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Summary 

Background: The nasal route has been seen as a promising alternative to oral and parenteral routes for various 
therapeutics due to its non-invasive nature, rapid absorption, and circumvention of first pass metabolism. Hence, an in 
vitro model using human primary nasal epithelial cells could be the key to understanding important functions and 

parameters of the respiratory epithelium. The purpose of this study was to establish and characterise human nasal 
epithelium model to be used as a tool for the study of drug transport and simultaneously quantify drug effects on 
ciliary activity. 

Methods: Nasal epithelial cells were obtained from human volunteers through nasal brushing. The cells were seeded 

onto cell culture inserts and cultured at the air-liquid interface for several weeks to allow for cell differentiation. 
Functional characteristics of epithelium, including tight junction formation and ciliary activity, were characterised using 
fluorescein sodium (flu-Na) permeability studies, transepithelial electrical resistance measurements and high-speed 
video microscopy, respectively.  

Results: The epithelial cell monolayer displayed and maintained high TEER values of 811.8 ± 131.75 Ω cm
2
 up to 7 

weeks in culture. The permeability of flu-Na started to plateau and ciliation >20% of the nasal epithelial monolayer 
was observed after 5 weeks in culture. The ciliary activity was found to have a mean beat frequency of 10.7± 1.6 Hz 
(healthy normal range 8.8 -14.09 Hz). 

Conclusions: This study has established a primary nasal epithelium model that differentiates into a heterogeneous 

population of cells, produces functional cilia and viable tight junctions at the air-interface that could be used  to 
address fundamental research questions relating to nasally delivered formulation. 

Introduction 

Nasal drug delivery has emerged as a non-invasive technique for both local and systemic treatment due to the large 
surface area in the nasal cavity, avoidance of first pass metabolism and relatively high blood flow, promoting rapid 
absorption

1
. Hence, research has been conducted in developing and validating human nasal cell culture system that 

could accurately represent this barrier system to serve as an alternative to in vivo models. Recent studies on primary 
human nasal epithelium cell culture have provided a valuable in vitro model for the study of understanding key 
functions of the respiratory epithelium. Although respiratory epithelia cell lines, such as Calu-3 and RMPI 2650, are 
established for inhalation drug delivery due to its ease in culture maintenance, genetic homogeneity, highly 
reproducible results and unlimited lifespan, these models have changed features compared to primary cultures 

2
. 

Primary nasal cells have the advantage of producing heterogeneous cell populations with closer representation of cell 
phenotypes in vivo

3, 4
. 

Furthermore, it has been suggested that nasal epithelial cells could be used as a substitute or surrogate to bronchial 
epithelial cells and have shown to have identical morphologies with similar expression of receptors and responses to 
cytokine stimulation

5
. Although culturing epithelial cells from the human tracheobronchial region has been well 

documented, is limited to the more invasive and complex bronchoscopy or availability of lung explants, while nasal 
epithelial cells can be obtained through much less invasive superficial nasal brushes

4
. With this method, subjects can 

be brushed multiple times with no significant side effects. This also allows for direct comparisons of epithelium 
obtained from diseased populations and characterise and understand the different phenotypes and mechanisms in 
epithelia cell function

3, 4
. Subsequently, novel nasal and inhaled therapeutics could be formulated to tailor for specific 

diseases and tested for its effectiveness on physiologically relevant conditions. 



However, this model has yet to be characterised for the study of drug transport and ciliary activity following drug 
administration. Important properties of cultured nasal epithelium include the formation of confluent cells layers with 
interconnecting tight junctions, formation of functional cilia, mucus secretion and a heterogeneous population of cells. 
Functional cilia on the nasal epithelium culture play an important role in physiological functions, such as mucociliary 
clearance, which is important to both nasal and pulmonary drug delivery

1
. Consequently, the aim of the study was to 

systematically define the fundamental parameters for this nasal epithelium model to be used as a tool for the study 
drug transport and quantification of drug effects on ciliary activity. 

Materials and methods 

Sampling of nasal epithelium 

Nasal cells were obtained through nasal brushings of healthy volunteers and cultured according to methodologies as 
previously described 

3, 4
. Briefly, a cytology brush was inserted approximately 5 cm into the patient’s naris and the 

nasal epithelium was brushed. The strips of nasal ciliated epithelium were grown on collagen (0.3 mg/mL, Nutacon, 
Netherlands) coated tissue culture 12 well plates in bronchial epithelial growth medium (BEGM) (BEBM including 
SingleQuots, Lonza, USA) for approximately a week. Confluent basal cells were then expanded into collagen coated 
flasks 25 cm

2
 and the BEGM replaced every other day. When cultures reached 70-80% confluency, the non-ciliated 

basal cells were detached with 0.25% trypsin-EDTA (Gibco Invitrogen, USA) and seeded (200,000-250,000 cells per 
well) onto collagen coated Transwell®  (0.33 cm

2
) (Costar, Corning, USA). The cells were fed with air-liquid interface 

(ALI) medium made up of 1:1 BEBM:DMEM 4.5 g/L D-glucose including SingleQuots) until confluent. Subsequently, 
the air-liquid interface conditions were initiated 2 days post-seeding, with ALI medium supplemented with additional 
100 nM all-trans retinoic acid (Sigma-Aldrich, UK) placed only in the basolateral chamber. The medium was replaced 
three times a week and any apical surface liquid or mucus removed. 

Measurement of Epithelial Tight Junctions 

The transepithelial electrical resistance (TEER) measurements was measured weekly using an epithelial 
voltohmmeter (EVOM, World Precision Instruments, USA) and corrected by subtracting the blank inserts and 
multiplied by the area of the transwell inserts, which was previously described

6
. Prior to TEER measurements, 0.2 mL 

of medium was added to the apical chamber and allowed to pre-equilibrate for 15 minutes. 

Concurrently, epithelial permeability studies using fluorescein sodium (flu-Na, Sigma Aldrich, UK), a marker for 
paracellular transport, were performed to evaluate barrier formation and tight junction functionality

6
. Briefly, 250 μL of 

2.5 mg/mL flu-Na solution were added on the apical chamber while 600 uL of Hanks Balance Salt Solution (HBSS, 
Gibco Invitrogen, USA) were added into the basolateral chamber. At pre-determined time points up to 4 hours, 100 μL 
samples were taken from the basolateral chamber and subsequently replaced with fresh buffer to maintain sink 
conditions. Samples were placed in a black, 96 well plate and fluorescence reading was subsequently measured 
using POLARstar Optima fluorescence plate reader (BMG Labtech, Offenburg, Germany) with excitation and emission 
wavelengths settings of 485 and 520nm respectively. The apparent permeability coefficient (Papp) of flu-Na across 
the nasal epithelial cells was calculated using the following equation: Papp = (V/AC0)(dC/dt), where V is the volume of 
solution in the basolateral chamber, A is the surface area of the Transwell membrane (cm

2
), C0 is the initial 

concentration in the apical compartment (µg/mL) and dC/dt is the flux (rate of change in cumulative mass transport) of 
flu-Na.  

High speed video analysis of ciliary function 

Prior to imaging, BEBM medium was added to both the apical and basolateral chamber and allowed to equilibrate for 
30 minutes. The ciliated nasal epithelial cells on the transwell insert were imaged with a x60 objective of a light 
microscope (Olympus IX71 inverted microscope) within an environmental controlled chamber heated to 37°C (Solent 
Scientific, UK). Ciliary activity was recorded using a digital high-speed camera (Photon FASTCAM MC2) at a rate of 
250 frames per second (fps) at times: 0, 1, 2 and 24 hours. Analysis of cilia beat frequency (CBF) was quantified 
using a fast Fourier transform (FFT) algorithm (Image J plugin, P. Lackie, Southampton, UK) to measure the mean 
CBF in areas of ciliary beating on the cell monolayer

3
. A minimum of six measurements of various ciliated areas on 

the monolayer was quantified. Ciliary beat pattern (CBP) on the other hand was observed using a x100 objective at 24 
hours where the transwell membrane cut from the plastic insert and mounted onto glass slide with 0.55 coverwell 
imaging chamber (Sigma Aldrich, UK). 

Results and Discussions  

In order to evaluate the progressive formation of a viable epithelia monolayer over time, TEER measurements and 
permeability of flu-Na were performed. Figure 1 shows the profile of TEER values and apparent permeability of flu-Na 
up to 7 weeks in culture. It was found that the TEER was maintained relatively constant at approximately 811.8 ± 
131.75 Ω cm

2
 after the formation of a confluent monolayer (Figure 1A). The TEER values were in good agreement 



with previous studies using primary nasal epithelia cells grown at the air interface but, unlike the other studies, the 
TEER was maintained throughout the 7 weeks, while previous studies demonstrated a quick decreased in TEER after 
10 days in culture

1, 7, 8
.  

Figure 1: Epithelial tight junction functionality (A) Transepithelial electrical resistance (TEER) and (B) Transport of flu-Na 
across the nasal epithelial cells (n=3, mean ± S.D).  

However, the TEER measurements did not reflect the flu-Na permeability. The permeability of flu-Na continued to 
decrease and reached a plateau after week 5 (Figure 1B). Interestingly, the permeability values started to decrease 
significantly after week 3, concurrent with the observation of cilia formation. This suggests that the differentiation of 
the monolayer to form tight junctions and functional cilia occurs after 3 weeks of culture in the ALI configuration. 
Furthermore, permeability values found in this model were in close agreement with reported values for excised human 
nasal mucosa (3.12 ± 1.99 x10

-6
 cm/s)

9
. While the TEER measurements mainly represent the resistance of the tight 

junction, it does not sensitively reflect the integrity of the cell monolayer. Flu- Na is an independent, more reliable and 
direct test to measure paracellular permeability, which provides direct evidence of the permeability of the paracellular 
pathways

10
.  

 

Figure 2: (A) Frequency map of the CBF on the nasal epithelium cultured at the air interface with a magnification of 60X and 
(B) Mean CBF of nasal epithelia over a period of 24 hours incubation with BEBM medium (n=3, mean ± S.D). 

Concurrent studies involving drug transport, metabolism and epithelia or ciliary toxicity provides tremendous benefits, 
especially during the early phases of research and serve as a basis for development of novel molecular therapeutics 
and generating new hypotheses for further research. Hence, it is important to evaluate and establish baseline cilia 
beat frequency of healthy population to which effects of different treatments and disease populations can be 
compared to. The ciliary activity was quantified after week 5 at the air-interface, as the permeability of flu-Na starts to 
plateau and ciliation >20% of the nasal epithelial monolayer can be observed. Figure 2A shows the frequency map of 
an area of the nasal epithelium that displays different patches of ciliated cells with different frequencies of cilia 



beating. This heterogeneity was also reflected in ex vivo nasal polyps model and fresh nasal brushing samples prior 

to culture
3, 11

. Hence, the mean CBF was measured in 6 independent ciliated areas of 3 different cultures and found to 
be10.7± 1.6 Hz, with no significant difference in the mean and range of the CBF in each culture up to 24 hours (Figure 
2B). This was within the normal range of 8.8 -14.09 Hz for epithelium from healthy individual

3
. The cilia beat pattern 

was also observed to be normal with coordinated and synchronised cilia movements.  

Conclusions 

This study has demonstrated that the culture of human nasal epithelia resembles the in vivo physiology, with highly 

differentiated epithelial cells after 5 weeks in culture at the air-liquid interface. The development of functional cilia and 
viable tight junctions represent a promising in vitro model for nasal drug delivery studies and also provide a unique 
opportunity to study disease specific physiological differences of the airway epithelium. Future studies will focus on 
characterising mucus secretion in this model and correlating the cilia beat frequency to in vivo mucociliary clearance. 

References 

1. Lee M-K, Yoo J-W, Lin H, Kim Y-S, Kim D-D, Choi Y-M, Park S-K, Lee C-H, and Roh H-J. Air-liquid interface 
culture of serially passaged human nasal epithelial cell monolayer for in vitro drug transport studies. Drug 
delivery. 2005;12:305-311. 

2. Haghi M, Ong HX, Traini D, and Young P. Across the pulmonary epithelial barrier: Integration of 

physicochemical properties and human cell models to study pulmonary drug formulations. Pharmacology & 
therapeutics. 2014. 

3. Hirst R, Jackson C, Coles J, Williams G, Rutman A, Goggin P, Adam E, Page A, Evans H, Lackie P, 

O’Callaghan C, and Lucas J. Culture of primary ciliary dyskinesia epithelial cells at air-liquid interface can 
alter ciliary phenotype but remains a robust and informative diagnostic aid. PloS one. 2013;9:e89675-
e89675. 

4. Müller L, Brighton LE, Carson JL, Fischer II WA, and Jaspers I. Culturing of Human Nasal Epithelial Cells at 
the Air Liquid Interface. JoVE (Journal of Visualized Experiments). 2013:e50646-e50646. 

5. McDougall CM, Blaylock MG, Douglas JG, Brooker RJ, Helms PJ, and Walsh GM. Nasal epithelial cells as 

surrogates for bronchial epithelial cells in airway inflammation studies. American journal of respiratory cell 
and molecular biology. 2008;39:560-568. 

6. Ong HX, Traini D, Salama R, Anderson SD, Daviskas E, and Young PM. The effects of mannitol on the 
transport of ciprofloxacin across respiratory epithelia. Molecular pharmaceutics. 2013;10:2915-2924. 

7. Agu RU, Jorissen M, Willems T, Augustijns P, Kinget R, and Verbeke N. In‐vitro nasal drug delivery studies: 

comparison of derivatised, fibrillar and polymerised collagen matrix‐based human nasal primary culture 
systems for nasal drug delivery studies. Journal of Pharmacy and Pharmacology. 2001;53:1447-1456. 

8. Yoo J-W, Kim Y-S, Lee S-H, Lee M-K, Roh H-J, Jhun B-H, Lee C-H, and Kim D-D. Serially passaged human 
nasal epithelial cell monolayer for in vitro drug transport studies. Pharmaceutical research. 2003;20:1690-
1696. 

9. Wengst A and Reichl S. RPMI 2650 epithelial model and three-dimensional reconstructed human nasal 
mucosa as in vitro models for nasal permeation studies. European Journal of Pharmaceutics and 
Biopharmaceutics. 2010;74:290-297. 

10. Mukherjee T, Squillantea E, Gillespieb M, and Shao J. Transepithelial electrical resistance is not a reliable 
measurement of the Caco-2 monolayer integrity in Transwell. Drug delivery. 2004;11:11-18. 

11. Adam EC, Mitchell BS, Schumacher DU, Grant G, and Schumacher U. Pseudomonas aeruginosa II lectin 
stops human ciliary beating: therapeutic implications of fucose. American journal of respiratory and critical 
care medicine. 1997;155:2102-2104. 

 


