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Abstract 

The effects of environmental pollutants on airway clearance have not been well 

elucidated. This study examined mucociliary transport using different sized-fluorescent 

particles on polarized human airway epithelial cells which were maintained in an air-liquid 

interface (ALI) culture system. The effects of hydrogen peroxide (H2O2) exposure on 

mucociliary transport were also investigated. The movement of fluorescent particles with 

diameters of 10–14 µm and 2.5–4.5 µm was observed by fluorescent microscopy as an index 

of the mucociliary transport. The mixture of the particles with two different sizes were 

propelled concentrically on the apical surface by the interaction of ciliary activity and mucus 

in the control condition, whereas H2O2 exposure for 24 h significantly inhibited the movement 

of the particles. The particle sizes did not affect their movement after the control or H2O2 

exposure. These results suggest that particle tracking on polarized human airway epithelial 

cells is a useful experimental tool for the evaluation of the effect of environmental pollutants 

on mucociliary transport. In addition, reactive oxygen species may impair mucociliary 

transport, leading to the airway damage, and exacerbation of respiratory diseases.  
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1. Introduction 

Airway epithelial cells are composed of a variety of cell types, including ciliated, 

goblet, and basal cells, and they function as the first barrier against inhaled xenobiotics (Tam 

et al. 2011). Goblet cells, in particular, synthesize and secrete mucin-rich mucus which traps 

the inhaled particles, viruses and bacteria, and then these xenobiotics are eliminated from the 

respiratory tract by mucociliary transport. The airway’s surface liquid consists of two types of 

liquid where the upper layer is highly viscous and the lower is watery. The cilia are immersed 

in the watery layer with lower viscosity, which enables the cilia to beat (Smith et al. 2008; 

Cone et al. 2009). The overlying mucous layer is propelled by the penetration of cilia tips 

during beating.  

In previous studies, airway epithelial cell lines such as A549, BEAS-2B and Calu3 

have contributed to respiratory research. Polarized human airway epithelial cells have also been 

used as a respiratory model; they enable mucociliary transport (Bayam et al. 1998). Air-liquid 

interface (ALI) cultures are under development as a useful tool for analyses of airway epithelial 

cell function. For example, in an ALI culture, basal-lateral side of epithelial cells is immerged 

in culture medium and the apical side is exposed to humidified air with 5% CO2. Not only the 

monolayer but also polarized epithelial cells have been introduced to ALI cultures (Seagrave 

et al. 2007; Huang et al. 2009; Stewart et al. 2012). These cultures mimic the construction of 

the airway and enable us to conduct in vitro studies under conditions that are close to in vivo 
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conditions. Accordingly, ALI cultures are one of the airway models that make evaluations of 

advanced function easier. 

The impairment of mucociliary transport by environmental pollutants may cause or 

increase the risk of respiratory diseases such as asthma. Hydrogen peroxide (H2O2) is one of 

the major reactive oxygen species (ROS) known to induce oxidative stress, which leads 

subsequently to cellular damage in the airway. H2O2 is synthesized by exogenous or 

endogenous sources. In exogenous sources, H2O2 is produced through the bimolecular 

combination of HO2, which is produced primarily from the photolysis of O3 [HO2+HO2 (+H2O) 

→ H2O2 + O2] (Lee et al. 2000). Exogenous H2O2 stimulates cell surface molecules or is 

diffusible through cell membranes. Previous studies have suggested that H2O2 causes mucin 

synthesis via transactivation of epidermal growth factor receptor in mucoepidermoid 

carcinoma cells from human lungs (NCI-H292), and that H2O2 affects tracheobronchial mucosa 

in guinea pigs (Greiff et al. 1999; Takeyama et al. 2000). In addition, McDonald et al (1993) 

have demonstrated that exogenous H2O2 exposure induces DNA single-strand breaks in airway 

epithelial cells. In endogenous sources, H2O2 is produced from mitochondria as the site of 

energy generation, and is converted to the hydroxyl radical which is highly reactive and induces 

cell damage (Ryter et al. 2007). A large number of studies have suggested that environmental 

pollutants including diesel exhaust particles, polycyclic aromatic hydrocarbons, metal and sand 

dust induce oxidative stress in the airway (Dye et al. 1999; Marano et al. 2002; Kim et al. 2003; 
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Chiba et al. 2011). However, the effects of oxidative stress and/or environmental pollutants on 

airway clearance have not been established. 

The aim of the present study was to investigate whether commercially available 

polarized human airway epithelial cells are useful for the analysis of mucociliary transport and 

for evaluation of the effects of oxidative stress and/or environmental pollutants on mucociliary 

transport. Accordingly, we measured the movement of fluorescent particles on human airway 

epithelial cells maintained in an ALI culture system as an index of mucociliary transport. 

 

2. Materials and methods 

2.1. Air-liquid interface (ALI) cultures  

Human airway epithelial cells, differentiated in a polarized primary culture 

(MucilAir™, Epithelix Sarl, Geneva, Switzerland), were derived from bronchial biopsies of a 

healthy male donor (Caucasian) and were cultivated on micro-porous filter in cell culture 

inserts. They were provided by Iwaki, Ltd. (Tokyo, Japan) and maintained in an ALI culture 

system according to the manufacturer’s instructions using MucilAir™ culture medium at 37°C 

in a humidified atmosphere of 5% CO2. After cells were maintained for about 5 months, we 

used them for experiments. 

 

2.2. Periodic acid-Schiff (PAS) and hematoxylin-eosin (HE) staining 
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To confirm the differentiation of human airway epithelial cells, the cells were fixed in 

10% formalin and embedded in paraffin wax. Sections were cut at 5 µm and stained with 

haematoxylin and eosin (HE) or periodic acid-Schiff (PAS). 

 

2.3. Experimental protocol 

Each insert was added apically with 200 µL saline solution (0.9% NaCl, 1.25 mM 

CaCl2, 10 mM HEPES) for 30 min in a CO2 incubator 24 h prior to the experiments. This 

washing step allowed the removal of accumulated mucus and therefore minimized the risk of 

interference with the test. The following day, the cells were incubated for 1 min in 200 µL of 

saline solution (0.9% NaCl, 1.25 mM CaCl2, 10 mM HEPES) as control or 500 µM H2O2 

(diluted in saline solution) and, all of the apical surface were exposed by saline solution or 

H2O2. However, it has been reported that applying an excess volume of 0.9% NaCl for a long 

time on the apical surface of MucilAir™ results in increased interleukin (IL)-8 release (Huang 

and Caulfuty 2009), then the saline solution or H2O2 was removed to avoid IL-8 release. A 

mixture of particles with two different sizes was prepared by polystyrene particles with 

diameters of 10–14 µm and 2.5–4.5 µm at each concentration of 1000 µg/mL (Spherotech, 

Lake Forest, IL, USA). Twenty µL (no toxic volume) of saline solution or H2O2 including 

fluorescent particles was applied at the apical surface. The inserts were incubated in a CO2 

incubator for 24 h, and the mucociliary transport was then evaluated by video-microscopy. 
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2.4. Video-microscopy analysis of mucociliary transport 

The motion and migration rate of polystyrene particles with diameters of 10–14 µm 

and 2.5–4.5 µm were used as an index of mucociliary transport. The movement of the mixed 

particles was observed with a fluorescence microscope (Keyence, Osaka, Japan) equipped with 

200× or 40× magnification. The data were recorded at two opposite points (areas 1 and 2) per 

individual culture insert for 20 sec (Fig. 1). The movement of particles with each diameter was 

expressed as the percentage of migration compared to that of particles with a diameter of 10–

14 µm under control condition at area 1 using Image_Pro_Plus software (Media Cybernetics, 

Rockville, MD, USA). The migration rate was filtered by excluding data on the particles which 

were not recognized as reliable particles because of the short detection time. 

 

3. Results 

3.1. Morphological features of airway epithelial cells in ALI culture system 

We confirmed the morphology of airway epithelial cells in ALI cultures. Fully 

differentiated epithelial cells including ciliated, goblet and basal cells were observed by HE 

staining (Fig. 2A). Goblet cells and mucus were identified more on the apical side than on the 

basal side by PAS staining (Fig. 2B).   
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3.2. Effects of H2O2 on mucociliary transport of airway epithelial cells in ALI culture system 

When there were no fluorescent particles on the apical side of the airway epithelial 

cells, the beating of the cilia was observed as a flickering appearance, because of the frequency 

of the beating. The movement of cellular debris was seen to be in circles under 200× 

magnification (Movie 1). After removing the cellular debris by washing, we investigated the 

effect of H2O2 on the mucociliary transport of airway epithelial cells 24 h after the exposure. 

We obtained two opposite points per individual culture insert to evaluate the response to H2O2 

exposure. The particles with a diameter of 2.5–4.5 µm exhibited cohension/adheshion in part.  

Overall, the mixed particles on the apical surface circulated concentrically by the 

interaction of ciliary activity and mucus in the control conditions (Movies 2 and 3 show the 

movement of particles with diameters of 10–14 µm and 2.5–4.5 µm under 40× magnification, 

respectively). The tracks of the particles also reflected mucociliary transport (Fig. 3A). 

However, H2O2 exposure for 24 h on the apical side significantly inhibited the movement of 

particles with two different sizes (Movies 4 and 5 show the movement of particles with 

diameters of 10–14 µm and 2.5–4.5 µm under 40× magnification, respectively). The particles 

left no track for 20 sec (Fig. 3B). It was not clear whether the particle sizes markedly affected 

the mean migration rate in the control condition, or the decrease in the rate in the H2O2-exposed 

condition (Table 1).  
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4. Discussion  

Human airway epithelial cells (Mucil Air™) in ALI culture system were confirmed as 

fully differentiated epithelial cells by HE and PAS staining. We examined mucociliary 

transport using fluorescent particles with different sizes on the polarized airway epithelial cells 

in ALI culture. We also investigated the effects of H2O2 exposure on mucociliary transport. It 

was possible to evaluate mucociliary transport by measuring the tracks of the fluorescent 

particles. Moreover, mucociliary transport was inhibited by H2O2 exposure. 

Airway epithelial cells are composed of a variety of cell types including ciliated, 

goblet, and basal cells, and their cell population was identified in the MucilAir™. Ciliated and 

goblet cells were found on the surface of the epithelial cells (Figs. 2A, B). Mucociliary transport 

under no fluorescent particles conditions was confirmed by the movement of cellular debris, 

which was the result of cooperation with ciliated cells and mucous from goblet cells (Movie 

1). In the human body, normal mucociliary transport is highly directional toward the pharynx. 

However, in circular horizontal culture, previous studies have found that the mucus motion is 

in a rotational, hurricane-like, pattern (Matsui et al. 1998; Oldenburg et al. 2012). The results 

of the present study were consistent with these reports. Therefore, this cellular model was used 

as fully differentiated human airway epithelial cells. 

There are some assessment techniques for mucociliary transport using ciliary beat 
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frequency (CBF) quantified by video record, radioactive tracer and fluorescent particles 

(Perdersen et al. 1990; Sears et al. 2011; Kunimoto et al. 2012). On the basis of these techniques, 

previous experimental reports have indicated that environmental pollutants including cigarette 

smoke, sulphur dioxide, nitrogen dioxide, ozone, diesel exhaust particles, and formaldehyde 

decrease ciliary activity (Hastie et al. 1990; Knorst et al. 1994; Helleday et al. 1995; Bayram 

et al. 1998 a, b; Gosepath et al. 2000; Simet et al. 2010). It has also been shown that H2O2 

causes decline in ciliary activity in rats and sheep (Burman and Martin, 1986; Kobayashi et al. 

1992). Scanning electron microscopy has revealed that the ciliated cells are severely damaged 

and epithelial basal cells are poorly connected in guinea-pigs exposed to H2O2 (Greiff et al. 

1999). In the present study, we successfully applied a method to track fluorescent particles for 

the evaluation of mucociliary transport using polarized human airway epithelial cells, and our 

observations confirmed that H2O2 decreased the movement of particles on the cells, which may 

follow the inhibition of ciliary activity or mucous movement. Accordingly, the present results 

show that these tools, that is, polarized human airway epithelial cells and fluorescent particles 

under fluorescent detection, are very useful and easy to apply for evaluations of mucociliary 

transport and respiratory physiology, because Mucil Air™ is commercially available and a 

method to track fluorescent particles is non-radioactive assay. Moreover, the present results are 

consistent with those of previous studies and support that ROS such as H2O2 in the ambient 

atmosphere affects mucociliary transport.  
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Other studies have found that exposure to cigarette smoke and ozone increases or does 

not change mucociliary transport (Gerrity et al. 1993; Zhou et al. 2009). Environmental 

pollutants may thus have different effects on mucociliary transport depending on the conditions. 

Alterations of mucociliary transport may be determined by various factors such as species, 

types of cells and xenobiotics, the number of ciliated cells, the morphology of cilia, the ciliary 

beating pattern, the quantity and viscoelastic properties of mucus, and experimental conditions 

such as the exposed concentration and its duration. Accordingly, investigations that focus on 

each factor may be needed to identify the mechanisms by which mucociliary transport is 

inhibited by exposure to environmental pollutants. 

It has been thought that in nasal breathing, particles with a diameter larger than 10 µm 

are deposited in the oropharynx and nasal cavity, and that those with a diameter smaller than 

10 µm are deposited in central airways, bronchi and alveoli. However, in mouth breathing, 

particles with a diameter larger than 10 µm can reach bronchi (Heyder et al. 1986; Fernández 

and Casan 2012). We used fluorescent polystyrene particles with diameters of 10–14 µm and 

2.5–4.5 µm, which can be deposited in the lower respiratory tract. Using tracheal tubes from 

the chicken embryos, Henning et al. (2010) have suggested that the clearance rates of various-

sized polystyrene particles (0.05, 0.1, 1, and 6 µm) do not differ, whereas the material 

properties and the related particle surface chemistry significantly influence mucociliary 

transport. Snipes et al. (1984) have indicated that particles larger than 7 µm are retained after 
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deposition in the pulmonary region of the respiratory tract of dogs instilled with a mixture of 

3-, 7-, and 13-µm particles. In the present study, polystyrene particles larger than 10 µm were 

tested as large particles, and they were mixed with the same polystyrene particles with 2.5–4.5 

µm as small particles. The particle sizes did not affect the movement of particles in the control 

or the H2O2 exposure, although polystyrene particles themselves may suppress cellular 

activities. The difference in particle sizes may not have contributed to the movement of 

particles in the present experimental conditions or in the circular horizontal culture. Further 

investigations are needed to understand the effect of differences in particle sizes on mucociliary 

transport. 

 

5. Conclusion 

It may be useful to evaluate mucociliary transport by measuring the tracks of 

fluorescent particles on commercially available polarized human airway epithelial cells using 

ALI cultures. Exposure of cells to H2O2 could decrease mucociliary transport. Dysfunction of 

mucociliary transport induced by oxidative stress and/or environmental pollutants impair 

airway clearance. Subsequently, inhaled xenobiotics may easily contact with the cells of the 

respiratory and immune systems such as epithelial and dendritic cells, leading to the induction 

and/or exacerbation of respiratory diseases. Further investigations with statistical analysis are 

needed to evaluate mucociliary transport. 
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Figure legends 

Fig. 1. The position for the observation of fluorescent particles on airway epithelial cells 

cultured in an air-liquid interface (ALI) system. 

 

Fig. 2. Morphological features of polarized human airway epithelial cells. (A) The structure of 

airway epithelial cells was indicated by hematoxylin and eosin staining (B) Mucous 

localization was shown by periodic acid-Schiff staining. Magnification: ×400. 

 

Fig. 3. Analysis of mucociliary transport for 20 sec after exposure to H2O2 for 24 h on the 

apical surface, which was measured by tracking fluorescent particles with diameters of 10–14 

µm and 2.5–4.5 µm. The images of tracking fluorescent particles were shown in (A) saline 

solution (0.9% NaCl, 1.25 mM CaCl2, 10 mM HEPES) exposure as control. (B) H2O2 exposure. 

Magnification: ×200. 
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