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ABSTRACT — Growing interest in the nasal route as a drug delivery system calls for a reliable in vitro model which is cru-
cial for efficiently evaluating drug transport through the nasal cells. Various in vitro cell culture systems has thus been devel-
oped to displace the ex vivo excised nasal tissue and in vivo animal models. Due to species difference, results from animal
studies are not sufficient for estimating the drug absorption kinetics in humans. However, the difficulty in obtaining reliable
human tissue source limits the use of primary culture of human nasal epithelial cells. This shortage of human nasal tissue
has therefore prompted studies on the “passage” culture of nasal epithelial cells. A serially passaged primary human nasal
epithelial cell monolayer system developed by the air-liquid interface (ALI) culture is known to promote the differentiation
of cilia and mucin gene and maintain high TEER values. Recent studies on the in vitro nasal cell culture systems for drug

transport studies are reviewed in this article.
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Nasal drug delivery

Intranasal route for drug delivery has gained much interest
as a non-invasive administration route. Diverse drug types,
including small molecule type chemicals (Cho et al., 2008;
Huh et al., 2010), peptides (Chen et al., 2009; Yu and Kim,
2009), proteins (Jintapattanakit et al., 2010; Leitner et al,
2004), and nucleic acids (Bitko and Barik, 2008; Howard et
al., 2006; Vetter et al., 2010), have been attempted for admin-
istration via the nasal route for local as well as systemic deliv-
ery. Nasal delivery has several advantages, which include rapid
onset of action, non-invasiveness, avoidance of hepatic and
intestinal first-pass metabolism, and self-medication (Costan-
tino et al., 2007; Pires et al., 2009). However, several draw-
backs should be considered during the formulation process:
i.e., limited residence time (15~30 min) due to drug elimi-
nation by mucociliary clearance, limited administration vol-
ume (25~200 pL), low permeability of high molecular weight
drugs (> 1 kDa), physical barrier of epithelium and mucus
layer and irritancy for the nasal epithelium (Arora et al., 2002;
Marttin et al., 1998; Schmidt et al., 1998; Witschi and Mrsny,
1999).

For efficiently evaluating the nasal delivery systems, reliable
in vitro and in vivo models are essential. /n vivo animal models
or ex vivo excised animal tissue models have frequently uti-
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lized rats, rabbits, dogs, sheeps and monkeys. However, results
obtained from these animals did not correlate well with those
of humans due to species differences in terms of the ana-
tomical structure, making difficult the estimation of drug
absorption kinetics in humans. Moreover, limitation in
research using experimental animals is also due to regulatory
issues and ethical considerations. (Hosoya et al., 1994; Lang et
al., 1996; Wadell et al., 2003).

Cell culture systems of human nasal epithelium based on
primary culture technologies have therefore have been estab-
lished to replace animal models. These systems are known to
be extremely useful for the study of nasal epithelial perme-
ability and drug absorption (Wadell et al., 1999; Werner and
Kissel, 1995). Nasal cells originated from man may endow
more clinical relevance. However, difficulty in obtaining reli-
able human tissue sources is a limiting factor that hinders the
widespread usage of this in vitro primary nasal cell culture sys-
tem. Thus, the shortage of human nasal tissue has prompted
studies on the passage culture of nasal epithelial cells for in
vitro drug transport studies. In the current review, recently
developed in vitro nasal cell culture systems will be intro-
duced, followed by their application for drug transport stud-
ies.
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Primary Culture of Human Nasal
Epithelial Cells

Characteristics of primary nasal cells

Human nasal tissue can be obtained by atraumatic, traumatic
and post mortem methods (Schmidt et al., 1998). In general,
specimens of human nasal tissues can be acquired from
patients going through endonasal surgery to remove nasal pol-
yps, septum deviation and nasal reconstruction. The nasal epi-
thelial cells after being isolated from these nasal tissues are
consequently cultured. However, despite being a promising
tool for drug permeation study, metabolism study, toxicolog-
ical study and electrophysiological study, this primary human
nasal cell culture has several limitations. They are donor-to-
donor variability, limited amount of tissues obtained from one
donor, fastidious culturing method, the probability of con-
tamination by pathogen and heterogeneity during culture and
limited use of passage number (Schmidt et al., 1998; Yoon et
al., 2000). In spite of these disadvantages, the nasal cell from
primary culture is deemed more appropriate for drug transport
studies compared to other cells due to the formation of con-
fluent monolayers and differentiation into goblet and ciliated
cell. Several factors regarding the culture conditions have to be
considered carefully to optimize the primary human nasal epi-
thelial cell culture system.

Origin of nasal tissue and cells

Human nasal tissues or cells can be obtained from different
regions of the nasal cavity: 1) the vestibular area, covered with
a stratified, keratinized and squamous epithelium; 2) the
atrium, an intermediated zone between squamous anterior part
and microvilli in posterior part; 3) superior, medium and infe-
rior turbinates, pseudostratified columnar epithelium with cilia;
4) the olfactory epithelium between the nasal septum and the
lateral wall of the nasal passage (Cornaz and Buri, 1994). For
the drug transport study, the pseudostratified ciliated columnar
epithelium is most appropriate and is composed of 1) the non-
ciliated columnar cells with microvilli, 2) the goblet cells, 3)
the basal cells, and 4) the ciliated columnar cells. Selecting the
optimal extraction region is very important for the establish-
ment of a cell culture system for drug permeation study. It is
known that the junctions between the ciliated columnar cells
are tighter than between the goblet cells themselves or between
goblet cells and ciliated columnar cells (Wiithrich and Buri,
1989). As enzymes for drug metabolism are expressed abun-
dantly in olfactory epithelium than in the respiratory epithe-
lium, the former is more suitable for drug metabolism study
(Gervasi et al., 1991; Minn et al., 2002; Sarkar, 1992). Thus,
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the region where the cells are isolated has to be restricted to the
specific site where the drug is applied to.

Although polyps have been used as the source of nasal epi-
thelial cells, they show abnormally enhanced Na“ and CI ion
permeation compared to normal tissues from turbinates (Bern-
stein and Yankaskas, 1994). Therefore pseudostratified ciliated
columnar epithelium from medium and inferior turbinates
from healthy persons is preferred and strongly recommended
for consequent cell cultures for drug permeation study.

Sampling technique for nasal cells from tissue

There are three kinds of human nasal specimen acquiring
techniques; atraumatic, traumatic and post mortem method
(Table I). Blown secretion, nasal smears, nasal lavage, scrap-
ing, brushing and imprint are typical atraumatic techniques.

Table I. Classification of Methods for Obtaining Human Nasal
Specimen

Method

Specific technique References

Atraumatic Blown secretion -

method Nasal smears -
Pipkorn et al. (1988),
Pipkorn and Karlsson (1988)

Agu et al. (2009),

Alford et al. (1969),

Otsuka et al. (1987),

Pipkorn et al. (1988),
Pipkorn and Karlsson (1988),
Zhou et al. (2009)

Pipkorn et al. (1988),
Hull and Harris (1994)

Imprint -

Hanamure et al. (1994),
Hofmann et al. (2010),
Lazard et al. (2009),
Vetter et al. (2010)

Koizumi et al. (2008),
Noruddin et al. (2007),
Steele and Arnold (1985),
Suptawiwat et al. (2010),
Wilk-Blaszczak et al. (1992),
Yeo and Jang (2010)

Boucher et al. (1988),
Han et al. (2009),
Mallants et al. (2009),
Slutter et al. (2010),
Agu et al. (2000),
Zuckerman et al. (2008)

Gruenert et al. (1990)
Coste et al. (1996)

This table is a modified and supplemented version of previous reports
(Schmidt et al., 1998).

Nasal lavage

Scraping

Brushing

Traumatic
method

Polyp-ectomy

Turbin-ectomy

Surgical biopsy

Post mortem
method

Autopsy

Dissection
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Since the passage number of human nasal cell is known to be
generally two or three subsequent passages (Wu et al., 1985),
the atraumatic method which can provide repeated sampling
from identical donors is preferred. However, atraumatic meth-
ods like the blown secretion and nasal smears techniques
which provide cells by mechanical detachment with mild
strength, such as rubbing with swab, cannot provide suffi-
ciently large number of cells for confluent cell culture. More-
over, according to the lavage method, although enough sample
can be obtained, the sampling region cannot be modulated
(Pipkorn et al., 1988; Pipkorn and Karlsson, 1988). Here,
detached nasal cells can be harvested after rinsing both nostrils
with physiological saline. On the other hand, the scraping
method can be performed with a sharp curette without anes-
thesia and achieve accurate sampling location, repeated sam-
pling work, stripping out only epithelium and gaining
sufficient amount of cells (Agu et al., 2009; Alford et al., 1969;
Otsuka et al., 1987; Pipkorn et al., 1988; Pipkorn and Karlsson,
1988; Zhou et al., 2009). In the case of the brushing tech-
niques, cells can be obtained by rotating a small nylon brush
in the epithelium and soaking procedure (Pipkorn et al., 1988).
However, it was reported that this method was unsuitable for
the use in the diffusion chamber and in electrophysiological
studies (Hull and Harris, 1994). In an imprint method, thin
plastic strips with sticky surface is introduced into mucosal
membrane to collect nasal epithelial cells. Although large
amount of cells can be acquired and specific region can be
determined, disadvantage of this technique is that mucus on
the sticky surface may hamper the dissociation of cells. Trau-
matic methods when compared to atraumatic methods may be
able to provide more amounts of nasal specimens. However,
local or general anesthesia during the sampling process is inev-
itable. Therefore, overall, atraumatic methods can be regarded
as a prime choice in the aspect of repeatedly collecting nasal
specimens and providing reproducible results in drug per-
meation study.

Factors affecting primary cell culture system

Primary nasal epithelial cell culture can be affected by var-
ious factors as summarized in Table II. Human nasal epithelial
cells are grown in and affected by various supporting materials
such as plate culture dish, cover slips, polymer membranes,
collagen matrices, and collagen gels. The surface type may
give obvious impacts on the specific function and phenotypic
properties of human nasal cells during the culture period.
Therefore, selection of optimal supporting material should
meet the objective of the investigation. For example, plastic
dish makes attaching and growing rapidly to confluent cell

Table I1. Factors Affecting the Primary Nasal Epithelial Culture

Factors Specification and remark
Supporting Plate culture dish -
membranes .
Cover slips -
Porous polymer Polyethylene terephthalate
membrane Polycarbonate
Polyester
Collagen matrices Collagen coated support
Collagen gel
Medium Culture medium  DMEM
composition Ham’s F-12
BEGM
DMEM:Ham’s F-12 (1:1)
BEGM:DMEM (1:1)
BEGM:DMEM/F-12 (1:1)
Supplements Serum
Antibiotics and fungicides
Hormones
Growth factors
Retinoids
Seeding density -
Culturing period Influence on the
tight junction and cilia
formation
Feeding LCC Influence on the
method and ALT tight junction and cilia

culture condition formation

Maximum 2 to 3 for
primary cell

Passage number

monolayer possible. As culturing time proceeds, the cells
become flat and squamous, loose cilia and secretory granules
and are apt to be detached (Boucher et al., 1987). For drug
transport studies, confluent nasal epithelial cells on the plate
dish have to be seeded onto porous polymer membranes. The
results of drug permeation studies depend on the confluency of
nasal epithelial cell monolayers. Polymer membranes that can
be used include polyethyleneterephthalate (Werner and Kissel,
1995, 1996), polycarbonate (Kienast et al., 1994) and polyester
(Gray et al., 2001; Huh et al., 2010; Cho et al., 2010). Among
commercially available polymer supports, the microscopic
observation of cells cultured on the translucent polymer mem-
brane is difficult to be acquired. Therefore, transepithelial elec-
trical resistance (TEER) value measurement or transport study
of hydrophilic markers (i.e., mannitol) is recommended
instead. In other investigations, transparent polymer mem-
branes (ie., polyester membrane) have been used for cell
monolayer culture and microscopic observation (Huh et al.,
2010; Cho et al., 2010). Collagen coating or collagen layer also
has an effect on the nasal cell differentiation during culture on
the supporting material. Extracellular matrix, composed of col-
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lagen, glycosaminoglycans and glycoproteins, can influence
cell differentiation, proliferation and migration during nasal
cell culture (De Fraissinette et al., 1995). However, the effect
of collagen during the nasal cell culture is still controversial. It
was reported that collagen gel, of which thickness was more
than 1 mm could produce more pseudostratified cells (Rob-
inson and Wu, 1993). However, in other reports (Werner and
Kissel, 1995; Wu et al., 1985), collagen-coated supports pro-
vided similar or less cell growth and differentiation compared
to uncoated supports. In recent studies, Cellagen® CD-24
inserts were successfully used in drug transport studies (Agu et
al.,001) and exhibited good epithelial differentiated phenotype
(Agu et al., 2004).

Cell culture media and supplements also affect the attach-
ment, proliferation and differentiation of nasal epithelial cell.
Various culture media and supplements are presented in Table
II. For the human nasal epithelial cell culture, Ham’s F-12 (Wu
et al., 1985; Yankaskas et al., 1985), Bronchial epithelial
growth medium (BEGM)/Dulbecco’s modified Eagle’s medium
(DMEM) (Chen et al., 2001), BEGM (Koizumi et al., 2008),
Ham’s F12/DMEM (Agu et al., 2004; Mallant et al., 2009;
Werner and Kissel, 1995), DMEM (Agu et al., 2001; Yoo et
al., 2003) and BEGM/DMEM-F12 (Huh et al., 2010; Lee et
al., 2005) have been used. Serum may also be added into the
cell culture media, but it may induce variability in cell growth
and squamous differentiation. The use of serum at the initial
stage (< 24 h) was good for cell attachment but longer incu-
bation reduced the proliferation and induced squamous dif-
ferentiation (Boucher et al., 1987; Usui et al., 2000; Wu et al.,
1985). Synthetic serum, Ultroser G (2%), has been widely
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used as an alternative for serum (Dimova et al., 2005; Hoang
et al.,, 2002; Mallant et al., 2008). Serum-free media is also
preferred due to the absence of variability in cell growth. It can
produce comparable cell differentiation, growth and tight junc-
tion formation (Lee et al., 2005; Lin et al., 2005; Lin et al.,
2007a). Hormones and growth factors, such as insulin, hydro-
cortisone, triiodothyronine, epidermal growth factor, retinoic
acid and transferrin, are commonly added to improve growth
or cell differentiation. Antibiotics and fungicides are also
added to the culture media to prevent bacteria and yeast infec-
tion. Penicillin (50~100 IU/mL) and streptomycin (50~100 pg/
mL) are the most common antibiotics but gentamycin, ampho-
tericin, ciprofloxacin and tobramycin have also been used.
Other factors including cell seeding density, culturing period
and feeding condition, can also influence the human nasal epi-
thelial cell culture system (Lee et al., 2005; Yoo et al., 2003).

Cell Line Systems

Characteristics of cell lines and their culture models

Using the right cell lines can enhance proliferation and
improve-usage period at costs that are relatively low providing
reproducible results. The properties of cell culture systems of
cell lines are summarized in Table III. BT (from bovine tur-
binates), NAS 2BL (from rat nasal squamous carcinoma),
Calu-3, 16HBE140" and RPMI 2650 are commonly used.
Among these, only RPMI 2650 is originated from the human
nasal tissue, human nasal squamous cell carcinoma of the nasal
septum. However, this cell line has the following major draw-
backs: 1) no expression of goblet and ciliated cells and 2) no

Table ITII. Summary of in vitro Nasal Cell Culture Models for Nasal Drug Transport Study

Name of cell line Origin Advantages and disadvantages References
Cell line BT Bovine turbinates -Origin: bovine turbinates Werner and Kissel, 1996

NAS 2BL Rat nasal -Origin: rat nasal carcinoma Hood et al., 1987
squamous carcinoma

Calu-3 Human lung -Sufficient TEER values for drug transport ~ Foster et al., 2000,
adenocarcinoma study Mathia et al., 2002,

-Origin: lung carcinoma Teijeiro-Osorio et al., 2009

16HBE140° Human normal bronchial -Sufficient TEER values under certain Manford et al., 2005,
epithelium of male heart  culture condition for drug transport study Yang et al., 2004
lung transplant patient -Origin: bronchial epithelium

RPMI 2650 Human nasal squamous ‘No expression of goblet and ciliated cells Bai et al., 2008,

Primary cell

Human nasal
epithelial cell

cell carcinoma of the
nasal septum

Human turbinates

and no formation of tight junction
-Pertinency for metabolism studies

-Differentiation of cilia and mucin gene
under ALI condition

-Sufficient TEER values for drug transport
study

-Limited passage number

Wengst and Reichl, 2010,
Berger et al., 1999,
Werner and Kissel, 1995

Lee et al., 2005,
Lin et al., 2007,
Roh et al., 1999,
Wu et al., 1985,
Yoo et al., 2003
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formation of confluent cell monolayers (Schmidt et al., 1998;
Werner and Kissel, 1996). The lack of monolayer formation
makes this cell line unusable for drug transport study. How-
ever, as some kinds of aminopeptidases are expressed in this
cell line, it may be useful for metabolism studies (Berger et al.,
1999; Werner and Kissel, 1995). Calu-3 cells can develop
polarized monolayers and suitable TEER value for transport
study. However, its origin is not normal nasal epithelium (Fos-
ter et al., 2000; Mathia et al., 2002). 16HBE140 cell line has
also shown maximally 533~791 Q-cm? of TEER value in sub-
merged culture condition, but this cell line is a SV40 large T-
antigen transformed epithelial cell line originating from the
normal bronchial epithelium of 1-year-old male heart lung
transplant patient (Cozens et al., 1994; Ehrhardt et al., 2002).

Application to drug transport study

Although RPMI 2650 cell line is known to be unsuitable for
drug permeation study, its application for drug transport study
has been reported. RPMI 2650 cells formed confluent cell
monolayer and developed enough TEER values under ALI
culture condition (Bai et al., 2008). The highest TEER values
(192 + 3 Q-cm®) were observed under the following culture
conditions: collagen-coated polytetrafluoroethylene inserts,
ALI culture condition for 10 days and a seeding density of
4 x 10° cells/em®. The expression of four tight junction pro-
teins (ZO-1, occludin, claudin-1 and E-cadherin) was also
identified. This cell monolayer system was used for evaluating
the permeation of spray-dried mucoadhesive microspheres
(Harikarnpakdee et al., 2006). Recently, a three-dimensional
construct of the human nasal mucosa composed of a collagen
matrix with embedded human nasal fibroblasts, covered by a
RPMI 2650 cell layer, was developed (Wengst and Reichl,
2010). The three-dimensional reconstructed nasal mucosa
exhibited comparable permeation barrier properties and four-
or five-times faster paracellular permeation rates compared to
the epithelial cell model. In case of the Calu-3 cell which is
known to be a lung adenocarcinoma cell line, wide use in the
in vitro nasal drug permeation studies of small chemicals
(Amoako-Tuffour et al, 2009) and macromolecules (Amidi et
al., 2006; Li et al., 2006; Seki et al., 2007; Teijeiro-Osorio et
al., 2009) have been reported.

Nasal Epithelial Cell Monolayer System for
Drug Transport Study

Serially passaged human nasal epithelial cell mono-
layers
For drug transport and metabolism studies in the human

nasal epithelial cells, established cell culture conditions which
were relatively simple have been utilized (Werner and Kissel,
1995; Werner and Kissel, 1996) as in the case of insulin and
peptide studies (Agu et al., 2002; Kissel and Werner, 1998; Vu
Dang et al., 2002). However, these cell culture systems yielded
only small amounts of nasal tissue and were accompanied with
the feasibility of pathogen contamination and large donor-to-
donor variability (Gray et al., 1996). It was therefore inevitable
to introduce a serially passaged system to overcome these lim-
itations. Serial culture up to passage 6 has been conducted and
cells up to passage 4 seemed to be suitable for subculturing
because passage 5 and 6 cells induced swollen and lysed mor-
phology as well as improper growth in permeable supports
(Yoo et al., 2003).

Characterization of human nasal epithelial cell mono-
layers

The culture conditions of the serially passaged primary
human nasal epithelial cell monolayer can be classified into the
liquid-covered culture (LCC) and the air-liquid interface (ALI)
type. The characteristics of the two culture conditions are pre-
sented in Table IV. It has been observed that culture conditions
affected the results in terms of altered differentiation and tight
junction formation in drug transport studies.

Mucin secretion in a passaged culture of primary human res-
piratory epithelial cells had already been identified in LCC cul-
ture conditions (Wu et al., 1985; Roh et al., 1999). However,
the development of a serially passaged primary human nasal
epithelial cell monolayer system for drug transport study was
reported more recently (Yoo et al., 2003) in which the for-
mation of a tight junction was considered as the most impor-
tant factor. Serially passaged human nasal epithelial cells were
grown as confluent monolayers on Transwell® insert under
LCC condition. Maximum TEER value (1,963 £ 413 Q-cm?)
was measured on day 2 and then decreased rapidly (Lee et al.,
2005). According to morphological characteristics observed by
scanning electron microscopy (SEM), denuded and flattened
ciliated cells and numerable microvillus were observed for 3
weeks. Mucin gene expression was weaker under LCC con-
dition than under ALI condition. Tight junction formation was
observed by the staining of actin filaments and TEM images.
Apparent permeability coefficients (P,,,) were measured with
['*C]mannitol, a hydrophilic substances, and budesonide, a
hydrophobic substance, according to the various TEER values.
Permeability of ['*C]mannitol showed good correlation with
the results of freshly excised tissue. Constant P,,, values of
budesonide independent on the TEER values indicated that
transcellular route is the major permeation route for lipophilic
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Table IV. Comparison of LCC and ALI Culture Condition of Primary Human Nasal Epithelial Cell Monolayer for Nasal Drug

Transport Study

LCC

ALI

Cell culture media DMEM including 10% FBS

Culturing method Both apical and basolateral sides are filled with cell
culture medium, which is changed after 24 h of
seeding and then every 2 days thereafter.

Morphological Flattened cell

appearance (a lower epithelial thickness)

Cilia and mucin gene

expresson microvillus are observed during 3 weeks.

Mucin gene expression is relatively weak.
TEER value Maximum TEER value (about 2,000 Q-cm?) is
measurement appeared on day 2 and decreased quickly.
References Yoo et al., 2003,

Lin et al., 2005

Denuded and flattened ciliated cells and numerous

BEGM/DMEM-F12 (50:50)

Both sides are changed after 24 and 72 h of seeding, and
then apical side is exposed to the air, after which the
medium in basolateral side is changed every 2 days.

Cubical or cobblestone appearance (much close to the
nasal tissue in vivo)

Significantly increased number of ciliated cells matured
with long and healthy cilia is observed after 3 weeks.
Stronger mucin gene expression compared to LCC
condition is observed.

Maximum TEER value (> 3,000 Q-cm?) iss appeared on
day 5, and high TEER value (>1,000 Q-cm?) is maintained
over 10 days.

Lee et al., 2005,
Lin et al., 2007,
Huh et al., 2010

drugs. These results suggested that passaged primary human
nasal epithelial cell monolayers could be used for in vitro drug
transport study.

To verify the utility of the passaged cell culture model for
nasal drug delivery, several anti-allergic drugs have been
selected for transport study and the relationship between lipo-
philicity and permeability across the cell monolayer was
observed (Lin et al., 2005). Permeability of model drugs on the
established cell monolayer system was compared with reported
results in porcine nasal mucosa to verify the application per-
spective of the passaged human nasal epithelial cell monolayer
for drug transport study. P,,, values of anti-allergic drugs in
established human nasal epithelial cell monolayer were lower
than those in porcine nasal mucosa. This discrepancy may be
caused by the species differences between human and porcine
tissues as well as different tight junctional properties. Nev-
ertheless, a good log-linear relationship between Py, values in
cell monolayer and lipophilicity index (i.e., log P) was pre-
sented indicating that lipophilicity of drugs was a critical factor
for determining permeability in the nasal epithelial cell mono-
layer. And it also implied that this nasal epithelial cell mono-
layer could be used as an in vitro evaluation system for nasal
drug delivery.

Functionally expressed tight junction, apical cilia expression,
and mucin secretion are considered as important properties for
in vitro nasal epithelial cell culture system. Ciliated cells also
play an important role in the aspect of mucociliary function for
nasal drug delivery. However, LCC culturing condition can
produce relatively undifferentiated epithelial cells with few cil-
iated cells compared to in vivo nasal epithelium. Cell culture
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condition and cell culture media including additives (e.g.,
serum-free media and retinoic acid) for cell differentiation may
promote similar cell differentiation pattern with the nasal epi-
thelium.

ALI condition is attained by removing the culture media in
the apical side of the monolayer. Unlike the LCC condition
where the TEER value peaked on day 2 and declined to zero
by day 15 (Lee et al., 2005), the TEER value under ALI con-
dition peaked on day 5 (approximately 3,000 Q-cm?) and
maintained constantly over 1,000 Q-cm® by day 20. These
results indicated that ALI condition could provide better envi-
ronment for drug transport studies compared to LCC con-
ditions. Yet, the strongest advantage of the ALI condition was
results showing differentiation into the ciliated cells, of which
expression was observed in 21 days of culture. FBS and ret-
inoic acid contained in BEGM/DME-F12 were reported to
play essential roles in proliferation and differentiation, respec-
tively. Additionally, ALI condition can deliver oxygen more
efficiently across the thin film of liquid to the cells, conse-
quently altering cellular respiration to a more aerobic state and
improving the differentiation of nasal epithelial cells compared
to LCC condition (Lin et al., 2005).

Drug transporters and enzyme expression in human
nasal epithelial cell monolayers

Drug transporters and enzymes expressed in many organs
and tissues of the human body generally influence drug
absorption, distribution, metabolism and excretion. Because
the nasal cavity is in contact with the atmosphere, it is assumed
that enzymatic barriers or efflux transporters could be
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expressed in the nasal mucosa. Reports show that P-glyco-
protein (P-gp), multidrug resistance-associated protein (MRP),
organic anion transporter 6, organic cation transporter were
expressed in the nasal and olfactory mucosa of rat and bovine
(Chemuturi and Donovan, 2007; Genter et al., 2010; Kaler et
al., 2006; Kandimalla and Donovan, 2005). In the human nasal
epithelium, the expression of P-gp and MRP1 was also iden-
tified (Henriksson et al., 1997; Wioland et al., 2000). These
transporters can transport a large variety of hydrophobic and
amphiphilic substances and it may be related with detoxifi-
cation of xenobiotics instilled into the nasal cavity. However,
it was noted that the P-gp expression level in the respiratory
epithelium of human was lower (by 250-fold) than that in the
liver (Bremer et al., 1992). The gene expression profiles of 11
ATP-binding cassette (ABC) transporters, 11 solute carrier
(SLC) transporters and 9 solute carrier anion (SLCO) trans-
porters in respiratory epithelial cell lines (Calu-3 and
16HBE140°) were reported (Endter et al., 2009). Especially, as
one of the representative efflux transporters, the expression of
P-gp was verified in 16HBE140", Calu-3, and normal human
bronchial epithelial (NHBE) cell monolayer cultured by the
air-liquid interface (ALI) method (Brouillard et al., 2001;
Ehrhardt et al., 2003; Florea et al., 2001; Lin et al., 2007b).
Recently, the functional evidence and activity of P-gp
expression in passaged primary human nasal epithelial cell
monolayers cultured by the ALI method were reported (Cho et
al., 2011b). In that report, MDR1 gene expression according to
the cell culture period was demonstrated by RT-PCR assay.
The functional activity of P-gp was proven by the cellular
uptake and transport studies in human nasal epithelial cell
monolayers cultured by ALI method with P-gp substrate (i.e.,
rhodamine 123) and P-gp inhibitors (ie., verapamil and
cyclosporine A). These results implied that this cell monolayer
system was useful for predicting in vivo drug absorption in the
nasal cavity, especially for the P-gp-mediated drug transport.
It is known that nasal delivery can avoid the hepatic first-
pass effect, but enzymatic barrier in the nasal mucosa can
cause a “pseudo-first-pass effect” (Sarkar et al., 1992). Air-
borne xenobiotics can be detoxified by cytochrome P-450
enzymes expressed in the nasal epithelium and the biotrans-
formation of xenobiotics by P-450 enzymes is linked with tox-
icological effects, such as cancer. Various kinds of compounds
can be metabolized by the nasal P-450-dependent monoox-
ygenase system. Moreover, certain catalytic activity of the P-
450 enzymes is higher than in any other tissues including the
liver. Although the existence of P-450 enzymes in human nasal
mucosa was identified (Getchell et al., 1993), the expression of
drug metabolizing enzymes in human nasal epithelial cell

monolayer was not completely demonstrated. Further inves-
tigation on the expression of drug metabolizing enzymes and
their function is required for this cell monolayer system to be
applicable for drug metabolism studies.

Application of human nasal epithelial cell monolayers
for drug transport study

Among respiratory epithelial cell lines, Calu-3 cell mono-
layer, which revealed ample tight junction formation and
TEER values for the drug transport study, has been widely
used for the evaluation of nasal drug delivery. The in vitro per-
formance of dry powder (Bur et al., 2010), permeation
enhancer (Amoako-Tuffour et al., 2009), liposome for vaccine
delivery (Christensen et al., 2010), nanoparticles (Amidi et al.,
2006; Teijeiro-Osorio et al., 2009) and microparticles and gels
(Witschi and Mrsny, 1999) were evaluated in Calu-3 cell
monolayers. Though RPMI 2650 cell line is a human nasal
squamous cell carcinoma of the nasal septum, its utilization in
drug transport study is restricted due to the lack of tight junc-
tion formation and insufficient TEER value. In recent drug
transport studies in passaged primary human nasal epithelial
cell monolayers, drug permeation enhancing effects could be
correlated with the improvement of bioavailability in animal
studies (Cho et al., 2010; Cho et al., 2011a; Huh et al., 2010;
Lin et al., 2007), implying that the in vitro cell monolayer sys-
tem could be used for the predicting in vivo performance. Con-
sidering that in vivo animal study requires large amounts of test
samples and induces species differences and ethical problems,
in vitro nasal epithelial cell monolayer system can be utilized
as a high-throughput screening system for evaluating drug
absorption in the nasal cavity once a reliable correlationship is
established between the in vifro and in vivo results.

Conclusions

Nasal drug delivery has been investigated as an alternative
administration route for oral and injection routes. Small molec-
ular chemicals and biomacromolecules have been tested for
delivery via the nasal route in various formulations. For the
elucidation of drug transport mechanism and the investigation
of metabolism and toxicity, diverse in vitro models of nasal
cell culture systems have been developed. Calu-3 and RPMI
2650 cell lines have been widely used in the nasal drug trans-
port study, but they have intrinsic drawbacks including
improper origin and the lack of confluent cell monolayers. The
human primary nasal cell system has also several limitations
including difficulty in obtaining human nasal tissue, possibility
of pathogen contamination and donor-to-donor variability.
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Therefore, serially passaged culture of human nasal epithelial
cells could be an alternative to overcome these obstacles.
Moreover, further studies on the ALI culture of passaged
human nasal epithelial cell monolayer system could bring forth
a reliable and facile means of evaluation of the in vifro nasal
drug transport studies.
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