringer and Kobzik, 1998). This approach is still used in certain
experimental contexts, however, more often lung cells/cultures are
exposed to air pollution at the air-liquid interface.

Insights into the cellular pathways affected by PM3 5 exposure in the
skin have primarily been obtained by exposing keratinocyte monolayers
to PMy 5, or PAHs in cell culture medium. These experiments demon-
strated the induction of oxidative stress, cell death and senescence, as
well as decreased barrier integrity and the production of pro-
inflammatory cytokines (Piao et al., 2018; Zhen et al., 2019, 2024;
Zhu et al., 2022; Herath et al., 2022; Kim et al., 2017, 2021; Choi et al.,
2020; Liao et al., 2020; Li et al., 2017; Ortiz et al., 2023).

2D cell cultures using cell lines or primary cells are a well-accepted
method and have significantly advanced understanding of toxicity of
components of air pollution, and cell-specific responses to exposure to
air pollution. These models are highly reproducible, suitable for high
throughput and informative in (cyto)toxicity and metabolic effect
studies. Furthermore, in 2D cell culture models, elucidating the response
of individual cell types is more straightforward. However, cells grown in
2D often display poor differentiation, and altered behavior and
morphology compared to the source tissue (Duval et al., 2017) and re-
sults do not always translate to in vivo exposure in direct comparisons
(Sayes et al., 2007).

2.2. Air-liquid interface culture models

By combining keratinocytes with fibroblasts and other cell types
found in the skin, such as adipocytes, endothelial cells, nerve cells,
melanocytes, immune cells, and appendages, more representative in
vitro models can be created (Hofmann et al., 2023; Li et al., 1997; Rimal
et al., 2024). Models featuring a layer of fibroblasts and a layer of ker-
atinocytes are considered bilayer models, while adding adipocytes cre-
ates trilayer models (Randall et al., 2018; Kim et al., 2019; Huber et al.,
2016; Vidal et al., 2019; Monfort et al., 2013; Bellas et al., 2012; Sanchez
et al., 2022; Trottier et al., 2008). Both bilayer and trilayer models are
considered full-thickness models and can be combined with other cell
types. They are typically cultured at the air-liquid interface (ALI) on
culture inserts. While full-thickness models offer a more realistic tissue
architecture and provide an ALI that supports maturation of the
epidermis, few studies to date have used these models to investigate the
effects of air pollution on the skin. This is likely due to the longer and
more complicated culture protocols required.

Similar to the advanced skin models, lung models used for pollution
studies often provide an ALI to support the differentiation and matura-
tion of airway epithelial cells (Silva et al., 2023; Gerovac et al., 2014).
These models are typically classified as either alveolar or airway models
(e.g. bronchiolar) (Eenjes et al., 2021; Lamers et al., 2021; Burgess et al.,
2024). Since these cultures mostly consist of epithelial cells, they lack
combinations and interaction with other cell types. More advanced
models are being proposed that incorporate a combination of mesen-
chymal, endothelial, epithelial and/or immune cells. Cells used in such
models can be patient-derived primary cells or commercial cell lines
(Licciardello et al., 2023; Sellgren et al., 2014). Although establishing
primary cell cultures is more time-consuming and expensive than using
commercial cell lines, models derived from primary cells more closely
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replicate in vivo conditions and can provide patient-specific insights
(Kreimendahl et al., 2019).

Differences in response to components of air pollution were shown
between lung cells exposed submerged or at ALI. For example, A549
alveolar cells exposed to SiO3 or ZnO showed higher IL-8 release when
exposed submerged (Lenz et al., 2009; Panas et al., 2014). On the other
hand, in the bronchial epithelial cell line 16HBE14o0, similar IL-8 re-
sponses were found after submerged or ALI exposure, while the ALI dose
was 4x lower (Holder et al., 2008). Possible explanations for the
observed differences include the differentiation status of the cells,
properties of the pollutant themselves in solution or in air, and possible
differences in culture conditions. These observations however underline
the importance of using relevant in vitro models.

2.3. 3D cell culture models

Organoids are self-organized cell clusters that recapitulate a minia-
turized organ, exhibiting properties and functions similar to those of the
native organ.

Lung organoids are derived from primary lung cells or iPSCs and can
be classified into two types: 1) bronchial epithelial organoids and 2)
alveolar organoids (Eenjes et al., 2021; Li et al., 2024a). Primary
bronchial cells seeded in hydrogel enable robust differentiation towards
a mucociliary phenotype, whereas alveolar organoids primarily consist
of AT2-like cells. Alveolar organoids can also be guided towards an
AT1-like phenotype (Ohnishi et al., 2024). Both organoid models can be
based on iPSC-derived progenitor cells, however, obtaining a fully
mature AT2/AT1-like phenotype remains challenging (Tiwari and Rana,
2023; Stroulios et al., 2022).

Skin organoids are usually generated using iPSCs and can include
skin appendages (Hong et al., 2023; Sun et al., 2021). While existing
organoid models do not capture all aspects of the skin, those that include
appendages are more physiologically relevant than simpler models.

While organoid models could improve the physiological relevance of
air pollution studies, results can potentially be more accurately extrap-
olated from in vitro to in vivo situations and allow for cell-cell crosstalk,
they have not yet been widely implemented in this field. This is likely
due to the lengthy and complex culture protocols, which can take several
months. Additionally, iPSC-derived organoids have limited differentia-
tion capabilities due to constraints in the current protocols (Burgess
et al., 2024). In contrast, primary cells exhibit strong differentiation
capacities (Eenjes et al., 2021). Although obtaining patient material can
be challenging, the variation in individual responses to stimuli such as
cigarette smoke highlights the importance of including multiple donors
in each experiment to adjust for genetic variability and donor-to-donor
variation (Katsura et al., 2020). Moreover, for pollution studies
involving exposure of the apical side, the organoids would need to be
processed prior to use. Protocols to generate apical-out bronchial
organoids are available, however these methods often result in reduced
numbers of secretory cells (Winkler et al., 2022; Sachs et al., 2019).

ALI Nebulization
Exposure

Submerged
Exposure
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Nevertheless, once these challenges are addressed, organoids offer a
realistic alternative to traditional 2D culture models, more closely
resembling native tissue. Furthermore, organoids can serve as a cell
source for exposure experiments, as organoids maintain differentiation
ability even after being passaged.

3. In vitro air pollutant exposure methods

Various methods can be used to expose cell cultures to pollutants,
depending on the type of pollutant and the specific culture system
(Fig. 2). In in vitro experiments, exposures are generally carried out by
adding air pollutants to the cell culture medium (Liu et al., 2021; Ke
et al., 2018; Zhang et al., 2017). While this has yielded important in-
sights into how pollutants impact individual cell health, it does not
accurately replicate in vivo exposures. The concentration at the surface
of submerged cultures differs from that near the cells. Most particles are
hydrophobic, aggregate and tend to sink to the bottom of the well.
Consequently, wells with larger volumes or larger culture areas and the
same pollutant concentration will have more particles interacting with
the cells at the bottom of the dish. In contrast, buoyant nanoparticles
may experience the opposite effect, as most particles fail to reach the
bottom of the well during submerged exposures (Watson et al., 2016).
Therefore, alternative methods for pollution exposure are required.

Aerosolization or exposure via dry particles can help eliminate dis-
crepancies among pollution studies caused by variation in well sizes and
volumes, as these techniques enable most particles to directly settle on
the culture surface. Commercial systems for aerosolizing air pollutants
include the nebulization system Vitrocell Cloud Alpha (formerly known
as ALICE (Lenz et al., 2014; Chortarea et al., 2017)) and the CelTox
system (Sengupta et al., 2023). Other nebulization systems developed by
academic groups and functioning similarly to the Vitrocell system have
been reported (Ritter et al., 2001; Aufderheide et al., 2002). These de-
vices utilize a vibrating mesh at the top of an exposure chamber, through
which a liquid containing air pollution is vaporized onto the ALI cultures
placed in the exposure chamber. While this exposure method closely
replicates in vivo conditions, it is limited by the particles’ ability to
dissolve without generating aggregates larger than the pore size of the
nebulizer, making it challenging to expose cultures with hydrophobic
particulate matter. Alternatively, for exposures involving solid particles,
commercial systems such as PreciseInhale® and XposeALI® are avail-
able. Solid compounds are introduced into a holding chamber using
compressed air and then delivered onto the ALI cell cultures.

Lastly, cell cultures can be exposed to gases by flushing humidified
gaseous pollutants into an incubator or culture chamber (Guenette et al.,
2022; Horstmann et al., 2021). To protect lab workers from harmful
gases, small sized, air-tight exposure chambers can be used. A modified
Vitrocell VC 10 Smoking Robot, for example, can be used for gaseous
exposure experiments, including combination with cigarette smoke
(Breheny et al., 2014). Gaseous exposure methods can be applied to both
skin and lung in vitro cultures (Ji et al., 2017; Upadhyay et al., 2022a).

Cc D
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Fig. 2. Schematic overview of different in vitro exposure methods visualized using transwell inserts. A: Submerged exposure: Cultures are exposed to
particulate matter by dissolving the environmental stressor in the culture medium. B: Nebulization exposure: Pollutants are aerosolized and delivered to ALI cultures
using sedimentation of the droplets. C: Solid particle exposure: Solid particles are brought into a pressurized holding chamber and delivered on top of ALI cultures. D:
Gaseous exposure: Cultures are brought into a chamber that holds various gas pollutants. Created in BioRender. Koornneef, S. (2025) https://BioRender.

com/x48j138.
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These exposure methods could theoretically be integrated in OoC
models. In lung-on-chip devices, aerosols are already used to expose the
tissues to harmful particles (Todo, 2017; Dwivedi et al., 2018). To our
knowledge, these methods have not yet been applied to skin-on-chip
devices.

4. Pathobiological pathways/mechanisms underlying adverse
effects of air pollution

Pathobiological mechanisms underlying the adverse effects on lung
and skin tissues and cells have been studied in in vivo rodent models and
in in vitro systems. Extensive literature is available on effects of in vivo
exposure on the respiratory tract, whereas effects on the skin have been
studied less extensively. Animal studies, controlled exposure in healthy
volunteers, and ex vivo analysis of human samples suggest that oxidative
stress, inflammation and allergic responses, as well as impaired
epithelial barrier function, play significant roles in developing immune
mediated disease in these barrier tissues. For instance, controlled
exposure to PMy 5 in both healthy volunteers and rodents led to an
accumulation of neutrophils into the lung (Ghio et al., 2000; Li et al.,
1999, 2024b; He et al., 2017; Salvi et al., 1999). Exposure to diesel
exhaust particles (DEP) resulted in increased levels of eosinophil
cationic protein, histamine and IgE in the nasal wash fluid of healthy
volunteers (Lee et al., 2024b; Diaz-Sanchez et al., 1996, 2000a; Dia-
z-Sanchez et al., 2000b). In skin, air pollutants can both exacerbate and
result in the development of skin disease. For example, in an atopic
dermatitis mouse model, PM;( application to the skin resulted in
increased severity, with increased expression of proinflammatory genes
such as Il11b (Watkinson et al., 2001).

4.1. Aryl hydrocarbon receptor signaling

Aryl Hydrocarbon Receptor (AhR) signaling contributes significantly

Xenobiotic Particles:
B(a)P
Dioxin

¢
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to the body’s response to air pollution (Fig. 3). AhR is a ubiquitously
expressed cytosolic receptor, with its expression levels varying across
and within tissues. AhR is activated by exposure to atmospheric PM, as
shown in reporter cell lines, in vivo and in vitro lung exposure models and
in vitro skin models (Barhoumi et al., 2020; McDonough et al., 2019;
Aryal et al., 2024; Hartung et al., 2025) and its ligands include envi-
ronmental chemicals, food constituents and endogenous substances. As
aresult, AhR serves not only as a key regulator of xenobiotic metabolism
but also a regulator of various physiologic processes (Abel and
Haarmann-Stemmann, 2010). The differences in mechanisms between
physiological ligands and xenobiotics are still poorly understood
(Stockinger et al., 2024), and investigating these mechanisms in relevant
skin and lung models after exposure to air pollution and how this affects
surrounding cells would be important in increasing our understanding of
the role of AhR signalling in adverse health effects, oxidative stress and
inflammation. Exposure to xenobiotic AhR-ligands leads to oxidative
stress. For instance, exposure to dioxin or benzo(a)pyrene (BaP) in-
creases the gene and protein expression of AhR, CYP1A1l, and CYP1B1
(Ghosh et al., 2018). This is followed by an increase in CYP1Al and
-1B1-mediated generation of reactive oxygen species (ROS), a decline in
mitochondrial function, and ultimately, apoptosis in different cell types,
including lung cell lines (Zhou et al., 2017; Elbekai et al., 2004; Huang
et al., 2021; Bansal et al., 2014). Furthermore, AhR-mediated metabolic
activation of PAHs results in the formation of mutagenic DNA and
protein adducts (Dipple et al., 1999). The number of DNA adducts cor-
relates with PAH exposure in vivo, a relationship already evident in
blood samples of newborns (Perera et al., 2005). On the other hand,
overexpression of AhR in in lung adenocarcinoma cells resulted in
reduced ROS levels and DNA damage following cigarette smoke expo-
sure (Cheng et al., 2012). Additionally, in the skin, UV exposure induces
expression of the endogenous AhR ligand FICZ, improving DNA pro-
tection (Cheng et al., 2012). Finally, AhR signaling enhances inflam-
matory responses, as evident in both lung and skin cell lines after

Transcription:

XRE regulating genes:
¢ Cytochrome p450 enzymes
« antioxident genes

Fig. 3. Aryl hydrocarbon receptor signaling on activation via xenobiotic particles. In its inactive form, AhR complexes with heat shock protein (HSP)90, AhR-
interacting protein (AIP), p23 and SRC. After ligand binding, AIP dissociates and AhR translocates to the nucleus, where it binds to ARNT. This complex binds to
xenobiotic responsive elements (XREs) in the DNA, regulating gene expression of for example the cytochrome p450 (CYP) enzymes CYP1A1 and CYP1B1 (Abel and
Haarmann-Stemmann, 2010; Lag et al., 2020; Rothhammer and Quintana, 2019) and downstream antioxidant genes such as Nrf2, and HMOX1 (Wang et al., 2019).
AhR also regulates gene expression of genes that do not have XREs, by interacting with estrogen receptor (Wang et al., 2019), or by controlling the activation of other
transcription factors such as NF-xB (Vogel et al., 2014; Ohtake et al., 2003). Created in BioRender. Koornneef, S. (2025) https://BioRender.com/s31m666.
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exposure to AhR ligands (Bocheva et al., 2023; Yu et al., 2025).
4.2. Inflammation

In general, exposure of lung and skin models to PM, but also
pollutant gases, triggers inflammation (Fitoussi et al., 2022; Zou et al.,
2020), with the specific outcome varying, depending on the tissue
context.

For example, exposure of bronchial epithelial cells cultured at ALI to
PM; 5, carbon nanotubes or DEP triggered production of IL-6, IL-8, IL-1,
NF-kB, and TNFa (Lenz et al., 2014; Ji et al., 2017; Zou et al., 2020). This
heightened inflammatory response after air pollution exposure may
partly be attributed to epigenetic changes, as seen in Treg at the FOXP3
locus and in bronchial and nasal epithelial cells (Nadeau et al., 2010; Li
et al., 2024c; Irizar et al., 2024; Sordillo et al., 2021). However, when
bronchial epithelial cells cultured at ALI were exposed to urban aerosols,
no differences in DNA methylation were observed in the promotor re-
gions of four selected genes (IL18, AHR, CYP1A1 and CYP1B1) (Santoro
et al., 2024).

In keratinocytes, exposure to PMy 5 led to increased gene expression
of IL1A and IL1B (Liao et al., 2020; Kim et al., 2017), as well as elevated
protein levels of GM-CSF, TSLP, TNFa, IL-1a, IL-6 and IL-8 (Choi et al.,
2020; Li et al., 2017). However, in these experiments, keratinocytes
were exposed submerged. In vitro culture of alveolar macrophages with
PM or BaP results in reduced cell viability and increased levels of TNFa,
IL-6, GM-CSF, MIP-1a and IL-1f (Ghio et al., 2000; Jalava et al., 2007;
van Eeden et al., 2001; Lecureur et al., 2005; Al et al., 2019; Becker
et al., 2003; Mukae et al., 2000).

Especially for skin, as responses can be vastly different between
submerged and ALI exposure, future studies should include exposure at
the ALI as this is the relevant route of exposure for the skin. Further-
more, while it is important to study inflammatory responses to indi-
vidual components of air pollution, as ambient air consists of a complex
mixture of different pollutants, more research should focus on assessing
effects of combined stressors.

4.3. Epithelial barrier function

The epithelium of both the skin and the lung act as a barrier to the
outside environment. Exposure to PM adversely affects tissue barrier
integrity (Celebi Sozener et al., 2020), where exposure to substances
including air pollution results in damage of the epithelium, contributing
to inflammation and sensitization (Sun et al., 2024). Epithelial damage
to the skin and lung, and the resulting induction of type 2 driven
inflammation can ultimately lead to the development of allergic con-
ditions, such as AD, asthma and allergic rhinitis (Reynolds et al., 2023;
Celebi Sozener et al., 2022; Zhao et al., 2020).

In the lungs, O3, DEP and house-dust organic contaminants disturbed
the membrane integrity of bronchial epithelial cells in vitro (Woo et al.,
2020; Reynolds et al., 2023). Further, nasal mucosa downregulated the
expression of ZO-1 and vascular endothelial cadherin upon exposure to
PM (Marques Dos Santos et al., 2022; Byun et al.,, 2019). In lung
epithelial cells, this resulted in decreased barrier integrity as measured
using FITC-dextran transit (Smyth et al., 2020).

In keratinocytes PM exposure decreased expression of structural
proteins such as. Filaggrin (Kim et al., 2021) and zonula occludens
(ZO)-1 (Choi et al., 2020). Full thickness skin showed a reduction in
thickness of the stratum corneum and decreased Filaggrin expression.
(Kim et al., 2021; Sun et al., 2024). Additionally, markers for prolifer-
ation were decreased upon PM exposure, both in full thickness skin as in
2D models (Dijkhoff et al., 2020).

Again here, effects of pollutants on epithelial barrier integrity of lung
and skin models should be assessed at ALI, in addition to effects of
exposure to multiple pollutants, and repeated exposures. Furthermore,
research should focus on in vitro models using cells from patients with
respiratory disease (Asthma, COPD for example) or skin disease (atopic
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dermatitis, psoriasis), to determine how air pollution exposure affects an
already perturbed barrier.

4.4. Exposure to combined stressors

Most in vitro studies on the health effects of environmental stressors
focused on the impact of a single stressor. However, in reality, human
tissues are co-exposed to multiple environmental factors simulta-
neously, which could amplify the harmful effects of air pollutants. Thus
although important, the health effects of stressor combinations and the
underlying molecular mechanisms remain largely unexplored.

The most studied stressor combination in skin research is photo-
pollution, particularly the combination of PAHs and UV light. UVB
light enhances the genotoxicity of PAHs and the resulting phototoxicity
is characterized by oxidative stress, mitochondrial damage and impaired
DNA-repair (Mokrzynski and Szewczyk, 2024; Larnac et al., 2024). To
the best of our knowledge, only one study has explored the combined
impact of humidity and air pollution on skin. In this study, semi-dry
airflow (45 % relative humidity) exacerbated the negative effects of
air pollutants on cellular functionality. However, the impact of humidity
on the release of cytokines and chemokines varied depending on the
specific pollutant involved (Seurat et al., 2021).

In the lungs, exposure to PM or gases have received most attention.
While co-exposure studies of PM with other stressors, such as gaseous
compounds, are often overlooked, research shows that exposure to a
combination of stressors in the form of DEP in combination with gaseous
pollutants has synergistic effects (Upadhyay et al., 2022b).

5. Organ-on-chip technology for future research into the effects
of pollution

Future research into air-pollution-induced immunological diseases of
epithelial barrier tissues should focus on exploring the combined impact
of multiple environmental stressors and/or the impact of long term/
repeated exposures. Importantly this should be explored in more com-
plex cellular in vitro settings than done previously to more accurately
mimic the native organ and to facilitate in vitro-in vivo extrapolation.
More complex models would facilitate the characterization of cell-cell
and cell-tissue interactions. This would align with the 3 R principle to
reduce, refine and replace animal studies.

As pointed-out before, cell and tissue models can be improved by co-
culturing lung or skin cells with other cell types, which facilitates cell-
cell interactions and mimics more complex in vivo environments. How-
ever, traditional cell culture techniques still lack crucial biophysical
cues, most notably perfusion and mechanical actuation, limiting their
physiological relevance (Table 1). Moreover, the detection of bio-
markers is often restricted to end-point measurements, which makes it
challenging to study the dynamic kinetics of gene and protein expression
over time.

OoC technologies have the potential to drive significant advances in
this field. These microfluidic devices maintain cells, tissue explants or
organ models under controlled physiological conditions for continuous
monitoring. By incorporating features such as perfusion, mechanical
stretching and biosensing within the microfluidic system, OoCs can
more realistically replicate the native environment of tissues and enable
real-time tracking of biomarkers (Fig. 4). Air pollutant exposure tech-
nologies can also be incorporated into microfluidic platforms, facili-
tating long-term/chronic exposure studies and exposure to multiple
environmental stressors. While there have been significant advance-
ments in the OoC field, its application in air pollution research remains
limited, with few studies using lung and skin models exploring this area
(Table 2). This section will discuss the potential of OoC models to
investigate the health effects of pollutants on the skin and lungs, as well
as the challenges to effectively integrating these technologies into
research on air pollution’s effects on human health.
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Table 1
Summary of the different models used for studying adverse health effects of air
pollution.

A Model Advantages Disadvantages
2D cell e Simple protocol; low e Cells often display
culture cost altered morphology
e Highly reproducible and behaviour
o Useful for (cyto) compared to native
toxicity studies tissue, as well as gene
e More homogeneous and protein
” response to stimuli expression profiles
% e Accepted in e Often more sensitive
8 regulatory instances to stimuli
- é_ e Often poor cell
.8 : differentiation
w» 3 o Lacks cell-cell
g E crosstalk
2 T  ALl-culture e Mimics exposure to o Static condition
a I air o Limited cell diversity
e Mucociliary e Complicated and
differentiation lengthy culture
e Moderate cell-cell protocols
interactions e Lacks biological cues
like flow and stretch
Advanced e Incorporates multiple o Static conditions
co-culture different cell types e Complex setup
models e Cell-cell interactions e Lacks biological cues
e ECM remodeling like flow and stretch
studies
Organoid e Moderate Cell-Cell e Static condition
cultures interactions e No waste transport,
e 3D self-organizing necrotic centers
structure o Long term growth
e Improved difficult
physiological e Intricate and lengthy
relevance culture protocol
e Requires expensive
factors
e Usually outside-in.
Organ-on- o Tissue-Tissue e Limited tissue

interactions
Technically complex
Limited scalability

Chip interactions
Real time monitoring
Microphysiological

cues (flow, stretch, and reproducibility
ALI) e High costs
Animal e Physiologically e Moderate prediction
models relevant of drug responses
e systemic response e Ethical concerns
studies e Requires specialized
e Accepted in facilities
regulatory instances e Often limited human
relevance

6. Organ-on-chip: external cues and sensing
6.1. Perfusion and air flow

Both the skin and the lungs are exposed to air on their apical tissue
surfaces and are supplied with blood by the cardiovascular system on
their basal side. In the lungs, gas exchange occurs between the alveolar
air and blood in the pulmonary capillaries, facilitating the oxygenation
of the blood. In both tissues, blood circulation serves as a route for im-
mune cell recruitment, the supply of nutrients and the removal of
metabolic waste, but also the dissemination of biomarkers indicative of a
disturbance in tissue homeostasis.

Conventional ALI cultures are static models of air and blood, lacking
flow cues for the cultured cells. In contrast, various lung-on-chip and
skin-on-chip models have been developed to incorporate liquid and/or
air flow, separated by a microporous membrane. The liquid component
or basolateral side is usually perfused with medium via a pump, while
the air compartment or apical side can be either actively or passively
ventilated.

In lung-on-chip models, medium flow and airflow cues promote the
maturation of blood vessels and the airway epithelium, respectively
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(Katoh, 2023; Stucki et al., 2015; Meng et al., 2022; Nawroth et al.,
2023; Sengupta et al., 2022). The basolateral flow of medium interacts
with the endothelial cells and mimics the capillary blood flow. The shear
stress generated by this flow modifies endothelial cell permeability and
can also influence endothelial cell viability (Smyth et al., 2020; Larnac
et al., 2024; Upadhyay et al., 2022b; Zeng et al., 2022). The commercial
Emulate lung-on-chip, based on the work published by Huh et al. (Todo,
2017), combines airflow and mechanical stretch. These factors support
the maturation of the tissue and aid in the directionality of mucociliary
clearance (Seurat et al., 2021). Another alveolar chip model, produced
by AlveoliX, demonstrated that a 3D stretchable membrane enhanced
the expression of alveolar markers, like AQP5 and SFTPC (Katoh, 2023).
Moreover, stress levels decrease over time when stretch or airflow are
applied to endothelial or epithelial cultures (Seurat et al., 2021; Katoh,
2023; Meng et al., 2022). However, the barrier integrity of epithelial
cells appears to weaken and becomes more sensitive to nanoparticle
environmental stressors, such as ZnO and TiO,, when combined with
stretch (Sengupta et al., 2023).

To our knowledge, no studies have directly compared skin epithelial
tissue culture with active air flow to static air culture. However, medium
flow cues can promote maturation of epithelial tissue in skin models,
with higher shear stress levels influencing keratinocyte morphology
(Meng et al., 2022; Nawroth et al., 2023; Agarwal et al., 2019).
Furthermore, shear stress induced by liquid flow promotes fibroblast
migration and organization, with high shear stress leading to cell
rounding (Meng et al., 2022; Nawroth et al., 2023). This imposes a limit
on the acceptable shear stress levels in microfluidic devices designed for
skin culture, while also offering opportunities for improving culture
conditions. Perfusion could extend culture duration. However,
full-thickness skin models have been cultured in inserts for up to 50
days, whereas skin-on-chip tissues are usually cultured up to 28 days
(Zoio et al., 2021a). Therefore, it remains unclear to what extent
perfusion improves survival and quality of skin-on-chip models during
long term culture, compared to static ALI culture.

In addition to facilitating tissue maturation, more accurately repli-
cating native tissue, flow cues can impact the dynamics of pollutant
uptake and downstream responses, likely better replicating in vivo up-
take dynamics. For example, the uptake of nanoparticles by endothelial
cells exposed to flow-induced shear decreases as shear force increases
(Charwat et al., 2018). Therefore, fluid mechanics could influence the
distribution, bioaccumulation, and clearance of nanoparticles. More-
over, the design of flow channels affects how cells and tissue interact
with environmental pollutants. For example, pollutant accumulation in
chips with rectangular channels is different compared to the more
naturally shaped circular channels (Zhang et al., 2018). Moreover,
potentially the improved culture conditions will allow for long-term
and/or repeated exposure experiments (Lu and Radisic, 2021) to more
accurately mimic real-life situations.

6.2. Mechanical cues

Conventional tissue culture does not include tensile or compressive
loads. However, in daily life, both the skin and lungs are subjected to
cyclic tensile and compressive forces.

In the lungs, stretching begins in utero, due to internal pressure from
internal fluid flow, or later through fetal breathing movements. In
mammals, the respiratory muscles periodically contract to alter the
volume of the lungs, facilitating the exchange of oxygen and carbon
dioxide through changes in pulmonary pressure (Novak et al., 2021). In
the healthy lungs, stretching-mediated mechanotransduction promotes
pulmonary cell differentiation. For instance, stretching induces the dif-
ferentiation of alveolar bipotent progenitor cells into AT1 alveolar cells
during lung development in a fetal mouse model (Nguyen et al., 2021).
In lung-on-chip models, mechanical stretch can be applied to more
accurately replicate physiological conditions. Several commercial sys-
tems, such as those developed by Emulate and Alveolix, incorporate
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Fig. 4. Various cues and real-time monitoring can be integrated in lung- and skin-on-chip technologies. Mechanical cues: cyclic stretching mimics breathing
movements in lung-on-chip systems or mechanical forces in skin-on-chip models. Perfusion and airflow: Controlled media flow mimics blood flow and provides shear
stress to endothelial cells. Bi-or unidirectional airflow can be introduced to epithelial cells, enhancing physiological relevance. Realtime Measurements: TEER,
aptamer-based sensors, or protein array based biosensing enables continues measurements of dynamic changes within organ-on-chip. Created in BioRender.

Koornneef, S. (2025) https://BioRender.com/v11w112.

Table 2
Lung- and skin-on chip air pollution studies to date.

Tissue Cell type Type of pollutant

Exposure duration

Lung Cell lines 12 nm Silica nanoparticles 5h
Lung Cell line/primary cells TiO2, ZnO2 nanoparticles 24h
Lung Cell line/primary cells Polystyrene nanoparticles 24 h
Lung Cell line/primary cells TiO2, ZnO2 nanoparticles 48 h
Lung Cell line/primary cells Zn02 and CCP nanoparticles 48 h
Lung Cell line/primary cells PM2.5 72h
Lung Cell line/primary cells PM2.5 24h
Lung primary cells PM2.5 96 h
Lung Primary cells polystyrene particles 48 h
Lung Cell line PM2.5 24 h
Lung Cell line PM2.5 24 h
Lung Cell line PM2.5 24h
Lung Cell line, tissue slices PM2.5 72h
Skin Cell line PM2.5 24 h
Skin Cell line Combustion PM 24 h
Skin Cell line uv 0.5h
Skin Cell line uv 48 h

Exposure method Ref. Year
Thin layer-> submerged 10.1126/science.1188302 2010
Submerged 10.1039/c8tx00156a 2018
Submerged 10.1016/j.jhazmat.2023.131962 2023
Nebulization 10.3389/fphar.2023.1114739 2023
Submerged 10.1021/acs.est.3c03678 2023
Submerged 10.1021/acsbiomaterials.0c00221 2020
Submerged 10.1016/j.ecoenv.2021.112601 2021
Submerged 10.1007/513206-022-00068-x 2022
Nebulization 10.3389/fbioe.2020.00091 2020
Nebulization 10.1016/j.scitotenv.2020.143200 2021
Nebulization 10.1016/j.ecoenv.2022.114318 2022
Nebulization 10.1021/acssensors.3c01744 2022
Submerged 10.1111/all.16179 2024
Submerged 10.1016/j.tiv.2017.04.018 2017
Submerged 10.1016/j.chemosphere.2018.06.058 2018
N/A (ALI) 10.1039/C6LC00229C 2016
N/A (ALI) 10.1002/bit.27320 2020

mechanical stretching (Sengupta et al., 2023; Stucki et al., 2015;
Nawroth et al., 2023). Studies using these systems have demonstrated
that mechanical stretching promotes the maturation of rat AT2 cells
(Sanchez-Esteban et al., 2001) and human airway bronchial cells
(Nawroth et al., 2023). Mechanical stretching could also influence the
response to nanoparticles. For example, the generation of ROS by
alveolar cells exposed to silica particles was significantly elevated in the
presence of mechanical strain (Todo, 2017). We propose the introduc-
tion of mechanical cues will result in more accurate replication of native
tissue responses and will facilitate in vitro-in vivo extrapolation.

In the skin, stretching affects keratinocyte proliferation, migration
and survival (Sanchez-Esteban et al., 2001) and stimulates fibroblast
proliferation and collagen production (Lu et al., 2013). Several
skin-on-chip studies have incorporated stretching or compression (van
Haasterecht et al., 2023; Kim et al., 2022; Lim et al., 2018; Mori et al.,
2018; Tokuyama et al., 2015; Wahlsten et al., 2021; Varone et al., 2021;

Jeong et al., 2021; Kaiser et al., 2024) to enhance the physiological
relevance of the culture conditions. Although the skin is continuously
exposed to cycles of stretching and relaxation in vivo, and skin-on-chip
models incorporating mechanical actuation exist, this factor is typi-
cally excluded from skin studies, especially in those investigating the
effects of air pollution. To our knowledge, only one study has addressed
the combination of pollutant exposure and mechanical tension in a
short-term culture study with skin explants cultured under tension
(Pambianchi et al., 2023). In this study, static tension modulated
ozone-induced antimicrobial peptide (AMP) levels (CAMP, LL-37, hBD2,
hBD3), as well as the kinetics of inflammatory molecule expression
(COX2, AhR, MMP9 and 4HNE).

6.3. Real-time monitoring of biomarkers

The integration of sensors into in vitro culture systems can reduce
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time spent on sample taking and processing while enabling noninvasive
real-time monitoring of cellular biomarkers and culture conditions.
While sensors can be integrated into both conventional tissue culture
and OoC, sensor miniaturization and design freedom in OoC platforms
create flexibility in sensor placement and optimization of the sensing
conditions compared to conventional culture. Various optical, physical
and electrochemical sensors have been developed for OoC (Shinde et al.,
2023). Optical sensors often employ fluorescence, surface plasmon
resonance (SPR) or optical coherence tomography. Electrical and elec-
trochemical sensors are usually based on potentiometry/amperometry,
field effect transistors or impedance. Physical sensors include pressure
gauges, strain gauges and cantilevers. Sensors have also been developed
for omics applications and are based on enzymes, antibodies or aptamers
with various transducer types.

The most common sensor in studies with barrier tissues, such as the
lungs and skin, measures physiological barrier function by assessing the
resistance across the barrier. This transendothelial/epithelial electrical
resistance (TEER) reflects the integrity of the epithelial barrier and is
influenced by factors such as cell junctions, cell layer thickness, and
state of confluency [203,204]. TEER is often performed with probes
connected to a Voltohmmeter in both conventional culture and OoC but
integrated sensors are increasingly common (Nazari et al., 2023a).
Several skin-on-chip (Srinivasan et al., 2015; Alexander et al., 2018;
Nguyen et al., 2024) and lung-on-chip (Zoio et al., 2021b; Khalid et al.,
2020) devices have been reported in the literature with integrated TEER
sensors. To measure TEER, the electric circuit must be closed by sub-
merging all electrodes. This is easily achieved in submerged conven-
tional and OoC cultures, however, in ALI cultures, the apical side of the
tissue must be periodically flooded for short-duration TEER measure-
ments at specific time-points. Automatic flooding and aspiration of ALI
cultures is easier to integrate into OoC platforms than conventional
culture plates due to the presence of fluid flow and the flexibility of
microfluidic design in OoC. Further, TEER electrode placement is
limited to the culture chamber and preferably close to the tissue being
studied. Due to the design flexibility of OoC, the space between the
sensors and the tissues can be minimized and thin electrodes with
optimized geometry can be fabricated using microfabrication techniques
(Nazari et al., 2023a). While the existing TEER electrodes in
skin-on-chip are opaque, transparent electrodes have been reported in
lung-on-chip devices, which facilitates macroscopic and microscopical
analysis of the culture (Zoio et al., 2021b; Khalid et al., 2020). Inte-
grating biosensors for other biomarkers, such as proteins and cytokines,
could capture fluctuations in markers that are often missed by conven-
tional omics-based and imaging-based end-point analysis at predefined
time intervals, hence offering deeper insights into cellular responses and
disease mechanisms. By avoiding or simplifying sample taking and
processing they also facilitate high throughput applications. Such sen-
sors are prevalent in OoC for diagnostics and therapeutics (Shinde et al.,
2023). Various sensors have been integrated in the lung-on-chip for
rapid detection of RNAs, and proteins (Ding et al., 2021), however to our
knowledge these systems are not used routinely in air pollution research
yet. One skin-on-chip study reported an integrated sensor for studying
the effects of air pollution on skin (Liu et al., 2021), using an integrated
photonic protein array system for studying PM, s-induced cytotoxicity
in human keratinocytes, revealing activation of NF-xB and NALP3
signaling pathways and increased production of IL-6 and IL-1f8. The
latter findings correlated well with results obtained from ELISA, high-
lighting the system’s ability to accurately monitor cellular responses to
pollution with proteomics (Zhang et al., 2017).

An important downside of antibody-based biorecognition elements
like the photonic protein array system is the accumulation of the bio-
markers on the sensor, which reduces its sensitivity. This issue could be
resolved by using aptamers, which can regenerate to their unbound
state, enabling the measurement of new molecules (Zhao et al., 2011).
Aptamers can be designed for various targets, including proteins and
nucleic acids (Dunn et al., 2017) with successful applications in OoC
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(Nguyen et al., 2018).

Additionally, culture conditions on-chip can be monitored by addi-
tional sensors. For instance, changes in the pH of the cell culture medium
can be optically assessed by measuring the change in phenol red in
medium flowing through a separate transparent tube (Khalid et al.,
2020). Furthermore, integrated oxygen-sensitive microparticle-based
sensor spots allow for continuous optical sensing of oxygen concentra-
tion on-chip (Zargartalebi et al., 2024), providing real-time monitoring
of oxygen levels within the culture.

More than conventional culture systems, OoC platforms provide the
flexibility to combine multiple sensing modalities or to combine sensing
with actuation. Despite this flexibility, none of the reported studies with
skin- and lung-on-chip models combined TEER measurements with
stretching. Since stretching affects tissue maturation and function,
including barrier function and uptake of particles, in the lung and skin,
integrating TEER sensing with stretching could offer valuable insights
into the effects of mechanical load on these tissues and on their response
to (air) pollutants. Furthermore, none of the studies referenced above
have incorporated TEER alongside other types of biosensors to measure
biomarkers involved in stress response of the skin and lungs.

7. Challenges to effectively integrate organ-on-chip technology
for pollution research

Scalability and reproducibility remain significant challenges in all
organ-on-chip systems, including lung- and skin-on-chip systems (Zirath
et al., 2018). Some OoCs, such as the OrganoPlates from Mimetas, are
already actively assisting with FDA IND application for drug safety and
effectiveness. The systems initially did not support the ALI conditions
required for the differentiation of airway and skin cells. Some academic
solutions designed plate variations to create ALI for lung cells (Jung
et al., 2022). Increased scalability for dynamically co-culturing inserts
have also been proposed, such as Simple-flow: multiple linked cell in-
serts to increase fluidic flow in the basolateral compartment of the cell
insert (Leung et al., 2022). However, chips with more advanced me-
chanics, such as stretch or airflow, often face difficulties in scaling up. As
a result, standardization in the field remains limited due to the chal-
lenges of achieving scalability and reproducibility. Various organiza-
tions, such as ISO, CENELEC, 3RC and ECVAM and nationwide
collaboratives such as the Dutch hDMT, are actively collaborating to
establish tissue-specific functional parameters. However, for these sys-
tems to gain formal acceptance, alignment with established regulatory
frameworks is essential. Therefore, EU focus groups and intergovern-
mental organisation OECD have recently developed a roadmap with
guidelines towards developing standards for OoC technology (OECD,
2021). Other considerable research worldwide is contributing to
addressing such challenges, paving the way to solid establishment of the
technology (Iriondo et al., 2024; Mastrangeli and van den Eijnden-van
Raaij, 2021). So far, standardization efforts, like ISO/TC 276/SC 2,
have marked 4 standards but are not yet published (ISO). Addressing
these regulatory considerations and performance critertia, like repro-
ducibility, is crucial for broader adoption of OoC. Once standards are
available, researchers, such as in industry and acedamics, may revise or
validate their OoC work to meet the criteria set by the regulatory groups.
If these demands are met, industry and regulators, including organiza-
tions such as EMA, FDA, and EPA, OoC could fullfill a valuable role in air
pollution studies and serve as a replacement model for animal studies.

8. Conclusion

The molecular mechanisms behind air pollution-induced adverse
health effects on the lungs and skin remain relatively poorly understood,
despite valuable insights gained from simple 2D and more complex 3D
culture experiments. However, these culture methods often lack key
tissue features such as perfusion, mechanical stretching, and the
necessary cell-cell crosstalk between the multiple cell types present in
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native lung or skin tissue. We propose to bridge these knowledge gaps in
studies on adverse health effects of air pollution by utilizing skin and
lung OoC models. OoC platforms can integrate lung or skin cells, tissue
models or patient-derived tissues with critical cues such as flow and
mechanical stretching, enhancing the (patho)physiological relevance of
the models. By incorporating sensors, the culture conditions can be
further optimized, and cellular responses can be monitored in real-time,
providing a more comprehensive understanding of pollution’s impact.

Studies investigating the health effects of air pollution typically
expose cells via the culture medium, whereas in reality, both the skin
and lungs are exposed to air. PM exposures can be simulated using
nebulization systems, whereas gaseous exposures can be replicated
using gas chambers. These exposure systems can also be integrated into
0OoC platforms. By using realistic dosages, combinations of stressors, and
mimicking long-term and/or repeated exposures, the field could prog-
ress towards more physiological models of air pollution exposure.

CRediT authorship contribution statement

Sem Koornneef: Writing — original draft, Conceptualization. Fiona
J. Horne: Writing — original draft, Conceptualization. H. Bing Thio:
Writing — review & editing, Funding acquisition. Massimo Mastrangeli:
Writing — review & editing, Supervision, Funding acquisition. Robbert
J. Rottier: Writing — review & editing, Supervision, Funding acquisition.
Willem A. Dik: Writing — review & editing, Funding acquisition. Eve-
line D. de Geus: Writing - review & editing, Writing — original draft,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors are supported by Convergence, the alliance between
Erasmus Medical Center Rotterdam, Erasmus University Rotterdam and
Delft University of Technology.

Data availability
No data was used for the research described in the article.

References

Abel, J., Haarmann-Stemmann, T., 2010. An introduction to the molecular basics of aryl
hydrocarbon receptor biology. Biol. Chem. 391 (11), 1235-1248. https://doi.org/
10.1515/BC.2010.128.

Abolhasani, R., Araghi, F., Tabary, M., Aryannejad, A., Mashinchi, B., Robati, R.M.,
2021. The impact of air pollution on skin and related disorders: a comprehensive
review. Dermatol. Ther. 34 (2), e14840. https://doi.org/10.1111/dth.14840.

Agache, 1., Canelo-Aybar, C., Annesi-Maesano, 1., et al., 2024. The impact of indoor
pollution on asthma-related outcomes: a systematic review for the EAACI guidelines
on environmental science for allergic diseases and asthma. Allergy 79 (7),
1761-1788. https://doi.org/10.1111/all.16051.

Agarwal, T., Narayana, G.H., Banerjee, 1., 2019. Keratinocytes are mechanoresponsive to
the microflow-induced shear stress. Cytoskeleton (Hoboken) 76 (2), 209-218.
https://doi.org/10.1002/cm.21521.

Al, Hanai AH., Antkiewicz, D.S., Hemming, J.D.C., et al., 2019. Seasonal variations in the
oxidative stress and inflammatory potential of PM(2.5) in Tehran using an alveolar
macrophage model; the role of chemical composition and sources. Environ. Int. 123,
417-427 doi:S0160-4120(18)32055-5 [pii] 10.1016/j.envint.2018.12.023.

Al-Daghri, N.M., Alokail, M.S., Abd-Alrahman, S.H., Draz, H.M., Yakout, S.M.,

Clerici, M., 2013. Polycyclic aromatic hydrocarbon exposure and pediatric asthma in
children: a case-control study. Environ. Health 12, 1 doi:1476-069X-12-1 [pii]
10.1186/1476-069X-12-1.

Alexander, F.A., Eggert, S., Wiest, J., 2018. Skin-on-a-Chip: transepithelial electrical
resistance and extracellular acidification measurements through an automated air-
liquid interface. Genes (Basel) 9 (2) doi:genes9020114 [pii] genes-09-00114 [pii]
10.3390/genes9020114.

10

Environmental Research 285 (2025) 122289

Analitis, A., Katsouyanni, K., Dimakopoulou, K., et al., 2006. Short-term effects of
ambient particles on cardiovascular and respiratory mortality. Epidemiology 17 (2),
230-233 doi:00001648-200603000-00020 [pii] 10.1097/01.
ede.0000199439.57655.6b.

Aryal, A., Harmon, A.C., Varner, K.J., et al., 2024. Inhalation of particulate matter
containing environmentally persistent free radicals induces endothelial dysfunction
mediated via AhR activation at the air-blood interface. Toxicol. Sci. 199 (2),
246-260 doi:7600429 [pii] 10.1093/toxsci/kfae007.

Aufderheide, M., Knebel, J.W., Ritter, D., 2002. A method for the in vitro exposure of
human cells to environmental and complex gaseous mixtures: application to various
types of atmosphere. Altern. Lab. Anim. 30 (4), 433-441.

Baird, W.M., Hooven, L.A., Mahadevan, B., 2005. Carcinogenic polycyclic aromatic
hydrocarbon-DNA adducts and mechanism of action. Environ. Mol. Mutagen. 45
(2-3), 106-114. https://doi.org/10.1002/em.20095.

Bansal, S., Leu, A.N., Gonzalez, F.J., et al., 2014. Mitochondrial targeting of cytochrome
P450 (CYP) 1B1 and its role in polycyclic aromatic hydrocarbon-induced
mitochondrial dysfunction. J. Biol. Chem. 289 (14), 9936-9951 d0i:S0021-9258(20)
42058-7 [pii] M113.525659 [pii] 10.1074/jbc.M113.525659.

Barhoumi, B., Tedetti, M., Heimburger-Boavida, L.E., et al., 2020. Chemical composition
and in vitro aryl hydrocarbon receptor-mediated activity of atmospheric particulate
matter at an urban, agricultural and industrial site in North Africa (Bizerte, Tunisia).
Chemosphere 258, 127312 doi:S0045-6535(20)31505-8 [pii] 10.1016/j.
chemosphere.2020.127312.

Becker, S., Soukup, J.M., Sioutas, C., Cassee, F.R., 2003. Response of human alveolar
macrophages to ultrafine, fine, and coarse urban air pollution particles. Exp. Lung
Res. 29 (1), 29-44. https://doi.org/10.1080/01902140303762.

Bellas, E., Seiberg, M., Garlick, J., Kaplan, D.L., 2012. In vitro 3D full-thickness skin-
equivalent tissue model using silk and collagen biomaterials. Macromol. Biosci. 12
(12), 1627-1636. https://doi.org/10.1002/mabi.201200262.

Bocheva, G., Slominski, R.M., Slominski, A.T., 2023. Environmental air pollutants
affecting skin functions with systemic implications. Int. J. Mol. Sci. 24 (13).

Breheny, D., Cunningham, F., Kilford, J., Payne, R., Dillon, D., Meredith, C., 2014.
Application of a modified gaseous exposure system to the in vitro toxicological
assessment of tobacco smoke toxicants. Environ. Mol. Mutagen. 55 (8), 662-672 doi:
EM21876 [pii] 10.1002/em.21876.

Brown, J.S., Gordon, T., Price, O., Asgharian, B., 2013. Thoracic and respirable particle
definitions for human health risk assessment. Part. Fibre Toxicol. 10, 12 doi:1743-
8977-10-12 [pii] 10.1186/1743-8977-10-12.

Burgess, C.L., Huang, J., Bawa, P.S., et al., 2024. Generation of human alveolar epithelial
type I cells from pluripotent stem cells. Cell Stem Cell 31 (5), 657-675 e8 doi:S1934-
5909(24)00098-5 [pii] 10.1016/j.stem.2024.03.017.

Byun, J., Song, B., Lee, K., et al., 2019. Identification of urban particulate matter-induced
disruption of human respiratory mucosa integrity using whole transcriptome
analysis and organ-on-a chip. J. Biol. Eng. 13, 88 doi:219 [pii] 10.1186/513036-019-
0219-7.

Cassee, F.R., Boere, A.J., Fokkens, P.H., et al., 2005. Inhalation of concentrated
particulate matter produces pulmonary inflammation and systemic biological effects
in compromised rats. J Toxicol Environ Health A 68 (10), 773-796 doi:
N1Q52J4665J00470 [pii] 10.1080/15287390590930171.

Celebi Sozener, Z., Cevhertas, L., Nadeau, K., Akdis, M., Akdis, C.A., 2020.
Environmental factors in epithelial barrier dysfunction. J. Allergy Clin. Immunol.
145 (6), 1517-1528 doi:S0091-6749(20)30573-X [pii] 10.1016/j.jaci.2020.04.024.

Celebi Sozener, Z., Ozdel Ozturk, B., Cerci, P., et al., 2022. Epithelial barrier hypothesis:
effect of the external exposome on the microbiome and epithelial barriers in allergic
disease. Allergy 77 (5), 1418-1449 doi:ALL15240 [pii] 10.1111/all.15240.

Charwat, V., Olmos Calvo, 1., Rothbauer, M., et al., 2018. Combinatorial in vitro and in
silico approach to describe shear-force dependent uptake of nanoparticles in
microfluidic vascular models. Anal. Chem. 90 (6), 3651-3655. https://doi.org/
10.1021/acs.analchem.7b04788.

Chen, P., Li, Y., Zhang, Y., Xue, C., Hopke, P.K., Li, X., 2023. Dynamic changes of
composition of particulate matter emissions during residential biomass combustion.
Environ. Sci. Technol. 57 (40), 15193-15202. https://doi.org/10.1021/acs.
est.3c05412, 2023/10/10.

Cheng, Y.H., et al., 2012. Aryl hydrocarbon receptor protects lung adenocarcinoma cells
against cigarette sidestream smoke particulates-induced oxidative stress. Toxicol.
Appl. Pharmacol. 259 (3), 293-301.

Choi, J., Moon, M.Y., Han, G.Y., Chang, M.S., Yang, D., Cha, J., 2020. Phellodendron
amurense extract protects human keratinocytes from PM2.5-induced inflammation
via PAR-2 signaling. Biomolecules 11 (1) doi:biom11010023 [pii] biomolecules-11-
00023 [pii] 10.3390/biom11010023.

Chortarea, S., Barosova, H., Clift, M.J.D., Wick, P., Petri-Fink, A., Rothen-Rutishauser, B.,
2017. Human asthmatic bronchial cells are more susceptible to subchronic repeated
exposures of aerosolized carbon nanotubes at occupationally relevant doses than
healthy cells. ACS Nano 11 (8), 7615-7625. https://doi.org/10.1021/
acsnano.7b01992.

Costa, D.L., Lehmann, J.R., Winsett, D., Richards, J., Ledbetter, A.D., Dreher, K.L., 2006.
Comparative pulmonary toxicological assessment of oil combustion particles
following inhalation or instillation exposure. Toxicol. Sci. 91 (1), 237-246 doi:
kfj123 [pii] 10.1093/toxsci/kfj123.

Deng, Q., Deng, L., Miao, Y., Guo, X., Li, Y., 2019. Particle deposition in the human lung:
health implications of particulate matter from different sources. Environ. Res. 169,
237-245 doi:S0013-9351(18)30596-6 [pii] 10.1016/j.envres.2018.11.014.

Diaz-Sanchez, D., Tsien, A., Casillas, A., Dotson, A.R., Saxon, A., 1996. Enhanced nasal
cytokine production in human beings after in vivo challenge with diesel exhaust
particles. J. Allergy Clin. Immunol. 98 (1), 114-123 doi:S0091-6749(96)70233-6
[pii] 10.1016/50091-6749(96)70233-6.


https://doi.org/10.1515/BC.2010.128
https://doi.org/10.1515/BC.2010.128
https://doi.org/10.1111/dth.14840
https://doi.org/10.1111/all.16051
https://doi.org/10.1002/cm.21521
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref5
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref5
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref5
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref5
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref6
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref6
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref6
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref6
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref7
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref7
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref7
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref7
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref8
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref8
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref8
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref8
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref9
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref9
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref9
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref9
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref10
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref10
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref10
https://doi.org/10.1002/em.20095
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref12
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref12
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref12
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref12
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref13
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref13
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref13
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref13
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref13
https://doi.org/10.1080/01902140303762
https://doi.org/10.1002/mabi.201200262
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref16
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref16
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref17
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref17
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref17
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref17
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref18
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref18
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref18
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref19
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref19
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref19
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref20
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref20
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref20
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref20
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref21
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref21
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref21
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref21
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref22
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref22
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref22
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref23
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref23
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref23
https://doi.org/10.1021/acs.analchem.7b04788
https://doi.org/10.1021/acs.analchem.7b04788
https://doi.org/10.1021/acs.est.3c05412
https://doi.org/10.1021/acs.est.3c05412
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref26
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref26
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref26
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref27
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref27
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref27
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref27
https://doi.org/10.1021/acsnano.7b01992
https://doi.org/10.1021/acsnano.7b01992
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref29
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref29
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref29
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref29
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref30
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref30
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref30
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref31
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref31
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref31
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref31

S. Koornneef et al.

Diaz-Sanchez, D., Penichet-Garcia, M., Saxon, A., 2000a. Diesel exhaust particles directly
induce activated mast cells to degranulate and increase histamine levels and
symptom severity. J. Allergy Clin. Immunol. 106 (6), 1140-1146 doi:S0091-6749
(00)54197-9 [pii] 10.1067/mai.2000.111144.

Diaz-Sanchez, D., Jyrala, M., Ng, D., Nel, A., Saxon, A., 2000b. In vivo nasal challenge
with diesel exhaust particles enhances expression of the CC chemokines rantes, MIP-
lalpha, and MCP-3 in humans. Clin. Immunol. 97 (2), 140-145 doi:S1521-6616(00)
94921-0 [pii] 10.1006/clim.2000.4921.

Dijkhoff, I.M., et al., 2020. Impact of airborne particulate matter on skin: a systematic
review from epidemiology to in vitro studies. Part. Fibre Toxicol. 17 (1), 35.

Ding, S., Zhang, H., Wang, X., 2021. Microfluidic-chip-integrated biosensors for lung
disease models. Biosensors (Basel). 11 (11) doi:bios11110456 [pii] biosensors-11-
00456 [pii] 10.3390/bios11110456.

Dipple, A., Khan, Q.A., Page, J.E., Ponten, 1., Szeliga, J., 1999. DNA reactions, mutagenic
action and stealth properties of polycyclic aromatic hydrocarbon carcinogens. Int. J.
Oncol. 14 (1), 103-111. https://doi.org/10.3892/ij0.14.1.103 (review).

Dominski, F.H., Lorenzetti Branco, J.H., Buonanno, G., Stabile, L., Gameiro da Silva, M.,
Andrade, A., 2021. Effects of air pollution on health: a mapping review of systematic
reviews and meta-analyses. Environ. Res. 201, 111487 doi:S0013-9351(21)00781-7
[pii] 10.1016/j.envres.2021.111487.

Dunn, M.R., Jimenez, R.M., Chaput, J.C., 2017. Analysis of aptamer discovery and
technology. Nat. Rev. Chem 1 (10), 76. https://doi.org/10.1038/541570-017-0076,
2017/10/04.

Duval, K., Grover, H., Han, L.H., et al., 2017. Modeling physiological events in 2D vs. 3D
cell culture. Physiology (Bethesda) 32 (4), 266-277 doi:32/4/266 [pii] Y-00036-
2016 [pii] 10.1152/physiol.00036.2016.

Dwivedi, A.M., Upadhyay, S., Johanson, G., Ernstgérd, L., Palmberg, L., 2018.
Inflammatory effects of acrolein, crotonaldehyde and hexanal vapors on human
primary bronchial epithelial cells cultured at air-liquid interface. Toxicol. Vitro 46,
219-228. https://doi.org/10.1016/].tiv.2017.09.016, 2018/02/01/.

Eenjes, E., van Riet, S., Kroon, A.A., et al., 2021. Disease modeling following organoid-
based expansion of airway epithelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol.
321 (4), L775-L786. https://doi.org/10.1152/ajplung.00234.2020.

Elbekai, R.H., Korashy, H.M., Wills, K., Gharavi, N., El-Kadi, A.O., 2004. Benzo[a]pyrene,
3-methylcholanthrene and beta-naphthoflavone induce oxidative stress in hepatoma
hepa 1clc7 Cells by an AHR-dependent pathway. Free Radic. Res. 38 (11),
1191-1200 doi:HA385M2M3CA91772 [pii] 10.1080/10715760400017319.

Engels, S.M., Kamat, P., Pafilis, G.S., et al., 2024. Particulate matter composition drives
differential molecular and morphological responses in lung epithelial cells. PNAS
Nexus 3 (1), pgad415 doi:pgad415 [pii] 10.1093/pnasnexus/pgad415.

Fang, F., et al., 2024. Association between ambient exposure to PM(2.5) and upper
aerodigestive tract cancer in Los Angeles. Int. J. Cancer 154, 1579-1586. https://doi.
org/10.1002/ijc.34835.

Fitoussi, R., Faure, M.O., Beauchef, G., Achard, S., 2022. Human skin responses to
environmental pollutants: a review of current scientific models. Environ. Pollut. 306,
119316 doi:50269-7491(22)00530-9 [pii] 10.1016/j.envpol.2022.119316.

Fuller, R., Landrigan, P.J., Balakrishnan, K., et al., 2022. Pollution and health: a progress
update. Lancet Planet. Health 6 (6), e535-e547 d0i:$2542-5196(22)00090-0 [pii]
10.1016/52542-5196(22)00090-0.

Garcia, E., Berhane, K.T., Islam, T., et al., 2019. Association of changes in air quality with
incident asthma in children in California, 1993-2014. JAMA 321 (19), 1906-1915
doi:2733972 [pii] joi190043 [pii] 10.1001/jama.2019.5357.

Gerovac, B.J., Valencia, M., Baumlin, N., Salathe, M., Conner, G.E., Fregien, N.L., 2014.
Submersion and hypoxia inhibit ciliated cell differentiation in a notch-dependent
manner. Am. J. Respir. Cell Mol. Biol. 51 (4), 516-525. https://doi.org/10.1165/
remb.2013-02370C.

Ghio, A.J., Kim, C., Devlin, R.B., 2000. Concentrated ambient air particles induce mild
pulmonary inflammation in healthy human volunteers. Am. J. Respir. Crit. Care
Med. 162 (3 Pt 1), 981-988. https://doi.org/10.1164/ajrccm.162.3.9911115.

Ghosh, J., Chowdhury, A.R., Srinivasan, S., et al., 2018. Cigarette smoke toxins-induced
mitochondrial dysfunction and pancreatitis involves aryl hydrocarbon receptor
mediated Cypl gene expression: protective effects of resveratrol. Toxicol. Sci. 166
(2), 428-440 doi:5079410 [pii] kfy206 [pii] 10.1093/toxsci/kfy206.

Grilli, A., Bengalli, R., Longhin, E., et al., 2018. Transcriptional profiling of human
bronchial epithelial cell BEAS-2B exposed to diesel and biomass ultrafine particles.
BMC Genom. 19 (1), 302. https://doi.org/10.1186/512864-018-4679-9, 2018/04/
27.

Gu, X., Li, Z., Su, J., 2024. Air pollution and skin diseases: a comprehensive evaluation of
the associated mechanism. Ecotoxicol. Environ. Saf. 278, 116429 doi:S0147-6513
(24)00505-0 [pii] 10.1016/j.ecoenv.2024.116429.

Guenette, J., Breznan, D., Thomson, E.M., 2022. Establishing an air-liquid interface
exposure system for exposure of lung cells to gases. Inhal. Toxicol. 34 (3-4), 80-89.
https://doi.org/10.1080/08958378.2022.2039332.

Han, M., Ji, X,, Li, G., Sang, N., 2017. NO(2) inhalation enhances asthma susceptibility in
a rat model. Environ. Sci. Pollut. Res. Int. 24 (36), 27843-27854 doi:10.1007/
511356-017-0402-7 [pii] 10.1007/5s11356-017-0402-7.

Hartung, F., Krutmann, J., Haarmann-Stemmann, T., 2025. Evidence that the aryl
hydrocarbon receptor orchestrates oxinflammatory responses and contributes to
airborne particulate matter-induced skin aging. Free Radic. Biol. Med. 233, 264-278
doi:S0891-5849(25)00190-X [pii].

He, F., Liao, B., Pu, J., et al., 2017. Exposure to ambient particulate matter induced COPD
in a rat model and a description of the underlying mechanism. Sci. Rep. 7, 45666
doi:srep45666 [pii] 10.1038/srep.45666.

Heck, J.E., He, D., Wing, S.E., et al., 2024. Exposure to outdoor ambient air toxics and
risk of breast cancer: the multiethnic cohort. Int. J. Hyg Environ. Health 259, 114362
doi:S1438-4639(24)00043-9 [pii] 10.1016/j.ijheh.2024.114362.

11

Environmental Research 285 (2025) 122289

Herath, H., Piao, M.J., Kang, K.A., et al., 2022. Hesperidin exhibits protective effects
against PM(2.5)-mediated mitochondrial damage, cell cycle arrest, and cellular
senescence in human HaCaT keratinocytes. Molecules 27 (15) doi:
molecules27154800 [pii] molecules-27-04800 [pii] 10.3390/molecules27154800.

Herbert, C., Kumar, R.K., 2017. Ambient air pollution and asthma. Eur. Respir. J. 49 (5)
doi:49/5/1700230 [pii] 10.1183/13993003.00230-2017.

Heyder, J., Gebhart, J., Rudolf, G., Schiller, C.F., Stahlhofen, W., 1986. Deposition of
particles in the human respiratory tract in the size range 0.005-15 pm. J. Aerosol Sci.
17 (5), 811-825. https://doi.org/10.1016/0021-8502(86)90035-2, 1986,/01/01/.

Hofmann, E., Schwarz, A., Fink, J., Kamolz, L.P., Kotzbeck, P., 2023. Modelling the
complexity of human skin in vitro. Biomedicines 11 (3) doi:biomedicines11030794
[pii] biomedicines-11-00794 [pii] 10.3390/biomedicines11030794.

Holder, A.L., Lucas, D., Goth-Goldstein, R., Koshland, C.P., 2008. Cellular response to
diesel exhaust particles strongly depends on the exposure method. Toxicol. Sci. 103
(1), 108-115 doi:kfn014 [pii] 10.1093/toxsci/kfn014.

Hong, Z.X., Zhu, S.T., Li, H., et al., 2023. Bioengineered skin organoids: from
development to applications. Mil Med Res 10 (1), 40. https://doi.org/10.1186/
540779-023-00475-7 [pii] 475 [pii] 10.1186/540779-023-00475-7.

Horstmann, J.C., Thorn, C.R., Carius, P., et al., 2021. A custom-made device for
reproducibly depositing pre-metered doses of nebulized drugs on pulmonary cells in
vitro. Front. Bioeng. Biotechnol. 9. https://doi.org/10.3389/fbioe.2021.643491.

Huang, Y., Zhang, J., Tao, Y., et al., 2021. AHR/ROS-mediated mitochondria apoptosis
contributes to benzo[a]pyrene-induced heart defects and the protective effects of
resveratrol. Toxicology 462, 152965 doi:S0300-483X(21)00287-0 [pii] 10.1016/j.
t0x.2021.152965.

Huber, B., Link, A., Linke, K., Gehrke, S.A., Winnefeld, M., Kluger, P.J., 2016. Integration
of mature adipocytes to build-up a functional three-layered full-skin equivalent.
Tissue Eng. C Methods 22 (8), 756-764. https://doi.org/10.1089/ten.tec.2016.0141
[pii] 10.1089/ten.TEC.2016.0141.

Huh, D., Matthews, B.D., Mammoto, A., Montoya-Zavala, M., Hsin, H.Y., Ingber, D.E.,
2010. Reconstituting organ-level lung functions on a chip. Science 328 (5986),
1662-1668 doi:328/5986,/1662 [pii] 10.1126/science.1188302.

Huls, A., Abramson, M.J., Sugiri, D., et al., 2019. Nonatopic eczema in elderly women:
effect of air pollution and genes. J. Allergy Clin. Immunol. 143 (1), 378-385 €9 doi:
S0091-6749(18)31442-8 [pii] 10.1016/j.jaci.2018.09.031.

Hvidtfeldt, U.A., Severi, G., Andersen, Z.J., et al., 2021. Long-term low-level ambient air
pollution exposure and risk of lung cancer - a pooled analysis of 7 European cohorts.
Environ. Int. 146, 106249 doi:S0160-4120(20)32204-2 [pii] 10.1016/j.
envint.2020.106249.

Institute, H.E., 2024. State of Global Air 2024. https://www.stateofglobalair.org/.
(Accessed 12 June 2024).

Iriondo, C., Koornneef, S., Skarp, K.P., Buscop-van Kempen, M., Boerema-de Munck, A.,
Rottier, R.J., 2024. Simple-flow: a 3D-printed multiwell flow plate to coculture
primary human lung cells at the air-liquid interface. ACS Biomater. Sci. Eng. https://
doi.org/10.1021/acsbiomaterials.4c01322.

Irizar, H., Chun, Y., Hsu, H.L,, et al., 2024. Multi-omic integration reveals alterations in
nasal mucosal biology that mediate air pollutant effects on allergic rhinitis. Allergy
79 (11), 3047-3061. https://doi.org/10.1111/all.16174.

1SO. Standards by ISO/TC 276/SC 2, microphysiological systems and organ-on- chip. htt
ps://www.iso.org/committee/10713488/x/catalogue/. (Accessed 15 May 2025).

Jalava, P.I., Salonen, R.O., Pennanen, A.S., et al., 2007. Heterogeneities in inflammatory
and cytotoxic responses of RAW 264.7 macrophage cell line to urban air coarse, fine,
and ultrafine particles from six European sampling campaigns. Inhal. Toxicol. 19 (3),
213-225 doi:769425831 [pii] 10.1080/08958370601067863.

Jeong, S., Kim, J., Jeon, H.M., Kim, K., Sung, G.Y., 2021. Development of an aged full-
thickness skin model using flexible skin-on-a-chip subjected to mechanical stimulus
reflecting the circadian rhythm. Int. J. Mol. Sci. 22 (23) doi:ijms222312788 [pii]
ijms-22-12788 [pii] 10.3390/ijms222312788.

Ji, J., Hedelin, A., Malmlof, M., et al., 2017. Development of combining of human
bronchial mucosa models with XposeALI® for exposure of air pollution
nanoparticles. PLoS One 12 (1), e0170428. https://doi.org/10.1371/journal.
pone.0170428.

Jin, S.P., Li, Z., Choi, E.K., et al., 2018. Urban particulate matter in air pollution
penetrates into the barrier-disrupted skin and produces ROS-dependent cutaneous
inflammatory response in vivo. J. Dermatol. Sci. doi:S0923-1811(18)30202-0 [pii]
10.1016/j.jdermsci.2018.04.015.

Jin, H., Lin, Z., Pang, T., et al., 2024. Effects and mechanisms of polycyclic aromatic
hydrocarbons in inflammatory skin diseases. Sci. Total Environ. 925, 171492 doi:
50048-9697(24)01633-4 [pii] 10.1016/j.scitotenv.2024.171492.

Jung, O., Tung, Y.T., Sim, E., et al., 2022. Development of human-derived, three-
dimensional respiratory epithelial tissue constructs with perfusable
microvasculature on a high-throughput microfluidics screening platform.
Biofabrication 14 (2). https://doi.org/10.1088/1758-5090/ac32a5.

Kaiser, K., Sorensen, J.A., Brewer, J.R., 2024. Novel chip for applying mechanical forces
on human skin models under dynamic culture conditions. Tissue Eng. C Methods 30
(2), 85-91. https://doi.org/10.1089/ten.TEC.2023.0195.

Kao, J., Patterson, F.K., Hall, J., 1985. Skin penetration and metabolism of topically
applied chemicals in six mammalian species, including man: an in vitro study with
benzo[a]pyrene and testosterone. Toxicol. Appl. Pharmacol. 81 (3 Pt 1), 502-516.
https://doi.org/10.1016/0041-008x(85)90421-1.

Katoh, K., 2023. Effects of mechanical stress on endothelial cells in situ and in vitro. Int.
J. Mol. Sci. 24 (22) doi:ijms242216518 [pii] ijms-24-16518 [pii] 10.3390/
1jms242216518.

Katsura, H., Sontake, V., Tata, A., et al., 2020. Human lung stem cell-based
alveolospheres provide insights into SARS-CoV-2-mediated interferon responses and


http://refhub.elsevier.com/S0013-9351(25)01540-3/sref32
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref32
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref32
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref32
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref33
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref33
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref33
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref33
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref34
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref34
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref35
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref35
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref35
https://doi.org/10.3892/ijo.14.1.103
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref37
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref37
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref37
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref37
https://doi.org/10.1038/s41570-017-0076
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref39
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref39
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref39
https://doi.org/10.1016/j.tiv.2017.09.016
https://doi.org/10.1152/ajplung.00234.2020
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref42
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref42
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref42
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref42
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref43
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref43
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref43
https://doi.org/10.1002/ijc.34835
https://doi.org/10.1002/ijc.34835
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref45
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref45
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref45
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref46
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref46
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref46
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref47
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref47
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref47
https://doi.org/10.1165/rcmb.2013-0237OC
https://doi.org/10.1165/rcmb.2013-0237OC
https://doi.org/10.1164/ajrccm.162.3.9911115
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref50
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref50
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref50
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref50
https://doi.org/10.1186/s12864-018-4679-9
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref52
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref52
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref52
https://doi.org/10.1080/08958378.2022.2039332
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref54
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref54
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref54
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref55
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref55
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref55
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref55
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref56
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref56
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref56
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref58
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref58
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref58
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref59
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref59
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref59
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref59
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref60
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref60
https://doi.org/10.1016/0021-8502(86)90035-2
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref62
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref62
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref62
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref63
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref63
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref63
https://doi.org/10.1186/s40779-023-00475-7
https://doi.org/10.1186/s40779-023-00475-7
https://doi.org/10.3389/fbioe.2021.643491
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref66
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref66
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref66
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref66
https://doi.org/10.1089/ten.tec.2016.0141
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref68
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref68
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref68
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref69
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref69
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref69
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref70
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref70
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref70
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref70
https://www.stateofglobalair.org/
https://doi.org/10.1021/acsbiomaterials.4c01322
https://doi.org/10.1021/acsbiomaterials.4c01322
https://doi.org/10.1111/all.16174
https://www.iso.org/committee/10713488/x/catalogue/
https://www.iso.org/committee/10713488/x/catalogue/
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref75
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref75
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref75
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref75
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref76
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref76
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref76
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref76
https://doi.org/10.1371/journal.pone.0170428
https://doi.org/10.1371/journal.pone.0170428
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref78
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref78
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref78
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref78
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref79
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref79
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref79
https://doi.org/10.1088/1758-5090/ac32a5
https://doi.org/10.1089/ten.TEC.2023.0195
https://doi.org/10.1016/0041-008x(85)90421-1
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref83
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref83
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref83

S. Koornneef et al.

pneumocyte dysfunction. Cell Stem Cell 27 (6), 890-904.e8. https://doi.org/
10.1016/j.stem.2020.10.005, 2020/12/03/.

Ke, S., Liu, Q., Deng, M., et al., 2018. Cytotoxicity analysis of indoor air pollution from
biomass combustion in human keratinocytes on a multilayered dynamic cell culture
platform. Chemosphere 208, 1008-1017. https://doi.org/10.1016/j.
chemosphere.2018.06.058, 2018/10/01/.

Kentros, P.A., Huang, Y., Wylie, B.J., et al., 2024. Ambient particulate matter air
pollution exposure and ovarian cancer incidence in the USA: an ecological study.
BJOG 131 (5), 690-698. https://doi.org/10.1111/1471-0528.17689.

Khalid, M.A.U., Kim, Y.S., Ali, M., Lee, B.G., Cho, Y.-J., Choi, K.H., 2020. A lung cancer-
on-chip platform with integrated biosensors for physiological monitoring and
toxicity assessment. Biochem. Eng. J. 155, 107469. https://doi.org/10.1016/j.
bej.2019.107469, 2020/03/15/.

Kim, H.J., Bae, L.H., Son, E.D., et al., 2017. Transcriptome analysis of airborne PM(2.5)-
induced detrimental effects on human keratinocytes. Toxicol. Lett. 273, 26-35 doi:
S0378-4274(17)30104-2 [pii] 10.1016/j.toxlet.2017.03.010.

Kim, B.S., Gao, G., Kim, J.Y., Cho, D.W., 2019. 3D cell printing of perfusable vascularized
human skin equivalent composed of epidermis, dermis, and hypodermis for better
structural recapitulation of native skin. Adv. Healthcare Mater. 8 (7), €1801019.
https://doi.org/10.1002/adhm.201801019.

Kim, B.E., Kim, J., Goleva, E., et al., 2021. Particulate matter causes skin barrier
dysfunction. JCI Insight 6 (5) doi:145185 [pii] 10.1172/jci.insight.145185.

Kim, K., Jeong, S., Sung, G.Y., 2022. Effect of periodical tensile stimulation on the human
skin equivalents by magnetic stretching skin-on-a-chip (MSSC). BioChip Journal 16
(4), 501-514. https://doi.org/10.1007/513206-022-00092-x, 2022/12/01.

Kim, B.E., Hui-Beckman, J.W., Nevid, M.Z., Goleva, E., Leung, D.Y.M., 2023. Air
pollutants contribute to epithelial barrier dysfunction and allergic diseases. Ann.
Allergy Asthma Immunol. doi:S1081-1206(23)01462-X [pii] 10.1016/j.
anai.2023.11.014.

Klein, S.G., Serchi, T., Hoffmann, L., Blomeke, B., Gutleb, A.C., 2013. An improved 3D
tetraculture system mimicking the cellular organisation at the alveolar barrier to
study the potential toxic effects of particles on the lung. Part. Fibre Toxicol. 10 (1),
31. https://doi.org/10.1186/1743-8977-10-31, 2013/07/26.

Kodavanti, U.P., Schladweiler, M.C., Ledbetter, A.D., et al., 2000. The spontaneously
hypertensive rat as a model of human cardiovascular disease: evidence of
exacerbated cardiopulmonary injury and oxidative stress from inhaled emission
particulate matter. Toxicol. Appl. Pharmacol. 164 (3), 250-263 doi:S0041-008X(00)
98899-9 [pii] 10.1006/taap.2000.8899.

Kreimendahl, F., Ossenbrink, S., Kopf, M., et al., 2019. Combination of vascularization
and cilia formation for three-dimensional airway tissue engineering. J. Biomed.
Mater. Res. 107 (9), 2053-2062. https://doi.org/10.1002/jbm.a.36718.

Kyung, S.Y., Jeong, S.H., 2020. Particulate-matter related respiratory diseases. Tuberc.
Respir. Dis. 83 (2), 116. https://doi.org/10.4046/trd.2019.0025.

Lag, M., Ovrevik, J., Refsnes, M., Holme, J.A., 2020. Potential role of polycyclic aromatic
hydrocarbons in air pollution-induced non-malignant respiratory diseases. Respir.
Res. 21 (1), 299. https://doi.org/10.1186/512931-020-01563-1 [pii] 1563 [pii]
10.1186/512931-020-01563-1.

Lamers, M.M., van der Vaart, J., Knoops, K., et al., 2021. An organoid-derived
bronchioalveolar model for SARS-CoV-2 infection of human alveolar type II-like
cells. EMBO J. 40 (5), e105912 doi:EMBJ2020105912 [pii] 10.15252/
embj.2020105912.

Larese Filon, F., Mauro, M., Adami, G., Bovenzi, M., Crosera, M., 2015. Nanoparticles
skin absorption: new aspects for a safety profile evaluation. Regul. Toxicol.
Pharmacol. 72 (2), 310-322 doi:S0273-2300(15)00104-X [pii] 10.1016/j.
yrtph.2015.05.005.

Larnac, E., Montoni, A., Haydont, V., Marrot, L., Rochette, P.J., 2024. Lipid peroxidation
as the mechanism underlying polycyclic aromatic hydrocarbons and sunlight
synergistic toxicity in dermal fibroblasts. Int. J. Mol. Sci. 25 (3) doi:ijms25031905
[pii] ijms-25-01905 [pii] 10.3390/ijms25031905.

Lecureur, V., Ferrec, E.L., N'Diaye, M., et al., 2005. ERK-dependent induction of
TNFalpha expression by the environmental contaminant benzo(a)pyrene in primary
human macrophages. FEBS Lett. 579 (9), 1904-1910 doi:S0014-5793(05)00238-3
[pii] 10.1016/j.febslet.2005.01.081.

Lee, J.S., Lee, Y., Jang, S., Oh, J.H., Lee, D.H., Cho, S., 2024a. Pregnane X receptor
reduces particulate matter-induced type 17 inflammation in atopic dermatitis. Front.
Immunol. 15, 1415350. https://doi.org/10.3389/fimmu.2024.1415350.

Lee, A.R., Jeong, M., Koo, K., et al., 2024b. Progranulin derivative attenuates lung
neutrophilic infiltration from diesel exhaust particle exposure. Allergy. https://doi.
org/10.1111/all.16362.

Lenz, A.G., Karg, E., Lentner, B., et al., 2009. A dose-controlled system for air-liquid
interface cell exposure and application to zinc oxide nanoparticles. Part. Fibre
Toxicol. 6, 32 doi:1743-8977-6-32 [pii] 10.1186/1743-8977-6-32.

Lenz, A.G., Stoeger, T., Cei, D., et al., 2014. Efficient bioactive delivery of aerosolized
drugs to human pulmonary epithelial cells cultured in air-liquid interface conditions.
Am. J. Respir. Cell Mol. Biol. 51 (4), 526-535. https://doi.org/10.1165/rcmb.2013-
04790C.

Leung, D.Y.C., 2015. Outdoor-indoor air pollution in urban environment: challenges and
opportunity. Review. Front. Environ. Sci. 2. https://doi.org/10.3389/
fenvs.2014.00069, 2015-January-15.

Leung, C.M., de Haan, P., Ronaldson-Bouchard, K., et al., 2022. A guide to the organ-on-
a-chip. Nature Reviews Methods Primers 2 (1), 33. https://doi.org/10.1038/543586-
022-00118-6, 2022/05/12.

Li, X.Y., Gilmour, P.S., Donaldson, K., MacNee, W., 1997. In vivo and in vitro
proinflammatory effects of particulate air pollution (PM10). Environ. Health
Perspect. 105 (Suppl. 5), 1279-1283. https://doi.org/10.1289/ehp.97105551279.
Suppl 5.

12

Environmental Research 285 (2025) 122289

Li, X.Y., Brown, D., Smith, S., MacNee, W., Donaldson, K., 1999. Short-term
inflammatory responses following intratracheal instillation of fine and ultrafine
carbon black in rats. Inhal. Toxicol. 11 (8), 709-731. https://doi.org/10.1080/
089583799196826.

Li, Q., Kang, Z., Jiang, S., et al., 2017. Effects of ambient fine particles PM(2.5) on human
HacCaT cells. Int. J. Environ. Res. Publ. Health 14 (1) doi:ijerph14010072 [pii]
ijerph-14-00072 [pii] 10.3390/ijerph14010072.

Li, Y., Prakash, Y.S., Tan, Q., Tschumperlin, D., 2024a. Defining signals that promote
human alveolar type I differentiation. Am. J. Physiol. Lung Cell. Mol. Physiol. 326
(4), L409-1418 doi:L-00191-2023 [pii] 10.1152/ajplung.00191.2023.

Li, B., Zhang, Y., Huang, N., et al., 2024b. DNA hypomethylation of Th17 cells by
ambient particulate pollutants enhances neutrophil recruitment in murine models of
allergic airway inflammation. Allergy. https://doi.org/10.1111/all.16389.

Li, S., Huff, R.D., Rider, C.F., Yuen, A.C.Y., Carlsten, C., 2024c. Controlled human
exposures to diesel exhaust or particle-depleted diesel exhaust with allergen
modulates transcriptomic responses in the lung. Sci. Total Environ. 945, 173688 doi:
50048-9697(24)03835-X [pii] 10.1016/j.scitotenv.2024.173688.

Liao, Z., Nie, J., Sun, P., 2020. The impact of particulate matter (PM2.5) on skin barrier
revealed by transcriptome analysis: focusing on cholesterol metabolism. Toxicol.
Rep. 7, 1-9 doi:S2214-7500(18)30573-0 [pii] 10.1016/j.toxrep.2019.11.014.

Licciardello, M., Sgarminato, V., Ciardelli, G., Tonda-Turo, C., 2023. Development of
biomimetic co-culture and tri-culture models to mimic the complex structure of the
alveolar-capillary barrier. Biomater. Adv. 154, 213620 doi:$2772-9508(23)00343-6
[pii] 10.1016/j.bioadv.2023.213620.

Lim, H.Y., Kim, J., Song, H.J., et al., 2018. Development of wrinkled skin-on-a-chip
(WSOCQ) by cyclic uniaxial stretching. J. Ind. Eng. Chem. 68, 238-245. https://doi.
org/10.1016/j.jiec.2018.07.050, 2018/12/25/.

Liu, J., Ballaney, M., Al-alem, U., et al., 2008. Combined inhaled diesel exhaust particles
and allergen exposure alter methylation of T helper genes and IgE production in
vivo. Toxicol. Sci. 102 (1), 76-81 doi:kfm290 [pii] 10.1093/toxsci/kfm290.

Liu, S., Yang, R., Chen, Y., et al., 2021. Development of human lung induction models for
air pollutants’ toxicity assessment. Environ. Sci. Technol. 55 (4), 2440-2451.
https://doi.org/10.1021/acs.est.0c05700.

Loomis, D., Guha, N., Hall, A.L., Straif, K., 2018. Identifying occupational carcinogens:
an update from the IARC Monographs. Occup. Environ. Med. 75 (8), 593-603 doi:
oemed-2017-104944 [pii] 10.1136/0emed-2017-104944.

Lu, R.X.Z., Radisic, M., 2021. Organ-on-a-chip platforms for evaluation of environmental
nanoparticle toxicity. Bioact. Mater. 6 (9), 2801-2819 doi:52452-199X(21)00033-5
[pii] 10.1016/j.bioactmat.2021.01.021.

Lu, D,, Liu, X., Gao, Y., et al., 2013. Asymmetric migration of human keratinocytes under
mechanical stretch and cocultured fibroblasts in a wound repair model. PLoS One 8
(9), €74563 doi:PONE-D-12-40099 [pii] 10.1371/journal.pone.0074563.

Luo, K., Zeng, D., Kang, Y., et al., 2020. Dermal bioaccessibility and absorption of
polycyclic aromatic hydrocarbons (PAHs) in indoor dust and its implication in risk
assessment. Environ. Pollut. 264, 114829 doi:S0269-7491(20)31117-9 [pii]
10.1016/j.envpol.2020.114829.

Luo, K., Zeng, Y., Li, M., et al., 2021. Inhalation bioacessibility and absorption of
polycyclic aromatic hydrocarbons (PAHSs) in indoor PM(2.5) and its implication in
risk assessment. Sci. Total Environ. 774, 145770 doi:S0048-9697(21)00837-8 [pii]
10.1016/j.scitotenv.2021.145770.

Madrigal, J.M., Pruitt, C.N., Fisher, J.A., et al., 2024. Carcinogenic industrial air
pollution and postmenopausal breast cancer risk in the National Institutes of Health
AARP Diet and Health Study. Environ. Int. 191, 108985 doi:S0160-4120(24)00571-3
[pii] 10.1016/j.envint.2024.108985.

Marques Dos Santos, M., Tan, Pei Fei M., Li, C., Jia, S., Snyder, S.A., 2022. Cell-line and
culture model specific responses to organic contaminants in house dust: cell
bioenergetics, oxidative stress, and inflammation endpoints. Environ. Int. 167,
107403 doi:S0160-4120(22)00330-0 [pii] 10.1016/j.envint.2022.107403.

Mastrangeli, M., van den Eijnden-van Raaij, J., 2021. Organs-on-chip: the way forward.
Stem Cell Rep. 16 (9), 2037-2043 doi:52213-6711(21)00323-4 [pii] 10.1016/j.
stemcr.2021.06.015.

Mazur, M., Dyga, W., Czarnobilska, E., 2023. The prevalence of atopic dermatitis and
food allergy in children living in an urban agglomeration-is there a current
relationship? J. Clin. Med. 12 (18) doi:jem12185982 [pii] jem-12-05982 [pii]
10.3390/jcm12185982.

McDonough, C.A., Franks, D.G., Hahn, M.E., Lohmann, R., 2019. Aryl hydrocarbon
receptor-mediated activity of gas-phase ambient air derived from passive sampling
and an in vitro bioassay. Environ. Toxicol. Chem. 38 (4), 748-759. https://doi.org/
10.1002/etc.4361.

Meng, F., Cheng, H., Qian, J., Dai, X., Huang, Y., Fan, Y., 2022. In vitro fluidic systems:
applying shear stress on endothelial cells. Medicine in Novel Technology and Devices
15, 100143. https://doi.org/10.1016/j.medntd.2022.100143, 2022/09/01/.

Mokrzynski, K., Szewczyk, G., 2024. Photoreactivity of polycyclic aromatic
hydrocarbons (PAHSs) and their mechanisms of phototoxicity against human
immortalized keratinocytes (HaCaT). Sci. Total Environ. 924, 171449. https://doi.
org/10.1016/j.scitotenv.2024.171449.

Monfort, A., Soriano-Navarro, M., Garcia-Verdugo, J.M., Izeta, A., 2013. Production of
human tissue-engineered skin trilayer on a plasma-based hypodermis. J. Tissue Eng.
Regen. Med. 7 (6), 479-490. https://doi.org/10.1002/term.548.

Morawska, L., Buonanno, G., 2021. The physics of particle formation and deposition
during breathing. Nat Rev Phys 3 (5), 300-301. https://doi.org/10.1038/542254-
021-00307-4.

Mori, N., Morimoto, Y., Takeuchi, S., 2018. Perfusable and stretchable 3D culture system
for skin-equivalent. Biofabrication 11 (1), 011001. https://doi.org/10.1088/1758-
5090/aaed12.


https://doi.org/10.1016/j.stem.2020.10.005
https://doi.org/10.1016/j.stem.2020.10.005
https://doi.org/10.1016/j.chemosphere.2018.06.058
https://doi.org/10.1016/j.chemosphere.2018.06.058
https://doi.org/10.1111/1471-0528.17689
https://doi.org/10.1016/j.bej.2019.107469
https://doi.org/10.1016/j.bej.2019.107469
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref88
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref88
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref88
https://doi.org/10.1002/adhm.201801019
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref90
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref90
https://doi.org/10.1007/s13206-022-00092-x
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref92
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref92
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref92
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref92
https://doi.org/10.1186/1743-8977-10-31
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref94
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref94
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref94
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref94
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref94
https://doi.org/10.1002/jbm.a.36718
https://doi.org/10.4046/trd.2019.0025
https://doi.org/10.1186/s12931-020-01563-1
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref99
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref99
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref99
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref99
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref100
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref100
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref100
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref100
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref101
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref101
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref101
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref101
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref102
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref102
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref102
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref102
https://doi.org/10.3389/fimmu.2024.1415350
https://doi.org/10.1111/all.16362
https://doi.org/10.1111/all.16362
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref105
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref105
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref105
https://doi.org/10.1165/rcmb.2013-0479OC
https://doi.org/10.1165/rcmb.2013-0479OC
https://doi.org/10.3389/fenvs.2014.00069
https://doi.org/10.3389/fenvs.2014.00069
https://doi.org/10.1038/s43586-022-00118-6
https://doi.org/10.1038/s43586-022-00118-6
https://doi.org/10.1289/ehp.97105s51279
https://doi.org/10.1080/089583799196826
https://doi.org/10.1080/089583799196826
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref111
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref111
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref111
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref112
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref112
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref112
https://doi.org/10.1111/all.16389
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref114
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref114
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref114
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref114
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref115
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref115
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref115
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref116
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref116
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref116
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref116
https://doi.org/10.1016/j.jiec.2018.07.050
https://doi.org/10.1016/j.jiec.2018.07.050
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref118
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref118
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref118
https://doi.org/10.1021/acs.est.0c05700
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref120
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref120
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref120
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref121
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref121
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref121
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref122
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref122
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref122
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref123
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref123
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref123
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref123
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref124
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref124
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref124
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref124
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref125
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref125
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref125
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref125
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref126
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref126
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref126
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref126
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref127
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref127
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref127
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref128
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref128
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref128
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref128
https://doi.org/10.1002/etc.4361
https://doi.org/10.1002/etc.4361
https://doi.org/10.1016/j.medntd.2022.100143
https://doi.org/10.1016/j.scitotenv.2024.171449
https://doi.org/10.1016/j.scitotenv.2024.171449
https://doi.org/10.1002/term.548
https://doi.org/10.1038/s42254-021-00307-4
https://doi.org/10.1038/s42254-021-00307-4
https://doi.org/10.1088/1758-5090/aaed12
https://doi.org/10.1088/1758-5090/aaed12

S. Koornneef et al.

Mukae, H., Hogg, J.C., English, D., Vincent, R., van Eeden, S.F., 2000. Phagocytosis of
particulate air pollutants by human alveolar macrophages stimulates the bone
marrow. Am. J. Physiol. Lung Cell. Mol. Physiol. 279 (5), L924-L931. https://doi.
org/10.1152/ajplung.2000.279.5..924.

Nadeau, K., McDonald-Hyman, C., Noth, E.M., et al., 2010. Ambient air pollution impairs
regulatory T-cell function in asthma. J. Allergy Clin. Immunol. 126 (4), 845-852 e10
doi:S0091-6749(10)01193-0 [pii] 10.1016/j.jaci.2010.08.008.

Nagel, G., Chen, J., Jaensch, A., et al., 2024. Long-term exposure to air pollution and
incidence of gastric and the upper aerodigestive tract cancers in a pooled European
cohort: the ELAPSE project. Int. J. Cancer 154 (11), 1900-1910. https://doi.org/
10.1002/ijc.34864.

Nawroth, J.C., Roth, D., van Schadewijk, A., et al., 2023. Breathing on chip: dynamic
flow and stretch accelerate mucociliary maturation of airway epithelium in vitro.
Mater. Today Bio 21, 100713. https://doi.org/10.1016/j.mtbio.2023.100713, 2023/
08/01/.

Nazari, H., Shrestha, J., Naei, V.Y., et al., 2023a. Advances in TEER measurements of
biological barriers in microphysiological systems. Biosens. Bioelectron. 234, 115355
doi:S0956-5663(23)00297-X [pii] 10.1016/j.bios.2023.115355.

Ng, K.M., Chuy, I, Bronaugh, R.L., Franklin, C.A., Somers, D.A., 1992. Percutaneous
absorption and metabolism of pyrene, benzo[a]pyrene, and di(2-ethylhexyl)
phthalate: comparison of in vitro and in vivo results in the hairless guinea pig.
Toxicol. Appl. Pharmacol. 115 (2), 216-223. https://doi.org/10.1016/0041-008x
(92)90326-n.

Nguyen, N.V., Yang, C.H., Liu, C.J., Kuo, C.H., Wu, D.C., Jen, C.P., 2018. An aptamer-
based capacitive sensing platform for specific detection of lung carcinoma cells in the
microfluidic chip. Biosensors (Basel). 8 (4) doi:bios8040098 [pii] biosensors-08-
00098 [pii] 10.3390/bios8040098.

Nguyen, T.M., van der Merwe, J., Elowsson Rendin, L., et al., 2021. Stretch increases
alveolar type 1 cell number in fetal lungs through ROCK-Yap/Taz pathway. Am. J.
Physiol. Lung Cell. Mol. Physiol. 321 (5), L814-L826. https://doi.org/10.1152/
ajplung.00484.2020.

Nguyen, H.T., Rissanen, S.L., Peltokangas, M., et al., 2024. Highly scalable and
standardized organ-on-chip platform with TEER for biological barrier modeling.
Tissue Barriers 12 (4), 2315702 doi:2315702 [pii] 10.1080/
21688370.2024.2315702.

Novak, C., Ballinger, M.N., Ghadiali, S., 2021. Mechanobiology of pulmonary diseases: a
review of engineering tools to understand lung mechanotransduction. J. Biomech.
Eng. 143 (11) doi:1109034 [pii] BIO-20-1555 [pii] 10.1115/1.4051118.

Oberdorster, G., Sharp, Z., Atudorei, V., et al., 2002. Extrapulmonary translocation of
ultrafine carbon particles following whole-body inhalation exposure of rats.

J Toxicol Environ Health A 65 (20), 1531-1543. https://doi.org/10.1080/
00984100290071658.

OECD, 2021. Guidance document on the characterisation, validation and reporting of
Physiologically Based Kinetic (PBK) models for regulatory purposes. OECD Series on
Testing and Assessment 331.

Ohnishi, Y., Masui, A., Suezawa, T., et al., 2024. Screening of factors inducing alveolar
type 1 epithelial cells using human pluripotent stem cells. Stem Cell Rep. 19 (4),
529-544 doi:S2213-6711(24)00047-X [pii] 10.1016/j.stemcr.2024.02.009.

Ohtake, F., Takeyama, K., Matsumoto, T., et al., 2003. Modulation of oestrogen receptor
signalling by association with the activated dioxin receptor. Nature 423 (6939),
545-550 doi:nature01606 [pii] 10.1038/nature01606.

World Health Organisation, 2024. Ambient (outdoor) air pollution. Updated 24 October.
https://www.who.int/news-room/fact-sheets/detail /ambient-(outdoor)-air-qua
lity-and-health.

Ortiz, A., Sun, H., Kluz, T., et al., 2023. A combination of three antioxidants decreases the
impact of rural particulate pollution in Normal human keratinocytes. Int. J. Cosmet.
Sci. 45 (6), 791-801. https://doi.org/10.1111/ics.12888.

Pambianchi, E., Hagenberg, Z., Pecorelli, A., Pasqui, A., Therrien, J.P., Valacchi, G.,
2023. Tension as a key factor in skin responses to pollution. Sci. Rep. 13 (1), 16013
doi:10.1038/541598-023-42629-6 [pii] 42629 [pii] 10.1038/541598-023-42629-6.

Panas, A., Comouth, A., Saathoff, H., et al., 2014. Silica nanoparticles are less toxic to
human lung cells when deposited at the air-liquid interface compared to
conventional submerged exposure. Beilstein J. Nanotechnol. 5, 1590-1602. https://
doi.org/10.3762/bjnano.5.171.

Patella, V., Florio, G., Palmieri, M., et al., 2020. Atopic dermatitis severity during
exposure to air pollutants and weather changes with an Artificial Neural Network
(ANN) analysis. Pediatr. Allergy Immunol. 31 (8), 938-945. https://doi.org/
10.1111/pai.13314.

Perera, F., Tang, D., Whyatt, R., Lederman, S.A., Jedrychowski, W., 2005. DNA damage
from polycyclic aromatic hydrocarbons measured by benzo[a]pyrene-DNA adducts
in mothers and newborns from Northern Manhattan, the World Trade Center Area,
Poland, and China. Cancer Epidemiol. Biomarkers Prev. 14 (3), 709-714 doi:14/3/
709 [pii] 10.1158/1055-9965.EPI-04-0457.

Piao, M.J., Ahn, M.J., Kang, K.A., et al., 2018. Particulate matter 2.5 damages skin cells
by inducing oxidative stress, subcellular organelle dysfunction, and apoptosis. Arch.
Toxicol. 92 (6), 2077-2091 doi:10.1007/5s00204-018-2197-9 [pii] 2197 [pii]
10.1007/500204-018-2197-9.

Randall, M.J., Jungel, A., Rimann, M., Wuertz-Kozak, K., 2018. Advances in the
biofabrication of 3D skin in vitro: healthy and pathological models. Front. Bioeng.
Biotechnol. 6, 154. https://doi.org/10.3389/fbioe.2018.00154.

Reynolds, W.J., Eje, N., Christensen, P., et al., 2023. Biological effects of air pollution on
the function of human skin equivalents. FASEB Bioadv 5 (11), 470-483 doi:
FBA21412 [pii] 10.1096/fba.2023-00068.

Rimal, R., Muduli, S., Desai, P., et al., 2024. Vascularized 3D human skin models in the
forefront of dermatological research. Adv. Healthcare Mater. 13 (9), 2303351 doi:
ADHM202303351 [pii] 10.1002/adhm.202303351.

13

Environmental Research 285 (2025) 122289

Ritter, D., Knebel, J.W., Aufderheide, M., 2001. In vitro exposure of isolated cells to
native gaseous compounds—development and validation of an optimized system for
human lung cells. Exp. Toxicol. Pathol. 53 (5), 373-386 doi:S0940-2993(04)70049-4
[pii] 10.1078/0940-2993-00204.

Rothhammer, V., Quintana, F.J., 2019. The aryl hydrocarbon receptor: an environmental
sensor integrating immune responses in health and disease. Nat. Rev. Immunol. 19
(3), 184-197. https://doi.org/10.1038/541577-019-0125-8 [pii] 10.1038/541577-
019-0125-8.

Rynning, L., Neca, J., Vrbova, K., et al., 2018. In vitro transformation of human bronchial
epithelial cells by diesel exhaust particles: gene expression profiling and early toxic
responses. Toxicol. Sci. 166 (1), 51-64 doi:5054330 [pii] kfy183 [pii] 10.1093/
toxsci/kfy183.

Ryu, Y.S., Kang, K.A., Piao, M.J., et al., 2019. Particulate matter-induced senescence of
skin keratinocytes involves oxidative stress-dependent epigenetic modifications.
Exp. Mol. Med. 51 (9), 1-14 doi:10.1038/512276-019-0305-4 [pii] 305 [pii]
10.1038/512276-019-0305-4.

Saarnio, K., Sillanpad, M., Hillamo, R., Sandell, E., Pennanen, A.S., Salonen, R.O., 2008.
Polycyclic aromatic hydrocarbons in size-segregated particulate matter from six
urban sites in Europe. Atmos. Environ. 42 (40), 9087-9097. https://doi.org/
10.1016/j.atmosenv.2008.09.022, 2008/12/01/.

Sachs, N., Papaspyropoulos, A., Zomer-van Ommen, D.D., et al., 2019. Long-term
expanding human airway organoids for disease modeling. EMBO J. 38 (4) doi:
embj.2018100300 [pii] EMBJ2018100300 [pii] 10.15252/embj.2018100300.

Salvi, S., Blomberg, A., Rudell, B., et al., 1999. Acute inflammatory responses in the
airways and peripheral blood after short-term exposure to diesel exhaust in healthy
human volunteers. Am. J. Respir. Crit. Care Med. 159 (3), 702-709. https://doi.org/
10.1164/ajrccm.159.3.9709083.

Sanchez, M.M., Tonmoy, T.I., Park, B.H., Morgan, J.T., 2022. Development of a
vascularized human skin equivalent with hypodermis for photoaging studies.
Biomolecules 12 (12) doi:biom12121828 [pii] biomolecules-12-01828 [pii]
10.3390/biom12121828.

Sanchez-Esteban, J., Cicchiello, L.A., Wang, Y., et al., 2001. Mechanical stretch promotes
alveolar epithelial type II cell differentiation. J. Appl. Physiol. 91 (2), 589-595.
https://doi.org/10.1152/jappl.2001.91.2.589, 2001/08/01.

Santoro, M., Costabile, F., Gualtieri, M., et al., 2024. Associations between fine
particulate matter, gene expression, and promoter methylation in human bronchial
epithelial cells exposed within a classroom under air-liquid interface. Environ.
Pollut. 358, 124471 doi:S0269-7491(24)01185-0 [pii] 10.1016/j.
envpol.2024.124471.

Sayes, C.M., Reed, K.L., Warheit, D.B., 2007. Assessing toxicity of fine and nanoparticles:
comparing in vitro measurements to in vivo pulmonary toxicity profiles. Toxicol. Sci.
97 (1), 163-180 doi:kfm018 [pii] 10.1093/toxsci/kfm018.

Sellgren, K.L., Butala, E.J., Gilmour, B.P., Randell, S.H., Grego, S., 2014. A biomimetic
multicellular model of the airways using primary human cells. Lab Chip 14 (17),
3349-3358. https://doi.org/10.1039/c41c00552j.

Sengupta, A., Roldan, N., Kiener, M., et al., 2022. A new immortalized human alveolar
epithelial cell model to study lung injury and toxicity on a breathing lung-on-chip
system. Front Toxicol 4, 840606 doi:840606 [pii] 10.3389/ftox.2022.840606.

Sengupta, A., Dorn, A., Jamshidi, M., et al., 2023. A multiplex inhalation platform to
model in situ like aerosol delivery in a breathing lung-on-chip. Front. Pharmacol. 14,
1114739 doi:1114739 [pii] 10.3389/fphar.2023.1114739.

Seurat, E., Verdin, A., Cazier, F., et al., 2021. Influence of the environmental relative
humidity on the inflammatory response of skin model after exposure to various
environmental pollutants. Environ. Res. 196, 110350 doi:S0013-9351(20)31247-

0 [pii] 10.1016/j.envres.2020.110350.

Shinde, A., Illath, K., Kasiviswanathan, U., et al., 2023. Recent advances of biosensor-
integrated organ-on-a-chip technologies for diagnostics and therapeutics. Anal.
Chem. 95 (6), 3121-3146. https://doi.org/10.1021/acs.analchem.2c05036.

Sidwell, A., Smith, S.C., Roper, C., 2022. A comparison of fine particulate matter (PM
(2.5)) in vivo exposure studies incorporating chemical analysis. J. Toxicol. Environ.
Health B Crit. Rev. 25 (8), 422-444.

Silva, S., Bicker, J., Falcao, A., Fortuna, A., 2023. Air-liquid interface (ALI) impact on
different respiratory cell cultures. Eur. J. Pharm. Biopharm. 184, 62-82. https://doi.
org/10.1016/j.¢jpb.2023.01.013.

Smyth, T., et al., 2020. Diesel exhaust particle exposure reduces expression of the
epithelial tight junction protein Tricellulin. Part. Fibre Toxicol. 17 (1), 52.

Smyth, T., Georas, S.N., 2021. Effects of ozone and particulate matter on airway
epithelial barrier structure and function: a review of in vitro and in vivo studies.
Inhal. Toxicol. 33 (5), 177-192.

Somanunt, S., Chinratanapisit, S., Pacharn, P., Visitsunthorn, N., Jirapongsananuruk, O.,
2017. The natural history of atopic dermatitis and its association with Atopic March.
Asian Pac. J. Allergy Immunol. 35 (3), 137-143. https://doi.org/10.12932/AP0825.

Sordillo, J.E., Cardenas, A., Qi, C., et al., 2021. Residential PM(2.5) exposure and the
nasal methylome in children. Environ. Int. 153, 106505 doi:S0160-4120(21)00130-6
[pii] 10.1016/j.envint.2021.106505.

Spergel, J.M., Paller, A.S., 2003. Atopic dermatitis and the atopic march. J. Allergy Clin.
Immunol. 112 (6 Suppl. 1), S118-S127 doi:S0091674903023704 [pii] 10.1016/j.
jaci.2003.09.033.

Srinivasan, B., Kolli, A.R., Esch, M.B., Abaci, H.E., Shuler, M.L., Hickman, J.J., 2015.
TEER measurement techniques for in vitro barrier model systems. J. Lab. Autom. 20
(2), 107-126 doi:2211068214561025 [pii] 10.1177/2211068214561025.

Stockinger, B., Diaz, O.E., Wincent, E., 2024. The influence of AHR on immune and tissue
biology. EMBO Mol. Med. https://doi.org/10.1038/544321-024-00135-w [pii]
10.1038/544321-024-00135-w.

Stringer, B., Kobzik, L., 1998. Environmental particulate-mediated cytokine production
in lung epithelial cells (A549): role of preexisting inflammation and oxidant stress.


https://doi.org/10.1152/ajplung.2000.279.5.L924
https://doi.org/10.1152/ajplung.2000.279.5.L924
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref136
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref136
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref136
https://doi.org/10.1002/ijc.34864
https://doi.org/10.1002/ijc.34864
https://doi.org/10.1016/j.mtbio.2023.100713
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref139
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref139
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref139
https://doi.org/10.1016/0041-008x(92)90326-n
https://doi.org/10.1016/0041-008x(92)90326-n
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref141
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref141
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref141
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref141
https://doi.org/10.1152/ajplung.00484.2020
https://doi.org/10.1152/ajplung.00484.2020
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref143
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref143
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref143
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref143
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref144
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref144
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref144
https://doi.org/10.1080/00984100290071658
https://doi.org/10.1080/00984100290071658
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref146
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref146
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref146
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref147
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref147
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref147
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref148
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref148
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref148
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://doi.org/10.1111/ics.12888
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref151
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref151
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref151
https://doi.org/10.3762/bjnano.5.171
https://doi.org/10.3762/bjnano.5.171
https://doi.org/10.1111/pai.13314
https://doi.org/10.1111/pai.13314
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref154
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref154
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref154
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref154
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref154
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref155
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref155
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref155
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref155
https://doi.org/10.3389/fbioe.2018.00154
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref157
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref157
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref157
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref158
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref158
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref158
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref159
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref159
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref159
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref159
https://doi.org/10.1038/s41577-019-0125-8
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref161
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref161
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref161
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref161
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref162
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref162
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref162
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref162
https://doi.org/10.1016/j.atmosenv.2008.09.022
https://doi.org/10.1016/j.atmosenv.2008.09.022
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref164
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref164
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref164
https://doi.org/10.1164/ajrccm.159.3.9709083
https://doi.org/10.1164/ajrccm.159.3.9709083
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref166
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref166
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref166
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref166
https://doi.org/10.1152/jappl.2001.91.2.589
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref168
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref168
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref168
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref168
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref168
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref169
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref169
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref169
https://doi.org/10.1039/c4lc00552j
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref171
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref171
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref171
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref172
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref172
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref172
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref173
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref173
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref173
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref173
https://doi.org/10.1021/acs.analchem.2c05036
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref176
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref176
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref176
https://doi.org/10.1016/j.ejpb.2023.01.013
https://doi.org/10.1016/j.ejpb.2023.01.013
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref178
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref178
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref179
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref179
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref179
https://doi.org/10.12932/AP0825
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref181
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref181
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref181
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref182
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref182
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref182
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref183
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref183
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref183
https://doi.org/10.1038/s44321-024-00135-w

S. Koornneef et al.

J Toxicol Environ Health A 55 (1), 31-44. https://doi.org/10.1080/
009841098158601.

Stroulios, G., Brown, T., Moreni, G., et al., 2022. Apical-out airway organoids as a
platform for studying viral infections and screening for antiviral drugs. Sci. Rep. 12
(1), 7673. https://doi.org/10.1038/541598-022-11700-z [pii] 11700 [pii] 10.1038/
541598-022-11700-z.

Stucki, A.O., Stucki, J.D., Hall, S.R,, et al., 2015. A lung-on-a-chip array with an
integrated bio-inspired respiration mechanism. Lab Chip 15 (5), 1302-1310. https://
doi.org/10.1039/c41c01252f.

Sturm, R., 2016. Total deposition of ultrafine particles in the lungs of healthy men and
women: experimental and theoretical results. Ann. Transl. Med. 4 (12), 234. https://
doi.org/10.21037/atm.2016.06.05.

Sun, H., Zhang, Y.X., Li, Y.M., 2021. Generation of skin organoids: potential
opportunities and challenges. Front. Cell Dev. Biol. 9, 709824 doi:709824 [pii]
10.3389/fcell.2021.709824.

Sun, N., Ogulur, 1., Mitamura, Y., et al., 2024. The epithelial barrier theory and its
associated diseases. Allergy. https://doi.org/10.1111/all.16318.

Tiotiu, A.L, Novakova, P., Nedeva, D., et al., 2020. Impact of air pollution on asthma
outcomes. Int. J. Environ. Res. Publ. Health 17 (17). https://doi.org/10.3390/
ijerph17176212.

Tiwari, S.K., Rana, T.M., 2023. Generation of 3D lung organoids from human induced
pluripotent stem cells for modeling of lung development and viral infection. Heliyon
9 (9), €19601. https://doi.org/10.1016/j.heliyon.2023.e19601, 2023/09/01/.

Todo, H., 2017. Transdermal permeation of drugs in various animal species.
Pharmaceutics 9 (3) doi:pharmaceutics9030033 [pii] pharmaceutics-09-00033 [pii]
10.3390/pharmaceutics9030033.

Tokuyama, E., Nagai, Y., Takahashi, K., Kimata, Y., Naruse, K., 2015. Mechanical stretch
on human skin equivalents increases the epidermal thickness and develops the
basement membrane. PLoS One 10 (11), e0141989 doi:PONE-D-15-16883 [pii]
10.1371/journal.pone.0141989.

Trottier, V., Marceau-Fortier, G., Germain, L., Vincent, C., Fradette, J., 2008. IFATS
collection: using human adipose-derived stem/stromal cells for the production of
new skin substitutes. Stem Cell. 26 (10), 2713-2723 doi:2008-0031 [pii] 10.1634/
stemcells.2008-0031.

Turner, M.C., Krewski, D., Pope 3rd, C.A., Chen, Y., Gapstur, S.M., Thun, M.J., 2011.
Long-term ambient fine particulate matter air pollution and lung cancer in a large
cohort of never-smokers. Am. J. Respir. Crit. Care Med. 184 (12), 1374-1381.
https://doi.org/10.1164/rccm.201106-10110C.

Turner, M.C., Andersen, Z.J., Baccarelli, A., et al., 2020. Outdoor air pollution and
cancer: an overview of the current evidence and public health recommendations. CA
Cancer J. Clin. https://doi.org/10.3322/caac.21632.

Upadhyay, S., Chakraborty, A., Thimraj, T.A., et al., 2022a. Establishment of repeated in
vitro exposure system for evaluating pulmonary toxicity of representative criteria air
pollutants using advanced bronchial mucosa models. Toxics 10 (6) doi:
toxics10060277 [pii] toxics-10-00277 [pii] 10.3390/toxics10060277.

Upadhyay, S., Chakraborty, A., Thimraj, T.A., et al., 2022b. Establishment of repeated in
vitro exposure system for evaluating pulmonary toxicity of representative criteria air
pollutants using advanced bronchial mucosa models. Toxics 10 (6) doi:
toxics10060277 [pii] toxics-10-00277 [pii] 10.3390/toxics10060277.

Valderrama, A., et al., 2022. Systematic review of preclinical studies on the neutrophil-
mediated immune response to air pollutants, 1980-2020. Heliyon 8 (1), e08778.

van Donkelaar, A., Martin, R.V., Li, C., Burnett, R.T., 2019. Regional estimates of
chemical composition of fine particulate matter using a combined geoscience-
statistical method with information from satellites, models, and monitors. Environ.
Sci. Technol. 53 (5), 2595-2611. https://doi.org/10.1021 /acs.est.8b06392.

van Eeden, S.F., Tan, W.C., Suwa, T., et al., 2001. Cytokines involved in the systemic
inflammatory response induced by exposure to particulate matter air pollutants (PM
(10)). Am. J. Respir. Crit. Care Med. 164 (5), 826-830. https://doi.org/10.1164/
ajrccm.164.5.2010160.

van Haasterecht, L., Dsouza, C., Ma, Y., et al., 2023. In vitro responses of human dermal
fibroblasts to mechanical strain: a systematic review and meta-analysis. Review.
Front. Mech. Eng. 9. https://doi.org/10.3389/fmech.2023.1049659.

Varone, A., Nguyen, J.K., Leng, L., et al., 2021. A novel organ-chip system emulates
three-dimensional architecture of the human epithelia and the mechanical forces
acting on it. Biomaterials 275, 120957. https://doi.org/10.1016/j.
biomaterials.2021.120957, 2021/08/01/.

Vidal, S.E.L., Tamamoto, K.A., Nguyen, H., Abbott, R.D., Cairns, D.M., Kaplan, D.L.,
2019. 3D biomaterial matrix to support long term, full thickness, immuno-competent
human skin equivalents with nervous system components. Biomaterials 198,
194-203. https://doi.org/10.1016/j.biomaterials.2018.04.044, 2019/04/01/.

Vogel, C.F., Khan, E.M., Leung, P.S., et al., 2014. Cross-talk between aryl hydrocarbon
receptor and the inflammatory response: a role for nuclear factor-kappaB. J. Biol.
Chem. 289 (3), 1866-1875 doi:S0021-9258(20)33657-7 [pii] M113.505578 [pii]
10.1074/jbc.M113.505578.

Wabhlsten, A., Riitsche, D., Nanni, M., et al., 2021. Mechanical stimulation induces rapid
fibroblast proliferation and accelerates the early maturation of human skin
substitutes. Biomaterials 273, 120779. https://doi.org/10.1016/].
biomaterials.2021.120779, 2021/06/01/.

Wang, C., Petriello, M.C., Zhu, B., Hennig, B., 2019. PCB 126 induces monocyte/
macrophage polarization and inflammation through AhR and NF-kappaB pathways.
Toxicol. Appl. Pharmacol. 367, 71-81 doi:S0041-008X(19)30055-9 [pii] 10.1016/j.
taap.2019.02.006.

Environmental Research 285 (2025) 122289

Watkinson, W.P., Campen, M.J., Nolan, J.P., Costa, D.L., 2001. Cardiovascular and
systemic responses to inhaled pollutants in rodents: effects of ozone and particulate
matter. Environ. Health Perspect. 109 (Suppl. 4) (Suppl 4):539-546. doi:sc271_5_
1835 [pii] 10.1289/ehp.01109s4539.

Watson, C.Y., DeLoid, G.M., Pal, A., Demokritou, P., 2016. Buoyant nanoparticles:
implications for nano-biointeractions in cellular studies. Small 12 (23), 3172-3180.
https://doi.org/10.1002/smll.201600314.

Winkler, A.S., Cherubini, A., Rusconi, F., et al., 2022. Human airway organoids and
microplastic fibers: a new exposure model for emerging contaminants. Environ. Int.
163, 107200 doi:S0160-4120(22)00126-X [pii] 10.1016/j.envint.2022.107200.

Woo, Y.R., Park, S.Y., Choi, K., Hong, E.S., Kim, S., Kim, H.S., 2020. Air pollution and
atopic dermatitis (AD): the impact of particulate matter (PM(10)) on an AD mouse-
model. Int. J. Mol. Sci. 21 (17) doi:ijms21176079 [pii] ijms-21-06079 [pii] 10.3390/
ijms21176079.

Wu, P, Lin, S., Cao, G., et al., 2022. Absorption, distribution, metabolism, excretion and
toxicity of microplastics in the human body and health implications. J. Hazard
Mater. 437, 129361 doi:S0304-3894(22)01154-2 [pii] 10.1016/j.
jhazmat.2022.129361.

Xing, Y.F., Xu, Y.H., Shi, M.H., Lian, Y.X., 2015. The impact of PM2.5 on the human
respiratory system. J. Thorac. Dis. 8 (1), 2072-1439 (Print).

Yacobi, N.R., Malmstadt, N., Fazlollahi, F., et al., 2010. Mechanisms of alveolar epithelial
translocation of a defined population of nanoparticles. Am. J. Respir. Cell Mol. Biol.
42 (5), 604-614. https://doi.org/10.1165/rcmb.2009-01380C.

Yu, A., et al., 2025. The regulatory role of ACP5 in the diesel exhaust particle-induced
AHR inflammatory signaling pathway in a human bronchial epithelial cell line. Sci.
Rep. 15 (1), 8826.

Zalakeviciute, R., Alexandrino, K., Rybarczyk, Y., Debut, A., Vizuete, K., Diaz, M., 2020.
Seasonal variations in PM(10) inorganic composition in the Andean city. Sci. Rep. 10
(1), 17049. https://doi.org/10.1038/541598-020-72541-2.

Zanobetti, A., Franklin, M., Koutrakis, P., Schwartz, J., 2009. Fine particulate air
pollution and its components in association with cause-specific emergency
admissions. Environ. Health 8, 58. https://doi.org/10.1186/1476-069X-8-58.

Zargartalebi, H., Mirzaie, S., GhavamiNejad, A., et al., 2024. Active-reset protein sensors
enable continuous in vivo monitoring of inflammation. Science 386 (6726),
1146-1153. https://doi.org/10.1126/science.adn2600.

Zeng, Y., Dy, X,, Yao, X., et al., 2022. Mechanism of cell death of endothelial cells
regulated by mechanical forces. J. Biomech. 131, 110917. https://doi.org/10.1016/
j.jbiomech.2021.110917, 2022/01/01/.

Zhang, Y., Zheng, L., Tuo, J., et al., 2017. Analysis of PM2.5-induced cytotoxicity in
human HaCaT cells based on a microfluidic system. Toxicol. Vitro 43, 1-8. https://
doi.org/10.1016/4.tiv.2017.04.018, 2017/09/01/.

Zhang, F., Tian, C., Liu, W., et al., 2018. Determination of benzopyrene-induced lung
inflammatory and cytotoxic injury in a chemical gradient-integrated microfluidic
bronchial epithelium system. ACS Sens. 3 (12), 2716-2725. https://doi.org/
10.1021/acssensors.8b01370.

Zhao, W., Schafer, S., Choi, J., et al., 2011. Cell-surface sensors for real-time probing of
cellular environments. Nat. Nanotechnol. 6 (8), 524-531. https://doi.org/10.1038/
nnano.2011.101, 2011/08/01.

Zhao, C., Wang, Y., Su, Z., et al., 2020. Respiratory exposure to PM2.5 soluble extract
disrupts mucosal barrier function and promotes the development of experimental
asthma. Sci. Total Environ. 730, 139145 doi:50048-9697(20)32662-0 [pii] 10.1016/
j.scitotenv.2020.139145.

Zhen, A.X., Piao, M.J., Hyun, Y.J., et al., 2019. Diphlorethohydroxycarmalol attenuates
fine particulate matter-induced subcellular skin dysfunction. Mar. Drugs 17 (2) doi:
md17020095 [pii] marinedrugs-17-00095 [pii] 10.3390/md17020095.

Zhen, A.X., Kang, K.A., Piao, M.J., Madushan Fernando, P.D.S., Lakmini Herath, H.M.U.,
Hyun, J.W., 2024. Protective effects of astaxanthin on particulate matter 2.5-induced
senescence in HaCaT keratinocytes via maintenance of redox homeostasis. Exp. Ther.
Med. 28 (1), 275 doi:ETM-28-1-12563 [pii] 10.3892/etm.2024.12563.

Zhou, B., Wang, X., Li, F., et al., 2017. Mitochondrial activity and oxidative stress
functions are influenced by the activation of AhR-induced CYP1A1 overexpression in
cardiomyocytes. Mol. Med. Rep. 16 (1), 174-180 doi:mmr-16-01-0174 [pii]
10.3892/mmr.2017.6580.

Zhu, S., Li, X., Dang, B., Wu, F., Wang, C., Lin, C., 2022. Lycium Barbarum
polysaccharide protects HaCaT cells from PM2.5-induced apoptosis via inhibiting
oxidative stress, ER stress and autophagy. Redox Rep. 27 (1), 32-44 doi:2036507
[pii] 10.1080/13510002.2022.2036507.

Zirath, H., Rothbauer, M., Spitz, S., et al., 2018. Every breath you take: non-invasive real-
time oxygen biosensing in two- and three-dimensional microfluidic cell models.
Front. Physiol. 9, 815. https://doi.org/10.3389/fphys.2018.00815.

Zoio, P., Ventura, S., Leite, M., Oliva, A., 2021a. Pigmented full-thickness human skin
model based on a fibroblast-derived matrix for long-term studies. Tissue Eng. C
Methods 27 (7), 433-443. https://doi.org/10.1089/ten.tec.2021.0069 [pii]
10.1089/ten.TEC.2021.0069.

Zoio, P., Lopes-Ventura, S., Oliva, A., 2021b. Barrier-on-a-Chip with a modular
architecture and integrated sensors for real-time measurement of biological barrier
function. Micromachines 12 (7) doi:mil2070816 [pii] micromachines-12-00816
[pii] 10.3390/mi12070816.

Zou, W., Wang, X., Hong, W., et al., 2020. PM2.5 induces the expression of inflammatory
cytokines via the Wnt5a/Ror2 pathway in human bronchial epithelial cells. Int. J.
Chronic Obstr. Pulm. Dis. 15, 2653-2662 doi:270762 [pii] 10.2147/COPD.S270762.

14


https://doi.org/10.1080/009841098158601
https://doi.org/10.1080/009841098158601
https://doi.org/10.1038/s41598-022-11700-z
https://doi.org/10.1039/c4lc01252f
https://doi.org/10.1039/c4lc01252f
https://doi.org/10.21037/atm.2016.06.05
https://doi.org/10.21037/atm.2016.06.05
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref189
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref189
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref189
https://doi.org/10.1111/all.16318
https://doi.org/10.3390/ijerph17176212
https://doi.org/10.3390/ijerph17176212
https://doi.org/10.1016/j.heliyon.2023.e19601
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref193
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref193
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref193
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref194
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref194
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref194
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref194
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref195
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref195
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref195
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref195
https://doi.org/10.1164/rccm.201106-1011OC
https://doi.org/10.3322/caac.21632
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref198
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref198
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref198
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref198
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref199
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref199
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref199
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref199
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref200
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref200
https://doi.org/10.1021/acs.est.8b06392
https://doi.org/10.1164/ajrccm.164.5.2010160
https://doi.org/10.1164/ajrccm.164.5.2010160
https://doi.org/10.3389/fmech.2023.1049659
https://doi.org/10.1016/j.biomaterials.2021.120957
https://doi.org/10.1016/j.biomaterials.2021.120957
https://doi.org/10.1016/j.biomaterials.2018.04.044
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref206
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref206
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref206
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref206
https://doi.org/10.1016/j.biomaterials.2021.120779
https://doi.org/10.1016/j.biomaterials.2021.120779
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref208
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref208
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref208
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref208
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref209
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref209
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref209
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref209
https://doi.org/10.1002/smll.201600314
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref211
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref211
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref211
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref212
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref212
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref212
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref212
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref213
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref213
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref213
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref213
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref214
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref214
https://doi.org/10.1165/rcmb.2009-0138OC
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref216
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref216
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref216
https://doi.org/10.1038/s41598-020-72541-2
https://doi.org/10.1186/1476-069X-8-58
https://doi.org/10.1126/science.adn2600
https://doi.org/10.1016/j.jbiomech.2021.110917
https://doi.org/10.1016/j.jbiomech.2021.110917
https://doi.org/10.1016/j.tiv.2017.04.018
https://doi.org/10.1016/j.tiv.2017.04.018
https://doi.org/10.1021/acssensors.8b01370
https://doi.org/10.1021/acssensors.8b01370
https://doi.org/10.1038/nnano.2011.101
https://doi.org/10.1038/nnano.2011.101
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref224
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref224
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref224
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref224
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref225
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref225
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref225
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref226
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref226
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref226
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref226
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref227
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref227
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref227
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref227
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref228
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref228
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref228
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref228
https://doi.org/10.3389/fphys.2018.00815
https://doi.org/10.1089/ten.tec.2021.0069
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref231
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref231
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref231
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref231
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref232
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref232
http://refhub.elsevier.com/S0013-9351(25)01540-3/sref232

	Advances in organ-on-a-chip technology to examine the impact of air pollutants on epithelial barrier tissues
	1 Introduction
	2 Current in vitro models for studying effects of air pollutant exposure
	2.1 2-Dimensional (2D) cell culture models
	2.2 Air-liquid interface culture models
	2.3 3D cell culture models

	3 In vitro air pollutant exposure methods
	4 Pathobiological pathways/mechanisms underlying adverse effects of air pollution
	4.1 Aryl hydrocarbon receptor signaling
	4.2 Inflammation
	4.3 Epithelial barrier function
	4.4 Exposure to combined stressors

	5 Organ-on-chip technology for future research into the effects of pollution
	6 Organ-on-chip: external cues and sensing
	6.1 Perfusion and air flow
	6.2 Mechanical cues
	6.3 Real-time monitoring of biomarkers

	7 Challenges to effectively integrate organ-on-chip technology for pollution research
	8 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


