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Abstract Transport studies of model drugs were con-

ducted across the human nasal epithelial (HNE) and normal

human bronchial epithelial (NHBE) cell monolayers cul-

tured by air–liquid interface method. Physicochemical

properties (e.g., molecular weight, calculated partition

coefficient, dose number) of model drugs were quoted from

literatures and apparent permeability coefficients (Papp)

across the HNE and NHBE cell monolayers were directly

measured. A linear relationship was observed between the

Papp values of model drugs in the HNE and NHBE cell

monolayers. As the molecular weight of model drugs

increased, the Papp showed a decreasing pattern while the

increase of partition coefficients resulted in the increment

of Papp. These results indicated that the transport of model

drugs across both cell monolayers followed mainly the

passive diffusion mechanism, although substrates mediated

by drug transporters showed a deviating pattern. It was also

interesting to note that almost all model drugs could be

grouped into the same biopharmaceutics classification

system as that classified by the human intestinal perme-

ability when the Papp was plotted as a function of dose

number (D0) of each drug.

Keywords HNE cell monolayers �
NHBE cell monolayers � Physicochemical properties �
Papp value � Dose number � BCS

Introduction

Drug delivery via respiratory (i.e., nasal, bronchial and

pulmonary) routes has acquired interests as an alternative

administration route due to the avoidance of first pass

metabolism and the rapid absorption and onset of action. In

spite of its limitations including proteolytic enzymes, vol-

ume of administration and ciliary movement for the

absorption of drugs across respiratory mucosa, a variety of

peptides/proteins and hormones have been successfully

delivered, especially through nasal route (Abe et al. 1995;

Hinchcliffe and Illum 1999; Laursen et al. 1996; Wang

et al. 2006; Hermens et al. 1990). Pulmonary route has also

been considered as an ideal administration route for gene

and vaccine delivery (Densmore et al. 2000; Lu and Hickey

2007). To predict pharmacokinetic patterns of drugs in

animal models, in vitro permeation study has been per-

formed previously with several kinds of respiratory epi-

thelium-derived cell culture systems, including human

bronchial epithelial cell line (16HBE14o-) (Forbes et al.

2003), human broncho-tracheal epithelial cell line (Calu-3)

(Grainger et al. 2006), human nasal RPMI 2650 cells (Bai

et al. 2008), ATI-like human alveolar epithelial cell

(hAEpC) monolayers (Fuchs et al. 2003), A549 lung cancer

cells (Wang and Zhang 2004), normal human bronchial

epithelial (NHBE) cells (Lin et al. 2007) and human nasal

epithelial (HNE) cells (Lee et al. 2005; Cho et al. 2011).

Among these cell culture systems, the characteristics of

HNE and NHBE cell monolayers cultured by air–liquid

interface (ALI) method have been investigated in our
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previous studies and these cell monolayers have several

advantages over the other cell culture systems as follows:

optimal transepithelial electrical resistance (TEER) values

to perform in vitro drug permeation study, the formation of

tight junction and primary cells originated from human

respiratory tract (Lin et al. 2007; You et al. 2003).

Since the introduction of biopharmaceutics classification

system (BCS) in 1995, it has become an increasingly cru-

cial standard in the classification of drug substances.

According to BCS guideline, drug substances can be

classified into class I*IV based on their solubility and

permeability. ‘‘High solubility’’ means dose/solubility

(D:S) ratio is under 1 with a volume of 250 ml over the pH

range 1–7.5 and ‘‘high permeability’’ means that fraction

absorbed is over 90 % by mass balance studies and abso-

lute bioavailability studies in human or in vitro/in situ

permeation models.

According to US Food and Drug Administration (FDA)

guidance, permeability has been determined in the respect

of oral administration with oral dosage forms. However,

since various drug delivery systems via respiratory route

have been developed and received increasing attention in

recent years, the necessity of classification of drugs in nasal

and bronchial epithelial cell monolayers has become more

important. The objective of this study was to investigate

the correlation between physicochemical properties of

model drugs selected from all four classifications of BCS

and their permeability coefficients in HNE and NHBE cell

monolayers cultured by ALI method. Based on their per-

meation behavior and physicochemical properties, it was

determined whether the selected model drugs fit with the

same classification of BCS.

Materials and methods

Materials

L-phenylalanine, caffeine, theophylline, metoprolol tartrate,

piroxicam, naproxen, atenolol, ofloxacin, furosemide,

Hank’s balanced salt solution (HBSS), 4-(2-Hydroxyethyl)

piperazine-1-ethanesulfonic acid (HEPES) and D-(?)-glu-

cose were purchased from Sigma Chemical Co. (St. Louis,

MO, USA). Fexofenadine hydrochloride (HCl) was gifted

from Chong Kun Dang Pharmaceutical Co. (Seoul, Korea).

HNE cells were obtained from human nasal tissue

according to the procedure described in the reference (Lin

et al. 2005). Normal human bronchial epithelial (NHBE)

cells (CloneticsTM, 1st passage) and BEGM bullet kit were

purchased from Cambrex Bio Science, Inc. (Walkersville,

MD, USA). Transwell� (0.4 lm pore size, 12 mm diam-

eter, polyester) was obtained from Costar Co. (Cambridge,

MA, USA). Other reagents for cell culture and supplies

were obtained from Invitrogen Co. (Grand Island, NY,

USA).

Solubility and dose number calculations

Based on BCS, 10 model drugs were selected. Solubility

(mg/ml) of model drugs were obtained from the following

website: ‘‘http://www.drugbank.ca’’, quoted from reference

(Ross and Riley 1990) and some of them were measured

directly. Estimated values of Log P were obtained using

ChemDraw Ultra 10.0 software (CambridgeSoft Corp.,

Cambridge, MA, USA).

Dose number (D0) was calculated according to the fol-

lowing equation:

D0 ¼
M=V0

Cs
ð1Þ

where M is maximum dose strength (mg), V0 is the volume

of water consumed with drug, 250 ml, and Cs is the

aqueous solubility (mg/ml).

ALI method culture of HNE and NHBE cell

monolayers

Passaged HNE cell monolayers were cultured by previously

reported method (Lee et al. 2005). When human nasal

epithelial cells of passage 1 and 2 attained about 70–80 %

confluency, the cells were trypsinized and seeded on

Transwell� insert (12-well) at a density of 1.5 9 105 cells

per well. NHBE cells were also cultured on Transwell�

insert as previously described (Lin et al. 2007). The apical

side (0.5 ml) and basolateral side (1.5 ml) were filled with

BEGM:DME/F12 (50:50, v/v) supplemented with epineph-

rine (0.5 lg/ml), gentamycin (50 lg/ml), insulin (5 lg/ml),

hydrocortisone (0.5 lg/ml), transferrin (10 lg/ml), triiodo-

thyronine (6.5 lg/ml), epidermal growth factor(0.5 ng/ml

human recombinant), amphotericin-B (50 lg/ml) and reti-

noic acid (0.1 ng/ml) (all supplied by Cambrex Bio Sci-

ence Inc., Walkersville, MD, USA). The culture media in

both sides were changed after 1 day and then the apical

side was exposed to the air on day 3 for ALI culture, after

which the culture medium in the basolateral side was

changed every other day. The incubator for culturing cells

was maintained at 37 �C in atmosphere 5 % CO2 and

95 % relative humidity.

Transport studies across HNE and NHBE cell

monolayers cultured by ALI method

HNE and NHBE cell monolayers cultured by ALI method

which have at least 500 X cm2 of TEER value were selected

for drug transport study. The TEER was measured by an

EVOM voltohmmeter device (WPI, Sarasota, FL, USA)

148 H.-J. Cho et al.
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after 5 min incubation with BEGM : DME/F12 (50 : 50, v/v)

medium for stabilizing prior to the measurement of TEER

value. The selected model drugs classified by BCS were

solubilized in transport medium (HBSS buffer containing

10 mM HEPES and 10 mM D-(?)-glucose). Piroxicam,

naproxen, ofloxacin, which have low solubility in the

transport medium, were solubilized in transport medium

containing 1 % (v/v) dimethyl sulfoxide (DMSO). The

concentration of drug solution added in the apical side was

200 lM in the case of piroxicam, naproxen, ofloxacin and

furosemide, but that for other drugs was 500 lM. The cell

culture medium was aspirated off and transport medium was

added to equilibrate the cell monolayers for 30 min. Trans-

port study was carried out in a shaking water bath at 50 rpm

at 37 �C. The transport study was performed only from

apical to basolateral (A–B) direction after applying 0.4 ml of

each drug solution in the donor compartment, while 1.0 ml of

transport medium was added to the receptor compartment.

Aliquot (1.0 ml) of samples from the basolateral side was

collected at pre-determined times (30, 60, 90 and 120 min),

and the same volume of fresh transport medium was applied

immediately into the basolateral side.

Analytical method and data analysis

The samples from transport study were analyzed by a

Waters HPLC system (Waters Co., Milford, MA, USA)

composed of a pump (Waters 515), an automatic injector

(Waters 717plus) and UV detector (Waters 2487) or fluo-

rescence detector (Series 200, PerkinElmer Instrument,

Norwalk, CT, USA). Two reverse phase C-18 columns

(Lichrospher� 100, RP-18, 125 9 4 mm, 5 lm, Merck

Darmstadt, Germany and Xterra�, RP-18, 250 9 4.6 mm,

5 lm, Waters Co., Milford, MA, USA) were used for the

analysis. The wavelength and mobile phase composition

for the drug substances studied are shown in Table 1. Flow

rate was 1.0 ml/min and the injection volume was 30 ll.

The apparent permeability coefficients (Papp, cm/s) were

acquired according to the following equation:

Papp ¼
dQ

dt

1

A � C0

ð2Þ

where, dQ/dt is the transported amounts of drug in the

receptor compartment, A is the surface area of Transwell�

insert (1.12 cm2) and C0 is the drug concentration added in

the donor side. Each datum was represented as the

mean ± standard deviation (SD).

Results and discussion

Relationship of Papp between HNE and NHBE cell

monolayers

Transport studies of 10 model drugs across the HNE and

NHBE cell monolayers were carried out, and Papp (cm/s)

values were calculated. The relationship of Papp values

between the HNE and NHBE cell monolayers was plotted in

Fig. 1. It was noticeable that a good linearity was shown

between Papp values of model drugs in HNE and NHBE cell

monolayers (r2 = 0.94). In our previous report, a good log-

linear relationship (r2 = 0.92) was observed in the perme-

ability of anti-allergic drugs between HNE cell monolayers

cultured by the liquid-covered culture (LCC) and ALI

method despite the difference in the culturing method (Lin

et al. 2007). The good relationship observed in this study

could be due to the similar anatomical structure between

human nasal and bronchial epithelium. They are sections of

airway epithelium and both cell shapes are pseudostratified

epithelium. In addition, the morphology of these two cells is

Table 1 HPLC analysis conditions of all model drugs

Drug The composition of mobile phase (v:v, %) Wavelength (nm)

L-phenylalanine Water: acetonitrile = 95:5 Ex: 210/Em: 303

Caffeine Methanol: 0.05 M phosphate buffer (pH 6.0) = 30:70 270

Theophylline Methanol: 0.05 M phosphate buffer (pH 6.0) = 30:70 270

Metoprolol tartrate 0.05 M KH2PO4 (pH 3.0 with phosphoric acid): acetonitrile = 60:40 Ex : 230/Em : 300

Ofloxacin 0.3 % (v/v) phosphoric acid : acetonitrile = 80:20 306

Piroxicam 0.1 M sodium acetate:acetonitrile:triethylamine = 61:39:0.05 330

Naproxen Acetonitrile:water (pH 3.2 with phosphoric acid) = 55:45 270

Fexofenadine HCl Phosphate buffer (pH 2.5 with phosphoric acid):acetonitrile = 60:40 220

Atenolol 0.05 M KH2PO4 (pH 3.0 with phosphoric acid):acetonitrile = 60:40 Ex: 230/Em: 300

Furosemide Acetonitrile:water (pH 5.0 with phosphoric acid) = 40:60 280

Ex and Em indicate excitation and emission wavelength, respectively

Respiratory drug transport studies and BCS 149
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known to be similar when observed by light microscopy (Lin

et al. 2007; Lin et al. 2004).

When metoprolol was used as a reference drug, the

permeability coefficients of drugs that belonged to the

‘‘conventional’’ BCS class I and II (high permeability)

were also higher than that of metoprolol in HNE and

NHBE cell monolayers, except for ofloxacin. On the con-

trary, the permeability coefficients of drugs classified as

BCS class III and IV (low permeability) were also lower

than that of metoprolol (Table 2). Among the model drugs

studied, the highest and lowest Papp values across the HNE

and NHBE cell monolayers were observed for caffeine

(BCS class I) and fexofenadine HCl (BCS class III),

respectively (Table 3). This seems to be related with their

aqueous solubility and transport mechanism. Caffeine

showed higher permeability than expected, which could be

due to its relatively high aqueous solubility, and it is

expected to be transported by aqueous channel in the

mucosal membrane by paracellular route. Though the

coordinates of phenylalanine and naproxen in the correla-

tion plot (Fig. 1) were slightly apart from linear line, all of

model drugs, including those two drugs, seemed to be

permeated by common transport mechanism across HNE

and NHBE cell monolayers irrespective of BCS class.

These results indicated that the model drugs were trans-

ported by identical routes (transcellular or paracellular) and

they were also able to be influenced by commonly

expressed drug transporters in both HNE and NHBE cell

monolayers, such as P-glycoprotein (P-gp), multidrug

resistance-associated protein (MRP), organic anion-trans-

porting polypeptide (OATP), and organic cation transporter

(OCT) (Cho et al. 2011; Lin et al. 2007; Horvath et al.

2007; Wioland et al. 2000; Kaler et al. 2006).

The effect of the molecular weight (MW) of drugs

on Papp

Relationship between MW of the model drug candidates

and their permeability across HNE and NHBE cell mono-

layers was investigated. In general, compounds with high

Papp values in HNE cell monolayers (x 10-6 cm/s)
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Fig. 1 Correlationship between the apparent permeability coefficient

(Papp) of drugs across the HNE and NHBE cell monolayers

Table 2 Molecular weight (MW), partition coefficient (Log P), solubility in H2O, and dose number (D0) of model drugs

BCS class Drug MW (g/mol) Log P Solubility (mg/ml) Maximum dose strength (mg) D0

I L-Phenylalanine 165.19 -1.49 29.0a 500 0.069

Caffeine 194.19 -0.80 22.0b 300e 0.0545

Theophylline 180.16 -1.19 8.00c 300 0.15

Metoprolol tartrate 684.80 2.18 1,000 100 0.004

Ofloxacin 361.37 1.35 3.23d 400 0.496

II Piroxicam 331.35 0.29 0.02b 20 4.00

Naproxen 230.26 2.97 0.02b 500 125

III Fexofenadine HCl 538.13 0.49 1.00 180 0.72

Atenolol 266.34 0.22 26.5 100 0.015

IV Furosemide 330.75 0.74 0.01 80 32.0

All Log P values of drugs were calculated by ChemDraw Ultra 10.0 software except fexofenadine HCl (Lin et al. 2005)
a Solubility was measured directly
b Solubility data was found and quoted from following website: ‘‘http://redpoll.pharmacy.ualberta.ca/drugbank/cgi-bin/getCard.cgi?CARD=

APRD01011.txt’’
c Solubility was quoted from reference (Paruta et al. 1965)
d Solubility was quoted from reference (Ross and Riley 1990)
e If the dose of caffeine per day is over 300 mg, pregnant women may have a possibility of miscarriage

Solubility, maximum dose strength, and dose number values of the others were quoted from the reference (Kasim et al. 2004)
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MW ([ 1 kDa) are known to be hardly absorbed across

nasal mucosa without absorption enhancers. The intranasal

bioavailability of drugs with high MW ([ 1 kDa), such as

peptides and proteins, could be improved only with the

presence of absorption enhancers (Costantino et al. 2007).

No model drug with MW over 1 kDa was selected in this

investigation. In Fig. 2, it was observed that Papp of model

drug was decreased as the MW was increased in both HNE

and NHBE cell monolayers. The regression lines of

Papp values in HNE (line A) and NHNE (line B) are y =

-0.0231 (±0.014) x ? 15.0862 (±5.0877) and y =

-0.0168 (±0.0131) x ? 11.7733 (±4.7755), respectively.

The absolute value of slope of regression line plotting MW

and Papp values in HNE cell monolayers was higher than

that of NHBE cell monolayers.

Relationship between Papp and Log P of drugs

The relationship between Papp in HNE and NHBE cell

monolayers and Log P values of 10 model drugs was

investigated, as also reported in the literature (Kasim et al.

2004). Metoprolol tartrate has been used as a reference

drug for its high absorption ([90 %) in the gastrointestinal

tract (Kim et al. 2006). Drugs exhibiting higher partition

coefficients and Papp values in HNE and NHBE cell

monolayers than the corresponding value for metoprolol

were considered as high-permeability drugs. On the other

hand, drugs with lower partition coefficients and Papp

values in HNE and NHBE cell monolayers than that of

metoprolol were classified as low-permeability drugs.

‘‘False negatives’’ were drugs exhibiting higher Papp values

in HNE and NHBE cell monolayers than metoprolol but

with lower partition coefficients than that of metoprolol.

On the contrary, drugs with higher partition coefficients

and lower Papp values in HNE and NHBE cell monolayers

than the corresponding values of metoprolol were consid-

ered as ‘‘false positives’’ (Kasim et al. 2004).

Experimentally determined Papp values in HNE and

NHBE cell monolayers were presented in Table 3 and Log

P values of model drugs were also shown in Table 2. A

correlation plot of the Log P and Papp in HNE and NHBE

cell monolayers indicated that the permeability classifica-

tion was correct for 6 drugs (including metoprolol) out of

10 drugs when metoprolol was used as a reference drug

(Fig. 3). Among the studied model drugs, 4 drugs (caffeine,

theophylline, piroxicam, phenylalanine) that were classi-

fied as low-permeability drugs are regarded as ‘‘false

negatives’’ due to their higher permeability as determined

by the experiment. About 60 % accordance in the classi-

fication of drug candidates based on the Papp values in HNE

and NHBE cell monolayers and Log P values seemed to be

induced by the biological characteristics of human nasal

and bronchial epithelial cells (e.g., expression of trans-

porters, the difference of epithelial cell shape, mucin

secreting degree) and the variation of Log P according to

the used calculation method. It is interesting to note that

there is no drug belonged to ‘‘false positives’’ in this study.

Relationship between Papp and D0 of drugs

Model drugs selected for this study were classified into

provisional BCS classes based on the D0 and Papp values in

the HNE and NHBE cell monolayers. In BCS classifica-

tion, if D0 of a drug is over 1, that drug can be regarded as

‘‘low solubility’’ drugs and classified as BCS class II or IV.

On the contrary, in the case of D0 \ 1, it can be regarded as

‘‘high solubility’’ drugs (BCS class I or III). As there is

limited or no availability of D0 for the intranasal applica-

tion from reference sources, we used D0 and V0 (250 ml),

Table 3 Apparent permeability coefficient (Papp) of model drugs in

ALI HNE and NHBE cell monolayers

BCS

class

Drug Papp in HNE cell

monolayers

(910-6 cm/s)

Papp in NHBE

cell monolayers

(910-6 cm/s)

I L-phenylalanine 8.22 ± 0.86 4.60 ± 0.32

Caffeine 25.9 ± 0.98 24.2 ± 1.1

Theophylline 9.93 ± 0.22 7.31 ± 0.50

Metoprolol tartrate 4.02 ± 0.13 4.15 ± 0.02

Ofloxacin 1.95 ± 0.12 1.66 ± 0.22

II Piroxicam 11.0 ± 0.33 8.29 ± 0.15

Naproxen 10.3 ± 0.60 6.68 ± 0.99

III Fexofenadine HCl 0.51 ± 0.03 0.28 ± 0.07

Atenolol 2.66 ± 0.24 1.98 ± 0.43

IV Furosemide 0.67 ± 0.05 3.58 ± 0.22

Data represents the mean ± SD (n = 3)
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Fig. 2 Relationship between molecular weight (MW) and Papp of

model drugs across the HNE and NHBE cell monolayers. A and B line

indicate the regression line of Papp values across the HNE and NHBE

cell monolayers against MW of drugs, respectively
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values of oral administration from reference sources. D0

values, based on the intranasal application, should be fur-

ther determined for more accurate drug classification in the

drug delivery via respiratory routes. Papp of metoprolol in

HNE and NHBE cell monolayers was used as a reference

value in the permeability scale. In both cell monolayers, 9

drugs (including metoprolol) were classified identically

with classification patterns based on D0 and the human

intestinal permeability (Fig. 4). Ofloxacin, which is clas-

sified as BCS class I, was only moved to BCS class III due

to its low permeability in both kinds of respiratory epi-

thelial cell monolayers. Thus, 90 % of the model drugs was

classified in provisional BCS as identical to oral BCS class.

This indicated that the absorption patterns of tested drugs

with various physicochemical characteristics in both

human intestinal mucosa and human nasal and bronchial

epithelium might be similar in spite of the differences of

anatomical location and their function. Furthermore, it is

expected that in vivo absorption patterns of various drugs

via respiratory routes could be predicted on the basis of

provisional BCS with D0 and Papp values in HNE and

NHBE cell monolayers.

Conclusion

Although nasal and pulmonary drug deliveries of numerous

compounds have been tried, there is no drug classification

by BCS in human nasal and bronchial epithelial cell

monolayers which enables to predict in vivo absorption

patterns in human respiratory epithelium. In this study, the

relationship between physicochemical properties of model

drugs and their Papp values across human nasal and bron-

chial epithelial cell monolayers was investigated. Inverse
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relationship between MW of drugs and permeability in

HNE and NHBE cell monolayers was shown and drugs

transported by passive diffusion mechanism were classified

equally on the basis of partition and permeability coeffi-

cients in HNE and NHBE cell monolayers. In addition, a

good relationship between drug permeability coefficients in

HNE and NHBE cell monolayer systems was presented in

this study. Even though D0 calculation method for oral

formulations was applied for this study due to the absence

of D0 calculating equation for nasal formulations, similar

BCS classification aspects of drug candidates were

observed compared to the drug classification based on

human intestinal permeability. Thus, it would be possible

to introduce the BCS classification in vitro system for nasal

and pulmonary drug delivery and predict the in vivo

absorption pattern in human.
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